


The work reported i“ this document waspcrformed at Lincoln Laboratory, ace”ter

forr?scaccb ”perated by Massachusetts Instit”teof Technology, witbthcs”pport

of th. [).partment of (he Air Force ““der Contract F19628.73-C-0~2.

Th]. report may bc reproduced to satisfy needs of U.S. Gove, ”me”t agencies,

ii



ABSTRACT

Recent improvements in the technology of electronically switched

antennas and digital signal processing make possible a relatively high per-

formance, low cost, surveillance radar. The radar described employs an

electronically step- scanned, cylindrical antenna together with an advanced

digital signal processor to give superior MTI performance at an estimated

cost of less than half the present S-band ASRS.

The radar output consists of narrowband , digital target reports

free of false alarms, suitable for transmission over telephone lines. Re-

mote radar operation using digital, bright, scan-history displays becomes

practical as does easy incorporation of beacon and direction finder outputs

along with digitally generated video maps.

The complete absence of moving parts, the low power transmitter and

the largely solid-state construction will provide high reliability and low

maintenance costs.

These techniques arc most easily and economically implemented in

the UHF band, but a similar L-band radar can be designed with somewhat

increased complexity and cost.

The techniques and background studies employed in the design of the

proposed radar evolved over a period of three or four years as a result of

work for the Air Force under Contract F19(, Zg-73. C-ooo2 . Some of these

techniques are bein~ applied to improve the MT] performance of the ASR

under FAA Contract DO T- FA71WAI-242.

Accepted for the Air Force
Joseph J. Whelan, [JSAF
Acting Chief, I.incoln I,aboratory I,iaison Office

111



TABLE OF CONTENTS

Section =

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . ..OO. iii

I. INTRODUCTION AND SUMMARY . . . . . . . . . . . , . . . . 1

11. NEED FOR AN INEXPENSIVE RADAR, REQUIREMENTS . . . 2

111. CHOICE OF OPERATING FREQUENCY. . . . . . . . . . . . . 4

A. Moving Clutter and Aircraft Sizes . . . . . . . . . . . . . 5

B, Electronic Step-Scan Antenna. . . . . . . . . . . . . . . . 7

c. Doppler Ambiguities . . . . . . . . . . . . . . . . . . ...7

D. Vertical Cover age. ..o . . . . . . . . . . . . . . ....1O

E. Frequency Allocations . . . . . . . . . . . . . . . . . . ..11

F. Alter nate L- band Radar. . . . . . . . . . . . . . . . ...13

IV. DESCRIPTION OF RADAR . . . . . . . . . . . . . . . . . . ..13

A.

B.

c.

n.

E.

F.

Transmitter/Receiver. . . . . . . . . . . . . . . . . . . . 14

Antenna . . . . . . . . . . . . . . . . . . . . . . . . ...14

Signal Processing . . . . . . . . . . . . . . . . . . . . ..22

Display Process or... . . . . . . . . . . . . . . . ...31

Display . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

Estimated Production Costs. . . . . . . . . . . . . . . . . 34

iv



1,1ST OF II, I, USTRATIONS

.

.

*

1.

Figure

1,

2.

3,

4.

5.

6.

7,

8.

9.

10.

11.

12.

13.

14.

Page

Radar Cross Section of Aircraft (A/C) and Moving
Clutter (rain and birds) as a Function of Frequency, . . . . . . (,

Doppler Spectrum of Ground Clutter and Light Single
Engine Aircraft as Observed by UHF Radar Employing
an Electronically Step-Scanned Antenna . . . . . . . . . . . . . . . . . 8

Doppler Domain Responses of an S-band and a
UHF Radar toa Typical I;nvironment . . . . . . . . . . . . . . . . . . . 9

Block Diagram, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Artist Concept of Radar.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1()

Detail sof Antctlna Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ]9

32- Element Cylindrical Antenna . . . . . . . . . . . . . . . . . . . . . . . . 20

Typical lieam Pattern UIIF Circular Array . . . . . . . . . . . . . . 2]

Diode Switch ~lsed for Pointing Cylindrical
Array Antenna. .,,..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Vertical Covcrageof A”tenna . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Digital Signal Processor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Performance of S-band Cancelers . . . . . . . . . . . . . . . . . . . . . . 28

Velocity Performance of Radar . . . . . . . . . . . . . . . . . . . . . . . . . 29

Typical Display, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

v



A IIIGI{ PERFORMANCE, LOW COST, AIR TRAFFIC CONTROL RAI)AR

b

I. INTRODUCTION AND SUMMARY

It is now possible to design a relatively high performance surveillance

radar that is capable of providing reliable clutter-free detection of aircraft

at a lower cost than was previously possible. For illustrative purposes wc

have described a system design suitable for use at the smaller airports where

general aviation aircraft operations predominate and the tower does not have

an ARTS-III or ARTS-II (T RACON) system. Other variations of this basic

design would be suitable for typical AS]{ and ARSR application.

The proposed radar design is based upon techniques which have been

analyzed and verified in an experimental radar design at Lincoln Laboratory

for a different application. It employs an electronically step-scanned, cylin-

drical antenna and an advanced digital signal processor to give superior MTI

performance. In production, the cost of this new radar is estimated to be

less than 5070 of the cost of a standard ASR.

It is proposed that the radar operate at UHF to insure that birds ancl

weather do not produce false targets and at UHF it is practical to construct

an efficient phased array antenna at low cost. An alternate L-band version

of this basic radar could also be c:mployed, but it would be slightly more

complex and costly. Digital processing of the radar signal leads naturally

to a cligital, bright, scan-history display suitable for use in an airport tower

cab. Because the digital processor output can be fed over conventional tele-

phone lines, traffic at a remote airfield can be inexpensively displayed at an
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cnroute center. In addition, a strobe corresponding to the output of a VHF

or UHF direction finder can be incorporated on the display to indicate the

aircraft in communication with the controller.

The complete absence of moving parts, the low power transmitter and

the largely solid-state construction will provide high reliability and low main-

tenance.

Finally, the digital display will allow the easy addition of data from a

beacon system such as ATCRBS or DABS for easy expansion to sites with a

lar~er percenbge of beacon-equipped aircraft.

In the sections that follow we will first describe the need for an inexpen-

sive radar and show its requirements. We then discuss the very important

maltcr of frequency choice. The proposed radar is described in some detail

followed by an outline of the development plan for the radar.

11. NEEI> FOR AN INI:XPENSIVE RADAR, REQUIREMP;NTS

The role of primary radar varies with the density of aircraft in the tcr -

r~~inal area and Lhe degree to which these aircraft are equipped with operating

beacons. Several of the largest terminal control areas forbid the entrance of

]Ionbeacon -equipped aircraft. IIerc radar is used to detect ir~trudcrs and those:

with malfunctioning beacons. Also, it has been demonstrated (at Atlanta) that

radar returns can supplement beacon returns by filling in when, on occasion,

the beacon reLurn is missing. This is usually due to beacon antenna shadowing

when the aircraft is in a turn or lobing in the interrogator antenna pattern,

At lhe very opposite extreme there arc hundreds of terminals which must

handle a very high perccnta~e of nonbeacon-equipped aircraft, For Lhese ter-

minals radar could be a valuable tool for Lraffic mana~cment. Unfortunately,

the cost of a typical ASR radar installation bas limited its usc to about 130
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airports. There are about 600 airports which handle commercial flights and

several tbo{lsand thal handle general aviation, a large number of which have

control Lowers and n~any even have instrument landing systems. The traffic

at ]~qany outlying airfields is handled re~~~otely from enroutc cen Lers solely on

the basis of pilot position reports. Since cost limits their use, it is quite

clear that Lhe firsl requirel~~e]~t for a radar for smaller airports is low cost,

as long as it is consistent with adeq~late performance. Maintenance should not

be overlooked when considering the overall COSL. A radar which fails in fr~-

qucntly and is easy to repair can reduce ownership costs appreciably. l-or

this reason a radar with no moving parts, with a relatively low power trans -

rmiLter and builL with essentially all solid-state circuits is preferred to older

style radars

Aircraft detection and aircrafl location req{lirenlents shoulcl bc co]~>para-

blc with Lhe best present ASR’S excc!pt for range which need bc only 20 r~mi

One set of parameLcrs for this class of radar is shown in Table 1.

TA131. E I

Aircraft Size

Range

lClcvatiol~ Angle Coverage

Maximum Altitude

Azimuth Acc~lracy
*

Update Tirnc

131ind Speeds

.

Small, single -cn~irlc aircraft

20 nnli maximul>?

1 to 30°

20, 000 ft.

0. 5 deg

FO~lr scc xnaximun>

None, except for aircraft with
radial velocities less than three
knots

All of these reqllirenlents should be ]TIC1 in the prcscncc of grour~cl clutter,

precipitation cl~ltter and an~els (birds).
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Beca~lse sn~all airporls cannot afford a separate lFR rooI~ it is impera-

tive that the: radar bc capable of operation in the tower cab. This necessitates

a bright display.

If the radar is to operate frolm remote sites and the COSL is to be kept low,
.

an cxpensi~, e microi~,ave link is undesirable. The transmission of data from

the radar to the display should use telephone lines. This would allow radar

operation and thus traffic control at a renqote airfield by personnel at an cn -

roulc center. This seenqs particularly desirable in safely handling tbe relatively

small number of co~mn~ercial aircraft at several hundred presently unequipped

airports,

A further requiren~cnt in keeping with the low cost aspect of the radar is

thal the oulput of other equip]nent such as VHF/UHF direction findin~ and the

output of beacon syste]ns sllch as AT CRBS and DA13S can be easily incorporated

into the display, This can be done by requiring a digital display processor wilh

cxLra capability to handle these other sensor outputs. This growth capability

should be planned into the radar so that il can grow ~racefully with increasin~

air traffic,

Once a digital display processor (small general purpose conlputer) has been

specified, iL is natural to ask it to supply range rings and si~nple video lmaps,

111. CIIOICE OF OPERATING F1<P:QURNCY “

Choice of the correct opera Ling frequency is critical tO Lhc design Of a

high per forr]?ance, inexpc]lsive ASR.
.

In this section, consideration is first

given to the relative sizes of clutter and target returns as a function of fre-

quency. Next, we discuss the feasibility of usin~ an electronically step-scanned
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ar)tc]lna with its very narrow grou~~d clutter spectrun]. This is followed hy an

exposition of the Doppler ambiguity, blind speed problen~ and how it disappears

at lower freqllencies. Consideration is given to the superior elevation coverage

achievable using a step-scanned ar~tenna at lower frequencies.

A. Movin~ Clutter and Aircraft Si7. es

The fundamental li~~~itation on ASK performance is almost always related

to the radar’s subclutler capabilities, its ability to see targets in clutter, ‘~h~~s,

we desire frequencies at which the radar cross sections of desired targets are

enhanced and the clutlcr cross sections are reducccl. Figure 1 shows a sun>-

Inary of aircraft and moving clutter cross section data as a function of fre-

quency, l-or rain we have assun~ed a 1, 5 degree fan beam at a maximurll ra13Se

of 20 nl~~i. It is quite clear that the aircraft return is maintained at the sa]~]e or

lar~er size as the frequency decreases whereas the type of n~”villg cltlltcr, pre.

cipitation and birds, decreases in size. The cluller sizes shown arc ]>lean val(~es

so thal an approximately 15 d}) ratio between target and clutter is required for

a~ltorllatic detection. The dashed line in the figure at 600 MIIz is the hi~hcst.

frcq~lency where rai]~ and birds are not considered a problem. 1IC1OW 000 MFIz

the radar need not evcr~ {lSC circular polarization to con> bat rain, Also, h[:low

this frcquel~cy there is a goocl separation hctwecn the size of aircraft ancl bird

rct[lrns so that a threshold based c>n Larget size will effectively elin~inate the

birds \vithout affecting aircraft clci.cction, It is gcr]crally desirable to avoid

haviny to use circular polar izatio]l bccausc (a) aircraft when viewed hroadsidc

produce a lar~e specular reflection o]) linear polar izatior~ which is lost when

5
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circular polarization is employed (this specular reflection becomes importa~~t

when trying to see aircraft at near zero radial vclocily) and (h) the radar is

unnecessarily complicated hy the presence of circtllar polarization because

of Lhe nccessily to either provide receiving channels for each polar i7.ation

or a mechansim for switching between circular and linear polarizations.

13. Electronic Step-Scan Antenna

An electronically step-scanned ant<, nna is

tion in all ASI< because il reduces the spectral

turn to a narrow band. lt is so narrow i,] fact

highly desirahlc for incorpora -

width of the gro~lnd cl~lttcr rc -

Lhat it is possible to con~plclely—

s,:parate the aircrafl with slow velocities fro]~l the ground clutter. This is

illustrated in l“igure 2 which is the spectral outp~lt of a 435 MI I?. radar using

an electronically step-scanned, circular ar]. ay antenna. Notice that all of the

ground clutter appears in onc of the filter outputs and that the aircraft co)~,petes

only with receiver noise. The subcluttcr visibility of the radar is lil.lite[l only

by the siz. c of clutter the raclar can handle and this, in turn, is limited only by

the dynan~ic range of available analog-to-digital conver Lcrs.

Although not entirely ruled out aL S-band, these: cylindrical arrays ale

easier Lo build at lower frequencies and the large apcrlure they provide suh -

sta]~tially reduces the required transn~ittcr power, which in Lurn pcrn>ils all

the antenna switching to be accomplished with solid-state coI~~poncnts. Cylin-

drical arrays have hcer, used i,~ a few radars at UIII> and one is hein~ dcsi~ned

for AT CR13S use at 1,-band by liazclli]~c.

C. IIopplcr Ambiguities

The difficulties thaL pulsed MT] radars have with I.bppler aI~~biguiLics and

blind speeds are well know]~. k“igurc 3 clcpicts a l~unlber of tar~eLs as seetj
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l~ig. 2. I>ppler spectrum of ground clutter al]d light si]lgle c]lgine aircrafi
as observed by a UHF ra&r employing an clectrollically step-scanned a]ltenna.
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in the Doppler domain by radars at [JI{F a])d S-band, Consider, for exarl?plc,

a radar running at 2800 MHz and 1000 pulses per second. l}eca~lse of spec -

tru!n folding inherent in a sampled (pulsed) radar, all targc(.s will appear to

have radial velocities in tbe ran~e between ~ 52 knots, The first blind speed

will be at least 104 knots. A target with a radial velocity co~mponent of 124

knols will produce the san~e Dappler response as one with a radial velocity

of 20 knots. This is a liability because it precludes separating slow targets

fro]m fast ones by filtering in the I>ppler domain. Hcncc, airplanes r]~ay 1>[:

relatively undetectable in range aziT~>uth cells which contain slow n>oving traf-

fic on the ground or moderale rain.

Sta~gering the prf changes the appare]lt Ibppler and can shifL Lhe

blind speeds bul it does not relieve Lhe an~biguity problenl.

A radar operatin~ aL a 600 MI I?. carrier frequency and 1000 pulses

per second will have iLs first blind speed at approximately 485 kn”ts and “TJ-

a])~bi~uous target velocities llp 10 242”i kno Ls. Tbe unan~bigu”{~s speed will in-

crease wiLh dccreasin~ frequency. AL UHE’ Lbcre is r~o need Lo stag~er Lb[: prf

to avoid blind velocities for aircrafL ]Iormally enco~lntcrcd in the tcrl~?inal

al. ca. This further silmpl. ifies the radar.

1>. Vertical COvcragc

AS1{ radars, l>eillg localc:d on airports, are us~lally s~lrroilnd[!d by

flat. grol]nd or waLc:r. Hence, reflections frol>? the gro~lnd can bavc a ]?]arked cf -

fccl upon the ver Lical covera~c, The subcllltter pcrfortl?ar~cc of s[lch radars call

bc c]lhallccd by scLLin S the antenna low c]lo~lgh so Lbat. Lhe firs L nlaxim{,]>~ c]f t.hc!
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interference pattern is significantly higher than the ground clutler, Ilowever,

other constraints, like the need to see over hangars and other obstructions,

often require that the antenna be

Where the antenna height is

considerably higher.

chosen appropriately the ground reflection

can be employed to provide nearly optimum vertical coverage. Examples

of achievable elevation patterns are given in Section IV (see Figure 10).

P:. Frequency Allocations

We have determined that for consistently good results and for ease of in~-

plementation that the radar carrier frequency should be below 600 MHz. WC:

consider two possibilities for frcq{lcncy allocations to this type of radar service;

namely, bands which are presently allocated for radar location and Lhc possibil-

ity of using one or ]Ilore UHF TV channels.

In the western hemisphere the band of frequencies from 420 to 450 MHz. is

allocated for radio location by international treaty. l{cpresentativc radars pre-

sently operating in this band include the FI>S-85 at Eglin Air Force I;asc, nlany

S1>S-40’s on various Navy ships, the }3MEWS radar, and experiI~~enLal raclars

(such as the electronically step-scanned I, I{Dll and the: Millstone IIill radars

at Lincoln Laboratory). The radar proposed here can operate with a three dB

bandwidth of half a megahcrt~., IIcncc, it would seem that. several channels

]~~ight bc made available ill the 30 MI17, between 420 and 450.

.Sevcral years ago the band of freq!lencies frolm 470 MH7. to 980 MIIz was

set aside for U!l F television channels. It was the hope that opening up 70



channels would make Television al>u]ldantly a“ailablc 10 n,any commt~nilies

a]ld Lend to of fscl the l~lonopoly that big nclworks have on television pro-

gralmn~ing. ‘rOday it is ~enerally a~reed that this experin~ent has failed,

Consider the following facts.

Occupancy of the 70 UHF TV channels is very li~ht, whereas there is

an average of 50 television stations on each of the VI{F TV channels (channel

2 thro~lgh 13). On the 69 [JIIF TV channels there is a total of 435 stalions

for an avera~e of slightly more than six TV stations pc!r channel, In addition

to channel 37 which is reserved for radio aslronol~ly there ar(! 110 lCSS than 13

UIIk’ TV channels which arc not usecl at all, In the ba[~d below [~02 MI17. there

arc six UFIE- TV channels which are usecl by 10 or fewer stations (see 1972

broadcasting yearbook).

Two possibilities suggest thcrllsclvcs, either a TV channel could bc

cleared nationwide by ~moving all lhc occupants 10 nearby channels or the

radars could share chan]lels with TV station s,usitlg ~eographical separation

10 prevent harlmful interference.

There is a prececJent for this sort of thing. In I.OS Angeles, land mobil[:

radio operations are carried out wilh the approval of Lhc FCC on UIII,’ TV ~~~

cha]~nels 14 and 20.

Wc speculate that there will he very fcw applications for additional use of

the LJHF channels by TV stations, This is partly because nlost of the stations

now on LJI-IF arc losing n~oney, but IIlore iIl?portantly, tbc el~lerging solid-state

cable TV distribution technology offers a n~uch bellcr way to distrib”tc th~:

video si~nals in all but the ]most thinly poplllated areas, Cable offers IIIorc

channels and Imuch better pict~lrc quality than can be had over tbc air,

12
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In view of all of the above, we foresee a ]llore or less gradual ercrsio!~

of Ulll” TV channels for other services and think there is strong technical

justification for operating ATC radars at UHF (400 - 800 MHz).

l“. Alternate I.- bancl Radar

In the event that U}Ik” frequencies do nol bccon, c available, a so,~, cwhat

more complicated radar can be designed for I, -band (-1 300 MHZ). An elcc -

Lronically step-scanned antenna could still be employed, An antenna of the

sal~~e co~~~plexity as that proposed for the UHF radar would be three tin>es

sr~laller in both dimensions, To maintain the sa)l~c power aperture prod~lc L

(and tb~]s the sari, e rate of volu,,lc search), the power needs to be nine ti],,cs as

~rcat as UIIF, A larger l~~ore co]~~plicated antenna could be s~]bstitutcd inst. cad,

Anolher factor is Lhc incl-ease in rail~ backs catter as seen in Figure 1.

At I.,-band, Lhe l.acfa,. l~~ust either employ circular polarization or a IIoppler

filter bank with nlean level thresholding of each filter in the bank. This adcls

con)plcxity Lo cilhcr Lhc cylindrical ar]Lcnna or Lh[: signal processing, thus i!l -

creasing Systenl COSLS.

We see froIn lhe above discussion that as the opera Lin S frequency i]lcrcases

above abOu L 600 MHz for the sa~me per for]mancc the radar beconles more COII>.

plicaLed ancl also more expe]lsive.

Iv, lIESCRII>TION Ok” RAI)AR

This seclion describes in solt~c delail Lhc configuration of a ]~~odcrn, rcla -

l.ivcly i)lcxpcnsivc, electronically step-scannc:d radar. I.rol?l the above discus-

sion wc see that a UIIF freq~lcncy is hi~hly desirable. Since the present [1111,’

radar band is 420 Lo 450 Mllz, we have chosen LO describe the radar irl this

13



band. I<igher freq~lencics, at least up LO 600 MIIz., COUICI bc used with no

change in performance.

Figure 4 shows the principal parts and I“igurc 5 is all artistls conccpLion

of the radar. Each of these is described in detail in the sections below.

Table 11 is a list of parameters chosen for the radar,

A, Translnitte r/Receiver

Irl contrast to conventional ASR radars the required Lransn>itter power

is very low; only 25 kW peak, 25 watts avcra~c. At this power lC:VC1 the

transn~itter can be desigr~ed conservatively to provide high I.r:liabilily, IL uses

Lhc; only electron tubes in the radar other than the CRT display tube. The

lrarlsrl~itter is conlpletely coherent, which is sinlple to acconlplish at UII1,’.

The receiver has two channels for the su~~~ and difference ~monopulse sig-

nals. Each is identical and CI1>P1OYS identical sensitivity Lime control (STC)

so that the detection threshold setting

l~>cters.. In this way, aircraft will be

11. Antenna

A cylindrical, electronically step-scanned antenna is employed because

it eli]llinates the spectral broadening of the grot]!)cl clutter return ca~lsed by

Lhc l~lotiol~ of a ]mechanically scanned antenna. The res~llting intrinsic clutter

specLru~~~ due LO Lhe motion of Lh(: Lrces in Lhc wind is so narrow tha L Lhc cl~lLLcr

call bc con~pletely filtered out leavin~ only receiver noise to compete with the

aircraft returrl,

OLbcr reasol~s for choosing a cylindrical array are its si,nplicity, relia-

bility and low cost. IL also provides a large aperture thus reducing the avera:!e

power requirement. The poor accuracy norl]~ally associated with its relatively

rcprcsr. nts a fixed Largct sire in sqtlar(:

detected but not an~els (bird o),
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TA1\Ll; II
KA1)AR PARAMETERS

.

Frequency

Transnlitter Waveform

Range Resolution

Pulse Width

I>cak Power

p~{~-

IIwell Time

Scan ~inle

Antenna (Electronically Step-Scanned)

IJiamctcr

Height

CIain

Azimuth }Iea]mwidlh (3 d130ne way)

Elevation Coverage

Null~bcr of Azin~uth bea]~)s

Azim{lth Accuracy (n~onopulse)

Number of Antenna Switches

Assumed Target Size

Keceiver Noise l’ig[~re

System I, Osses (attenuation plus signal process in~)

Signal Processing: I>C removal on eight pulses
pl~ls noncohercnt integration

Telephone RclT~otin~ Capability

I>isplay l>rocessor:

MeInory

Cycle Time

Add Time

l>isplay

Charac Ler C,eneration

17

435 MHz

1/6 nnli

2 Dscc

25k W

500 Hz

0,062 sec

4 Scc

23 ft

16fL

23 dlj

6.7deg

1 to 30 dcg

64

0.5deg

100

0. 5 m2

2 dl~

14 dB

240 Lar~eLs /scan

8000 words

0.8 ~sec

1, 6 ~SCC

Vector and Circle Generation

Refresh Rate 30/sec



wide azimuth beamwidth is ovcrcon]e by en~ploying monopulse techniques ‘1.’hc

23-ft, cliamcler was chosen with azimuth acc~lracy in nli]ld. Much longer

range radars (as for ARSR service) with ]~)ore severe azin~uth accuracy rc -

qt]irc]~lents can be built by increasing the antcnna!s dia~~>etcr.

l’igtlrc (, shows the RF circuit for the antenna. TwenLy-four columns of

radiating clen~ents are excited out of a total of 64. The rc:quirccl cxciLation is

derived using a 1:24-way power divider together with lengths of cable to cor-

rect the phase of each colu]~~n so that a plane wave is radialecl fro]~l the cir.

c{llar structtlrc, I~racticall Y a]~y excitation desired can be achieved with this

arrangell~ent il~cluding separately generated sul~~ and difference pa LLcrns.

k40nopulse perforr~~ance can be opti]~~ized and low sideloh[:s can bc achieved

or~ both the SUIII and diffc]. cnce pallerns.

The array is steered hy collqn>utating the twenLy-four excitation si~r~als

aroul~d the cylinder usin~ a ~~~atrix of diode transfer swi Lches (100 swilches),

Switching speeds of a few l~>icroseconds arc typical, individual switches dc!-

si~ned for this service al UE{F have been tested to at leas L 5 kW peak power

on 3 psec PU1SC3S of O. 03 duLy fac Lor so are very conservatively rated for Lhe

radar under considcratiorl.

I’igure 7 shows a 32-clel>~cnL cylindrical anLenna of this Lypc prcs(:]ltly

t]cin~ used ill another radar application,

A serl>icirc~llar antenna clllployin~ 96 radiaLing colu~nf]s has also been

buil L a]ld opera led over a year with no down time. This array antenna provides

cxccllcnt radiatiol~ patterns (E’igurc 8), 11 is sleercd with a switch x~]a{rix

sirl~ilar 10 Fi~ure 6,
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One of these switches is shown in Figure 9. Note tha L Lhere are no adj~lst-

rllctlts. Although these switches were assembled by hand, the design is suitable

for ]nore or less auton~atic productiol~ as thick film or thin fillm hybrid micro-

wave integrated circuits. The Lincoln semicirc{]lar array radar uses alT~lost

200 of these switches and, except for a couple. of burn-in failures when it first

was turned on, there have been no switch failures in more than a year of op-

eration. When a fault does occur in one of the switches, it is very sitnple to

locale and correct. A mode can be built into the radar which auton>atically

checks the switches and indicates the location of the faull.

The antenna apcrlure height of 16 ft. will allow a sufficient nu]~~ber of

radiating clerncnls in elevation to provide a very desirable vertical covcragc

pattern. Typical colmputed vcrlical coverage diagranls for various heights

over a ~round plane are shown in I’. iSure 10. The nonn]ovi]lg antenna can be

]I>ounted atop airport buildings or nearby hills to Sive i~~~proved low clcvalio~l

covcragc, an approach which heretofore was not acceptable bccausc the

clutler rejecting capability of previous radar designs was inadeyuatc.

C, Signal l>rOccssing

Tbc proper approach LO siSnal processing involves two ir~~portant steps.

l“irst, it is i]l>portant to keep Lhc target and cluttt:r sigrlals well correlatc~d.

‘The reason for this is that well cor]. elaled si~nals have the narrowest possibl{!

spcct.ru~?l and are th~ls easier to separate using filters. Steps employed irl

this rada]. to ~naintain correlation of tbe signals are: (a) the antenna is step -

scanncd to elinlinatc Lhc dccorrclation caused by antenna scan!~ing ]l~otion,

(b) a fully coherent trans],.itlcr v,ith a bi~b degree of stability is e]~>ployed so

that even the second -tin~e-around clutlcr ret~lrns are very well correla[cd,



,

l~ig. 9. Diode stitch used for pointi~ cylindrical array antenna.
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and (c) a receiver is provided which is linear over the entire range of the

analog-to-digital (A/D) converters. Any nonlinearity introduced in the rc:-

ceiver spreads the clutter spcclrum making it difficult to separate clutter

from targets, As an example, the lin~iting and detection process used in

conventional S-band ASR’S is lar~ely responsible for its relatively poor in~-

provement factor (see I“igure 12), In addition, (d) the A/D converters em-

ployed have the greatest dynamic range ( 10-bit) con?mercially available so

that even very large clutter signals will not limit and, thus, become

dccorrelated.

The second step in our approach to signal processing is to usc a forn~ of

processor which is as close as is economically feasible to tbe theoretically

[2]
oplimum signal processor . Given a sel of sanqples of the target plus

clutter signal and knowing the form of the target signal and the correlation of

the clutter samples, there exists a theoretically optimum way

addin~ this set of signal samples to produce the highest ratio

clutter at i.he output of the signal processor. Wc call this an

processor,

Having gone through the steps outlined above to maintain

of weighting and

of target to

Optimun~

nlaxilmum cOr -

relation, we find that the clutter signals are practically perfectly correlated.

The width of this clutter line (the so called intrinsic spcctrllm) is detcrmir~cd

by the wind blowing trees and foliage in the clutter patch, The width is very

small con?pared to the prf employed and it varies with wind velocity.

If we consider the clllttcr spectrum as a true line spectrum, the optinl~lm

processor is a discrete I“ourier transform (1~1’T) usin~ all of the 32 sigr,al

samples collected during the radar dwell time. For econonly in the signal

25



processor, we chose a slightly nonoptimum processor n~ade by simply remov-

ing the IJC from each of the two quadrature video channels over sets of eight

signal samples, and then noncoherently integrating the results, The improve-

ment curve for this simpler processor has identically the same shape as for .

an eight-pulse optimum processor and only suffers a noncoherent intc~ration

loss of about 2. 5 dB con.pared to the optimum processor. It is, however,

l~~uch silmpler to construct since it has no nlultipliers, only adders and

s{lbt. ractors

The signal processor (see l“igurc 11) receives and stores the returns on

eight successive pulses in a shift register. All eight samples fron~ a giver,

ral~gc gale are added coherently and the result dividecl by cighl 10 obtain the

Illcan. The mea!l Lhen is subtracted fl.om each san>ple, The Inagnituclc of

the eight differences arc added together, This is a noncohercnt integration

of the detected signals. Successive groups of ei~ht are dealt with in the sarnc

way urltil all the pulses 011 one azi~muth (32) are processed.

is then set 10 a new azimulh,

The resulting ilmprove]mcnt in si~nal-lo-clutter ratio is

The antenna beam

shown in I~igurc

11. Notice the high value of improvement faclor out to ]maxiInum velocities

of il~tercst (no blind speeds), “The targcl is compelin~ with noise (not clutter)

in the central velocity region and the STC and threshold arc set to detect

all targets above about 0, 5 m2.

So called tangential targets with low components of radial velocity pre -

serlt a side view to the radar. Typic ally, a large specular return of aL least

30 n~2 cross section occurs off Lhe side of the aircraft. Thus, the tangential

aircraft will be seen down to 18 dB below the top of the curve ill l“igure 13
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The aircraftat this point has only two knots radial velocity. k;ven a slow

aircraft would be missed on only a few scans as it flies on a tangential course

with respect to the radar. When a display is used which constantly displays
\

several previous scans (scan-history display), these few detections are not ,

l~?issed, especially as the controller can observe the tangential velocity of

the aircraft, Th”e ability of this radar to see targets with such low radial

velocity obviates the need for a ground clutter map further si.snplifying the

radar.

Two other features of this signal processor should be noted. Since the

residue al its output consists of receiver noise and target (no clutter) al~d

since the receiver noise is constant, a simple time average can be used to

set the threshold for detection.

Occasionally a resolution cell will contain a very large reflecting object

(usually l~~an-~made). The rclurn will saturate the analog-to-digital con-

verters, I>rovision can be l~~ade in the processor to clctect such an overload

and the corresponding cell is simply not processed for a target. This will

OCCUI. for all extrcn~cly small percenla~e of the resolution cells.

Signals at the output of the si~nal processor are either 7.ero if the threshold

was not crossed in the sum channel or else the size of the sunl and difference

signals in di~ital forl~?, These are passed on to the display processor along

with Lhe azilmuth and range of the targel.

The nun?ber of bits associated with each target rcporl is shown in ●

Table 111,
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TABLE III

NUM131;R 01” 131TS IN TARGET REPORT

Gross Azimuth 6 bits

Range 7 bits

Sum Signal Magnitude 10 bits

Difference Signal Magnitude 10 bits
33 bils

Adding a few bits for data identification, parity, etc. we assign 40 bits

to a single target report. Using a 2400 bit pcr second Lelcphone linq a total

of 60 targets per second or 240 targets per scan can be reported.

The signal processor also cot~tains the digital timing and control for

the radar.

1), Display Processor

The telephone line is connected through a modem into the display proc -

cssor.

are as

verled

This processor is a small computer such as a Nova 800. ILS functions

follows:

1. Coordinate Conversion: the range-azimuth returns are con-

Lo rectangular coordinates by calculating R cos 9 and R sin O. In-

cluding data input til~~e, this requires approxin~ately 10 msec/sec for 60 targets

even if software multiply is used,

2. Monopulse AziInuth Dcter~minaLion: the difference and sun~ signal

amplitudes are used to correct the gross azinluth by calculatin~

x . Rcos9ik Allsino/X and

Y= Rsin8+kARcos 0/Z

where A and X are the su]~~ and difference amplitudes and k is a constant,

“rhese calculations require another 20 msec/sec using software multiply and

divide,
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3. Target l~isplay Refresh: the

gcncratc a so called scan-history display.

computer will be prograInmed to

The display is depicled in l“i Sure

12. The lmost recent reporl will be a larger circle and the past three to six

scans will also be displayed but as smaller circles so the target will appear

as a snake with a head and tail. The controller can estimate aircrafl speed

t
frol~~ Lhc separation of the circles and he can easily follow aircraft )~lane~tvers.

This function, usi!lg a direct Inemory access to the display, will require 170

l)~sec/sec of cOInputeI- tilme.

4, Range Rings and Video Map: the display will contain internally

a vector (straight line) generator and a circle generator in addition to a

character generator. Thus, the clisplay processor will be programmed to

refresh the display with range rings and a video map showing runway location,

VOR stations, obstructions, etc. IL is estimated that this will require 70

l>>seclsec of conlputer time.

5. VHk- or UHl” l~irection k-inder: the n.odel E“A-5530 VH~”/UIIl”

direction finder gives a very steady o{llpul showin S the direction of the air-

craft calling the Lower. Unlike older direction firlding sets usin~ goniometers,

this set uses an electronically switched sel of antennas arranged in a circle.

This imparts a Doppler to the illcox>)ir]g signal from which elc!ctronics within

the direction finder can determine the direction of the aircraft. The apparent .

direction is very steady and does not vary with voice l]]odulation as did Lhc

older direction finders. Where available, the output of this direction finder will

he introduced into the display processor and onto the display as a straight line

(see k“igtlrc 14). This will require less than 10 msec/scc of con~p~lter ti~~~c!.



“~ Direction

Fig. 14. ~ical clisplay.
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b. AT CRBS or DABS output: the total tilme for all Lhe above func-

tions amounts to less than 280 msec/sec so there is plenty of capacity left

to process and display beacon data. With this type of display processor and

display, the surveillance sensor system could grow gracefully as the traffic >

at an airport increased. The cost of the display and its processor would be

shared belween radar

short range (20 nmi)

E. Display

*
and beacon, The added cost for the other parts of a

ATCRBS interrogator is estimated to be less than $50K.

The display proper is a 20-inch CRT. The display includes 1>/A con-

verters for the X, Y and 7, axes, a grOss beam positioner and a fine bean,

positioner which generates characters. 13esides this the display contains

a vector generator to draw straight lines at any an~le and a circle generator

capable of drawing circles of any size anywhere on the screen, An example

of a display with this capability is available as a standard item fron~ Monitor

I)isplays (1’orl Washington, Pennsylvania). The only exception is that the

Monitor display has a rectangular CI{T instead of the desired round shape.

F. Estimated I>roduction Costs

While providing the superior performance described above, this radar

wotlld cost less than half the COSL of previous ASR’s, The low cost comes

about because of the use of a low power transmitter employing tetrodcs in- .

stead of expensive microwave tubes, The antenna is a fixed structure built

with ~t~~lch less precisioj~ than its S-band counterpart. 11 uses a set of relatively ‘

it~cxper~sive diode switches for scan)~in~, The si~nal and display processor

and Lhc display arc all digital and make exlcnsivc use of integrated circuits.
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They thus take” advantage of the recent improvements in cligital hardware,

particularly in its costs.

Table IV shows the estimated cost of the radar to the FAA in pro-

duction lots of 50 units. In arriving at these costs, we have assumed that

prior to production an experimental model would have been constructed and

evaluated and that a contractor would have been separately funded to con-

struct an engineered prototype radar.

In estimating

TABLE IV

ESTIMATED PROIJUCTION COSTS

Transmitter/Receiver $ 32K

Antenna 45

Signal Processing 21

Display Processor 15

Display 17

Integration and Test &
Table IV, where a similar unit is available from industry

(display processor and display), tbe firm price for a single wit was used.

For the other units, the cost of all of tbe purchased parts was determined

and this was multiplied by a factor of two or three depending on whether

.
these were subassemblies Or piece parts. The results were compared with

the costs of units of comparable complexity. The biggest doubt concerns

the cost of the antenna where we are projecting somewhat cheaper con-

struction techniques than have been used previously for this type of antenna.

The production cost of an L-band radar with equivalent performance is

estimated to be about 2070 larger, primarily due to the increased antenna

complexity and transmitter power.
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When comparing the cost of this new digital radar with more conven-

tional designs it should be recognized that the performance of the new

radar would be substantially superior to that of a scaled down conventional

ASR. It would provide improved MTI performance, (freedom from false

reports from ground clutter, birds and weather), and it would directly

feed either a bright digital display and/or a telephone line to a remote

display or center. The radar is also capable of determining the relative

velocity of aircraft; a feature not now available in existing radars. All of

the above characteristics contribute to provide a radar with the data quality

needed by a busy controller and/or a tracking computer.
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