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SESSION I

INTRODUCTION TO RADAR

Merrill I. Skolnik



RADAR

Ra da r i s a n el e ctromagnetic devi ce f o r t he de t e ction a nd loca t i on
of r e f l e c t i ng ob jects su ch a s aircraft , s h i p s, s a t e l lite s a nd t he nat ura l
e nv i r o nme nt . It operate s by transmitting a known waveform, usually a
s e r i e s of na r r ow pul ses , a nd obser v i ng the nature of the echo signal
r e f l e c t e d by t he targe t back t o t he rada r. In add ition t o determini ng
the presence o f t a r ge t s with i n its c overage, the basic me a s u r ements ma de
by a rada r are range (d i s t a nce ), and a ngular locat i on. The doppler
f r e que ncy s h i f t o f t he e c ho from a moving target is sometimes extracted
as a mea s ur e of t he r e l ative veloci t y. The doppl e r s h ift is also impor­
tant in CW (continuous wav e ), MTI (moving target indication) and PD
(pu l s e dopp l er ) r a da r s f or s eparat ing de s ire d moving t a r gets (such as
a i r c r a f t ) froffi large undesired fi xed e choes (s uch a s ground clu t t e r ).
Th e doppl e r fre quency shift is also sometimes employed to achieve the
equivalent of good angular resolution. In addition to the usual measure­
ments of range, angular location, and relative velocity, radar can obtain
information about a target's size, shape, symmetry, surface roughness,
and surface dielectric constant.

The origins of radar go back to the pioneering experiments of Heinrich
Hertz in 1886 who demonstrated the similarity of radio waves and light.
Hertz showed that radio waves could be reflected (scattered) from objects
on which they impinge. This is the fundamental mechanism of radar.
Based on these experiments, C. Hulsmeyer in Germany patented and demonstrated
in 1904 a "Hertzian-wave" echo-location device for the detection of
ships. Although the components used in his device were primative by
modern standards, the basic concept and philosophy were like that of a
classical radar. Radar did not evolve from t he early work of Hulsmeyer
since there was no serious need for it until much later, when the develop­
ment of military aircraft progressed in the 1930s to where it represented
a significant ne w threat. The mat uring o f t he aircraft as a militar y
weapon then lead to the independent and almost simultaneous re-invention
of radar in many countries as a means for the detection and tracking of
aircraft. The demands of World War II accelerated the practical deplOYment
of radar. Its development and improvement have been continuous ever since.

Radar has found many important applications. It is widely used for
air traffic control, both for the detection of aircraft in flight and
the control of aircraft moving on the airport grounds. Radar technology
also forms the basis for aircraft navigation and landing aids, as well
as for cooperative beacon systems (such · as secondary radar, IFF, ATCRBS,
and DABS). On board aircraft, radar is used for weather avoidance, terrain
avoidance, and navigation. It is widely found on ships of the world for
piloting and collision avoidance. Large, ground-based radars are employed
for the surveillance and tracking of satellites and ballistic missiles.



On boa r ~ s pa cecr a f t , r a d a r ha s b e en used for land i ng, r e n d e z vo u s and
do c k i ng . I t has b e e n p roposed f o r t h e s u r v e y f r om s p a c e of a g r i c u l t u r e
and f ore stry r e s o urces, a nd th e monito ring o f s e a a nd i c e condit ion s .
I t i s u s e d f o r t h e ground -ba s e d obse rvation o f t h e we a t h e r a nd fo r t h e
i nv e s t i g a t i o n of extra t erre s t r i a l p h enome na s u c h a s t h e i~nosphere,

me t e o r s , a n d a u r o r a. Th e s t u dy of bi rds a nd in s e c t s has a l s o b e n e f i t e d
from t h e a pp l i cation o f r a da r . Radar i s use d i n law en forceme n t f o r
t h e detection of i n trud e r s a n d for t h e s p e e d me a s u r e me nt of vehicle s .
Th e mi l i t a ry , wh o s e s u ppo r t has made possible mos t of r a d a r' s ma j or a d v a n c e s ,
e x t e n s i v e l y employ rad a r f o r s urveillance , n a v i g a t i o n , a n d t h e c ont r o l
and g u i d a n c e o f weapons .

Th e " t ypical " g r o und-b a s e d rad a r fo r the long-rang e d e t e c t ion of
a i r c r a f t might o p erat e a t a wavelen g t h o f a bout 2 3 ern and radia t e a peak
powe r o f a b o ut a me gawatt (wi t h a n a v e r a ge powe r of s e vera l ki l owatts)
from a . a n t enn a about 1 0 meters in wi d t h r o t a t i n g at 5 o r 6 r p m. Th e
e a r l y microwave radars used a magnetron o s c i l lato r a s t he transmitter.
It is s t ill widely used; but when high average-power or controlled­
mo d u lat ion wa v e f o rm s a r e req u ired, t he transmitter is often a power
amp l i f ier like t h e klystron, traveling-wave tube, or crossed-field
amp l i f i e r. The solid-state transmitter, usually based on the transistor,
is a lso u s e d f o r its potent i a l in increasing reliability and maintain­
ability. Low-noise rece ivers, such as the transistor or the parametric
amplifier, hav e also foun d t h e ir wa y into modern radar practice. The
impress ive advances in solid-state d igital c ircuitry made in recent
years have resulted in sign i f icant new capabilities in radar signal
process i n g a nd data processing. Sophisticated doppler processing techniques
for MTI radar have been reduced to practice because of the availability
of low cost, s mall-size d ig ital processing t echnology. Another significant
examp le of t he benefits .of advances in digital circuitry is in the
automatic detection and tracking (ADT) of aircraft targets. A single
operator observing the output of a standard PPI radar display might be
able to track but a handful of aircraft. However, the small size and low
co s t o f digital c omp ut e r s make i t possible t o automatically detect a n d
a ccu rat e l y t r ack several hundreds of aircraf t simu ltaneously so as to
present to t he operator fully processed tracks rather than raw radar
data. The parabolic reflector a ntenna has been and will continue to be
the antenna most commonly employed with operational radar systems.
However, the p hased array antenna with agile beam steering controlled by
electronic phase shifters has been of interest for radar applications
because of the ease and rapidity with which its beam can be pointed
anywhere within its coverage. The large cost and complexity of electronically
steered phased array antennas have limited their application. Limited
phased arrays whose beam is scanned over limited angular regions are
more practical and have seen wide use as 3D air-survei.ilance radars,
aircraft landing radars, and hostile-weapons location radars.
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Th e ran g e r e s o l utio n of a radar can b e of t h e order of a fraction
o f a me t e r , i f de s ired; b u t t h e b e amwi d t h s t h a t a r e pract i cal with a
rn i c row~v ~ a n t en n a l i mi t t h e r e s olutio n i n t h e a ng l e c o o r d i nate (o r
cro s s -rang e d im e nsio n ) t o man y orders of magnitude greater than this.
I t ha s bee n possible t o s y n t hes ize t h e e ffect of a large antenna a nd
t h u s o verco me t h e cross-ran g e limitation b y employing the radar on a
moving v e hicl e (su c h a s a n a ircraft) and coherently storing the received
echoe s i n a n electronic or photog raphic memory for a time duration
e q u i v a l e n t t o t h e length of a large a ntenna. This technique for
achie v i n g cross-range reso lution comparable to the resolution which can
b e obtained in the range dimension is called synthetic aperture radar
(SAR). The output of such a radar is a map or image of the target
sce ne. The us e of a stationary radar to image a moving or rotating
t a r g e t b y u s i ng r e s o l u t i o n i n t h e do pp l e r doma i n i s called inverse SAR.
It h as bee n emp l o ye d, f o r examp l e, t o i ma g e t he s urface o f the planet
Venus under its cloud cover.

Radar is generally found within what is known as the microwave
region of the electromagnetic spectrum. It is possible, however, to
a pply the radar principle at HF frequencies (from several megahertz to
perhaps 30 megahertz) to obtain the advantage of long "over-the-horizon"
ranges by refraction of the radar waves in the ionosphere. Aircraft can
be detected by one-hop ionospheric propagation out to ranges of about
2000 nrni. Radar has also been considered for use at frequencies higher
than the microwave region, at millimeter wavelengths. Laser radars
are found in the IR and the optical region of the spectrum, where they
offer t he advantage of precision range and doppler frequency measurement.
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MAJOR DEVELOPMENTS IN RADAR BY DECADES

1930's - EARLY DEVELOPMENT OF THE BASIC CONCEPT OF RADAR

1940's - MICROWAVE RADAR

1950's - COHERENT RADAR) INCLUDING SYNTHETIC APERTURE AND MTI

1960's - DIGITAL PROCESSING) HF OTH RADAR

1970's - EXTRACTION OF INFORMATION) OTHER THAN LOCATION) FROM ECHO SIGNALS



( --------- --~- -~ . - ---- -- - - ~.."'\
I

SIMPLE FUNCTIONAL BLOCK DrAGRA~A

\ V'

DUPLEXER .- RF POWER .- WAVEFORM
~--"'lGENERATOR

.....
GENERATOR

I
r---------.,~'!!!IP----. RADAR
~ f-----= CONTROL

I I

RECEIVER SIGNAL - DATA -
PROCESSOR PROCESSOR

~ 0 - OPERATOR •DISPLAY

ACTION

ACTION "
I

I
I.



Ba s i c Radar Measurements

I
I

mea s ur ement s can be made by radar:

Range - The a ccuracy of
s i gna l bandwi dt h.
of several t ens o f
be i ng the a c cur a cy
known. [7 ~ I /

, I

t he range me a s urement is de t ermined by t he
Accuracies o f a few centimeters at a distance
miles a r e po s s i b le , wi t h t he bas i c l imi t a t i on
wi th which t he velocity o f p ropagat i on i s

I.v J9 V }v '/ rc... t-f/Y'rA-v r,
Range rat e - The do pple r fre quency sh ift provides a direct measure

of t he relative velocity. The longer the duration of the signal
and t he higher t he frequency , t he mor e a ccurat e is the measurement.
I n r ada r t he dopp l e r freque ncy s h i f t i s often used to separate
des ired moving tar gets from undesired fixed targets (clutter). M~
The doppler frequency shift is also important for some types of
radar imaging. C/X 4 f;V~?C/ /Vr _'J")te- 0 ~ }7/,/ ,; 1/1 J)j p! "

'7 )VJ V '1" ) II'r vF ~-;): C) .- 2.... j)
Angl e of Arrival - T e angular location of the target is determined ~~'j _ ? ()

by use of 'a directive antenna. The larger the size of the antenna
aperture (measured in wavelengths) the more accurate the measurement.

I () fJ{;'-J) (7, I h'i 19~ ; ::: I ofe« ,
The above three ~easurements are what are norma ly made by a radar. They
assume t he target is a point scatterer, i.e. , of infinitesimal size. When
the target is distributed, of finite size, the following measurements apply:

Size - This is generally determined by use of a short pulse, or its
equivalent (pulse compression). A measure of size can also be
obtained by examining the variation of radar cross section with
frequency.

Shape - The observa t ion o f t he radar cross section from different
aspe c t angles provides shape. Imaging of the target in range
and angle also provides shape. - r-... (;f f e I I)

- S '1 i,.~, ,. •<.... r£ I

Change of shape - This is provided by the time variation of the
radar cross section. A classical example is the modulation
of the echo by aircraft propellers or jet engines.

Symmetry - The symmetry of a scattering object can be determined
from observation of the target as a function of the polarization
(direction of the electric field) of the radar signal. Symmetrical
targets are insensitive to changes in polarization, asymmetrical
targets are not. c-t fJ-C V I.r V S~~ 7" t; rz; t...- 1-,-- I' ~ "t. ~f'/,



I n add i t i on, t he f ol lowing t wo measureme nts can be made t ha t describe
some t hi ng abo ut t he na t ure o f t he s ca t t e r i ng material:

Sur f a ce roughnes s - The scale of surface "roughness" is measured
i n t erms o f t he wave l e ngth. Wnen t he sur face variations are
sm51l compared t o t he wavelengt h, it is smooth. When it is
large compared to t he wavelength, it is rough. Measurements
of backscatter as a function of wavelength can indicate the
scale of surface roughness. ( .?\ "Y-t tP L" ) .r1/V)(;)

Dielectric constant - The reflection coefficient of a scattering
surface depends on the dielectric constant. The measurement
of the dielectric constant of a radar scatterer is difficult
since it is necessary to know the surface roughness, shape,
and the loss tangent. This is not a usual measurement in
r adar. However, t he dielectric constant of the moon's surface
wa s es t i mated many years ago from a series of radar measurements.
The radar estimate was consistent with that measured with the
moon rock samples brought back by Apollo. The measurement of
dielectric constant is also of interest to NASA for estimating
the soil moisture from a satellite-borne radar.

- 5 r c I) K.
po. - r"
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r&1G
STANDARD RADAR-FREQUENCY LETTER BAND NO MENCLATURE

')

)

"'~) (.....e.

1/ i 5 to;.t>n. I 6).

I ! 3
138·:1 44 MHz - --­
_ 2~16 ~125 A-;

420·450 MHz
890·942

1215 ·1400 MHz
2300·2500 MHz

2700.3700 "2. '7i..

5250· 5925 MHz
8500·10 680 MHz

13.4·14.0 GHz
15.7·17.7

24.05·24.25 GHz
33.4·36.0 GHz

SPECIFIC RADIOLOCATION
(RADAR) BAN OS BASED ON

ITU ASSIGNMENTS FOR REGION 2
BAND NOMINAL

DESIGNATION FREQUENCY RANGE

HF 3·30 MHz
·VHF 30·300 MHz

UHF 300·1000 MHz

L 1000·2000 MHz
S 2000·4000 MHz

C 4000·8000 MHz
X 8000·12 000 MHz
Ku 12.')·18 GHz

K 18·27 GHz
Ka 27·40 GHz

mm 40·300 GHz
~ (; .J1

c ~- L- , /, 5 tf:?" «r: - J3~ A*'
_ _ ~ _ . _ • • ~ __ - _ . 0 • • _ _ ••• _ . ~ .
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APPLICATIONS OF RADAR

• AIR TRAFFIC CONTROL t:o~', 1
-- .. AIRPOR"T SURVEILLANCE RA DA R (ASR) - AIR ROUTE SURVEILLAN CE RADAR

(ARSR) - AIRPORT SUR FA CE DETECTION EQUIPMENT (ASDE) - LA NDING RADAR
(GCA OR PAR) ) pJVN~~ -rjz,,krt j~~J)J;~ ( Co, (;. - 11:;- ' 0

• AIRCRAFT NAVIGATION
_ WEATHER AVOIDANCE - TERRAIN AVOIDANCE - TERRAIN FOLLOWING - RADA R

ALTIMETER - DOPPLER NAVIGATOR-GROUND MAPPING

• SHIP SAFETY
_ PILOTING AND COLLISION AVOIDANCE - HARBOR SURVEILLANCE

~ S~AG_~_ _ ._.
_ RENDEZVOUS AND DOC KING - LANDING - SATELLITE SURVEILLA NCE A ND

TRACKING - EARTH OBSERVATION





APPLICATIONS OF RADAR (Cont'd)

• REMOTE SENSING
- WEATHER - RADAR ASTRONOMY - IONOSPHERIC SOUNDER - EARTH

RESOURCES SURVEY - OCEAN CONDITIONS - INDUSTRIA L MEASUR EM ENTS ­
ORNITHOLOGY - ENTOMOLOGY

• LAW ENFORCEMENT
- INTRUSION DETECTION - POLICE SPEED METER

• INSTRUMENTATION
- '.RANUEJNSTRUMENTATION - SURVEYING

• MILITARY
- SURVEILLANCE - NAVIGATION - CONTROL AND GUIDANCE OF WEAPONS ­

RECONNAISSANCE - DAMAGE ASSESSMENT - FUZING - NON-COOPERATIVE
TARGET RECOGNITION



Ex~m r)cs oi fhe l(a£~~~ ~QhJe E~lAl/ -I-;o~
-

Tj p~ oi
Sea r~A "~h+,,, ~ o to' TrAc k,~~ VD i.; ~ ,S"ea rc J]

J:n+er-{e~tt7ce
- _.~ ----_ ..... .- - - ~ -~- _.._. -.

'f2ele,ver Rf- =: B\' G~Arrrto 1'- '~ \I A~ 0- t -Q.

/Valse R~= -m~x

~1f ~ ·10 (ElwtJ) .£L(4TTJ
2~~ (ElAIc))

'10 IUrM e. '1 rr 61; 1... 0- t~c.,~ tfe. '(' RmAx = R~A,><.= . --
'>t -nr (c17:J.) (s/c)~,~ '\ Fp (c<:-/J) LS/C)t'tl f~ SL(n.rJ

Cor'r~ Ictt t' J C(\A~r : San,~ CU' -fo"r sra"", h":j hf""J
II

S'4l'to,e o: U~(Orr-f. (Qfp, c lC4~r:
C!... fuyo Rm~:::"

o: 0 e
b

(a/oJ)~ ¢ (sic.) ht,;, R. - rr f p t;O.
rl\~- '/) ) . -

0- 0 (Cti 2. /.l.U.. rj (:/t "' in J:L~

Fx"hrt1a I L ~v-l:o ~ 0-
,

"L V- I -I:IQ.
Noise RM AX ::: • • R - 8 - .
CJcimrtti..,,)

41T E'/IJo !V", Gi. M I\ )( - A V EINa N(1i (,;. i. .n,

Rn."v(~ ~~ .n.,(dr . n- n ~ ~) ~v =averaJ~ :ra"Sttt/it~,. power) G l == a"ft""A. 111;".1 Av-::: ~ (t;~/ ;l/t ap er~~.J ~:: ~'] ~+ c;'J:r"
S~(,+iaf\1 to::/"+~'rffr~ j'm(!) .k :: 8alfztyl4t""~ C()..,tf.,J ~:::s,~:)Jfth1 hoiJ'e +t~f>e,..~~ ) E/AIc=-S'J"4 1 -to -nou~ "t1f'~ ~ rat-IO ~1 ~
+0.,. tA~~+'ott) ~,4'= sr~rc~ tlme/-CL .:::. tot~jt4l.r setf~~ volutne.J '- ':: c/~"'!ht- (~Ir1) (l l-"OSS, .r~c+,O" per 1.111' + v(J/~tH~) 't =.ve]«« ..~ -o -P
p"'rc:JQf'Ot1) ~.. ~lAlr~ WrJ~4J (~/CJhtl;'::: s'JnA I --Ib-c/~#tr (pow~d ~a f'f!1lA/~' -1;;,,. j(~~J/'VI) fi, =P IA"'~ Nprl-tft.,. .f'H-, WffJCJ! el,-=­
Q'2IIM..th Lf'lII~td+"J ¢::. ~n1/", Qh,9le...J -fLo- ~ «'Z.I"""+~ CbvtrQ~ e [ar ~')) tv'OL ::: n DIS ~ PQW~ Y Pe'~ I-J ~ ~it';+fl ~j J' h1m ~r- J

(;i. 2 JIH~ntt ... q,dtnn«.. " ......

. .__. .__... . "mlA



Scattering f r om a Sphe r e

Sca ttering of electromagne t i c ene r gy r e s ul t s from discontinuities
in t he dielectric constant o f the s catt e r i ng object t ha t a r e compar abl e
t o t he r ada r wave l e ngt h. For example, the e cho from a smooth, metallic
sphere whose rad i us is large compared to the wavelength occurs from a
sma l l spo t (the firs t Fresne l zone ) on the t ip (Fig. la). For scattering
t o occur f r om t he entire sphere t he surface would have to be rough, or
d i f f use (Fi g. lb ), s uch as is a white billiard baIlor the full
moon whe n viewed at optical frequencies. Whe n the radius of the sphere
is comparable to the radar wavelength, there is a contribution to the
backscatter due to a creeping wave that circles around behind the sphere
as sho~~ i n Fig. Ie. Th i s c reep ing wave causes constructive and destruct­
i ve inte r f e r e nc e with t he direct r e f lection so t hat t he backs catter
varies periodically as a function of a/A. The classical description of
the scattering from the sphere as a function of wavelength is sketched
in Fig. ld.

Some of the energy incident on a non-metallic (dielectric) sphere
is reflected similar to that of a metallic sphere, but reduced by the
reflection coefficient of the dielectric. Some energy penetrates the
body of the sphere where it is partially reflected from the opposite
side (Fig. 2a). This partially reflected component interferes with the
direct backscatter from the front surface to produce a back-scatter
cross section that depends on the size of the sphere, the dielectric
constant, and the loss in propagating through the dielectric material.
An example of the variation of the scattering from a dielectric sphere
is shown in Fig. 2b.
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TYPES OF RADARS

• PULSE - CONVENTIONAL RADA R.

• HIGH~RANG~·RESOLUTION ~ R ESO~UiION ~~OM A FtW C ENttM ~f E R S to StVt~AL M ErE ~~J

uSEFU~ FOR S~~tNG DESIRED TARG~TS iN tLUtt£R. CAN U S ~ PULSE COM ~ R E S S I O N ,

, ,

I

I
I.
I

!
I

I,,

• CW (CONfINUOUS WAVE) • US ES OOPP~ER FR~QU£NCY SHI ~t t o S~ P A~AtE MOV ING tA~GEt S

rROM rlXtD C~UTTER.

2v COSe Vr(ktS)
f :!!t ' - ' . , Ito SS: - ==-d . - ...

• FM-CW - FREQUtNCY MODUlAT £O CWJ GEN£RAl~Y O~ HtGH RANGE RESOLUT ION BUT NO
DOPPlER ~~~QUtNCV SHt~T UTt~tZtO.

• MTI - MOVING tARGtT INDICATION J A PUlSE ~AOA~ THAt EXTRACTS DOPPLER FREQU ENCY
$Hi~t TO s£a MOVING TARGETS IN Clutt~~.

j PULS~ bOPPb~~ • AN MTI WITH A SUFFI~IENT~Y HtGH PUL~~ ~ ~P Et I t I O N FR EQUENCY
TO AVOID AMBIGUITIES IN DOPPL~R.

• SVNTHETIC APERTURE (SAR) - AN AIRBORNE IMAGINQ RAOAR CA PAa~! O~ H l~H
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1 .adar Technology Applied to Air Traffic
Control

began in 1956 ( the ARSR-l ) and in 1957 (the ASR~). Of
significant interest is that, with the excep tion of ant enna
techni ques, there has been no major improvemen t in L~~ radar
system concepts fo r air traffic con trol since 1956. For ex­
ample, the ARSR-l u tilized a two-p ole two-zero recursive
moving target indicator (MTI) filter, which is conceptually
identical to the MTI filter to be used in the ARSR-3 now
being procured. Of course , .solid-state an d digit al techniques
will improve the reliability o f the new systems, but the basic
MI l pe rformance capability will not change, for the reasons
discussed in this paper. Of the approximately 200 ATe
radars now in use. 90 percent of them utilize quam delay
lines for their MTI delay elements and vacuum-tube circuits
throughout. Although the use of digital tec hniques does no!
inherentl y increase the MTI capabili ty, the analog systems
drift out of adjustment over a 'period' of time. Thus, dlgital
techniques result in improvement in the average performance
obtained in the field. '

SIGNAL-P ROCESSING PERFORMANCE

Emerson [2] and others predicted the performance of multi­
ple delay feedb ack cancelers used in the ATe radars in a
variety of clutter environments. The ATe radars fail to cancel
clutter perfectly for two principal reasons: 1) the modulation
of the clutter introduced by scanning of the rad ar ante nna;
2) motion of the "fixed" clutter) primarily due to motion of
the grass, trees, and leaves in. the wind. In addition. weather
clutter often fails to cancel because the average Doppler fre-.
quency induced by the wind falls outside the clutter rejection
notch of the MTI. filter. Barlow [3} and Grisetti et cl: [4]
predicted the performance of these radars in the various types
of clutter. The clutter spectra had been measured. and by as­
suming linear signal processing, predictions were mace of
clutter residue at the system output.

When these multiple-delay MTI radar systems were built,
they failed to perform as well as predicted. The MIl proces­
sing systems were much more severely limited by scanning
modulation than had been expected. That is. with the antenna
stationary, the clutter canceled well. but with the antenna
rotating, the MTI improvement factor was as much as :0 dB
worse than predicted. This fact was not discussed L'1 the
technical literature until 1967 [5] probably because 'no man­
ufacturer woul d admit less MTI performance than was univer­
sally expected from such configurations.

Two other factors 'that may have obscured the actual perfor­
mance being obtained from MTI radars are explained In the
following. '

,.. - -- ---- _.._-..

WILLIAM W. SHRADER

/ '

Manuscrip t received October 25,1972 ; revised November 8, 1972.
The author is with the Raytheon Company, Wayland. Mass.

HIsTORY

In February 1949, the Civil Aeronautics Administration
;-; (CAA) (predecessor to the FAA) granted authorization for
~ commercial aircraft to use radar as' a primary aid. This ap­

proval applied specifically to aircraft operating in the terminal
area in inclement weather. The long-range (enroute) radar
program began in 1953 with the commissionlng, at Washing­
ton, D.C., of a microwave early warning (MEW) radar. The
procurements of the existing modern enroute ATe radars

~~
~~~.

.-.,::'.-

~~
~~i Abstract -Use of primary radars for air traffic con trol (ATC) is dis­
t; :cussed. TIle loc ation and the parameters of various ATe radars are
rljdescribed, The clut ter environment (land clut ter, b irds, automobiles,
~i.l and weath er) has had a major impact on the co nfigurati on o f these
g.1 radars, Signal-processing techniques an d an tenna techniques u tilized
l-7~j to cope wi th the clu tt er are desc ribed. Fu ture signal-processing tech­
it., niques for the ATC radars are postula ted.
"-

INTRODUCTION

,;~ RIMARY radars are utilized by the Federal Aviation Ad-r: ministration (FAA) to provide control of air traffic, in
, ~, addition to the beacon system (referred to as secondary

.;. radars) . The primary radars are 60-mi airport surveillance
~: radars, and 200-mi air route surveillance radars. Specifically,
~, these radars are used to: 1) control nonbeacon equipped air­
!#-craf t; 2) control aircraft with nonfunctioning beacons; 3)
~ provide weather information to air ~raffic controllers; 4)

provide coastal -surveillance information to the military; and
_,- 5) provide weather information to the weather bureau in
~ part s of the us .
;; There are approximately 124 ASR radars and 80 ARSR
. radars installed in the United States[l]. The locations, includ­
" ing future authorized locations, are shown in Fig. 1 and 2.
t These radars have been procured over the last 20 years. They ,
i~ have, however, been continually upgraded and, currently are

represented by 4 typical configurations. the ASR-6, ASR-7,
ARSR-2, and FPS-66. In addition to the existing radars, the

. ; , ASR-8 and ARSR-3 are currently being procured. Major char­
~ acteristics of th ese radars are shown in Table I. Note that of
i -the existing radars, only the ASR-7 has digital signal processing
~ and solid-state circuitry.,.
. The radar system coverage diagrams for the ASR-7 and the
" ARSR-2 are shown in Figs. 3 and .'l. The coverage represents
- approximately 80 percent blip/scan ratio on a small jet

.. aircraft.



VHF (30 to 300 MHz)

137-144 MHz
216-225 MHz

Econ6~ical surveillance radars
1'/ "V'

Easily achieved high power and large antenna s

Extended range due to surface reflection

Weather-free ~f
ICj'

L-t Z __-= __C ' __--
._---------

~

. ,



I '
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L Band (1000 to 2000 MHz)
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S Band (2000 to 4000 MHz)
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C Band (4000 to 8000 MHz)

5255-5925 MHz

Precision, long-range tracking

Landbased multifunction weapon control



X Band (8 to 12.5 GHz)
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Tracking and missi '1e guidance

Ship navigation

Airborne weather-avoidance ~ -~~v
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Intrusion detection

Hostile-weapons location

Precision approach



K Bands (12.5 'to 406Hz)
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SPECTRAL ~IDTH REQUIREMENTS IN RADAR
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I .:" O ':: l i l ll l , ( ! h i ; ',: t he- m:, (1 ; ad " ; ,: :~ . i :':( " a nd llIl: lt :' l ' '"' :!S of <> :1('1. Irr- qucucv IlI1 nd [1 ;('

d (' ~ ~ r ii ' ''' \ l T i ) ,~ d iv isions hct II (' ( ' : 1 t: c Ir cqucnr v rr-c ions d d i ll(,d 11I'rl' are no: as
Eh fl ; jl in p; :.l ··: il'(' R ~ j " t he pn'r i",.· n nt u re of t he noincnclnt u rc. T he Iullowiru; ~ e n f'r [l i ­

iza t n .n - a r:: (l l!!," fijlp ; Oxll ll:: t r rl';J;t'.:" c':l t a t io ns of ra d a r prnct ice a nd s hou ld no t be
int crp rc tcd roo r i~ i d ! y ,

l o we r t ha n H F (be low 3 M Hl ) At t he 10nI: wa v r-lc nz t hs n s ignifi cnn t por t ion of t hc
ra d ia t ed e ll (' : ~ ,\ ' ca n b<> pro pa c ru cd by d iffra ction Loy ond the rad.ir horizon . T h is is
so m ct imcs ca lled t he qroun -! 1I'Q ! '( , or t he su rfa ce w a vc . T he low r r t he freq u en cy ,
t h e 1<>5::- is t hv a tt en u a t ion of t ho d iffract ed w uve . T h e a dvant acc of t h is m od e: of
p ro p.r g nt io n is t l::!t t h e wa n ' cs.sr-n t ial lv fol lows t lu- cu rv ature of t l.e ea r t h, Ber-a use
o f t he Ia r j;« a n te nnas rcq u rrc.t for d irect ive be a ms , t h e h ig h a m b ie n t no ise lev el,
u nwa nt er] ech oes (cl u t t er ) i ro n', c rou nd o bjr- r-ts. a nd t he cr owded el ect rom ac ne t ic
s p cct ru m , t lic freq uen cies bel ow H F a rc n o t at t ru ct ivc fo r gener a l ra d a r a p p hca t iou .

HF (3 to 30 MHz ) T he firs t o pe rn t ional ra d ar syst em ins t a llcd hy t il(' B r iti s h ju st
prio r t o W orld \\ 'a r II rn d ia t ed in t he II F band at a freq ue n cy betw ee n :!:.? and :2 ... :'\1Il z .
Thes e were t he ra d a rs t ha t p rovided d etection of aircraft d u ring th e Ba t t le o f B r it a in.
T hey o pcra t cd at t h is Ir cq u cncy not because it was optimu m fo r t he a pplicnt ion b ut
be ca use it was t h e h ig hest fr eq u en cy a t w h ich re lia b le hi gh-po wer componen ts were
t h en a v a ila b le . T he cho ice of t h is nono pt im u m freq uen cy re flcct cd t he of ten-qu ot ed
" Cu lt of t he I m perfect " s lognn of S ir Watson Watt , the Brit ish in v entor o f ra d a r :
"Give t hem t h e t h ird bes t to go wit h ; t he se cond best co mes too lat o : the b es t nev e r
co m es ." T he gro und-w ave m od e of propa ga t ion was e m p loyed , an d ranges of 200
m ill'S were o bta ined aga inst a ir cr a f t. In add it ion to t h e g rou nd w a ve, t he sk y Wa H

at t h is fr eq u en cy refl ect s off the ionosphere and ca n re sult in u n wa n t ed echoe s , T h e­
re f.r-r t io n from t he ionos p here is not always undesi ra bl e a nd ca n be a m ea ns fo r
d e: '('l i ng t a rgct s a t lo ng ra nge.:: beyond t he li ne of s igh t. T he u p per port ion of t he
H }' b a n d Ita:, bern used fur rad a r ast rono m y , esp ecia lly for o b t a in iug echoes fr a n t he
sun 's ion ized atmosphere , Io n ospheric sounders tha t m ea sure t he heig h t of t he
variou s layers of the ionosphere employ the radar princip le , T he same object ion s
men! io ncd i ll t he previous parag raph co ncerning radar at frequencies below HF apply
a lm os t equ a lly well to the HF r eg ion .

VHF (30 to 300 MHz) The early radars developed in this country just prior to
World Wn r II operated in th is frequency region , Some no t able examples were the
Navy CX:\:'\l, the ,A r m y SC I{-270 surveillan ce radar, and the Arm y SC H-2GS fi re­
contro l rad ar, They all u sed extensions of the then current technolocv in vacuum
tubes and mechanically positioned array antennas, Because of the present crowded
spectru m at "IIF, modern radars nrc not found extens ively in this reg ion . H owev er,
it is an important reg ion for the application of certain types of lon g-ra ng e radar with
large ar .tennn apertures anti la rg e radiated power such as m igh t be used for snt cll itc
survei llance , \' H F is probnbly t he most ecouomicnl region in wh ich to hu ild and
operate large radnrs . Althoug h the external noise is not as low ns at h ig her Ir e­
queucies, it is significantly lower than that in the HF region. The angular resolution
of \'11 F air-surveil lance radars is ~enerally poor but the coverage is usually good and
the equipment is relatively simple and reliable .

Hadar technology is usually eas ier to achieve at the lower frequencies , and YfIF is
a compromise between the increasing noise level found at lower frequencies and the
mor e di fficult irnplcmentnt ion of long-range radars found at the higher frequencies.
Anten n a« fur air-surveillance radars nrc more likely to bc arrays of dipoles mechnnicnlly
rota ted t hnn the parabol ic refl ectors commonly us ed at the higher Ircqucnr-ies . With
borizon t ul po luriza t ion over a good ground plane, such as t he se n , t he interferen ce

b ct w('('n t !l(' d i; r c( wa\'c a nd t lte w u\"(' r rfl c{'ted fro m lhr.- st; r J ~('(' '<;a n r(' sul r In a
sll h ~ t :.l ll t i : .J innl':l=' C' in t l:(' m a xilll u m ra n ~(' f1~ain .~ t ai rr·raft. Another :Id\'lI nt :l~ (.' of
VIIF i:-; tbr good :'\1'1'1 Iwri'Jrllwn ce tlt at c:w lit, obt ain l'd flf!,ainst IJIO\'illf!, t:lr~/ ·t ~ ,

(; 0 011 :'\11'1 reql~ircs st :d Jlc tr;ln:,JllittNs :u:d n" 'I ,j\'NS ",hidl ar~ easirr to fi(:h i/:\ 'f' at
t11( ' luw N frcqul;ll ri cs , Al so, it is important that there be n,o bhnd spcC'ds,\\'lthlll ~h <'
('xpe{'ted r :lIl~(' of dopplrr \'(,lc)('iti ...:i , TIIC' lowN the fn'ClIli'IH'y, the gr<'utN IS tbe IIl1l1d
sp<'ed , {' \'{'rythill~ els{' beillf; equal. Hl\ l,lar s fi ~ "BF ar~ al so frt ,<, frOin wcathN el'ilOc:s
or ntt el lu:ltil 'l1, "HI-' is a ~olJd re~ion m wh:('h to dC'slf!,n a short-rn.nf!,l' " poo r man s
rlld :Lr" an d would untloul.!(·tl ly b e more widely used if t he demands of other radio
sen'ircs d id 1I0t take prercden cc fur tbe a\'ailahlc spectrum, '
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c:: 1':,! ;; : . .... I : -: :q'; :!: ':, in!: i- l.r ..I' .. d II.,,' t lu \\ i.l : ;;; ,·.' ,'t ru ru Ill ; It : ·'d to l' I I F t clcv is ion .

L B a n e (l,O:l:) to 2,0:>0 f{. HI ) Th ! ~ i::, ~ p(lJlll!:tr fr l'f!\lI' l1 ('Y h ;l l i d il! t ItI' {"n it!' !.! :' , [': : 1..' 5
Ior u i rn., : t -H:n f' i;j:l !I ('C r ud .ir . I t .acr il lt' C':-: ~ ' i! 1I l' of t 1!(' lnwcr-f n -qucn cv ad va nt au c..;o f
h ij:h pow c r, I :Hl: ~' a n tcnna a pr-r t u res , a nd g ' ll.d ::'\1 '1'1 o ut p ro v i cs impro ved ll li ~ lc

rcsolu: if. 11 nnd In\\' ex t e rua l no ise .
S B..nd (2 .Ot'O to ~ ,OOO MHz) Xlost of t he ra d a r a p p lica t ion s 11(' / 01\' S band a re fo r

su rvc ilia nc« w hcrc ns most of those above a rc fo r in for rua t ion J,': :tt h('r ing such as precise
t a rj;«: I ,, ( , ~ t i orl nnd t r: «k inc ; Good l1 U ~ U I :l f resolut io n ca n be ol .t a incd a t S ba nd
wit h rcas on a h lc-s ize nn tc nu as , a nd t he cxt cm nl-n oise lev e- l i;; low H O\\'('\' C' f ,::,\I T I a t
S ba nd i:-: u , u :d ly no t ir-cab lv worse t ha n at t li F . A h ho uz b weather effects a rc not
as hot lu-rsorue ns a t t he h ih!ler freq uencies , t l.cy ca n sig nifica nt ly d r-a rudc t h e r:il!::r
pc rfo rma ncc in some a p p licnt ions . S ba nd is of in teres t as a co mprom ise ra d .rr
Irequcnrv for m ed iu m- runge a ircra ft d et ect ion a nd track ing when a si ngle ra d a r must
bc used for both fu nct ion s .

C Band (~,OOO to 8,000 MHz) T his b a nd lies bet we en t he S a nd X ba nd s a nd can b rst
be d escribed 5 S a co m p rom ise be t we en t he t wo . It has been success full y used for
m od cra tc-r n ncc sur veilla nce np plicnt ion s wher e precis ion in forrua t ion is necessa ry , 8 S

in t he case o i sh ip-n nv iunt ion ra d a r . It is abo t he freq uency at wh ich one ca n find
p recis ion long-ra nee in s t ru rucnt a t io n rada rs as m ig ht be u sed for t he a ccura te t ruck ing
of m iss iles . Relat iv cly long-r a nge milit a ry-wea po n cont ro l rad ars m ig ht a lso opera t e
in t h is La nd .

..\" Band (8 to 12.5 GHz) T h is is n p op u la r freq uency b and for rn ili t ur y WC'UpOll con t ro l
a nd for com m crr ial a p nlica t ious . Ci vi l marin c ra d a r , a irborne wea t hc r-nvo id .incc
r ad a r , a nd d op p ler navi ga t ion ra d a rs are Iou nd a t X band, At X ba nd t he ra d s r is
genera lly of con ve nient s ize an d is t hu s fa vo red for app licat ion s w her e m o b ilit y and
lig ht wr ig ht are im port a n t. X band is advantageous for information gathering or
s hor t -r nncc s urve illa nce, but it is not very well suited for long-range surve illa nce .
Su fficient ba nd wid t h is ava ilnb le to make it more convenient to generate narrow pul ses
t h nn lit t he lower frequ en cies . Xarrow beam widths are al so easy to a ch ieve I1 t X
b a nd wit h sm a ll ph ysi ca l si ze apertures . AI " bea rnw id t h ran be obta in ed wi t h a n
an ten na a bo ut G ft in wi d t h . An X-ba nd rudnr may be s m a ll enough t o ho ld in t he
hand , o r it m a y be a s la rg e as t he H ays t a ck H ill radar used for radar astrono m y w it h
a 120-f t -d i:llneter anten na and nn average rud iat cd power of nbout ;')00 k\\' C\\'.

K ", K , and 1\" Bands (12 ,5 to 40 GHz) T he or ig ina l .h:-balld rnclars developed d u r inz
W orl d \r UT 11 at the :\111' Ii nd ia t ion La borat ory were .cc nt ercd at a wavclenat h of
1.2,j em (::? 4 GlIz ). Th is proved to bc a poor choice sin ce it wa s soon found t ha t
it was t oo close t o t he resona nce wavcl cng rh of water \' apor (:22,2 GIIz ), w he re t 1l('
a bsorp ti on is h ij:;11. Lat('r t h is band was su Ld i\' ide d into t wo o anos on eitbcr s id e of
the water-a bs Mption fre qu ell cy , The 10wN-frequency h 3nd , K ", ('o\ "('rs 1:!.:1 t o I S
GlIz ; th (' u pper band , K. ,ext r nd s from 2t.i,t, t o 40 Gllz, K. band is about the highC'st
fr<>qurn ,.y at wh ich onr find s opC'rationnl radar. Althou~h radars han becn built
at h ig h!'r frC'qu('nciC's, they ha\'c b('en mninly for experimC'ntnl purposes or special
appli l'3 t ion s. T he .h:-hand fr£'C]uC'n ('ies OnN the nd\'nntn~e of ~ood resolution in bot h
an~l e nnd range with little mutual interfcrence. High power is dinicult to achieve,

and the antennas nrc smol!. Ther£' is incrrnsed atmosph£'ric attrnuntior
ex te rn al noisc , nHO I ('s~ sl 'ns itive r(' ceivers , ThC's c fa rtor s re su lt in rela· ·
rn n g, l" . Li m it at ions d ue tu rain dutter a nd nttclluution nr e in r reasi ng ly H '1.

h ig he r frequ en f'ir s .
Millimeter Wavelengths Th is part of the frequenry spcc- trum on"C'rs wio r b a n .

a nd narrow ant enna beams from rdati\'C'ly smnll apertures, It suffer s the l.

lirni t a t iuns as t he 1\ oands, only more so , Even moderate power is di llic u lt to nrh ie ,
a nd rerei\'er int crll:l! noi se is ~('nernllr hi~!l . The external-noise lc\' el , the ntmospheTl,
absorption , anti weathN rluttN increase rapidly with increasi ng frequency. T he
iucreasc in attenuation is not monotonic, nnd thNe nrc " wind ows" wh ere it is re ln­
tin-Iy lC'ss than at neighborin~ fTl"quC'ncies, Applications for millimeter-wnn radar
h ave been lim ited. It mi~ht be employed when tIl(' wide spectral ran~e is needed t o
avoid interference from other el(' ('tromaRnctic ser\'ices, The wide band,,' idths and
relativel ... narrow beamwidths mi~ht be of advantage when it is dC'sirable to obtain
information that mi ght help to classify the t)'l>(' of targct. The di s:-Id\'antnges , how­
ever, ha\'e tcnded to out,,'eigh any nd\'nntnges of operation nt millilllet('r w~1\'elen~ths.

Laser Frequencies Coherent power of rensonahle magnitude and C'lIiciency OIOI I/~

with narrow d ire ctive beams ('nn be obtained from bsC'rs o\'er the infr:m·J,'Opti l':d , and
ultra\'iolet regions of the spectrum. The good angulnr resolution and range resolution
possiLle wit h Insers make them useful for tar~et informntion-~atheringappl ications
surh as rangin~ or imaging, Las('rs are less suited for sun'cilbnce because of the
relatively s mnll recei\'ing aperture area and the dill irulty of searching a large \'olu me
with a narrow beam , A serious limitation of thc Jaser is its inab ility to operate cfiec­
tivel)" in rain, clouds, or fog .



by Fli gh t Lieutena nt Alfred P r ice

Major Victor "0" Lossberg; the commander ofthe German
pathfinder unit lll./K.G. 26, seen standing in front of his
Heinkel 111 in 1941. The special post aerial for the
Y-Gerat beam bombing system may be seen just behind the
cockpit.

city between the two halves was measured
electronically, and th e idea was that a third con­
d uctor such as an aircraft in th e vicinity wou ld
alter thi s ca pacity and thus set off the fuse. In
p ract ice it all fell down becau se of the very small
change in ca pacity ca used by th e aircraft, due to
th e fact th at the two halves of the shell were so
close together. But the iron ic part of the story
is that while the G er man proximity fu se did no t
work, it sparked off research into this field in
Brita in. T his resulted in the radar proximity
fuse which worked so well that by the end of the
VI attack in 1944 an average of onl y 77 such

. shells was necessary to destroy one flying bomb.
The d iscovery of the German radio beams

really did come as a shock to the British War
Cabinet. The first of the special units using th e
beams to be discovered wa s Kampfgruppe 100;
with some thirty Heinkel Ill 's it was ba sed at
Meucon airfield near Vannes in Brittany. This
Gruppe operated as pathfinders, and had marked
Coventry for the rest of the Luftwaffe during th e
heavy attack on the n ight of 14th November,
1940. Through its agents, the British Intell i­
gence service had learnt that the German air­
crewmen were billeted in the town of Vannes.
Prior to each operation they drove to Meucon in
a couple of busses. The stakes were high : could

As any author will testify, the t ime of publica­
tion of a book of th is nature is in one respect a
moment of sadness. It is then that o ne th inks
of all the sto ries th at one would have liked to
have put in . But because they arrived too lat e,
o r were a bit too technical for the lay reader. o r
were " chopped " in the last-minute scramble to
get the book to the exact size st ipulated by the
publishe rs. th ey had to stay out. Chas. W ,
Knight asked me to jot down a few such stories
for the int erest of members.

T he most fascinating part of writing Instru­
ments of Darkness was that of reconstructing the
In tell igence battles, in which we tried to find

AFTI~R 1'I -IOUGI-I~1'S 0 11 -n lSrr RUl\IE iTS
OF Dr\RI(NESS~~

Did )'oll e rl'r gl't tha t f eeling that you were being ....atched ?
A wartime infra-red photograph of the Chain Home'
station near Dover , ta ke n by a German cameraman ncar
Cala is.

out about the German radar and they tried to
find out about ours. It was all a bit like putting
together a two-sided detective story, while at the
same time being in the privileged position of
knowing the technical facts that both sides were
tr ying to gain. Far and away the most in­
triguing piece of espionage wa s the so-called
"Oslo Report ", which arrived in Britain via
our embassy in Oslo in November 1939. Sent
by a U well wishing German scientist " , it con­
tained a wad of papers giving information of the
latest German technical devices, including radar.
I discussed the report in some detail in my book,
but one point I did not mention was that it did
not stop at descriptions of secret devices-the
packet actually contained one of them. The
device in question was the prototype ofa proxim­
ity fuse for an anti-aircraft shell, which worked
on the capacitive principle. The shell was con­
structed in two parts, the front one of which was
electrically insulated from the rear. The capa-

Thirty-two



no: the busses be a n ~ . hcd by a specially pa ra­
chuted in tea m of 3 ~ ::' ! 1t ~ . a nd the highly- tra ined
G erman ere«rnen killed ? Eve ntually the idea
reached the cars of the C hief of the Air Sta ff,
A ir Chief M arshal Sir Cha rles Portal, who was
called upon to supply a n aircraft for the enter­
prise. Portal was horr ified. He said he woul d
not be a party to an y scheme where a .. gang of
assassins " m urdered uniformed members of the
enemy air for ce. O nce started, whe re might
such a course end ? Eventually a comprom ise
wa s reached : the ambushing team was to com­
pri se un iformed soldiers. So it ca me about th at
on the night of the 15th M arch, 194 1 seven
heavi ly armed pa rach utists were dropped 8 miles
outside Vannes, in open country. The soldiers

r- --
!

Talking about aircraft ~'ith funny aerials, how about this?
A highly directional Yagi, fitte« to a .. Ferret" Wellington
during the war. Inside the fuselage . . .

linked up with agents from the town, only to
learn that the Germans had changed their habits:
no w the crewmen drove to M eucon in twos and
threes in small cars, instead of being conveni­
ently concentrated together in the busses. Since
there was now no favourable opportunity for an
ambush the operation was called off. The para­
chutists dispersed, and returned to Britain
ind ivid ually.

Amongst the most successful countermeasure
to the German pathfinder tactics in the spring of
1941 was the U Starfish" fire decoy site.
Responsible for these sites was Colonel J.
Turner, onetime head of the R.A.F. works
department and U Konky Bill .. to ' his friends.
During this time Major Victor von Lossberg
commanded the second of the beam-flying path-

finder units. the T hird Gruppe or Kamp fgesch­
wader 26 at Poix, also equipped with H einkel
111"s. He says his ow n an d Ka mpfgr uppe 100
usu ally put up a total of 18 to 25 a ircraft pe r rai d,
but suc h a small force often could not start a
conflgrat ion large enough to compete with the
carefully prepare d British decoys.

D uring one of the attacks on Liverpool in the
spring of 1941 von Lossberg recalls that his
Gruppe flew in as high as possible, at around
22,000 feet, in o rde r to get the greatest possible
range from the ir V.H .F . (42-48 megacycles)
beam transmitt ers nea r Cherbourg. T he
He inkels tr a iled long wh ile co ndensat ion trai ls
from each engine, togeth er looki ng rather like
ra ilway lines in the moonlight. Suddenly von
Lossberg saw one of the pairs of lines begin to
tw ist an d curve, then disappear altogether :
Brit ish night fighters were active. T he beam
signals ended some seven minutes flying time
short of the cit y, near Wrexharn, and he con­
tinued on to the target using dead reckoning.
Suddenly below him, in a position he knew to be
well short of Liverpool, von Lossberg observed
fires blazing up on the ground. In fact this
was the decoy U Liverpool ", built ten miles to
the south of the city near Neston on the mouth
of the Dee. The pathfinders went on to release
their incendiaries accurately, but as they headed
south afterwards the y were helpless spectators
as they watched bomber after bomber in the
follow-up force release its load on the decoy.
More than two thirds of the bombs intended for
Liverpool were seduced away by the decoy.

Sir Robert Cockburn tells a nice little story
of the "Mandrel" radar jamming device he
designed. After it was first used in action, on
the nigh t of the 6th December, 1942, the British
monitoring ser vice reported th at the band of
frequencies it covered fell somewhat short of the
intended 10 megacycles. On the following day
Cockburn was driving from London to Malvern,
wondering how he could devise a simple modifi­
cation for the 150" Mandrels" in service. In a
flash it came to him, and within days the sets had
been modified to jam out the necessary fre­
quencies. His solution: a piece of tinfoil, bolted
on to the chassis near the main tuning con­
denser; as the aircraft's motors turned they
vibrated the foil which in turn varied the output
frequency. To set up the jammer one merely
ran the engines, then clipped off bits of tinfoil
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until the' de-ired frequ ency spread was ob ta ined.
Believe it or n It. it wo rkc .l '

In the SJ ~ l~ vein wa: Mr. R. Light's method of
overcoming the pre- i l u:-. I) successful jamming of
Brit ish rada r set s in Mal ta, in the summer of
1942. Lights examined the ja m ming on an
oscilloscope. a nd observed that it was heavilv
mod ula ted at )00 cycles per second. M o re
import ant than th e freq uen cy of the modula tion
was the fact th at the depth of the modulation wa s
100 per ce nt., so the jamm ing strength va ried
be tween zer o a nd a maximum on e hund red
t imes per second. T he sol ut ion worked ou t
by Lights an d Flight Lieutenant Jones, th e
commander of o ne of the radar stat ions, wa s
alm ost ingenious in its simpl icity. They used a
ra d io receiver to pick up the jamming. wh ich
was then de-m odula ted. The outpu t sine wa ve
wa s fed to the radar's wa veform generator, where
it was arra nged to tr igger the set on when the
j amming was at zer o. In th is way it was possible
to " cancel ou t " the effect of the jamming. There
was an interesting sequel. After the war Lights
met the man who had been his German counter­
part during the inc ident. The latter burst out
laugh ing when he hea rd what had been done to
defea t h is jamming . Yes , he had real ised that "a
weakness exi sted which the British might
exploit , but he had no choice: his smoothing
condensers had broken down, and it was taking
a long time to get new ones from Germany.

Both side s' rad io monitoring servi ces played
a vit ally important part in the radio war. It
may come as a shock to some to learn that the
Germans profited handsomely from the seemingly
harmless practice of ground testing our bombers'
T.I I54 transmitters prior to each operation . It
was not difficult to pick up these signals on the
Continent . where they were carefully collated.
T he G erman s were look ing for a pat tern : hea vy
test tr a ffi c in the morning and little or none in
the afternoon-when the crews were at briefing
-generally presaged a heavy attack. If no
raid was planned the testing was spread evenly
throughout the day. Colonel Hajo Herrmann,

Thirty-four

who comma nded the Berl in defence are a during
th e cru cia l bat tles in the winter of 19·B . ha s to ld
m e that at 5 o'cl ock each evening his chief
signals officer woul d give him a fairly deta iled
estimate of the number of bombers the R.A.F.

. .. sere ...'ed to the top of the special operator's makeshift
table, sat the tools ofhis trade : Hallicrafter recei ver. signal
generator and oscilloscope.

planned to use that night. Herrmann says he
would order up to one quarter of his force to
cockpit readiness on the strength of such in­
formation. Once the British Pathfinders were
airborne their powerful H2S radiations were
picked up in Germany, and the vanguard of the
attacking force could be tracked relatively easily
using these. As soon as the first H2S signals
were recei ved Herrmann would scramble his
immediate readiness force. The distance from
Berlin to Essen is roughly the same as that from
Lincoln to Essen. So if the penetration was a
shallow one, say to the Ruhr , Herrmann's crews
would have been hard pushed to get there in time
to engage without the information from the
listen ing serv ice.

The Geiman signals people had a favourite
catchphrase : Aller Funkverkehr ist Landesverrat
-all radio traffic is treason. We in the fighting
services should do well to remember it still.
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The pur pose of this session is to outline how a radar system

1. Establishment of user and system requirements.

2. Use of t he surveil lance radar equa tion as a bas i s f or des i gn.

3. Determination of a typical set of radar parameters.

4. Considerations in the choice of components.

5. Limitations to sensitivity.

6. Other ' factors in radar design.

7. 3D and height finder radar

8. Airborne aircraft-surveillance radars.
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Sess ion II

a general reference on the subject. The topics to be discussed

tracking will be discussed in other sessions.

surveillance radar as might be used for civilian air traffic

control. The attached paper by W. W. Shrader will be used as

The question of MTl design, clutter, and automatic detection and

include:

design is fo rmulated . The exampl e will be a long-range air
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An : ~ ., n a e :: ll :": r a ; e . rp= 15 13 12 .5

Rang e . n . r:-. 20 ) 200 60 60 60 200

0 .!!33 0 . !!33 0 .6 2
, ;c (/]1' I

Pu l H \.' i c : ~ . ~ 5
'1

Az i =: h !ea:::--r. d : r.. d e !',. 1.2 1.3 1.4 1.4 1.4 1.2

e: cer
[ l e 'Ja : i on Co ve r a g e • Cf! /!.. 0 . 2- ':'5 0 .2 -':'5 0 .2 - 30 0 .2-30 0 . 2- 30 0. 2· 46

,,~,
Po l a r-i za t i on (Se Le c t a b l e ) Ho r / e i r c H.:lr / Ver:-t ! Ci :-:: Ve rt /C irc Ve rt / e i r e Ve r t / Ci r Ho riVe r: ; ~:"C rz.
Pd , Hz ( a vera ge \ ) 6 ~ 360 700 to 1200' 713 , 950 , 1050 1030 360

1120 , 1173, 1200

F r e ;;'.:e nc )· , GHz 1.26 - 1.3 5 1. 25-1. 35 %. 7- 2 . 9 2 .7 -2 .9 2.7-2 .9 1.25- 1. 35

Di p le x op ~ ra : ion n o no DO yes IZ- ' l)J '-'5ye s yea -.

Su bc l u t t e r Vi sibil i t y ,dB 27 25 25 25 28 30

MIl lcp r oveI:len t fa c t o r , d B 33 30 30 30 34 39

Blind Sp eed!, Itno :s 1150 80 1250 2000 800 1200

An t e n na Ga Lr, I c ~ 3:. 35 31. ) 4 ) 3 . S(lowe r be ar.:) 34 .5 0 00-.:- ~B:1 )

32. S(upper be am) 33.5 (U?~~= ~a::.)

Peak Powe r , kW 4000 2000 400 425 1000 5000

Average Powe r . W 2900 432 0 400 425 618 3600

Receiver Sena itivit y . dB m -116 -114 -109 -109 -110 -114

No i se F i g\l r e , d B 4 8 4 4 .75 4 4

Circui try Tubes 'I\Jbes Tubell So li d State Solid State Solid Sca:e

S1gna l Process ing Analog Analog Analog Digital Digital Digital
\

v v
EXlSTIt«l RAD.\RS UNDER DEVELOPMEn"T

TAB E I
A Te R..... r ..... R CH..... RA CT ERl ST 1CS

Note: All of these radars have two complete transmitting-receiving channels and one antenna. Diplex operation is usbg bc~

transmit-receive channe ls simultaneously for grea ter probabili ty of detect ion. The ASR-8 uses frequency dip lexing, w~e t:.e
FPS-66 and ARSR-3 are diplexed using orthogonal transmit polarizations.

1) The measurement of MTI improvement factor! or sub­
clutter visibility is very difficult to make accurately with real
clutter (and mistakes usually result in excessively good
ans wers-th us if one gets a poor answer th at may be accurate
he trie s again un-til he gets a good answer) .

2) If an MIl system has been properly adjusted, it is im­
poss ible to determine from a PPI presentation how much
subclutter visibility is being achieved. The PPI picture can be
made to look very good while the MIl improvement factor is
very poor.

The MIl systems are built with adjustable IF limiters preced-
- ing the canceling circuits as shown in Fig. 5. The limiter sup­

presses the strongest clutter sufficiently so the additional
attenuation of clutter in the canceler results in the clutter
residue being equal to the system noise level. If the limit level
is set too low, there is a "black-hole" effect on the PPl. If
set too high, the clutter residue obscures part of the PPI .
When the limit level is set properly, the clutter residue blends
with the noise on the PPI. The limiter also suppresses targets

1!.ITI improvement factor is the average increase in signal-to-clutter
ratio attributable to the moving-target-indicator system on targets dis­
tributed uniformly over the rad ial velocity spectrum; clutter attenua­
tion normalized for uniformly distributed radial target velocities [18].

that are superimposed on the strong clutter, but the znount of '
target suppression cannot be determined by looking at a PPI.
The dynamic range of signals out of the limiter, hcwever, is
a direct indication of the MTI pe rformance be ing achieved
(assuming that the rest of the canceler processing 3 linear).
The MIl improvement factor will be approximately equal to

the dynamic range at the input to the canceler.

Unfortunately, the limiter causes the spectrum of strong
clutter to spread so that the linear analysis of performance no
longer applies [6] -[9]. Fig. 6 shows the clutter spectrum
both before and after limiting, and also shows the response of
a two-delay canceler. The limiting causes the cluner spectrum
to spread into the passband of the canceler, which results in
performance as shown in Fig. 7 for a two-delay canceler­
(au is the rms velocity spread of the clutter. A the radar
wavelength, fr the pulse repetition frequency, oL tt~ amount
that the rms value of the clutter signal exceeds Lie receiver IF
limit level, and hard limiting the asymptotic condition where
aIL becomes infinite.) The effect of this cluuer spt',;tr.ll

spreading is shown in Fig. 8, assuming that the c.utter was
hard limited before being processed in a two-dele;.. .::mceler.
(VB is the first ambiguous blind velocity for a sys!e::: \\ithout
pulse in terval staggering.) Fig. 9 shows a cornpariscn of one-
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lay, two-delay, and three-delay cancelers with limiting. The
ore complex three-delay canceler does not improve the sit­

ation much over the two-delay canceler. This is because the
lutter spectral energy has been spread so far by the limiting,
t will be in the passband for any canceler configuration . The

ajority of the clutter residue from the more complex can­
elers comes from frequencies at the center of the MIl pass­
and . The nature of the residue from limited clutter is very
piky compared to the target retu rns tha t exist fo r at least a

amwidth [6].
(The limiter is used in conjunction with MIl signal processors

o provide constant false alarm rate (CF AR) performance in
strong clutter. The limiter has been used for this purpose for
more than 26 years (see [17, p. 649] ), and no adequate substi­
tute has been demonstrated. It might appear obvious that if
limiting degrades the cancellation of clutter, then linear signal
processing would be preferred. The key problem, however, is
that linear signa! processing must provide at least 60 dB of
clutter attenuation to prevent a large number of false alarms
from occuring in a real land clutter environment. Many linear
signal-processing techniques have been implemented that did
not provide 60 dB of clutter attenuation and thus the resulting
false alarms made the system unusable. Following is a simple
conceptual test to determine the usefulness of a proposed
signal-processing technique: if the clutter residue from either
point clutter 60 dB above noise, or distributed clutter 60 dB
above noise, will be interpreted as a target, the system will be

demonstrated to be unusable in a real clutter environrnent.)
When the actual signal-processing performance being ob­

tained from the ATC radars was recognized, attention was
given to determining why they seemed to perform well in
strong clutter environments, when other MIl radars with
equivalent MTI improvement factors, but larger resolution
cells, had been inadequate. Previous analyses of the adequacy
of an MIl radar had been based on the assumption tha t the
clu tter was Rayle igh distributed. Thus, increasing the size of
the resolution cell by a factor of two would only increase the
clu tter power by the same amoun 1. An analysis of the dis­
tribution of clutter [10] showed that ground clutter was not
Rayleigh distributed, but rather had a log-normal distribution
(Fig . 10), resulting in a cumulative probability distribution of
clu tter reflectivity as shown in Fig. 11.

The mean clutter power exceeds the median clutter power
by about 20 dB, and this gives the ATC radar, compared to a
low-resolution radar, approximately a 20-dB advantage in
being able to detect targets in,a clutter environment. The
ATC radar excludes the strong point clutter reflectors from
most of the resolution cells and provides detection of the
targets in the resolution cells where the clutter is weak, whereas
a lower resolution radar will average the clutter over large
areas. Fig. 12 shows a PPI display of all the ground clutter
observed at one radar site. When the clutter was attenuated
by 60 dB, the remaining strong points of the clutter are
shown in Fig. 13. Although a significant number of points of

-~---------------------
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---- HARD LIMITING

PROBLEMS

Existing ATe radars suffer from several problems. the least
of which is lack of sufficient subclutter visibility. The most
severe problem is detection of unwanted moving targets such
as the birds, automobiles, and insects. A second ?foblem is

!-PULSE CANCELER

• - PULSE CANCELER
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Fig. 9. Comparison of improvement factor limitation caused by clutter limiting for various cancelers (6].

Fig. 8. Improvement factor limitation caused by clutter motion. Two-delay canceler. Hard-limited clutter.

strong clutter still exist, they occupy only a relatively few
resolution cells. If an aircraft flying through this area 'were not
detected on one scan of the antenna when it was in the resolu­
tion cell with one of the pieces of strong clutter, it would
probably be detected on the next scan of the antenna.



F~. 10 . Pro babili ty densi ty of heavy ground clu tte r [1 0 ] .

Fig. 12. All clutter return at a particular radar site. 0 dB .

Fig. 13. Clutter re turn 60 dB above minimum discernible signal (MDS)
at the radar site of Fig. 12.

The ARSR radar can detect a large bird in the peak of the
antenna beam at a range of 50 mi. Fig. 15(b) shows the use
of a moderate amount of sensitivity time control (STC) or
swept gain. This eliminated most of the birds from the dis­
play. Fig. 16 was taken at the same location just after dusk.
The clutter returns in this photograph are from insects. Again,
the use of a moderate amount of SIC has greatly reduced the
intensity of the insect returns. I t is not possible to eliminate
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Fig. 11. Reflectivi ty distribution of heavy ground clutter (10) .

fading of tangential ly flying desired targets when using the
MIl processor. A third prob lem is the occurrence of anoma­
lous propagation (ducting) that is frequently observed. The
anomalous propaga tion greatly aggravates the problem of
tangential target fading because it requires that the MIl re­
ceiver be used at much longer ranges than would be otherwise
required .

The reason these radars are so sensitive to unwanted moving
targets can be seen from Fig. 14, the velocity response curve
for the ARSR·2 . The maximum response occ~rs at a velocity
of about 40 knots. The feedback has very little effect on the
response at this velocity. There is appreciable response to
targets moving at 20 knots . Birds typ ically fly at speeds of 20
to 30 knots and when this is added to the wind speed, the
birds 'Will often be moving at 30 to 40 knots with respect to the
radar. Because the velocity response curve is mainly deter­
mined by the frequency and the pulse repetition period of the
radar t the only way the MIl processor could be made to reject
the birds would be to either reduce the frequency of the radar
or increase the pulse repetition frequency . The pulse repeti­
tion frequency is already as high as possible commensurate
with the required unambiguous range. To significantly reduce
the transmitter frequency would require a much larger antenna
to maintain the same azimuth resolution and may result in
undesired lobing in the vertical coverage pattern. Furthermore,
if the rejection notch is widened to eliminate the birds, this .
results in the loss of many more tangentially flying desired
targets.

Fig. 15 shows a pair of PPI photographs taken of birds in
the midwestern United States. This is not an unusual display.



Fig. 15. SIC can greatly reduce the number of birds displayed. Range-25 nmi. (a) Birds seen with MTl. (b) Birds seen with
MTl and SIC.

100

(b)

systems concepts has been through antenna techniques. The
ASR and ARSR radars of the 1950's had antenna patterns
with "cosecant-squared' coverage . (The gain of the antenna
was a cosecant-squared function of elevation, which results in
constant received echo power from a target flying at a con­
stant alti tude .) The cosecant-squared coverage is inadequate ,
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Fig. 14. Effects of feedback. on ARSR-2 velocity response.

(a)

600

I:
I

w ~ 1Vl
2
0

I
e,
V"
~

a: o ~
I

0
W
0
s - ~
-J
C
~
a: - 100
Z
0
~

&oJ - 15
>
~
C
...I -20&oJ
a:
~

'a
- 25

!
&oJ
Vl
z -300
e,
Vl
W
Ct -3 5
~
:I

-40
0

ANTENNA TECHNIQUES

Since the inco rporation of the two-delay feedback canceler
in the 1950 's, the only significant improvement in ATC radar

automobiles from the display by the use of STC, because they
have radar cross sections equivalent to small aircraft.
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Fig. 17. Example of coverage obtained with two-be am antenna.

however , for the ATC radars, because the closer an aircraft
comes to the radar, the stronger the clutter signals with which
the aircra ft signal must compete . Thus, the ARSR-2 antenna
(see [11], [] 2] ). first delivered in 196], greatly increased the
energy radiated at high eleva tion angles to increase the ratio

of target signal -to-clutter signal . This extra rad iated energy
shows clearly on the coverage di agram of Fig. 4. Although
this ARSR-2 antenna greatly improved the situation, it still
was not adequate for eliminating all the unwanted targets.

The most significant approach to solving the unwanted tar-
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em sensit ive radars. The intracoastal waterway can be seen
in this pictu re . The bridges across this waterway C2:l be seen
just in side the coastline. When anomalous propagation such
as this occurs, it forces the MTI to be used to the full range
of the clutter returns. This greatly aggravates the loss of
targets that are rejected by the MTI clutter notch when they
pass tangentially to the radar.

Various gating techniques have been considered to select
the MTI only when clutter is present. The most common
technique is the pulse-length discriminator. If a target longer
than the pulse length of the radar is encountered. it is as­
sumed that it is clutter and the MTI is selected. The principal
shortcoming of this technique comes from the fact that many
of the clutter targets are only of l-pulse-length dura tion.
Fig . 21 shows that although close-in clutter may be solid and
continuous, much of the clutter at longer ranges is coming
from point reflectors and thus would be displayed if the MTI
is selected by a pulse-length discriminator.

The approach to be utilized in the ASR-8 and ARSR-3 for

PHASE
SHIFTER

NORMAL
HORN

SECOND
HORN

Fig. 18. Two-beam an tenna.

PHASE
SHIFTER

PHASE
SHIFTER

Fig. 19. Schematic of Rf-ccmblning network [16 ] _

"c :
;

ANOMALOUS PROPAGATION

Fig. 21 is a pair of PPI displays showing anomalous proga­
tion (ducting). These were taken with an ARSR-2 radar
mounted on a 50-ft tower in flat country near Atlantic City,
NJ. One would expect the line of sight to be about 10 mi.
It can be seen however, that the clutter actually goes out to
lOa mi. This type ofprogagation is seen very often with mod-

ge t problem has been b~:--:'2 on spali'::l resoluti '"' :; . Most o f the
unwan ted t a: f :' ! ~ he at very low elevation angles. Two-beam
an tenna techruqucs to take advan tage of the spati effect s
have been evolving f : more than a decade . Firs , back- to -
back ante nn as were used [13] . Then two beams were generated
wi th separa te feedh orns on a single reflector antenna. This
is done by ad ding a second receive-only feedhorn beneath the
high-power normal transmit-and- receive feed horn . Th e cover-
age patt erns are approximately as shown in Fig. 17. The
nea r-in high -angle coverage is obtained by transmitting on the
lower beam bu t receiving on the uppe r beam. At some pre­
selected range the receiver is switched from the up per beam
to the lower beam and normal coverage results beyond that
ran ge. Note the shaded area in Fig. 17 where coverage is not
obtained when using the h igh beam. Th e choice of range

L: 'where the receiver is switched from the high beam to th e low ;,
beam is a compromise betwee n los ing low-angle targe ts and
switchin g as far in range as possible. To quote from [ 14] :
"The distance to which the high beam can be used is limited,
because of th e loss of low angle coverage on air craft. At
Sydney this ran ge is about IS nautical miles."

Raytheon un dertook an R&D program from the FAA to
study the feasibility of combining the received energy fro m
the two beams to provide in te rmediate beam posi tions [IS] .
The hardware resultin g from thi s program has been evaluated
on an ASR system and on an ARSR system at the FAA's
NAFEC facility . Fig . 18 shows the physical layout of th e
ASR antenna with th e two horns . The second receive-only
hom is placed as close as poss ible to the original horn to make
the two beams as close as possible. The beams are added in
the RF-combining network shown in Fig . 19. The phase
shifters of this combiner can be adjusted to give the antenna
patterns (ARSR-2) shown in Fig . 20 [16].

The ASR-8 and the ARSR-3 will both have two-beam an­
tennas. However, the beams wiTI not be combined, because
the feasib ility of appropriate phase control between the two
waveguide runs had no t been established at the tim e of th e
ASR-8 and ARSR-3 procurements . Instead, the two beams of
each antenna are specified closely enough so that combining
is unnecessary.

It should be noted that all the ASR and ARSR antennas
have relatively large vertical apertures, (e .g., 9 ft for the ASR,
23 ft for the ARSR-2). The large vertical aperture permits
careful control of the radiation pattern in elevation. An ad­
ditionai feature of the larger aperture is that it enables a sharp
cutoff on the lower edge of the beam. This results in very
little energy radiated below the horizon, which greatly en­
hances the ability to provide accurate azimuth estimation on
targe ts near the horizon .
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(a)

(b)

f-ig.21. Anomalous propagation (dueting). (a) 100-nmi range. 2o-nmi
markers. (b) SQ-nmi range. S-nmi markers.

selecting the MTI is a device where the operator can preselect
the various areas in which he wants the MTI. This technique
is not as good as desired, because propagation conditions em
change quite rapidly. When ducting occurs, the preset MTI
selector will not be properly set.

It is probable that the most effective device to be developed
for automatic MTl selection will be a storage device that re­
members the clutter map of the entire area being scanned.
Based on the history of the past several scans, the device v.-J.l
decide for each resolution cell whether the MTI or normal
video should be selected.

WEATHER

Fig. 22 shows the returns received from weather with zi

ARSR·2. The display range is 40 mi. Fig. 22(a) shov..s
the weather returns with linear polarization. Fig. 22(b) shows
the effect of circular polarization. This provides about a
2G-dB reduction of the weather, but also reduces target signal
strength about 4 dB. It can be seen that the weather reduction
is not suffic ient to permit tracking of targets through the en­
tire area. The most promising solution to the weather prob­
lem is the use of a log-fast time constant (FTC) receiver.
Because the amplitude fluctuation of the weather usually
has a Rayleigh distribution , this type of receiver will reduce
the weather to look like noise on the PPI. The use of a log­
FTC receiver following an MTI receiver will also do an effective
job of reducing the weather-to-noise level in the MTI video .
The 10g·FTC technique is employed in the ASR-7, ASR-S.
and ARSR-3.

After the weather is removed from the display of an air
traffic control radar, the controller then has the problem of
determining where the weather actually is. He does not W~-:!



(a )

(b)

Fig. 22. Weather returns as seen on an L-band ARSR radar . 4(}.nmi
range . l(}.nmi range rings. (a) Linear polarization. (b) Circular
polarization.

to vector aircraft in to areas of strong weather. To solve this
problem, weather contours will be displayed. The contours
will be derived from signals received through the orthogonal
channel of the circular polarizer and passed through a separate
rotary jo int to a separate radar receiver. It is important that
the noise figure of this weather channel be as good as possible,
otherwise sensitivity will not be sufficient to provide a good
out line of all the weather.

The advent of digital techniques will have a significant im­
pact in two areas of ATC radars. The first is the relative
simplicity (with the attendant reliability) of constructing
MIl filters and feedback integrators. Higher feedback ratios
can be used to obtain more carefully shaped velocity response
curves. The second major advantage of digital techniques is
the ease of implementing comp licated pulse interval stagger
rat ios. Digital techniques have made it possible to construct
MIl filters much more complex than the dual-delay feedback
canceler, but because of the spectral spread oflimited clutter,
very little impro vement in opera tional capability is accomp­
lished. A digital MIl system, when compared with a similar
properly adjusted analog MTI system, does not provide greater

I EE E T RA NSA CT I0 1\S O N COM M U N ICA T IO >:: . ~.~ ..:.. ::- ; - : :

inherent subclutt er visibility. The analog ~, 1 T l S:" £: ~ ~.. ~~

mentioned earlier, eventually drifts out of adj ustr.e:.t. T:__
does not happen with the digital system. Thus, in ~.-= k1;-. f :-..: :-;.
the digital system gives much bet ter perform ance.

F UT U RE S Y STE MS

The problems with the presen t ATC system s are fL:: ~'

mental. They are caused by the requiremen ts fc r u..l ::"'-:. ·:, : ~ .

uou s range, operating frequen cy , data rate, and r~: '.l u IT. in
azimuth . Improved circuit ry using today's concer ts will :-:0,
provide better performance. The particular prcclerns :h3 t
must be addressed in any futu re ATC radar concept are reo
jection of unwanted moving clutter signals (weaz. er) s::;~ ;- .

imposed on fixed clutter signals and rejection of ~·.Jv,;-m C".-:r: ~

targets {birds and automobiles}. Faster moving ~f'e t5 . air­
craft) , even though their radial velocity may be re l:!t:-i e ~y

small, must be displayed . An aircraft passing alrrost tar. jen ­
tially to the radar will have a radial velocity less -':..,!" that ():'
the bird flying straight towards the radar, but the zrcraft = '.l.51

be retained, while the bird is rejected.
One type of system the author envisages for the future

(after applying all the antenna techniques and SIC rechni rues
available) would consist basically of a fast Fourier transform
processor combined with a large digital memo ry. Scar -to­
scan comparisons will be made of each resolu tion elezien:
(range, azimuth, and velocity). To take full advactage of this
type of processing the resolution cells must be conside rably
smaller than the gross radar parameters 'would ~gs-est. On
each scan, the radar will compare the range, azrnu th, :m j

velocity of each signal recieved with the comparable sip i s
from several previous antenna scans. If a similar urge: ex­
isted in about the same place, then the target will be rejected.
If the target has reasonable absolute velocity, su:h as a:: air­
craft would , then it will move sufficiently between scans !.J be
detected. Unwanted targets, such as weather supecmpose; on
fixed clutter, will appear in the same range, azmuih. and
velocity resolution cell on consecutive scans and tzerefore \l,~~

be rejected . An aircraft simultaneously passing :2.:oug:!: the
same range and azimuth cell as weather and fxe d cltrte:
would be retained as long as its radial velocity :iI-f~rs zmr.
both that of the weather and the fixed clutter. Several srzns
must be stored to ensure adequate rejection (: unwz; te~
targets with low blip/scan probability.

This type of processor has not been practical t:l the ? :?S"i

because of the very large digital memory required YO pr~.i c:

the necessary resolution. However, with digiu, memcrie.
becoming less and less expensive, this may well r~~!e~n ~ the
signal processing to be utilized in ATC radars of the futur e.
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I. INTRODUCTION

paper describes alternative methods of estimating
the discrepancy in timing of like events at geographically

rated units as a means of establishinga common knowledge
of ti among participants in a system. The importance of
common wledge of time is increasingly being recognized:
collision avoi ce is an obvious example of the many ways
in which it can be fully applied. Apart from this and other
ranging applications in ing position determination and area
navigation, common know ' e of time creates the basis for
dramatically improved coordiri 'on and discipline in large­
scale systems. The synchronism it e blishes can greatly im­
prove efficiency in the use of time and fre ency resources.

Conversely, the lack of synchronism an interunit co-
ordination is an important factor impairing our . ity to do
the air traffic control job today . Present practice en
to establish time rapport only between pairs of units ;
growing need for real-time knowledge of interelement

issemination of System Ti
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Abstract-This paper considers the problem of estimat the offset
in timing of like events at geographically separated locations basis
for establish ing common knowledge of time and, hence, system
chronisrn. Configurations discussed involve interrogation and reply
between a user and a single donor, and one-way propagation between a

user and the multiple sites of a reference system. The latter categ
includes navigation systems, which are shown to be appropriate ans
for disseminating time.

Further ramifications of time dissemination are discu , including
the characteristics of clocks suitable (or airborne appr tion. Variables
and their relationship and solution are defin . or stationary and
moving users, and for users of atomic and c 1 clocks. For the case
in which frequency is offset between cl s, as is likely when crystal
oscillators are used, methods are desc . ed that permit the estimate of
offset in frequency as well as in me. Recursive minimum-variance
methods are examined in som etail, and a parametric analysis of per-
formance relative to rando nd ststematic sources of error is given.
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New Techniques Applied to Air-Traffic Control Radars
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Abstract-During the past two years a program has been carried
out to show how new techniques can greatly improve the performance
of radars used for air-traffic control. A survey 'of problems associated
with presently used radars was undertaken. This survey indicates
that primary radar in an automated air-traffic control system can be
made sign ificantly more effective by the use of new techniques. The '
radar's handling of extraneous reflections (clutter) is critical to its
performance.

Three types of interfering clutter were found to predominate:
ground clutter, weather clutter, and angels. Angels are generally ac­
cepted to be radar returns from flocks of birds. In addition, second­
time-around clutter is often troublesome. For each type of clutter, all
known remedies for improving the signal-to-clutter ratio were studied
and radar systems were configured using appropriate sets of reme­
dies.

Some specific solutions incorporate-d in the resulting radar sys­
tems are: a) the use of linear large dynamic range, near-optimum
digital signal processors to filter signals from clutter, b) the use of
electronically step-scanned antennas to improve the correlation of
aircraft and clutter returns from pulse to pulse, c) the use of mult iple
PRF's instead of staggered PRF's together with coherent transmit­
ters to keep second-time-around clutter returns well correlated
while still overcoming blind speeds, d) the use of a fine grained
ground clutter map to give superclutter visibility on tangential targets,
and e) the use of lower operating frequencies to greatly reduce
weather and angel returns.

Two demonstration radar systems have been implemented, an
S-band radar using a mechanically rotating antenna and a UHF
radar using an electronically step-scanned cylindrical antenna. Ex­
perimental results are described.

I. INTRODUCTION

IT'')\ ERHAPS the most important application of radar in

r this country, especially to the frequent air traveler, is
as a sensor in the nation's air-traffic control system. The

system is served by 84 high-power long-range L-band enroute
radars serving the Air Route Traffic Control Centers and ap-
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the Air Force,

The authors are with M.I.T. Lincoln Laboratory, Lexington, Mass.
02173.

proximately 125 medium-power S-band Airport Surveillance
Rad a rs (AS R) serving the terminal areas.

These radars, both terminal and enroute, whi le generaliy

giving good service in a manual control environment, have
certain defi ciencies which make their use difficult in the fully
automated systems being implemented by the Federal Avia­
tion Administration (FAA). The principal difficulties are
either an excessive number of false alarms which will overload
the automation computers or else aircraft detection so spotty
that the computer cannot make long continuous tracks of all
aircraft.

Over the last two years, a concerted effort was made to
gain a good understanding of the root causes of these defi­
ciencies, to study all the ways the radars can be improved ,
and , finally , to design and demonstrate new signal processin g
techniques which should, together with certain antenna tech ­
niques, eliminate the problems.

\Ve will first, briefly, describe the ba sic radar problems
then discuss improvements to solve them. Finally I we describe
signal processing techniques being built and tested .

II . :RADAR PROBLEMS

The poor performance previously mentioned is due to the
competition of aircraft radar returns with the so-called
"clutter" re turns and the response of circuits used in the radar
to overcome these clutter returns. I t is convenient then to
classify the problems according to the type of clutter return.
These are fixed ground clutter, second-time-around effect,
precipitation clutter, angels, and surface vehicles . \\'e will
describe these in terms of the ASR radars. The extension to
the enroute radars is fairly obvious.

A. Fixed Ground Clutter

By far the largest undesired radar reflections come from
fixed objects on the ground . Ground clutter generally extends
out to about 20 nmi except in very hilly or mountainous areas
where it may extend out to the maximum radar range (--60
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F ig. 3. Sol id cu rve is coverag e of ASR-7 radar against a 2-m' ta rget in
rece iver noise [2 ]. Cr068 hatched regi on shows region of poor per­
for mance against ground clutter . t.'
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so tha t considera bly poorer subclutter visibility (SCV) is
achieved t han if t he normal izati on had been done by so me
oth er mechanism not involving nonlinea rities.

If we consider the parameters of a typical terminal radar
(ASR-7 , see Section III-A 1) at 15 nmi, and ero from Fig . 1
that is exceeded only 5 percen t of the time, we find tha t for a
I-m! target (typical small aircraft) the input signal-to-clutter
ratio is -31 dB . Since an output signal-to-clutter ratio of
about 15 d B is needed for adequate targe t visibility, an irn­
provement factor of 46 dB is required. \Ve see from Fig . 2
that thi s is not achievable with the present configuration. I tis,
thus, common practice to achieve grea te r signal-to-c1utter ad ­
vantage by tilting the antenna upward (see Fig . 3) by 2° to 5°
depend ing on the local clutter situation. If tilted, as shown in
Fig . 3, there is a 17-dB advantage (maximum range divided
by zero elevation range to the fourth power) in input signal
to clutter for an aircraft flying in the peak of the antenna
pattern . This advantage is degraded as the aircraft gets out
of the peak of the antenna pattern so that, typically, detection
gets spotty due to competition with ground clutter for small
aircraft below about 1.5° or above about 9°. These angles
change depend ing on t he antenna t ilt and ground clu t ter in ­
ten sity . It is estimated that a 20-dB increase in improvement
factor wou ld be required for really adequate detection of
small aircraft at all altitudes.

Another undesirable feature of the improvement curves in
Fig . 2 is th e very wide notch around zero and the first blind
speed. The notch around the first blind speed is usually re­
moved by using staggered PRF. The notch around zero means
that targets will be lost for a considerable distance on the
scope when the aircraft flies tangential to the radar. It will be
observed that the three-pulse canceler with limiting is worse
in this respect than the two-pulse canceler with limiting. Be­
low, we sh all describe how more advanced signal processing
techniques and antenna techniques can both provide a large
degree of improvement in SCV, and much better performance
near zero velocity.

A further limitation in performance of existing ASR's is
the presence at many sites of buildings or hills which limit the
minimum elevation visible to the radar. I ncreasing the height
of the antenna to overcome this limitation causes an undesir­
able increase in ground clutter level which could be overcome
by improvement in SCV. .
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nmi). Its natural or intrinsic spectrum IS very narrow com­
pared to the spectral spread caused by antenna scanning
motion .

Ground clutter varies appreciably from spot to spot in the
area of coverage. Typical di stributions of the mean values ero
are shown in Fig. 1. It tends to be highest from cities.

In the present ASR radars, ground clutter is reduced by
three mechanisms: MTI, antenna tilt, and ~y mounting the
antenna dose to the ground to take advantage of the shielding
effect of nearby objects. Fig . 2 shows the MTI filtering per­
formance achievable using one and two delay line cancelers
with and without limiting. Previous ASR radars have all
employed limiting in the IF follcwed by a phase detector.
The purpose of the limiting is to normalize the video output
so that clutter residue from the MTI filter is reduced to the
average noise level. This allows the video gain to be adjusted
so the clutter will not show up on the controller's scope. Un­
fortunately, this limiting action spreads the clutter spectrum



I II t h- -o-ca ll-- d ·' :-t·cn ild · t ;n lt'· a ro u nd- cl u ter e (lect . re­
t ur r.- art: l.~· i ri!,· re cei \t' d C:Lt" tv i: ::.J m: rl;t tilli l of c lu t ter be yo nd
t h e no na rn b i g uo u- r:t n,"} ' t he nexr-t o -Ia-t pu l-e t ra n -rn i t te d

T !;c ·e r e t ur n - a rt: preva len t wh ere co nd iti on- for an o rna lou­

p r (. p j ~ :l t i (l ! : ex i - t s uch t ~ :lt t he ra d a r w a ve- are bent b a ck

d o w n wa rd w i t h ra nge a n d int ercep t t he g ro u nd at gre a t d is­
ra nee- (grea t er t ha n t hd t corres po nd ing to t he interpulse
period ). T his e ff ec t i- a lso p re valent in re gions whe re moun ­
t a in- e x i-t b e- y o n d t h e no n a mb ic uo u, ra nge.

Prese n t A=-R ' ~ use rnac ne t ro n t ra ns mitt e rs t ha t ra ns rni t
pu lse- w it h ra nd o m p hase fro m pu lse to pu lse. T hus i t is im­
p ossible t o m ai ntai n t he phas e rela t io n bet ween t he first- a nd
second -rime-a ro u nd clutter re t ur ns a nd t he t wo cannot b e
fil tered ou t si m ulta neo usly .

F u r t he r , t he prese n t A_' R'5 use pulse t ra in", wit h s ta f.:~ e red

in terpu lse pe riods so a s to a void D o p ple r blind s peed s. But
t h is ca use-s t he seco nd - t im e-a ro u nd cl utt e r re t urn t o be from a
d iffere n t ra nge ce ll o n succeed ing returns so th er e is no ho pe
o f fiite rin g it o u t. To e ffect ively filter o u t seco nd -t im e-around
cl u t t er , a fully cohere nt t ra ns rnit ter (on e cohe re n t fr om p ulse
to pul- e) a nd a co ns t a n t P RF m us t b e used . T he P R F need
no t be co ns t a n t forever , bu t o nly over a n interval sufficien t
t o collec t a gro u p of pulse s for processin g . If th e PRF is
cha nged from group to gro u p of pulses , the rada r i::- sa id to use
"m ult iple P R F ."

C. P recipitation Cl utter

The ba cksca tter fro m precip itat io n ha s be en s tu di ed ex­
tensively . F ig . 4 s ho ws t he mea n vo lume reflectivit y from rain
at 1S rn m ·:h . T hi- is conside re d a heavy ra in fo u nd only 0 .04
perc en t o f t he t im e a t New Orleans [1 ]. Th is heavy ra infa ll is
usua lly fo u nd o nly in re la t ively s mall-s ize cells in th e center of
s to rm s. T he ra dar sho uld be desig ned t o re je c t at lea st th is
level and a s m uch higher a level a s possible .

Also mar ked on F ig , 4 is the point where the volume re ­
flect iv it y is s uch a s to cause a I -m! ret u rn at 30 m i in an ASR
radar (ra in ret u rn from a t ypical ce ll with precip itation ex­
tend ing fr o m the su rf ac e to 10 000 ft) . Rain at 15 mm/h is
about 13 dB above t hi s val ue. Remembering that these are
average reflec tiv it ies an d t ha t '""""IS -d B sign al -to-noise ra ti o is
req uired for a u to ma t ic d e tect ion , we need a bo u t 30-d B rain
rejec t io n fo r good perfor ma nc e.

T he rain clutter s pe c tru m is spread around some mea n
value deter mined by the wind velocity . The spectral spread
observed by the radar is fixed by wind shear conditions [1 J.
The s tan dard de viatio n of t he rain velocity spectrum t ypically
reaches values of 4 m / s at 30 nmi and increase s with range.

C ircu lar polarization is normal ly used to redu ce rain clutter
by about 15 dB wh ile reducing the signal level to some extent.
The use of MTI helps reduce rain clutter except when the
antenna is looking toward or away from the wind direction .
In these directions, the rain clutter spectr-um is such that all of
the rain clutter signals may pass through the M TI filters .

Log-FTC-antilog circuits [2 J, [3 J reduce the receiver gain
in proportion to the average level of rain clutter for about a
mile in range surrounding the cell of interest. It, thus, nor­
malizes the rain clutter level just as limiting is used to normal­
ize ground clutter at the output of the MTI circuit. Its
purpose is to suppress the rain clutter on the scope. At the
same time, of course, it suppresses the signal. For adequate
detection, the signal amplitude must be appreciably above the
clutter residue from the MTI filters.

100 ,000

INSECTS
lmo~ o~.. ..ed )

10,0 0 0

FREOUENCY (MHz )

F ig. 4. Reflect ivit y of various moving clutter source! [1 ], [4 J,

D , A nge! Clutter

T he so-call ed "a ngel clutter " refers to a ll re tu rn s w hich
can not be explained a s being ground or precipitation clu t ter or
targe ts . Much effort has been spent in studying a ngels . I t is
no w believed tha t nearl y a l1, if no t a ll, a ngels a re ca used by
bird flocks . Two other so urces were co nsid ere d possib le .

Swa r ms of in sects have been observe d by meteorologist s
usin g powerful radars [4] . The swarms m ay cover la rge a reas
and , in general , drift with the wi nds . \ \'ell orga nized la yer s o f
turbule n t refractivity in the a t mosphere a ssocia te d wit h
changes in t he refractive index ha ve been o bse rved . T he ma xi­
m um volume reflectivit y associ a ted wit h t he se t ypes of re­
turns is plotted in Fi g . 4 . It wil l be observed tha t both a re
much lower than a I-m 2 target so sho uld cause little diffi culty
when trying to detect aircraft.

Returns from single birds [5 ] at S band range in size be­
tween 10-4 and 10-2 m", The return is principally from the
body wit h very little Crom the wings. For large birds, the bod y
is resonant near L band (1300 1\1 Hz) and is in the Raylei gh
region at UHF. T ypically, there ma y be anywhere fro m o ne
to several h undred bird s in a resolution eel!. Al t ho ugh the
mean return from a typical flock of bird s may be low ( "",-, 10- 2

m") , the tai l of the d istri b ution has been obs erved to ret ui n
up to 10 rn", Although birds have been see n a s high a s 12 000­
It alti tude, they usuall y fly less than 7000 ft . The usu a l 3 1) ­

pearance on the sco pe is as so called "dot angel s ." "Ring
angels" are al so caused by birds a s a large group leave their
nesting place at sunrise .

Of particular interest are the bird migrations in spring a nd
fal!. These have been described as "night effect," "falling
leaves," "seasonal AP angel clutter," and have been reported
by many terminals in, the eastern part of the United States.
The a ppearance on the scope when the radar is using MTI is
that o f two wetl-defined lobes. I n Fig. 5, there is a strong mi­
gration in an easterly direction so MTI notches appear north
to sou tho The lobes appear to be made up of a multitude of
spots w hich move like falling leaves.

These migrations occur at night when there is a favorable
wind. Migration will be very heavy on fa vorable nights so
that most of the migration occurs on relatively few nights
(5 to 15) each spring and fall. The number of birds associated
with these migrations may be very large. One author esti-

; . .­
4 . 1 • • (I:. . ...... : . , ~ ;·· T ;··.· · . . r, ' , ' . :



--_......_-_.-......".~~_:~ ,'.

110

.....
\,-/Besl PoS$ j tt ~ ~ 1 ' I! r

\ Tuned to 300 Hz

\ ,-,
\ I \ , '\ /> ," \
" \ I \, \ I ,
" \/ \ 1 \ 1 \
I '/ \I \

. • II "\I \
I I U V \
I I • I \
I I • I \

I ,
I ,
I ,
I ,
I ,
tIN. 40CSB I

I

~ ~

RADIAL VELOCITY (kno ts 1

400 6 00

DOPPLE R FREQUENC Y (Hz)
200

o

4 0

,,
I
/

-20 ',
I

~

Z
!oJ
:::E
!oJ
>
o
cr.
Q.

! oHf--- -+--- --- 4-- -.1I-- -+---J-- - - -+---.J!

50,-------------- - - - -------,N

s

Fi g. S. M igrating birds as seen using MTI radar (from [51). F ig. 6. Improvement of target-to-Interference ratio. scanning antenna.

mated that a few mill ion birds crossed a 100-mi front duri ng
one of the bu sy nights of the autumn migration in the Cape
Cod region [5].

Bird s fly between 15 and 45 knots true air speed. Taking
into account winds, rad ia l velocities over the range ±80 knots
or so ma y be ob served .

A fairly effective ra da r improvement used against bi rd
clutter is a carefully tai lored sensitivity time control (STC)
[6]. The STC va ries the radar gain with range and is adjusted
so that the minimum detectable target is a specific value, sa y,
1 01 2. This call s for an ]?-4 attenuation law.

E. Surface Vehicles

The cross section of ground vehicles is in the same range
as aircraft ; namel y , from 1 to 100 m", Radial velocities range
over ± 60 k nots .

Some redu ctio n in ground vehicle returns is achieved by
ti lting the antenna upward . The only other solution found so
far, as is practiced at the At lanta airport, is to blank out areas
on the scope known to contain visible roads carrying cars with
rad ial velocities outside the notch at zero velocity. This ha s
proven effective and causes only small holes in the coverage.

whi le still rejecting ground clutter , an approximate 20-dB im ­
provement in performance should be provided in the signal
processor. It is obvious that this re q uires processing linear
clutter and target signals and that one mu st avoid all non ­
linearities in the receiver. To narrow the blind speed region,
one sh ould also process more pul ses.

In order to assess quantitati vely what could be considered
a "good" MTI processor for improving the performance of
ASR radars agai nst fixed ground clutter, calcula tions wer e
made of the performance of the so-called "optimum processor."
Given t he initial conditions, the optimum processor has the
highest target-to-interference (interference is defined as clut­
ter plus front-end noise) ratio improvement of any processor.
By knowing the performance of such a processor. one can
judge how well a conventional easil y implemented or any
other processor (i.e., subopt im um) can a ppro ach the theoreti­
cal limit. The processor con sidered here can be defined as a
device that takes Af complex signal returns Vi, multiplies
these returns by a complex fil ter weight Wi, adds them , and
then takes the square of the amplitude

...

II I. RADAR IMPROVEMENTS

From the previous di scussion, it is obvious that there is
no single solution to the problem of providing high probability
of detection with low false alarm rate in an automated system
under all conditions. Rather, several ,changes must be made
and the resulting system examined to see how well it corrects
all the various problems.

\\'e will now discuss a series of improvements which could
be made to the radar and tell how each would help solve the
above problems.

A. Sign u] Processing Techniques

1) Optimum Signal Processing: \Ye first concentrate on fixed
ground clutter since thi s presents the biggest clutter problem.
T o give complete flexi bili ty in sit ing ann tilting the antenna

Vi is co mposed of target, noise, and clutter. The theory of op­
timization will not be shown here but follows that of DeLong
and Hofstetter [7]. The clutter spectrum, which in th is case is
essentially all caused by the antenna scanning motion , is
modeled hy a n antenna ha ving 2 Gaussian beam shape as in
Emerson [8].

Two general cases have been studied: the mechanically
rotating antenna as in the ASR radars and the step-scan an -

- tenn a . In both of these cases the transmitter pulses are as­
sumed uniformly spaced. Fig. 6 shows the target-to-interfer­
ence im provement in decibels that is possible (optimum) for
the mechanically rotating antenna. The results in this secti on
assume the use of a sufficiently stable coherent transmitter.
Poorer, as yet undetermined, results will be obtained using a
magnetron transmitter. The parameters are (similar in rnos t
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i s n o t s c an n e d a nd gro un d cl u t t e r ca n be co u- i d - n-d t c. l.e
t ime-s ta t io na ry (co ns t a n t volt a ze) . t he cl u t ter s.per t r u rn :"
j us t a n im pulse a t zer o freq uency . T he in t rin sic gr ound clu t te r
s pectrum (mo t ion of t rees) is ig nored beca u....e i t i:, too na r ro w
to ha ve an y e ffec t u po n t he res ul t:'. It should be pointed Gu t

t ha t t he on ly inp ut para me ter- need ed for t he s tep-sca n case
a re th e P R F , t he num ber of p ulses per Jook ( M ) , a nd t he
clu t ter -to- noise ra t io . T hus t hese c ur ves a re d ire ctly a p­
plica ble to other rad a r freq uencies as well a s S band . T he
paramete rs use d in F ig. 7 are th e xa rne a s in t he sca n ning case .

T he following pr operti es of t he s tep-scan cu rves (F ig . i )
sho uld be noted :

g) The no tches a t the bl ind speeds are now very narrow.
There wou ld be m uch less cha nce of losing a t a rge t i n cl utter
wit h near tan gen t ia l ve locity .

h) Jn most in..ranees a DFT ca n re place t he o p t imu m filter
a nd th us im pr ove com pu ta tion efficien cy .

i) Alt houg h it can not be seen o n t h is figure, t he improve­
men t a t the "blin d s peeds" is 0 dB a s in the sc annin g ca se of
Fi g . 6 .

By com pari ng these results with th ose of. Fig . 2, we see th e
a mo un t of clutte r rejecti on a chieved in th e' presen t ra da rs as
well as o ther co n ve n tion al M'TI sys te ms is far less t ha n th e
best that ca n be done, whether sca n ning or no t.

2 ) Near-Optimum Signal Processing : In the scanning a n­
tenna case , t he implementation of the optimum processo r for
every range-azimuth cell calls for J.f complex multiplications
for each target velocity examined. Usually . if ill pul ses are
be ing processed , a filter bank with lIf filters will give adequat e
coverage for all target velocities. Thus .M2 complex rnultipli ca­
tion must be performed for every range cell. For a typica l
ASR, 800 range cell s per sweep mu st be sampled on 10 sweeps
and processed every 10 ms . If optimum filters were used ,
8 000 000 complex multiplications per second would he re ­
quired or 32 million simple multiplications.

A simpler processor can be built. The optimum processor
can be broken into two parts, a clutter filter followed by a
target filter. The filter used to reduce clutter multiplies the
signal vector by the antenna weighting and by the inverse of
the interference covariance matrix . The target filter used to
enhance the target is a DFT. The near-op t imum processor
cou ld co nsis t of a d ig ita l filter wh ich a p proximates a s closely
as possible t he frequency response of the clutter filter followed
by a DFT for the target filter. This combination will give
improvement factors within a few decibels of the optimum
shown in Fi g. 6 and require {ewer multiplications per second
than previously indicated. It will also provide Doppler in­
formation on the target.

Through direct comparison it has been found that a simple
three-pulse canceler without feedback forms the clutter filter
portion of a near-optimum processor for the scanning antenna .

For the s te p-scan ca se, Fig. 7, the clutter filter is nothing
more than a de removal filter and as such is very easy to im­
plement.

3) Ground Clutter Map: The near-optimum ground clutter
processor would not be complete without adequate threshold­
ing. For a typical ASR, ground clutter will appear only in the
zero Doppler filter and the filters immediately adjacent on
each side. Ground clutter is very spotty in character. It varies
greatly in sin from one resolution cell to the next. Thus
averaging nearby cell s will not give a good estimate {or
thresholding purposes.

1 00 100 0
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The ma ximum cl utter-to-n oise ratio wh ich ca n be ha nd led
will be se t by the dynamic range of avai lable analog -t o-d ig ital
(A /D) converters . Mean clutter-to-noise ratios of 40 to 50 d B
can be handled in available A/D converters wit h adequate
sampling rates .

The upper curve in Fig . 6 is the improvement obtained
when the. optim u m filter is tu ned to the D oppler fre q uency of
the target as the target D oppler is varied . The lower curve is
the irnprovernen t whe n the optimum filter is tuned to a fixed
Doppler (300 Hz ) a:' the target Doppler is varied . The lower
curve represents the frequency response of the particular
optimum filter tuned to 300 Hz .

The following general characteristics of the optimum
processor should be noted :

a) The upper curve (Fig . 6) levels out at about .11X C/ N
= lOs where i\1 is the num ber of p ulse s processed a nd Cj N is
the clutter-to-n oise ra t io , u nless J[ is s mall. T his points up t he
need for wide dynam ic range A/D converters as explained
above.

b) At the 50-called " blind s peeds " (0 and 1000 Hz) , there
is no improvement, but there is no deterioration either, thus a
target whose cross section is sufficiently above clutter can be
seen.

c) For filters that are not tuned on or close to blind speeds,
there are very deep nulls at the blind speeds.

d) The wid th of the notch about the blind speeds increases
with antenna rotational speed when all other parameters are
held constant .

e) The filter cannot, in general, be approximated by a dis­
crete Fourier transform (DFT) except in certain special cases.

I) Because the optimum weights Wi are a function of
clu t ter-to-noise ratio, the optimum processor requires some
a priori knowledge. However, this ratio can be determined in
principle by the application of a proper algorithm in the re­
ceiver, together with ground clutter memory from scan to
scan,

The s tep -sca n case is shown in Fig. 7. Because the antenna

_ _ _ _ _ L
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T y pica l st orm s pect ru rn taken using an S -ba nd ra da r.
R ece iver noise lev el is - :;i dB .
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F i ~ . 9. R a da r cross sec t ion o f aircraft a nd m ov ing clutter
(ra in a nd b irds) as a fu nction of fre q ue nc y 11].
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A p ra c t ica l wa y t o accuraz ely se t groun d cl utter thres hold­
i..; t o use a d igi ta l gro und cl u tte r m a p w h ich re mern bers t he
gr u u nd cl u t te r i n e very ra nge-azimuth resolutio n ce ll averaged

o ve r a s uffi c ie n t ti me peri od (n u m be r of sc a ns ) .
S uc h a cl utte r m a p provides su pe rclu t te r v i..i hili t v . \\" h ~ n ­

CH ' r a rt ai r cra fts CrG:-',:-:' s ec t io n i:, la rg e r t ha n t he cl utter ove r

which it i.. fly ing i t wi ll be see n eve n if it has zero rad ia l
vel oc it y ( t a nge n tial targe t) . The operato r m a kes no decisi o n

co ncern ing the se lec t io n o f ~ I T I or normal video t o be d i..­
p la y ed on t he sco pe , T he be- t d etect io n is provid ed auto­
mat ica lly in ea ch ra nge-a zim uth c('.11 hera u..e d e tection in ea ch
\'l·loc it y i.. opt i m ized -e pa ra tel y .

.j i Fi ller B anl: for Precip it ation Filterin g : It i.. Io r tunat «
t hat t he o p ti mu m o r nea r-o pt im um tilter ing a ga in- t gr ..u nd
clut te r u t ilize s a ti lt er ha nk ..inn: t hi - i... a go od a p proac h ti l
vli rnina t ing wea t he r cl u tter . \\'e need about 30-d13 weat he r

clu t te r re jec t io n of w h ich 15 d B is provided IJy c ircu la r pola ri­
zatio n . Fi lt er ing of so m e so rt is a viab le ..o lu t ion to o b tai ni ng
th e remaini ng 15 d B. The filtering co uld be near-o p timum a ~

ill the ca se of gr ound clutter except for th e fact that the
weather clutter spectrum (see Fig. 8) changes with time , This
cha nge could be measured and the filter adapted to the spec­
tr u m, h ut t hi- would result in an intolerable amount of hard ­
wa re ,

A good al te rn ati ve i:; to use t he filt e r bank produ ced hy t lio
i .var -o p t i mu m gro u nd clutter filter. It i.. only necessary to set

I Ll' t h rc -- hold on each filter adaptively. A so call ed " m ean ­
:('\ '('1" t hrc- hold is employed . Si nce s tor m s are rarely lc-s tha n

;' ; Ii .u t 1 mi in extent , the m oving clutter i:-; averaged over a

L. lli mi le on either side of th e cell being examined for a target .
Ea ch velocity is averaged sepa ra tely so that filters containing
('ll ly noise and not weather clutter will not be penalized .

If fu rther , a mu ltiple PRF s ys te m is used so that high ­
- j-vc-cl aircraft t ypically wi ll fall ill different filters in the filter
I,.l ll k o n s ucres..ive PRF's, there is a very high likelihood that
11. (. target return will be competing with noi se only on one of

t \\ \) PR F''s . Only for aircraft whose true (;1Ot alia-eel) radial
'. ~ ! ..ci ty coiucides \\ illl that ofthe r.ur~ wiii there be a degrada­
I i/ ' ll ill detection perfc.rmance .

In ..ummary, a modern radar for air-traffic control lise
l m l' loy ing a sca nn ing antenna wo uld haye a fully coherent
II :!II' m i t t t r ; a linear. large dynamic range receiver; a signal

J' ; liCb..o r containing a near-optimum ground clutter filter
L:lnk ; a fine ~railled g~ound clutter map to set ground clutter
t !"l:,.;hvld ..; mean-level thresholding on weather; and would
(' !ni,I !I)" multiple PR F 's for elimination of blind speeds,

B , L owe r Fr eque ncy R adar. ""-
A no t he r a p proa ch to the clu tte r p ro bl em is to ch oo se rada r

p a ra me ters s uc h th a t t he t a rge t- t o -clu t ter ratio a t t he inpu t
t o t he rad ar is m uc h more fa vora b le . F or in ..t a nce, t he clu tter
ce ll s ize cou ld be reduced by u ..in g very narrow beams o r th e
range resolu t ion reduced by u sing p ulse cornpre..s io n. The..c
arc no t very at t rac t ive sol uti on- because they impl y large
ante n na.. or v er y wid e bandwidths in already overcrowded
radar ban d:" A vi a b le sol u t io n would he to go to 10\\'C i Ir e ­
que ncie- .

Fig . 9 s ho ws a s u m m a ry of aircraft and moving clutt e r
cro..' -:--e rt ion d a ta a- a function of Ire quency . F or rain we have
a-s u rn cd a fa n hea rn with a 1.5° az im ut h beamwid t h at 30 -n m i
ran ge . It is q ui te clea r that the a ir c ra ft return is mai n t ained
at t he sa me s ize or la rg e r a :' th e fr eq ue ncy decrea..es , w herea s
.t h t movin g clutter, precipitation a nd bird «, decrease s i n si ze,

The clutter s izes s ho wn arc m ean valu es so that an a p proxi­
mat e 15 -<lB rati o between targ/t and clutter is required for
automatic detection. The dashed line at 600 :\1Hz is the high­
est freq uency where rain and birds are not considered a prob­
lem, Below 600 ~1 Hz, the radar need no t even use circular
pol ariza ti on to com bat rain .

C. ..t nt en na I m pr ovrments

1) Dual Beam Antennas: The present ASR antenna su ff er ..

because of two fa ct s. First, it is til ted up se vera l degree.. (:o'ee
Fig . 3 ) to reduce the ground clutter signal s thus degradi ng its
low altitude ' pe r for m a nce at long ranges . Secondly, it ha s a

cosecant-squared pattern with inadequate gain at the hig h
elevation angles . Becau..e of the latter fact , an aircra ft at,

say, 9 m i and 15 000 ft s u ffe rs a 20-dB di sadvantage be cause
of it:' position in the antenna pattern cumpared to some mov­
ing clutter at the peak of the Learn (9 mi and 3000-ft altitude) ,
A cosecant-squared pattern is a pour pattern to use when th e
elimination of bird.. and weather clutter is desired,

The id ea l pattern j ~ one that is uniform with ele\'ation
anr,le , Then an R-~ STC cur\"e together with thre:--hulding
again~t noi..e will produce a con o;tant cross-section di scrimina­
tion against bird~ and weather, T his ideal pat tern would how­
ever ha\'e about 9 dB le:,s peak gain than the pre~ent ASR an­
tennas so it i~ out of the qlle:'otion, An antenna who:,e \'ertical
pattern c ha nges with range on reeehoe ii' needed . It could
maintain long-range low-altitude co\'erage and correct the
high-elevation ~hort-range problem as well, The ASR-8 radar

..
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Fig . J 1. Semicircular electronicall y step-scanned
antenna used with UHF rad a r. .
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Fig. 12. Scan history display showing the detection of many
aircraft. Arrows were added for emphasis.

wide dynamic-range Jinear signal processor. The antenna
scans over a 45° sector and l-nmi range gates are processed
out to 30 nrni every 3 s. A picture of typical synthetic video
output for a period of 60 5 is shown in Fig. 12. The processor
was implemented using a minicomputer. It simply removes
the de from the quadrature video and noncoherentJy inte­
grates two groups of 16 pulses on each azimuth. Detections
on bo th groups of pulses are required before display . No
ground clutter was seen confirming the results shown in Fig.
10. False alarms occurred in two regions an« are believed due
to automobile traffic. These could easily be removed by a
tracking co mputer. Absolutely no rain was seen even on a
rainy day. However, rain measuring equipment was not avail­
able to determine the rate of rainfall.

A. UHF Radar with Step-Scan A ntenna

This radar utilizes a fully coherent transmitter, an elec­
tronically step-scanned cylindrical array (see Fig . 11), and a

F ig . JO. Dopple r s pect ru rn of grou nd cl u t t er and ligh t aingle e- ngine
a ir c ra ft a s observed b y a l'HF ra da r e m ploying an electronica lly
ste p- scanned antenna .

IV . SO~IE RESULTS

Two demonstration radars utilizing the radar signal
processing techniques described in Sec tion II I are being tested
at Lincoln Laboratory, one at UHF ann the other at S band.

prese nt ly be ing devel oped will provide a dual beam on receive
wh ich will improve the long-range low-al titude coverage bu t
will do little for the short- range high-angle coverage. I rnprove­
me nts of the SCV by 20 dB or more using improved pr ocessing
techniques should remove en ough restrictions on the antenna
desig ner to solve the second pro blem .

2 ) St ep-Scanned A nten nas: An electronically s tep-sca nned
antenna i ~ high ly de sira ble for incorpora tion in a n ASR be­
cause it reduces the spec t ral width of the ground clutter return
to a narrow ba nd . It is so narrow in fact th at it is possible to
com pletely separate the aircraft with slow ve locit ies from the
gr ound clutter. This is illust rated in Fig. 10 which is th e
spectral output of a 435-!\1 Hz radar using an electronically
step-scanned cylindrical array antenna (Fig. 11) . Not ice that
all of the ground clutter appears in one of the filter outputs
a nd t ha t t he a ircraf t compet es on ly wit h rec eiver noise . The
SCV of t he rad ar is limited only by t he size of clutter t he ra d a r
can hand le and th is in turn , is limited only by the dynamic
range of available A ID converters.

Although not entirely ruled out at S band , these cylindrical
arrays are easier to build at lower frequencies and the large
aperture they provide substantially reduces the required
transmitter power, which in turn permits all the antenna
switching to be accomplished with solid-state components.
Cylindrical arrays have been used in a few radars at UHF
and one is being designed for ATCRBS use at L band by
Hazeltine .

Step-scanning a mechanically rotating antenna would pro­
duce a meaningful improvement although probably not as
dramatic as that shown in Fig . 10.
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:\ fcw word - :- h o ~ ; d l.e said co ncer nin g the o b vious break­

I n t l:« d .i t« . T ~ i l a n t e n n a h ~j :- a lS e e le v a t i on bea m widt h
ll- n l l ~ed :11 0° cle va ti c.r . I t i - , t hu - ve ry su - ce p ti b le t o gr o und

:.,! ,;:,; efi vr r- . T he brt' ~k ... in t he tr ack.... occu r a t about t he

rig h t in terva l fo r f:fo u nd lo hi ng t o h e the r a u..e . A pr or.e-r l y
Ot·.;;if: Jl£'d a n te nn a wo uld ha ve a sha r p cut off in it:' ve rt ica l

, .alt er n a t ze ro e le va t io n t r, red lice t he strong a ntenna ~a i n

va r iat io ns w i t h e leva t ic fl . Typica lly, we co uld see !'i llg le­

e n ~ i n e a ircr a ft over t h e w hole fiel d of vi ew a nd a lmost until

t hey a ct ua lly land ed on a nearby r u n wa y .

B. S sB a n d Ra d ar u ' i l }; R o t a t in g A n tr n n a

A greatly mod ified FPS ·1 8 radar has bee n p ut into opera­

t ion to tes t so me of t he !-ign al processing co nce p t s outl ined in
t hi- pa pe r. The s tability o f i ts k lys t ro n tra ns m it t er wa s im ­

pr oved so a ::- no t to he a lim it in sys tem perfo rmance . T he

ant en na w a s se rvo d riven . so th a t the grou nd clu tte r ma p

wo uld repeat itse l f every sc an . A new , wide- ba nd width . linea r

rec eiver was provided . A processor employing the techniq ue "
d escri bed in Section I I I w a s s imul a te d in re a l t ime o n a

genera l · p u r po ;.;e d ig i t a l !"' i ~na l pr oces-or ( t he Lincoln La b o ra ­

tory F a :-t D igi t a l Processor . F D P) [9 J. S ig nals were processe d

ove r 35° of a rc by 8 mi i n range . Ten complex video samples

were p rocessed a s a b atch using }\-nmi range gates.

As of the p re se nt date , on ly a few re sults have heen o b ­

ta ined using the S-ba nd sys te m . These results have been in

consonance with the prediction s of Section I I I.

v . CO:"CU;SIO=' S

The problems a ssociated with a ir-tra ffic control surveil­

lance rada rs to be used in a hi ghly automated envi ro nme n t
have' been studied in detai l. The general prohlem is one o f

aircraft returns compet ing with various kind s of clutter rc ­

turns : ground clutter . weather clutter, birds. second-time­

around clutter, a nd ground traffic . Radar solu t io ns applicable

I_ ~

t o the elirnina t io n of ea ch type o f c lu t ter h a ve bee n :' t '.J .~ : rd ,

S e t- o f t hese solu t io n- w vr e bro ug ht to ge t her to d e fine i dca >

w hic h would be su i tab le t o u-.e in a ut omat ed syst ern- . T wo
such ra da r- , a L"HF rad ar e m ploy ing an ele c tro nica .Iy ~r f p­

sca n ned ar ray a nd a n S -ba nd ra d a r u-ing a sca nning a n te n na ,

h a ve b een b ui l t for derno ns tra t ion pur poses.
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Digi t al MTI ' and pulse doppler

Li rni ta t ions of MTI per-f'crmance

The us e of digital methods has made. it possible to eliminate most of the

~ TI f r orr. a movin g platform

Mul t i pl e delay line cancellers for improved filter i ng

El ock dia br~ of an MTI radar

Delay line canceller as a doppler f ilter

El~d spe e ~ ~ a::c t heir avoi dance , includ in g t he s tagger ed prf wavef or m

Se s s ic:-~

Tar ~~ t L~c i c a t i o;. (~~ _) radar. The air sear ch radar discussed in Sessior. I I usual l y

des i r ed (moving) targe ts from unw~ted (s ta t i onar y) clu t ter, as in the Moving

is of t he E ~ ~ t ype. l-~ TI radar technology will be discussed by means of t he

the past. Ther e still exist , fundamental pr-ob'Lems in MTI design tha t limit the ,

re l ~ tive ve l oc i t y 0: a t a r ge t , but i t is more often used as means to dis cr imina t e

followi~ b t opics ;

problems associated with analog delay lines that have limited MTI performance in

ability t o ac hieve the theoretical performance . especially at the higher microwave

mov~~ g pla t form, such as an aircraf t.

fre quer.ci e s. Oree of t he toughes t radar problems is t ha t of providing MTI f rom a
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CLUTTER A:;I) RADA~

I NTRODL; CTI OK

Rada r e choes fr om t he ground, sea, wea t her, atmos ph er i c e f f ects ,

birds a nd i ns ects a r e cal led clutt er s i nc e they usua l l y inter f ere with

the detection of desired targets such as aircraft or ships. Clutter is

general l y of a distributed nature although some types may be considered

as poin t targe ts (water towers or other man-made objects, for example).

When c lutter is sufficiently intense it, rather than noise, can set the

limits t o r e ce i ver s ens i t i v i t y and, henc e , t o t he r ange of radar operation .

When clutter i s the factor limiting radar performance, the design of the

radar for optimum detection is often different than when noise is the

dominant effect.

Clutter echoes are not always undesirable targets to be eliminated. '

Radar has been widely used to study the nature of targets known as clutter.

Two well-known applications have been weather radar and radar for measure­

ment of the sea state. It has also been successfully used for the study

of the flight of birds.

The study of clutter can be divided into t wo classes, which are

1) surface clutter from the land or the sea, and 2) volume clutter as from

weather or the atmosphere. In this course both classes of clutter targets

will be discussed. Clutter will be viewed both as a nuisance that inter­

feres with the detection of desired targets and as a desired target itself.

The study of surface clutter will concentrate on the sea since there exists

far more information about radar scattering from it as compared with that

from land.

-------_._----------~
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Tn ~ par~~6~r us ed t o d e s c ~ibe t he rada r s ca t te r i ng f rom sur fa ce

targe ~s is t he clutte r cross se ctio~ pe r uni t are a of i l l umi na t i on.

Thi s is desif~ ated

by f i g . 1 .

The geometry of t he illumi nated a re a i s de~ir.e d

Rad a ~ E gu. ~ i c :-: fo r Dete ct i on i n Se a Clutter

~he~ cl ut te r dominates receiver noise, t he radar ran ge equation can

be exor e s sed as

R =max

where !-I.
max

= maximum range, ot. = target cross section, (S/C)min = minimum

signal- t o-clutter ra tio required for detection, 8
b

= az lmut.h bea.mw1dt h,

c = velocity of propagation,!£: = pulse width, and ~ = grazing angles.

This form of t he radar equation applies for grazing angles that are not

too large.

Characteristics o f CI

Fig . 2 illustrates the dependence of r- C
V on gr~zing angle, frequency,

and polarization. Other factors which affect sr ' are sea state, wind,

rain, contarr~nants, pulse length, shadowing, and others we probably don't

even know abou t ,

Theoretical Model of Sea Clutter---
There have been several different models postulated to explain the

nature of t he radar echo from the sea including the sinusoidal surface,
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Fig. 1 - Area illuminated by radar at low grazing angles.
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Fig. 2. - Composite of data showing the variation of a°with grazing angle,
frequency and polarization for a "medium" sea.



,
, . --' 0

I

t7(J/tPv/~ ~ v~ J )1' /r)vl~

#/L"t:Yr" .n.-~

I~ I )-)- tfJ, s-. r I

---ll,---L----) I I'--
-4 p fY (, ye.-

1L-1ZN1P 5 P

'7 tfl<P/Av - "'/~V .) .A, (~

V<7VLlr- - r""/xlIV ') C-- j-J

C L,- ur TPvJL--- -----
J 19. J

(/;Vi? ~Jt- ;; V T C
I

,,~ -:. -

A' 0-;::. 6c.
u A ~ tJ? !:!h''- I/)./Ir ~~~

o ()"{, v 0/ A ::::= }e.- At!?~/'- C~$ ~ nw
cA 'f~~ 9 0'/ !7 P0~h ) s ~ I J-...



'J...."

d~ oF : e : s , a ~d f acets . The cerrer.t t heor y is bas ec O~ a compos i t e sur fa ce

ffi vGe l i~ ~~ i c t s rr. al l rippl e s , or capi llary wave s , r i de on t oe of t he

l ar ger gravity wave s , Fig. 3.

Te chni ques f or Ai di ng th~ Dete c t i or. of Targets in ~ Clutte r

~e th od s for improving t he detec tion of de s i r ed targets from undesired

sea cl utter i nclude the followin g :

MTl (M OVing Ta.rget Indication )--Does not help in detecting navigation

aids such as fixe d buoys.

Fr eque ncy- - Lower freque ncies produce less clutter (but it may be

more difficult to direct r&da.r energy on the surface at lower

frequencies ) .

Polarization--Horizontal polarization produces less clutter.

Pulse width--Short pulse produces less clutter.

iJea!-r.width--Narrow beamridth produces lessclutter.

Antenna~ Rate--A very rapidly rotating antenna decorrelates

sea clutter and allows an improvement with pulse integration.

Target Time-Correlation--Observation of target over L~ interval of

time allows discrimation from sea clutter because of targe t

"persistence."

Matched Clutter Filter--Difficult to implement.

Frequency Agility--Clutter echo decorrelates with frequency but

point target does not.

Clutter Range-Gating--When looking at normal Lncaderice to the sea

surface with high range resolution radar the clutter is at a

greater range than a ship and so can be gated out.

Detector Design--The usual receiver detector d.esign is based on the

assumption that noise or clutter has a Rayleigh probability
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dis tribu t ion . Se a c l u t t e r i s not a lwa ys des cribed by s uch a

dist r i bu tion s o t ha t o t her de tec t ion criteria a r e i nd i ca t ed.

STC ( Sensitivit v Time Control )

Log FTC- -Loga r ithmic r ece i ve r cha rac t er i s t ic f ollowed by a hi gh

pa s s fi l t e r.

IAGe ( I ns tantaneous Automa t i c Ga i n Contr ol )

Pulse \~id th Discrimina tion--Clips .pulses due to extended targets.

Aut oma t i c Vid eo Threshol d ing--A form of constant false alarm rate

(CFAR ) receiver for clu t t er .

The basic desire in designing a radar to s ee targets in clutter is to

increase the ratio of target-signal-to-clutter power. A method that reduces

clutter in of itself is not necessarily desirable if target signal is

reduced as well. (A trivial example is the raising of the antenna beam over

the water. The sea echo is reduced, but so is the echo from any other

surface target. A clutter fence would have the same effect.) Some of the

above techniques do improve the target-to-clutter ratio, and some do not.

Those that do not are generally used to prevent the receiver or the display

fr om saturating . In the presence of large distributed clutter echoes, the

receiver might be saturated and not allow the detection of desired point­

targets even though they were much greater than the clutter. Methods for

automatically "turning down the gain" or maintaining the false alarm rate

constant are used to maintain the performance of the radar even though they

offer no " subclutter visib,ility" or improvement in t ar-get-eto-ic Lut t er ratio.

Remote Sensing of Sea Conditions ~ Radar

Several methods have been proposed or have been used to measure by use

or radar techniques the condition of the sea. Some of these methods attempt
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mU2:-. mcr e i:-.:o:,c.a t-i o:-. . The s s met.hcds may be cLas s i.fLec as f'oLl ows :

a ) Sca -: t e:: omete:: - - wr.i c h me asures t he curve of c-Of vs an gle and i nfers

by SU 2 ~ a measuremer,t t he s tat e of t he sea , Fig . 4 .

Pre-:-isi o:-: a.l ti:; etry - - By obser vi ng t he sea a t normal i ncider:ce with

a very s hort pulse t he surface roughness, and there fore the sea

sta~e , can be deduced from the smearing of the ec ho pulse.

c ) HF dopDler radar-- The doppler spectrum of an HF radar echo from

t he sea yields information on the ma gnitude and direction of the

wi ;, ~ at se a . Thi s is descri~ed in t he at t ached reprint fro~

O!~ ;;. Revi ews .

d ) Imagin ~ radar--Happing of t he wave patterns with high resolutior:

sidelooking radar c~~ allow t he determination of the sea spectrure.

Ot her techniques that might be considered include polarizatior: ratios,

critical ~~gle determination, absolute measurement of
,-c: at normal

i ncidence, and varia tior: of c;- C with frequency to determine the crossover

from diffuse to specular reflection.

Land Clu t te r

The radar echo from land clutter is more difficult to deal with than

sea clutter, both in theory and in practice. The echo from land is much

larger than from the sea by an order of magnitude or more. In addition, it

is more dif ficult to quantify and classify the nature of land echo. The

echo from l~~d depends upon the type of terrain and its composition. Desert,

forests, vegetation, -bar e soil, cultivated fields, cities, roads, lakes,

L~d mountains all have different~atteri~g characteristics. Furthermore. the

echo will depend upon the stage of growth of any vegetatio~ ~~d the moisture

con ten t.. A snow cover can also change the scattering. By contrast, sea
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RELATIONSHIP OF 0-° AND SEA CLUTTER ORWIND VELOCITY
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Fig.., Relationship of (10 and wind speed, or sea clutter.
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w'e a the !" 0.u t t.er

f. .
v .

t.he Nor t .hs ea Lr,

Radar is of i nterest as a sensor of weather effects and it has been

At~a~ : i c if no: t~a t ~uc ~ d i : fe re~t from t he sea ir; t he Sout h Pacifi c

Wh en radars mus t operate at the higher microwave frequencies where

t he clutter echo is proportional to the fourth power of the freque ncy.

k.'1o·~led ~ e 0: 1 a:-. :3 e cho. Fig . 5 i l l us t r ate s t he diverse na t ure 0: radar

u~d e r t he s~,e w~d a~d f etch conditions . Alt hough o~ knowledge o ~

ec ~ o fro~ va~io~ s l and sur f aces.

tha~ t hat at 9375 MHz eXb~~d ). Thus the lower the frequency, the less

rad a~ se a e c ~ c i s fa ~ fro~ comp: e t e . it i s i n better shape t ha:. our

clu t te~. One of t he ~os t e f fective is t he reduction of fre quency. Sin ce

an imped iment to the detection of desired tugets. Many of the techniques

concer:l about weather effects.

f or improvL~g t he detection of targe ts i n sea clutter apply to weathe r

are no t.

example . t he r-adar reflectivi t y of rain at 12 50 MHz (L band) is 35 db les s

signi ficant benef i t is o~tained i n operating a t lowe~ fre que ncy. r or

of circular polarization takes advantage of t he fact that raindrops are

widely used for t his purpose. It is in everyday use to aid meteorologists

circular polarization and by high resolution in range and an gle. The use

measurement of precipitation, the study of the physics of clouds, tornadoes,

in mo~itoring rain ~~d storm conditions; and it has been employed for

rain echo is large. the adverse effects of rain c~~ be mitigated by use of

s~~etrical (spherical) while most targets of interest, like aircraft,

·.-Je a t~e r cl utte r . j us t as was t he case for sea cl ut t e r . is of i nteres t
h

:cr t~ e ir.fo~~atio~ it can pr ovi de about we at er phe~o~e~a as wel l as be
1\
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is t he raj a~ e qu a t i o~ :

;;:> 2G-) r0-

o t ( . v

F = 4r (4 Ti )3 F.

'l'l;; e ~e .- = r-e cei.ved power , P
t

= pe ak power o f tra.ns mitte r, G = antenna
:r

g a i~ , ~ = raj a!" wavelength. u = tar get cros s sectio~, and R - r~~ge.

Si nce rai ;. ~d a the r hydrometeors are volumetric targe ts, t he target

cr os s sec t i o -: :- wi ll depend a:'. t he val ume of clutte r illuming,ted. It

is t here:ore co~venient to express the scattering properties of rain on

a per-~~it-volume basis. Thus we write

where ~B and r 3 are the half-powe!" beamwidths of the radar antenna in the

azimuth and elevation planes, (a /2) is the width of the resolution cell

i n r-ange when the pulse width is " • c is the velocity of propagation, ~

is t~e rajar cross secton o~ the individual precipitation particles, and

t ne surnna t.Lon is taken over a umt volume. 'wi th this definition. and using

the relationship G = 4..,,- Ae / A. 2 between the an terma gain G and the effective

area A to eliminate one of the GiS in the radar equation, and noting that
e

G = 47i /831 L3 to eliminate the other, we get

p
r

Pt Ae h

2
)2 R

L"1 this equation the bar over the received signal power signifies the average

value. \ve have also suos t i tuted h = cT , a pr-act.Lce common among radar
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5 i :-. ~e pr- e c i p i t.a t.i o r. p s r t i c L e s a r e almos t al way s m u c h smal l e r t.h an t he

radar wa vele n £: ~ ~·. . t he cros s s e c t.Lon can be expre ssed by t he Rayl e i gh

S~~ s ~i tu ti;.g i~ta t he pr evious rada r equatio;. , we ge t ,

?- -

The factor ~ KI2 depends on the dielectric constant of the scatterers.

' "2-
For i ce a t all temperatures and microwave frequencies '~l = 0.197. The

value f or water var-Les with temperature and freque ncy. (It ca -: be found

) \ " 12. 0i~ a number of sources. As ~~ example ~ = 0.93, for water at 10 C

I L\ "Land a wavelength 0: 10 e rn. The difference in the value of ~ for ice

and water is one reason that radar operation is degraded less in snow than

in rair:.

Radar meteorologists define

Ther e is a. relationship between Z and the ra.infall rate 1", of the following

f'or-n :

b
Z = ar

where a, b are empirically determined constants. There is much variability

i n the values of these constants, but a commonly used relation is

Z = 200 1"1.6

where Z is in mm6In) and r is in mm/hr. The radar equation for rain is then
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For s ~ o~ t~ e c OY're spond L~ g r elations hip betwe e~ Z ~~d r is

c
Z = 2 00 01'

w~ere r no~ r e: ers t o t he precipitatio~ rate based on the equiva1e~t water

co~te~ t 0: me l ted snow.

Dete~ t i o:-: of Targe t s in Weather

j'1a;;y of t he techniques mentioned previously for aiding the de te c t i.on

of targets in sea clutter apply as well to weather clutter. A short pulse

and narro-w" bea.mwidth will reduce the amount, of clutter with which the

target must compete. A log-FTC receiver, AVT or lAGe can provide some

relie:, but do not provide subclutter visibility. The usual MTl is not

as effective as one might like. Circular polarization provides ~~ improve-

ment in target-to-clutter ratio, but the biggest reduction occurs by

employing Lower- frequencies.

A~Dlications of Weather Radar

The use of radar as a means to study and measure the effects 0:

weat~er represents an import~~t application. The uses of radar in this

regard include:

Routine observation of storms and precipitation

Hurricane tracking

Quantitative measurement of precipitation

Airborne weather avoidance

Meteorological research
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reflecting sou~ces exist have bee~ calle8 ghosts or angels. Such echoes

c~~, for t he mast part , be explai ned as one of the following: birds,

L~s~cts, weathe~ fro~~s, layered clear air tU~Dulence, convective bub~les,

se~o~d-time-a~our.d ec hoes , or lightning. The use of radar for the detectio~

of clea~ ai~ turDulence has been of recent interest. Although radar can

detect CAT, it is proba~ly uneconomical to do so on the basis of what is

cu~rently k~o~~. It sho~ld also be mentioned that birds c~ p~ovide

ext€nsive clutter i n an air surveillance r~dar a~d ca~ limit the capability

of a radar to detect targets just as can land or rain clutter. The elimina­

tio~ of clutter due to birds is not always an easy task, but STC can be

0: help.
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!-20.7 I 62-74 I Froth gale Oale Very roueh,
8-12 5

VI'r , rouJ:h ,
1:1 -20 ft

- 11- ' M-{;.'I I '64':72T28-:-~i-6 1 iiJ3":'lif I fltorm

-10-1 48-MI-5H:J-I24-:-~28-:418D-l(nI Wholo
Itnle

H1llh waves; !lCO begins to' roll; dense 8111lhtlItructural damnlto occurs' slate
stn10ks of foam; llpray moy reduce bl wn from roofs '
visibility. 0 -:-_.-;-_ _ ._-:---:-_

Very blKh wavI.... with overhanlllnK Seldom experienced on lnnd; trees
crests; :lea tnklls WIlltcl appenranee broken or uprooted : eonshleruh tu
as foom 15 blown In vllry d ense structural damllf:o oceu rs.
streaks; rolllru; Is heuvy Dod vlst -
_~~L,!-d~_~d: 1 .__
RICllllUolIRlly hl~h WRVD.'!; s en COVIll'tld

wUh whllil Ioam pntches: vL,lbllUy
!It III more reduced. ·_- - - - ·- - ·1 - .--

Phenom enal,
ovr-r 45 I 0

m~h. 20-307

HI !,:h, 12-20 , 8

V"ry hillh,
:! ).-.40

Confusod I {)

-"M oillltahlon, ;-/- 'itl'Vt.ry-hIRh,· --1-8-
4t1 lUllJ h lv.her 3()·45

Very rarely elperlenood on land;
usually eceompunted by wldC!lprontl
dntnuge,Air "lied with foom; llfla eomplfJtcll,

white with drlvlnR lIpmy; vlslhllity
Jroatly reduced,

Btorm

Strong
ga le

Violent
storm

HurrlcanoHurrlcano

Strong
!lole

75-88

118-133
134-149
I5I}-100
lel7-IMJ
IK4-201
202-220

-12-~ 73-82 32.7-311.0
13 72-80 83-D2 37.0-41 .4
14 81-H9 0:1-103 41.6-46.1
III IJO-IXI 104-114 046.2"60. g
16 IOO-IOS 116-125 51. 0-66. 0
17 101)-111) 126-136 W, 1-111.2

--g -14i=i71 47-54 1-:lO.8-24.4-

Note: ~lnOfJ 1anuary I, 19511, wCRther mop symbols havtl been based upon wind lIpeed In knots, at "vo -knot Intervals, rather than upon Be l\urort num ber .

-From Bowditch, "American Practical Navigator," U.S. Navy Hydrographic Omce H.O. Pub . No.9. 1966. Appendix R.



R 2 l TI !-l J -3 e 1

There doe s no t e x is t any g e ne r a l l y a g ree d upon model for

a r a i n storm. The radar s c atte r ing characteris tics of un iform

r a i n o f a ny particular r a i n f a l l r a t e a re well known , b u t a ctua l

storm s a r e not uniform. They contain cells of more intens e

ra i n t h a n t h e s u rround i ng s and the mean intensity o f ra i n f a l l

decrea s e s with inc rea s i ng al titude. Also, intense storms

gene ra l l y occur a t lowe r a ltitude s and have a s maller exten t

t h a n l ess severe s t o rm s. The p r oblem i s f urthe r complicat e d

by t he d if ferent scatter i ng properties of rain and of the

ice particles found at t he h igher altitudes in storm clouds.

The model for rain that will be assumed here is based

1on that given by Edgar et al, as modified. For the design

of s urveillance radars they assume the precipitation rate of

rain to be uniform throughout the affected volume and that

the volume affected by rain varies with the precipitation rate

as fo llows:

-- 'I'" •

DURATIONPRECIP ITAT I ON RATE DIAHETER CEIL ING

2mm/hour 300km 4km 13 hours
4 45 4 5.0
8 35 8 1.8

16 20 8 0.6
32 8 8 0.2
64 1 8 0.06

{The "du r a t i o n" is the maximum duration to be expected at

anyone place with a frequency of once per year. Its value

1. A.K. Edgar, E.--J. Dodsworth and M.P . Warden, "The Design
of a Modern Surveillance Radar, " International Conference on
Radar - Present and Future, 23-25 Oct. 1973, lEE Conference
Publication No 105, pp 8-13.



wil l v a ry with loc a t i on . ) The rad a r r eflectivity o f r a i n

when l i n e a r p o larization i s used is given by

TI 7 . 0 x 1 0-4 8 x f4 x 1.6 2/ 3 (1)= r m m

where f is the radar frequency in Hz and r is the pre-

cipitation rate in mm/hour. The apparent reflectivity when

using circular polarization will be less by about l5db.

The velocity spectrum of rain moving with the wind is

also given by Edgar et ale This is important for the design

of MTI and pulse doppler radars. They take the shape of the

s pectrum to be guassian, centered on the wind velocity, with

a standard deviation of

2

c =v
[ (7.3 X 10

- 3 2J1/2
1 + x k x R x W

b
) m/sec (2)

where k is the wind-shear across the vertical beamwidth

in m/sec/m, R is the range in meters, and Wb is the vertical

two-way half-power beamwidth in degrees.

that for radar calculations the value of

2Nathanson suggests

-3
k = 5. 7 x 10

m/sec/m be used for radars pointing in the direction consistent

with that of the primary high-altitude winds.

The rain area as given above from the paper by Edgar

et al differs from that given by Nathanson (Ref 2 p 197),

which is

2. F.E. Nathanson, Radar Design Principles, McGraw-Hill Book
co., 1969, pp 206-209.



The heigh ts here are differen t than in table I but are consistent

3

( 3 )

'"

d iame t e r (n rni) = 25 . 9 - 1 4 .7 log r

4 _ .- RAIN - 82 cases

-- HAIL-51 cases
2 ---- ~1I2" HAIL-29 cases

-- TORNADO-" cases

. ~
FIg. u.4. Med ian
profiles of core Z in
]957-58 Ne w
England th under­
storm s, arranged by
categories of severe
weather. The 51 ca ses
of ha il include the 29
cases of large hail
(diameter of ]/'2. inch
or larger) which are
plotted separa tely.
Also . the] 1 torn ado
pro file s are taken
from the al l-inclu sive
ra in and hailo"---'......&....I..J-LLJUIo...;:~....1..L.I.J.l.Ll.-:;-JL-L.Ju..u.LI.l......::-l-.l-U.1JJ.Ll-=-"-l-u..u.JJJ ca tego ries. From

10 10
6

Donaldson (196 1a).

E IO~

~ 8r
C> 6r
IJJ
:I:

12

for med i um ra i n. Note

Na t h a n s o n ' s s to rm s i ze s are le s s t h a n those of Edgar et al

and d e v i a tes considerably a t low rates of rainfall.

3Figure 2 , taken from Battan plot s the median profiles

f ;n ~~6/m3 (Z_-200rl. 6) 1 hoZ. lL ~ 1 1 for New Eng and t understorms.

3. L.J. Battan, Radar Observatior of t h e Atmosphere, University
of Chicago Press, Chicago, 1973, p 207.

This is s h own plot ted in Fig . 1 along with the data of Ref 1.

that an r of 4 mm/hr corresponds to a Z of 1.7 x 103,

and r = 32 mm/hr corresponds to Z = 5 x 10
4•
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Further questions relating to 3essions III and IV

1. ...'hat proble:ns occur if the hTl radar is on .. satellite?

2. Does a step-scan radar with i·~TI surfer a "scanning f'Luct.uat.Lori'v?

3. 1;06S the digital i':TI do something the "ideal" analog ;':TI does not?

4. Are there any other methods for improving the target-to-clutter

ratio, in addition to high resolution, when the target and clutter

are both stationary?

5. Aould you expect aO for land clutter to decrease, increase, or

remain constant as a function of grazing angle, at very low gra.zing

angle?
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SESSION V

PULSE COMPRESSION

TRACKING WITH SURVEILLANCE RADAR
-~ AUTOMATIC DETECTION AND TRACKING

ROBERT T. HILL
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l r.i s s es s : or: tr e2 ~S t~ o i ~pcytan t s ub j ects in r adar s ys t err

techno l o ~y t he fi r st , a n es sent i a l element of t he gr eater sub ject

"si g-lia :!. pr02es s i :.[ " a nc t r.e s econd , a proces s t hat brings r ce..l utility

t o moe err: r-ada.r s Ln a ',ley ne t poss ible onl y a decade or so ago.

"S i f n=.. l proc e s ~in [" i s a term us ually des cribi nG t he treatme~ t cf

t he re c ~ ivei sign~ l i n a radar pri or t o (e-nd ca n i nclude ) t he detection

of t he er veLope 0: t.l .e T?: :i i c s i €;J=,-l i r t.he r ece i ver , Cer ta.Lr.Ly t he

takinG of signa l s fro~ t he e.ntenna, t he a mplifying and mi xi ng of them

wi t h r ad i o s i g::a l s us ed as a r ef erence (as from a "loca] osci llator"

t o es teb.li s h a co nve nient "Lrrt er'med i a t e frequency"), the treatment of

successi ve returns (as in a ~iovin[ I'arget Indicator or in a signal

"integrator" of so rr: e sort) a ll co nsti tute a part of signal processing.

When thi s process i~g i nvolves a t tention to not only the am~l itude of t he

signal at hand but also its phase we spee.k of it as "coherent"; when only

t he amplitude of the signal is irr.portant (as i n some "video processing"

f ol lowi n,:: enve l ope de t ec t ion), we s peak of it as "noncol'erent" s i gne.l

pr-oc es s i ng , "Pulse co mpr-es s i on" deals wi t h t he response of a radar to

its pcrt jcular s i f nal (with a ttention to beth amplitude and phase) and

is, therefore, in the realm of "coherent signal processir.g". It i s

assumed in t hese notes t hat the other aspects of co herent s i fnal processing

are at least casually familiar to t he student, or t hat he will have other

access to t.hen.•

It ts important for a modern surveillance radar to "finish the job"

1
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i ~ teY2 S ~ t : _ us er . TI l e a ~torna t i c detectien ~nd tra ck fe~ture s j us t

o f 1.! Jf? e !lv e :!.. o~~·e c e t.ec t.or , we l l a f t.er pulse con.pr-es s i cn and the r es t

~ -. ~r; ;: i
~ - t." ~ - procc : ·: : ~iC J t o estimate r elia bl y the pre~ e n c e an c

l o c ~ :i~n~ of tar;e ~s t~2~ are of interest t o t he user, a~d t o s us t a i n

t ~ o ~ p e s ti ~~ tes ( t o f orm tract s ) for t he con tinued be nefit of the user.

Ter~. ::, us e:: t.c d escri be t he proces s. r ei fl Ee f'r or "noncoher-e rr t s i gnF.1

rro c e : ~: i ~ c" , "v i oer- pr oC' '?s s :'' !l[ '' , "thres hol d process i ng :" , "plc t

ex tra ction" or "auto rr.atic target detection" where the presence and

measurec lo c 8. t i o ~ of 2 t are:;et are concerned, to "da-:c. processing" or

e ven "L nf'crr.a t i on pr oces s i ne:;" where the s ubsequent s tages of t.rack

fO~IL? t im: are c cncernec , We will be content with "Au tona tic Detection

c.. !ld 'TrCi ckirl e:" to embrace the w~o l € process.

V. A. Pulse Compression

I ~ t~is l ectur e , we wi l l suggest w~y pulse co~pressicn is i rrpor-

t~ n ~ i n ra~2r des ign , develop with some s imple diagrams the basic

t~eGry, a nd illustrate, again l-rith s I np.l e diacrams, the two basic t.ypes

of pulse co r.:~ressio~, namely frequency modulation ("linear fom.-inc"

or "chjrpinf" ) e..nd phase coding.

Why ~u lse co~~ression? While the earliest. "z'adar-s" ma y not

have used pulses, nonetheless it was quickly reasoned that a short

pulse tr2ns~itted and a listening period to follow (one lonE enough

to pe~mit time for reflected returns from the greatest of reaso~able

target ran~es) permitted an easy measurement of the r enEe of.

reflecting bodies. Certainly such operation permitted one-anten:.a

transmit and receive systems (duplexed radars) without fear of turning
2



C::-: c cnve rri en t ,

Si[Tl-="~ . So , i t ccuLd be arru ed, s hort pul s es made a better radar.

c: c ou~s e, it was a l so apparent t hc. t i f one we nte: t o s ee s ~a l l

tcr?e t s 3 ~c n ~ w~ y a~a YJ one needed lots of electromagnetic energy in

~ ~ f p~ J s e oue needed a stroDE s i~a l.

F:":.s S ~8 r t p~ l s e , l o ts o ~ enerGY gc t c nlG~ pe~~ po~ers

i n t he trans~it~e~ p~lse.

~cw e\'er, 2. ~ per'r C~fT1 :::.n c€ needs increased J t he obv i ous li rr:i ta tions

O~ :; e ?-~: pover ( w2. vsf'.li de a nd t ube breakdown, arcing, fer exampl e ) put

a bOU:lC: 0 '; t~:is di mension. So the ques tion was, how to Eet more ener-gy

pe r ~~l s e without sacrificin[ t he r a nbs resoluti on cf a short pulse.

The n, mer e elegant examinaticn of how receivers respor:d to

signals showed t hat the resolution in range came not uniquely from

t he fac t t.he.t the puIse was short i n time, but ratter fro n: the fact

t h~ t i t ~ad a bro~d spec trJ ~ of fre~uencies in its rr.o~u lation. It's

t hos e r-i gh frequency constituents (or far out "sideband.s") that s hape .

the narrow pulse that wouJd allow a receiver to distinguish the

renEe-difference between two closely spaced returns. (To appreciate

t his rr.ore f ully, a basic understandinr of modulation theory is

req~ired t he nex~ few paragraphs supply t his.)

So J both a s t.ror.g signal and good range resolution can be had

si~ultaneo~s ly by usi ng long pulses that keep the ba~d~idth of a much
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s paced t ar[ e t s ••• •• to be s een by
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BUT t hsre's net rr.uc h e~er~v tr.ere. it Ejves c weak sign~l

re l ctive t o receiver ncise •
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A stro~~er (hieher peak power ) p~ ~se wo~ld do
but trans mit t er equf.pment may li rr.i t t hi s

dimension •

Thi s is ano~her stronG s i gncl ( more enerGY )
but the signal wil l "overlcp" fro r:1 t~e two
targe ts

•• t he n t he reflections.. .. ~ay still be
s epa.rated by a

A , proper "pulse
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b· , ~ -...... .... c.. es ser:t ial • The di2[T2~ o f Fit~re 2 reminds

i s i r fa ct "coxpcsed" of f'r equ e ncy ccnsti tuents (which \(i l l be t he

"s i ·-j e·~. ~ j 2" O r: e s cr, s i de of t he c=.rriey when we S0 modu l ate t.he car-rf er- },

FIGURE 2 Spectrurr of pulses

The stude~t is re rr:inded of a few fundamentals:

2) If t he \(~vefor~ f(t) is in fect a trai~ of pulses, this

"shapinp,"of t he pulse we see in the fi gure mu~t recur periodicalJ.y

to forw the train therefore t hat first sine wave we see must be

of the p~lse repetition fre~uency itself and each of the other cons-

tituents must be integral multiples of it, i.e. we have a line spectrum

wit~ the prf be~ng the line spacing•

.5
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f or -:: 0. 21 fr e ~:~ e r; c 1 e~ "L n be t v e e n" th ~ lines of ca se a ) a bo ve IIUSt

b~ pre ~ ~ ~ ~ , ~ i vi ~C Uf ~te s ha pi n[ her E a t t o but never ~ [~ ~~ t he

S :-''':-C:::-U ::. of c s in c l '~ pUlSE i s a c o n t L n u u m of freq uenc y ccr. s t i t.uen t.s ,

c ) .1- 7 t.r.e pu Ls c i ;:vc,f~e2_ is pa r t LcuIar-I y nar-row i !; time, t here

mus t b- !; :L ' : ~ er- !r~Ue;lCv c c ns t r t.uent.s before t he firs t spectra l "zero

c r os s i n ..:- " she.....n to mr.k e i t, narrow. If it were particularl y broad in

t i r € , t. :-. ~ c p rC'Ei t e i s trw? the s rectru ~ i s narrower. I n f act, t he

Z ( ' :-'c- c r'J s ~ i ~ : [ wi l l be e t a modu l a t i on f r ec uenc y exactly the reciproca 2.

0: t he puls e width.

~~e s t~~ e ~ t s hcul i c o~si d er t he na tur e of t he ~pectrum of an

i;::1;;it'?,: =- :-;{'; ~ 2. y na rr- cv pu Ls e , arr LmpuLs e , And he shcu Id consider t he

ot~ ~~ ex trer e: a s i ng: e line o~ frequenc y being a conti~uous wave in time.

~ t r ~~ ~ c l r t hs s t uient to visualize i n t hE fra mework of Fieure 2

t he f'r-eou enc v c c n s t i t uency of a trai n of pulses in w!'".::'c!': the pulse width

e 1u~ l s ODe h2 2. : t he r 6? etiti on frequency, so the spectr~l zero crossings

are at 2 pT'f, 4 prf", 6 prf ,

freq uency cons t ; tue~lt;::. Jju~t

as we s hould re~lize fr02

I n ell:' r~~dar work, the s tuden t shou Ld remember th:::. t t.hes e spectza

represent tt~ ~:: D ~u l 3. t i or; pu t on t he r.f. carrier - _ so t.he y are the

L...- -

sideb&~d3 on either side of that carrier in the complete spectral

represen~tio !'1 of t he sigrl:il.

6

WID2 PULSES HAVE NARROW SPECTIi4, NAR ROW PUiSE3 HAVSI ~:.PCR T..'. NT

~! IDS Sp~r'1i-.•
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c y C 0~3 ti t.ucn t.s ) t.c t :-. :.. s net-

out t~ ~ t i s t he reco~~~n~tion of

1ot~~ct i:1. Such ~ netw ork

f r e :;. '-..: e:",c } e: , ~ ::1~ it w·:y;.;.=.d a :p .? ~ 2.r t.c h..ve 3. Longer t i me enveLope , Tne
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wo;.:.ld be a nu l s e " stYetcheY".

fi gure t c the right shows

But the l onger pu lse ~o~li

still have a l l the frequencies 0: the narrower original. It is now a

fre~~en~y F;o~~latei pulse, NCT just the longer envelope on the carrier

w~ich ~ou 1d hav e a m1Jch narrower spectrum. This stretchei pulse has

the same ener~y content as the original but the peak power is pro-
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be re-aligned to form again the narrow pulse. This network would be

r
c·

t t1 +--------4

Now, if on receive we had a second

portio!12tely less and can now be am?lified without cS gre~t a fear of

overdrivi~c a peak power limited device.

recor.stitutej, the frequenci~s would

see th~t t he stretched pulse would be

delay relat~onship (shown at right), we

filter bank ~~ich RE~SED t~e frequency-

L. ~~ ~-
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bandwi d t h! )

t he lumped-constant ne t~0rk show~

be f or e i~ ir. fact t ypical of earl y (1950's) pulse co mpression devices

cry~t~l l~tti c e f ilters and time delay lines. Tnen it was recog-

ni ze d tha~ m~ny microwave devices perform in a similar way, that is

t hey E:. r e "f'requ enc y dispersiveil. t. length of w:ivegu:'de is f r equency

~ispers:' ve because t he total pat~ 1enbth traveled by en ergy at a ny

one f rs;'.lency is a function of that frequency an :' t.he guide's dimen-

sio:1S a:1d since the pathlengths differ , the pulse is "spreR.d outtt

SO~~W~3t when received at t he far end. But a few hu~dred feet of

waveLuide doesn't ~ak~ a very go~d circuit element so ot~er frequency-

dispersive devices have been developed emplayine acoustic disper-

sian in metal strips (with piezoelectric transducers at each end)

is typical.

Incidentally, in radar it is often co nvenient tc '.lse t he very same
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TLe:: 0 "": recei ve . t:: :.. s r-e c e Lved f'requency (fradiated) coul d. be r.: i xed

\0: : t i -. 3. ~; lL 2. b :J\' ::: it by :' ~p. i!"l:8~rr;e:iia t e a mou n t and t he di fference

; .r •-- .- ..

3[; fi t H-e

:2y Qcn:: c tr,i~ J t hc hi e:h s i debands of the mod uI a t i en becc me t he low

s i d eb~nds on receive a!1Q vice V9YSa ••• and the same freq uency disper-

s: ve device (assu~ej h SY 2 t o be workin£ at t he i.f. ) t hat expanded

the pulse O~ tra~s~i t no~ wi ll compres s the pulse on receive.

3ecause fre1uency di s per s i on results in a monot oni c (usually

li~ear a s we ll) frequency-time function within the pulse, it is called

" f. !ii'~-inG or us e of "Lm ea.r f .m. " or "chirp" processing, etc,

~~~~~~r type of pul s e co~p~~s s i an i~volves t he us e of ph~se

mo~~l2.tion (actu~lly with a phase progres sion no t unlike th~t resultine

fro ~ l i~e~T fre1ue ncy dispersion so t~ese techniques really aren't

so terri~ly "dif:eren:''' i r. t~eory~ We can i l l ustr a t e t he generat ion

0: a~ 2xpanied pul se ar.c i t s s~bsequent co mpression by consideri~g a

ta?ped delay line, a numb~~ of 1800 ph~se shifters (lengths of line

will do) ani a sum~er (t~p of next p~ge)a

9
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no weichtinb is used. But it may well be an advantage to tRke a slieht

T:,: ~ :~ :: -:r: i 2 s i [ :' ::- =. were ampli f ied, t rans t ; t t ed , ref lected. and

Het;.!orks like these can be made with "surface acoustic wave (SAH)"

When this is done (to keep very low range sidelobes, say), the main

pulse in the response will never be q~ite as strong or narr~w as when

dev i c e3.

CO:ice:;t of "tir.:2-" or "range-sidelobes", characteristic of all pulse

delay line to alter t~e shape of the whole ou~put waveform somewhat.

co mpr-essi on recei verse It is possible by ~ryti!lf. t he individual

"mismatch" or weightinG penalty to achieve very low ranee sidelobes.

frequencies in t~e f.m. technique and by weightinG the taps of the

rece ived by an exactly cOffi?ensatine network:

w ~ c~e ~ ~ t~ ~ C ~~~l ? ~ ~ t t he ou t~u t

; c ~~ ~ ~ ~~· l ~ok s ~: K C ~~ i s:



R:.. t : a s 0:- expand ed t o cor.pres sed pulse le::'ft~2. (the "pul s e

c O - ;""' ''"' C" ' : ~ ~ r r~ + ~ ~ tt ) vt. i:» cons i d er-ab'l v, . .... - ..... "- - -- \,. . • • -""'- ..... ¥ c-.....'t """'" ... ,,_ .J.. d. v i n SOFie s pec i a l purpos e

r~ ~ ?~s :~i~ :i G~~~ ~ s in t he t ens or hundreds of thousands . For many

!T' o:" '2 "or i : n:::ry" r3..j ~~s, however , a few te~ s ot a hundred or so to one

S ::8"J :" ~ b-: cor.s : d e~~d us cfu l an d t.yp i 2a1 . Designers speal: of t he

t he fre~uen:y di spersive manne~ (or in the analogous tapped delay line

manrier ) wi 2. 1 nave a s pec t.rum co ntainment (mos t of t he ener-gy ) w:. t hi :1

a passband c: abc~t t he reciprocal of the pulse width a time-

bandwi dt h produc t of unity. The modu lation tech~~ques rcsu~t in a

wavefor~, t hen, wi~h ere~~er th~n unity T-3 prod~ct. Wi th no wei ghti nl

fo r s i de l obe shaping, t he p~lse co mpression ratio an d the T-B product

can be regarded as e~ual t he pulse transMitted in a 100:1 pulse

co~~res s ion s ys t em ha s a T-B product of 100.

The s tuden t may want t o read mor e of ma t ched fi lter t heory, of

re~ ~ ~u t i Jn ar.d a~bi~ity characteris tics i n such processes and of t he

proces s of co~volution and surerposition principles in t he theory

of linear networks .

Pulse compression permits high power radar operation to be achieved

without hiCh peak po~er risks while retai~ing t he high resolution of

broadband signals.

end
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Au tora~ ~ i c Detect i on and Tracking

3y. ~ l :.:~'s note:. on tr. is s~cject f ol low an~ provije

c u; t s Co t.r.crou.:'... 2.is-: 0: re :'·er~nc~s. hr. Hill's lecture follo..s

the se~ue~ce of these nates. The lecture brings added emphasis

t c t:, ~ "s~r: ~2." i~portance of clutter and. un:3.esired sie:na1 suppression

i~ t~e r adar signal procession itself, of the reliable and accurate

"extro.cti C':1" of tareet detection5 and of the est3.blishment and

~~:~~E~~~ : e 0: tracks formed fro~ t hos e de~ecti ons fro~ one or more

suc~ radars with attention to any dissimilarities among therr..

R.T.:!.
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Tra cking ~i t h Surv e i l l ance P~d ar

The tra ck of a t ar ge t c an be determi ned with a surveillance radar

fr om t h e positions of t he t arget a s measured fr om scan t o scan. The qua lity

of such a t r a ck wil l depend on the time between observations, the loca tion

accura cy of ea ch observation, and the number of extraneous targets that

mi ght be present i n the vicini t y of the tracked target. A surveillance

radar tha t de ve l ops tracks on targets it has detected is sometimes called

a track-while-scan (TWS ) radar.

One me t hod of obtaining tracks with a s urveillance radar is to have

an operator manual l y mar k with a greas e pencil on the face of the cathode­

ray t ube the position of t he t a r ge t on each s ca n. The s i mplicity of s uch

a procedure is offset by the poor accuracy of the track. The accuracy of

track can be i mproved by using a computer to determine the trajectory from

inputs supplied by an operator. A human operator, however, cannot update

target tracks at a rate greater than about once per two seconds. Thus, a

single operator cannot handle more than about six target tracks when the

~adar has a twleve--second scan rate (5 rpm antenna rotation rate). Further­

more, an operator's effectiveness in detecting new targets decreases rapidly

after about a half hour of operation. The radar operator's traffic handling

limitation and the effects of fatigue can be overcome by automating the

target detection and tracking process with data processing called automatic

detection and tracking (ADT). The availability of digital data processing

technology has made ADT economically feasible. An ADT system performs the

.f unc t i ons of target detection, track initiation, track association, track

update, track smoothing (filtering) and track termination.

The automatic detector part of the ADT quantizes the range into

intervals equal to the range resolution. At each range interval the

detector integrates ~ pulses, where ~ is the number of pulses expected to

be returned from a target as the antenna scans past. The integrated pulses

are compared with a threshold to indicate the presence or absence of a

target. An example is the commonly used moving window detector which

examines continuously the last ~ samples within each quantized range interval

~-~~ --- - - - - - - - - - - - - - - - - - ---
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and announce s t he presence of a t a r get if ~ ou t of n of these samples cross

a pre-se t threshol d . By loca ting the center of the ~ pulses, an est imate

of t he targe t' s angular direct i on can be ob t a i ned. Thi s is called beam

s pl i t t i ng .

I f there is but one targe t presen t within the radar's coverage, detec­

tions on t wo s cans are a l l tha t i s needed to establish a target track and

t o estima t e i t s ve locity. However , there are usually other targets as well

as c l utter e choes present, s o t ha t three or more detections are needed to

re l iabl y es tab l ish a track wi thout the ge neration of false or spurious tracks.

Alt hough a comput er can be programmed to recognize and reject false tracks,

t oo many fals e tra cks can ove r l oad the comput er and r e s ul t in poor i nf or ma­

tion. It is for t his same reason of avoiding computer overload that the

radar used with ADT should be designed to exclude unwanted signals as from

clutter and interference. A good ADT system therefore requires a radar with

a goo d }ITI and a good CFAR (constant false alarm rate) receiver. A clutter

map, generated by the radar, is sometimes used to reduce the load on the

tracking computer by blanking clutter areas and removing detections asso­

ciated with large point clutter sources not rejected by the MTI. Slowly

moving echoes that are not of interest can also be removed by the clutter

map. The availability of some distinctive target characteristic) such as

its altitude , might also prove of help in relieving the computer when per­

formin g track association. Thus~ the quality of the ADT will depend

signi fican t l y on the ability of the radar to reject unwanted signals.

~~en a new detection is received, an attempt is made to associate it

with existing tracks. This is aided by establishing for each track a small

search region, or gate, within which a new detection is predicted based on

the estimate of the target speed and direction. It is desired to make the

gate as small as possible so as to avoid having mor e than one echo fall

within it when the traffic density is high or when two tracks are close to

one another. However , a large gate area is required if th~ tracker is to

follow target turns or maneuvers. More tha~ one size gate might therefore

be used to overcome this dilemma . The size of t he small gate would be

2



d et er~i n ed by t hE accuracy of t he t r a ck . ~~en a t a r ge t does not a ppear i n

th e s~2 l l g2t e ~ a l ar ger ga te woul d b e us ed whos e s ea r ch area is determi ned

b y the maxi n u :. a cce l e ra t ion expec t ed of t h e target during turns.

On t he ba s i s of th e pas t detec ti ons the trac k-wh i le-scan radar mus t

make a smoot he d estimate of a t a r ge t' s pr e s en t pos ition an d v elocity , a s

we l l a s a predicted position an d velocity . One me t hod for computing this

i nf orma t i on is the s o-ca l l ed a- S t ra cke r (a l so ca l led the g- h tracke r ) ,

which c omput e s t he present smoot hed target pos i t i on x and ve l oc ity * by
n n

t he followi ng e qua t i ons

smoot he d position : x x + a(x - x )
n pn n pn

smoot hed velocity: x = x + ~ ( x x )
n n-l T n pn

s

predicted position of the tar get at the nth scan , x = measured
n

position smoothing parameter, S = velocity

where xpn
position at the nth scan; a

The predictedtime between observations.smoothing parameter, and T
s

position at the n + 1st scan is x + x T . (When acceleration is i mportant
. n n s

a third e quation can be ad ded, with y = acceleration smoothing parameter,

to describe an a- S - y tracker.) For a = S = 0, t he tracker uses no current

information, only the smoothed data of prior observations. If a = S = 1, no

smoothing is included at all. The classical a-B filter is designed to

minimize the mean square error in the smoothed ( filtered) position and

velocity, assuming smal l ve loci t y changes between observations, or da ta

samples. One criterion for selecting t he parameters of the a- S tracker is

to choose S = a 2 / (2-a) . The particular choice of a within the range of

zero to one depends upon the system application, in particular the tracking

bandwidth. Using as a criterion the best linear track fitted to the radar

data in a least squares sense gives the values of a and S as

a
2(2n-l)
n(n+l) S = 6

(n(n+l)

where n is the number of the scan or target observation (n > 2).

The standard a- S tracker does not handle the maneuvering target. How­

ever, an adaptive a-S tracker is one which varies the two smoothing parameters

3



t o achieve a va r i ab l e band~i dth s o as to follow maneuvers . The value of a

can be s e t bv observi ng t he measur ement error x - x At the start of
~ n pn

t r acking t h e ba ndwid th i s made wide and th en it is narrowed down if the

ta r get moves in a straight-line tra j ect ory. As the target maneuvers or

turns , t he bandwi dt h is widened t o ke ep the tracking error small.

The Ka l man filter is similar to the classical a-B tracker except

t ha t it inheren t l y provides for t he dynamical or maneuvering target. In

the Kalman fi l ter a mode l for the measurement error has to be assumed , as

well as a mode l of t he target trajectory and the disturbance or uncertainty

of the traject ory. Such disturbances i n the trajectory might be due t o

negl ec t of higher ord e r derivative s i n the mode l of t he dynami cs, random

motions du e to atmospheric turbulence, and deliberate target maneuvers.

The Kalman filter can, in principle, utilize a wide variety of models for

measurement noise and trajectory disturbance; however, it is often assumed

that these are described' by white/Gaussian noise with zero mean. A

maneuvering target does not always fit such an ideal model, since it is

quite likely to produce correlated observations. The proper inclusion of

realistic dynamical models increases the complexity of the calculations.

Also, it is difficult to describe a priori the precise nature of the

trajectory disturbances. Some form of adaption to maneuvers is required.

The Kalman filter is sophisticated and accurate) but is more costly to

implement than the several other methods commonly used for the smoothing

and prediction of tracking data. Its chief advantage over the classical

a- S tracker is its inherent ability to take account of maneuver statistics.

If, however, the Kalman filter were restricted to modeling the target

trajectory as a straight line and if the measurement noise and the trajectory

disturbance noise were modeled as white, gaussian noise with zero mean the

Kalman filter equations reduce to the a-B filter equations with the parameters

a and B computed sequentially by the Kalman filter procedure. As the dynamic

system model is made more ~omplex, the Kalman filter becomes increasingly

more difficult to implement.

The classical a-B tracking filter is relatively easy to implement.

To handle the maneuvering target, some means may be included to detect

maneuvers and change the values of a and B accordingly. In some raJar

4



s ys t ems , t he data rate mi gh t a ls o be increased during ta rge t maneuvers.

As the means for ch oosing a an d B become mor e s ophistica ted, t he op t i ma l

a- S t r a cke r becomes equivalen t t o a Kalman filter ev en for a t arget tra j e c t ory

mode l wi t h err or. In t hi s sens e , the optima l a- 8 t r a cki ng filt e r i s one

i n ~h i c h t he values of a and 8 require knowledge of the sta t i stics of t he

meas urement erro r s and the predi c t ion errors , and in which a and S are

determi ned i n a r ecurs i ve manner in t ha t they depend on previous estimates

of t he mean s qua r e error i n t he s moothed position and velocity.

(The above discus sion has been in t erms of a sampled-data s ys tem

tra cki n g targets detected by a s urveil lance rada r . The concept of t he a- S
tra cker or t he Kalman f i l t e r also can be ap plied t o a co ntinuous, s i ngl e­

tar get tracking radar when the error signal is processed digitally rather

than analog. Indeed, the equations describing t he a- S tracker are equivalent

to the Type II servo system widel y used to model the continuous tracker.)

I f, for some reason, the track-while-scan radar does not receive

target i nformation on a particular scan, the smoothing and prediction

qperation can be c on t i nued by properl y accounting for the missed data.

However, when da ta to update a track is mi s s i ng f or a sufficient number of

consecutive s cans, the track is terminated. Although the criterion for

terminating a track depends on the application, one example suggests that

when three target reports are used to establish a track , five consecutive

misses is a suitable criterion for termination .

One of t he corollary advantages of ADT is t hat it effects a bandwidth

reduction in the output of a radar so as to allow the radar data to be

transmitted to another location via narrow-band phone lines rather than

wide-band microwave links. This makes it more convenient to operate the

radar at a remote site, and permits the outputs f r om many radars to be

communicated economically to a central control point.

When more than one radar, covering approximately the same volume in

space, are located within the vicinity of each other, it is sometimes

desirable to combine their outputs to form a single track file rather than

form separate tracks. Such an automatic detection and integrated tracking

system (ADIT) has the advantage of a greater data rate than any single

5



r ada r oper ating independently. The development of a s i ngle track f i l e by

use of t he t otal available data from all radars r educ es the likelihood of a

los s of t a r ge t detections a s mi ght be caused by an t enna lobing, fading ,

i nt er f er ence an d clutter s i nce integrated proces s i ng permi t s the favorable

weigh t i ng of t he bette r data and l esser weighting of the poorer data.
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Further questions r~lating to Sessior. V

1. '~at problem might occur in trying to design a single pulse

compression waveform to see small targets at both short and long

range?

2. How would you have to find the best coded-pulse waveform for pulse­

compression ratios greater than 131

J. now can pulse compression aid the low-angle tracking problem? The

glint probleM?

4. Does pulse compression have a role in radar altimeters?

S. Can Am' be made to work without CFAR?

•
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A .

1 . D e ~ ec t i o;J . R e ~ o J u t i o r, a n c I nt erpol a ti or. . An y radar d e tec tio n

o f a t ar g e t pr o v i d e s some i nforma ti on on tar g et coordina t es , although

t h e da t a ma y be v er y coars e . T h e PPI displa y of a c onventional 2D

s ea r c h r a da r gives r ange a n d az i m ut h da t a i n t h e for m o f a n intensi fi e d

b l ip w h o s e wid t h i n az i m ut h i s a p p r ox i ma t el y t h e b ea m w i dt h of t h e

a nt enna and w h os e rang e ext ent is t h e transmitt e r p u l s ewidt h , perha p s

c o rn p r es s e d b y s i g na l processi n g o r s tr et c h e d b y lim i t e d displa y b a n d­

w i dt h o r ex c e s s i v e s p ot siz e . The s i m pl e s t t yp e o f a ut o rria t i c ra da r

measurement consists of reporting the a zimuth o r range resolution

cell i n which the tar get is detec ted . or the cell containing the larges t

signal if two or more cont i g u ous cells give alarms. In this case. the

m easurement is simpl y the identity of a particular resolution cell in

space (and possibl y in Doppler frequency ) which is known to contain. or

at leas t to adjoin . the targe t position .

More refined estimates of target location are made by interpolation

wi thin a cell or between two cells. The human operator places a cur­

sor scale at the apparent center of the PPI blip to obtain interpolation

to a fraction of the beamwidth. An automatic target extractor may inte­

grate signal pulses in contiguous. fixed gates, and make an estimate

based on t h e rela ti ve ampli tudes; or it ma y perform a continuous inte­

g r at i o n and prod u ce an output when the output begins to decline from its

peak value. These are all interpolation processes which can be applied

to search , track-while-scan , or tracking radar. The distinctions among

thes e terms can be seen from their definitions [ 1 ]

Search radar. A radar used primarily for the detection of targets

in a particular volume of int,erest.

Track-while-scan. A target tracking proces s in which. the radar

antenna and receiver are not part of the tracking l o o p . but provide periodic

video data from the search scan, as inputs to computer channels which

follow individual targets.

1



T r c. c} : : ~ _ ro e c: ;- • A r a do r ( 0 r IT. 0 d E' 0 f a r a dar ) in w h i c h th e tar g e t

i s t r a r k r c b y a cl o s ed -lo op Sf'TVO w h i c h cont rols t h e a nt e nn a (for a n g l €' ­

t r a c kin c i o r r e c e iver ga t e s o r f i lt er s (for r a n g e or Do p p l e r tra ck ing ).

T h us , t h e t r a c k i n g r a d a r is d is t in g ui s h e d by the fa c t tha t i t s a n t en n a

o r r e c ei v e r is " t un e d" to th e p o i n t in ra da r s pa c e in w h ich the tar g e t

s i pn s l i s expected to a p p ea r , 6 0 tha t interpolation ma y be performe d

mo r e e ffic ient l y a n d a c curatel y . M o d e r n tra ck i n g ra da r s m a y be time ­

s h a re d b etw e en t a rg et s, or ma y i n ter la c e trackin g and search mod e s

w i t h a s in gl e a n t enna , so His not total dedication to a single ta rget which

s er v es t o id e n t ify the tracker . In subsequen t sections . whil e emphasis

w i l l b e p l a c e d o n t r a c king ra dar t e chni q u e s , t h e operation a n d measure-­

ment p er formanc e of track-while-acan an d search ra dars w i ll be covered

for p u rpos es of comparison .

2 . Bas i c Measurement Processes . The measurement of target

a n gl e . b y interpolation within the main lobe of the antenna pattern , is

representative of all radar measurement processes. Typically, a

, .na r r ow " p en c i l " beam (Fig. l a ) is pointed toward the target , and when

the si gnal is detected steps are taken to center the antenna axis at the

target azimuth and elevation angles. Ideally, the beam would be aligned

with the antenna axis (for maximum gain and lowest sidelobes), and

would be pointed to obtain the maximum signal. All mainlobe patterns

have essentially the same shape near the axis (where a quadratic approxi­

mation matches both the sin x/x and Gaussian patterns), and the slope

o f the pa t t e r n falls s l owl y thr ough z ero a t the axi s. A ccurat e ali gnm en t

of th e beam axis with the 't a r g e t requires the formation of a first deriva­

tive of the pattern in the angular coordinate to be measured (Figs. 1b , 1c).

The beam is then adjusted until this derivative response is exactly zero,

indicating perfect alignment with the target. Since the derivative is an

odd function . and es s entially linear for a fraction of a beamwidth each

side of the axis, an output other than zero can be interpreted directly as

a pointing error and used to control the antenna servo.

In measuring echo time delay (to obtain target range), the received

and processed pulse envelope is analogous to the antenna pattern in angular

2
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Figure 1. Tracking radar antenna patterns: (a) Pencil
beam main lobe. · · (b) Amplitude vs , angle in plane through
the beam axis. (c) Derivative of amplitude pattern, show­
ing linear slope with null at axis.
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l~ .t<::' ~ ~ ;-t ·:-. " :-. : . "I}-. t · C·:·Jr- y ~ C' ~ h t' p e a k of t h i s c n ve l o p e is rri e a s u r e d .

r ol a t i v e t r t 7'; P p c a k 0: t h e t ra ns m i t te r s i g n a l . w hi c h is s i m i lar l y pro­

c e s s e d to r e rr.o v e bi as . y,,'h ile a re c ta n g ul a r p u lse d transmiss i o n ,

v i ew e d b y a w i d eb a n d (m i s m at ch ed ) re cei ver , ma y preserv e i t s fla t

top w i t h o u t a r e c o g n i z a bl e p eak. the o u t p u t of a more nearly m a t ch e d

s v s t e rn w i l l have a curv ed peak similar to the antenna lobe. In pulse

c orr. p r e s s i on s ys t e m s . t h e a n alog y to antenna patterns is exa c t, in­

c l u d in g m ultiple " t i rn e s i d e l ob e s " besid e the mainlobe. Doppler fre­

quen c y meas urements use the s h i ft i n s i g na l spectr um , rela tive to the

t r a n s missi on. In t h i s cas e , too , the response of the filter to the signa l.

a s i t s f r eq u e n c v i s v a r i e d . fo r m s a c ur v e d lob e analogous to t h e antenna

p a t t e r n . The de r iva t i v e r e s p ori s e ca n b e form ed d i r e c tl y by a fr equen c y

discriminator.

In eac h radar coordina te (angle , delay , or frequency), the radar

d esigner has a c hoice of forming the derivative response either by

seq uential or simultaneous comparison of two adjacent channels (Fig. 2 ),

whic h ca n represent beams, gates , or filters. Sequential comparison

is o ften used in angle , where the expense of additional feeds and re­

ceivers may be a ma jor consideration. The degree to which the differ­

ence between two displaced beams can approximate the derivative of

the on-axis beam is indicated by Fig. 3, which was calculated for beam

patterns formed by a cosine-illuminated aperture. The difference be­

tween two beams oHs et ±O. 3 beamwidths from the axis (crossing at their

- 1 d B points. o n e-wa y ) f oll ows the id eal d erivative very clos el y. Th e

sa m e consid eration applies to generation of a frequency discriminator

cur ve fro m two detuned filters, or of a time dis criminator function from

outputs of two adjacent range gates. In these cases , however, the cost

of a second simultaneous channel is small, and sequential comparis on is

seldom used. Figure 4 shows typical measurement systems for any

coordinate.

3. Fundamental Considerations of Accuracy . It is apparent that the

accuracy of a radar measurement depends upon the width of the response

lobe within which int erpolation is made. For the usual lobe shapes, this

4
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Figur e 2. Approximation of derivative respons e formed

by two offset channels: (a) Responses of two adjacent signal
channels. (b) Sum and difference channels formed from
two adjacent channels.
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w i d: 1: i s U~ i c; u -:: 1y r el a ~ edt a t h e s l o p e 0 f t he d e r i va t i \' e r e s po ns e , w hi c h

r e p r e s e n t s t he " s h a r p n e s s " (secon d de r iv ative ) nea r t h e c e n t e r o f t h e

o r i g i n a l l o b e . In Fi g . 5 , it ca n b e s e e n that t h e n oi s e e r ror i n out p ut

o f t h e rr.e a s u r e rr.e nt di sc riminator is p r op o r t i on a l t q t h e el e c tri c a l

n oise v ol t a g e d i vi d e d b y t h e s l op e of t h e d er i v a t i ve r e s p on s e . If the

gai ns o f the l: a n d L c h a n nel s are a djusted for equal noise outputs, a n d

t h e S / I\ ra t i o i n t h e r. c hannel is large enough to avoid small-s i gn a l

s up p r e s s i on e ff e c t s in th e er ror detect or , the s tandar d de via t i on of t h e

mea suremen t ca n be expressed in terms of the half-power width of the

resol u t ion c ell :

z
3­....z

w her e the factor o f two results from suppression of the quadrature com­

pon ent of nois e in the d~tector, and n is the number of independent noise

samples integrated in the output filter time constant t .
o

The normalized slope k is a dimensionless quantity near unity forz
. rno s t practical measurement systems . In order to reduce error, for a

given SiN and integration time, the width of the resolution cell z3 must

be reduced. This implies a narrow field of view in angle; narrow

pulses , gates , spectra and filters in range and Doppler, or instrumenta­

tion of many contiguous beams, gates, and filters to cover a broader

interval. This trade-off between sensitivity, field of view , and com­

p l ex it y is on e o f t he basic reasons for use of specialized tra ck i n g radars

to cover specific targets rather than broad search volumes.

The width and shape of the resolution cell or "response function" in

a given coordinateare determined by the weighting applied to signals

received over an interval in the "transform coordinate." For example ,

Fig. 6 shows the transform relationships between the antenna illumination

in the x-coordinat e across the aperture and the antenna pattern in angle.

Uniform weighting of signals transmitted or received over the aperture

leads to the narrowest beam, but gives high sidelobes. Tapered illumina­

tion or weighting gives a broader beam with lower sidelobes. The two-wa y

8
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s c a nm i..; p a t : e rn is t he s q uar e of t h e o n e - w a y p a t t e r n . a n d h a s a n

eq ui va l en t illuminat ion gi v en b y t h e c onvolution of th e ac t ua l i ll um i na-

t i o n fun c t i 0 r; w i ~ ;-; i ts elf (w h i c h w 0 ul d r e qui r e tv.' i ce t h e a p e r t u r e wid t h

if p r o dur e d w i t h a no ns c a n ni n g a n t e n n a ). I n d e l a y- Do p pl er co o r d i n a t e s .

t h e F'ou r i e r t r a n s f o r rn re la tes th e f req u enc y s p e c t r um to the time

r e s p on s e o f th e ra da r. For exa mpl e , a c h ir p t r ansmission with un i-

f o r rn s p e c tr um ov er a ba ndwid t h B produces a (sin t} /t time r e s p on s e

w i t h a 3 -d B c ompr e s s ed pulse widt h t
3

= O. 8 86 /B. W eighting or t ape r

a p p li e d to the re ce i v e d s p ec tr um can red u ce sid el ob es a t t h e expen s e

o f a wid er o ut p ut p ul s e . Do p pl er filte r i n g of a tra in o f unifo rm puls es

t r a n s rr. i t t e d ove r a t i rn e T ca n p r o d u c e a resolut ion b a n dw i d t h

B
3

= O. 88 6/T w it h hig h sidelobes, or wider bandwidths with lower

s i d e l o b e s . Because the shapes of all these response functions are

simila r , w ithin t h e 3-dB points , the measurement potential in a given

coord ina te can be r e l a t ed to the illumination or weighting function in

th e trans for m coordina t e:

A n gle error "S depends on )" Iv:

De Ia v error" depends on 1IB, t

Doppl e r e r r or "f depends on l/T

or more precis el y to

the rms widths of the

weighting in th es e tr ans for m

coordinates.

Ouantitative relationships will be described in a later section.

B. A I\GLE T R A C KI NG TECHNI QlTE S

1. Sequen tial Lobing . The earliest tracking radars used sequential

lobin g (Fig. 7 ) for angle error detection. The system was derived

fro m th e old A- N radio beacons, in which two overlapping beams were

keyed alternately to produce a continuous tone at the crossover axis.

In earl y radar , successive groups of pulses were transmitted in the A

and E beams , and the " T yp e K " d isplay showed the two sets of returns

with slightly different delays on an amplitude-vs-time sweep. The

tracking servo consisted of an operator who turned the antenna handwheel

until the two signals were balanced in amplitude. Referring to Fig. 4a,

10
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~ r: ' t '.\ :- i r. ~- ',: ' c h ?- r: r: (' ) s ar c a I ~ e r n a ~ i n f.: b e a m s fo r rn e d b y th e an t enn a .

c on n e c t e c t o r e c e i v e r wi t h manual g ain contr o l or slow AGC (to a v e r a g e

O\OeT b ot h b e a rri s ). Th e' s u m m in g a n d d iff e r e n cin g o p era tions ar e

p c r Io r m e c v i s u a l l y , t h e d ispla y - ope r ator c o m b i na t i on providi n g a d e­

q ua t e 5 Dr a g e of the s eq u e nti a l da ta a n d i ntegra ti o n o v e r p e r i o d s i n the

or d e r of s e c on e s . Fo r tra eking i n b ot h a ngu l a r co o rd i na t es , th e p ul s es

a r e d i vi d e c i n t o fo ur g r o ups . s o t ha t el e va ti on and tra ver s e sens in g

i s t i m e rn ult i pl ex e d . w it h s epara t e dis pl ays and op era tors.

2 , C on i ca l S can n in g, Wh en m icrowave radar was developed during

W o r l o Wa r II . narrow pencil beams became available and the technique

o f c ori i c a l s ca n n in g wa s i n t r o d u c e d (F ig. 8 ). T he b e a m i s o ff s e t f rom

th e trackin g axis by the squint angl e e
k

, and is rotated rapidly around

tha t axis . producing sinusoidal modulation of the received signal envelope.

This modulation is recovered after the second (envelope) detector

(Fi g, 9 ), and demodula ted by a reference voltage synchronized to the

scan , producing elevation and traverse error signals which control the

. p e d e s t a l servos . As with lobe-switching sequential scan, the received

'e n e r g y is shared between the two coordinates. Conical scan antennas

ma y use either rota ting or nutating feeds (the latter maintaining con­

stant polarization) , or the scan may be generated by electronic combina­

tion of clustered feedhorns. If the scan modulation is generated

electronically in the receiving channel, the system is known as " s il en t

lobing" or COSRO (conical-scan-on-receive-only). Since many pulses

(a t leas t fo ur ) m us t be received in each scan cycle, and ma n y s can

cycles avera ged in the servo , the system bandwidth is limited to a very

small frac tion of the repetition rate.

3. Linear Scanning. Since the closing phases of World War II,

the precision approach radars of ground-controlled approach and landing

systems have used the .scanning procedure illustrated in Fig. 10. Two

separate beams are g enerat ed . one scanning in azimuth and one in

elevation, and usually "tim e sharing a single transmitter and receiver.

Each beam is narrow in the scanned coordinate and broad enough in the

other coordinate to cover a good part of the scanning field of the other ,

12
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b e a rn . l r, e a ch c o c r d i na t e . a n intensity -m odulated CRT pr o du c e s a

na rrow b l i c on a ran g e-a n g l e displa y c a li bra ted wit h range marks a n d

t he e s t a b l i s h e d approach p a t h . The op era tor interpol a tes vis ua ll y

t h e c e nt e r of e ach bl i p an d ad vises t h e p ilot of his d eviation fro m t h e

in t e n d e d approach . This is a c ase of t r ac k - while - scan w it h i n a lim it e d

scan se c t or . a n d the loop is clos ed through verbal commands to the

p i l o: . A similar s c a n procedure is used w it h a u t om a t i c t ra c k i n g gate s

(angle gates ) in s om e fo r eign eq uipment for missile comma n d guida nce ,

a n d in one coo r di na te t h e procedure is commonl y app lied for track­

whil e -s ca n in 2D search ra da r s a n d nodd i n g h e i g ht ~i n d e r s.

4 . J..~ ono::>u ls e . The monopul se tracker makes the b es t use of

signa l ener g y b y formin g simultaneously the on-axis I: beam and its

d er i va t iv e pa t terns in travers e and elevation (Fig. 11). The on-axis

tar g et prod u c es maximum signals in the r channel and nulls in both fj

channels. A small deflection of the axis from the target in either coordinate

p r o du c es a proportional signal in the corr esponding 6 channel. with a

.' p ha s e of 0 or 180 deg indicating the dir ection of the error. The signal

ener g y diver ted to the tJ. channel is only that which is lost from the r.
channel due to misdirection of the t beam , and both 6 channels receive

the benefit of each received pulse, providing complete data on target

position in a single pulse interval. At the same time the target is illu­

mina t ed with the full on-axis gain of the r pattern , to which the trans­

mitter is c o n n e c t e d. In ad d i ti on t o it s greater e ffi c i e n c y i n us e o f e n e r g y ,

t h e monopulse system is insensitive to natural target amplitude fluctua­

tions (sc i nti ll a ti on ) and to AM jamming from the target.

The type of monopulse tracker most often used is the sum-and­

diffe r en c e amplitude-comparison system shown in Fig. II. which may

be considered to form each 6 pattern by subtracting squinted receiving

beams (Fig. 2). In fact, since the horn phase cerit e r s are less than a

wavelength apart s nd may,involve multiple-mode exc it at i ons , there ma y

be no individually generated beams, but only the composite Land 6

patterns. In stacked-beam height finders and some array radars , the

individual beams are generated in the antenna , received and processed

14
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5 e ? C': ra e 1>_ a n C c 0 : r. b in e d in L an c: t: net w 0 r k 5 a t I F or v i d ec , t o g i v e

a t r u e " a~ ... p l it u d e compa r i s on mon opu1se " s ystem. The ot h er ma j or

t vp e of rr. or. o p u l s e s y s t e m us es "pha s e comparison " betwee n si gnal s

r e c e i v e d b y s e p a r a t e (g e n e r a l l y c on t i g uo u s ) a n t e nna s . Combina tion

p ha s e va m p l i t u d e system s ha v e a l s o b e e n b u ilt. I t i s important to n o t e

t ha t th e dis tinction b e t w e eri a m p li t u d e a n d phas e monopulse is in th e

p hase -cente r s pa c i n g between a n t en na f e e d p oi n t s , a n d that subsequent

n etw orks a t RF or IF can transform the angle informa tion of eith er

s v s t e rn i nt o a m pli tud e- or phase-code d for m.

C. TRACKI~G RADAR AN T E~'1'A S

1 . L ob in e a n c Scanning Antennas. The earliest U . S . tracker to

us e seq u ent i all 0 bing was the S CR - 2 68, a VH F dipole a r ra y s y s t e ITl

w hich us e d human servos for pointing (Fig. 12). By alternately switch­

in g s rn a l l phase shift sections in the feed network , the b ea rn could be

offs e t up and down or right and left, generating the target angular mea­

surement func tion. The system had a very respectable power-aperture

-p r o duc t and range . but at 200 MHz its beamwidths were so great

(R:: to d e g ) that it was used only to designate optical fire control systems ,

rather than as the source of gun orders. In 1943 . the SCR-584 (Fig.l3 )

became available for antiaircraft fire control [ 4]. The first of the

microwave , pencil-beam trackers, this radar used an offset dipole,

spinning at 30 Hz to scan the 4-deg beam in a cone around the tracking

axi s. Automa t i c a rig l e tracking to about 2 mr accuracy wa s provided o n

typical aircraft targets, the primary source of error being target scintilla­

tion components at the 30 Hz scan rate.

Apart from the conventional 20 search radars and nodding height

finders, which measured azimuth or elevation over a wide field of scanning,

the prime us e of linear scanning techniques has been in GCA systems.

The II Eagle scanner, " Fig. 14, was originally developed for an aircraft

radar, but its major application has been in the X-band precision approach

radars AN /MPN-I and derivative types (still in use today). This antenna

uses two linear phased array feeds to illuminate cylindrical reflectors for

azimuth and elevation scanning. The feeds are of the waveguide type,

16



Figure 13. The SCR-584 conical-scanning radar.
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wit h d i p ol e s c o u r 1f' c i rr o t h e e: u i d f' w i t h prob es . Th e w i d t h o f t h e guici e

i s var-i e d me chanically to cha n g e t h e phase v e l o c it y i n t h e guide a n d

h cn c e t h e i n c r e rn c nt a l phase s h ift b e tw e e n r a di a t i n g elements. Beam ­

w i d ~ h i n t h e s c a nri i n b P ~ a n e i s o. 6 t o O. 8 d e g , w i t h a 2 - 5 e c t ot a 1. sea n

t i rn e for b ot r; c o or di n a t es . S c a nn e r s of this typ e have op erate d for

yea rs wit h only rno d e r a t e m aintena nc e problems.

2 . ~~ on opu1s e Fe ed s. The earl y monopulse a nt e n na was d e s i g n e e

fro m the view poi n t of a cluster of four feed horns . producing four beam s

sq ui nte d i n spa ce . Two 90-deg phase shifters and four microwave

h ybrids (F'i g . I5 ) were used to form the 1: and 6 outputs. The optimiza­

ti on p r obl e rn i n vo l v e d choosing the h or n dim ensions to obtain the best

com promis e among r efficiency. 6 slopes , and s i d e l ob e levels in all

three patterns. It was shown by Hannan [5] that this simple feed could

not approach ver y closely the optimum functions for L .and 6 illuminations

over the lens or reflector aperture, as derived by Kirkpatrick [ 6] .

Considering only gain and slope optimization, for a given aperture,

Kirkpatrick repeated the classic derivation showing that the ideal I

illumination was uniform over the aperture, and then proceded to show

that the ideal ~ illwnination (for maximum slope) was a linear-odd

function. These illuminations, however, give high sidelobes (Fig. 16),

which fall off very slowly with angle. Furthermore, they cannot be

generated in horn-fed systems without excessive spillover loss (and

accompanyin g lobes near 90 d e g}. When sidelobes and horn limitations

are considered , both illumination functions become tapered (Fig. 17), but

the horn size which gives an efficient I: taper has large t spillover and

sidelobes, while the larger horn for good b. illumination gives an inefficient

!: illumination. A us eful view of the problem is given by Dunn and Howard

r 7J in terms of the fields in the focal plane of the lens (or reflector),

shown in Fig. 18. The focussed spot representing the target moves as

the target deviates from the antenna axis, producing unequal fields in

the four horns. If the hornclus t er is matched to the size of'th e focussed

spot. to obtain optimum 'E -channel gain, the individual horn dimensions are

too small to accept the full energy from an off-center spot. as needed for

high 6-channel gain and slope.

18
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Ap e r t u r e i.llurrririat i on Antenna pattern

1
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(a)

Angle.

~

e
Angle.

(b)

-------~,--------.x

Figure 16. Illuminations and patterns for rnaximwn L
gain and A. slope with a given aperture: (a) r channel;
(b) ~ channel. .
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A n t enna p a t t ern

(a )

(b)

(c)

(d)
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e

Figure 17. Patterns for taper-ed illuminations us ing four­
horn clusters: (a. b) small horn cluster; (c. d) large
horn cluster. -
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Figure 18. Two- and three-dimensional views o! received
energy in focal plane: (A) single, on-axis feed; (B) offset
feed with conical scanning; (C) four-horn cluster ['7J.



j :-. ~ 5 C ~ '-' • : c:. TC' t h 1S 0 ::- ~ i ~ ~ 1Z G ~ i 0 ;-. p !" 0 b 1e :J~ . d E'v e1o p e c d u r i r; g t h e

I G ~ ':.:' 1 <;: :: : ;;. . i s t o L:~ e a la r g e r a rr e y of ho r ns (Fi!; . 1 9 ); wit h rn ul t irrio d e

ex c it G ~ i 0 :". 0 r a d C1t i 0 n a J h Yb ri d s . The 2: - c h an n e 1 ex ci t a t i 0 n a pp e a r sin

t h p c e n t r a l r C; 1o:-J o f t h e 4 x 4 array . mat c hi n g t h e on - a xis fo ca l spo t.

E a c h t c h a n r. e 1 e x c it e 5 t h e 0 u t e r r e g ion s 0 f t h e f e e d a r ra y (w ith opp0 sit e

p o l a r i t i e s i t o m a i n t a i n hig h D gai n an d slop e. T h es e " Io ur vl ev e l " feeds

a r e Ia r g e r a n d H10 r e c o m p l e x , a n d can b es t b e u s e d with lens antennas

or Ca s s e r r a i ni a n re fl e c t ors . w h i c h rni n i rn iz e b locka g e problems. Earl y

rno n op ul se tra c k ers included th e Ni k e A jax (Fig. 20 ) and the AN /FPS-16

Inst rument ati o n R a da r (Fi g . 21 ). bot h of which u s e d four-horn feeds .

T h e 2 S-m dia m e t er A !\ /F PS-4 9 d i sh (Fi g. 22) , opera tin g at 425 MHz ,

w a s f e d b y a S-h O:rD c c n Ii c u r a t i c n. w i t h o n ly t h e c e nt ra l 2: horn d esi gn e e

to h an dl e the 3 0 0- kw avera ge trans mit ter power. A four-layer , multi­

mode feed was used in Nike Hercules (Fig. 23). achieving major im­

pr ove m e n ts i n ? a in an d sid elob e levels as compared to Nik e Aj ax .

3 . Phase d 4A.rra\· Track ers . The corporate-fed phased array pre­

sents special problems in monopulse beam Ior rn ing , In principle , th e

optimum illumination functions for all three patterns can be formed using

.a set of three hybrids for each set of four symmetrically located elements.

The L. 6 and t:. outputs of the hybrids are combined in three separate
e a

corporate feed networks , giving completely independent control of the

three illumination functions, at the expense of ext r ern er c ornpl exi t y, At

the opposite extreme, the aperture can be divided into quadrants and

thes e four out p u ts combine d in three hybrids, giving a choice of poor ~

si d elobes or poor L sidelobes (Fig. 24a).

Three general approaches have been used to overcome this compromis e

between complexi ty and poor performance. The subdivision of the array

into more modules or subarrays (Fig. 24b) . reduces the sidelobes with

modest increase in numbers of hybrids. The AEGIS antenna [ 13] is an

exarnpl e of this approach (Fig. 25). The "Lopez f e e d " uses a dual1adder

network (Fig. 26) to synthesize smooth,tapered illumination functions in. )

both L and ~ channels. In ' a two-coordinate array, such networks must

be used for each row, and two additional networks then combine the rows
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Figure 20. Nike AJAX tracker, using a 1. 8-m diameter
lens with 4-horn feed at 9 GHz. In the background is a
search radar used for acquisition.
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F i gure 21. A N / FPS-1 6
ins trumenta tion radar,
us ing a 3. 6 -m r effector
and 4-horn feed at 5.6
GHz, with multimode
excitation in the azimuth
plane.
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Figure 23. Nike
Hercules tracking
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2. 4-m main reflector
and 4-1evel multimode
feed.

F i g u r e 22. A N / F PS -4 9
B l\1E\\~S s e a r ch-t r a c k rada r.
with a 25 - m r efl ector a n d
5-h or n mon op u l s e f e e d , a t
425 MHz.
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t c. f (1 r :; . c s i r, .: 1.' := a ;;c t w C' :.. c he nn , 1s . Th e t h i r d a r r a y a p p roa c h u s ('s

a n o?: i cc. l} \ · - f ~ c l e n s o r r e f l e c t o r ( F i ~ . 2 7 ) , s epa r a t i n g the b ea m s t e e r ­

i n f: Iur. c t i on 0: t n e a p er t ur e elem ents from the monopulse feed d e s i g n

a n d p e r rn i t t i n c con vent ion al multi -l aye r monopulse fee ds to be use e.

T h is i s t h e a p proac h used i n t h e SA :\-1-D r a da r (Fi g. 2 8 ), w h er e a n

e If i c i en! . Io ur vl e v e r . rn ul t i rn o d e re ceiving feed horn i s c en t e r e d b e tw e e n

tw o simple tra nsmitting horns . Th e a rra y e l e m en t s are a d j us ted between

t r a n s rn it t i n g an d r e c e i vi ng to focus o n the proper f e e d .

(

On e fur t h e r exa m p l e of a m onopulse tra cki n g antenna is th e lim it e d­

s ca n arra y- f e d refl e c t or of t h e A K / T P N-19 PAR (F ig . 29 ). A small

(80 0 -elenlent ) ar r ay. a n a l o go u s to the s ub r e fl e c t o r of a C a s s e g r a i n i a n

an ten na . is i l l urn i n a t e d by a multimod e rnon o pu l s e feed horn assem b l y.

Con t r o l o f the arra y e lement p h as e s h i fters chang es the i llumina t ion

o ver t h e ma i n reflect or to scan t he monopulse beam cluster over a limit ed

fie ld of view (I5 x 2 0 d e g ). T h e 0.7 5 x 1.4 deg beam would norma ll y

req uire some 10,0 0 0 phasing el e ments in a planar array, with appropri­

a te feed networ ks for three-cha nnel monopulse operation. This radar ,

deplo y e d as i n Fi g . 30 , represents the only production phased-arra y

radar s ystem in the U . S. (if frequenc y scan 3D radars are excluded ).

4. Pedestals and Mechanical Des ign. Except for fixed arra y designs

with electronic steering, the tracking radar is dependent on rapid , smooth

and accurate antenna pointing by its pedestal, and extraction of angular

data from shaft angl e encoders. The art of pedestal and antenna

mechanic al design h a s prog r e ss ed s teadil y from the SCR-5 84 thr ough

N i k e A JAX and Hercules, AN/FPS-16. and larger systems such as

A N /FPS-4 9 and Rampart (Fig. 31). A prime requisite of all these systems

is a ver y rigid structure with high mechanical resonance frequencies.

This makes it pos sible to clos e the servo loops with high enough gain to

overcome slowl y varying wind loads and wide enough bandwidth to mini­

mize tracking lags. Other considerations include low friction and s t i ct i on ,

accurate a n d stable a l i g nrn ent of axes , freedom from ther-rnal expansion

errors , and provisions fo r accurate boresighting and calibration. In

most cases , radomes are not used and the antenna is ·exposed to wind and
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Fi gu r e 27. Opti call y ­
f e d l en s arr a y. u s i n g
c omput er con t r o l o f
p ha s e s h i ft e r s t o pro­
vid e collimation as well
a s b ea m s te e r in g [ 14 ] .
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Figure 29. Block diagram pf A N /TPN-19 p r e c i s i ori
approac h radar, la monopu1se scan-track radar 'with
li m i te d el e ctronic scan [ 10] .

Figure 30. AN/TPN-19 pr e crs i on a p p r o a c h radar, show­
ing BOO-element array which illuminates the 2. B x 3. 6-rn
r elector to s can a monopuls e beam cluster [ 10] •
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Figure 31. Rampart radar at White Sands Missile Range.
This monopulse tracker uses an 18-m reflector in a
Cassegrainian system, with 4-horn monopulse feed.
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Figure 32. Processing of conical-scan pulse train to
recover s can modulation component. (a) Puls e train with
conical-scan modulation; (b) Same pulse train after pass­
ing through boxcar generator [ 11] •
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e r r o r s , c a u s f'C by n on u n i f o r rn i t y in t h e dome m a te ri al. b y wa t er o r

ic e Ii l rn s . b ,' r e f l c c t i o n s w h i c h i n c r e a s e sid el ob e l e v e l s , or b y i na b i li t y

t o u s e op t i c a l a l i c nrn e nt t e c h n iq u es . M od e r n r a dorn e rria t er i a ls a n d

us e o f r a d io a s t r on orn i c a I s our c e s for b o re s i gh t i n g m a y allevia te m o s t

o f t h es e pr o bl ems i n the fu tur e . but da ta to verify t h i s are la ck in g .

D. TRACKER SI GI\AL P ROC ES SI N G

1. An e l e T r a c k i ng Re c ei v ers a n d Processors. Tracking radar

s i gna l process ors must perform several functions:

A m p li fi ca t i on of the t ar g et s i gnals t o l e vel s ad eq ua te for envel op e

d et e ct i o r. :

Thresholding for target acquisition;

Furnishin g IF or video signals for operation of the range (and Doppler )

tr a c ki n g loops;

Amplification of the two signals required in each angular coordinate

to form the error signal;

Normalization of the error signal with respect to target amplitude;

Formation and filtering of the error signal to provide inputs to the

ant enna s e r v o ,

Depending on the type of tracker. these operations may be carried out

i n o ne or s e v eral RF , IF and video channels, and the requirements on

these channels will vary with the system. The block diagram of Fig. 4a

describes adequately the processing for a sequential lobing radar, where

the input switch is generally an RF device. and the output switch, storage,

filtering and adders may take the form of an incremental delay device,

producing offset images on a K-scope (as in Fig. 7). The requirement

for normalization can be met visuall y if IF and video gains are adjusted

to a void saturation, on the one hand, and fading of the signal"to too small

a scope deflection on the other. This processing may also be performed

automatically. The gain must remain constant over the lobing cycle and
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c r 0 S ss e c i 0 ;: . S E'? a ra t E' p air e d vi d e 0 c hann eI s a r e r e q u i r e d for e1e v a ­

t i on a n d t r a v e r s e (o r a z i m ut h ).

Conic al sca n processing us e s a s i m i lar s eq u en ce of el e m en t s . a s

i n d i c a t e d in Fig. 9 . T h e i nput " sw i tch " is a c on t i n uo u s rn e c ha n i c a l rot a t i o n

o f the f e e d , T h e o u t p ut s w it c h i s a n err or demo dulat o r u s i n g t h e r e f er­

e nce v ol t a g e Ir orn th e s c a n d r i v e s h a ft. A n A G C h olds t h e gain con s ta n t

o v er t h e s ca n cycle. b ut ad jus ts for slower targ et fluctua tions. Th e error

d et ec to r a c c epts t h e modulat ed vid eo p ulse train fro m t he range gate

a n d p erforms a " b ox c a r" or sample-and-h ol d operation to reduce unwanted

h i ~ h - fr eq u e n c y c orrip o n ent s w h il e p r e s e r v i rig t h e a udi o e n v el op e a t the

scan frequ enc y (F i g . 32 ). Wb en multiplied by the audio scan reference

volta g es (tw o quadrature components, corresponding to elevation and

traverse channels ) and filtered, the outputs are DC voltages proportional

to o ff-axis position components of the target.

M on op ul s e receivers require parallel RF and IF channels as shown

i n Figs. 4 b and 11. To reduce requirements for phase and amplitude

balance between channels, most practical systems form the Land t:.

channels in passive RF networks , as shown in Fig. II. The l: channel

then controls AGC for normalization of the error signals, and pr o vi d e s a

phase reference for the error detectors. A fast AGC may be used to

eliminate target fluctuation. since each pulse is error-detected independently

an d e r r o r f i l t e r i n g follows the detectors. In this type of t and 6 mono-

puls e . the position of the trackin g null is determined almost entirely b y

the balance of the RF network. The individual IF amplifiers have rela-

tivel y lax tolerances on phase matching. and unmatched gains affect only

th e loop gain of the tracking servo. Other systems of normalization and

error detection may be used in special circumstances. The limiter, or

"L + i ts " circuit of Fig. 33 involves recombination ,o f amplified r. and t.

si gnals in an IF hybrid, followed by hard limiting in two matched ampli-

.f i e r s . The subsequent addition gives normalized signals 2 ,!: and 2j ~,

which are processed through the amplifier or 90-deg phase shift, output

adders, linear detectors, and an output subtractor to obtain a bipolar

video signal pr opo rt iona l to angular error. The advantage of this circuit

34



F'i g u r e 3 3. N o r rn a l i z a t i o n of mon op uls e si gna ls in li m iter

circuits ( 6] .

(
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Figure 34. Block diagram of a two-chann-el monopulse j f/fj ,Z--flj z Jl/fj
radar system, after R. S. Noblit [ 3, p. -30. C C 3'-' ( <0 Ij--/A "-JV/ I' ~JT:7j_

~J?~/ 7 ,
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i ::: : :-iC.; i ' C2 r . p r OCeE S rria n y tar g et s . of d i f I e r i •.g a m pl i t u d e s . i n a s i n g l e

b ea r: ... p o s i t i c n.. w i t h o ut usin g m ult i p l e A G e l o op s . A n a lterna t iv e proces s

p r o vi d i n; i r. s t a nt a n e o us n or ma liza ti on u s e s m at ched l o g ampli fi ers w i t h

)" "1 t a n d ~ - t:. channels.

It is a l s o possible to process two -coordinate monopulse s i g na l s in

a t w 0 - ch a nn e l r ec e i v e r . This c an be don e in the mix e d phas e -a m plit u d e

comparis o n s ys tem devised by Ha us z ( 8 ] • i n which p h as e difference

c ar ries on e a n g ula r error an d a m pli t u d e d ifference carr ies t h e ot her , o r

i n a time -multiplexe d fa shi on (Fi g . 34 ). Th e time s harin g of a n g l e sens in g

i n v o l v e s a 3- d B sa cr i fi c e i n a n g ular sens itiv ity . since half t h e en er g y i n

e a c h t c h ann e1 is un us ed . but it re t a in s t he a d vantag e 5 0 f i n s t ant a n e 0 u 5

nor ma liza t i o n and freedom fro m scintillation error. The log detector

s ys t em shown can be replaced by limiter normalization. with a 90 -deg

p has e s hift introduced at RF. In the system shown. which uses a rotating

r esolver , omission of one receiver channel would produce a COSRO

s ys t em, as sumin g transmis sion through a duplexer in the t channel.

If th e transmitter is duplexed into the I + 6 channel, the result is a

"c on i cally scanned s ystem with an auxiliary receiving channel, s canning

180-de g o ut of phase with the main channel. This is equivalent to using

a pa ir of rota tin g feeds squinted in opposite directions. the " s c a n wit h

compensa tion" system described in Soviet literature ( 9] .

2. Ra nge Trackers. The generalized two-channel measurement

s ys t em s h ow n in Fig. 4b i s represen tative of t h e " s p li t gate" type of ra n g e

track er . The inputs f} and f
2

are now derived from a common IF or vid eo

amplifi er (e. g . the r: channel of a monopulse receiver) by time gating.

typicall y usin g a pair of contiguous , rectangular gates extending somewhat

beyond the width of the received pulse (Fig. 35). The resemblence to

monopuls e angle sensing functions is apparent. If implemented at IF. the

phase of the 6 signal is reversed at the center of the split gate. When

multiplied in the error detector by the t s ig na l , and passed -through a low­

pass filter. the output is a "DC voltage proportional to displacement of the

target from the center line. The split gate in this form is used whenever

the SiN ratio ior a single pulse may be low. since averaging of the DC

output over many puIs es can yield a smoothed estimate of error .
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V,' r. ,':- s i r, ;: } f' - F "': : s ee 5 ~ i rn a ~ e 5 a r e t a b e ma d l' a h i ~ h S / 1\ ra t i 0 • t h e

r a n c o t r a c k e r c a r: f o r rr. each e s t irn at e by pa ss i n g t h e I F or v i d e o

w a v e f o r rr; t h r o u c h a d i fferentia t o r ( F ig. 3 6 ). T h e und i ffe ren t ia t e d L

s i ~ nal i s c rr, ? er e eta a t h res t.old . a n d w hen i t ex c e e d s t his t h res hal d

t r.e o c-cu r re n ce o f a ne ga tive -go ing z er o c ross i n g in t h e d i ff e r e n t i a t e d

( 6) c h a n n e l i s id en ti fi e d as t h e tim e of peak signal. Obviousl y, th e r e

w i ll be zer o c r os sin gs f rom noise , o cc urring a t a n a v e ra g e ra t e equa l

t o th e c h a nn e l ba n dw i dt h , but if Si N i s h i g h enough t h es e ca n b e s u pp r e s s e d

b y s e t t i n g a hi gh r t hr eshold . without missing true signals. Avera ges

o v er man y p uls e s ma y s t ill be formed a t t he output , to reduce t h e error

furt h e r . T h e s p li t- ga t e (c o r r e l a t or ) and differentiator (filter ) pro-

ces s or s a r e m athematic ally eq u i va le n t fo r s t r o n g s i g n a l s . a n d diffe r

onl y w h e n nonlinear effects are taken into account.

A v a r iant of the split gate tracker is the leading-edge tracker

(F i g . 37 ). Here , the nornina Il y rectangular pulse is amplified in a wide­

ban d receiv er , env el op e detected, and differentiated before being applied

to a narrow split gate (matched to the pulse rise time), The unwanted

·. t r a il i n g - e d g e response is deleted by clipping of negative video or is ignored

after designation of the gate to the location of the leading edge. The lead­

ing edge is selected to avoid the effects of trailing chaff or slightly delayed

interference such as multipath reflections or repeater jamming.

3. Doppler Trackers . In pulsed radar, Doppler tracking is often

applie d to hold a fi lt e r on th e fine line of the spectrum found by a coherent

train of p uls es (Fig. 3 8 ). T he env elope of the transmitted spe c trum is

typicall y some megahertz in width, and within it the coherent pulse train

ener g y is concentrated in lines a few hertz wide, spaced at the repetition

ra te of a few hundreds of hertz. The reflected signal is shifted by

=

t ypically a few kilohertz . ·.Aft e r w ideband IF amplification .~nd range gating,

the signal may beheterodynerl intoa narrow bandpass or lowpass filter

(using in-phase and quadrature processing in the latter case), at which
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Figure 36. Differentiator range tracker waveforms;
(a) signal envelope; (b) differentiated signal;
(c) zero-crossing marker indicating location of signal
peak .
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Figure 37. Leading-edge range tracker waveforms;
(a) signal envelope of bandlimited rectangular pulse;
(b) differentiated signal; (c) gate for angle tracking;
(d) split gate for range tracking.
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p o i n: a c o r. v e r.t i oc a l f r e- q u e n c v d i s c r i rn i n a t o r w i ll p ro du ce t h e de s i red

t: - x h a nn e r e spon s e . Na r r ow b a n c A GC i n t h e s e c o n d I F r cha n n e l

provid es t h e d es i r ed n or ma li za ti o n p rocess . Th e Dopple r tr a ck i n g l o o p

i s c l o s e c b y a pp l y i n ; t h e f i l t e r e c d i s c r i rr.i na t o r ou tpu t a s a DC .c on t r o l

v olt a c e t o t h e va r i a b l e o scill a t or u s e d t o hete rodyne t h e w i d eb a n d IF

s i gna l in t o t h e s e c on d IF .

4 . Exa m ::> l e s of Tra ckers U si ng Dop ? l er. Th e Doppl er tr a c k in g

pot e n t ia l o f a coherent pulsed radar may be used in two wa ys. In Fig. 3 9.

t h e th r ee p os ition loops operate in normal fashion , using wid e b an d IF

a mpli fiers as in t he noncoherent radar. A range-gated r output at IF is

a p pli e d to th e Do p p l e r m easu r ement u n it . whi ch c onsists of a n a r r owba n d

s e c on d I F. c on t r o l l e d offset oscillator. and an ambiguit y resol ver whic h

uses differentiated range data to select the center line of the target

s pectr um . The Doppler R data is far more precise than the differentiated

r a n g e da ta previously a va i l abl e.

The other advantages of Doppler tracking are the improved SiN and

sic ratios resulting from narrowband processing of all signals (range

' a n d an gle channels as well as the Doppler channel itself). In Fig. 40,

the narrowband second-IF filters are ins erted in all three receiver

channels , processing angle 6 channels as well as the!: channel used in

ranging and Doppler tracking. The acquisition process is more complex.

since all four loops must acquire before tracking begins. However, once

a tar get is in track it can be retained even if the SiN and sic ratios in

t he wideband IF fall below unity. Radars of this type. especiall y those

usin g di gital signal processing and prf control to avoid blind ranges and

blind velocities, have been applied to instrumentation and weapon control.
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T h e r a d s r t r a r k o r is d e s i g n e d t o p o i n t i t s d i r e c t i o na l b earr. at t h e

s e l e c t e d t a r g e t . a n o t o di s c r i rn i n a t e a g ai ns t int e rfe r i ng s i gna l s t o t h e

g r ea ~ e st p o S sib ! e ex1 en t wit h a c 0 r» bin a t i on 0 fa n g1e I ran g e , a n d Do? P1e r

re s ol u t i o n . In a r e a l env i r o rirn e n t , h ow e v e r, si g na ls re fl e cte d from

t h C' ta r g e t ( 0 r e rr.i tt e d b Y a t ra n s p o n d e r ) a r r i v eat t h e ant enn a fro rn

several sur fa ce-reflect ed pat hs a s well as dire ctly (F ig . 1 ). \I\-hen t h e

tar g e t e 1e va t i o n a n g 1e 6 tis 1ow (fr o rn a few b ea m w i ct h s t o abo u ~ 1. 5

b e c rr,w i d : r.s L t h e E e r e f] c c t i 0 r; s e n! -: r t h t:" P r i :; c i p al s ic e l o b e 5 0 f : he!....

pa t tern . an d be l o w t hat angle they begi n to enter the main t lobe. Th e

g e o rn e t r y of the pat hs will be described , along with other factors whic h

affect th e spa tia l distrib utions and mag nitudes o f the different r efl e c t e c

components .

1. Sp e c ular Reflection. The reflected ray from a flat surface m 2 Y

'be treated as arrivin g at the antenna f r orri an image targe t below the

surface, or in terms of an i ma g e antenna viewing the real t a r g et (Fig . 2 ).

Equations for the several angles and for the difference in lengt hs be­

tween the direct and the reflected paths are shown in Table 1. Also

shown are the relationships for the spherical earth, where Fig. 3 defines

the symbols. Although it is possible to obtain 6 and, directly by solving

a cubic equa tion . use of the graphs (Figs. 4 and 5) for correction factors

J a n d K is usua ll y the more convenient procedure for the spherical­

earth case. The relative amplitude of the reflected ray is given by the

Fresnel reflection coefficient p , plotted in Fig. 6. Hence, for a smooth
o

earth, the total signal voltage at the antenna output is

A
r

-japDf( -P ) e
o r (l)

where At and A
r

r epr es ent th e f r ee -spa c e field s tr engths of ' t h e targ et

signal at the antenna and image antenna, f{e ) and f{e ) are the voltage
t r

1)

._--- - - - - - - - - - - - - - - - - -
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n o r rn a l i z e d r ang e 5 a n d

G razing h , + h i h , + h , he i gh t ra t i o T .-- --- K tS,Tl
angle. R R

tV I

Norma lized
r,n~ .

S

Height
rat io,

T

R

Horizon
range.

R h o

Image
Ing le,

8,

(h. in rn )
1

-----+-----~--------_ .. ._-~-------------

Range to
ref lect ion
po int . G 1

R h,
h , (- 1·
~

h, )
4ka ~2

2 h,

ka tV '

Table 1. Radar-tar ge t geometrical relationships for low-angle target
( ~ ~ tan ¢ ' R 6 G ). For standa r d a t m os ph e r e , th e effective earth radiu s
ka = 8. 5 x 10m.
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g a i n s of t h e nt e nn a al o n g the d ire c t a n d r e fl e c te d p a t h s , r es pectively ,

D i s the d i v e r g e n c e fa ct o r [ 2 ,3 ) a n d a i8 t h e tota l phase s h i ft o f the

r e fl e c t e d s i gn a l :

a =
l iT 6

o (2 )

w h e r e ~. is th e pha s e a n gl e of the Fresnel reflection coeffici ent. In rn os t

surfa c e-ba se d rada r cases , it is adequate t o set D = 1 for pat hs n ot

dom ina te d b y diffra cti on e ffects.

Refle ct i on s f r om a r ough surfa ce diffe r i n three w ays f r om t h e

s m ooth-s ur fa c e c ase : t h e a m pl i t u d e o f the sp e cular componen t is re­

dUCE-d, di ffus e components are introduced, and radar energy from the

transmiss ion ma y be backscattered from surface elements beneath the

tar get. The arnpl i t ud e of the specular r en ection is now given by the

product p p , where the specular scattering coefficient P is described
o s s

by Fig. 7. If the surface is covered by vegetation , another factor p
v

is i.nc l ud e d to accoun t for absorption.

2 . Dlffuse Reflection (forward s catt e r ), The region on the surface

f r o rn which tilted facets may reflect energy to the antenna is known as

the " g lis t en i ng surface" [ 4], and is generally an ellipse surrounding

the point of specular reflection. Viewed in azimuth-elevation coordi­

nates , the sources of reflection vary with surface conditions as shown

i n F ig. 8 . The distribution of d iffu s e e n erg y in el e vation a n gle , fo r the

low-eleva tion target , is typically as shown in Fig. 9. with a large

fraction of the energ y appearing from just bel ow the horizon, beneath

the target. Although these "horizon" components have greater relative

pathlengths than the specular c crnponeatj aubs tanfia l energy originates

fr orn regions with very small exces s dela y and Doppler shift and yet within

or near the "horizon spot" (see Figs. 10 and 11).

Integration of the power Irrthr e e different parts of the gHs t emng

surfac~ yields three components of the diffuse reflection coefficient P d'

plotted in Figs. 12 and 13. Note that the rss sum of these components

8
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Figure 8. Angular spread of multipath reflections for a long­
range target and low-sited radar [ 51: <a) specular reflection;
(b) slight roughness t characterized by rms slope 0 «8t and
rms height deviation Cl .. O. 06 ~ Is in 8 t ; (c) rough i"urface,
t'Jh > o. 16 ~ Isin e and' 2 C' < at; (d) rough surface with 2 (Jri> At'
producing intens e borizon capot. The major and minor axes of
the elliptical glistening surface are ad and e ,while p and ' .
P d are the 8pecular and diffuse 8catteling fac~~r8. The llliptical
ghstening surfaces shown here represent the -4 dB contours of a
Gaussian function, rather than sharp limits on reflection areas.
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T he horizon componen t Pdh2 is defined as the area under the
curve of power density !1 d from the horizon to -4Jo/2. and the
rni dr a n g e component Pdc. from -4Jo/2 to -2 \lJo' Below that angle.
the foreground componelfJ Pd/ extends to the lower end of t he
glistening surface at an elevation -20 - f\ = -0.118 rad.
Directive antennas no r rna Il y ~lin1inatg most of the foreground
component. and often the midrange component as well, but the
effect of the horizon component remains until the target rises
above about 1. 5 beamwidths.
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the target, and are greatly reduced for moderate roughness

~or longer target range. The midrange component Pd has
essentially the same delay (0.4 m) as the specular c61hponent.
The foreground component is not included here, as it will
normally be eliminated by a directive antenna. Range gating
on narrow pulses, or averaging over a frequency-agile pulse
train, can reduce the components whose delay exceeds the
reciprocal of signal bandwidt h, but since most of the power
is received with less than 3 ns delay there will be few systems
having sufficient bandwidth to affect the error of low-sited
radars. In (a), the target is at 5 km range with conditions as
tabulated in Fig. 9a, while in (b) the target is at the same
elevation angle at long range.
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Figure 13. Magnitudes of the foreground component, f..df' and
the midrange component, Pd ' of diffuse reflection. NOte that
these components, for ~h/X ~ 10, are dependent essentially on
grazing angle and not on normalized roughness. In most experi­
ments, and most radar applications, Pdf is excluded by the
directi ve antenna . For rough surfaces, p ; = Pd 2 f:::: P h2

f:::: o. 1 6,
s o t ha t to tal d iffuse p ower i s a b o ut half thaC\: o f the~i recF signal,
for the typical geometries considered here. At very low targe t
angles (1.iJ 0 < 5 rn r ] where all diffus e components are small, the
dominant multipath terms are from specular reflection (over
smooth surfaces) or from diffraction, a subject not adequately
discussed in the literature of low-angle tracking . However, see
[ 15] for a method of calculating the magnit ude of the diffracted
field from a knife edge below the direct path to the target.
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i s c or. s i c e r a Li v la rg e: t ha n mo st p r e vi o us l y r e p o r t e d va l ue s [ 4] , be­

ca us e a nt enn a r e s o l ut i on ha s n ot b e e n c on s i d e re d. In ma n y practi ca l

c a s e s , the fo r eg r oun d c o m p onent is r e j e ct e d en t i r e l y , a n d often t h e

horizon com pon ent is. the mos t l ign Hi ta nt. The effect of diffuse r e­

flect i ons on tr a ck i ng c c ur a c y wil l be d es cribed be low.

3. Ba c k s c a ~ t e r (clutte r). T h e a p e cul a r an d diffus e reflecti on s a r e

relecte d or emitted from t he target before being s catt er e d from the lur­

fa c e , a n d h ence they have a p p roxi ma te l y t h e sa me d elay an d Do ppl er

shift as t he d ire ct tar ge t signal. Surface clutter is generated by direct

ill umina ti on fro m the radar , • s rna Il fraction of which is ba cks catt e r ed

to the radar rece iver. Onl y the clutter within the lame spatial resolu­

tion cell a s the target will contribute to tracking error , a lth ough in s om e

cases this cell must be extended to iGt:lude sidelobe relponse &s well

as the main lobe. Two-way antenna patterns are used in evaluating

clutter power, as contrasted with the use of receiving-only patterns

for multipath components. Equations for calculating sic ratios with

and without MTI or Doppler processing have been given in a separate

Lectur e , and the effects of clutter or clutter residue on tracking accuracy

will be summarized below.

B. MULTIPATH ERRORS IN TRACKING

The multipath .c om pon ent of tracking error for a given situation

depends upon the reflected power and the antenna response at the angles

from which ·i t is received, relative to the slope of the target error

characteristic. It is convenient to evaluate tracking error using mono­

pulse sum and difference patterns for a typical pair of illumination

functions. and it can be shown that conical s can and other sequential

lobing systems will have similar errbrs if their beams resemble the mono­

pulse sum beam. Figures 14-Z0 are based on cosine illumination of a

rectangular aperture (with a difference pattern which is the derivative

of the sum pattern), and are typical of a large class of antennas, both

rectangular and elliptical, whos e sum and difference sidelobe ratios are

near 23 and 18 dB respectively, and whose difference peaks are about

3 dB below maximum sum gain. Equations in Table II are generalized

for any pattern or illumination.
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G e n e r a . ex pr e s si o n fo r i nt er f er e n c e

e r r or , n o r m a li ze d t o 3 - d E e l e va t i or;

bea m w i d t h

Specula r m ult i p a t h in s i d e Iob e s ,

where G is avera g ed over region
s e

near i rn a g e . -2 8
t

below tar get

trackin g a x i s

Di ff u s e multi pa th in s i d e l ob e s , wh e r E'

G is a v e r a g e d j us t bel ow horizon ,
s e

~ p. bel ow t arget t r a ck i n c axis
~ t ~

1 1u1. t i pa t h c o rn pori ent in main " lobe,

at an gl e e< 1. S ee f r o rr- trackin g

axis ( f.' = P Pd P or P p P < O. 5 )o vo s v

Diffracted component in main fJ.lobe,

at angle 8< 1.5 e from tracking axis.
e

A(8 ) is the voltage of the diffracted

component, and A (O) that of the direc t

t a r g et component [ 14] .

Diffuse rn ul ti pa t h e r r o r in azimuth

measure m ent over narrow glistening

surface (Sd < P )
a a

Specular multipath error

in range measurement w he r e

G is averaged over region
sr

near image

Os
ee

Or

=

=

=

=

=

k -VZG nm . se e

k m~2G n, s e e

e t (8)12: (0)

k m -V 2 n e

(3 )

(4 )

( f., )

(6a)

(7 )

(8 )

Table II. Multipath error equations for
specular and diffus e components and for
di ffra ction.
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1. R e fl e c t ion s i n Ant enna Si de l ob e s . Wh e n th e rada r is tracking

a ta r g et a t e l e vation 9
t,

t h e s pecular image arr i v e s a t d ep r es s i on a ngle

ar ~ 9
t

(for h
r

« ht' se e Table 1). If this t arget -ima ge separati on

~ Z 8t i s s uf fi c i en t to pl a c e the image i n the s i d el ob e reg i on of the 6

patt e r n , a s i n Fig . 14, th e spe c ular c om p on en t w i ll introd u c e a s m a ll ,

approxi matel y s inusoidal e rror voltag e whose power , relative to the

sum signal, is

.----\

I 6 / S = (9)

The r e s u lti n g e r r o r expr ess ion i s g iven in T a ble II, as d erived from the

genera l exp r e s s i on for interference error. Since the phase angle a. of

the s p e cular component changes with target elevation , there will b e a

slow oscillation of this error , with a frequency

f = 1

2 Ti

(l 0 )

In mos t cas e s , this frequency is low enough so that no smoothing effect

is provided by the servo (n fl::S 1).
e

Diffuse error has a similar effect, except that it is more random

and rna y be reduced by smoothing (see Fig. 11 for typical frequency spectra).

However , the d epression angles from which the diffuse components arise

cover t he entir e interval from the horizon to .. 2 00.' so evalua tion of

It:. /S is m or e difficult. It is often suI~~~ient to evaluate only the horizon

component, since this lies closest to the main lobe of the!:::. channel.

2. Reflections in Main Lobe. Targets below about 1. 5 beamwidths

will produce diffus e components in the main!:::. lobe, and below O. 75 beam­

widths the specular component enters this lobe. An expanded plot of

typical rand 6 patterns is shown in Fig. 15. Reflections from this region

can caus e either of two types of error, depending on their magnitudes

relative to the direct ray.
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F or s rr.a l l r e f l e c t io n s (p < O. S) , t h e> tr a c k i n g a n g l e d c v i a t e s

s yrn rn e t ri c ally ab o u t t h e tar get a n g 1e , a 5 w i t h s i d e ] 0 be r en e c t i on s , a n c
t h e tar g e t re ma i ns wit hin th e r e g i o n o f li nea r differen ce s lope. T he

sp e c u la r multipa t h - to - s i g na1 ra t i o i s

(11 )

i n Ta b I e l L H er e , ~ (9) is t h e

=I · Is
t:.'

[

P o P s P v t(t)] 2

L (0 )

a n d th e res u It i n g e r r 0 r is g i v e n b y E q . 6

d iffer e n c e - c ha n n e 1 v 0 It a g e ga ina ve rag e d 0 v e r the ang1e s fro m w hie h

t h e refl ecti o ns arriv e. an d it i s assumed that t he re s ulti n g err or (Fig. 16 )

is s ma ll e n oug h t ha t t he dire ct si g nal is received w it h th e full gain t (0 )

o f t h e s u rn chan n el.

The same expression applies to diffuse c orripon e nt s , with ~'d replacin g

p and with appropriate adjustment of the reflection angle. For exa m ple.
s

in Fig . 16. if the horizon diffus e component P dh is substituted for p s '

the source of reflections will be half way from the target to the image ,

and the target elevation angles in the abscissa will run from zero to 2. 4 8 •
e

'" Hence. significant mainlobe diffuse errors will commence at target eleva-

tion 8 .. 1.5 8 rather than at 8
t
~ 0.75 8. Two typical curves for

t e . e
horizon diffuse error "8h are shown in Fig. 17 , taking into account the

variation of p dh with target elevation for rough and medium surfaces. At

the lower elevations. where the horizon component approaches the

~ -pattern null, diffuse scattering at greater depression angles becomes

important. Th e error from these regions, near the specular point (mid­

range ) and below it (fo r e g r o un d), are shown in Fig. 18. The density of

thes e reflections is invers ely proportional to the surface slope, and the

reflected power (integrated over the ~ rna iril ob e] is proportional to the

beamwidth, giving a family of curves which depend on 8 10 as shown.
e a

A different type of error appears when strong specular reflections

(f. > 0.7) are received, as may happen for surfaces where the normalized

roughness (Oh /)., ) sin, < 0.065. W h en such a reflection enters the main

" lobe some 1.5 8
3

below the target (see Fig. 1 5 ), and is in phase with
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t h e t a r g e t si g n a l. t h e t r a c k i n p a n p l e t e n d s t ow a r d the h or izon , Io r c i n e

t h e t a r g e t fa r l:p ont o t h e up? t>r l: lob e a nd t h e ima g e far t her up the

l ower l o b e . \\' h er t h e i ma g e is o u t of p hase, the servo forces the lower

p ea k o f t h e t- l o b e t o th e h or i z on . placing the target and image s v rnrri et r i «

c a l l y o n t h e tw o s houl d ers o f t hi s l ob e. In the in -phas e case , the indi ­

c a t e d e le v a t ion is n car z er o , ind e p end ent of true t a r g e t el evati on . w h i l «

i n t h e 0 p p o si n g c a s c it i s n ear o. 7 bea rn wid t h s , i n d e pen d en t of tar get

el eva tion . T his p h en orn en o n , known a s " n o s e div ing, '! i s show n i n

id e a l i zed f 0 n n in Fig. I 9. In a ct u a l i t y , th e t r a c k ma y b el 0 s t d u e t 0

L -c h a n n e l fa d i n g as t h e re la t i v e p has e approache s 18 0 d e g , or t h e a n t e n n a

may b e d e fl e c t e d downwa rd ra t h er tha n upward, ei t h er a s a re s u lt of

r a n d o m n oi s e or a p p ar e n t in cr eas e in reflected pow e r f r orn diffuse C O !T l­

p a n en t 5 . E v e n i f r a !1 g e a n d a z i n i u t h t r a c k in g is pr e s e r v ee , th e e1e v a ~ i en

da ta are usel es s. S rn oot h i n g of t h e elevation data ca n dela y th e ons e t

of nosediving, as shown a pproximately in Fig. 2 0 , provid ed the smoo t h­

in g time exceeds the period of the rn ul t i pa t h error. This figure also

shows the diffus e components and the normalized specular component

for cases where p p < o. S.
o s

3. Rang e a n d Azimut h Errors. Both specular and diffuse reflec tion

components ca n also introduce errors in range data. and diffuse com­

ponents cause a small azimuth error a s well. The spatial di.s t r ibut i o ns

of Fig s . 8 a nd 10 gi ve an idea of the spread in thes e t w o coordinates.

The c o m p o s it e dir ect-plus-r eflected s i gnal may be viewed as a n ext e nd e d

target givin g glint errors in range and azimuth, as lis ted in Table II.

C. A !'\TI -~1 ULT I P A TH TEC H NIQUES

Man y radar tracking operations ar e carried out within the region

St < 1.5 S e' where the ~mainlobe reaches the horizon and the second

t:. sidelobe reaches the image. Often, tracking is desired even for

6
t

< 0.5 ee' where strong specular reflection in the rna i nlob e will normall y

caus e e r r at i c tracking or total loss of track. A riurnb e r of techniques

have been devised to reduce multipath error, but most of these are bas ed

on the purely specular .r e f l e c t i on model, and are of limit ed value over

irregular surfaces. For example, low-sidelob e antenna design can

suppress the response to the specular i rna g e fo r St >0. 8 g e ' but at the

expense of a broader mainlobe and increased diffuse error.
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Fig ure 19. Tracking angle vs . target angle with a specular
ima g e of varying amplitude according to Fig. 7. The
smooth, medium and rough surfaces correspond to aJl'A.. of
1, 5 and 20 respectively. The radar beamwidth 8

t
= zo rn r ,

and the antenna height h =ZOO A.. giving signal nulls at
el evation interyals A /2 ~ =O. 0025 rad. The phenomenon
known as "nosediving, II i1~ which the radar tracks the centroid
between target and image. with abrupt jumps to a fixed angle
above the target. occurs for at < 0.7 a when p > 0.75. In
practice, the antenna ma y .jurnp to an lngle below the Irna ge ,
causing loss of track • . Effects of diffuse reflection are not
shown.
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ponents a!e for the same case used in Fig. 20.
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1. Hig h -R es olu t i on Rada r . The us e of narrow bea m s i s the most

ba s i c techniq u e for avoidance of multipath error, and this explains the

preferen ce f o r high f req u e n c i e s in tracking radar. Narrowing the

elevation bea m is beneficia l in tw o ways : first, the multipath errors

for a given 5 / 1 ratio are directly proportional to beamwidth e (see
e

Table II ): secondl y , the S/1 ratio for a given target elevation is generally

improved with decreasing ~ /D ratio (where D is antenna diameter) , and

beamwidt h is usually reduced by this means (rather than by decrea sing

the taper ). Since tactical systems are limited in antenna size, the

trend has been toward higher frequencies: K -band (16 GHz), K -bandu a
(3 5 GH z ). or e v en higher, fo r shor t-ran g e s ystems . S ome of the

limiting factors are discussed by Thompson and Kittredge [ 7] , who

conclude that the higher bands are usible,in a typical cas e, to about

10-km range in rain up to 4 mm/h.

Resolution in range or ,Dop p l e r is of limited value for most (low­

sited ) radars. The spread of diffuse multipath is typically only a few

nanoseconds in range delay (Fig. 10), and one to a few hertz in Doppler

(Fig. 11 ). The spread of the specular components is even smaller,

often only one or two wavelengths of the RF and a fraction of a hertz,

respectively. Airborne or high-sited surface radars can sometimes

use range or Doppler resolution to advantage. The expressions in Table

III summarize the conditions under which these steps are useful.

, Frequency agility or diversity gives some of the benefits of range

resolution , although the error components are averaged over the tunable

band rather than being excluded from the receiver output. The limita­

tions as to applicability are similar to those of range resolution, but

the tunable bandwidth ~f may be greater than the instantaneous bandwidth

of practical waveforms.

2. Off-Axis Tracking. A simple procedure suggested in 1952 by

Kirkpatrick [8] consists of locking the antenna at an elevation 8
b-

O. 8 e, e
for targets descending below that elevation, and following thefar g et s in

an open-loop error estimation mode. The expected errors for different

surface conditions are shown in Fig. 21.
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Side lobe r e g i o n , lMa inlobe reg i o n . Ho r i zon re g i o n ,

Te chni q ue s 6 > 1. 5 8, 0. 3 8 < 8 <1.5 8 8
t

< O. 3 8et e e t e
er E< 0. 03 8e 0 .03 e <erE < 0.3 8 peak error-+9

e e e

Narrow Error = C S /..fG""e Er ror a n d regi o n Reg ion of l a r g e
beam wi d t h

e a
p roport i o na l to e error propo r t i ona l

e
to e~

Ra n g e r e i o lu ti on E ff e c ti ve f o r E ffe ctive onl y if lne ffe cti ve
w ith l i gna l band- h h

t
Ih Fl c

w idth B r c r e > ZB
R >YB

Da ta smooth ing EHe ctive fo r Effective for Ineffective
or Doppler l h S 2 h r ~\ 1res o lutio n r t > _1_

X. t o X. >~

Frequency a g i lit y Effective for E ffect ive o n l y if Permi ts tra ck o n
or d i ve r s it Y h . h h 8

c centroid at hor izon,
r t c r e > zt;T but no he ight data
R > l 6f

O ff - axis m ono- lne fie c t i v e P rovide sta b le trac k I Provide s s t a bl e
p u lse tracking with track with increas-

er E-' O. 2 8e as ing error until los 5

8t-0.38e
of signa l

I Doubl e -nul l Deg~n era t e s to Effective , giving Provides stabl e

tracker nor mal O. 0z< CJE / 8 e < O. 1 track with

monopuls e minimum er ror

Symmetrica l Ina ppli ca b le Effective for smooth Relatively la r ge

I
tiL pa tte r n land medium surfaces! diffuse error and

deep fades limi t
I a ppl i c a bili tv I

A s ymmetr i ca l In app l i ca b le Effective, giving Provide s s ta ble
monopulse

0.05 < rrElSe < 0.2
track with increas-
ing error until los 5

of signal
Complex ang les Ineffective Effective for specu- Possible data over

lar reflection at low calibrated surface
sites unt il loss of s igna l

M ult iple -tar get Ine He ct i ve Effe ctive for smooth Impractica l except
estimation and medium surfaces as implemented with

asymmetrica l beams

Radar fences Effective Effective when ma in- Detrimental : extends
lobe clears fence ho r i ao n to top of

fence

C ircular Ineffective unless 8
t
» Brewster angle; not applicable

po la r i za tion for na r row beams

Use of Inapplicable Poor tracking is Permits continued
a priori

" better than range and azimuth
altitude a priori data trac k until los s of

signal

Table Ill. Effectiveness of anti-multipath techni­

q ues in three regions of elevation tracking [6 ] •
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3. l\1ult i p}e -Target E s t imat o r s. Some years a g o it was recogn i ze d

tha t the c cnv ent i onal monopul~e tracker, while near optimum for mea­

suring a s ingl e t a r g et, was far from the ideal (maximum likelihood )

es t ima t or for one of two or more cl oe e) y s pa c ed targets. Seve r a l

s ch e rn es were devised and tes ted for simultaneous measurement of two

unresolve d targets , or of a target over a reflecting surface. The basic

papers o n this approach appear in [ IJ ' with White [ 9] giving the clearest

discuss ion of the results. Having synthesized the maximum-likelihood

tra cker for low-angle targets over a smooth surface, he showed that the

resulting ~ patterns, while placing a aecond null at the image, had large

response lobes at t he horizon and at a.ngles below the image. Following

an intuitiv e preferen c e for r e d u c e d r es pons e in t hese reg ions , Wb.it e

arrived at the "tempered double-null tracker, " which maintained the

second null at the image point but with generally reduced response at

and below the horizon. The estimated errors for this technique, using

the diffuse reflection models described above, are shown in Fig. ZZ.

For a smooth surface, ther e would be no error except that resulting

from thermal nois e , clutter, or circuit deficiencies.

A second approach to the target-image problem, described by

Dax [ 10] , us e d a broadened r pattern to produc e a s/t: ratio having

symmetry with respect to the peak of the lower ~ lobe. The antenna

was locked to place the axis of symmetry at the midpoint between target

and image (as calculated from range data), making the output estimate

independent of phase and amplitude of the specular reflection. White [9]

proposed a similar scheme for phased-array trackers which could not

afford the time to control adaptively the double-null pattern. A pair of

asymmetrical patterns was generated whose ratio F B / F A was symmetri­

cal relative to the target-image midpoint (as with the Dax system).

Ey "squinting" the two patterns so that each was &s ymmetrical, the

response below the horizon could be minimized. Even with squint, this

approach leads to a large response from the horizon component of diffuse

reflection, giving errors as shown in Fig. 23. Again, for a smooth

surface, this approach yields zero error for strong enough signals.
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Figure 22. Normalized diffuse multipath error for tempered
doub le-null tracker [ 9 ]. The presence of specular reflection
at low target elevation angles tends to increase t h e sensitivit y
to noise and to diffuse components arriving at angles different
from th e image angle. Note, however, that the horizon
components of error are lower than for tracking or off-axis
monopulse, especially for mediwn surfaces which lack the
enhanced horizon spot. Below St = -. 3 e , the foreground com­
ponents rise quite steeply equaling or ex~eeding those of con­
ventional monopulse systems . To obtain direct comparison
with the conventional .monopulse systems using the same
aperture size, the beamwidth 8 is taken as 1.2>" /D (~40 rn r
for the typical curves), and \Vh1te ' s standard b e a rnw i dth is
assumed to be >.. ID. The actual rriodi fi e d s urn be a rn w i dt h is
somewhat broader than A •

e
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Fig ure 2 3. Normalized diffuse multipath error for fixed
as yrnm e t r i ca l - b e a m monopuls e estimator [ 9J. The effect of
specular reflection is to increase the sensitivity to noise and
diffuse components for ~\ <:: o. 6 ~ • The relatively large
response to horizon components ~f diffuse multipath results
from the high gain at zero elevation of the broadened pattern
of one of the two beams used in this system. Typical values
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E a c h of t h e l i n e a r m u lt i pl e - t a r g e t e s t i rria t i o n te c h n i q u e s c a n b e

d es cri b e d by i t s a nt e nria p a t t e r n fun cti o ns or by t h e equivalent a p e r t u r e

w e i gh t i n g func t ions (th e tw o function s bei ng rela te d b y the Four i er

tra ns f o r m ). A p e r ture w e i g h t i n g or samplin g is t h e m o r e com pli cated

d escript i on . i n t ha t it inv o lv e s m any m ore e lement s t h an th e number

of bea ms u s e d t o synthesize t h e c o r r e s p on d i n g patterns in space.

4. C om p l e x Angl e 1\10n o p uJ s e . It h a s been shown by Sherma n [ 11]

tha t the quadratur e c o m p o n e nt o f t h e m onopulse error signal contains

infor ma tion w hi c h is re je cted i n t h e norma l monopul se error detector ,

and w h i c h c an p r ovid e da t a o n a s e con d , unresolve d t a r g e t . S u b s e q u cn t

w or k appli ed t his t o th e low-angl e tracking problem , s how i ng tha t a

s er i e s o f obs e rvati o n s c o u l d b e i n t e rpr et ed to yi eld tru e t a rg et e l e va ti o n

t o hig h precision. Exp e r i rn ent s show that the actua l complex 6 /2. ra t i o

does not follow the regular spiral path with increasing target elevation

over the groun d , but instead has both systematic and rando m variation s

in phase and a rripl it ud e-f p r e s urria b l y as a result of diffuse components ).

Attempts have been made to match measured data , over one or more

loops of the spiral, to a calibration curve prepared for t he target a z i rri u th

angle, with considerable success for a test target at fixed range. H'ow »

ever, diffuse reflection theor y predict s tha t such calibrations wil l be

valid only within very narrow intervals in target a z i m ut h and range.

The greatest prospect for success of the complex angle technique is in

lower frequency radars, sited low and looking over the sea, such that

diffuse components are minimized.

5. Oth er Techniques. Three furt her techniques for multipath re­

duction should be mentioned. Radar fences have been used at fixed sites,

and natural obstacles are often available for use by mobile radars, to

reduce clutter and rnul t ipa t h, Fences are of particular value in reducing

multipath in the antenna sidelobes, for targets above J::::: 2 8 • The top
e

of the fence causes diffraction and produces an equivalent source above

the angle from which multipath would have arrived. Hence, for lower

target elevations where this diffraction component may enter the main

t lobe, the error may actually be increased. Siting of the radar just

above the height of a distant line of trees can minimize error on low­

elevation ta rg et s ,
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Use -o f cir cular p olarization is s ometim e s pro p o s e d to r e j e c t re­

fl e cte d components from a fl at s urface. Thi s woul d b e e ff e c tiv e over

a n infinite metallic ground pla n e , but unfort unat ely, th e ear t h 's s urface

d o e s n ot c a u s e a reversal of the s e n s e of circular p ola r i z a tion a t angles

bel ow t h e Brewster a n g l e (Fig. 6), ari d this app r oa ch is us eless.

The fi na l t e chniq ue involves reliance on Don-radar s our c e s of

alt it ud e data : a pr i or i tra jectory info r mation , optical data , or barometri c

altimet er da t a . Ea ch of these has its own sources of error, which are

beyond t h e s cope of t his cours e .

D. ACC URAC Y. OF RADAR MEASUREMENTS

Sev e ra l s o u r c e s of measurement e r r o r have b e en di s cu s s e d a b ove.

This section will review the basic error components and the factors

whi ch affect them, leading to an example of tracking radar error analysis.

1. T herma l Noise. The basic expression for noise error in inter­

polation within a resolution cell of width z3 has been given :

=
Z-3

k z ~ 2(S/N) n
(12 )

Table I V gives the expr essions for thermal nois e errors in angle estima­

tion . in terms of the on-axis energy ratio

2(S / N ) n L
m (I 3)

and the error slope constants which apply to each case , Numerical values

of monopuls e slope k are shown in Fig. Z4, as a function of L -channel
m

sidelobe ratio. Table V shows corresponding values for horn-fed

apertures. Conical-scan error 810pe for two-way scanning systems is

shown in Fig. Z5 as a function of squint angle , One-way (C05RO) systems

have somewhat lower values ks/~ ~ I '. Z, with correspondingly larger

errors. The equations shown,In Table IV do not include the effects of

small-signal 8uppression (detector loss) or of inefficient signal processing

(e. g. L '> 1), which can be accounted for by inclusion of loss factors to
m

reduce ~m. Detailed discussion of these losses will be found in [ 5] •
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Figure 25. Gonical-sca.n error slopes VB. offset angle [ 5].
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Feed
Type of horn no /(m km Gsr Gs~ shope

(db) (db)

Simple four - horn 0.58 1.2 1.2 19 10 Ef]
Two -horn duel mode 0 .75 1.6 1.2 19 10 E j
Two-horn tr iple-mode 0 .75 1.6 1.2 19 10 ~

R"Twelve- horn 0 .56 1.7 1.6 19 19 XB",

TI'

Four-horn tr ip le-mode 0.75 1.6 1.6 19 19 R
I I

Table V. Performance of horn-fed antennas: " is
L -channel efficiency , G is L-channel s idelobe Cj.atio,
G is f)-channel sidelo~l ra tio.se
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Errors i n range delay or Doppler measurement are found from equa­

tion s in T abl e VI, a n d from F ig s . 2 6 a n d 2 7 . T h e n o r malized ran gi n g

s l op e K r 3 is analogous to k i n m onopulse a n g l e mea s u r em ent, a s isa m
t h e normalized Doppler slope Kf B 3a • Except f o r ranging slop e on t he

r e c t a n g ula r pul s e , a ll thes e n o r rna l i e e d s l opes ha ve optimum v alues

near unity . In Doppl e r measurement , t he spectral widt h B
3a

will be th e

widt h of the s p e ctral envelop e (F ig. 28 ) for noncoherent (single-pulse )

pr o c ess i n g , a n d widt h of th e fine spec t ral line fo r pulsed Doppler pro­

ces sing.

2 . Clu tt e r a n d In t er(erenc e. The general expression for error

c aused b y small interfering signals is

(1 =
x (26 )

whe r e (5/1
6)

is the ratio of 'I:-channel signal to 6-channel interference, - '

and n is the nwnber of independent interference samples averaged in
e - -

on ~. meas urement. Equations for S /1 6
in clutter may be obtained from

those dis c us s e d in earlier lectures by multiplying I: -channel sic ratios

by t he receiving gain ratio (6/r.) '2 in the channel under consideration

(elevation . azimuth, range or Doppler). This is especially significant

in elevation tracking over a clutter surface. If Doppler processing is

used, the 5 /1
6

ratio may be increased by the MTI or Doppler improve­

ment factor.

3. Target Noise. Most radar targets consist of several scattering

or reflecting elements, distributed in angle and range with respect to a

"cent e r of gravity" which is to be measured. Two types of target noise

can be identified [ 12 ]: glint, which is associated with the phase relation­

ships of the reflected signal; and scintillation, in -which amplitude

fluctuations of the reflected signal are converted by. radar processing

into apparent shifts in target pos i tion, Glint is present in all four measure­

ment coordinates, and can be approximated by normally distributed errors

with standard deviations shown in Table VII. Typical measured distribu­

tions are shown in Fig. 29.
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Mismatch ed filter for signal pulse­

T" wid th 'r 3a ("..her e k 'i 3a s 1. 2)
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filter (see Fig. 27 ) = 1or
)12 B 'T' .t:{

(2 3 )

Ideal Doppler estimate for 1rms Of = .vs:- signal duration a a- a

Mismatched filter for signal Of 1
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3a
(where k

fB 3a
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=
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Figure 26. Normalized slope for split-gate discriminator [ 5]
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Xe:- l-z.-.J..:r. C~ c-) ::Y-L-( (; 17..;

= 0 .3~ l
r

a
f

= 0.35 (2 L W / A) Hz
X 0

SCIN TI LLATION IN SEQUENTIAL MEASUREMEN T SYSTEMS

(INCLUDING FREQUENCY SCANNING)

Tabl e VII. - Target noise components, including Doppl e r
err o r fo r ta r get rota t i o n ra t e \.1.' •

a

C lass o f erro r

Radar-depe nde nt
track ing errors

Radar-depe nde nt
translat ion errors

B i a ~ components

Bores ig ht axis sett ing and
dr i f t

Torque caused by wind
and gravity

Servo unbalance and drift

--- - - ---
Pedesta l leve ling
Azimuth al ignment
Orthogonality of axes
Pedestal flexure caused by

anvity force
Pedestal ftexure caused by

solar heating

Therma l no ise
Mu ltipath
Torque caused by wind

lusts
Servo no ise
Deflect ion of antenna

caused by acce lerat ion

Bea ring wobb le
Data gear nonlinearity

and backlash
Data takeoff non linearity

and granular ity
Pedesta l deflect ion caused

by accelerat ion
---- - ----------- - - - - - --------

Targe t-depe nde nt
tracking errors

Propapt ion errors

Dynamic lag

Average refraction of
troposphere

Average refraction of
ionosphere

Glint
Dynamic lag variation
Scintilla tion or beacon

modu lation

Irregularities in refrac­
tion of troposphere

Irregularit ies in refrac­
tion of ionosphere

--- ------ - --- ---- - - - - --- - --
Apparent or instrumen­
tation errors

Stability of telescope or
reference instrume nt

Stability of film base 01

emulsion
Optical parallax

Vibration or Jitter in ref-
erence instrument

Film transport jitter
Reading error
Granularity error
Variation in parallax

Ta bl e VIII. Inventory of angl e error components for
tracking radar [ 13] •
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Figure 28. Pulse train waveform and spectrum:
(a) waveform, modulated by antenna pattern;
(b) spectral envelope and fine line structure [ 5]
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Figure 29. Typical aircraft glint distributions in angle
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S cin t i lla t i on err or i s nor ma ll y a s s o c i a t e d w i t h sequential lobing

or con i ca l s c a n n i n g for a n g ul a r rn e a s u r erri en t , w h e r e target fl c t uat ion

com p o n en t s a t the l ob in g ra t e ar e inte rpr eted as targ e t d eviations.

S earc h r a dars a n d lin e a r-s ca n syst e m s, in c ludi n g freq uen cy scanner s ,

ar e al s o a ff e c t e d a s s h ow n in F i g . 30. Rang e a nd Doppler trackers

ar e n orm a ll y ba s e d on simult aneous process ing of tw o chann el s , as i s

monop uls e ang l e trackin g . and scintillation errors should be small.

How e v er , if th e tar g et is offs et fr o m th e ~-cha nnel nul l, scintillati on

ca n ca u s e a modula t ion o f t r ac k ing - l oop gain , resulting in a noise

error. T his error is redu ced b y fast AGe or other normalization pro­

cedures w h ic h follow rapid si gna l fluctuations , at t h e exp ense of g r e ate r

glin t errors durin g brief periods of I - c h a nn e l signa l fades (F ig . 31 ).

In p rinc i p l e . p er f e ct n o r rn a l i z.a t i o n on a Rayl eigh s i g n a l leads to infinit e

variance of the measurement , but in practice the limited dyna mic rang e

and bandwidth of processing leads to truncation of the error distribution.

4. Lag Errors. All tracking systems exhibit some lag errors on

maneuvering targets, a 's a result of their smoothing properties. As the

nois e of individual rneasurements increases, a longer smoothing time

rnus t be used to avoid excessive tracking error (increasing n in Eq. 9,

for instan ce, and de creasing the tracking loop bandwidth 8 ). The
n

ability of the tracker to follow target maneuvers is reduced by smoothing ,

and a common problem in tracker design is to balance the noise and

la g er r o r s for the cas es of gr eat est interest. One way of des cribing

servo response is to specify " e r r o r constants " K ,K , ••• for velocity ,
v a

acceleration, and higher derivatives. The lag e rror is then expressed

a s the SU IT; of terms corresponding to each derivative of target motion

in the tracked coordinate:

£ = +
K K

v a

+ ..•

The velocity error coefficient K can be made infinite, after a long settlin g
v

time to achieve steady-state conditions , but the acceleration error coeffi-

cient is clos ely tied to s e r vo bandwidth:

K ~2.5p'2
a n
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Figure 30. Sc i tillation error in a linear-scanning
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T h u s , fo r a gi v e r. 5 / 1'\ r a t i o , i t is p o s s i b l e t o f ind a n op t i m u m ban dw i dt h

w hi ch rn i n i rn i z e s th e RS5 s u n) of t h e r rri a l noise an d la g error [ 13. p p .

30 7-3 0 8. 37 2 ] .

5 . In str wn e nta ti on Errors. Th e r e are many potential sources

of error in practi ca l radar equipment. including polarization sensitivit y

of the antenna [ 12] , unbalances, drifts and circuit noise in the RF

and receiving s y s t ern s , quantizing noise in AID converters, and

mechanical errors in the antenna-pedestal system. N o general analysis

of these errors can be given . but each radar must be analyzed individually

to arrive at realistic values of instrumental error in each coordinate.

6 . Atmospheric 'Propagation. Most radars operate through the

tr op osph er e , w hi c h slows and bend s th e RF rays. For a s tandar d a t m osph ere

and a radar at sea level, Figs. 32 and 33 show the average elevation and

range errors. These may be scaled to the actual refractivity at the radar

site. if this is measured or calculated as differing from N = 313 units.
o

Paths through nonstandard tropospheric profiles may be calculated by

ray tracing to obtain corrections to within one or two per cent of the original

bias error. but generally the five to ten per cent accuracy available from

the scaling to surface refractivity is adequate.

Random fluctuations in the troposphere cause smaller errors in all

radar coordinates. with azimuth error (and elevation error, for tracking

antennas) as shown approximately in Fig. 34. Interferometers or arrays

extending along the ground and tracking by phas e measurement will

have greater elevation errors [ 5] •
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Especially at the lower radar frequencies, the ionosphere can intro­

duce significant errors. Typical values are shown in Fig. 35, but the

seasonal, daily, and random variations are large and only rough estimates

are possible. Corrections can be made using measured profiles of

electron density. or by comparing the measured data on two or thr~e

separated frequencies. ~5
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Figure 32. Elevation bias error in standard (exponential)
atmospher e [ 13] •
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E . E XA M P L E OF SYSTEM ERROR ANALYSIS

1 . Cl a s s ifi ca ti on of E r r 'ors. Radar errors may be classified b y

th eir sou r c e s , by s p e ctra l ch a r act e ristic s , and by their amplit ud e dis­

trib uti on s . In a con ventional tracker , Cor example , the sources can b e

divided b etw een radar imperfections w hich caus e the tracking axis to

deviate from the target , those which cause the angles of this axis to be

incorr ectly translated into the chos en coordinate system, target-dependent

deviations of the tracking axis from the center of gravity, propagation

errors, and apparent errors which are in fact attributable to reference

instrumentation (see Table VIII). Each of these may further be divided

into bia s a n d noise components, o r more fin el y into true bia s (ze r o

frequency ), apparent bias (very low frequency, but changing from one

test to the next), low frequency (relative to servo bandwidth), cyclic, and

white noise (see Fig. 36). Individual components within these classifica­

tions may be normally distributed, uniformly distributed over some

interval, or sinus oida!.

.. 2. Combination of Errors. Because the many sources tend to pro­

duce independently varying errors, a iummation of variances (RSS

addition) is usually valid. For a given target type, range, elevation

angle , and environment, the several components are RSS added in each

coordinate, and their variation with range is then used to prepare a plot

similar to Fig. 37. Families of e uch curves for different elevation angles

and target types may be prepared. A description of errors in the original

AN /FPS-16 is given in the reprinte~IRE paper, Appendix A. Mor 'e detailed

anal ys es will be found in [ 5] and [ 13] • indicating the differ ent levels of

complexity with which radar errors can be analyzed and described.
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F. TY P I CA L L O'W-ALTITUDE TRA CKING PROBLEM

The fo ll owing problem illustrates the effects of relatively smooth

and rough sea conditions on a shipboard tracking radar with and without

special anti-multipath features. For the ranges given, the flat-earth

assumption is adequate for use in error estimation. as can be seen by

reference to Figs. 4 and 5 with S =0.09 and T =0.32.

Calculations . are made for one target location at an elevation angle

of approximately one-half beamwi dt h, and error components are des­

cribed by frequency to indicate whether they are s ubj e ct to reduction by

filtering.

1. Ra cia r - Ta rg e t Geometry

Shipboard radar:

Aircraft target:

>.. = O. 03 m tx -band)

D = 1 m (8 = 8 = 35 mr or 2 deg)
e a

h = 10 m
' r

R = 5 kID

Sea state:

100 m

300 m/s inbound

(slight l e a . ~h =O. 15 rn , C1 = O. 05,. a
relatively smooth surface at X-band); or

State 4-5 (rough sea, ~h = 0.5 rn, 0a = 0.05,

relatively rough surface at X -band)

Calculated angles (assume flat earth):
h -h

t r
Target elevation, at = R = 0.018 or 18 mr

Grazing angle.
h+h

~ 0 = k r = O. 022 or 22 mr

Reflection lobe width, ~ /2h = 0.0015 or 1. 5 mrr

Other geometrical factors:

Range to specular reflection point,

Delay of specular reflection. 6
o

h
r

x 0 = tan ~ =455 m
s

2 hrht= R =0.4 m

Normalized elevation angle, ~t/er = O. 52

52
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St f w
o

E ff e c t i v e el e v a tion ra t e , 2

2. Re f] e ction Coefficient s

= O. 0 0J2 rad /s

(

Fresnel reflection coefficient, P =0.7 (Fig. 6 )
o

(for specular, midrange and foreground components)

F res n e 1 co e ff i c i e n tat \1J /2 ,p = O. 83
o 0

(for horizon component)

Specular s c a t t e ring factor, P
s

= 0.37 (552, 0h/~ = 5)

(Fig. 7) = 0 (55 4, ~/~ = I 6)

Horizon diffuse -component, P
d h

=0.11 (552)

(Fig . l2a ) Pdh = o. 19 (554 )

Midrange component, P
dm=

0.29 (552)

(Fig. 13) Pdm= 0.39 (SS 4)

Foreground component, Pdf = 0.29 (S52)

(Fig. 13) Pdf = 0.39 (SS4)

The angular relationships of these components to the monopulse

antenna patterns are shown in Fig. 38.

3. Computation of Error

Specular error:
= O. 2 (Fig. 16 )

For 5S 2:

For SS 4:

Horizon component:

For 552:

For 554:

= O. 2 x 35 x O. 7 x O. 37 = 1. 8 mr

= 0

('TAh =0.25 x 35 x 0.83 x 0.11 = 0.8 mr

cr
Ah

= 0.25 x 35 x 0.83 x 0.19 = 1.4 rn r
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a)ANTENNA PATTERNS
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Figure 38. Relationship of antenna patterns to multipath
reflection density for typical problem.



l\1i d =-a n f: e c o m pon ent:

For 552: 0em - 0.185 x .29 x 35 x 0.7: 1.31 mr

For S54 : ri
Sm

: 0.185 x 0.39 x 35 x 0.7 = 1.77 rn r

Foreground component:

For 552: 0E\f: 0.1 x 0.29 x 35 x 0.7 : 0.71 mr

For 5S 4: CpS = 0.1 x 0.39 x 3 5 x 0.7: 0.96 rn r

Total rn ultipa t h error:

For 5S 2:

For S54:

~ ~:s ~
2 ":) -»

rip = 0ah+ 0P-m + ~Pf

~p
: 2.47 mr or O. 071 a

e

°e : 2.45 mr or O. 070 8
e

4. Frequency Characteristics of Error

f --(~\ 2+ -, ) ~hrSpecular component: f\.

= O. 0012 zo = o. 8 Hz
0.03

5000-x

v
f : r- (cos 8t . - cos W2 )

h
t-14J Z =tan

Horizon component:

(900 « x < 4000)

For x : 900, f - 300 (cos. 018-cos 0.024)- O. 03

: 10,000 (.99984-.9997)

For x = 4000,

: 1. 35 Hz l Largely beyond

f = 48 Hz ~ servo passband

5S



M i dra n g e com p onent :

(24 0 < x < 9 0 0 ). ... ~

r>

For x =24 0, f = O. 6 Hz t
For x = 9 0 0, f = 1. 3 5 Hz {

Foreground component :

(4 0 < x <24 0 )

Within servo

pa s e be nd

For x = 4 0, f = 0.4 Hz

For x = 24 0, f = o. 6 Hz

l Within a ervo

~ passband

Total error at output of 1. 5-Hz filter:

F or 552 : Os lit: 2 .3 rn r or 0. 0 6 9 Se

For 554: 0B'" 2.0 mr or 0.057 El
e

5. Applicability of Anti-Multipath Techniques

(a ) Off -axis monopuls e:

Specular component:

For S52:

For 5S 4:

Horizon component:

For 5S 2:

For SS 4:

= 0.1 x 35 x 0.7 x 0.37 = 0.91eTas

t1
A

h =0.25 x 35 x 0.83 x 0.11 = 0.80 rn r

neh =0.25 x 35 x 0.83 x o. 19 =1.38 mr

Midrange component: C1eh
(use curve for I"ros e-pp =O. 1 (Fig. 21)

""t7 e 0 dm
with Pdrn replacing ps)
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For 552:

For 554:

aem =O. 1 x 35 x O. 83 x 0.29 =O. 84 mr

ne =O. 1 x 35 x O. 83 x O. 39 =1. 13 mrm .



! •

F'o r e g r o un d co mponen t : negligible

Tota l multi pa t h e r r o r :

ForSS2: O~ =1.47mrorO.042e
. e

For 5S 4: n~ = 1. 78 mr or 0.051 e
,. e

(or about 0.6 to 0.7 times the previous error)

Total multipath error at output of 1. 5-Hz filter:

For 5S 2:

For S54:

(b ) Do ubI e - n u 11 t r a c k e r :

Specula r component:

Horizon component:

(rn e di urn s urfa c e )

C"T p '" 1.23 rn r or 0.035 ee

~8c:::l 1.38 rn r or 0.039 P
e

negligible

Res ult s are 1. 9 to l. 5

better than tracking

monopulse

For S5 2:

For 5S 4:

Midrange component:

For 552:

For 554:

F'o r e g r o un d component:

For 552:

For 5S 4:

Total multipath error:

For 5S 2:

For 554:

I1
Ah

= O. 15 x 35 x O. 83 x O. 11 = 0.48 rn r

C!8h = 0.15 x 35 x 0.83 x 0.19 = 0.83 rn r

rTeh = O. 09 x 3 5 x O. 7 x O. 2 9 = O. 64 m r

(jAh = 0.09 x 35 x 0.7 x 0.39 = 0.86 rn r

o~ = 0.055 x 35 x 0.7 x 0.29 = 0.39 mr

0ef = 0.055 x 35 x 0.7 x 0.39 = 0.53 mr

C'T
A

= 0.89 rnr = 0.03 ge

t'j8 = 1. 31 rn r =O. 04 ~e
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Err o r at output of 1. 5 -Hz filter:

For 5 5 2: 0 e- o. 75 m r :: o. 0 2 ~ e

For 5 5 4 : 0e- t . ci rn r = 0.03 Ae

(results are factor of 1.7 to 1.3 better than off-axis monopulse)

(c ) As ym metr ica l-beam Estimator:

Specular component :

Horizon component:

For 5 5 Z:

For S54:

Midrange component:

For 5S 2:

For S54:

For eground component:

For 552:

For 554 :

Total multipath error:

For5S2:

For 5S 4:

negligible

0eh = O. 6 x 3 5 x O. 83 x O. 11 = 1. 92 rnr

neh :: 0.6 x 35 x 0.83 x 0.19 :: 3.31 rn r

(je
em ... O. 35 (Fig. Z3b)
ePoPdm

n~h :: 0.35 x 35 x 0.7 x 0.29 :: 2.5 m

neh :: 0.35 x 35 x 0.7 x 0.39 :: 3.3 mr

neh = 0.2 x 35 x 0.7 x 0.29 :: 1. 4 mr

cAh = O. 2 x 35 x O. 7 x o. 39 = 1. 9 mr

I"TA :: 3. 4 mr or o. 1 ee

"",:: 5.0 mr or 0.14 E\
l'1 -e

Error at output of 1. 5 -Hz filter:

For 5S 2 : n'e :: Z. 9 mr or o. 08 ae

For 554: n'A:: 3.8 mr or 0.11 ee
(Results are worse than conventional monopulse tracker by factor

of 1. 3 to 1. 9)
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(d) Na rrowe r beam at K -ban d :
u

~ = 1.2 \. I D :- 1 .2 x . 01 8 = 0. 0 2 2 rad or 22 rn r
e

Nor malized velocit y vt /). = 1670 0

0h /). = 8 (552) or 28 (554 )

Normalized elevation: etlee = 0.82

p = 0 for either sea states

Pdh = 0.13 (5 5 2 ) or 0.33 (S54)

P dm = P df = 0 . 39 for eit h er sea state

Specular error:

Horizon component:

For S5 2:

For SS 4:

l1e s = 0

= 0.24 x 22 x 0.83 x 0.13 = 0.57 mr

= 0.24 x 22 x 0.83 x 0 .33 = 1.45 mr

(Error frequencies extend from 2.25 to 80 Hz)

Midrange component:

For either sea state:

Foreground component :

Total multipath error:

Oem = 0.06 x 22 x 0.7 x 0.39 = 0.36 rn r

For S52:

For S54:

t"Te = 0.67 rn r

= 1.49 m rt"e I

essentially all

horizon component

Total error is 0 .2. to . 0.6 times that at X -band, and is largely

beyond the servo passband for vt = 300 m/s.
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Antenna 6 ga in a t surface : 0 .7 relative volts

60

MTI

Without

(for sic » 1)

}

'fc

Z

Re a
1.33

= 5 0 0 0 x 0 .035 x 75 __ 104 m 2
1.33

=rTe

A =c

2.e ... 0.1 m
c

roT .., 1 rnZ
c

2
for C't = Z m

(SiC)" = 40 or +16 dB

(SiC) 6 = 4 or +6 dB

8 e

2.0
C7A =

~e IWithout

6. 3 MTI
(T =e

~e

For S52:

For 552:

For 554:

Area o f r e s ol u ti on cell : .

(assume 'i= O. 5 ~se c )

Clut ter cross section :

Clutter error:

For SS 4:

For 552:

Clut ter reflectivit y: for grazing angle'" 2 mr = O. 1 deg,

For 55 2: ~o -50 dB

For 554 : ero -40 dB

For 554:

Signal-to-clutter ratio :

For SS2, with sic» 1, the error varies from 2 mr (when the air­

craft passes through an ambiguous velocity for which n II::::: 1) to a
e

negligible level at other velocities. For 5S4, however, the condition

sic» I is not met and a . cross -product term [14] appears which

is correlated over the time required for the target to move through

a resolution cell:

6. Errors fr o m 5ea Clutter



t =
c

,. c
2

1x _ 7 5 =
- 300 0.25 sec

1
n e =t5 =

c n 0.25 x 2 = 2

(j =8 =
35

1.96 x4 x{4 =2.2 m.r

(Table II)

Hence MTI is ne e de d for good tracking within one beamwidth over

a rough sea.

7. Azimuth Error

PoPvPd
=
2~ 2Gs r

~ da = 2 0a (~t + ~r) =0.1 (18 + 8) = 2. 6 mr for P dh

IT = 1/[2 = 1/.452 = 4.9 for et + ~ = 26 m.r = 0.74 e
sr r e

For 5S 2:

For SS 4:

0A = 2.6 x 0.83 x 0.11 =0.038 m.r Both negligible

zyz x 4. 9 relative to

other error s
= 0.065 mr
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I. ~o~ Phas ej Arravs Wo~k

I nt r oducti on

The several paragrap hs t o fo l l ow wi l l take the student, even one

who reca l ls very little of electromagnetic theory, antenna theory or even

vector r epresentations of fields, along a course of "synthesizing" a Ilicro-

wave phased array from t he most elementary building blocks. The material

is accura te, to be sure, but not particularly deep and rigorous. Certain

properties of fie lds are assumed rather than developed, for example

but one who has ever pondered a pebble dropped into a pond (or be tter two

pebbles side-by-side) will have no difficulty understanding phased arrays

(or any microwave ante~~a for that matter) and how patterns are formed and

steering is accomplished. We begin with a single radiating element, then

a pair, then several that together constitute an "array", and in each case

examine what their radiations look like together at points a long way

away (the "far field").

An Element

Consider a source of microwave electromagnetic radiation that 1s

just a point, and assume it radiates in all directions (spherically). Assume

that if one had a receiving device sensitive to the electric field (one

constituent of the radiating electromagnetic field) and aligned it with that

field (say the electric field is vertically "polarized" in the region of the

receiver) one would sense a field intensity,
--.:::.C (in, say, volts per

meter), that goes .through sinusoidal cycles of intensity at the carrier

frequency -Fe. = C;;;;. (1. e.. We. is -+c in radian measure) and the

~

magnitude of C would decrease in direct linear proportion with the

receiver distance from our point source element (power spatial density,

<!':. .
- \ --
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bei ~g proportio~al t o t he square of f: , de cr eases as t he squar e of t he

di s ta~ c e ) . Thi s is i l l us trated bel owI

So, at some fixed distance the electric field is

t

which is a vector ~~e\X "volts" long rotating in phase at We, angular rate.

For simplici ty f~o.xwill be written f. The form is that of a simple

- 'ct> ~vector Az: A e-' a

L~t\, A' q;
which in our case has a time varying phase angle I ct> = We.t :. ~ 7T£t ,
~ describes the cycling of the electric field at our field pointl

Vector "generates"
the graph to the right

Graph of field intensity as a
function of time at our field
point

We have established that a radiating element produces a sinusoidally

varying electric field that can be sensed from a remote point, the fiel~

~ L.!J I~ j7 / 7-T ... I
point. It is further asserted that, with a proper orientation of our

-2-



r ecei vi n£ pr obe. t he sens ej electric field i s i nvariant wi t h angul ar locati on.

t ~ e magn:tude varyi ng onl y with radial di s tance .

'I\ic ElemeEt s

Consider t ha t t wo elements, each radiating like t he firs t. are

disposed along the x-axis separated by distance d straddling the origin.

Consider further that our receiver is a t such a great distance that the

straight-line paths from each radiator to the receiver are essentially

parallel. Consider finally that our receiver is located on t he y-axis.

Thi s figure shows the x-y plane (sufficient locus for most of the following

devel opment ) an~ the paths to the rece i verz

1U
X

)'

d Pat\.., ~ rer.e fll~~o.+
-e.--- ~rea+ cl l.d'o ..- C'£ Jot e: 0

~-.-------------~,

At the receiver located on the normal to the element line (this normal or

"broadside" field point angle is t1= 0 ) the incident electric field is the

sum of the two vectorsl- ~ ~

E= L. ~n =
h=-I

where ~ is the exci ta tion phase of the element.

For the two elements being excited with equal amplitudes and in phase

(e
l
:: El.' ~ I': ~1.: 0 ), this resultant has its maximum value since the two

constituent vectors arrive at the receiver in phase, having traversed equal

tobe~E.sumsimple vector diagram shows the

Et , h ~
~ 112~ .. ;tJ.1 "'- ~t.

The verypa th lengths.

'w t
(From this point on, the carrier frequency operator ~J 'Will not be

written; the entire vector diagram will show relative arrival phases of

-3-



c o~ tu en t vect or s an: wi l l be understood t o be r otat i ng at t he carrier

fre~ ue~cy to generate t he t i me varying total fie l d . )

Cons i der oving the receiver to other pos i tions & t 0 in the

so t hat t he phas e

hor i zonta l plane .

~
1.-71' f-let s:

No.. , of course , t he

path l engt hs fro m eac h ; :; cl ~e-
element to the field .~ cJ.

~~
point are NOT the same;

they differ by the line

segment ) i n t he fi gure, given by ) -::. J.~ e-
lag of the field from element "2" as seen at the distant receiver is, in

radians I (J1.:' ;( rr.!.- >'I II i'fl t ca me,. lIJll vel t "5~
7\

(Tne eonven tion will be f for exeitation phase at the elements. and (/J forl'

path-length induced phase seen in the far field.) This phase as a function

of field point angle is (J." = r2rr c(~ e and the vector sum of
~

the two elements' contibutions is seen in diagram:

It is evident that there exists some field point '¥'~. t;/l'" ~~ ~t

z c 0z i (~c-t- ;2(2 ;
'-tc! 2tC(Z ?

the angle 6- for which

~et---

This describes the first

for which 'ep~ Tr'radians (180 0) and the re-

that condition prevails.

sultant goes to zero.

interference null off broadside. we can solve for

r{J -: J7r d ~-e­-,:

angle -e
, -

As the value of ~ increases further, the vectors continue their mutual

rotation due to increasing path-length difference

i.e•• at cP ~ ~'rr 1.. ~e ~;; It:
7\ ,

c:r... -e- = ~-I ~

until they again align,

-4-
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S,;'e e
tf:;::- p C,T V.i)-wt

Notice,

d
'7\ '

Observe that if d is-

too, that the spacing

c losel y s paced in t he broadside region than

ar e t he l obes uniformly spaced.

In " B -space" they are more

determines the compactness of this lobed structure.

I f we grap~ t he r esul t i ng vect or field magnitude as a f unct i on of t he vi ewi ng

angl e, we have t he fami l i ar multilobed i nterferometer patter~l. ~
~JX J

Not ice tha t onl y i f we plot /

t hi s a s a function of s i ne ~ If:'t I

many wavel engt hs, cP is "arr:plified" rel a t ive t o -e- and many lobes appear

in, say, the forward 1800 of space; if ~ is only a few wave~engths, then the

lobes are much thicker and only a few exist.

A Line of Elements

Having established that two radiators form an interference pat-

tern, that it is multilobed in structure and that the lobe width and spacing

we will add elements

Consider N elements disposed

are inverse functions of the spacing of the

I
in the line of the two to make an arrayo

as shown to the right with the

paths shown to a distant receiver

at an angle of B. The vector diagram that results at that receiver

This, of course, 1s drawn

element (a "uniform illum-

ination function" at the

shown very clearly.

for equal intensity at each

whtrf. ~ep::)Ti~~ ~

OJ b,+ot'"t!.,.

'i s shown below with the element-to-element phase increment due to path

i ? length differences Li tP

v0 s

11t ~ ~

~~
L\~: I

-5-
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VJ1i~.

It occurs at an angle

~ (~closd "do r '~ tA- (ovr"- .)

0,.-,1 f t. ~ '0

where the vector diagram closes on itself

'0 o.-J. ~t' 0

-6-

We note in this five-element

\

t here is a value of a.ngle e

vector diagram that if the element spacing d were such that, for reasonable
-,c

viewing angle e ,lJtf reaches ~, the vector sum would again maximize, as

This full strength major lobe is called. a "grating lobe" insofar as it occurs

next ttaa.x imum" encountered,

and t ha t i s in fact t he peak of the firs t

Continui ng, there aust be a

or in general at the several angles

shown here:

shown a.pproximately in this diagram I

a nd produces a pattern nul l :

only with a grating or discrete array of sources.

/!: . _I ~
~, -

cl

array), and as sumes the elements were excited in phase s o t ha t the r es ul tant

is maximum (all t he vec t or s addi ng in phas e) when t here is no path-length

difference , a conditi on occurri ng a t ~~ 0 •

Now , cons i der other va lues of recei ver position, of ~. Certai nl y

~idelobe~ And, at a still larger value

of G , ana ther null occurs:



Jus t as in the cas e of t h€ in terferc~e ter di scus sed in t he l as t sec t ion,

we can plo t t hi s succes s i on of values of the r esultants of t hes e vector

sUmE~ tions as a function of the viewing, or fie ld point, angle and we see

I J

\. ..... -'o

I
I I ~e6----.-jL---a..---..;------i ~

\./ !:k
~ Ci

7)
Incidentally, these patterns, insofar as we have been graphing the

t hat t he pattern is of t 1"..is s hape.

recurrent with these grating lobes.

1\: ... N'f_and has a shape of the form ~
~X

where N is the number of elements.
. \

resulting total ELECTRIC FIELD at the field point, have POIARITY that

s hould be recognized - that is. if the "test reciever tl were actually

at precisely the same distance from the center of rotation and moved

very carefully IN ANGLE ONLY. then the polarization of the lobes one to

another would be as we see on the left below, with 180° phase differences

on alternate lobes. In most systems work, this is of little consequence,

and we are much more interested in the angular distribution of power,

proportional to the square of the electric field, hence POWER PATTERNS

are correctly shown as on the right below. Furthermore, it is a great

convenience to plot such patterns in logarithmic ordinate values, decibels.

d,.,.,9
+-~.----I----+---

fir
uv

I

~e

Interferometer Field Pattern Interferometer Power Pattern

+--.&-~-------~ &-

Line Array Field Pat~ern Line Array Power Pattern
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I t i s an inter esting exer ci s e to cDns i der a l ine array compos ed of

many elements ver y clos el y s paced (still unifor .l y i llumina ted ) in which

case t he vect or summa t ion diagrams woul d be like a piece of string of

f ixed lengt h bei ng wrapped in ci rcles I

f t : o

@~l ~~r
L~H£ Ct :D!J L 0

at 6~D at1 at e} ate~
peak of mai n beam db first null irst

side lobe

(In each case the phase reference is the center of this array, whose

contribution is represented by the vertical el emental vector in each

diagram above.) Elementary geometry says that the first sidelobe peak is

roughly when the string wraps "once and a half around", or

or

or • ., I '2. Lt"t -= ..c

and squaring the coefficient, (t""L)': o.O"lr, and converting to decibels

gives Pre SL) ':: I 0 l-t~ (0. O,#$")

P(\'\,,~ : 10 he (tis) - 30

': I'.~ -30
=·131~ db

demonstrating with a piece of string rather than a Fourier Transform that

indeed the first sid~lobe peak of a uniformly illuminated aperture is"about

13.5 db down" as the common rule of thumb says. A graph of the resultant

magnitude ~ as a function of {} (graphed as power in db) gives, for this

closely spaced filled array. a pattern function _ f7

o
-8-



where > is t he aperture width.

0: t he fa rri. liar "s i J'j e x over x" s hape, more proper ly.

~.. (71 f~e)

7r ~ ~. er-:
We not e t he nul ls are tigonometrically positioned 1n angle ~ and that the

null spaci ng (and hence width of the main beam) 1s inversely proportional

t o t he aperture width. We also note that this array of elements so finely

t I

.
~X

)t

spaced than the aperture can nearly be considered a continuum is a special

case of the discrete array of the previous discussion, and in fact, as

we would expect, the discrete array pattern becomes the other as we pack

more elements in.

i:
N4r;!t

We have discussed so far elements that have been excited with no

phase difference among them, that is. elements that have been excited "in

phase". If, however, it were desired that the maximuIT: of the pattern not

occur at eo;, 0 but rather at some "steering angle" &s' the elements can

be exci ted with a phase increment between adjacent ones 6. f that exactly

compensates for the path length difference between elements when viewed

fro ffi ~S. That is. the phase lag of one element relative to another due

to path length is precisely the advance in phase with which that element

should be excited, in order that the vectors once again "line up in phase"

in the direction desired.~S. Again, for a Na 5 element array. the figure

illustrates this steering, using dashed vectors for the "unsteered" (A~:o )

case and solid vectors for the steered..
•01
I

4
I
I-e-O

case•

o
-9-



cc vv
J 7 ( :7 /, A.- ~ ) "1 t? Iv

A-tt~ w ·

~~e illustration is for the s t eer i ng angle ~S to be approxim~ tely a t

t he firs t null of t he nor ma I or "uns teered It pa t t ern. One mi ght cons i der

t hi s as a "f irst" beam pos ition t o t he r i ght, for example, although obvious l y

f i ner increments of 6 i perIni t uch f iner r epesi t i oning of t he maximUBl

(mai n bean: ) .

is

and, as evident, the condition for a vec tor maximum at t7s is

~~ ~e:21r ~ ~ 6 s
~

or t he exci tat ion phase to be '/appliedJ to t he M~ element (numbered':'~ to+N;J)

ry1 J ' +O r- oJ&N
;;1 Ll {: := 21T /\~' e-s

where both phase and position in the aperture are with resect to the center

el~~ent in this indexing or to the center of the array (should there not be

a center element) in general.

hi

lie note that*is a frequency (spatial "frequency" ) scale factor, i.e.

the transform (pattern) is compressed or expanded i~ frequency (spatial

..
Incidentally, the form of the Et equation is clearly that of a ~

',.. ~'k'

Fourier Transform of a complex function. The complex function is ~~ eJ
J

_jllrt t
.e.the "illumination function" at the aperture, and the Fourier operator

_j'1T~e)",
is in this case e " where 1M is the integration variable t,

and (~,e) the transform variblel

U(t ) ~ r uCt)
_fI'J

angle) in proportion to aperture dimension (spacing 'of elements for a

given number of them). The path length-induced phase differences from

a staight line of radiators result in the pattern being ,~ Fourier (linear

t.- .' .....
-10-
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Tne~ t~e obj ect of a phcs ed array i s to cont r ol t he excitat i on phas e of

t he elements in a f ix ed s et of element s ( t he fixed array) i n order t o

pos i t i on at wi l l and iner t i a les s ly the position of the pattern maximum

( t he " ma i n bea m" ).

There exist many ways t o do t his (lenses, frequency sens itive serpen-

t ines, phase shifters ) as revealed in the survey section to follow, but

it serves the purpose here to continue as though a sort of phase shifter

were being used at each element.

Observe that in a long array, the accumulation I'f\ fj§ can become

greater t han 3600 f or even modest s teeri ng angles, yet phase s hifters

are commonly built to provide only 3600 of phase shift. The adequacy of

this can be illustrated in this vector

diagram for .. (fs 11:1 several beamwidths

off normal" (distorted a bit for
,ra.>

ff

clarity). We wish to compensate, by phase control in the excitation of

the elemen~ for the path length induced phase differences of the diagram.

Yet it seems foolish to compensate for, say, the seventh vector relative

to the presumed. reference (number one) by cha.nging its phase :11ft plus the

small angle shown - rather its contribution could be brought into align-

ment with the reference by the small angle adjustment alone. A graph of

radiated phase across the aperture, then, would reveal this "zoning" in

the phase frontz

~1r - - ---_._-_. -- - - _ . • # _ 0 . O . -~---_.--- --
~- ....

In Lj~ - ....- ..-- ~

0
/'
reftfr~nce

~ J " s: " 7 I'
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Drawn mor e generally , we have :

Tnis econo~y results, however, in pulse edge transients (or in spectral

f i ltering, i f you like ) because the entire front is not formed until after

several cycles of t he rf pulse (or because the missing n2fr phase delay

i s precisel y t hat value only f or the center frequency and not exact for

each modulation sideband of the pulsed t ransmission).

Ano ther fami liar matter 1s Nquantization" in element phase control, a

. ~

component economy matter again. If phase shifters provide, say, only eight

choices of phase between 0 and,2 1r (are ..) bi tit phase shifters) the desired

vector alignment at any chosen as is not achieved precisely. This does

not mean that the beam cannot be positioned in extremely small steps in e.
It simply says that for some .~ in ir • t he alignment will be an approx-

"Z-
(fat;0 )

'j. IS I
It'ldICA1 1',1 L

0+
power
(;0 \'V\

Loss

l~----------,-.--

imation, as illustrated for our ::.ele.!D~n~__~r.f~--Y1 _

Seen is that the inability to compensate at ~s exactly for path length

induced phase differences (shown alone in the dashed diagram on the left

above) has resulted in a loss in the total fiel~ ~L' a loss in antenna

gain t hat is referred to as "quantization loss". In large phased arrays

quantization of 3, 4 or 5 bits 1s not Uncommon, with gain losses (averaged

-12-
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over th ~ s~a~ vol ume ) of half a db an~ les s .

We have been trea t i ng s o far t he r adiating elements as t hough t hey

t hemse lves have no pa t t er n but rather as though they radi a t e in all dir-

ec t i ons &~ually, are " i dea l ized poi nt s ource s ". Ac t ua l radiators have

themselves a pattern (the - element pattern") ~ (e) whi ch scal es the

a mpl i t udes of the ve c t or s as a function of field point angle ) ~r )

r el a t ive t o t heir own i ndivi dual orientations. In a line array, a l l

elements are oriented identical ly and this scaling treats all contributions

t he same, and can therefore be represented in the summing equation simply
~, (e \ _ ~ tc: -;- C j~~ m(~9s) ~ - j ~-rr *(-O',,~. Go) h

a s • . . . . e· - r= ,\ .tf / LJ c; ..... e . , G· ~ z :-- J "; I L ... ,. , - - &.J ~ r :
~ \.....-. y----------- :v. CL ~ cvvt.<t.r

rJ';,- ~~.t(e!) e) z ~(~) • 'a..(-es; & ) 1~~/t·

I n ot her array geo metries, t he element pattern factor can be a function of

of the element index IY~ and not so simply superpositioned. Also note that

the to tal resul ting pa ttern, subject to s t eer i ng , is, in the ordinary line

array case, the product of the element pattern which remains fixed in space

regardless of the steering applied and t he array pattern which, of course.

is steered. From this point on, we.will use the subscripts "e- fo~element

a nd "a" for array - our previous vector summations for the idealized "point"

r adia tors were actually array patterns.

As described before, the array pattern is cyclic, it has grating lobes.

In rough terms this entire pattern moves with the steering of the main

beam. It may well be that as the main beam is steered to the right, say,

a grating lobe which had been at left ttendfire" (and well attenuated by

the element pattern, perhaps that of an open ended waveguide with a null

in that direction) now steers into less a t t enua t ed regions'
-~-- - ......i

-13-
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and the gra t ing lobe no~ bec omes a detriment . Consequently, if the steering

vol ume covers large angl es an d "drags in" a grating lobe in t his manner , it

wi l l be necessary to s pace t he el ements so that the lobe is f arther away in "

21r to prevent a grating lobe in the

c1 _ 1- ~ _ 1- 7/.e!. C-c "'./.-1 d=D.Se
m~ 7l - ? 'ir - 7~ "A

-::::::======-"

endfi r e direc tion, giving

a ngl e . A roug h rule might be t ha t f or f)s~CIS; t he grating lobe s houl d be

no nearer t han f =_90c
, just ooming i n to "real s pace"." That is,

~~ -= ~ 1i. 4- ~- % {(75~ 'IS-'~ f )
~ 4 ,44 4-

J X / 1-
ye t ~r _ ;.L.:. ~' s hould be l ess t han

II

or, in other wordS, in a regularly spaced line array the elements should be

spaced very little more than half a wavelength apart to prevent a grating

lobe from appearing in rea l space for"a reasonable steering angle.

It is also important to realize that any periodic component of the

exc itat ion function across the array (be it due to the discrete sources

themselves or a regular phasing error across the array) forms a "grating"

and transforms into some proportional pa ttern feature. Therefore, quantiz-

ation round-off or similar aatters (e.g. su'barray eons'truc'tdon) are often

made aperiodic deliberately. Main lobe ga i n 1s not recovered in such

randomizat ion, but increased peak sidelobes can be avoided.

To this point, it has been assumed t ha t all elements in an array are

excited with equal intensity. We have seen that a "uniform illumination

function" produces a "sine Nx over sine x" pattern. However, in some cases

a modified pattern may be desired - one of considerably lower sidelobes.

While no illumination function "affords as much main beam gain for total

power radiated as does the uniform function, it will generally be prefer-

rable to give up a little gain and widen the main beam a bit to achieve

low sidelobes. Of course, with non-uniform weighting across the elem~nts,

their vector diagrams at each field point angle $- in the far field can

-14-
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no longe= be r epr es ented by r egul ar polygons or ci rcle-approximations . To

eva. l ua t e

or more properly

which becomes for large N ~

'" PeCe) f
_ M

where the variable "a" is space
in the line of the array.

We s ee, t hen, that t he pa ttern i s t he Fourier Transfor m of t he compl ete

complex illumination function.

Many transform pairs are familiar and tabularized in books in antenna

theory, sampling theory or filter theory. As discussed in an excellent

reference (The Theory of Array Antennas, J.L. Allen, Technical Report No. 32),

25 July 196), MIT Lincoln Laboratory), various geometries of cosine, cosine

squared (on pedestals of various heights), Dolph and Taylor weightings

provide the designer choices of sidelobe levels, mainbeam broadening and

efficiencies (main beam gain relative to that of uniform illumination).

Generally speaking, a phased array permits (requires) a means of

channeling power from the transmitter to the antenna in a determined

controllable manner, permitting illumination functions with fairly high

edge excitation, with even "peaked" edges and inflection points in the

function. To illustrate, a ·cosine-

squared on a pedestal" function is shown,

an illumination quite hard to achieve with

a feedhorn and reflector.

.

.~
/

Phased arrays also permit optimization in other ways. Duplexing can

-15-





of t en be in the array structure so that uni form i l l umina t i on can be used on

t r ansmi t for max imum gai n (power on target) , yet a very low sidelobe pat-

ter n can be used on r eceive . Furthermor e , a 'tii fferencer pa t tern can oftel?- be

patterncombined ilIum. ftn.

ext ract ed from the array by i nt roduci ng an odd-function across the array .

6
ampl itude

I 'fJ er---L0"
phas e

The resulting pattern is useful in precise angle aeasurement, as in angle

onopulse operati on. Generally, however, t he simple 1800 phase on half

the array does not produce a good "difference" pattern for an illumination

amplitude function that gives a good "sum" pattern otherwise. Some

amplitude change is desirable, and feed systems have been developed (tandem

feeds, for example, or multiple separately-weighted horn clusters) to

separately weight the elements in combining the signals from them (forming

the beams) on receive.

Planar Arrays

In order to understand the operation of a planar array, it is

necessary to examine a linear array in an enlarged space. The figure

illustrates the domain of the pattern examined up to now, and since no

assumption had been made about orientation dependence of the "point" rad-

The polarthe array pattern.

iators, we may correctly reason that a figure of revolution results for
-t=

plot in the xy-plane is the

array pattern as we have

previously presented it.

Steering (control of 1::. I1C)

A '-. ;, '
/

P
X

results in a changing of the ,angl e of this main beam~. Consider now

-16-
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appear reinforced in the "forward"

Had

; ~

i

teering angle 'OS 1: is formed

by an appropriat e control.

r I t''(;

j:>}l./_"~_/ /~-
/X

in the y direction (been ~ from an x~ ground plane, say), the cone would
4

t hes e radiators had a di r ec t ivi t y

an array orientej on t he z-axi s :

Jus t as bef ore , a cone at s ome

,
I

direction, as pictured to the left.

Now, consider that such a z-axis

line array is to be t he el ement i n

an x-axis line array of such elements,

,,

J

producing a steerable element pa ttern (the cones with the z-axis) that can be

superimposed (as 'i n the earlier equation accounting for an element pattern)

on the x-axis-oriented cones of the array patternr

. ~

that "beam steering computers" determine and feed to

~- CJ. X \~ ,~ the:.
(I (l Or-Me' \ 1\ +c 1~r. £.

or-r6.. ~

individual phase shifters

~

1 ;;1'1, \ ,...
I I • ' " . L.4

J~// "
, f, ,/~,~.

I ".Jo
/ ' :;;'-:. .

/ -_... ..,., .....

j.------~

wi th various b $x for a fixed .d \I) ?
,...

't ~) Cl, ' i1i! C-!'ne " oJ- es ~
J:./ 1 -FrarY -n ot d- Ct. y.u

Again, the locus of main beam positions

beam positions with various

~~ ~ for a fixed .b f)(
is shown in the lower

is shown to the right,

and the locus of main

figure. These two orthogonal

phase gradients Li ~e. ) A~x

are ~he steering controls

" . .

-17-
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i n r es pons e t o a commanded ("'5.sX J~S f) s t eer i ng angl e. The ent i r e "array"

pa t tern (as we've cal l ed the f irs t figure of revoluti on here ) is, of course,

s cal ed by t his ent ire "element" pattern (the orthogonal figure of revolution).

Thi s eans that the mai n regi ons of sidel obes are along these ·crossed cones".

Non-Pl anar Arrays

The previ ous development brought us to a planar array steered by

linear phase gradients. Other geometries have been explored; our scope here

is sufficient onl y to make a few remarks and definitions.

Al l arrays ar e 'bonf or mal "; that is , they conform to some geometric
~

surface. The term is particularly significant, however, when the surface

is shaped by some other demand entirely (aerodynamics, for example). Some-

times a section o£ a right circular cylinder will suffice ,as a part of a

fuselage, the streamlined structure of a ship or a missile body, and often
\

one refers to cylindrical array work as. work in "conformal arrays". In a

circular array (as one "row" of a cylindrical array), one must account for

the element pattern orientation (radial to the circle, so that Pe (e) is

indeed a function of the summing index n in the vector addition at a field

point) and, of course, no single value of element-to-element phase increment

will now permit the "Path length difference" induced phase differences to

be compensated. Often, a "template" of particular phase and amplitude values,

appropriate for perhaps 900 of the circle to form a good pattern with the

main beam along the central radial, is caused by the feed system (a switched

lens system, perhaps) to be moved about the circle, forming the same pattern

exactly at each of these "scan positions" . In fact~ in the line (planar)

array one incurs a trigonometric beam dis tortion (beam broadening off-normal

and a less-significant pattern lopsidedness squeezing the pattern structure

away from array normal) 1s not seen at all, of course, in the scanning

(moving the excitation template) of a circular array (cylindrical array in



_ ,...-......._-.- r ·, .....,... .

the s can plane of the circles ).

Other geometries (cones , truncated cones, spheres ) have been explored.

The student may ponder these wi t hout further benefit of these notes, sav

t hat he remembers that i nvariably the pattern is formed by viewing the

exci ted array fro m a grea t distance and adding vectorially at each Yiewing

angle t he contributions made (With attention to path length phase differences

and element pattern gain f unct i ons at the angle ) by each element, then

repeating that summi ng at other viewing angles to trace out the whole '

patter n. As a matter of f urt her fact, t his process of summing the contribu­

tions of each element with attention to amplitude and phase as seen at the

viewing point applies at any field point no matter what distance from the

domain of the elements - but up close to t he array (in its "near field")

the element-to-element path-Iength-lnduced phase differences in the summations

are not so nicely (linearly) behaved as when viewed at such a distance that

the paths may be considered parallel (consider the two figures at the bottom

of page 5).

II. How Phased Arrays Are Built

Introduction

The second half of this discourse turns to array techniques. It is

expeditious to use previously prepared material, specifically a feed system

survey done a few years ago. While techniques may have changed in their

state, the illustrative nature remains valid, particularly the categorization

given. It alone is repeated here for ready reference.

Categorization

The chart shows several ways of "getting from the transmitter to

the individual elements of an array" with the proper phasing and illumination

to form in the far field the desired beam and pattern. In the context of the

-19-



pr evi ous secti on, "beam steering" should be taken to mean the establish­

ent of proper element excitation phasing (/'f'\ A~ I lMt.~ i in planar arrays)

to form a field aaximum (sain beam) in the desired direction C7s •

The ~ey paper further develops these topics, as do many of the

other papers in the book froa which it 1s taken and to which the student

is referred, Oliner and Knittel (editors), Phased Array Antennas, Artech

House, Inc., Dedham, Mass.

Phased Array Categorization

A. Beam Steering within the power distribution system

A.I Frequency Steering

Single dimension
Frequency-by-frequency

A.2 Multiple Beams

Lenses
Matrices

B. Beam Steering by devices at the elements

B.l Space Feeding

R.I.l Reflect
B.I.2 Feed through

B.2 Constrained Feeding

_?n_~ _



FEEDING AND PHASING SYSTEMS • 197

PhasedArrayFeedSys Sins, aSurvey
ROBERT T. HILL

Nil"a: Sh,p E ' ~ ~ l n ~ .,., i n~ Cer.te r
Hvat rsv.tle, Ma ry l ,lI: tf

Abstract

!
i
I '

I,

The " fe e d s ys te m" i n phas ed arrays is surpr is ingl v
hard to isola te fro m th e r es t of the s vs tern . It is r a r e
tha t the fe ed is excl us ivel y a po we r d is tr ibuti on or co l­
lect ion de v ice. Al thou gh this fun ctio n is primary, feed
deve lopmen t has in this las t decade embraced the fun c­
tions of for m a tion a nd steer ing of s in gle a nd mul ti ple
beams , as wel l. The n , wi th the wi de r a va il a bil i ty of
phase s h i fte rs for indi vi dua l el e men ts , fe ed des ign has
more recently e m phas i ze d the distri butive role alone.
Therefore, a cate gorization along th e line o f the inclu­
sion and exclus ion of beam steering is presented. Ac­
complis hme nts of the 1960's are r e view ed, a nd fi na ll y
a discussion of relative merit, problems and design
choices is presen ted. The 5 urvey is, 'fo r a varie ty of
reasons , re s tric te d pr im a r ily to r ada r s of a ci vil ia n
or military a tr-csur ve i l lance sort in the microwave re­
gion.

Introduction and Scope of Survey

The " fe ed system" in phased arrays is surprisingly
hard to isolate from the res t of the radar, much more
so than in more conventional radars typically involving
tower or mast mounted an tennas of a feed horn and re­
flector tvpe , These classically involve a clear separa­
tion of transmitter and receiver from the antenna sys­
tem, qui te fore ign to many of todays phased ar ray sys­
terns. The re pl ace ment of the mechanically rotating
antenna s t r uc tur e wi th ine r ti a le s s be a m steering te ch­
niques prom oted a ble nding of transmitter a nd receiver
components into th e antenna structure, with the promise
of in creased efficiency by the proximity to the antenna
of both the transmitter and receiver r. f. amplifiers.
The elimination of the " r o ta ti ng joint" in a feed line
brought a dispersive or modalar potential to the ampli­
fier and array relationship, as in systems in volving sulr
array amplification, which further counters a clear
dis tinction of just what is, in fact, solely the "feed sys­
tern". As we shall see in several of the systems dis­
cussed, this blending is not without exception; for parti­
cular appltcations , phased arrays may still Le mounted
on movable structure, and a clearer "feed system" is
evident.

n "1? opIn ions or assert ions conta ined here in are those of t he
... rot e r and ar e not 10 be construed as off ic.al or , e llec tin ll
t he \/ . !,1i'>'S 01 the Navv Dep;Htment .

It i s, o f cou r s e, impos si ble ttl s ur vey a bs ol u te­
ly~ phased a r r ays de ve loped to da tv . Th ere s houl d
be no quc s ti on , th e n, tha t th is pa pe r, la r gely be­
ca us e of th e au tho r ' s own backg r ound , rcsponsibili­
ti es a nd , he nce , co n ta c ts in th e fie ld, is conce r ned
prim a r il y wi th rada rs of a mi li tar v or ci vilian na­
tur e wherein a i r cra f t or to a lesse r deg r e e orbiting
o r r e- e nte r ing bod ies a r e th e ta r gets a nd wh ich op­
era te in or ne ar th e mi c rowave r egio:i. Large ar­
rays of o the r types , as in radio ast roncrny, and
those op e r a ting well outside th e microwave region
simply could no t be surveyed.

There is sufficien t interes t in th e multiple pur­
pos e pote nt ial of the ph as e-d ar r ays su r ve yed, such
as the detec tio n of targe ts and th e more accurate
es tirnat lo n of their position , to warrant attention
to d ifference pa ttern chara cterIst ics as well as sum.
Mo nopu ls e extraction is, ther e Ior e , discussed.

Finally , this paper is being prepared for pres­
entation with a numbe r of other's in which particular
feed systems are discussed. I will attempt to avoid
these particular ones, and dwell instead on others.
I hope to present a "second level" of information in
some of these, data not previously reported, and
the comments of the experimenters themselves T(~­

garding development difficulties I iteration and the
like tha t l ed finally to the "published" data .

We proceed now with d is cuss iou of, first, a
categorization of array feed types, and, second,
r eview of the accomplishments of the la st dec-ad e ,
and some of the recent proposed systems. Then
we will review some of the arguments involved in
design choices.

Categorization

Categorization is valuable because it establishes
a language , Phased array radars are most often
described as being of a particular feed type before
any further description is attempted. This survey

,
I.
i
I
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s ee tha t the taps (the r a diati ng el ements ) bear a
phase difference, one to th e ne xt , tha t depends on
the number of gui de wave lengt hs , m easured in the
feed , between the m . This is , o f cours e , dete r m in e d
by the frequency of the signal. As in any phased a r ­
ray, the phase difference between the elements de­
termines the beam direction. The ratio of the path
length in the feed line between the elements to the
distance in space between the elements determines
the spatial sensitivity of the frequency sLeering.
This factor has been identified in the Ii terature as
the "wrap-up" factor (2), the bigger the wrap-up
factor the greater the angle scanned for a given
change in frequency. Several radars of significance
use this feed principle. Figure 2(b ) schematically
illustrates the approach for the AN/SPS-33, the
Hughes Aircraft built S- band 3-D rada r for search
and track, which ha s bee r. ope r ationa l on boar d the
a ircraft car rier Enterpris e and the cruiser Lon g
Beach for a number of years. In that system analog
ferrite phase shifters are used between a parallel
plate distribution device and the serpentine wave­
guides for steering in the direction orthogonal to
the frequency steering. The illustration shows a
hybrid feed at the input, providing a difference pat­
tern port for the phase steering direction. Angle
monopulse is in one plane only; sequential observa­
tions of a target at slightly different frequencies pro­
vide angular interpolation .in the frequency steering
direction. The serpentine feeds were made of quite
light weight reduced height waveguide, "snaked" in
the H-plane, that is using all H-plane bends. Broad­
wall rnultihole waveguide couplers constituted the
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p ro.. ured v i r iu a i lv tar lo r -on ade ph as ed a r r ays wi th
3 T',: :- ·.i ] : l r. ; va ri e t, tha : ne a r Iy de f ies ca t eg C! r i zi n~ . A
l e \ t: ! o r I\\ ( ) o f c las s i n c at ion 15 poss ible . but fur ther
s ~ . : ·d.:' 5 ~ i f : (' a : i 0 n is ve rv di fIicu l t indee-d. 1 have chos e n
to L:":" \,~ ' j: l f fi rs : r ~ j:l .- t"c a r r avs in ,\: ~ i (' h the feee syst e m
i: :;:; t' l f doruina tes ir. the s te e r ing or the beam an d se ond
thos e in which the fee d rna v plaj a part in fo r ming the
be a n: but doe s no t be arn s tee r. T he wi de -r s pread a c­
cep : ~ :l (' t' of dis cre te phas e s hi Ite r s for us e a t c a ch e le­
me n: of an ar r ay took the field from the fo r me r to the
lat t e r t.' VI? I Iinr] i t converu ent to d is cuss the second
type , those fee ds which do not beam s te e r , in two fur­
the r (' ~ t q:or i e s , S ;13.CC fe eds and cons tr a ined feeds .
F igu r e I illus trates th is ca te gor i za tt on wi th a fe w s ys ­
te rus Ia rui l i a r to m any na med as examples.

. . Fig . 1 Array Feed Systems (Table).

Th e categorization could , of course, be inverted ­
that is. a firs t level might have been Space Feed and
Constrained Feed, and Frequency Steering Feeds could
ha ve been embraced under Constrained Feed. But the
major dis tinction of, essentially, with and "ithout ele­
ment phase shifters better addresses the e volution of
phased array development. It should be noted that in
John Allen's 19f,2 survey of array radars (1'1, categori­
zation foll ows slightly d iffer en t li nes, although the in­
dividua l types can be found both in tha t work and here.
The intent here is to classify feed systems alone, not
to ta l radars as was being done in that work.

Accomplishments of the 1960's

Using this categorizat ion as an outline, we shall
review some of the feeds developed in the last decade,
trust ing tha t, while it is not a complete survey, each
major feed type is represented typically.

Beam Steering' neluded
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"t3.P:-' L, :' tht: e l e rr.e n ;s . ':'i :i.L;. i n~ the cou ple rs a l t f -

na te l.: Io r wa rd an d ba ckw .rr d ouple r s a l lov ed t h e> Ope n
end u f t ~ e auxih a r v a r rr.s the ms e lves to be the r adiators ,
Io r rn iu ; 3. tJ!3.::;.,r a r r a v «: v;-'t:':1 e nd \\'a \ ebi..: ~ u t' cleme nts,
ba ck ed up i rn rned i a te lv h:. t l ~ p svr pent ines . T he s t ruc-­

t u r e is ex t r e rr.e ly s t r ong : the un for tu na te exp los ions a­
bo a r d the E r.te rpr is e la s : year sent de b r is in to the a r -
r ays , r equi r ing s e r pe r t in e r e placeme nt, of co u r s e , bu t
c a us ing no i nte r r uption of the r ada r fu nr li on s a t the
t im e . The s te e ri ng s ens it iv it y of the fee d i ll th e nea r
nor rna r r egi on is a pproxi ma tely 3 ~lHz per degr ee , a nd
the li nes have approxima tely 3 d B loss.

F if;'..: r t: 3 s h o ws the A~ ' S P S- 4 3 r a da r a ntenn a. i n

Fig .3 AN/S?S-48 Array Feed .

wh ich a single serpentine is used to feed horizontal
straight waveguides with slot radiators. The antenna
rota tes in azimut h, frequency steering is used only in
elevation. This Navy radar (a nd the Marine Corps
counterpart AN/TPS-32) is built by ITT-Gilfillan. Op­
erating in the S-band, it uses a serpentine with all E­
plane bends and has a steering sensitivity comparable
to the A.,\/SP5-33 and loss in the I to 2 dB region . Th e
taps to feed the horizontal straight waveguides are sim­
ply slot couplers in the narrow wall of the serpentine,
feeding at a right angle the butted horizontal waveguides.
An iris structure in the serpentine opposite the slot
con tributes to proper match . With this feed arrange-
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m cnt , by th r- way, comes a p r-cul ia r i tv, the " s quin t­
i nj;" o f the bea rn in a zimu tl, as i t i s I r eq ue ncy
steered in e le va tion. T his r e-s ul ts from th e e nd
feeding of th e ho r i zont al s t r a ight wa vegui des , The
st ra ight wa vegu ides hav e , o f cou r s e , a gr eat ly r e­
duced -ra p-up fac tor a nd ve r v l i tt le s teering s ens I­
ti vi ty ; none the less , the a zi muth 5 hift of the be am is
a bout one twentie th of the ele va ti o n steering (a roug h
a ve r age ove r the e levation s can r eg ion).

Anothe r E- plane serpe ntine guide was designed
a nd produced for an experi me ntal phas ed array for
the Na vy s e ve r a l years ago by the Ae r o Geo As tr o
Co r porat ion. It a l s o used m ult ihole broadwall coup­
le r s a fter every ben d , but used onl y forward c oup­
lers a nd used coaxial ca bles to con nect the couple r
to th e r adia ting e le m e nt. This serpe ntine was de­
s igned by Dr. Judd Blass, of Terry Microwave at
the ti m e , unde r s ubcontrac t.

An array fe ed wo r th mentioning here, bu t no t
s how n in the catego r ization of Figure I, i s i n the
class of a " low in e r ti a" s tee r i ng feed . ITT~Gi lfil­

Ian, with Marine Cor ps s po ns orship, has developed
a phased array which is frequency scanned (by ser­
pe ntine columns ) in elevation and phase scanned in
a zimuth by a " Delta a" scanner and is illus tra ted
in Figure 4. Es sen tially a tapped waveguide run in
which the " a" dimension can be mechanically va ried ,

Fig .4 A Low Inertia Scanning Feed.

the device is certainly appropriate in cases invol \'­
ing a regular and uninterrupted scanning program.
The cyclic modulation of the " a" dimension modu­
lates the guide wavelength, of course, changing the
phase gradient in azimuth (tap to tap) and resulting
in a cyclic and very'rapid azimuth scan. The figure
shows the linkage assembly to perform the scan.
The serpentines for th is s ystem are constructed as
machined halves of entire serpentines (E-plane\ and
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Fig .5 A Construct ion of X -band Serpentines.

Freque ncy s tec r ing has been conside red for scan­
ning i n both dimension s ; Figure 6 (a) shows s uch a
s cheme . If the hel ix has a wr ap- up fac to r fa r in ex­
cess of tha t of the se r pe n ti nes , a monoto nic change of

(0) A WAVEGUIDE FEED FOR FREQ .-FREQ, SCANNING

AZ IPo' ,J T H
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lbl RASTER SCAN PERFORMED By THE ABOVE FEED

Fig ,6 Frequency by Frequency Steering.

frequency results in the raster scan pattern shown in
Figure G(b\. The scheme depends upon the helix "cy­
cling through" conditions of one elevation extreme,
through normal, through the other extreme, through
end-fire in that direction (and the opposite end-fire),

ba d : tv the first e levat ion li m i t an d s o on as t ht:­
I r r-q ue nc v is mono to ni c al lv cha nged - this cvc l i ng

has to 0c:cur wh i Ie the s e rpenti nes go through only
a pa r t of one s uch cyc le- in the a z im uth s ree r i ng .
In use , the fr eq uencies as s oc ia ted with undes ired
a nd poorly per fo r rni rig s ca n di r e c ti ons would not be
t r a ns mi tt ed (th e scan r eg ion ou ts ide th e do tt ed li nes
in Figure 6 (0), fo r exa m ple ) . In this case the wr a p­
up fa c to rs m ust be ar such a ra ti o tha t th e m ovemen t
of the be am center in az imuth fr om poin t " a" to
poi nt " b' o is les s tha n a n azim u th bearnwid th to as ­
sure continuous solid angle coverage . Wa ve gui de
struc ture wa s de veloped al ong th is line sever al
yea rs ago by the Autone ti cs Divi s i on of Nor th Am ­
eri can Rockwe ll , Anahe im, California ; the s c heme
is s im il a r to that pursued b:,' Dr. Croney a t the Ad­
miralty Su r face Weapons Es tabl is hment in England ,
as we l l.

Mult ipl e Beam Feeds , Both two and three dim-
ensional lenses or " ana log computer" devices have
bee n de veloped for be a m s wi tch in g - the-s e ce r ta inly
belong to the ca tegory o f m ult ipl e beam feeds wh ich
perform be am steering . ThE' Na vy 's a borted A"t\/­
SPG-59 radar development used a s pherical Lune­
berg lens to transform a poin t feed into an appro­
priately ph ased set of s ignals wh ich , when radiated
fro m a s pherical array, res ults in a n equi-phase
planar fron t. A two dimensional repres en ta tion of
such a lens is shown in Figure 7, from the basic
examination given in Skolnik (3\. The lens action
demands a c ha nge of dielectr ic cons ta nt with r ad­
ius from a r e la tive val ue of unity at the circumfer­
ence to a value of 2 at the center. In the AN/SPG­
59 lens, more than 40 concentric shells were used

Fig .7 Two Dimensional Representation of a Luneberg lens.
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A n 8rr3Y Ieed s c he me usj ~ ;: s uc h a le ns i s shown
i n Fi ~u rt.' .... The ~ \\"i t l'i ! t ' :- pe rmi t e ac-h feed point on

/\ 1C" : ~ s i rr. i la r i'1 Iur.c tion tv the two dirnens ion­
al Lune- Le rg lens is the s o called "tin ha t" o r hel­
m e t de vic e (4 J, a dom e shaped parallel pla te s tr uc­
tur e whe r ei n the do me prov ides a path- Jen gt h va r i­
a t ion to th e- col lc.tor r im ports whe n one r i m por t
is e xr-ited . T his path-Ienzt h va r i at ion has th e s a m e
fr on t fo r m ing effe ct as the di e lec tr ic gradient in the
Lune be r g le ns . F igu re 9 is a pho to of a C-band

Fig.8 Feed System Using Luneberg Lens.

the lens to be used as both 3,5 excitation point and a
collector point. The general possibilities for such a
feed includ e cabling to an: plifiers in the one per ele­
ment manner shown , or connection to include cohe r e nt
m ix ing 2 5 well so tha t fi nal amplification and radiation
migh t be a t a freq uency other than th e " phas e compu­
tation" frequency of the lens. More switching could be
included to ta ke advantage of the fact that for anyone
beam position, less than half of the amplifiers shown
in Figure 8 would be used; for example, the amplifier
shown at the "input" element in Figure 8 certainly could
be used for the diametrically opposite element. All of
the ampli fiers could by s wi tching at both the lens and
the aperture, be shared between diametrically opposite
elements - and the same control that causes excitation
of a particular input could swi tch amplifiers so that the
hemisphere opposite the feed point is provided with am­
plification. Most radar applications would define regions
on the lens for which excitation as beam inputs is never

Fig. 9 A Tin Hat Feed .

Another feed of this type, that is of the switched
beam lens type, is the R-2R lens. Convenient for
the feeding of cylindrical or circular arrangements
of elements, the lens makes use of the fact that if
the elements on a ci rcle of 2R radius are fed through
equal line lengths from collector ports on a circle of
R radius excited from ' one port on its circumference,
a linear wavefront is formed, providing the ports on

cylindrical array in which each waveguide column
is fed by an output port of the tin hat device at the
base of the cylinder. This array was developed by
the Hughes Aircraft Company several years ago.
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Fig , 10 The R·2R Scheme.

fundarnc ntal building block of a quadrature hybrid and a

The Butler matrix has been used as a part of
more complex array feeds 3S well , as beam Iorming
networks combining the outputs of subar r ays , for
example.

A feed system that Hughes Aircraft has devel­
oped is the pa r a ll e l plate radial feed, shown in Fig­
ure 12 as it might be used to feed a line array. It is
included here in the multiple beam category insofar
as higher order TE modes in the circular waveguide
ill the center correspond to greater phase gradients

fixed phas e s hift. The Navy s pons o r ed s igni fic a nt
d r-ve lopmen: of s uc-h networks a t the Naval R es e a r ch
L ~()r a t:J r y (5 1; a n L-band s vs 'ern for m ing on r e-
c e ive e ight beams in a z i rn th a nd three in c le vat ro n
\1:3 :: const ruc ted using t:j:,:. h t e- le m e nt m at r i ce-s in 3

s t r ipl ine cons t ruc tion , s tacke-d and c r os s ed to fo r m
the pe nc i l beams . Diode cont r olled s wi tche s in a
sim i la r cons tr uc ti on were us ed for beam sele c ti on.
A common pract ic« (as in the KR L p r og r arm is to
c om bine the por ts of ad jacen t beam s . A cos ine ap-
e r tur e weigh tin g the n r es ul ts , r a the r tha n unifor m ,
with the often more des irable pa ttern characteris­
ti cs. With this arran ge ment, m ono pulse process­
i ng of the sq uinted be am type is poss ible ; tha t is , a
m ag ic: tee woul d producc a s ignal pr oportiona l to th e
a m pli tude difference of the tW(I inputs. Th e de ve lop­
m e nt of such monopuls e s wi tches in three-le vel
strip! ine was a part of the KRL program. Also in­
cluded was the specifi cation and acquisilion of a 64­
element matrix , cons idered an es sen tial part of any
ult im a te ly us eful s ys ten .. Buil t by Advanced De vel­
opm ent La borator ies , Inc . , Nas hua , N, H. , this low
power lr-band device (1 200 to 1320 T\IH7..) was meas­
ured by ADL and rechecked, including pattern meas­
urement from a 64-element line array, by KRL.
These measurements ind icated a phase gradien t
error of less than 0.2 degrees (with element stan­
dard deviation of 6 or 7 degrees for some beam posi­
tions ), insertion loss around :2 dB typically, beam
port isolation greater than 40 dB and \'SWR general­
ly less than 1. 5 to 1. Th e beam phase centering re­
quirement for monopulse was treated with compensa­
ting fixed phase shi ft; for at leas t one beam pair null
depth was still limited to ap proximately 18 dB.

The ~RL developments required great patience
and iteration in the network construction. The per­
formance was quite sensitive to the tightness of
screws holding the stripline plates together I etc.
The construction itself was quite heavy, particularly
so until crossovers in s mcl e la yer s t r ipl ine were
developed. A number of concerns ha ve successful­
ly des ign ed an d p roduced cros s overs tha t con tri but c
to this type of feed and, of course , to many other
5 tr ipl ine assemblies.
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Fig.11 Four Beam Matrix.
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A mu ltiple beam forming and steering feed device
that has been used is the matrix of hybrid networks , or
the Butler matrix. Such networks were reported nearly
ten years ago: the Allen survey (1) and Skolnik (3) both
cite several references (G , 7). Figure 11 shows a sim­
ple four beam device, COI11 ;:lOsed of variations of the

- --- - - - - ---------~--------
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Fig. 12 Parallel Plate Radial Feed .

from port to port at the periphery. Hughes in the early
sixties bu ilt an 5-band radial feed and an appropriate
waveguide feed in the center for establishing seven beams,
the equivalent of an 8-port Butler matrix, It can be seen
that the T:'IOI mode in the circular guide results in a
uniform and in-phase excitation at the periphery. The
TEll mode results in a complete cosine cycle of ampli­
tude weigh:ing around the periphery. Proper phasing
and weighting of the two modes, then, result in an aper­
ture illuminat ion of cos ine squared on a pedestal, equi­
phased . \':ith this excitation, phase shifters as shown
could be us ed Ior beam steering. On the o ther hand ,
the TE ll m ode and h igh er order TEn,lm odcs can be ex­
cited in the circular gu ide feed (with 90-degree phased
and oriented pairs, for instance, to create rotating
fields in the circular guide and spiral TEl\I fronts in th e
parallel plate region, where the pitch of the spiral and,

hence, s tee r in g angle of the beam , is determined by the
particular order of the TE modei to form multiple beams
with no phase shifters.

Hug hes engineers report good performance with a
simple rectangular waveguide transfo rmat ion at the per­
iphe rv as shown in the insert of Figure 12. A ve rs ion
of the feed that could be used to form monopulse squinted
beams at the feed structure but with which the external
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pha s e s h i l te r s would s tee r the Learns has 'bt-e r, pro­
pos ed b. ° Hughes as an irn p r ove me nt i n the A~';/ S PS -·

3 :J a nd is und e r procu r e ment by the r~ a vy .

S im i Ia r pa r all el pla te feed de vi ces o f the radial
ty p« us e- d for di s t r ibution r a the r tl.an for Io r m ing
m ul tiple be a ms ha ve been repor te d to m e by bo th
S~ lva nia a nd Ra ythe on. Ray theon r epo r ts a n X­
ba nd air dielec tr ic device wit h 4-port contrad irec-
t iona l couple r s (s m a ll str iph ne inse rts ) pl aced al ong
radii wit h no wasting a t the pe riphe ry and cla ims
a bout 0 . 5 d B inser ti on los s. Th e 324 couplers a r e
arranged i n concentric hexagons in this particular
expe ri menta l device ,

The subje c t of feeds which for m m ultiple beams
canno t be le ft wit hout mentioning the wa vegu ide bea m
forming m atrix (forming III receive bearns i , three
o f whi ch are used in the AlIS R-1 Height Finder of
the Federal Aviation Agen cy an d de ve loped by the
Maxs on Corporation. Each antenna element of a
ve r ti ca l li ne a r ray is conne c ted to a wa veguide li ne
ex te ndi ng behind it. Ano ther wa ve g uide , a " bea m
for ruing" guide , taps to these eleme nt waveguides
with crossed guide couplers. The bea m forming
guide in which the taps are equi-di st a nt from th e el­
ements forms a beam normal to the array. Other
beam forming guides ta p a t a var iet v of "slants "
across the element waveguides, forming beams at
various elevation angles. Skolnik (3 ) summarizes
this radar , as well, with a diagram, photo and ra­
dar characteristics. A frequent first reaction is to
contemplate why the beam forming waveguide using
the last tap on each element waveguide is no t " c he a t­
ed" by all the directional couplers that precede it,
implying that so little energy is left. A coherent
analysis of the entire matrix, of course, discloses
that the e nergy arriving in a plane front at a parti­
cular angle reinforces in the beam forming guide
" pa r a ll e l" to the arriving front , wi th only sidelobe
response in the other beam forming waveguides.

Beam Steering Excluded

Relatively "safe" is the classification of feeds
for arrays of phase shifting elemen ts into " s pace"
feeds and " c ons tr a ined" feeds. I suggest "space"
is a term slightly preferable to "optical" insofar as
fields such as fiber or channeled optics attack the
synonorny. Also, I prefer "constrained" as the
general class of feeds that route in a manifold struc­
ture signal from transmitter or receiver to the ar­
ray. "Corporate" I think of as a feeding of elements
"in a body", i. e. in phase, as an equal line length
type of constrained feeding. Corporate feeds are
(usually) constrained feeds, but all constrained feeds



a r e not c orpor a: c . F'ina l l:... a nd inevi tab l v. t hc r e a r e
h) br ids of the s c t 11 2: 1 s ha l l de s cr ibc .

~,.; c e Fe-= d ~ The p:::)c r by Kahr i la s {8\ in the
1ge '" f l'h' 1 2 ~ i~ ~' ~ : (' 0 : 111( ' Pr 0C'E- E-c i :1 ~ C:; of the I F EF: 0 :1

E le c t ronic Sr a nni r.g r e vie ws the wc lf - known HAPDAH

r a da r . de ve loped a t Spe r r y , Gr e a t Ne ck , for AH PA

a nd ope r a ting a t Whit e Sa nds for the las t s e vera l ye a r s .
T his we l l des ig -ic d s pa ce feed a r ra y involve s the fee d­
ing of a circular a pe r tur e fr om the r ea r , a " feed-
th r ou gh' a ppr o .ich , a nd , a s i l lus t ra te-d in F igu r e 13 ,
us es ~: l a rid l .) Iee dthr ouph de vic es in s tr ip li nc to con-
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Fig, 13 A Representation of HAPDAR .

tribute to the de s ired i ll um ina tion function across the
array and ye t p res e rve collection effici ency. This
structure, Ka hr i las repor ts, is called the TA COL for
Thinned Apertu r e Co mpu ted Lens; th e referenced arti­
cle provides de s ign a nd measured data and a number of
photographs of the com pone nts . A fi ve-horn clus ter is
used to provide independe nt s um and difference illumin­
at ion of th e collector sur face , and is positioned behind
th e le ns at a dis tanc e equa l to the lens diameter, Le.
F / D-:I. The horn cluster-TACOL combination provides
abou t as much de sign freed om as has been seen in a
space feed sys te m.

T he SA~l- D radar a ls o USf.' S a feed lhrough space
fed array, mounted on a tracked vehicle. In this Ray­
theon de velopment, the array is illuminated by either
o ne of two trans mit Ieedhor ns (each connected to a s ep­
arate transmitter for redundancy) or by the recei ve
horn elus ter , depending upon whi ch fe e d the array is
commanded to focu s on. In th is case we see , then,

two in teresting fea tures: first. :1 s pa ce dupl exing fea­
ture inv olving the r efocus ing of th e array betwe en trans-

m i t a nd r e ce ive funct ions , a nd , s e cond, a cont r ol
of which of the> two tr a ns m i t te r cha i ns wi ll be em­
pl oyed . The horns are pos i tio ned such tha t the
F / D is un it v , accommoda ri ng the s towage of the a r -

r3 Y by fo ld ing it onto the top of the ve hicl e. Th e
r e ce ive horn clus te r is a vert ica l stack of four
m ult im ode hor ns (10) ; tha t is , the e le vation patterns
are shaped by the four ho r ns com bined in the one
pl a ne, th e a zim uth pa tterns us e the mul timode s um
a nd diffe re nce pa tt ern ext r a c tio n of e ac h ho rn in
tha t pl a ne . Ray theon reports they are at this writ­
ing approxim a te ly 75st co mple te d wit h the Ar m y
Missile Command s pe cifie d tests on the array , in­
stalled in the MSR tes t facility a t Be dford , Mas s .•
s ince la s t Dece m ber . Figure 14 s hows a n an te nna

Fig. 14 SAM·D Antenna Mock·Up.

mock-up. Anothe r radar to use the space du plexing

feature of feedthrough space feeding is the S-band
Miss ile Site Radar (!\ISR) (11 ), another Raytheon
development and par t of the Ballis tic Miss ile De­
fens e program.

The us e of horn clus ters to illuminate feed­
through space fed arrays was examined a t some
length at Wes ti nghous e under the investigation of
planar array alternatives late in the Navys A~/­

SPG-59 program. Clusters of a doz en or more hor ns
were examined wi th rather elaborate cou pl e r and
divider assemblies behind the horns to achieve the
desired sum and difference illum ina tion functions.
Among the alternatives proposed by Wes tinghouse
was a plane-mirror folding of the cone of the feed­
through a rea behind the array, so that four planar
arrays could be fed, individual ly, in a rather en­
twined ve rtical s tructure , more compatible ,..ith the
ship architecture at the time. This is a variant I've
not seen el sewhere. The work on these feeds was
done by Mr . H. Querida, to the best of mv knowledge :
reports a re not known to me.
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T he o th e r t,\ pe of :- jlJ ~ ': tt"e c: n~ obv io u s l v in vo l ve- s
i l ' h f t; f "1 ; '..: : :' ~: :: :l : : O :1 0 : t I t" :: ;'t' r ' :.: r ~: [ 0 :: : : , I t" r o nt r a t ne r t na n

I ro :t . ,t',::' t~ .1 , k. S 0 - C' ...: 1 i ~<; " :- er e c ~' Ie e dmc . Wh i le t he

r"""" J : :',:'v l.lgn a ppr oath of t - r s g r eate r rreedorn in de s ign ­
i n ; l i l t' feedno r n as s e rnhl v rwi rhout bl oc k inz the ape-r -
tu r e . : he r e fl e r- a r r ay pe r rn i ts the area irn medi.ue lv
be h i nd the a rr ay to be us e d fo r phas e s hi Iter c ontr -o l
a nd drive as s e mbl res . s tr uc tu r a l mem be r s, hea t re-
m ov a ! a ppar ar us a nd th e li ke . T he m a jo r d is a d vantage
i s t ha : the s us pe nded ho r n no t only ha s a n a pe r tu r e li­
m it a t ion , bu: pos i t i on i ng and b r ac ing s t r uc tu r e rnus t

al s o be m inim i ze d , m aking it s us ceptib le to in adve r tent
de foc us ing in th e fi e ld .

As in the Ieed th r ough ap proac h, we c a n loa ;'; to
R ay theon fo r ex per ie nce with the refl ect appr oa c h a s
we l l. In the middle s ix ti es , a n inde pe nde nt r es e a r c h
a nd dev elopme nt p r og ra m ther e involve d various a r ray
s i ze s leadi ng to a 13 0 U element re f1e c t ar r a y , ci rcularly
pola r i zed . Th is wor k le d to the X- ba nd refl e c t arra y
r a da r , de ve loped bv Raytheon a nd now ope r ating at the
Na va l \\ 'e :lIJ 0:1s Cer.. cr , Chine La ke , Ca l rf o r nia . Fi ~­

ure IS(a \ s hows the a r ray, F igure 15 th 1 its hor n clus -

FE EDING AND ?tiAS I ~ Li SYST EMS • 20:>

te r a nd D !O l t L'}J i J::.E- as s e rn bl v ~~ \\ 'C pe r s on ne l ( A . .J .
})::u l:-e :'! :.tnu o th r s i r e po r ; t i.a : O:: E: of the d i f fic ult­
j ( ,,:. e . c oun te r e d in the e a r ly ope r ati on was the a -
l ig nm e r.: o f the Ie- e-d . The s vs tern was carefu ll y
a lic r cd i r: , ! lI:-~ P 1 ~ .' ij ·: 4 . n,', ::: '::' ; ~I!e:1~ I ' f' r a b out G d B ha d
b i..' ~ n los t in monop uls e null dep th ',a n a ve rage with
s c am . S O J1) (' Ia i le d phas e s h iftc r s , a fai rly loc a l­
i ze d set, we r e r e pla ced a nd a d B o r two was re­
c o ve r ed . Movi ng the fee-d was no t a tte m pted a t that
time , due to the s t ruc tur a l difficult y - it is sug­
ge s te d tha : a better ar range m e n t of adjus table mem­
be r s would hav e be e n po s s ible in des ign .

A la te r de-ve loprnen t a t Rayt heon is in th e i r
BARF r a da r , a r e fle ct a r r a .... a t t\ u-band fea tu r ing
a pol a r i za tion a g-il e feed duster of fou r borns . Each
hor n has a pa i r of o r thogona l ex citer s , bu t ra the r
tha n r ou te eight wavegu ides to this as s e m bly , the
hor ns a r e s um m ed and the two diffe r en ce pa tterns
fo r me d for each of the two se ts of exc i te r s , s o

that s ix wavegu id es fe ed th is a s s e rnbl v. The we igh t­
i ng a nd phasing of the s e two s e ts of three i nputs de ­
ter m ine the pol ar i za tion de gr e e o f c ircula r it y and
sense . Th e ante nna is s hown in F igu re lG.

Fig.16 Raytheon RARF Array .
Fig, 15 a Mult itr ack Radar (MTR )

Fig. 15 b

::~ ~ I
L..- ---<O •

Multitrack Radar (MTR)

A curi ou s part of Ray theons work in refle c t ar-­
rays is tha t the us e the r e of row and column phase
control (whe r ein sphe r ical co rr ect ion is ap proxi ­
mated by the product of two " c r os s e d cylinder" fac­
tors ) is somewhat incompatible wi th offset feeds.
With the exception of some early FAD work , th e
centered fe e ds have been used. My recent di s­
cussions with Raytheon personnel indicate that if
a differen t control scheme had been used, they
might have exploited the offset feed to a greater
exten t.

At the Naval Research Laboratory , an S-band
reflect array radar (RAR ) has been operated for a
number of years following its development by the
Blass Antenna Electronics Company. It has em­
ploye d a centered feed horn assembly which was a
verti cal stack of two multimode horns; that is, a
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pa n e r n , the mul t i m odv d ifIc-r c : ~ ( ' ,- ' pa u cr n e- x t r ac l io n
wa s us e-d i ll a z i n. uth. Mor c r c-ce m ly, a s in gle m ul ti­
m ode a p r tu r e ha s 1.~·Cl u: (,13 10 form di ff ..re nee pa t­
te r ns in b(lt ~1 p12:1L':::.

tr ie d. F1 11~ , l y , a fi\ E::-ribl..eo ~1)jWE' s u ppo r t wa s
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Anothe r typ e of cons tr a i ne d Iecd, a nd one of
the m o r t: a t t r zct ive for ma nv a p pl ica tions , is the
wa ve gu ide scr ies feed. The cen te r - fe d seri es fe ed
with cross-guide couplers at each element was car­
ried into a rather advanced state of development by
the Genera l Ele c tr i c Company t Syracuse, 1\. Y.•
under fundi ng by all three services. This feed is
illustra ted s chematically in Figure 18. The G. E .

Co nst ra ine d Fe ed s, T he Be ndix - bu ilt A~/FPS-85
r ad a r (1~ 1 a t Eg li n F i ld , F for ida , is an exampl e of
one ki nd of cons tr ained or c ha nne led feed system, one
in wh ic h pr ope r l v phas ed s i gna ls arc ge nerated at HF
10 be fed to e ac h element after up-r-onver s ion and a m p-
Ii ficat ion. I ' ve cons ide r ed the beam steer ing m e chan­
i s m a s not bei ng a part of the fe ed , a l though a fee d-
l ik e s truc tur e (a clever tapped coaxial cable struc ture
not unli ke a se t of serpentine Iirics in p r inci pl c i was
us e d i n the ES.'\ H p r ede c-es s or a t Bendix , a nd was pro­
p os ed in the Navvs SEADAR studi es the re in th e ea r lv
1960 ' s , to gene r a te a t HF th e requ ired row and column
pha s i ng. SEADAR was a thorou gh study, ca r r ied we ll
i n to component a r.d m a tcr ia ls s el c c tion phases wi th de­
tailed full -scale mock-ups of sever-al al te r na tives in the'
c onve r s ion. d i s t r i buti:- : an -: 3!,, ;'1:: lVali on r cgion ( ~l:(O

" feed " , behind till: a r r ay fa ce . Man y us e fu l spe cif ica­
tions cam e fro m thi s a m bitious program. bu t finally the
sheer size and we igh t of the potential s ystem precluded
its further devel opme nt for shipboard us c. This. like
the ESAR and Ai\ /FPS- S5, us ed clusters of simultaneous
bea ms to searc h fo r I a cq ui re and track targets. The
MAR radar. a predeces sor of the PAR' (11 ) under devel­
opment by General E lec t r ic as a part of the Safeguard
Program , and the PAR itse lf similarly use constrained
fe ed s with a m pli fi ca ti on on either a per-element basis
or a s ubar ray ba s is , an d form clusters of beams from
whic h monopuls e in formation is e xtrac ted. Some of
the s e sys te m s r es ul t in r e m arkable entanglements of
sem t-vig td coax ial cable behind the array face, to a
degree that cannot be appreciated from the inevitably
simpli fied notional dr-awi ngs. I have found personal ex­
amination of the ~l A.R, th e A..:'\/SPG-59. the ESAR a nd
other cabled feed s most sobering indeed and have ex-
pres s e d concer n that till s " behind the face" area can be
too easily slighted in e a rly de s ign. In more recen t work
under Provencher at the Naval Electronics Laboratory
Ce n te r in San Die go, feed s ystem hardware has received
an impressive amount of early attention. Figure 17
shows this feed a r ea for a part of a multi-band array.
with bo th coax ial ca ble and s tr ipl ine power dividers evi­
dent. Careful examin at ion reveals the L-band 1:2 di v­
ider at th e cen te r Ior'e g r ound, th e 1:4 S-band divider a t
the right feed ing fur ther dividers in striplinc and the
two levels of C-band di vision (at right and in the center
stacks ' both in stripline. Constrained feeding with co­
axial cables forms a part of ma ny other Ieed systems,
such as connecting lenses to arrays, etc. Problems en­
countered in Navy work have included the flow of center
conductor support material ; in the AK/SPG-59 program,
a spiral type teflon support was fou nd unsatisfactory
even after a holding-finger design a t each connec tor was



wo r l. i n c~ , : , : t> \.: 1· Ct-::i :-. :: ! r ,xh:Llr e . whe r e in c o up-

Ic r va lue s cou ld be uppe r bo unde c fu r accep ta b le Lroa d

hS:1c: p r o .ie r n cs aric :.l; j (, o ~ iJ l ~r values de te r ru i ne d fo r

drs i r ed j l :~ l : l · n J. : ' n fu ~c:i c.· n=" ~ I cons t r uv t i o n tec l .­

niq ues , r es ul ti a; i t ve r, l : ~ h ; we i gh: and ine xpens i v e

c ons t r u. u ion. :.; , f.\ s t e rr, t r ad --s . whe r e in i llu rn inat ion
[ ,: :,:[' :i ,';;15 we r e i nves r . tra te d i n 3.:1 at tem pt tv m --e t in one
(1l.:s i ; i! !..J():r. s um (as i n S t' :1 1 l h . :U1C di ffe r enc e ( 35 in
t r ack i pa ttern r eq uir e me nts , a nd 4 1 tr ans ient a nal ysis,
where in " r es pons e fu ric t i or;" . "rns tan ta neo us bandwid th"
or "signal c:iistoni on" prope r tie s of such a fe ed were
i nve s t i:;:l l ed .

T he :\a \'Y s howed cons ide r able inte res t in the ea r l­
i e r va r i at i on , F igu r e IS(a ', : i n the AS :'- IS program . as
did the Army 'in the A..-\DS- 70 and 5 :\:'-I-D pr og r am s .
To the Nav v it r e pr es ente d a very cont r ol la ble (in de­
sign ) dis t r i r...u t ion devi ce wh ich c ould be used in fe eding
th e r ows , say , of a pla nar a r ray, with a s in gle verti-
cal fee d to conne c t the rows. The form Ia c to r , r es ul t­
ing in a more s lab-l ike array s tr ucture than space feed­
i ng would a llow , was at t ractive , The midd le ]960' s
brought ad va nce m ent i n expe r imen ta ticn that \ \ "3. •. i rn-
pres s i ve . In cons ide r ing it fo r a mult i-func t ion radar
ap plica tion, the N avy was unce r ta in as to the s pe cifi c
illumination function tha t woul d be op timum. While the
center feed in g wi th the hy br id a ll ows a del i~h tfull:\ ' s im-

ple extraction of both sum an d an interferometer type
of difference pa tt ern (in ad dit ion to the self du plexi ng
feature through phase shifter con trol bet ween transmit
and receive), it is demanded that one illumination func­
tion be built into the device , and treated in halves in
difference, as shown in Figure 18(bl. This , it was rec­
ognized, was a " s ingle degree of freedom" (one illumina­
tion func tion) in the design of a multiple purpose device .
G. E. and others (15\ dealt briefly with this dilemma,
and, just as compromising looked the bleakest, a modi­
fied version offering two degrees of freedom in illumina­
tion function determination was made available. Th is
author'S exposure to it was in association with SAl\1-D
and AS~1S joint proceedings in 1967 and , in that effort
at leas t , it was referred to as a I I Lopez" feed, credit­
in g A. Lope z of the Wheeler La boratories wi th i ts de\'­
elop rr.ent. F'i gure 18((' ) shows the bas i c: s cherne , and
Figure l Stth the design freedom afforded. G. E. pro­
ceeded wit h this refine me nt of their previous work and
refer to the feed as a "tandem" feed. It should be noted
that in forming the sum and difference patterns at the
combining network in the center, one need not associate
either row of couplers uniquely with the sum or the dif­
ference pattern, although such combining is a special
case , of course. In general, the two couplers per ele­
ment and the combining or hybrid network assembly in
the center allow individual illumination functions to be
achieved for sum and difference pattern formation. The
t runcat ion of the back row is indicative of the fact tha t,
in designing desirable sum and difference patterns, the
illumination functions need not differ in the edge region,

bu: the ce nt r a l r e g ion is vi ta l . r\ Iu r t he r (~'"" l g ; :

c hoi c c , the Iixed phas e s hift be twee n cout -Ie r r ows ,
i s r. :1 !", ~ :": L; in the G. E. wo r k by a posi t i onin .; or
··s: :.l :::" 0: one r ow r cl a tive tel the o the r , A progr am
of t ransi en t a na lys is wa s s po ns or ed by the !\a \'y a t
G . E . (cont r ac t !\ 000::: '; - (::'-l-J 093) in wl.ich i t w as

dc s i r cJ to syn thes i ze th .... i m pu ls e r es pons e func t i on

( i t s e lf a function of s te e r ing ang le) of a "tandem
fe- e-d' through c. w. sampling . A co mputer simula-
t i or of the fe ed was made , involvi ng c . w. exci ta­
t i on a nd a r e cor ding of a mpl i tude and ph a s e i n the
fa r fi e l d for various Le arn steer ing an gle s . This
was spo t checked with c. w. opera tion of an exper­
ime nta l array wi th go od agre em ent. From these
d r. : a . a c onvolution wi th a ny in pu t waveform is pos ­
s I ble to de termine the distortion in the s igna l as
m ig h t be rec eived a t any fa r fi e ld poiP L

Recent discuss ions with the Hughes Aircraft
Compa ny, Fulle r to n, dis cl os e the i r developmen t of
a tandem feed in light weigh t reduc ed he ight wave­
guide and the ir de vel opment of des ign procedures.
A:1 S-band 24 cleme nt (12 pe r hal:': Ic-e d ha s been
built in which no trunca tion is used in the back r ow.
The par ticular des ign in volves the sum pa ttern be ing
uniquely determined by the front row. The design
was iterated to ba la nce coupler limita ti ons with ef­
ficiency (waster load loss at the end of the feed I for
a pa rticula r desired pair of i ll um ina tion funct ions.
In this design, the maxim um co upl er val ue is be ­
tween 6 and 7 dB, and an efficiency of a bout 83 per­
cent is achieved (po wer rad iated to power input) for
patterns of a bou t 28 d 13 maximum stde lo bcs , sum
and difference. The desi gn process developed at
Hughes by DuFort and Jones and soon to be reported
in the literature, shows this achievemen t to be ve ry
nearly the upper bound on efficiency for the particu­
lar constraints.

Row feeding with such a waveguide structure
can, of course, be regarded as "subar r ay' : feeding,
but ce rtuinly more fam iliar in the subar ra/ concep t
is feeding in rec ta ngular and nearly s qua r e su ba r ­
r ays. then formi ng an ar r ay b:; a "bric k wall " as­
sembly of these modules. The development of ap­
propriate power dividers has been advanced at He A,
l\loorestown , 1\. J., and at th e Applied Physics Lab­
oratory of the Johns Hopk ins Universi ty, HeA has
proposed such an array feed for the Multi- Function
Array Radar (~lFAR) of the AEGIS weapon system
(formerly the AS!\lS\ and are proceeding with that
development. Bo th the RCA approach and the APL
work supporting the Navy program are corporate
feeds in a stripline type assembly, and are of the
"reactive" type, that is at each junction there is no
load device, as there is in a " m a tched" corporate
assembly. The H)G8 paper by Stark et al (14'1 des­
cribes a subar ray feed assembly of the "matched:

; ,



ty pl', :.J.n r.~ S l ' ! ~ , : , ; ' , ", \ \ ' .. '. L ,~:'; j{it ' I ';~!Jr id d L'\'in'C prt>-
v i d i r , l. :.! ,; di\ ; -j ,):: , 1'1:, ,, :': ;, Ie' P l lj ; , ::: o ut t h . s a I -

i en t ad\':l\1 t:~ ~ l' o f i h« ma tc he d tYPL' as r-ed uci ng t hc cf­
Ie c i s u f r e f1 (' ( ' t i C-' : 1 ~ \\ ~ : : , L m iuht othcrwi sc C ~lUS l ' 5 1"\:1' ­

i ous s i dc-Iolx -s . r:: lTt ; ~ : di s russ i o n- wi th Ra. theon h 3\' C

d i s clostd in - hll'..: :" L wo r]. on :.1. 11 ;\- lJ:i1'ld COl po r a ic le ed
i n whic h a r e s is tive fi lm is us cd wi th a "tuning fork"
powe r di vide r in a W:..l :,' th.u -!- r \..1r l hy br id pe rfo rmance
is a c h ie- ved, p r ov id ing a m a .c hc d co rpo rate fee d in
s tr ipl i nc .

F igu r e 19 s hows a vi e w of the 1:16 r e a c ti ve fe cd
(a : a nd th e s uba r r av m odule (I» wi th wh i c h it is used .
T he c nt i r e m odule- !J:Js been powe r te s te d wi th ho th
r ad ia te a nd s hor t c i r cuit condi tions a t the el e m en ts in
the r e g ion 25 to 40 kw pe ak. Inc idcnt al lv AP L has

d ve lopc d a po we r te s t in g te-ch niq ue in W i c h a r ac i -..­

a c t ivc s ou r ce is us e d in proxi rr. i t v to s nrnu la u- Ir e e
ch ar ge s a nd r esultant ar ci ng . Proper cont r ol and

s ta t is tic a l inte rpretati on c a n s ho r te n th e: ti m e re­
qui r e d for powc r tes tinz mar kc dl v. A r e ce nt a rt icl e
by Ho bins on of HCA (15\ il lu s t r at cs the ir ne two r k.

Mu c h of th e commun ity i s involve d i n the rac e
to " s o li d sta te a rrays " . P r opos a l s gen e r ally i n­
vol ve a for m of cons tra i ne d fe e d ing of the se a m pli­
f ie r s (o r locked os c i l la tors j , al though not \\1 thou . ex­
c e p ti on. Meads , Harpe r a nd Hsiao a t t\RL ha ve cov­
e r e d som e aspec ts of fe e din g (m ulti ple band C011\'er­
s i on s che m es , e tc . ) i n r e ce n t mem oranda . Ot he r
wo r k involv es very c om pac t prin ted or s tr iph ne s t ru­
c tur e at e a ch elemen t , s uc h as the e xperim e nta l s ys­
te m a t Rya n in Sa n Diego , see n by mys elf a bou t a
year ago .
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fig . 19a A Corporate Feed

Fig. 19b A Corporate Feed
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Hy br id System s. Th e Hughes p r opos a l i n 'the
r e ccn t A EGJ: Cont ra ct De fi ni tion {und er the Ge n­
er a l Dvna rni r-s , P om ona , te am ' is a n ex a m ple of a
hy br id s ys te m and is illus tra ted in F igure 20 . I t

TRAII.S tT IOII.
REG ION Ar-;O
PHASE SH IFTERS

I

ELEVATIO N
SUM AND DIFFER ENCE
BEAU FORU ING

Fig.20 A Hybrid Feed· Hughes on ASMS.

in volves a s tack of parallel plate TEi\I power divide r s
ea ch feedin g" a row of elements in a one-dimensiona l
s pace feed ma nne r . Each of these dividers is fe d
by a multimode horn. using weighting of the TElO,
TE20 • TE30 , and TE4 0 modes for independent sum
and difference pattern determination. (Later work,
Hughes reports, has indicated that the TE4 0 con­
tribution is pr oba bly not required. \ The transition
from the pa rallel plate device to the waveguide
housed phas e shifters has be en studied at Hughes
by Du For t a nd reported in the 19G5 pa per (1 6'1.
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~ 1i .:....: ;: :: : 1; l L' ~ hu.~ bee r, de, t·h 'i)·.'C :). ' He.-\ a nd is l i lt" s u l-­
ject of the p : ! ~ 't" I' by xv. P~ : t on in t he s e p roc-ee-d i ng s . as
\\ t;> ! ! a ~ an (':'.r l ie r r e po r : , j-;- , . T Ilt' app r oac h . unde-r a n
Ai r F o r c e p r o cr um C':l!:l ':': !:L5T, i nvol v e s i l lurn ina i i ng

Ir on . a p-,.i n t ft.'b ,: ~i ~ r ' !: t:' I'l , . i l l·t o! ; ':" ct or s u r l :ic v . the n
ca !Jl i::; these s ig na ls t hr o: :::: p h :ls £" shifters to g roups
of r:'.c! i::. : i::,;; e le rnen ts on tilt? a r r a v. A no tiona l s ke tch ,
F igure 21. illus tr a tes th is hvb r i d sche me .

Suba r r ay feec ln ~ has pr evious lv be en de scribed ,
bo th \ \ 1 th r ows a nd a ls o the m ore conve ntiona l r e c­
tangula r s ubs e t o f elements Ior rrun g the s uba r r ays . It
was quick ly est a blis hed tha: thE' r e ct a ngula r sub-

fE EDING AND PHASING SYST EMS • 209

l::L : s t r ip l me cor po r a u- l e e-d. T h « B u t I e r as s c mhly

has a s phe r ic-al a pe r tu r e for f u c u ~ j !I g: a t th e col lccro r
s u r l .ice o f the fee- d through a r r av , F/D of 0. 5 is used ,

wi th a r es l t i n.; hi g-h i l lum i na ti on e ff ic ie ncy - a bou t
O. :: d I. loss in th(' s pa c-e- Icerli ru; is claim ed . F tgu r e
23 s ho ws the as s e n . Ll v , the crossed Bu tl e r is in
waveguid e (0 . 4 d 131055 eac h way is c lai med -, the
feed th r ough array (not s hown ) us es open waveguide
eleme nts on both surface s ; the time delay mechan­
is m i s by ca ble leng ths in the presen t br eadboa r d .
The entire fee d promis es ve ry broad ban d ope ration,
the Butler a s s embly providing a feed that exac tly
compensates for the m igra ting focus , with s igna l
s pe-c tr a l (s ide band: cons tituen ts , o f the Ieedthrough
a r ray . Certainly a Ic e- d system of te r in g the prov­
e rbial "somelhing for eve rybody ", and a fi tt i ng
close to the survey.

arrays should be stacked with some staggering (as in
a br ick \\"3011 1 to r ed uce il lumination quantization effects .
This started an evolu ti on of subarray feeding as fol­
lows, tha t leads to our fi nal system surveyed. APL,
and probably others, has studied subar r ays , using the
stripline type feed, that are not rectangular but rather
" win dm il l' sha ped so tha t adj acent subar r ay s are in­
terlocked , r educing the s pa tial granular i ty in the com­
pl ex i l lurn ina tion func ti on . Next in the e volution, I have
discussed with various concerns the interlacing of
cabled subar r ays , wherein a "subar ray" may have a
central density of elemen ts but a few elements in ex­
tr eme pos itions, further smearing aperture quantiza­
tion effe cts by this interlacing, In each of these steps,
in this evolution, elemen ts are uniquely identified with
a subar r ay (and , hence, wi th one amplifier or time de­
lay device, e tc . L The next evolutionary s tep is that of
th e HIPSAF system at Hughes a hybrid system wherein
e a ch clement receives a contribution from each constit­
uent "subarray" illumination function , These functions
a r e spa ce fed to the array and are shown as the beams
i n Frgu r e 22, having been formed by an 8 by 8 crossed
Bu tl e r matrix assem bly. These devices are fed by a

It------..
I
I

__ I

Fig.21 A Hybrid Feed· RCA REST.

>
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4-F(ED ARRAY

....M ULT-BEAM
MA TCHED MATR IX
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...-TIME DELAYERS
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INPUT .-CORPORAT( FEED

TERM INALS t

Fig,22 HIPSAF Diagram.

Fig.23 HIPSAF Construction,



T his ;':': : ~ '. ':' I r · ~ J.' 2:-t ; l' ;~) :oJ tj O :l i n a n u. n lx-r o f the r e -
c ent (\·~l~:: ~ : O :- '" of pro;lo ~: I..' C ~ \S lC-:1 5 ~l ::' :~ r e ve a led
t b ! ~ Ir ct I !:-: ~ ~T : -:: \.' cC ~ : s :l c:; !fc r c :-.cps of [r a ct ion s o f
a c!? i n J o ;,- :.~ i:.:s: i :~ ~i , ~ l.l'\ ( r \Cr~ L 5 i u sc r t io n } ("' ~ ::- ' and

t he like ar c ccr ta inly i n volv E-,C in sr t ti ug the co u r s e of
e xp lo r at o r y Gt: \ e lopm en t , bu t in e n;..; i llEc r i n;: de velop­
m c-n t the Ir on : !1',un C2r1 C r. 1J. u c r s of fo rm Ia ct c r , a c-

c e s s i ViIi: y <:. ::0. c os I q t: i cl , ly dorn in n.c _ I dou ' t find

t h is i n ~ rr- rc' r' :- : 2 ~ C a t a ll : i t ' s ~ i r.j p l y i r on i c to d e vo te

0 1':C ' 5 a l tent ion 10 s igna l d is tc r t ion in li ne fee ds one
ru inu ;c 2 ; :(: hai l Ih e r i:;i d i ty thc "; Ci H -; \ j jUl: r uns affo r d
11:(' :1 r :' ;;Y ~ ;',l : :t' .'\~ . A C: i S C f r om th <: ~ :\::'i- D! AS:\lS

jo in t de~ j ;::: : l e xpl ora tion s i n 19G7 i llus rr a te s . One
c o n t r ibut i on invo lved a Ie edth r -cugh a r r a y a t C- band
f o r the ~ .; ~.i-D u s e : b u: t o ]111:-(;[ t he ~ 3. \ ·Y r e qui rc nie n t
for S-band ope r a tio n a nd thc Na vys greater nee d for

a r r .ry 51:1". ; ';:.: v. ou ld ne t s uffi ce , a nd a wav e guide con­

.::; t nl. ~ L{: I: f{:u:~ s rruc tur c W :lS o f .e r e d i ns te a d . Othe r
Io r m Ia ct -: ; 1 : ::~ : : l ~.. s a r c j l ~ _ ~>~ r ~. :: l : ~ , p3.r t j c L ~ d r ;:: ti:CJ:::c­
th a t bear 0 '1 m a int a ina bi li tv. T he ch oi ce o f fe ed struc­
ture mus t be j oi u t ly conside r ed with phas e s hi ft e r dr i ve
and control circuitry location, drive cabling, air flo w
for heat r e mo val and the like.

I have pr e vious ly me ntioned ," m a tched" and "reac­
tive" fe ed typ es in the context of the constrained power
dividers , and implied a concern with the energy reflec­
ted with in the fe c .l or at the elernents , Refle c tions can

. cause VS\\~ s ide Iobe s , s econdar y beams or a general
pattern degrad at ion if not absorbed in ma ny ty pe s of
s vsterus , root 0 '11:. in t he cor pora te fe ed s. In r cfl cct
s pace feed. ng , the {:HE- Ll of the im age of the Ie e d ho r n ,
in the pla:lc surface of the a r r ay face has been observed
hy pat te rn m cas ur-cm ents , It has come to m y atte nti on
{hat in the H.4PD :~.R a s li;;l !l r ipp le on th e sir;li21 due to
TeOec.:th·c paths withjn the chamber behind this feed­
lhrough spacc fed array can be observed, a1 though no
pattern effects are e\;denl. I recall attention in the de­
sign of serpentine feeds with reactive t.c.ps to slightly
staggeri ng the ta p poi n l~ , accepting slight lo ss in gain
and other effects, to a'\"oid the broadside resonance
phenomenon i n wr.ich n 'l1ecti\-e contributions fr om each
tap add in ph~se at the in put for reg:ularly spactod t?.ps,
g i..iI1~ b i ~ ;' \ 'S\l."R a :id :, l ~dde:l gai n Jess.

T Ile sp<:.ce fecd \"ersus constrained feed argulT:ent
concerning Joss deserves comment. The reflect ap­
proach does limit born cluster design and taper, so
that perhc.ps it remains le ast efficient v.:ilh a 2 or 3 dB
loss (spillo\'cr a nd face reDeclions) : whereas L'1e feed­
lhrough approa(;h provides considerably more opportun­
ity to shape th e illu~ir. ;; Uon for edge effirie r;(;y, 1. 0 dB
is possible. 1\10st constrained feed~ rnu~t run C;OE C to
1. 0 dB in loss. Tht: radial parC:111c! pl2te oeYices per-

L31 ':': l ·f:<,:r ~ LL ~rc-2 !(' ;:-t d L ( ier .c v , w i th H.J:::: ! i ! . ~t: r ­

! j L' :: Jo :;':; \ I ~ ! ,.,; i:-: c ~ ~ : (\:r!. 0 f ;; :: l i II le (:S L<.0 ;:- ; 1 L E .

exc l ld i r;;:; a d rni t ted ly a nv ne ces s a r y c 21.,] i :',; to t!ll:
a pcr tu r e .

Of (' ·.;'.: r sc . the Ie c d i s o ne part of a s ig na l f i l te r
a nd he nce i ts cont r fbuu on 10 dis to r ri c n , its l r21: ~ -

fe r o r tr e ns ie n t cha r ac te r i s t ic s , a r e of in tc re s t ,
The s e topics a re e xpl o r ed i n ear l v ~ 1. J. T. report s
(l ~) a r.d m ore r e ce nt ly by Adams (19', and K i nsey \'. :'!o,
wit h Hor vah , is co nt r ibut ir.g a pplic a ble n .a te r i r.l
in th ese proceedings. At te ntion was give n 10 Ie ed
an d compon en t trans i e n t characteri stics by Ross

C?O', a t Spe r r v , a s we l l , For m os t a ppl fc a ti ons of
m y as s oc ia ti on, s igna l ban dwid ths r equi re d do not
r i va l the ba nd wid ths of candid a te array fe e ds for
m os t rea s ona ble cr-it e r ia for ba nd li m i ts . HO\,:E-YE-r,
just as need for more range resolution to ok us a-
W ;,iy Iiorn Ir e quen cy s i L or i :: ;; Ie e ds , c .:: m 2 ' .d fu r
e ven greater inform a u o» cont ent (ba ndv. id th i n a
s i ng le sampl e wi l l c on tinue to d r iv e liS tov.a r d
tim e d e lay or freque nc y i l s e ns i t ive a r r a, :;\.: c..\ ~j1 (' ~-

r ie s a nd feed sys tems.
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APPLICATIONS OF SAR

• MEASUREMENT OF SEA STATE AND WAVE SPECTRUM OF THE SEA (SEASAT)

' . GEOLOGICAL AND MINERAL EXPLORATION (SIR-A)

• AGRICULTURAL MEASUREMENTS (SIR-B)

• OTHER REMOTE SENSING (MAPPING OF WATERSHEDS) FLOODS} ICE} OIL SPILL}

PRECIPITATION) URBAN LAND USE} AND OTHERS)

• MILITARY
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ATTRIBUTES OF SAR OF INTEREST FOR REMOTE SENSING

• GOOD RESOLUTION IN CROSS RANGE) OR ALONG TRACK} DIMENSION.

• RESOLUTION CELL SIZE INDEPENDENT OF RANGE.

• ABILITY TO PRODUCE IMAGES FROM SATELLITE RANGES.

• ALL WEATHER.

• MAP-LIKE PRESENTATION.

• CAN BE UTILIZED WITH MULTIPLE FREQUENCIES) DUAL POLARIZATION} AND SPATIAL
DIVERSITY.

• POTENTIAL ABILITY TO EXTRACT INFORMATION REGARDING ROUGHNESS} SYMMETRY}
AND DIELECTRIC PROPERTIES.

• REAL-TIME PROCESSING AND DISPLAY.

• UNIQUE INFORMATION DUE TO USE OF MICROWAVE WAVELENGTHS.

• WELL DEVELOPED TECHNOLOGY. OPERATION POSSIBLE FROM VHF TO MILLIMETER
WAVELENGTHS.
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SIGNIFICANT DIFFERENCES BETWEEN SAR AND OPTICAL IMAGING

• 105 DIFFERENCE IN WAVELENGTH

-- SAR AND OPTICS RESPOND TO DIFFERENT TARGET EFFECTS

• CONTROLLED) COHERENT ILLUMINATION (SAR) VS AM BIENT) INCOHERENT

ILLUMINATION (OPTICS)

-- SAR DESIGNER CAN SPECIFY INCIDENT ANGLE

• SAR RESOLUTION CAN BE INDEPENDENT OF RANGE) AND CAN ACHIEVE GOOD

RESOLUTION AT LONG -RANGE

• SAR OPERATES ANY TIME ·OF DAY OR NIGHT) AND IN ADVERSE WEATHER
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R.'OARS FOR REMOT.E SENS I NG
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Weathe r, .C1ear air t ur bu1ene e, b i r ds , .: /~

astronomy

~ Identifying culture activiti es, lan d 1

use mapping, drainage and so il mappin g , ···.. '
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STATUS OF REMOTE SENSING .TECHNOLOGY

• EQUIPMENT 'AVAILABI~ITY IS GOOD, ~RIMARILY BECAUSE OF NEEDS OF MILITARY.
TECHNOLOGY TRANSFER HAS BEEN AP~QUATE AND IS NOT THE PACING ITEM.

• LIMITATION HAS BEEN IN UNDERSTANDING HOW TO EXTRACT USEABLE INFORMATION.
BETTER METHODS ARE REQUIRED FOR INTERPR~TATION OF SIGNALS.

• INTEREST IN REMOTE SENSING WIL~ PROBAaLY WANE IFJ WITHIN THE NEXT SEVERAL YEARS,
ONE O~ MORE MAJOR APPLICATIONS 00 NOT SEE WIDESPREAD EMPLOYMENT ON A

I

r SUSTAINING BASIS.
I " ! '

1

• EACH SENSOR ~AS ITS OWN SPECIAL LIMITATION:

RAO~QM;TBY ~ BETTER RESOLUTION .

SAR ~ IMAGE INT~RPRETATIONJ CROP IDENTIFICATION AND SOIL MOISTURE MEASUREM ENT

HE-QIH • WAVE SPECTRUM MEASUREMENT

• IT IS NOW NECESSARY TO DEVELOP MODELS AND THEORY IN CONJUNCTION WITH CONTROLLED
EXPERIMENTS.

• AT PRE~ENTJ INTEREST IN REMOTE SENSING HAS NEVER BEEN AS HIGH.

"

...... ... ' -
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j ., A. Johnson &: D. C. Ston er
Heavy ? , i l ita r y Equip ment Department

Gener a l E le ctric Com pan y
Court Str e e t Plan t . Syra cu se , New Yo r k 13 201

I~TROD t.T TIO ~

T he previous paper by Steve J ohnston m ight
im ply that for e ve r y poss ibl e mode of jarnrn ing , an
a ppr opr ia te counte r has been invented and developed.
T hc r efor e , you a ll may be think ing there is l it tle
left to be concerned wi th. Ap paren tly, a ll the radar
de s ign er need do i s simply a dd sufficient coun ter
te chriique s to s at is fy the spe cifi ed threat and ship
the equ ipm ent.

Unfortunat e ly . Ir o rn the m ilitary custom er ' s
point-of-view (or s hould I s ay fortuna te ly , from th e
co nt i nued e ngin eering em ployment po int-of-view) ,
th ings are not quite that s i mple. There are four
hurd le s to cros s before the El ectronic Co unte r
Count e r Measur-e s (E C C1\1 ) t e chnique per for ma nce
m e as ur ed in the laborat ory c an be reali zed on an
operating radar:

1. Many EC CM techniques require basic radar
performance beyon d tha t required in the absence of
jammin g. Improvement of the receiver stabil it y ,
dynamic range, bandwid th rolloff or out-of-channel
characteristics, and achievement of matched multi­
ple receiver channels, for instance, may be neces­
sary. Thus, it is usually necessary to review and
possibly redesign the bas ic receiver in light of the
ECC l\l techniques to be employed. In addition, some
techniques make special demands on the transmitter
and antenna.

2. When several ECCM techniques are to be
employed, it may be found that they are incompatible
with each other, so that they cannot be used
simultaneously.

3. The presence of radar clutter of "friendly"
interference may requ ire counter techniques of their
own which can work at cross purposes to the desired
ECC l\1 techniques .

4. One approach to the compatibility problem
is to give the radar operator ,a jamming monitor and
a set of switches so that he can choose those tech­
niques whi ch best counter the threat of the moment
without using simultaneously incompatible tech­
niques. There is a tendency with this ' approach,
however, to give the operator so many choices that
he is unable to find the right combination when he
really needs it.

It is the intent of this paper to illustrate the
kind of solution to these problems which has proven
to be practical in the experience of the General
Electric Company, and to shGJW the general kind of
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thinking whi ch led to that solution. Due to the r e­
s tr ict ions of ti m e allotted a nd s e curit y , th e ans wer s
to a ll thr e at s a nd a ll de s ign pr ob lem s cann ot be
co ver-e d. Howeve r , the kind of approach necessary
can be i ll ustra ted. '

DEFINITIO N OF AN ILLUSTRA T IVE CAS E

We s ha ll cons ider a conventiona l 2-D a ir sear ch
r adar wh ich m ech ani c:111y SC:1ns a fan bea m in
a zi m uth a nd r a di a tes simple s hor t pulses. T he
jam m ing and inte r ference environment will in cl ude :

1. Multiple standoff jam m er s

2. Bo th narrow and wideband jamming

3. Co ntinuous Wa ve (CW) and pul s e
in terference.

4. Ground clutter

5. Weather clutter and/ or chaff

Figure 1 illustrate s an ECCl\1 radar configura­
tion we have evolved to meet this type of threat. It
uses frequency domain, time domain, and spatial
domain techniques combined to reduce the effect of
the various kinds of jamming and interference,
either singly or in combin ation. The techniques
used are individually adaptive to the threat present
to maximize radar performance 'with very little
operator interaction required. Let us first briefly
summarize its features, then detail them
individua11y.

1. A frequency agile transmitter is adaptively
programmed to the frequency of least interference.

2. Several auxiliary antennas and receivers
are used to suppress sidelobe interference using
both adaptive cancellation and short interval gat ing.

3. Ground clutter suppression is provided by
appropriately tai lored Moving Target Indicator
(1\ITI) cancellation.

4. Chaff and weather clutter suppression is
achieved by adaptively weighted cancellation.

5. A "clean" display presentation is provided
by a Constant False Alarm Rate (CFAR) threshold
utilizing split-window normalization.

6. E li m inat ion of a synchronous pulse inter­
ference in the mainlobe is achieved by a pulse-to­
pulse cor relator ,
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F ig. 1. E C C:'1 R2.da r Conf igura t ion

DES CTI IPTIO;\ OF ECC l\ l TECH?\IQ l -E S

Tra:i s m it te r

T he bas ic technique app lied here is frequency
ag i l ity , ap propriate ly programmed. An agility pr o­
grammer is required to force a jammer to " s pr ead"
h is energy over the entire agile bandwidth of th e
radar, thus reducing the effective jamming power.
The agi li ty programmer samples the interference
prior to the next radar transmission (pre-look).
This is done in such a way that the radar is not
forced to 'change frequencies until the interference
level is sufficient to degrade performance in a
normal channel. The pre-look programmer is also
very useful for the mainlobe jammer case in that
spot jammers become less of a threat. It has been
found that by examining the jammer spectrum and
se lecting a "ho le" in this spectrum for the next radar
transmission, a significant range improvement is
obtainable. For typical parameters, the feature will
also extend "burnthrcugh" ranges.

There are other benefit s to be derived from the
operation of this frequency agility over a wide band­
width. If the frequency is varied over a reasonable
per cent ag e of the ba ndwidth in a systematic manner,
it has the fo l lowing advantages.

1. If the radar is used in an environment where
a reflecting surface produces interference nulls in
the e levation coverage pattern, the effects of a fre­
quency agility will tend to fill in these nulls, hence
eliminating the problem.

2. Pulse-to-pulse fluctuations of the target re­
turn caused by the frequency changes should increase
the detection probability of the target.

In the " agf le mode", the pre-look sampling of the
envir-onment occurs during the radar Interpulse
period « n a pulse-to-pulse basis) prior to each
transmission. The next transmission then takes
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p la c« a t t lu- fr eque ncy (If least in ter fe r ence . In t he
l\ I T I m ode , th e 11J"t: - IooL sarnpl i ng i s a ccompli s hed
after e ve r y four th pu ls e to m a in tain t he ~l TI

proce s s ing .

T he r-eceiver uses dual co nve r s ion with a h igh
dyn a m ic r an ge. Sin c e the ban dwidth a t the receive r
input wi 11 be broadb an d to accommo date the system
fr equency agi li ty . the dual conver s ion as sures that a
jammer cannot transmit two fr equencie s separ ated
by the first Int er m edia t e Frequency (IF) and defeat
th e agil ity of the. radar by producing a cons tant sig­
na l a t the IF. Th e high dynamic rang e is essentia l
to prevent a jam m e r of any rea l"st i c s ize from
s a tura t ing the r e c e ive r and r educi ng syst em
s ens lt ivlty .

A Sens it ivity Ti me Control (STC) in the rec e iver
reduces system sensitivity to avoid detections of
bi rds , ground moving vehicles, etc. It a lso sup­
pr e sses c los e-in ~ound cl utter tha t m ay othe r wis e
be a cted upon by the s ide lobe cancell e r sy s tem. By
placing the STC actuators in front of the s idelobe
cancellers , th is problem was eliminated economi­
call y . Other solutions such as "sample-and-hold'!
techniques within the s ide lobe canceller loop and
directive auxiliary antennas are also viable solu­
tions. One must take care that the former solution
is not degraded in a "swept jamming" environment.

Since th e Coherent Sidelobe Canceller (CSLC)
used in this sys tem represents considerable cost and
capabi lity , it is good strategy to use it only on jam­
mers that are actually perturbing the used frequency
of the radar. This is best accompli shed by placing a
fi Iter matched to the radar transmission before each
loop to reject out-of-band jamming. As an illustra­
tion: If a Radio Frequency ("RF") sidelobe canceller
was used in the system which covered the entire
agile bandwidth of the radar, it may devote all of its
capabi lities to the largest jammer in the agi Ie band.
If a smaller jammer is used to cover the trans­
mission frequency, this CSLC arrangement may be
effectively defeated. This, the loops preceded by the
matched filter sees only the in-band jammer and
simplification in the des ign of the auxiliary antenna
system and the CSLC loops are achieved. To obtain
maximum performance from the CSLC, each receiver
(main and auxiliaries) must also be matched to each
other.

Sidelobe Suppression

The sidelobe suppression system consists of a
coherent sidelobe caricel ler (CSLC) array (three
loops) to remove barrage, C\V and swept jamming
and a compatible sidelobe blanking system to remove
repeater and deception jamming.

The CSLC system is used to counter high-duty
cycle jamming received in the sidelobes of the main
antenna. 1,2 As shown in Figure 2, an auxiliary
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:1. :::-:-:1 :1 :1 a r r r.v s t: ~ -:: - C: t I S::: :: ;:,>:: t ; : ~ jarnrn .nt; C:1t t::- -

in ::: t hs- s i d elobes of !h ~' m a in an tenna . T his sn mpled
s i gna l is cor r ected i n P!::-... '::: P :1.:l~ a mp litude to rn at ch
th at of t he rn a in an t enna , a n subr r act ed i n a C3.:l-

c e l le r s v st e rn. T he cc-r r c la tion between the j am ­
m in g s izna l in th e aux ili a r v ant ennas a nd the output
sr gn a l to the sum m e r a r o m easured by th e corre la ­
t ion rni xe r and the nar r owband fi lter. T hi s r e s ult s
in a we ight ed s igna l wh ich is fed to the steering
m ixer an d wil l amplitude we ight and phase shift t he
a uxi liary antenna s igna l al so entering the steering
m ixer. T hes e tr an s la t ed s ign al s Leaving th e steer ­
in g mixer are then subtracted from the main signal
in the sum ming network, Cancellation thereby sub­
tr a ct s this array beam fr o m the main antenna side ­
lobe pat ter n. for rn ing a na r r ow null at th e jam me r
loc at ion.

A UXIL I4JlY AN 1E ..... 4S

Fig. ~. 3-Loop Sidelobe ' Canceller

In ad dition to the interaction with a responsive
sidelobe jamming threat, the CSLC must be con­
figured , constrained an d integrated into the radar
sv stern to in sure it wil l perform its functi on without
perturbing or degrading other system functions.

For ex ample:

• It must not degrade noise figure or sub­
clutter vi s ibil ity in the normal envir-onment where
Clutter m ay be pr esent.

- 3-

• It m ust per Io r m in a m ult iple thr eat environ ­
m ent where E le ct r on i c Countc r m e a .su r -e-s (E C'!\l ).
clutter an d mutual interference m ay be present.

• It must be designed to not e liminate des ired
target signals.

Because thi s i s a simple pulse system , the
lo ckup time of the CSLC wa s mad e fas t enough to
a ch ieve goo d cancella tion without cancell ing the
s ignal.

Th e sidelobe bl an ker is used to remove low-duty
cycl e r epeat er of "spoofer" jammers entering the
s id elobe s of th e main an tenn a in e ither a deception or
saturation mode. The blanker utilizes two of the
same auxiliary antenna and receiver systems as the
CSLC to sample th e signa l, determine through logi c
processing the presence of these same signals in
the side lobes of the main antenna, and gate out the
unwanted signals, a s illustrated in Figure 3.

Thi s logic is des igned to a llow compatible oper­
ation of the sidelobe blanking and the correlation
sidelobe canceller in the presence of combined
jamming.

84 759

A UXI LIA RY

ANTENNAS

Fig. 3. Sidelobe Blanker
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Fig. 5. Adaptive t IT !

Adapti ve Thr eshold a nd Correl ator

Automatic threshold ing for targe t detection is
provided by a normalizer (a CFA R device) and a
two-pulse correl ator [ Puls e Repetition Frequency
(PRF) discriminator] to redu ce nonsynchronous
interference. A fun ctional diagram of th e range
normalizer and correlator is sh own in Figure 6 .

RA.DIAL VELO CIT Y

/ W£ AT HER OR CHA F F
RES ID UE

Fig. 4. ~IT I Response

T he ): T I S.L Ler.: cons i st S ( I f two filt er 3, a fi x ed­
f i l : ,: ' ~ fll!"1:": i'') :l Io:: s : :'c t l f:':: : ~ r' "\ ' cl ut to r wit h the Ii h cr
c c n te r ed a t zero D');) i-) .~": :· ann an ada ptivc - no tcb fi ltcr
Iun ct io n Io r n0 :1 ~ t a : i :.:-::-: : y c1U: ; ('1" . T he adupt i H ' sy s ­
t e rn is u :-: e d to P~ .1 (" E' the zero of the fi lt er at the c lut ­
te r Doppler r e spons e . T hi s i s s ho wn in F igur e -1.

Fig. 6. Adaptive Threshold and Correlator

The range background estimator is probably the
most cost-effective signal processing function one
can implement. The adaptive threshold suppresses
unwanted noise and other residual uniformly­
distributed clutter while obtaining "super clutter
visibility" on targets in the clutter region. This
adaptive threshold is implemented as a range

The :'- ITI function used for ground clutter is a
conventtcna l four-pulse ~ITI fi lter response with
Pulse Repetition Per iod (PR P ) stagger to remove
the blin d speeds. The system stabi lity is adequate
to support the improvement achievable with a four­
pulse canceller. Any significant departure of the
clutter spectrum from zero will result in poorer
performance of the fixed-filter MT!.

To minimize the return from chaff and weather,
the fixed-f ilter ~ITI is followed by the four-pulse
ad aptive :i\I TI whi ch is ill us tr a te d on Figure 5. The
co rrela t ion loops placed at ea ch tap ou tpu t samples
the output of the i\ITI fi Her an d modifies the tap
weights (pha s e and amplitu de ) to maximize the
signal-to-interference ratio (SIR) at the sum output
port. This configuration wil l maintain its perform­
ance in a con tinually varying clutter environment on
a pulse-to-pulse basis. 3

This clutter suppression scheme of a fixed and
variable filter has worked well in a combination of
mixed clutter spectra. The adaptive MT! "aries its
response to various clutter spectral shapes including
both chaff and weather.

TAPP l O T1Ml DELAY REPET ITI ON PERIOD

DE LAY
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p ,~ r;.: :: 1i :: (O : ' ~ C' p :" " : i \ . C; :\ l : i r: :-: n ·:-> : .:::. p en:..i r c-nrncn: .
\ \ ' h : 1c i t s p r im a r v f ur po s c- i s C F ..\l{ in 3 r c ce iver
D0 i ::(, ba d';:· 0u :-~ \ : . i t a i so p :'o': i r.,.''s CFAH i n any r e ­
a s on a bly horno ge ne ous int e r fcr ":lce . T his de vi ce
ad jus ts a t hr c s ho l: pro por t iona ! to the m ean ba ck ­
gr ound le ve l in so rne n um be-r of r- an ge ce ll s preced­
in g and fo llowin g the r an gc ce '! under e xarn in at ion.
When the r ange c ell unde r ex a rnina t ion is suff iciently
la r ge with r espe c to this ba ckgr ound (A > B), the
no r m a li ze r gives a vi deo output. -i This output is
then sent to the cor r e lator , a s sh own in F'igur c 6.
As stated before , the nor rn a li z.er provi de s no su b ­
clutt er vi s ibi li ty by itself, but it has proven an ex­
ce ll en t a djus table th reshol d when a s much interfer ­
en ce as pos s ible has been el iminat ed by th e proces­
sor fun ct ions pr io r to it s estimation proces s ing. To
pr event " capt u r e" by a ve r y la rge s igna l in a s ingle
range cel l. th e tr-ansfe r cha r acteristic preceding
this de vi ce is a linear -log arithmic fun ction.

Th is adapt ive thre sh olding scheme is preferred
over base cli ppin g for an automatic detection sys tem.
With ba s e cli pping . if the detection level is set on
the bas is of r ecoiv er nois e, then clut ter return s ov er
a large dynamic range wi ll change the noise leve l and
raise the fals e alarm probability drastically. This
rise in the fa lse a larms has an intolerable effect on
automatic detection systems.

The two-pulse correlator Io llowing the normal­
izer serves sever-a l purpose. It essentially doubl es
the false-alarm rate of the adaptive threshold, thus
decreasing the sensitivity required by the device
alone. .It also r e rnove s impulse jamming, even in
the mainlobe, unless this interference has been
synchronized to the radar PRF. The adaptive
threshold and the cor r elator thus work together to
reduce the false-alarm rate at the output of the radar
system to a tolerable rate.

Other Design Considerations

The preceding portion of the paper has pre­
sented the selection and group ing of compatible
techniques which enhance the sensor sensitivity to
signal power while reducing sensitivity to clutter
and jamming in a multiple threat environment. The
incorporation of:

1. Frequency processing

2. Antenna pattern processing

3. Velocity processing

4. Time processing

5. Amplitude processing

have all been required to counter the environment.

It was important that these capabilities be "on­
line" at all times and require minimum operator de­
cisions to function properly. This not only insures
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t rl': pr ope r response to the e nvi r onrn ent fo r m a xi­
mu m d et c-c t ion , but a t th e s a m e tim e r educe s opera­
tor t r a ining l'l 'Q'll,·c rnt::1 t s . T h e- o ju-r at or is no
longer r cqu ir ed to r e cog nize the to ta l envir-onm en t
and adapt the rada r li ne up to th at s ituat ion. Cons e ­
qu ent ly, he nee ds to devote little time to this. The
requirement that these fea tur e s be s elf-com pa tible
is a necessary cond ition.

In the sy stem design, the co mpatib ility of th e
fr equency agility w ith the philosophy of MTI oper a ­
t ion m us t be addr es s ed. For thi s system, th e .
ground rules were to main tain MTI operation at all
times, giving it up on ly when th e jammin g becomes
large enough to render it useless . This requires
holdin g a single carrier frequ ency for at least four
con s ecu t ive puls e s. When ex trem e jamming is
sens ed , th is requir ement is a utomatically relaxed.
Once the jamming ha s been effectively countered,
11TI operation wi ll r-esume,

It must also be remembered that this was a
s im ple puls e , long range search r adar with the PRP
being corn pat .ib le with the processin g. With t he ad­
vent of long duration waveforms, faster response
times, higher PRpts, and more degrees-of-
freedom care must be taken to avoid signal cancella­
tion, disto rtion, low-level deception jamming and an
increase in noise carryover or throughnoise in the
range sidelobes of large Signa l-to-Noise Ratio (SNR)
returns. These will all degrade the performance of
the ECCl\l processor if not handled properly. Since
this particular design has worked well for this sys­
tem does not mean it is appropriate for all situa­
tions. As always, each system must be examined
in light of i t s own specification.

A radar ECC11 processing lineup has not been
designed to insure immunity from most EeNI tactics.
There are several additional tactics that come to
mind which can with high probability defeat this
radar processor. However, these tactics require
that the jammer teams utilize considerable resource
expenditures. This mearis th at our processing per­
forms its function well; that of maximizing the ratio
of cost to defeat the system relative to the system
cost.

QUALITATIVE PERFORl\lANCE RESULTS

Specific improvement performance cannot be
given due to security restrictions. However, the
following Plan Position Indicator (PPI) photographs
were selected to give an indication of the perform­
ance of individual ECCM fixes and their working
compatibility.

The photographs were taken at the General
Electric facility with targets of opportunity and
externally applied jamming signals. While the
total ECCl\l processor is on-line in all the photos
(i. e., the ~lTI is usually r e moving ground clutter
that is always present) only the major ECCM con­
tributor is described for its performance. The
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b efore ph o tos ar e wi th b.is i c r e cei ve r 2J1d the aile!"
photos arc with th e EC C1\1 pr oc es sor .

C S LC Ag:li ns t S\vept C\""

F igur e i (a) shows the effect of a narrowband
s wept C\\" jam mer r ad iat ing 1000 \ V of Effe ct ive
R adia ted Power (ERP) wi thout the CS LC conne cted.
F igu r e 7 (b) shows pr oces sed vi deo due to the CS LC
sy stem. T he r a nge r in gs are 50 nm i ea ch.

a. Canceller Off

b. Canceller On

Fig. 7. CSLC Performance with Swept C\V

30 -5 -6-

SU elobc Bb:lke r Oper a ti on

T hes e photos were taken during fl ight t ests at an
operational site with controlled aircraf t. T he s o li d
s tr obe line in the photograph is a r esult of ins tru­
m entation being used and wou ld not norma lly be
pr e s ent.

Figure 8(a) shows the false target repeater in the
fa lse target mode of operation. The false ta rgets are
clos e to m aximum range a tLt o'clock. The effec­
t ivene s s of the s idelobe blanker is s een in Figure
8(b) where t he true targets are visible and th e false
targets have been removed.

a. Sidelobe Blanker Off

b. Sidelobe Blanker On

Fig. 8. Sidelobe Blanker Performance with
False Targets



F ip ;:- e ~ , d e rr: :O:1 st:-:1~ e ~ th e com pat ib ili ty of th e
tw o s ide lobe s uppr es s ion techni ques . Figur e 9(a )
s hows a higb - dc t v cy cle j arnr ne r obscuring targets
f rom maxi mu m r an;e into a fi xed r an ge wit h both
s ide lobe suppre s s ion fixes off. F igure 9(0) ha s only
with the s idc-lobe b lanker on an d demonstrates how it
"br-eaks d ·J\\I1 " un der this high - du ty cycl e jamming
to pr ev ent it fr om shutt in g dO'WTI the r ada r continu­
ously. A t the s e h ig her duty r ates , th e CS LC s hould
tur n on an d cancel the jamming as shown in F igure
9 (c). Note th at with only the CSLC ~ in Figure 9 (c),

a. Both Blanker and CS 1£ Off

c. Only CS 1£ On

there is a co nt i nuo us ring aroun d the P P I photo a t
close range. T his is ca u St->d by the CS LC lo ckup
time. (Th e CS LC is con: inuous ly locking an d un lock­
ing on this hi gh - duty cycle r epea te r jam mer . ) It is
dur ing th is t i me that the r adar is still vulnerable to
any low-duty cycle jam m ing. F igur e 9(d) i s taken
with th e side lobe blanker an d the CSLC both on .
Note that the ring in Figur-e 9(c ) is now gone.-The
sidelobe blanker is now blanking any low- duty cycle
jamming dur ing the CSLC lockup t i me and the CSLC
turns on to cancel the hi gh -duty cycle jamming.
The MTI was off-line dur ing this photo sequence. ,

b. Only Sidelobe Blanker On

d. Both Blanker and CSLC On

Fig. 9. Combined Sidelobe Blanker and CS1£ Performance with High-Duty Cycle Pulse Jammer
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F i ;: t.: ~ C' 10 :::h O \\"3 ~· ; T I an .l a d a pt ive t hr e s ho ld
pe rfor rnance . F igu r e 10 (::1 ) s hows th e c los e ir.
gT O'.1:1(; c-lu tte r profi le w i t h 11 0 ~ITI or a d a pt ive
thr es ho lc . Figure 10 {b) de rnon s tr at es the c lose
in irn .cov um e nt a ch ie ve-d in thi s g-round c lutt er .
T his phot o has an e laps erl ex po sure t im e to s how
the tra ceab:I i ty of t he ta r get s .

a. i\ITI and Adaptive Threshold Off

b. 11TI and Adaptive Threshold On

Fig. 10. Ground Clutter Suppression
Performance

30-5 -8-

T'igu r e 1] sh ows t he adapt i ve !\lTI wo r k i ng
ng :1i ns t a chaff d rop at 100 nm i. Th e top pho tos
show a chaf f drop wi th a test ta r get ri ng inser te d
for tes t pur pos es . Both the PPI an d A-s cope photo s
ar e sho wn for c la r ity. T he bottom set of pho tos ar e

wit h the adapt i ve MTI, o n-l ine.

Co m p:!t ib i l it Y of Sic1 el ohe Supp:-e s s io n , Clut ter
SupP:'('s s ion an d A da p ti ve T hr esho ld Te chn iques

The th r ee pictures on Figure 12 ind icate the
combin ed perfor m an ce of the CS LC eliminating bar ":
rage jamming, the MTI eliminating ground clutter,
the ad aptive MTI eliminating a weather storm and
th e adaptive thr eshold a ction to maintai n a fa lse
alarm rate to th e PPI.

Figur e 12 (a) shows th e profi le of a we ather
storm out to approximately 60 nmi, where the
ground clutter stil l exists at th e s it e (shown pr e­
vious ly in F igure 10 (a» . Figure 12(b) is barrage
noise jamming whic h is greater than 100, 000 W of
ERP from a s tandoff jam mer at 100 nrn i. F igur e
12 (c ) gives an indica t ion of th e performance de livered
by this compatible lineup operating to give a clear
target presentation.

Pulse-to-Pulse Correlation

The effect of th e correlator is shown in Figure
13. Figure 13 (a) shows a PPI display with mutual
interference present, and Figure 13 (b) indicates the
results of the corr-elator action to remove the
interference.

CONCLUSIOK

The ECCM radar configuration we have de­
scribed has proven to be highly effective in opera­
tional use. It provides reliable performance and
requires little operator intervention to counter a
wide range of ECM and interference threats. It has
extended the basic radar capability to cope with
these threats at a cost which is only a fraction of the
unprotected radar cost. This has been achieved by
selecting a relatively small number of inherently
adaptive and complementary ECCl\l techniques which
had been individually proven, and carefully inte­
grating them into the complet.e system. In view of
the currently expected ECM threat and the success
of this counter approach, we believe that it should
be designed into or added to all currently considered
operational military radar systems.

This obviously is not the end of the story. Both
the total ECM threat and the types of radars em­
ployed are gradually butconttnuously growing.
Consequently, it will be necessary not only to de­
velop and evaluate effective new ECCM techniques,
but also to integrate them into complete operational
radars.
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c. Searchlight A-Scope Display
Adaptive MTI Off

d. Searchlight A-Scope Display
Adaptive M'I'l On

Fig. 11. Adaptive 11TI Performance with Chaff

a. Scanning PPI Display ­
Ada pt ive t ITI Off

b. Scanning PPI Display ­
Adaptive ~ITI On



a . Weather and Gr ound Clut ter b. High-Power Barrage Nois e Jamming
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c. Sidelobe and Clutter Suppression Plus

Adaptive Threshold

Fig. 12. Compatibility of Sidelobe Suppression, Clutter Suppression and
Adaptive Threshold
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a. Correlator Off

\l~-ili,:'Ji}i~>-:"d l " ,,; ~, -,;.;::~

·~~~)~rffJl~~]
~~~s~~~~~

b. Correlator On

Fig. 13. Correlator Performance - With Mutual Interference
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O ver-the-Horizon Radar in the HF Band

J:\~ l [ S ~1. HE:\ Dl\. lCl-:. , SL~ lOR ~ EM B L R , I E E E , A!\D :MERRILL 1. SKOLK IK , FELLO W , IEEE

Ln: iud Pape«
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I

F ia . 2. Ge ometry of .ky-wave and rround-wave propapt.ion.

100 tOOO
FM:0l.VCf' - MEGAHERT2

F i& 1. F re quency .~ctrum .hawing t he re la rionship be tween H F
radar freque ncies a nd conven t ional microwave radar bands (letter
desi&na ti ons ) at aaeirned by the lTV for Region II.

by either grou nd waves diffracted around the curvature of the
ea rth or sky waves refracted by the ionosphere (Fig. 2). The
ra nge of a ground-wa ve HF radar typically might be of the
order of 200-400 km , and the coverage of a sky-wave radar
might extend from a minimum of 1000 to perhaps 4-000 km or
more. The HF over-the-horizon (OTH) radar can extend the
4OO-km range typical of a ground-based air-surveillance radar
by an order of magnitude. The area covered increases by
about two orders of magnitude.

The targets of interest to an HF OTH radar are the same
as those of interest to microwave radar and include aircraft,
missiles, and ships. The long wavelengths characteristic of
HF radar also provide a means for gathering information
about the sea and land, as well as aurora and meteors.

Experiments with OTH radar began at the Naval Research
Laboratory early in the 1950 's . It was realized tbat if targets
of interest wer e to be seen, the extremely large undesired
clutter echo returned from the ground must be suppressed
relative to the target signal. For example, the echo from the
ground might easily be 40-80 dB greater than an aircraft echo,
depending upon antenna 'bea mwid t h and pulsewidth. To in­
crease the target-to-clutter ratio requires high resolution in
range and angle and excellent Doppler-frequency discrimina­
tion as in a moving target indicator (MTI) or pulse Doppler
radar. At HF, sufficient resolution in angle and/or range to
suppress completely the clutter echo is difficult to achieve.
For example, a 10 beamwidth requires an antenna of the order
of 2 km. Range resolut ion requires a wide-signal bandwidth ,
but it is seldom that the ionosphere can effectively support an
instantaneous bandwidth greater than about 100 kHz, which
corresponds to a ra nge resolution of roughly 11 krn . Even with

ManUICTipt received September U . 1973 ; revlsed January 7,1974.
The authol'l are with the Nava l Reearch Laboratory, Walhi~lOn,

D. C. 20375 .
I Allhou,h the HF band i. Iefined by the lTV to extend from 3 to 30

MHz definlt lona aft' sometlrnee arbitrary. Here HF i. meant to include
t.h~' Irequenelea ju.t above the broadca.t band and exlendiDl up to ~
MH. or more .

I . IN TR ODl T TlO S

RA. D:\ R freq uencies a re genera lly syn onym ous wit h rni­
. crowave frequencies T he· s tan d.ard ,radar bands ( ~ i e; .

I ) es t a blished by t he I n te rna ti c na ! T elecornmunica­
rion- L'nion (l T L' ) exte nd as low as \ 'H F , but the lowest fre­
quency ba nd (13i-144 M Hz ) is now used ch iefly for experi­
men tal pur poses. T he next lowest ba nd ( 2 1~2 25 MHz) has
lim ite d opera t ional a pplica tion, but th e vas t ma jori t y of
rada rs in t he Un it ed Sta tes opera te a t CHF or higher.

Radars at the lower freq uencies suffer from a crowded
spectrum , limited ba ndwidth , high ambient noise , and wide
bea mwid t hs. Nevertheless , there ha ve been significant appli­
cations of rad ar in t he HF ba nd ! in the pa st . The ea rliest
"rada rs" were a t HF and were used to mea sure the heigh t of
the iono sphere. I n t he midd le 1920's Appelton employed
FM-C\\' eq uipmen t , and Breit and Tuve used pul sed equ ip­
ment to determ ine the ionospheric height by what wou ld now
be considered classica l radar methods. The first operationa l
mil itary radar system was also at HF. This was the CH radar
system installed by the Br itish in 1938 for aircraft detection .
These line -of-sight radars , wh ich were crude by modern
standards, were given cred it for a ma jor con tr ibution in de ­
fend ing ag ainst Ge r man bombe rs d uring the Ba tt le of Brita in
and conclusively demonstrated t he wort h of radar. They were
bui lt It HF beca use there was no other alternative available
for a system that had to be ins ta lled in 1938 . They d id the
job well, howe ver . Just prior to World War II, radar lrequen­
cies reached up to abo ut 200 MHz , and during the wa r the
microwave reg ion was exploited successfully .

UHF and microwave radars are used widely in. both mili­
tary and civilian applications, and it is unlikely that Irequen­
des outside th is relatively large portion of the electromagnetic
(EM ) spectrum will be competitive for the ma jority of current
applications . However, there is a very important property of
the HF region that has always been of interest to the radar
designer, if it could be properly exploited . This property is the
ability of HF radiation to propagate beyond the line of sight

A b$ I ' a " t-'(h'er - ~ r.e- :: o ri% c r.. (OTH j H F ra da r ua in t; ak Y-1rave
pr (l pa , a ~ i on via re ! ra ~ t i on by th e io nos ph er e is ca pa b le of de te ctin g
ta rge lS a ~ dil tances an order of m a gn it ud e grea te r th a.n con ventional
ml cr owav e ra da r li m ited by the line of l i ~ :: : . S om e of the charact er ­
il t icl , ca pa bili: it' Iii , an : limit ation . of OTH ra da r based on th e ezp e­
rie n ce o! the M AD RI rada.r 1.5 de velope d by the Naval Research Lab­
era torv a Te des crib ed. AIl e dis cuue c! i l t he ap plica tion of OT H
ra da r 't o air-tra.ffi ~ control an d t o the rem ote lenaing of .ea een di­
tionl .
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maximum range ;
average power ;
trans mitting antenna ga in ;
receiving an tenna ga in ;
wavelen gt h :
target cross section ;
factor to account for propagation effe ct s ;
coherent proces sing time ;
noise power/unit bandwid th ;
signal-to-noise ratio required for detection ;
system losses .

where

Rmu.
P..
Gt

Gr
x
~

Fp

r.
N o
(S IN)
L.

II . CH ARA CTE R OF H F R ADA R

S ome of t he cha ra cterist ics a nd proble ms of HF OTH
ra da r ca n be ide n ti fied by a n exa mina t ion of the familia r
ra d ar ra nge eq ua t ion . A form commonly used in OTH D op­
ple r ra da r a na lysis is

hi i h,pQ\l'e r t ra nsmi t t er a nd a nt en na suita ble Ior t t-:- t : :-:p: a ir ­
cra ft detect ion feasibili ty wert" ad ded , a rid ir. t r.t fa l; of 196 1
a ircr a ft were de tect ed and ra nge t ra r ked O\T r t he ma jo r p or ­

ti on of t heir fii h t s a ("T'O~ ' t he Atla n t ic . Co n tin ua l i m p rove­

rne n ts in signa l processing were ma de by t he use of ferr ite-core
me mory d evices, ca pa cit or-store d evices, a nd d igit a l pro­
cessing . T he signal pr ocesso r has bee n the key ele me n t in t he
s ucce ss a chie ve d wit h OTH radar.

In t hi... pa pe r, t he basic na ture of OTH rada r will be re­
view ed wit h e m pha sis pl ac ed on t hose proper t ies a nd chara c­
terist ics t ha t d iffer fro m those found a t microwa ves. T he Iky ­
w a ve rada r will be considered chiefly , b u t so me brie f meation
will also be mad e of th e shorter range O T H radar that uti lises
t he ground -wa ve mode of propaga ti on.

The transmitting and receiving antenna gains are shown
separately since in some OTH radars it is convenient to have
separate antennas for these functions. It is in Fp , N o, and T;
tha t the major d ifferences betwee n sky-wave a nd microwave
radar lie . The factor Fp contains ionosphe ric pa th energy loss ,
polarization mismatch loss, ionospheric focusing gain or loss ,
and losses due to the d ynamic nature of the path [1], [2] .
No contains the noi se power expected from natural sources [3]
and in add iti on (a nd frequen tl y more important) the effects
of other HF band user interference . The processing time T,
[which is equal to the number of hits integrated divided by
the pulse-repeti tion frequency (PRF)] is included in this Corm
of the equation to emphasize that this is a Doppler radar that
requires a dwell time of T, seconds if a frequency resolution of
l iTe hertz is to be achieved .

In the design of an OTHradar an adequate signal-to-noise
ratio (SNR) is no t the only criterion for detectability . The
signal-to-clutter ratio must also be sufficient. Thus such fac­
tors as the resolution cell size may be more important in an
OTH radar than in conventional radar.

A "typical" OTH radar designed for the detection of air­
craft at ranges out to 4000 km might have an a verage power
of several hundreds of kilowatts, antenna stains Crom about
20-30 dB, and operating frequencies from several megahertz
to several tens of megahertz. Antennas must be big to obtain
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F iE 3 . A t y p i rn ' ea r t h ba ck.ca t te r ( B S ' e ne rg y d is t rib u t i o n t h ow ing
t he d iet rib u t i o n o i t he ba ck sca t re red e ne ri ~ ' a nd a l1l0 t h e fr eque n c y a t
~..h lC'h t h lll f' ne r~ \ ' h;,&d im inis hed t o the lev e l of the n oise in t he 0 .0 :' ­
Hz ba nd w id t ' . T he h ne s t ruct u re of t he r ra ph ill n ot d ue t o a discre t e
mod ula t ion Ireq ue n cy sin ce the ba ck sca t ie r . iir..a l i. con rin uous w it h
t hl' Ir e q ue ncy. but ra t he r repreae o ttl t he a v eraie a m p li t ude measured
In e 0 O ~ - H r bandwidth filte r over a 2-m in pe ri od poai t ioned in succes ­
l ive O.2-H z . t l' ;\8.

s uch ra nge a nd a nt: 'Jlar resolut ion , sea clu tter a t a d ista nce of
3000 k m ca n be a ta rge t as la rge as pe rha ps 10' rn". D op pler
processing is thus clearly needed in a n OTH radar Cor most
targets.

In 1956 the ~aval Resea rch La boratory concluded a de ­
fin it ive set of experime nts t ha t s howe d HF sk y-wave ra da r
co uld s uccee d for a ir craft d etec t ion . F ir s t , a ir craf t ta rg e ts
were examined line-of-sigh t and found to give coherent echoes .
The Doppler sh if t !d from t he radar carrier frequency fe is
liven ~y the re la t ion

where Vr is the target relative velocity and, is the velocity
of lig ht . For aircraft targets f~ was generally a very-well-de­
fined frequency in the slightly above 0- to 50-Hz range. Sec­
ond , one-way sk y-wave paths had been measured to be fre­
quency -sta ble at least for the order of seconds . The conclu sive
experime nt t ha t ind icated OTH detection was feasible for
a ircraft targe ts e m ployed a co he re nt pu lse Doppler radar to
examine the ec ho from the earth, a nd sh owed that the return
from the ea rth by a sky-wave pat h wa s well-confined in spec­
tral content to the ve ry low D oppler freque ncies . Fig , 3 taken
from an earl y!': a va l Re search Laboratory report describi ng
that'experime nt . shows that the amplitude of the earth back ­
scatter freq uency spectrum is red uced at least 32 dB at a
frequency 2.2 Hz removed from the carrier. In this measure­
ment, the area of earth illuminated by the coherent pulse
Doppler radar wa s 1100 by 1300 k~, and included both land
and ocean surface . (This is a ce ll size area about three orders
of magnitude greater than would be used for an OTH radar .)
Data such as these, and measured aircraft ra<r'dr cross sections,
wen' used to predict that OTH detection with a Doppler radar
wa s possible . The limit s of performance appeared to be con­
trolled by the dynamic range ach ievable in receivers and in
the signal processors. The Na va l Research Laboratory then
embarked on a program to apply Doppler processing to OTH
radar. The heart of the initial development wa s a cross-corre­
lation signal processor that util ized a magnetic drum as the
storage medium , Under Air Force and Navy sponsorship, a
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F ia 4 MADU OTH ra da r located a t tht Cheu~ktBa y ~ld altt 01the
1'1 \"1.: Re~R rd: Le bora t or y T he l uxllia r y r ota ta b le a nt enna located
a b ove . n~ ~ :: : n= t ~. e rna : :-: p lana > a nt enna i . u~~ [o r ex pe rirnen ts i n
d ire ct ioN not ",..it h:n t he coverage of the ma in a n tenna.

reasonably s rnall bcarnwidt hs An antenna horizontal le ngt h
of 300 m rnight be t y pica..

The tr a nsrn itted "..aveforrn (signal format ) can be C\\',
simple pulse, FM-C\\', chirped pulse. .or other coded wave­
Ior rns [5 ]. Pu lse cornpression is used for the same reason s as
in microwave radar . Because of the skip zone , the HF OTH
sk y-wave rada r doe s not detect targets. within about 1000 km
10 that proble m- of m inimum range , as migh t occur with
sophisricated pulse waveforms . do not generally ex ist .

The Naval Research Laboratory's MADRE OTH radar is
shown in Fig 4 This is an experimental radar that first went
into operation in 1961 . The antenna is 98 m ""ide by 43 m
high and consist s of twenty corner reflector elements arranged
in two rows of ten elements each . The beam is steered ± 30° in
azimuth with mechanically actuated line stretchers. Shown
above and behind this fixed main antenna is a rotatable an­
tenna 27 m in width that is used to obtain coverage in direc­
tions ot her than that of the main antenna. This experimental
radar has been generally operated with average powers lrom
5 to SO k\\".

In a microwave radar, the receiver sensitivity is usually
determined by the internal noise generated within the re­
ceiver it self. External noise seldom affects the sensitivity . The
opposite is true at HF. External noise due to atmospherics
(lightning) , cosmic noise, man-made noise, and other HF
radiating sources can be si&nificantly greater than internal
receiver noise . The combined effects 01 Interference lrom the
many other users of the H F band is an especially major con­
tribution to the receiver noise level. Fig . 5 plots a typical
example of external noise In the HF band . The expected
atmospheric and cosmic noise level would be at the bottom of
the graph and is lower than the noise which is often experi­
enced in practice. Note that the actual noise levels can be
quite high and are not uniform across the band . If narrow­
band operation can be tolerated (perhaps a spectral width of
5 or 10 kHz) many relatively clear regions can be found in
which to operate . The non uniformity of the ambient noise
spectrum means that large-bandwidth systems might have to
compete with a higher value of No (noise power per unit band­
width) than might narrow-band systems.

External noise is teat the only effect that can limit receiver
sensitivity. As mentioned in the preceding, an OTH radar

illurnina te s a large portion of the surface of the eart h, and th e
land or se a echo is generally so large that it d ominates th e
external noise level and the target echo . Generally , some form
of Doppler signal processing is necessary to extract the desired
moving target from the undesired background clutter. In
principle, Doppler processing in an HF radar is similar to the
MTI or pu lse Doppler methods employed in microwave rada r
but with important mod ifications to allow for the specifi c
characteristics of HF radar. Doppler filter bandwidths from
1 Hz dow n to 0.05 Hz may be used depending upon the tar­
get's characteristics and the stability of the propagation path .
The additi on of noncoherent processing is generally of benef t.

Just as other users of the HF band produce interference
that can limit the sensitivity of HF radar, the HF radar can
cause interference to other users if care is not taken. An ap­
proach to interference minimization is to use narrow-band
waveforms (in the extreme, monochromatic continuous waves)
whose spectral energy can be fitted within channels where no
other user can be detected . The waveform in a radar like
MADRE is a compromise between range resolution, which re­
quires wid e bandwidth, and interference elimination, which
requires narrow bandwidth. To properly utilize narrow-band
waveforms to minimize or eliminate interference by occupying
quiet regions of the spectrum, frequency flexibility is neces­
sary,

A narrow spectrum implies a long pulse. A 10ng pulse is
important in achieving the energy required for long-range de­
tection. It is also desirable to shape the transmitted pulse (or
pulse elements in a coded waveform) so as to reduce the spec­
tral energy contained at frequencies far from the carrier. This
precaution is also true for FM-C\\', thus making it equivalent
to a very long frequency-modulated pulse. A cosine-squared
pulse shape has been successfully used with MADRE. When
proper precautions are taken, experience has proven that
there are but few complaints of HF radar interference to other
users of the band.

Considering radar cross section , most targets are in the
optual region for microwave radar. In contrast, for HF radar
some targets can be in the resonance region and when cper­
ating at the lowest frequencies, even lie in the Ray1tith region.
The cross section decreases rapidly with decreasing frequency
in the Rayleigh region [4] . Fortunately, for many targets of
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s uremen t . I t i- im por t a nt in a radar of t his t v pe t ha t t he Ire­
q u r n :' ~ of opcra t io n a nd t he !'o ii:n4i l par am eters be chose n t o
minimire rhe a rlver- r t'Fo r et - of t he ion os phe re It is generall v
eas ier t o o per ate a ra da r to compe nsa te (or ionospheric pro pa ­
ga t ior. effect ,;; t ha n it i ~ w i t ]. H F com m unicat ion:'> . I n co m­
m unica t ion s. t wo pa rtie ~-th~ t ra nsm it te r a nd re ceiver­
m us t coo pera t e in or der to ha ve a n effect ive pa t h . I n rada r ,
t here i" only on e pa rt y C o m munica tors usua lly o pera t e wi t h
a lim ited set of Ir eq uency a lloca t io ns. F or the ra d a r , it is a !" ­
s u med t hat t he be s t Ireq ue nci es a re a vaila ble , p rovided t he y
d o not interfe re v. it h ot he r" T he nat ure of t he ra da r clutter
ec ho ca r. be.' used t o d et er mine the pr oper m ode of o pe ra t io n .
T he.' effcc t ive use of fre q ue ncy a nd si gna l wa vefor m flex ibili t y
to opera t c successf ul l y ir: s pi t e of t he vag a rie.. of t he iono­
s pheric pr opag a t ior. pa t h is a n a d va n ta ge of ra d a r , a s de­
sc r ibed ir. Se ct io n I I I.

The " 'a\"e form repe tit io n fre q ue ncy of a n OTH radar is
senera lly low so a f;. to a void ran ge am big uities . A pu lse-r epeti­
tion freq ue ncy (P R f) of 50 Hz , for example, correspo nd s to
an unam biguo us ra ng e of a bou t 3000 km .~ecau se t he PRF is
low, D oppler a m big uit ies ca n re su lt and a compromise is
arnera lly required between the range and Doppler ambigu ­
ities . Typica l p ulsewidt hs m ig ht vary from tens of micro­
seco nd - to severa l millise co nds.

Th~ ' magne roio nic pa rt of t he t ra nsmission path rotates
the pla ne of po la r ization so t ha t fad ing of the echo ca n occur
if linea r pola riza t io n is tra nsmitted and re ce ived [1 J, [2 ].
Pola riza t ion fa d ing ca n be red uce d by receivi ng on tw o orthog­
onal linear po la riza t ions w he n 8 sing le linear pola riza t ion is
transmitted . Circu lar po la rization ca n eliminate fad ing d ue
to po la rizatio n rota ti on ; however , i t is expensi ve to achieve in
a pract ica l H F rad a r ante nna . Because of the proximit y of the
antenna to th e eart h (rela t ive t o t he wavele ngt h) , t he g rou nd
m ust a lwa ys be co nsidered part of t he an te nna . T he grou nd
effec t!' a re ge ne ra lly d iffere nt for ho rizontal a nd vertical po­
larization so t ha t a n initially circu larly polarized wave might
actually be la u nched as elliptical po larization and the ell iptic­
ity wi ll be a func t ion of the vertical rad iation angle ,

M ult ip at h interference a nd d ynamic irregularities in the
ionospheric propaga t io n pa t h are two other sources of fad ing.
Multipat h effects with sky-wave radar are important and
some will be id ent ified . First , the previously mentioned polar­
ization rotation ca n be considered a multipath effect . Th is
rotation is d ue to the birefringernent nature of. the refracting
med ium (e lectrons in the prese nce of the earth's magnetic
field ) . An incident linearly po larized wave can be though t of
as decomposing into two circu larly po larized components, one
right handed a nd the other left ha nded , each traveling by its
own d istinct path and path lengt h throug h the ionosphere,
and upon emergence the combination of the two components
can again gi n a linearl y polarized wave, in general rotated
{rom the incident wa ve . Second, waves refracted by an in­
creasing electron density with height will generally have two
paths from the radar to the target, a high ray and a low ray.
The hig h ray experiences more los s and in analysis is Ire­
quently neglected . Third, the structuring of the ionosphere,

e~ i , e C l d I . i the d a y t ime, in to se pa ra t e heig ht ban d- of h i~ r. .

c h a r pe g ra d ie n t p rovi d r , fo ~ so rne opcr a t i ng Ireq ue nc ie- a nd
d i- t a nce-, u p t o four path" be wee n rad a r and t a rgc t- F o urt h ,
for so me ope ra t in j; fre q uencies a nd ta rget d i- rd nee - bo t

o nr- a nd t wo- (or mor e) re fra ct io n pat hs ex i- t . All of t he pre ­
ced ing so urces of rnu lt ipat h ca n be mu lt iplica t ive a nd t he
se pa ra te pa t hs will either interfere cau sing fa d ing or give d is­
ti nct sepa rate responses depe nd ing upon t he rad a r' s resolving
ca pa bilit y in ra nge , D o p ple r, a nd elevation rad ia t ion a ng le .

The ante n na for a n H F OT H rada r i ~ proba bly m or t' d e­
man d ing t han for a ny ot he r rada r a pplica t ion , The a n te nna
should be of high ga in, cover a n extremely wide-f requency
ra nge, be s te erable in eleva t io n , be rapid ly steerable over a
. -id e az im u t h , a nd hand le hig h power . S uch a n a n ten na will
be of large size a nd re q uire a large grou nd screen t o kee p the
eleva t ion la u nch a ngles low if ve r tical pola riza t io n is used .
F or exam ple, if a vertical mo nopole element is used ove r a
gro und of poor cond uct ivity a nd it is de sired to p u t the maxi­
m u m of t he firs t lobe a t 4° , a grou nd screen extend ing a bou t
150 wa ve le ngt hs (3000 m a t 15 MHz) in fr o n t of the a n ten na
is req uired .

T he coverage of the rada r o n t he eart h 's s urfa ce d epends
o n the ionosphere . A " typical" pa tch of the ground illu mi nated
by a single fr equency m ight be 1000 km in the rang e d imen­
sio n. The region from 1000-4000 km might, therefore , require
three differen t frequen cies for proper coverage . On the other
ha nd, ionospheric conditi on s m ig h t be such t ha t a sing le fre ­
q uency could cover th is ra nge or perhaps five or six frequencies
might be required . This illustrates the necessity fo r flexible
radar management that senses the environment and adjusts
the parameters of the rada r for optim um operatio n . This sub­
je ct wil l be treated in Sect ion I I 1.

If Dopple r processing is used , the a ntenna beam m ust
dwell on the ta rge t a rea for a time sufficient to achieve the
Doppler resolution req ui red and the degree of clutter attenua­
t io n needed . In MADRE , th is dwell period m ig ht typically
be 10 s .

The .'ide-area coverage of an OTH radar, the need to
e mplo y more t ha n one frequency to cover the range interval
u nd er surveilla nce, a nd t he need to dwell a sufficient time for
D op pler processing mea ns t hat a si ngle-beam radar might
re q uire a re la t ively long t ime to sca n a large surve illance area .
The scan time can be reduced, if necessary , by the use of
m ultiple simultaneous transmit and receive beams at the ex­
pense of increased equipment complexity. Another approach
is t o transmit with a broad beam and receive with multiple
narrow beams covering the same area as the broad trans­
m itting beam . This allows the more expensive transmitting
antenna to be relatively smal!. (The transmitting antenna
must be capable of hig h power so that it generally will be more
cos t ly than a receiving antenna of the same size.) The burden
of providing na r ro w beams for resolution and accuracy then
rests with the receiving antenna .

A problem confronting HF OTH radar is the clutter {rom
meteors and a urora. Both phenomena can produce strong
radar echoes that can hinder detection of desired echoes.
Meteor and a urora clutter can be strong enough at times to
enter t ile radar via the antenna sidelobes and from ranges
greater than the maximum unambiguous range ';0 that they
are folded -over in range and can appear where targets might
be expected . Again, by proper management of the flexible
radar operation , Jimitations due to these effects can be mini­
mized or eliminated.
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F ia . 8. A daytime vertical profile of the lonosphere is shown . Th is Is a
med ian profile based u pon past sound ings made at the pa rt icu la r loca­
t ion and ti me . The lower trace ind icates t he elect ron dens it y structure
w it h heig ht as be ing other than s moot h . The com m on ly used
des ignators of he ight reg ion" (Fl. Ft. E. and D) are approx imately
bracketed and r~gioM of absorption are ind ica t ed .

} F,

}E
} O. RE GIO'-' OF

ABSORPTIOt\

at an altitude a little over 100 krn, where thin patches of high­
density ionization m.iy exist giving obscuration to the higher
ionosphere . This has heen called sporadic-E obscuration , The
third is the region where the true and virtual heights of the
radio wave differ greatly. and this is called deviative absorp­
tion. In addition to these losses. there can be loss due to

Fig , 9 . This ~t of v irtual path traces is based upon the ionospheric de­
acription &iv~n in F ig . 8. It would be more precise if each reflection
from the ionosphere had used in own vertica l profile . Although ioniza­
tion changes with distance have been ignored , the general p icture of
radar range coverage ach ieved a. a function of operating frequency is
ahown.

I !
4 16 )E ""

[ LC: TIt.>. O(Ojs. . , . 1l~'2 I ....

r ia, 6 . T1A'C' Vr-TlIC": , : nr ofiles of rf'fl ('c tl o n he i ~ h t versus p rob ing [re­
Cl u r- Il \ ~ a rr ~P \"l' l. T h! u p ;>!' r t ra o III at' wo u ld be der ived Ir o rn a
ve rt i .u l I ()u nd n a nd t he H i!l a " in U iI ! hf' ig ht . gf'nr-ra Jly ident ified b y
. l' r i :lI {, H ' - \ ( ~ : 2' . w he re c i. t h l' spe ed of light , ~I is t he t ime d e la y
for l h t s ij.; I;:, : I II ret ur n fr o m t he i o n oej .h e r e T h e lo we r tra ce is the t r ue
he i ~ l : : I'r ufll,.. T tu a bsciss. . sca le ca n be in te r rns of e lect ron d ensit y
bf' ClI U!" o! t he r f" la l lllm hl:J ,__·r -." ' F. !. ~..he re N « i" free e lect rons pe r
eu b.c JIlt"IC ! OJ nd f I" t he Ire q ue n r y in he r tz

Il l. RAlJAR ~lASAGEMEST ASD THE IOSOSPHERE

Sky-wave pro pagation provides transmission paths from a
sta tion on th e eart h 's surface to an y other point on the ear t h 's
sur face and to a la rge volume above the earth . A high-fre ­
quency E\1 wave lau nched at so me ob lique angle to the ho ri­
sontal will bend away from the vertical as it travel !' into a
reg ion of incr va ...ed electron de nsity . The magni tude of th is
bend ing inrrea..t':-. with decreasing rad io frequen cy . Thus
achieving a pat h back to the earth is ju st a matter of choosing
the correct rad io freq uency to match the existing electro n
density di-tr ibu t ion . The electron density distributions are
caused by solar radiation exhibiting diurnal and seasonal
variation!'. Since solar behavior is not precisely predictable, a
future electron density d istribution is not exactly pred ictable
either. Effective radar operation requires that the electron
density distribution s be sensed in real time . Fig . 6 gives an
example of a n electron density pr ofile and a vertical sounding
profi le, eit her of wh ich is a common method of de scribing
ionospheric parameters . This example shows a smoot h increase
of electron density with altitude typical of summer nights .
Such a profi le can be used to de scribe the ionosphere at each
location on the earth . Fig . 7 shows a ray path for a frequency
that gives refra ct ion back to the earth . Earth reflections and
successive ionospheric refractions can extend the path to any
distance, including complete encirclement of the world . A
complicating factor is that the vertical (altitude) profile of
electron density may not be a smoothly varying function .
Also electron density vertical profi les vary with time and geo­
Iraphic location . Fig. 8 is an example of daytime electron
density profi le and the virtual height as a funct ion of the
probing frequency. Fig . 9 shows the virtual 'ray paths associ­
ated with this ionospheric description for several radio fre­
quencies. It can be seen that at some target distances a variety
of paths are available.

Propagation losses are identified by three different pro­
cesses . The first is in the lower part of the ionosphere (D region)
where col lisions of the free electrons (excited by the radio
wave) with neutral particles absorb energy . This is called
nondeviative absorption [1]. [2]. The second is in the E region
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F ig . 10 Tl tI' a V( 'r ; I ~1' pcr f or rna nr-e ca lc u lOl t C'd f or II rad a r i. used t o sh o«
t ill' v n ri .u io ns ill "1"na l · t~ nll18f' ra u o S , .\ ·, ve r t ic n l ra d iat io n a ng lf' II.
a nd ol lt' Til t i ll ~ Ir r-q ue n r y .f v v rsu e t im e- lI f d ay f or t h re-e .ea son!' b u t a
l in" lr- s u n _1m ! n u m be r . T htee co rn pu ta t io ns art fo r a . ing it' t a rg e t
":z" tl r.:'l TIIn llr'" t l ie r:,nlic bf' : n l ab ou t t he rn ax i rn u rn t h a t ca r. con­
lll_! !' n t :y tx- r r-., c !lI'C by o n e hop A t h ree -to- o ne fre quen cy . p r e-a :
III r--q u l rvd w i t h t i l!" lowes : Ireq ue n c v re q uirerne nt be ing at w in t e r
n frh t. The w ors t S:'\ N. OC'CU" dur ini: the m id d le of su rn rne r da y .
ltr qt:irl',l rae:..t i.. u anr: lt' ~ va ry ~tWf:(' n J" and 6° . Ope ra t io n ove r
an e-nt ir« . o la ! c ycle re qu i res more va riat ion in launch &OIle and
Ireque ncy

polarizat ion rnism a tc h , gr o und reflection , and focusing or de­
Iocu sing due to irr egul a ri ti es in ionization .

In practi ce, a system wou ld be designed on the basis of
the avai la ble informa ti o n about the s ta ti stical behavio r of the
ion osphere. S in er the electro n d e nsit y a lways increases with
alt itudc' {in t he lo w er porti on of the ionosphere) , the exi stence
of an ion osphe ric pat h ca n be co nsid er ed certain but unpre­
dicrab le in it!" d etai led character. The reliability of per­
Iorrnance tha t can be rea lized depend s upon the antenna
aperture silt' , rad iated power. and the span of frequencies that
can be used . One controlli ng limit i~ absorption in the lower
atmosphere during su m mer days when the ionization extends
to lower heig h t - where the neutral particles are more dense .
The result i ... increased path loss. A second controlling limit
occurs on winter night s when the electron density is compara­
tively sparse a nd a low operating frequency is required to
provide a pa t h . Th us the first limi t affects the long-range per­
forman ce and t he se con d , the sh ort-range performance . Vio­
lent, b ut re la i ivel y infrequent . solar activity may result in
short peri od s of simi la r be havior that can sometimes be more
extreme . Fig . 10 shows the predicted performance of a hypo­
thetical radar de sign .

In short , t he sky -wa ve path can be made reliable if one is
willing to pay the cost .

In addition to the question of path loss in HF sky-wave
propagation , there arc other aspects of the OTH radar en­
vironrnent that can be described as detrimental to radar
operation . These may be classified as follows.

1) A multiplicity of paths from radar to target can exist
causing either fading or multiple re sponses from a single target
as has been previously discussed . There also may be patches
of electron density in the lower ionosphere that are semi­
transparent causing a ray to be refracted to the ground as well
as permitting rays to be transmitted to a higher layer where
they are likewise refracted back to the ground .

2) The ionosphere is dispersive in that the velocity of
propagation depends on the frequency . Hence there are limits
upon the information bandwidth that may be employed, and

' . ' r ,
v ~ , "

cxt rerncly s hor t p ul-,e- will be d is tor t cd . p:licinf ts lim i: o n. .
ra n ge rt-" .' t; i o n

3 ~ T ilt" na t u e (If refra r t irr; by t he io n.·- . h t ' ~ (' a!!CI w ' a :-l){"
cine a rea t u be ill um inated b y o nly a limited band of [re­
q uc ncies .

4 ) T he elcctro n-d e n..i t y d ivtribut io n in t he ionos ph ere is
in a s tate of co n ti nu ou- cha ng e so t ha t t he nature of tJ'l (.
p ro paga t io n path i.. subj ec t to cha nz r- wit h t ime.

S} The pr o pa ga t io n __ pa re i ~ s tudded wit h unwa nted clu tt er
echoes s uch a- t he ea rt h , au rora l ioniz a t ion , meteor- cau sed
io niza t io n, a nd ot her lar ge sca t t eri ng area .. t ha t compete wit h
t he desired ta rge t echoes .

6 ) T he part of t he fre q uenc y s pect ru m a p propria t e fo r
OTH ra da r is noisy d ue to cos mic, sola r , and na tura l te rre s­
t ria l sou rce !', a ll of which , t ho ug h not exactly wh i te, ex te nd
smoo t hly a cross th e band . The spect r um of ma n-mad e rela ­
t io n- , bo t h fro m ra d io tra n- rnissions and electrica l machi ne ry .
tend s to be colore d . It is emphasized tha t th e HF s pectrum is
crow d ed wit h users .

All o f t he pr eced ing d iscussio n shows tha t fo r success ful
HF OTH rada r operation it is essential that the environment
be sensed in rea l time and the radar be optimally matched t o
the environment . The operating frequency and the vertica l
rad iation angle are the parameters a vai lable for se curing de­
sired illumination power density at a particular point on the
earth . M onitoring of the occupancy of the HF spectrum can
assist in the selection of the precise frequency and the emission
bandwidth t o minimize the interference level at the radar and
to avoid interference to other users . The waveform repetition
rate can be adjusted for the best compromise .bet ween range
ambiguities, Doppler ambiguities , and obscuration by natural
targets (clu tter) . It is evident that narrow antenna beam­
widths in both the horizontal and vertical planes can provide
discrimination against natural targets that obscure, and at
the same time minimize interference with other users . Widen­
ing the emission bandwidth to achieve greater range resolution
also can help reduce the echo from distributed natural targets .

All of the preceding serves to emphasize that for effective
sky-wave radar operation it is important to have a real-time
description of the transmission path and the band occupancy,
and that the radar waveform and signal processing must be
matched to the exi st ing conditions . All of the common meth­
ods to determine the best operating conditions that have been
developed for HF communications can be used with radar.
These include vertical soundings of virtual height versus fre­
quency, oblique sounding" of virtual range versus frequency
between the rad a r and fixed points, oblique soundings of back­
scatter ampl itude versus frequency, estimates of the effect of
solar activity, and HF band occupancy obtained from a
search recei ver. The sky-wave radar has a capability not
available wi th HF communications that should always be
used and w hich can provide additional description of the
transmission path . The radar backscatter from the earth at a
particular frequency can be used to infer the character of the
ionosphere for all heights up to the height of maximum ioniza­
tion. Thus normal radar operation has, as a byproduct, the
data from which the transmission path can be de scribed . The
essential requirements for using these data are a knowledge of
the scattering properties of the earth and some method of
correlating virtual ranges with ground ranges, or virtual
ranges with elevation radiation angle. If the earth has identi­
fiable natural localized scatterers such as islands on the sea,
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whe r; t he prr-paga tio n pa t h does not tra ver -e the a uro ra ,
u nwa nte d echoe- from au rora a nd ot her in te nse so urces of
field-aligned ioniz a t ion ca n ob ..cure t a rgets by entering the
radar via t he a nte nn a s id clo be- .

F urt her more, OT H ra da r ca pa bility a brupt ly changes
a cros.. t he t ra nsit ion (rom one-hop to t w c -hop cove rage.
These transitions a re somew hat variable wit h bo t h t ime an d
location a nd nominally t hey a re 2000-2200 km via t he E re­

gion a nd 3ooG-4000 km via the F region. T hus when pe rfor­
ma nce out to 4000 k m is req uired , pa r t of t he time it mus t
be a chieved by a t wo-hop pa th .

1\' . CAPAB ILITI E S

A complete and deta iled descrip t ion of th e capabiliti es of
OT H radar ca nnot be fully d iscussed in a pa per of t his scope .
Nevertheless, it is possible to ind icate t he following nominal
performa nce cha ra cterist ics that might be a chieved :

range coverage

(b )

F l. 11. In Fia . 11 (a ) Doppler rallle lpace il ahown in contours of re ­
eeived power leve l in decibe l-... tu . Su ch deacrip tiona of the earth
(et-a)"echo ta r. be ~d &.0 de te r mine the radar tra nemi..ion path
param~t,rl . Th l. anal~1 hu bee n done and in Fla. l1 (b ) the re ­
CIrino po~ for a l0Q0.m' tar~t ha. be-en p lotted for the ~veral

pathl veraua both ITUt circle Jfound ralll~ R and virtua l ra~ R'.
11\e pathl drawn are : one refraction b)' lporadic iotaLution in the E
re. lon (lSi : one refraction in the F rel ion (IF) ; two refractionl in the
F res lon (2F) i and the combination of the latter two (IF-2F) . The
noae. that permit mu ltiple relpoD8e1 an evident. To iDdic:ate per­
Ierrnance (either S~R or clnal.ta-clutter n tio) the noiR or clutter
pov.-er level from the appropria te rallle and Doppler on Fi,. 11(a)
mUlt be div ided Int o the &lanaI pov..er from F la . 11(b) . Performance
lIa deddf'd function d tarret loca tion in Doppler ran,e apace u well
at powe r rece ived from the Witt .

lei-la nd bo undaries , or mountains or cities on land , these can
be used to determine the correspondence between the virtual
and ground range . If the radar has directive beams that can
be readily steered in elevation , ground ranges can be associ­
ated with virtual ranges and ionospheric he ights can be de­
duced . The earth echo provides a signal of sufficient quality to
be used for automatic analysis of the transmission path. Even
if the radar has no elevation angle control and there are no
identifiable ground targets, the earth backscatter can still be
usefu l in confirming estimates of the transmission path made
by other means . The earth backscatter amplitude as a Iunc­
tion of virtual range may not uniquely define the propagation
path but it can be used to test the correctness of a particular
assessment of the path. If the predicted backscatter distribu­
tion is similar to that observed , it gives confidence that the
assessment is correct. Fig. 11 gives an example of performance
assessment that has been deduced from an operating radar's
earth (sea ) echoes [6].

Radar performance depends on the geographical location.
When the refracting part of the ionospheric path is in an
auroral region, path 10&&eI and instabilities can be Jreat. Efta

1000-4000 k m : longer ranges a re
possible wit h multihop propaga­
ti on, but wit h degra ded perfor­
ma nce ;

angle coverage ca n be 3600 in az imut h, if desired ;
600 -120° is more t ypical ;

targe ts aircraft and ships ; a lso nuclear
explosions, prominent surface fea ­
tures (such as mountains, cities,
and islands), sea, a urora , meteors,
and satellites below the ion o­
sphere 's alti t ude of maxim um
ion iza tion :

range resolution could be as low as 2 krn, but is
more typically 20-40 km ;

relative range accuracy typical ly 2-4 krn for a target loca­
tion relative to a known location
observed by the same radar;

absolute range accurac; 1(~20 km, assuming good real­
time path assessments are made :

angle resolution determined by the beamwidth; it
can be less t ha n 10 wh ich corre­
sponds to 50 k m a t a distance of
3000 krn :

angle accuracy beam splitting of 1-10 should be
possible with sufficient SN R ;
ionospheric effects might limit the
angle measurement accuracy to
some fraction of a degree :

Doppler resolution resolution of targets whose Dop­
pler frequencies differ by 0.1 Hz
or less is generally possible; at a
radar frequency of 20 MHz,
0.1 Hz corresponds to a difference

. in relative velocity of about 1.S
. knots .

V. ApPLICATIONS

The order of magnitude increase in range possible with an
HF OTH radar as compared with conventional radar makes it
attractive for those geographical areas where it is not con­
venient to locate conventional microwave line-of-sight radars.
Radar coveraee of the sea is such an example. By way of
Blustration, two applications will be briefly mentioned :
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Fig . 14. A Doppler range or aircraft targ~t8 to the weet of the MAD.1t
site . Among the targ~t8 there i. quite a spread in relative velocity,
Notice that multiple targets at the lame range are readily resclved
by Doppler d iacrimination.

F ig . 13, FAA flight patha compared with radar data for a I-b period .

the clutter. Fig. 16 shows an example of the spectrum of the
sea echo. Such spectra can be interpreted to give sea roughness
and direction. Ionospheric effects, especially multipath, cause
complications, Nevertheless, it has been possible to determine
the direction of the waves, to estimate their magnitude, and to
infer something about the winds that drive the waves. An
example of radar derived wind direction is given in Fig. 17 [7] .
Other papers in this issue of PROCEEDINGS treat this subject
[8], [9].

VI. GROUND-\\'AVE RADAR

Almost all of the preceding has been concerned with an
OTH radar that utilizes the refractive properties of iono­
spheric sky-wave propagation to reach out and detect targets
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Fi. 12. 'Tra nsa t la nt lc a ircraft tarl~t~ on a D opple r-range dla pla y . In
th lll rxnmlJlr' II clut i r-r f.lt e: hill bee r, use d to reject rela ti ve ve locities
u p t ,) a b o ut 100 k notl and a p p roa ch and re cede t~arlrt& have bee n
fo IJ {' ~ u po n e-a ch ot her ao t ha t dirrn ion is nu t ob ta ined . T he ve rtica l
amr" r" ar e II l l"t C'o r t r.. i ! Iormat ic n ec hoes T he y pt"ra i!l t but a sh ort
t lme . T ill' a ircraf t ~ ch~1 have bee n ide n t ified wit h fuiht infor mat ion
fu rni!l ! I ~ d b y t ll r FAA

1) air-traffi c cont rol over the sea ; and 2) the remote observa­
tion of sea conditions and the accompanying weather. Other
applications are certain ly poss ible.

1 ) Ai,-T,affi c Control : An OTH radar with 1200 angle
coverage and a ra nge coverage from 1000-4000 km can survey
an area of almo..t sixteen million square kilometers . Aircraft
within this area can be detected, located, and tracked by such
• rada r.

Fig . ~ 2 show- a range-Doppler d isplay of aircraft targe ts
flying the Kort h At lant ic air corridor between the United
States and the United Kingdom . These data were taken with
the MADRE radar. The azimuth measurement accuracy of this
radar is not sufficient to track in angle, but excellent Doppler
resolution permits targets to be separated in the frequency
domain and measured in range . Fig . 13 is a plot of the ranges
or these targets as measured by the radar (shown by the circle
points) compared with the aircraft tracks (straight lines ) ob­
tained from the FAA . The agreement is quite good . Fig . 14
shows a Doppler-range display of aircraft targets mad e with
the smaller MADRE rotata ble a ntenna (see Fig . 4) looking
\\'est. Note how thi s radar is ab le to resolve in the Doppler
domain targets that are unresolved in range alone .

Target height is not obtained with this OTH radar. It is
possible to insta ll H F transponders on each aircraft and rela y
back to the radar the height or the aircraft as determined by
the on-board altimeter, as well as the identity or the aircraft .
Limited communications can also be effected by this means.

An example of the possible OTH coverage oC the North
Atlantic air lane:' is shown in Fig . 15 for two arbitrary radar
sites,

Thus OTH radar offers a new capability Iorirnproving the
Barety and Quality of over-ocean air traffic.

2) Remote Sensing oj Sea Conditions : The extent of the
Doppler frequency spectrum of the sea or land clutter is much
Jess than the Doppler shifts expected frorn aircraft, Hence to
separate aircraft echoes from sea or land echoes, the low­
frequency portion of the spectrum is filtered out and only that
region is passed 'n which aircraft or missile targets are ex­
peered . The lower portion of the spectrum that is filtered out,
however. contains significant information about the nature of
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Fie 1.5. PON ib lr OTH rada r coverage of the Nor-th Atlantic from
rad ar loca t ion. in northeaste rn USA and northern Spa in .

Fit . 16. A speetru m of the radar echo (rom the lea obtained from an
am about 9.5 by 7.5 km via around wave . The lea "'a' developed by a
25·knot approach in& wind and the o~rati"i frequency wa113 .4 MHz.
The Do pp ler !~ 1C4 1e hu been nor ma lized 10 t hat the ma jor returne
occur at ±1. T he ma jor re ru rne are t he Approech Reeonant Wave
ARW 1 and Re ce-de Rescnant Wave RR\\' . The d ifference in ampli.
tude between ARW 1 and RRW can be used to calculate the lea
(an d u cit lng wind) d irection. The amplitude of the other peake ,
ARW 2. ARW 3, ARW 4, and of the continuum between ~kI can be
ute'd to Ind icate sea .tate (or driYina wind .peed).

Fi,. 17, Radar-derlved wind dlnc:+Jon ha. been plotted on a .tandard
.urla~ weather map in order to eBeet a compariaon. The radar data
are in lood alr~mentwith the " 'eather map. The radar data can be
obWned with a hllh denalty over the lea area lW'Veyed .
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be v o nd t he' hor izon. It is a lso pos sible a t H F to propa ga re
e n ~ ;- & ~ a round the curv at ure of t he ea rt h by d ifiract ion. T hi­
is commonly ca lled ground -wave propag a t ion. The loss be­
yond t he horizon in t his ground -wa ve mode increase" ex po­
ne nti ally wit h ra nge. AI...o t he hig her the fre q uen cy the grea t er
t he 105s. A groun d- wav e ra dar ca n detect th e same kind of
t argets .~ d iscussed (or t he sky-wa ve ra dar . Detection is
somew ha t easier t ha n wit h sk y-wa ve pr opagat ion since iono­
spheric effects are not prese nt as they a re wit h t he sk y-wan
radar , and clu tter re tu rn s from aurora can genera lly be elimi­
na ted by t ime ga t ing F ur t he rmore , at night it may be possible
to ope ra te a ground -wa ve ra d ar a t a freq uency too high for
sk y-wa ve t ransm ission so tha t interference (rom d ista n t
so urc es tha t wou ld normally propagate by sk y . 'ave is not
present.

A ground-wave radar of a size and frequenc y com parable
to t he sk y-wa ve rad a r d iscussed in th is pa per might ha ve a
ra nge against aircraft ta rgets of per ha ps 200-400 k m. T hus
its capabilit y is fa r less tha n tha t of the sk y-...... ave radar. De ­
tections are generall y easier , for the reason s previously cited ,
but the ground-wave radar might not prove cost effective for
general use . Unfor tunately , the maximum ran ge of gro und ­
wave radar is considerably less than the min imum range of the
sky-wave radar unless the sky-wave radar can operate a t fre­
quencies down to the broadcast band . However, the antenna
dimensions would become large, and many targets of interest
would certainly be in the Rayleigh scattering reg ion where the
cross section would be small. Thus it is impractical for ground­
wave radar to 611 in the skip zone of the sky-wave radar.

VII. DISCUSSlO~

OTH radar offers a new and exciting means for sensing the
environment and the detection of targets at distances an order
of magnitude greater than conventional microwave radar.
The technology has been developed and the capabilities
demonstrated . The cost of the HF OTH radar might be ex­
pected to be high, but on the basis of cost per square mile of
coverage it is probably comparable to other radar types. Its
chief advantage is that it can cover areas not feasible with
conventional radars .

VIII. NOTE

In the United States, significant work on OTH radar using
HF frequencies and both ground-wave and sky-wave propaga­
tion started in the late 1940's. The organizations engaged in
this early work included the Watson Laboratories of the
Army Air Force, the Lincoln Laboratory of the Massachusetts
Institute of Technology, the National Bureau of Standards,
the Raytheon Company, RCA, and Stanford University. In
the early 1950's, the Naval Research Laboratory started a
program to demonstrate the feasibility of sky-wave radar for
aircraft targets. Later many other groups have significantly
contributed to the advancement of HF OTH technology,
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The mil l1me ter-wave portion of the electro­
magneti c spect rum has been challenging the engineer
an d the phys i cis t f or many yea rs . The phys icist
ha s been rea ching do.~ ( in frequency) USing the
techniques of the fa r infra red an d of lasers, and
the eng i nee r has been reaching up using extensions
of microwave techniq ues . Although these two tech­
nologies have been demonstrated to overlap in the
Bpectr~ (that is, coh erent microwave techniques
have be en e~r l oy e d i n s ys t ems a t waveleng t hs as
s hor t as 0.5 m= . &D C lasers ar e ava i l abl e a t va ve ­
leng t hs greater than 1 me), there ha s been essen­
tially no operational use of radar at vavelengths
between 8.6 mm (Ka band ) and 10.7 ~ (the CO2 laser
band). The absence of high-power sources suitable
for radar, sensitive receivers, and low-loss trans­
mission lines has often been blamed for the lack
of system applications . It is certainly true that
there has not been an over-abundance of adequate
components and subsystems in the millimeter wave
region. However, there has been adequate technol­
ogy .at longer wavelengths (microwaves) and at
.horxer wavelengths (IR and optics) 80 there ia
reason to hope that Nature has not ruled out the
attainment of 8imllar capabilities in the region
of the spectrum in-between. The paper by Dr.
Godlove in this .ession describing the gyrotron
high-power millimeter wave generator and the com­
panion session on Millimeter Technology give evi­
dence that there are opportunities for advancement
in technology in th1& part of the .pectrum.

A more important reason for the lack of cur­
rent application is the large loss when propagating
through the normal atm osphere, and the even greater
loss in rain. The normal atmosphere is essentially
"transparent" at wavelengths greater than 1 em and
less than 10 vm. In-between, where the millimeter
~egion lies, the losses are 8ignificant. The.o­
called "window" at 94 GHz has higher attenuation
than the water vapor absorption line at 22 GHz.
At 1 mm wavelength the loss is 10 dB/km at aea
level, and at shorter wavelengths it is even
greater. The high attenuation of the atmosphere 10
the millimeter-wave region will restrict radar
applications to ahort ran~es where extremely wide
bandwidth is required or where bigh-resolution
measurements in range, angle, or relative velocity
are desired. Mill1meter-wave radar will also be a
candidate for radar applications 1~ space, where
there is no attenuation due to the earth's
atmosphere.

The Papers in this session describe potential
applications of millimeter radar within the above
limitations. Short-range millimeter-radar missile-

guidance . ystems at 35 and 94 GHz are the subject
of Augustus Green's paper on applications to Army
missile .ystems . George Jones mentions homing and
fu~ing app lications in his paper on ballistic mis­
aile defense applications. Tresselt and Wu utilize
the high resolution properties of millimeter waves
in a ahort-range solid-state 36 GHz radar for the
automatic braking of automobiles. An instrumenta­
tion radar at Ka band for obtaining target and clut­
ter data is described by J. A. Scheer, J. L. Eaves,
and N. C. Curr i e . R. B. Dybdal 's paper also is
concerned wi t h targe t in f ormation, with emphas is on
.pace object identification (SOl) applications.

Some of the millimeter radars described 1n this
session operate at 35 GHz (Ka band). Although the
wavelength 1s 8.6 mm, and can qualify as a milli­
meter .radar, the tr.chnology is still basically that
of the microwave region. Such technology cannot be
extrapolated efficiently to the .horter wavelengths.
The justification for working at Ka band is that it
is the place one might start in order that one can
crawl before walking. But to qualify as a real
meober of the millimeter-wave fraternity, one ought
to be at shorter wavelengths.

The exploration of the microwave region had 1ts
beginnings in the experiments of BertE 1n 1886.
Experimen tation with millimeters dates back almost
to the same time. Experiments at 6 IIml wavelength
were firs t reported in 1895. In the early 1920s,
millimeter wave work was reported in the U.S.,
Germany, and Russia, at wavelengths as short a.
0.22 mm{reported by Nichols and Tear). The power
sources i n the early work were some form of spark
generator. The first coherent source at 6 mm wave­
length was from a split-anode magnetron employed by
Cleeton and Williams at the University of Michigan
in 1936.

Thus millimeter waves have an early history
similar to that of microwaves, but as yet there
has not been that desperately needed application
resulting in a Burge of developments that break
down the technological barriers just as many other
technological barriers in the electromagnetic
spectrum were overcome in the past. Until the
millimeter millennium arrives, it is incumbent upon
the microwave engineer and the physicist to con­
tinue to combine their talents and experience for
the basic exploration and understanding of this
interesting and distinctive region of the electro­
magnetic spectrum.



A plot of atmospheric transmission from wavelengths of IOmm
to Iv shows the increased fog penetration of the millimeter waves .
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APPE ~1) I X

MI LLIHETER WAVE S URVEILlANCE RADAR

The pur pos e of t his a ppe nd i x is to illustra t e wha t t he parameters
m ib~ t be of a s ur ve illance rada r operating at 94 GH z (3.2 mm) assuming
realis t ic values for the radar characteristics. The equation governing
t his s itua ti on is

i
I
I
"I

,
I

"I

'I

I

I

P G2 A 2 c n E. (n) exp (-2 Q' R )
a \ ' 1 max

=
( 417)3 k To F (B r ) f (S/N)l Ln n r s

4
Rmax

where
R = maximum radar range, m

max
Pav = transmitter average power, watts
G = antenna gain
A = wavelength, ""m
o = target cro~s section, m2 (assumed 1m2)

n = number of hits integrated
Ei(n)= integration efficiency
exp(-2 Q' Rmax) = reduction in signal due to attenuation
~ = attenuation constant of the medium
k To = 4 x 10- 21 watts IH:
Bn,. = bandv id th - t irne pr oduc t ~ 1
f r = pulse repetition frequency, Hz
(S/N~ = signal-to-noise ratio required for detection
Ls = system losses.

At a frequency of 94 GHz, power sources wi th an average power of 200
watts might be available. Since we know a radar at this frequency will be
limited, it is important to use as high an antenna gain as possible. there­
fore, we select an a~tenna with a beamwidth of 0.1 0 in both azimuth and el­
evation. The gain is approximately 63 db. Since an elevation beamwidth of
0.1 0 would give poor coverage, it is assumed that the antenna beam will be
spoiled in the vertical plane to give csc 2 coverage and that a loss of gain
of 3 db is had. Thus G = 60 db. The antenna diameter would be ~lose to 7 ft.

The number of hits integrated is n = e f r/6 wm where wm = the rpm of the
antenna. Assuming a rotation rate of 5 rpm (12 sec data rate) and f r = 1000
Hz (about 80 nmi maximum unambigious range) n = 0.1 x 1000/6 x 5 = 3.3 hits/
scan. The product n Ei(n} ~ 3.



Tne a t t e nu a t i o~ fa c t or ~ i l l be ignor ed f or t he prese nt and ~ ill be t aken
account of l a t e r .

The noi se f i gur e of a good r ece iver might be 10 db and 10 db sys tem
losse s ar e ass ume d . A s igna l-to- ooise ra tio of 15 db is als o assumed.

Subs t i t u t i n£ i n t o t he range equa t ion gives

R
4 2 x 102 x 1012 x (3 .2 )2 x 10-6 x 1 x 3

c:

103 -2 1 103max 2 x x 3 x 10x 4 x 10 x 10 x 1 x

c: 2.5 x 1020

R
5 m • 68 nm i in free 8 pacec: .1.2 6 x 10

max

Next, cons i der t he negle cted attenua tion fac t or . At sea leve l, the
attenuation rate at 94 GHz is about 0.4 db/km in clear weather. In 4 mm / hr
rain the attenuation is 2.5 db /km. The range is reduced to about 16.5 nmi
in clear weather and about 4.6 nmi in the rain. These figures are quite
lo~ and represent a significant reduction from the 68 nmi free space range.

If 4.. such radars 'liere used together as on a "merry-go-round" or some
such other coordinated fashion, the theoretical improvement in detectability
would be increased by a factor of about 5.5 db. Normally this would increase
.t he range by a factor of 1.37, or to a range of 93 nmi if attenuation is ig­
nored . The atmospheric attenuation will reduce so that the range in clear
weather might be about 19 nmi. In rain, the tmprovement is even smaller so
that the expense of employing four radars in unison is not worth the effort.

Thus the best that might be achieved in a millimeter wave surveillance
radar is perhaps 15 to 20 ami in clear weather, reduced to about 4 to 5 ami
in rain.

. ~
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REYI EW OF CURRE1\l RADAR I NT ERE STS

Me rri ll I . Skolnik

Naval Re s earc h Laboratory

Was hington, DC

This introduction to the Technica l Session on "Radar ­

Some Pr o b l e ms o f Cur r e n t I n t e r e s t ," will briefly indi ca t e

the major areas of radar application and a few of the prob­

lems that confront modern radar.

Current Applications

Air Traffic Control - There are o ver 200 long range and

medium range air surveillance radars i n use by the FAA in

the United States for the purpose of safely controlling air

traffic. High resolution radar is used for surveillance of

ground traffic at major airports. In addition, microwave

landing systems and the widely used beacon system are based

in large part on radar technology.

Aircraft Navigation - The weather avoidance radar used

on aircraft to outline regions of hig h precipitation to the

pilot is a classical form of radar. Although they may . not

always be thought of as radars, the altimeter (either FM/CW

or pulse) and the doppler navigator are also radars. Some­

times ground mapping radars of moderately high resolution

are used for aircraft navigation purposes.



S h i r ~ ::: \'i ~ atio n - I n t e r ms of numbers, t h i s i s o ne o f

t he l a r ge r applications o f ra da r, bu t in t erms of p hys i c a l

size a nd cos t i t i s o ne o f t he s malles t. It is 'also one o f

t he mos t r e l ia b l e rad a r s ystems. Automa tic detection a nd

tra c k i ng e qu ipme nt s a r e commercially a vailable for use wit h

s uc h rada r s fo r the purpose of collision avoidance. Shore­

based rad a r of moderately hig h resolut ion is also used for

the s urve illance of harbors as an aid t o navigation.

S pace - Both the Gemini and the Apollo space vehicles

used radar for rendezvous and docking, and Apollo also ut i­

lized it for landing on the moon. Some of the largest

ground-based radars are for the detection and tracking of

satellites.

Re mote Sensing - All radars are remote sensors; however,

as this term is now used it implies the sensing of geo­

physical objects, or the "environment." For some time,

radar has been used as a remote sensor of the weather and

the atmosphere. It was also used in the past to probe the

moon and the planets, but this has been displaced by the

successful use of manned and unmanned spacecraft. The

ionospheric sounder, an important adjunct for HF (short

wave) communications, is a radar and was first employed

about fifty years ago. Current interests in remote sensing

with radar deal with Earth resources, which include the

measurement and mapping of sea conditions, water resources,

ice cover, agriculture, forestry conditions, geological

formations, and environmental pollution. The platforms for



s uc h r a da r s i nclud e satellites as well a s a i r c r a f t.

Law Enforcement - I n a d d i t i o n t o the wide use of CW

r a da r t o measure t he s pe e d o f a utomob i l e traffic, rad a r ha s

be e n e mployed a s a me a ns for t he detection o f intruders.

Military - By far t he b ig ges t user of radar and the one

who has pai d fo r almos t all of its developme nt is the mil i­

tary. I ts traditional role in the military has been for

surveillance , navigation and for the control and guidance

o f we apo ns.

Current Problem Areas

Extending the . Coverage of Radar - The coverage of

microwave radar is basically limited by the line of sight,

which depends on the height of the radar and the height of

the target. No matter what coverage is obtained with rada~

it is always natural to ask for more. Extending the range

can be accomplished by elevating the radar, use of over­

the-horizon radar in the HF band, or by taking advantage,

when possibl~ of non-normal propagation conditions such as

ducting.

Relief of the Operator - A man does very well as a

radar operator so long as he is alert and is not confronted

with too high an information rate. To assist . the operator

and to prevent saturation, digital computer techniques have

been applied to the automatic detection and tracking of

targets. The success of such techniques is due to the re­

markable achievements in digital computer componentry



d u r i ng t he last t we nt y years . The compu t e r i s al so u s e f u l

f o r org a nizing a nd e x e cuti ng the c o nt r o l o f the r a da r s ys­

t e re a nd i n t he eff i cient use o f its outpu t .

Extraction o f Target I nf o r ma t i o n - T he ba s i c me a s ur e ­

me nt of r a da r i s the d i s tanc e to t he tar g e t. No o the r

se ns or can provide t his a s well as can radar. Radar also

de termines the angular location of targets and in some

s ystems it uses the d oppler freq ue ncy s hift to measure

r e l a t i ve velocit y o r t o s e pa r ate s tationary from mo v i ng

targets. Radar can o btain ot her i nformation about targets,

such as their size a nd shape, and can sort them by type.

Means for extracting target information from the received

signal is always of interest. A c urrent example where

significant progress has been made is in the remote sensing

of the environment.

Operation in Clutter - Any method that allows a radar

to perform its task in spite of the obstructions imposed by

clutter i s always welcome. Clutter includes unwanted

reflections from ~and, sea, weather, clear air turbulence,

birds, insects, -meteors and aurora .

Electromagnetic Compatibility - Radar must be able to

operate properly in spite of interference from other elec­

tromagnetic sources. Likewise, the radar must not inter­

fere with other users of the electromagnetic spectrum .

Eq uipment Improvements - Better subsystems and com­

ponents are always desirable. A few of the equipment

advances that would be welcome inc lude: better isolation



i n G~ r a d a r , e f f i c i e n t l i ne a r t r a ns mi t t e r s , e f fi cient low

d u ty c ycl e s o lid-st a t e RF power de vi c e s, wide dynamic r a nge

d i s p l a ys a nd r e c e i ve r s , wid e - band wid e-dynamic - r ange AI D

c o nve r t e r s , sho r t -pu l se h i g h-power tra nsmitters, and long­

life hig hly r e l ia b l e mec ha n i c al l y rota t i ng a ntennas.

Af fo rd a ble Phased Arrays - The value of the phased

array antenna to the radar systems eng ineer is unquestioned.

However, when economic matters are a c onsideration they are

not us ually competitive with other mea ns for accomplishing

the same obj ectives . The cost of computer software must be

reduced, as well as array hardware costs.

Reasonable System Cost - Although it is a natural human

trait to want to get the most for the least amount of money,

this precept is not always practiced in the procurement of

radar systems. It is easy in a highly sophisticated and

changing technology like that of radar to be unknowingly

extravagant. The cost of a radar is not just the dollars

spent on acquiring the system. It also includes the costs

to install, to finally make it work properly, and the cost

of maintaining and operating it over its useful life. In

addition to its cost in dollars there is the "cost" in

weight and space if it is used in a mobile platform such as

an aircraft or ship. There is also the cost of the plat­

form itself if the radar installation makes special demands

and the cost of the site if a land-based application. It

is no secret as to how to minimize the total cost of a

radar system. The user of a radar should ask only for what



he r e ~ l l y ne e ds r a t he r t ha n wh a t he d e sires, a n d he s ho u l d

ma k e c e r t a i n t ha t be f o r e he pa y s the bill t he radar h e h a s

bou g h t wo rk s a s spe cifie d .

De pe n d a b il it y - A radar shoul d b e o f long-life, rel i-

abl e , maintenance free (or if not, at least it should be

easy, chea p, and quick to fix ) , and be simple to operate.

No one will deny the desirability of such things, but it is

surprising how seldom they are taken seriously during

de velopme nt, when o v e r-ru ns i n money or time occur.

Of all the above the most important, in the writer's

opinion, are the last two. The user of radar must be able

to obtain what he needs at a reasonable price and it should

operate as it is supposed to whenever it is required to do

so. These are not usually thought of as research and

development areas, but they are probably as important as

anything else being conducted in the research laboratories

and in industry, and they might very well become serious

R&D projects.

The above listing has been from t he viewpoint of the

systems engineer interested in applying radar for some use-

ful purpose. They can be called problems in search of

solutions. There are also solutions in search of problems.

These are new techniques and components ,t ha t their. .

developers believe might offer improvements in radar.

These will not be discussed here other than to state that

they include such things as surface-wave acoustic devices,

-......._ - - - - - - - - - - - - - ---- --- - - - -



charge-coupled device s, mi c r owave transistors and other

solid s tate RF de vices, liquid crystal and solid state dis­

plays, microprocessors, adaptive antennas, conformal arrays,

pattern recognition, and the whole myriad of techniques

that are associated with millimeter waves. Progress in

radar has been made by both the dogged pursuit of current

problems one small step at a time, and by the occasional

large advance introduced by some new, and usually unfore­

see n, technological development.



1. mi'EE BRrAKS ~ Cbffee and ~hnuts are outside~ 641. '!bey are free.

2. ~rn PU\CES FOR LlJtDi - See attadled chart.

3. PF«:NFS-

a. For in~g calls, use (202) 676-£106.
b. See bulletin board ootside classroan for messages and ootes on i..nccrning

poone calls.
c. Phones for making outside calls are located in the foyer near the

elevator, on sixth floor.

4. PARKING - ~ validate your parking tickets aloe per day for:

a. University Parking Building - use visitors' entrance Q'l I Street
between 22nd and 23rd.

b. Limi. ted nunber of spaces under M:uvin center - use entrance en
H Street between 21st and 22nd.

5. IN CASE OF FIRE - Exit via stai.J:ways located in elevator lobbies and in
roth back corners of the 6th arrl 7th floors. (1!1ese stairways have alarms
which negate their use for ncn:mal entrance or exit.)

6. CRITIQUE - Please turn in the critique sheet en the final day at the tine
we present course ccrrq:>letion certificate. 'NoDnall y this will be just after
the last coffee break. If you must depart early, leave your critique and
pick up your certifkate in Roan 636.

7. s.DKlNG -- tJniversity tx'licy is that there be 00 STOking in classrcx:ms.

8. WASHR:XJ15 - Men I S and \¥CJTIeIl' s washrcons are directly across tlle corridor
fran classrocrns on roth 6th arrl 7th floors.

a. a:ckstore - grQJnd floor.
Open !-b1day through rrhursday 8:45 a.m. - 6:30 p.m. i Friday 8:45 a.m. ­
5: 00 p.m, During Sutrrer sessrcn, !b1day through Friday 8 :45 a.m. ­
5:00 p.m.
~ special identification needed.

b. G:irercon - 5th floor
Open lblday through rrhursday 1:00 p.m, - 11:30 p.m. i
Friday & Saturday 11:00 a.m, - 1:30 a.m. Sunday 12:00 noon - 1:30 a.m.
Ibwling, billiards I and pinnxmg.
Your narre tag is sufficient identificaticn.

10. Library:

a. Main library is open fran 8: 30 a.m. to midnight.
b. Circulation desk closes at 10:00 p.m,
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reached by METRO at
the Blue Line's
Foggy Bottom/GWU
station located at 23rd
and Eye St on the GW
campus. From the
Red Line, GW may be
reached by transferring
at METRO Center to the
Blue LIne going toward
National Airport, and
exiting at Foggy Bottom
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6. Blackie's House of Beef
7. Luigi's
8. Gusti's
9. The Astor

10. Trieste
11. Mr . Henry's
12. Swiss Chalet
13. Adams's Rib
14. Marrocco's

(Italian)
15. Old Angus. _ .. . -

1, Watergate
2. Howard Johnsons
3. One Washington Circle
4. Guest Quarters
5. Intrique Hotel
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UNIVERSITY

A. GWU Library
(Continuing Engineering Education -6th Floor)

B. University Parking Bldg .
(Visitors enter from I Street)

C . Engineering School-Tompk ins Hall
D. University Administration-Rice Hall
E. School of Medicine-Ross Hall
F. Marvin Center

-Bookstore (Basement)
-Cafeteria (First Floor)
-University Club (Third Floor)
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WORKSHEET
EXPONENTIAL TRACKING

1. A simple filter - take~e predicted position and add to it just half
of the difference between that and the newly measured position;
consider this smootbed position to be the next prdicted position.
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very accurate
radar

Formulas:

--- - - - --------

Consider how the next predicted position could be bettered by also
estimating target velocity based ofi measured position.

3. How might the choice of alpha be influenced by your knowledge of the
radar's accuracy? by your knowledge of the target~ maneuverability?
What's meant by the "gain" of a filter? by its "bandwidth"?
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REPRESENTING PUlSE COfl.PRESSICN IN 'mE RADAR RANGE BXtUA TIuN

J
and leaving receiver

Gr - trJT ~~

Write the Radar Range Equation, soIvfng for R4

noise in terres of receiver bandwidthB.
y r -'- ~ r - ' c v z- •
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1.

I' ,

Consider two radars 8f equal peak power but a two-to-one pulse width
difference. Write R in terms of pulse width considering receiver
bandwidth to be well matched to modulation bandwidth of the pulse.
No pulse compression here - this is to establish that range is indeed
dependent upon signal energy, provided the receiver is matched to the
signal bandwidth.

.Ft: (f) rJl11 ) y- =- P-t; ,. . ( L -
, .. ~TF

--r---L0
Tv ~ -c. :

2.

Consider two radars of the~ waveform (~t and pulse width) in one of
which the receiver is well matched to the modulation bandwidth of the
pulse and in the other of which the receiver is unnecessarily made N
times broader in receiver bandwidth. Wri te the adjusted range equations
and observe that range is reduced by the unfortunate reception mismatch.
(Again, no pulse compression here.)
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1

(worksheet on pulse compression)

4. Consider a pulse compression radar of the same pulse~ as in ). above,
but in which the time-bandwidth product of the transmitted pulse 1s I.
Write the range equation using the factor N to restore the range over
what the range had been in the mismatched receiver case. (Recall this
restoration assumes the receiver is well matched, including phase and
amplitude characteristics of its passband, to the transmitted signal.)

_r-LN~/:r"> I I I I L;V~
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,t- ~.) -
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~?~ $ s 1#/ I --? C1;vP\: I 17r / t( li-Fr/?,; M
Write the above in terms of the "compressed" pulse Width, and note that
the "restoring" factor N now appears in t he numerator much as a gain term
(like antenna gain) and, hence, is sometimes called the "processing gain"
due to pulse compression. Recall, however, this "gain" merely restores
the range to that due to the energy in the pulse; that energy, you see, is
clearly more that the product of actual peak power and the compressed
pulse width.

6. Can you imagine how the efficiency associated with "weighting" in the
pulse compressor (to help form better range sidelobes, say) might be
represented?
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