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PREFACYE
[Cictassind]

NHL BReport 3a32, dated Outshar 19, 1542,
was the first reportissued by the Naval Research
Laboratary on Srorage Radiar. Sinceats distri-
hition an eratta sheet was | ssucd (Novemtnr 22,
1949) znd 4 nun:ber ot typographical errors
becdaime apparent. Simce the 1 port continues
in demand, 1t was deemed advisiable to imcorp-
rate these changes in the original report ina
revised printing for convenience and aid tothose
whose dutics require a knowledge of storag:
radar principles. This report 1s a reissue of
the earay report, incorporating cori <otons and

naking some oy editorial chamge:.
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ABSTRACT
fUnclussiiied]

A new approach to eciw tanging has peen outlived, tazcd on
apnlication of electronic storage or memory devices. Two uses
are made of these devices, one for [requency conversion, the
other for signal integration.

Some technical features of interest resulting from this
approach are:

{1} A high order of inherent frequency stability atinter-
mediate {requency,

(2} Pulse-to-pulse phase coherence at intermediate fre-
quency,

{3) Signal integration 2t intermediate frequency,
(4} High duty factor operation of pulse systems,

(5) Exploitation of crosscorrelation techniques without
compromise in function.

Among the functional properties added or improved over
present practice mar be included the following:

{1} Sensitivity increased by orders of magnitude, with
attendant .ncrease in range and accuracy of tracking
data in 3% coordinates,

{2} Dynamic clutter rejection provided, independent of
own ship’s motion and antenna rotation,

(3] Immunity to electronic jamming increased by orders
of magnitude,

{4} Range rate introduced as a fourth and highly sensitive
parameter of resolution, with range-rate tracking of
singletargets and range~rate display of multiple targets,

(5} Variable resolution without loss in Sensitivity intro-
duced to permit freedom of exchange between reso-
lution and rate of flow of information.

Examples are given in application to precision tracking and
to schnorkel detection by radar.
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PROBLEM STATUS
1949

Tins papeq ie the hasis for a new program of research and
onstitutes a first report on that prograin.

1958

The basic system of Figs. 1, 2, and 3 has been developed
and in use for several years.

A magnetic drum has been substituted for cathode-ray-tulse
storage, and the system, modified accordingly, has been developed.
A bibliography on page 30 lists those NRL reports issued on this
proiect. Work on the project continues.

AUTHOR.ZATION

NRL Problem R14-CIR (1949)
NRL Probiem R02-17 (1958)
Project NR 412-006 (1958)

First edition printed October 14, 1949
Reviced printing stbmitted March 5, 1928
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INTRODUCTION {Unclassificd)

The practical application of radar to the detection and tracking of surface and airborne
targets was demonstrated prior to the 1939 vutbreak of World War 11, Subsequently the
military usefulpess of radar was signifivantly enbanced by an vnprecedented concentration
of screntifie talent on vartime electronic development. The high vperational effe liveness
af yadar at war brought forth countermeasures which nuihified that effeetiveness with vary-
ing degrees of succesys. Al war's end, although radar still had great vatue against existing
targets, theve remained several defiviencies which threatened to reduce to the vanishing
powmt the miiilary usetulness of radar against the anticipated targels of another war, The
{indings ot the Hudar Panel of the Research and Development Board indicated in 1947 that
the wnacipated roquircnu-m:; could not be met by the aominal impruvemeats that result
from refinement of oulnting tecnnigues. Rather the indivuted need was fur s aew approeach
which would vield improvement by orders of magnitude.

Swnificant improvement in radar angle errvor date has been accomplished through
refinepient in segquential lobiug technigues, and applicatinn of monopulse technigues as
proposacd inan sarlier ot bt Present high-speed lobing and mencpulse techniques,
together with modern servomechanism dgevelopments, promise sufficiently acvurate and
smooth angle tracking to meet most anticipaccy tactical requirewents.

The remaining improvements necessary if radar is to keep pace with its targets lie
in several categortes. Foremwost among them is increase in range at which small high-
speed targets of very low effective reflecting urea may be detected and tracked, Almost
equitlly important is tncrcase in speed with which a lavge volume of space may be inspected
and all targets in that volume resolved in at least three coordinates with relatively high
conrdinate accuracy. Four zlements of search radar performance are {1) long range,
(2) high scan rate, (3) three-coordinate resolution, und (4) acvuracy. These four elements
are mutually in competition for signal energy, and all of them must be sigaificantly
impiuved.

Another deficiency in present radar is its inabilily to single oul a desired target that
is surrounded by other relflecting objects such as terrain, sea, and atmospherie cluiter.
Much effort has been expended io achieve moving-targit-indicating and anticlutter circuits,
with 7 L2l suevess under favorable circumstances, but with less success tu four impor-
famt applications, viz., antischnorkel radar, antitank radar, antipersvnnel radar, and
precisivn-iracking Iire—contml radar.

The vulnerability of radar to jamming both bv electronic meaus and by decoy or arti-
ficial clutter targets presents another problem whose solutun 18 of vital &m}on‘mce. The
success of the straleglc bombing of Germany was made possible by the vomplete neutral-

ization of German antiaireraft fire-control radayr through use of window. Electronic jam-
ming has been used successiully against our own radars both tn Europe and in the Pacific.
l“Accu:atP Angle Tracking by Radar,” R, M, Page, Nil Repert RA 1A 2224,

28 December 1944
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STORAGE RADAR
[tnclansified 'v.n,,]

TWTRODUCTION [Unclassified)

The practical application of radar to the detection and tracking of surfave aud arborne
turgets wias demonstrated prior to the 1939 outbreak of Wortd War IL. Subsequently the
milttary uselulness of radar was sigmfivantly eahanced by an unprecedented eoncemtration
of serentific talent on vartime electronie development.  The kigh operagional effeciiveness
of radar at war brought forth eountermeuasures which nullified thut effectiveness with vary-
ing degrees of sucvess. At war's end, although radar stilf had great vae against existing
targets, theve remaned several defivienies ahich threatened 1o reduce to the vanishing
pomt the niitary usefulness of radar against the anticipated targets of anvther way, The
findings ot the Radar Panel of the Rescarch and Development Board indicated in 1947 that
2y ‘u‘imtod reguiveme ats could not be met by the nomina) improveneats that result
wont 5t cxicting tecnnigues. Rather the indicated need was {u « new appreach
which would vield improvement by orders of magnitude.

Significant improvement in radar angle error data has been accomplished through
refinement e seguential tobing techninues, and applicative of monupulse techniques as
proposcd i3 &n 2arlier t.eet. b Present high-speed lobing and moropuise techniques,
tuogether with modern servomechanisin govelbpments, promise sulfiiently accerate and
smoath angle tracking to mect most anticipaiey tactical requirements,

The remaining improvemems necessary if radar is {o keep pace with its targets lie
in several categories. Foremost among them is increase in range at which small high-~
speed targets of very low effective reflecting area may be detected and tracked. Almost
equally tportant is increasc in speed with which a large volume of space may be inspected
and all targets in that volume resnlved in at least three coorginates with relatively high
caardinate accuracy. Four elements of search radar peviormance are (1) fong range,
{2) high scan rate, (3) three-coosdinate resolution, and (4) accuracy, These four elements
ave mutually in competition for signal energy, and all of them must be significantly
impz oved.

Anpother deficiency in present radar is its inability to single oul a desired target that
is surrounded by ether reflecting objects such as terrain, sea, and atmospheris cluiter.
Much offort has been expended to achieve moving-targit-indicating and anticlutter cireuits,
with mn b2l sucvess under favorable circumstances, but with less success in four impor-
tant applications, viz., antischnorkel radar, antitank radar, antipersounnel radar, and
precisivn-tracking fire-control radar.

The vulnerability of radar to jamming both bv electronic means and by decoy or arti-
ficial clutter targets presents another problem whose solutwn is of vital importance, The
success of the strategic hombing of Germany wag made possible by the 2omplete newtral-
ization of German antiaircrafi fire-contrel radar through use of window. Electronic jam-
ming has been used success{ully against pur own radars both in Europe and in the Pacific.

l"A‘:cura!r- Angle Traking by Radar,” R. M, Page, NRL Report RA IA 222A,
28 December 1944
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2 MAVAL RESFARCH LABORATORY CONFIDENTIAL

Stil} another {actor of weaknese which has been of concern te some is the large “eircle
of confusion” characteristic of rader ongle tracking, Target vesolution by radar falls far
short of optical resolution in angle, 13 is partly compensated by the high range-resolotion
possibilities of radar, but further improvement is desirabie.

Finully, the deteciability of radar iranematter signals at taageis wnsch Cae beyond the
echo detecton range of the radar has deen 2 severe imitation in some operatians, Thic
fimitation has Deen particulariy annoymg in antisubmarine warfare.

I is the purpose of this report to outline a new approach to echo ranging which prom-
ises the desired arders of magnitude of ympros 2ment in at least some of the calegories
identified above. Not all of the limitations of this approach have been thoroughly explored.
Some of the iechniques basic tu the approach are in 3 highly preliminary state of develop-
ment. Yet sulficient study has been made to indicate that a new program of research based
on this approach is justified,

The propnsals here presented are based on the application of storage devices to ecno
ranging. Any storage or memory slevice having the requisite flexibility uf revording and
plaving back. sod adequte speeds of response for “writing™ and “reading,” and an accept-
able dynamic range or signal-to-poise ratio would suffice, but this presestation will be in
terms of eathade -ray memory tubes. In their present state of development these tubes are
not adagquate for all of the applications here envisioned, but they are adeguate for some.
and the present large development effort in the fleld of sturage tubes may be expected wo
extend their applicability.

Let us first consider the problem of range cansbility. This is 2 matter of signal-to-
noise ratio and rescives inte twu facters: (1} sensitivity of the receiving system, and
{2) average power radiated by the transmitter, referred in both cases to the direction of the
target. We shall now deal with receiving system seusinivity, which is here considered in
the light of relative response of the system to desired signal availabie at the receiver input
terminals, and noise either at the input terminals or generated within the receiving system.
The maximum possible dentilication by integration techniques between signal and noise
is limited oy two factors which appear as functional requirements of the system. They are
{1) the guantity of information required, and {2} the time available far abtaining thut infor-
mation. The first may be expressed in terms of information resolviion, the second in
terms of rate of flow of information.

Focussing attention now on the range parpwmeter of 2 searchlighting tvpe of pulse radar,
resolution may be replaced by its reciprocal, range confusion, with the nutation R, where
1

¢ ko Renohtion w
In those ¢cases where range confusion is determined by pulse lenglh -, it has been aimost
universatly assumed that it is egaal to pulse leagth, although in application it e actually
considerably less than the pulse length, However, in conformity with accepted practice, i
{s here assumed that

R -5reR,. (2

-

where ¢ i3 the velocity of electromagnetic propagation,

It has been determined experimentally under a variety of ronditions that the i.{, band-
width 8 giving the lowest value of minimum detectable input signal 15 egual to the reciproval
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uf the pulse lenpth 7.
B, " {3}

{rom which may Do detived

- - 4}

Eyuation {4) expresses the relationship between an arbitrarily defined range coundnzsion
and the corresponding iJ. bandwidth that gives the lowest signal threshold in the presence
of woisc for the pulse tength involved. Inthe case under consideration, R is generally made
as small as practicable as a functional requirement. The }limit is {imposed by engineering
considerations involving both = and B, , and resulis in a valuv of 3, vn the order of 5(10}®
cyeles per second.

H, - 5(1035. (53

The rate of fluw of information will now be expressed in terms of its reciprocal, the
time available sor signal integration, 7,. I is desired to express T, interms of bandwidth,
and for the parposes of this discussion it is sufficiently aceurste 16 quaic i w 278,
where B; is the medulation bandwidth of a carrier frequeney.

2 {6)

B

2y
A representative rate of {low of information required is for automatic control and hand-
widths corresponding to this functional requirement may be on the order of 5 cycles per
second,

B, = 5. {n

The ratio of banchridih vequired for resolution to bandwidth required for rate of flaw
of information is derived fram Egs. {5) and {7} and is found to be

oF

{

LY 8

=]

Equation {8} expresses an order of magnitude whick may be considered aversge for
iracking pulse radar, and may vary from 10° to 107,

One of the functions of the radar receiver is to operate on tne wput signal so that the
bandwidth required for its transmission is reduced from 8, to B, or by a factor ¢ the
arder of 10%, U this could be accomplished witlout similrly compressing the neies spec-
trum, the theoretical ymprovement in signal-to-noise votic Ly Sandwallic varrowmg would
be 80 db. This limit may not be reached with any pulse system in which « is less than1,,
however, since in no such system can itat degree of bandwidth narrowing be achieved
withont fome corresponciing operation vn nuise. This foliows from the fact that 8, cor-
responds approxtmately to the spectrum of a pulse of length + while B; corresponds to
the spectrum of a pulse of length T,. U there are muny puises p the interval 7., as in
radar, all pulses added segquentially into one long pulse would still result in & pulse length
lees than T, by a factor equal to the duly factor of the transmitter. It follows therefore
that with a duty factor of 1077, which represcnls an average lor tracking radai, the

CONFIDENTIAL




4 NAVAL RESEARCH LABORATORY CONFIDENTIAL

maximum theoretical improvement in signal-to-noise ratio due to signal intexration
(bandwidth narrowing) is on the vrder of 30 db.

The above figures are based on a linear system. I the system includes any nonlinear
element, the signal-to-noise catio will be modified. For example, & square-law detector
will, to a first order approsimation, square the signal-to-nuise » atw fue raiios MUch iess
than unity. Detectors whicn convert from if. 1o video or audio dabproximate square-law
operatinn, The minimun usclol signal ib pulsv tadi sysiemns i usually a tew dectbe -
less than noise at the detector vutput at video frequency. Integration after detection 1s
utilized 1o bring the signal-to-noise ratio up to the order ol +10 db as required for Suto-
matic tracking. Suppose the full value of 30-db imyrovement by integration is achicved.
This brings the minimum ratio at the detector output to 20 db, which carresponds to
~10 db at the detector input, and -10 db at the preamplifier output.  If the 30-db imegravon
were performed before detection, then the deiecloy cutpul ratio would be +10 db, the 1msut
ratio or the order of +10 db and the integrator input ratio, -20 db, whicvh would be the pre-
ampliiier output ratio. In this case, transierring the sntegrator {rom the video chitnnel 1o
the i.f. channel reduces the signal threshoeld at the input by 10 db, or a third the total
integration value in db.

For olher than electronic methods of videv integrafion such a3 persistence of vision
and human memory, the improvement in signal-to-noise ratio can never exceed the theo-
retically maximum value as derived abuve {or integration afier detection, and in general
will be less. Thus, in all cases, maximum sensitivity of 2 receiving system including a
square-law detectar can be achieved oniy by using sufficient coherent predetection inte-
gration to bring the signil-to-noise ratio at the detector input up to the detector threshold
(somewhere between - 10 db and 0 db). Since this is a well-known piincipie no furiber pruot
is necessary here.

STORAGE FREQUENCY CONVERTER [Confidential]

Application of the principle to pulse echu ranging imposes severe requirements on
frequency stability at intermediate frequency and pulse-to-pulse inferniediate frequency
phase coherence. Existing technigques are inadequate to meet these requirements. It is
possible that the requirements in i, [iequenty stability and puise-to-pulse phusc coherenve
may be met by the {requency converter system illustrated in Fig. 1. This diagram shows
a pulse transmitter, a putse receiver including laput circuits, mixer. and intermediate fre-
quency amplitier, and range unit, all conventivnal componesis ¢f present tracking radar
systems. Quite unconventionally, however, the local oscillator of the receiver is replaced
by a storage tube with writing and reading sweeps centrollea by the range unit  The storage
system, with i*8 sweeps, functions 1o record the transmitted siganl during the sending of the
pulse, and then at a later time determined by the range upit to “play back” the record for
comparison with a received echn signal. The writing and reading rates are purposely made
slightly different, in order to generate a reference signal dif,ering slightly in irequency from
the received signal, thus to produce by well-known heterodyning principles the desired inter-
mediate frequency. Should the average frequency of the gereiated i.f. tend to differ (rom a
desired value, the tendency may be neutralized by conventionay A¥FC operating ¢n oue of the
atorage tube sweeps, the control now being applied to sweep line speed rather than sweep

recurrence rate or frequency. Dach new pulse i3 proceded by an evasure of provives signils

in the same storage area, {0 avoid confusing 0ld recorcs with new,
The storage {requency conversion system just deseribed possesses aéverai prupriliés

fundamentally different from those of a conwentional local oscillator superheterodyne systen.
These properties are discussed in the following paragraphs.

CONFIDENTIAL
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Fig, 1 - Storage freghiency s onveTier

Variations in tras smitter frequency or sweep speed, withowt A¥C are reflected into
the L. on a percentage basis, This 8 true whether these variations be slaw {(pulse lo-
pulse} or fast (modulation during the pulsel. The effeet is to render the 11, relatively
independent of transmitter frequency instabiliy or frequeacy mudulation, as compared
to the case when a conventional local oscillator is vsed, Even the slight variation reaain-
ing may be removed, if desired, by use of identical writing and reading sweeps and usa of
an auxiliary local ascillator at 1.4, to convert vue comuponent signal to the proper frequeney
for heterodyning. Thus the mechanism is at hand for an intermediate frequency of extra-
ordinarily high stability,

Inasmach as the stored record of each radiated pulse 1s in phase «dentity with the
radiated signal, the relative phase belween the received evho and the locally reproduced
puise is a function only of the delay time due to propagition ol the radiated signal to the
taryget and back, and the delay introduced by the range unit. Ag long as .hese two delays
are matched {n time, all echo pulses at tnlermediate frequency will have identical phase
characteristics. Thus tbore exists 3 pulse-to-pilse phase coherence of a kind that is
useful in the integration system that is contempiated. The range unit stability require-
ment imposed by this meihnd of cporation is not far removed from that already existing
in mpdern precigion tracking radar.

in addition 1o the twu properties just desvribed, the storage frequency converter pos-

sesges another property which 1s alse ugeful, It was stated that {requency modulation of
the traasmitter during the pulse was essentially eliminated in the mixing process, sl
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the frequency modulation characteristics of echo signal and heterodyne signal are
essentially identical and therefore mutually cancel in the difference signal. If there

is impressed on the transmitted signal during the pulse a {requency modulation of 30
nificant magnitude, the modulation will Sisappear in the mixing process only when the
echo and the reproduced heterodvne signal are exactly in register. Furthermore, if the
modulation is of appropriate character, such as a single cycle of any convenient wave-
form; preferably of compley shape, or, in the Limit, @ pureiy random tunction, there will
be only one condition of complete register. I the two signals depart from perfect register,
the frequency modalation will wul be vompietely neutraiized. ‘Ihe intermediate {requency
signal spectrum width due to frequency modulation will increase linearly with departure
from register. As the spectrum increases beyond the 1.1, bandwidth, the signal will
deteriorate until ultimately @t is last, ‘The amount, tranglated in terms of range, by which
the two signals fed to the mixer may ve out of register before intermediaic frequency sig-
nal is lost, is 2 measure of the range confusion of the system.

Tha rate o1 increase of intermedinte frequency spectrum width due to (requency
modulation as the mixer input aignals depart {rom register will be proportional ta the
time rate of change of transmitted frequency ¥.. For any particular modulation wave-
formi, including random noise, ¥y is proportional to the spectrum width of the transmitted
aignal, which may be called the transmitier bandwidth H,. Thus, the greater By, the
smaller the range confusion.

If the two signals are in perfect register, the intermediate freguency signal spectrum
will be determined by the amplitude characteristics of the signal, Thus, if the signal is
a pulse of length -, Eq. (3) expresses the minimum bandwidth required in the 1.{. ampli-
fier. The greater the value of -, the less the value of B,. The less the value of B,
the narrower are the tolerance limits for increase of signal specirum due to frequency
modulation. Thus the greater the valse 6~ , the iess the valse of R_. Equations (2)
and (4} are row no longer applicable, At this point Eq. (4) may be replaced by Eqs. (9} and
{9a)

R - Kl’é\‘ (%)
R, TR BB {9a)

Since resoiution is now increased Dy inireasing the pulse length, the value of * may
be increased until fome ofaer limit is reached. If - Is made much longer thai piesent
practice, as is quite feassbic in the subject system, the i.{, bandwidth may be muc) less
than Rr .

B, << R .- (10}

From thig relationship emerges another property which may have considerable ultimate
value. In order to obscure a desired signal by radiated interference, the interfering
energy must lie within the passband of the L.f. amplifier (8,). However, before it can
reach the 1.f. amplifier, it must heterodyne with a locally generated signal which is fre-
quency modulated with 2 spectrum bandwidth B,. The jamming signal therefore, no
matter how narrow its own spectrum, will be dispersed over a spectrum much greater
than the travsmission bandwidth of the receiving systéin. Furiher development oi this
proposal, which ultimately reduces the i.{. bandwidth approximately to B, enhances
this antijam property. It must be recognized, of course, that any jamming signal that
pxixlvees any circult preceding ihe mixer, Including the mixer input, may still be
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effective, but it 18 no small gain over preseat systems to remove the entire i.f. amplifier
{rom a similar restriction. The amount of amplification that precedes the mixer, even in
relatively low-frequency radar, {5 still sufficiently Jow thal the increase in immunity to
radiated noise jJamming may be expressed interms of bandwidth ratio
B

T ==

N B.
where § represents the iactnr bv which jawnirg power must Lo widiiplicd W retam ns
elfectiveness.

res
LLL}

The storage frequency converter is shown in Fig. 1 as recording the radiated carrier
frequency. The same functions may be uccomplished at an intermediate frequengy by
operation on the storage input and output alike by a local osciilator iz convertional feshion,
for heterodyning the transmitter frequency down and back up again. Alternately the reccived
signal may be heterodyned down by the same local oscillator to correspond with the stored
signal. In neither case would the essential properties of the systemw be altered.

The siorage [requency converier in the apolicstion just described looks at one target
at a time and uscs the time ~ (u see the target. if r is very short relative to the time
corsegponding o MaRnaum ange, the stored pulse may be used repeatedly during the inter-
val between transmitted pulses, T, each use corresponding to a “look™ at a particuiar
range. The maximum mimber of Iouks possible, when each look uses the entire time 1,
is equal to the ratio T 77,

n, = T /7 (12)

where T, isthe pulse repetition period. The range interval that s seen at each look is
equal to the range confusion ® . The total value of range rendered visible by ng looks
s the product of R and ny , ¢

R, = np R.. 13
The relation between range and time is shown in Eq. (2} as
R, @
Likewise
R, =< {14}
E ™
From Egs. (2), {12), {13), and (14} it {ollows that
R, R, 2R
Yoo £ L,
Rp TRy T er {18)

This states that the ratio of the range made visible hy continuously repeated reading of the
stored transmitted pulse to the total range corresponding to the time between transmitted
pulses is pruportional to the range confusion divided by the pulse length. The ratio still

holds if R, is replaced hy any range interval of interest, as long as it is greater than r, .

Repeated use of the stored pulse in the fashion just described may be useful for certain
applications. Equation (15} gives an important criterion which may be used in determination
of the extent of this usefulness for a specific application. The method 1s not given any
further consideratiun in this report.
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Accepting for the time being the limitation of inspecting a single target, the proper-
ties of the storage frequency converter of greatest immediate interest may he summarized
as follows:

(1) LF, irequency rtability of high ordrr is inherent in the syscem.

{2} Modulation characteristics of the transmitted signal are reduced

(3) LF. pulse-to-pulse phase cohorence is availablc.

(4) Immunity te radiated noise jamming may be made very great.

Range resolution may be increased rather than reduced by
increasing pulse length.

e
v

STORAGE INTEGRATOR [Confidential]

Having provided for the necessary i.[. frequency stahility and pulse-to pulse | hasc
coherence, it is now appropriate to consider pulsz-ta-pulse integrafion at i.i. The signal
to be integrated vonsists of pulses of length = and repetition period T, with essentiully
no modulation apart from the normal amplitude modulation of pulse echoes. The band-
width necessary for their transmission is B,. A:uitrary reduction of bandwidth from
this value would operate similarly on signal ard noise, and no gain in ratio could result,
since Eq. (3) still holds.

Let the output of the intermediate frequency amplifier of Fig. 1 be recorded on another
storage tuie, and let each pulse of duration - be recorded o1 »n :<u of the =creen adjacent
to the lasi pulse recorded. Let this process continue until all th- .ulses are recorded that

oldest pulse in the record is erased 2nd replaced by the new pulee. Thus there is pro-
duced a stored record which continuously contains all the most recently received pulses
extending back for the time T;. 'There are two fundamental methods oi combining all

these recorded signals into one new signal having a signal-to-noise ratio corresponding

to the integrated record. One is to combine all pulses synchronously inte one pulse of the
same duration. In this process, noise energy would add while signal amplitude would add.
The resulting signal-to-noise ratio would be greater than the mput signal-to-noise ratio

by the energy summation of the original gignal. Thus if the integration includes 10° pulses,
the improvement in signzl-to-noise ratio would be 30 db.

The other method is to coxbine all pulses sequentially in phage coherence, so as to
produce one pulse whose length is the summation of the lengths of all the pulses iniegrated.
The result wuuld be no change 1n signal-to-neise ratio, but a reduction in the frequency
spectrum width of the signal with no change in noise spectrum. The signal width, being
inversely proportional to the pulse length, would now require a transmisaicn bandwidth
inversely proporiional to the number of pulses integrated. Again, if 10° pulses are added,
the bandwidth may be reduced by a factor of 10° without 22ss of signal energy, but with
a 30-db reduction in noise eaergy. Thus the signal-to-noise ratio would be improved by
30 db in this case also. In either case tie improvement in signal-to-noise ratio s'N due
to integration depends only on the number of pulses integrated. Its value in decibels is

AS/N T 10 log L an. (16)
TI‘
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In choosing between these two methods of integration, consideration must tirst be
given to the information contained in the original sipaal wnd the effects of the integration
process on this intermation. In conventonal pilse ranging where range resolation depends
(Eq. (2)), all range information is presew in each stared pulse, and rerains present

un - tio
on the synchronously integrated puise. This is essentind if ali the range informution is

not exiracted prior to the integration process. I a stvrage ireguency converter is used
n vonjunction with 3 long, modulated pulse, the range informatipn is deteriorated in the
atving proregs, Gnd thirt 5 wo puosibiiily vl reswring 1t W the integration process. It
will he shown later that &l runge information can be extracted at the mixer nout, which
represents the widest bandwidth point in the system. There is thercfore no need to pre-

serve range information a8 such i the integrated signal, and sequential integration is
therefore permiss,Jle.

The input signal also contains range rate information. In radar this information is
most appareat in the {form of pulse~to-pulse variation, since a single cyele of rate infor-
maties may span many pulses, Synchronous pulse integration obwiously would destroy
this infor mation. There appears to be no simple way of extracting this information before
infegrration without foss of sensitivity, It will be shown later thuf this information is
reathily available sfter mtegration when sequential integration is used. Further develvp-
ment here s therefore based on seguential integration.

A method of performing the sequential integration is ilustrated in Figs. 2 and 3, in
which are shown, respectively, a system block diagram and a signal sterage pattern. The
inter mediate frequency ampiifier of Fig. 2 is the same one shown in Fig. 1. Each pulse
of length + is recorded as 4 horizontal line across the storage tuam- wider influence of the
horizontal writing sweep. Each recorded prlee is displaced vertirally from the precemng
recorded pulse by the vertical writing sweep. These £¥eeps opecate under control of the
aormal radar range unit, which also is shown common to Figs. 1 and 2, and from which
indication of range setting is obtained. The comporents thus far idectified in Fig. 2,
together with all of Fig. L, constitute one complete wnit operating on a common time sc. te,
which {s the normal echo-ranging time scale and may be identified as the input time scale.

The rest of Fig. 2, consisting of CW amplifier, AFC and horizontal and vertical read-
ing sweeps, are independent of the input t'me scale, and may operate on a scale of their
own, wWhich may be identified as the output time scale. The reading sweeps are so designed
that the stored record is plaved hack continuously, with breaks between lines only
on the order of a {raction of a cycle of recorded carrier frequency. This fraction of a
cycle break is neceosary to mainaain phase coherence from line to line on the outpet time
scale, and must be adjusted to the particu'ar pulse length - 5o as to make - pius the gap
equal an integral number of cycles of recorded cirrier frequency. ¥ the gap is incorredt,
a discontinuily in phase will occur between lines. Since all lines are similar, the phase
discontinuities will also be similar and will integrate into a shift in fregaency. The AFC
may therefore operate on the length of the horizontal reading sweep, thus maintainiig
constant frequency by maintainieg line-to-line phase coherence in the ceading process.
The resulting putput from the storage tube will be a continuous wave whose amplitude is
 function of the receivad echo signal strength, whose frequency is constant, and whose
spectrum width is a function of signal fading and ‘racking porturontions.

Time and frequency relati hips between the inpui and output time scales are not
always n one-to-one correspondence. Let frame frequency be defined as the number of
times per second the entire stored record is scanned. The input frame frequency F. is
then equal to the reciprocal of the integration time, or )

Fooo5 (17
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H this ratio iz 197%, 45 has been assumed for illustrative purposes, then the owtput
frequenty, all modulations which depend solely un this frequency &s a carrier, ana here
fore the bandwidth required for their transmission, are ceduced by a factor of 19% from
corresponding input {requencies. It must be observed, however, that this reduction in
bandwidiit 13 vot accomparied by a corresponding inerease in signal-to~-noise ratie, since
signal and upise are modified similarly. For the general case, where £~ v, the i,
{reguency taiin is oibwisusly the ratio of writing and reading line speeds.

6 L.
o A (201

Frequeneies which depend on the pulse repetition rate as & carrier transfer from
the mout to the oufput time scales on the basis of ling freguency rather than line speed,

o L,
e L e

3

x| o

(¥4

In the case of radar, doppler frequencies fail in this categsry.

Frequencies which depend on frame frequency as a carrier are unmodified. These
are the frequencies comtaining target preseace, signal amplitude, and target tracking

The net resuii of this integration method, in addition to achieving the desired improve-
ment mn signal-tv-noise ratio, is to reduce the i.f. carrier frequency and spectrum widih
by approximately the duty factor, increase the absolute fregency shilt gue to the doppler
clfects of moviag targets, and transmit unchanged the frequencies corrrsponding tv
desaved target information. The total bandwidth narrowing is from By to 8, whose
yauo i present tracking radar may be on the ordet of 10%, as an average, or
3 = 106, (22)

Bi

That part of the bandwidth reduction which is effective in improving signal-to~noise 1atio

is represented by the ratio 1, T, whose present radar value is on the order of 104,
representing 30-db improvement relative {o the tnformation avauable from a single pulse
(see Eq. (16)). This part of the process also results in an increase of R, as given in

Eqgs. (8} and (8a) by the facter T.°T_ , as well as increase ol ] as given in Eq. {11) by

the same {actor. The remainder of the bandwidth narrowing is a consequence of {ranslation
{rom the input to the output time scales of the storage integrator of Fig. 2, and is expressed
in Eq. (201,

Attention is now direcied fo doppler frequency shift due to range variation, Signat
spectrwm compression and doppier shift cxpansion have been carried to the point where
ths transmission bandwidih necessavy 1or the desired target infortnation is much less than
the doppler {requency specirum corresponding to the veloeity spread of targets, For
example, the CW amplifies of Fag. 2 may logically have a bandwidth of five cycles per
second ot less, while the doppler {requency shift in carrier frejuency at this amplifier
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may be ten to a hundred cycles per second per knor reiative range rave. Since doppier
frequency shift appears as a modulation which depends on pulse repeiitinn frequency as
a carrier, it appedrs in the stored record as an intermediate {requency phasc disconti-
nuity between lines. The AFC loop of Fig, 2 oyerates on exactly this type of phace dis-
continuity and will therefore keep the signa! fvom the target being tracked i ihe center
of the passband of this amgplifier. Other targets in the antenna beam at the same range
having range rates differing from that of the target boing truclhed w 3 o fye-
quencies which will not be passed by CW amplitier, Thus range rate appears as 4 new
resolution parametor, and, a4 scen {rom the il :

Srdlive Ggutes juEl piven, tangerate
resolutian may be on the order of small fractions of a knot. The value ol the range rate
of the target being (racked may be obscrved in terims of the control voltage necessary
to track the sigual frequency, as shown in Fig. 2, when the range sate is nut tracking.
When the range gate iz tracking in rimge, the range-rate control voltage of Fig, 2 will
indicate rate error in range tracking, since tne runge rate of the gate would compensate
for the rango rate of the target,

The range-rate yvesolution just descvibed forma an ideal moving-target indicator,
since uny target that ‘s moving relative to clutter, even by so mych as i few inches per
second, will not be confused with thot clutter. If the clutter itself is moving with an
appreciable velueity spread, and the target velocity Hes within that spread, the target
will then compete only with that pertion of the clutter which produces doppicr frequencies
within the passband of the CW amplifier. If high resolution under these conditions were of
paramount importance, CW amplifier bandwidth might be made still narrower, thus
sacrificing rate of flow of information for increased discrimination against clutter.

It is ot interest to note that the storage integrator system of Fig. 2 plares no special
requircments on the input signil except that it possess pulse-to-pulse phase coherence.
It therelore does not depend ou the storage {requency converter of Fig. 1, provided the
phiase coherence may be accomplished in some other manner. The storage frequency
converter, however, is ideally suited to work into the storage integrator, the unique proper-
ties of which may now be summarized.

{1) Signal integration to the limit of available integration time
is accomplished at intermediate frequency.

(2) Moving targets are separated from clutter wuh great
effectiveness,

(3) Range rate is introduced as a new parameter of target
resolution,

(4} Automatic tracking in range rate is provided,

(5) Apart from range information, nane of the previously listed
properties of the storage frequency converter are compromised.

RANGE TRACKING (Confidential]

1he vange information that may be extracted {rom the input signals is range to any
target, direction and amount of deviation of that range from a range comparison or reier-
ence signal, and the range distribution of multiple targets. All this infor mation is lost in
the storage integrator, due 1o the sequential integration process. As stated earlier, how-
ever, the range (nfornmation may be extracted before integration. The range unit indicates
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range to any gated target. The storage frequency converter, bty virtue of transmitter
modulation bandwidth, excludes all other targets {rom the system within the limits of
range confusion. Range distribution of multiple targets will be dealt with later under
target acquisition amd search.

Atteniion is now directed to indication of amount and dicection of depariure of target
¥ '
range from a range reference signaei, suth as wat which controls gate position or storage

frequency converter reading time. As just shown in the treatment of range rate tracking,

a voltage is av that is highiy sensive to difference in range-rate between target

and radar range unit. Once the range unit is set on proper range, the range-rate error
voltage may be used to prevent the range unit from deviating from the target range. This
can be made to produce very stable tracking as 'ong 33 oo aveeleration occurs during
signal fades, Fowever, since there is no sensitivity to position error, there is no guarantee
that tracking is free {rom bias error. If sensitivity to position error were added, the high
available quality of the rate error signal makes it ideally suited for tracking stabilization
and makes the requirements on pesition error seasitivity much less severe.

There are several metheds of providing sensitivity to position error in range. Refer-
ence is made to Fig. 4, in which the storage unit, CW amplfiier, AFC, and horizontal read-
ing sweep are the same units as shown similarly identified in Fig. 2. The new elements in
Fig. 4 a1 a delay, a switch, 2 range CW amplifier, and a phase sensitive detector. The
switch is a simple phase reversing switch, operating to control the phase of the carrier
frequency output of the storage unit as it is fed to the range CW amplifier. The swilch
is actuated by the horizontal reading sweep so as to stai! reading all lines inthe same
phase, and to reverse phase at the center ui each line. Theuwject is to read the first hall
of all lines in one phase, and the last half of all lines in the upposite phase. The delay unit
2$815ts in the switching process as one way to cbiain the reversal at the center of the line.

S +ne RANGE
HORIZTHN <
120N T j¢———  afc p————Pp e
| 0
i ' L l acreeT
' -
—— 1
i
. w PHASE £0¢
STORAGE > cwawr pb————P  sEmiE P
M TEGRE TOR A 1 DETECTOR
| RANGE
i £RROR
Vi T +¢
L
1 & .
. i ]
, e ‘ VvV
) AV LW AMP
oELaY  p———9P  swmiTCk F—P RANGE)
cw
Fig. 4 - Range tracking based on unmodulated pulses
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Swee the bandwidth of the range CW amptifier may be very much less than (he spec-
fram represented by the switching rate, the amplifier will not {oliow the phase reversals,
rat will merely respond (o the integrated resultamt of the switch output. ¥ the samo energy
tx present on each phaos. the net vutput wiii oe zero. This corresponds to the sondition
when the eclm pulse 15 exactly centered on the storage line, which pceurs when the “pate”
is property delayed, or when the stured transmitted pulse (Fig. 1) is played back at egactly
the risht time o be in perfert rogister with the reveived echo, Any doparivre from this
conditym wili produce a signal in the range amplifier. The amplitude of this siynal will be
proportiional to the amount of departure, and the phase relative to the signul outpat of m\r-
storuge wiit will indicate the divection of errcr. The phase spaaitive dstest s
the outputs ol the two CW amplifiers in sum and ditference iashion to extract this mfor»
mation and yield a de range error signal. This technique is the same as that used Wnthe
angle tracking circuits of the TAB radar.

It will be noted that range error signal derived as just outlined is based on pulse
fength - instead of the uitimate resolution based on transmitter modulation bandwidth 8,
This will suffice for many cases, even wher. B, is condiserably less than 8;, However,
il - were to be increased to approach T,, the necessary switching rate does not permit
easy integration, and if - were increased indef{initely, corresponding o the theoreticdlly
possible transmission of mudulated CW, there remains no basis for the method. Another
approach to the range tracking problein may therefore be desirable in some applications,

Let range tracking be based on transmitter modulation. The error signal may then
be originated 2t the point of maximum range resolutinn, which is the point of maximum
seax’ ity to changes in range. Figure 5 represems a single recorded modulation cycle
ervet or as applied to the transmifier frequency, shown in solid line as a triapgular wave-
to, - tnader the stoyed envelopeis shown in dashed line 2 portion of received echo in
pere s remster, Also shown in dotted Line is a similar portion of received echo slightiy
out uf register. Vertical tines by their length represent the frequency difference bete-con
echo and locallv produced signal, which is the intermediate frequency. The eche in register
15 seen to produce one constant frequency .. which is the correct irequency, f,. The echa
out uf register is seen 1o produce Lwd frequencies, equally spacod above and beiow the car-
rect frequency. The two frequencies would normally have equal snergy content. The fre-
guency separation Sf; of each of these frequmcxes from the correct Irequemy is pro-
portional to the product of the amount . Jepariure of the echo {rom perfect register *®
and the rate of change of tranamitter frequency PT.

My < Fp (R (23)

Since the propartionality factor is that factor wiitch reiates range to time {see Eq. (14}, it
i lows that

Ny o= R 24)

Let it be assumed that the out-of-register echo is close enough to register 8o that the
two resultant frequencies lie within the pasgband of the L.f. amplifisrs and discriminators.

O I (A (25
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Fig. 5 -~ Single recorded modulation eycle envelope showing trans~
mitted signal, and two vrieived aigasis, one in and one out of

Tegister

Their combined effect in the discriminators (AFC circuits of Figs.1 and 2) is then the
samve as if the vego were in perfect register. The avtomatic alignment functions of the AFC
circuits would therefore remain undisturbed. It is now desired to obtain an element oper-
ative at the output of the CW amplifier of Fig. 2 which is sensitive to &f,, and also sensi-
tive 10 the order in which the two out -of - register frequenciss are generated. Sensitivity

to A, may be had with 1wo (requency-sensitive detectors having complementary frequency-
arplitude characteristics AA and RB as shown in Fig, 6. The crossover point is at the
frequency f,. The two outputs will now be equal and of opposite polarity, arising from
input signals proportional to ‘f plus a reference amplitude 4 .

AT B T K, M, v AL {26}

fensitivity to ' 1€ ordey in which the two out- of-regisier {requencies are generated is
tecegsary to obtain the direction of departure of the echc from register. Equation (24)
=tows that N, is propoitional to Fp. If the transmitter irequency F,is differentiated
to obtain & voltage of waveform Fy , this may be ue~d to amplitude modulate f; t Af, ,
The frequency value of f, would be unchanged, bu. f; + df and f, - Af, would ditfer
in amplitude. The amplitude, a, of §, + 3, would be

a s K1 o o), 27

and the araplitude, b, of f, - f, would be

bR G - mEe
b RS i
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where = is the amplitude modulation
factor. If the amplification preceding the
range tracking detectors is automatically
contralled tv maintain the average signal
constant, then § becomes invariant, and
may be replaced by a constaat, or

OuTRYT "
AMPLITWDE O~ 7
(RECTIFED) e

X5k, 29)

; Tt $s now only noorininy that the twy
,' frequency-sensitive detectors be also ampli~
tude seasitive, ‘Phe amplitude variation at
detector A input due tr frequency sensitivity
of the input circuits will be, from Egs. {24
'1 and {88},

NPT FREQUENCY 2 Kx .
Aps o FLomoea 30}

Fig, o ~ Camplementary ireguency -
amplitwle characteristics The amptitude variation of the signal at the
input to the {requency sensitive circuits, from
Eqs. (27} and (29), will be

A, < Bye) o afpy. 3n

The total output amplitude of detecun A will thern be

2%, . , .
A=Adks[“;‘!§‘,.(1*n€,).m~xo(x‘mF,)}, (321

where A, is the detector characteristic, Likewise the total output from detector 8 is

K . .
B oAy K [;4 Fy (1= nPp) ok + Ay (1 - mf'.,}] . (an

These vutputs may be combined in addition to give

. 2K, .
AvB =20 R, "‘Fr['?l [ "n}' Y

It is possible to assign a constant mugnitude to v, . When this is done, By, (34} may be
rewritten in the form
BB TR A KA {35}

This equation shows that the combined outputs of the two range tracking detectors give
k- signal which is lireariy related to range tracking error In both magnttude and direction.
I wpder v mamean puise-to~puise phase canerence far the frequenr-;es LP , 28 ig
neceasary in ovder o retain full istegration advantage, not ondy must F,. be wnst:mt in
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magnitude for each pulse, but the modulation waveform of all pulses must be identical.
The symmetrical triangular form shown in Fig, 5 is therefore specified. The register
reference puint is the apex of the triangle.

A block diagram illustrating application of the method is shown in Fig. 7. This figure
cominnes parts of Figs, 1 and 2 and adds the three range tracking elements differentiator,
high pass detector and low pass detector, together with AGC.

From Eq. {34) it may be seen that range ervor seansitivily may be written as

4A K, K .
S. —= e 2. (36}

s

The factors X involve only signal amplification, whkich is limited ultimately by noise. The
fell integration advantage is effective, as 1s evident from Fig. 7, ip making X as large as
possible,  Fy for the waveform of Fig. 5 depends on pulse lengu and transmitter bandwidth
Py and is equal to twice their ratio when » is very long compired to 18, {frcguency
mudulu( ion indev very low).

F, ~ 28, - 3N

Combining Eqs, (36) and (37) vields the interesting expression “or range error signal
sensirivity

32 . {38)

It is nuw possible to giv: further consideration to range confusion. Targets appcaring
out o1 regisier generate {requencies f, +“f, . When 'f exceeds the i.f. bandmd\h B.
the target signal is rejected and nc confusion exists with another target wihich is in re ;,mter.
The range confusicn limit 1s therefore reached when
o B, (39
at which point R, 2*R. By successive substitution of Eqs. (24), (37), and i3) and
rearrangement of terms, it is found that

R _—
<, (40)
Equation (20} is subject to the limitation of Eq. {37), which is based on the waveform of
Fig. 5.

ANGLE TRACKING [Cenfidential]

Consideration may now be given to angle tracking with the storage integrator. The
first approach to consider, of course, is monopulse. It is at once obvious that normal
apphcatlon of RF amplitude coraparison techniques wouid involve an exiensive duplication
of apparatus if the full integration capabilities are to be retained. various devices for
separating the gignals of two or more channels in such a way that they can all be handled
Ly the same apparatus is possible, but not without compromise of one sort or another.
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The compromise of high speed lobing relative to monopulse is not a serious one as
long as a certain randomness may be introduced into lobing s:quence in order to defeat
angle jamming. High speed lobing may be applied very simply to the storage integration
system. One device for accomplishig this purpose is illustrated in Fig. 8. The receiving
antenna configuration must provide the necessary directional lobes with electronically con-
trolled switches, as in the present high speed inbing laboratory radar system. These are
illustrited in the upper left-hand corner of Fig. &, with antenna bearing and elevathion

caordinates indivated, Tho rece

1. The lovp consisting of the s rage integrator, the CW amplifier, AFC,

Gl reddiig sWovp i vuinicvh (o Piga, 2 dad 4 and is adsu shown w Fig. 7 whercin
the storage sweeps are included in the component, *storage integrator.” The lobe switch
normally operates to sample a different lobe on each consecutive pulse, pairing the two
lobes of cach ceordinate, Thus the switching order might be Right - Leit-Up-Down, earsh

lobe being used lor the duration of one pulse interval T, . Each four consecutive hnes
recorded on the storage integrator will thus be a ree ord of one exch of four consecutive
lubvk as selected by the lobe switch, The umpiitude distribution among these feur hines will
< € G R signal wstubuiion among the four receiving antenna lobes. Directional

n may therefore be derived from the stored record.

imee antenns would normalle foad i
¥ antenna would normally {eed a receiv

such as

shown in Fi
A by wd .

ARG P —— i e ——
B R e——— ! '
€  RLCEnAG HORIZON T AL } *oc
ANTENKA — READ »
P S— HANGE
E. FVATION ™ T - - - - I RATE
cw
: STORAGE »
LBL sWITCH IWTEGRATOR J
. NutPyT
] . 1 1 —_—J
A W
H PHASE +0C
; v AMP
: SwiTen cw | SENSITIVE e
! 1 (BEARING) NETECTOR BEARING
L ~— —— - " gnor
ARG 8N
|
i —pi PHASE +0C
SWITCH [ L SEASITME r—»
2 T y ™ ELEVATION SETCCIOR FLEVATION
Vv Ty T | oEricoR ERROR

Fig. 8 - High speed lobing system

Switch 1 of Fig. 8 is a phase reversing switch similar to the switeh of Fig. 4. It is
operated in synchronism with the horizontal reading sweep so as to read out adjacent lines
mutually in opposite phase. Switch 2 serves as a double pole curcuit switch to transfer the
output of switch 1t~ une r the other of the bearing and elevation CW amplifiers. Switch 2
is synchronizer on one half tie trequency of switch 1, so 35 to feed two adjacent lines to

CONFIDENTIAL



B

paar sy

20 NAVAL RESEARCH LABORATORY CONFIDENTIAL

the bearing CW amplifiex, and the nevt twe adjacent lines to the elevation CW amplifier.
The outputs of the bearing and elevation amplifiers will be of the same character as the

cuiput of the range CW amplifier of Fig. 4, and may be similarly utilized to derive bear-
tny and elevation error information, as shown in Fig. 8.

It remainsg necessary to so synchronize the switches with the stored record that only
bearing hnes are switched into the bearing CW amplifier, and only plevation lines are
switched into the ¢levation CW amplifier. This may be accomplished by recording and
integrating n» number of pulses equal to an integral mvitinle of four, and using the vertical
sweep Tly-backs 1o sverride obime and swilehing contsuis 80 a5 to Start all sequences with
the szme lobe on the {irst fine of each frame. It is then appareat that as long a8 Yhe same
soquenee 15 ugod for antenua he swilching and playback output switching for each recorded
frame, any desired sequence may be used, and the sequence may even be changed +
frame to fraine if the reading and writing {rame Irequencies are equal,

The diagram of Fig. B may be used in combination with those of Figs. 1 and 2, simul-
taneous with either Fig. 4 or 7. The performance of each of these component systesms is
in au way cowpromised by patting them all together, The combined system thersfore
retains all the desirable properties of each component system and now possnsses the
following additional properties net previously identified ih summary formu:

1. Range error data for range tracking of high precision.

2. Angle error data for angle t1acking on a high speed lobing basis,
with all the flexibility of the present high speed lobing radar system.

TARGET ACQUISITION [Confidential)

The discussion this {ar has been limited to a pulse echu tracking system that will
track automatically in four independent coordinates any siagle target to which the system
has oeen adjusted. Consideration will now be given to information {from other targets than
the one being tracked. Such information is helpful in acquiring targets, and is necessary
in search functiona.

Figure 8 illustrates a basic diagram for perfcrming search functions. K represents
a rearvangement of the techniques described for tracking, and replaces Figs. 1and 2.
Two storage tubes are used, One records only transmitted signals. The other records
only uncorrelated received gigouls. Both record multiple lines, each line corresponding
to one pulge interval. Each line of the transmitter record consists of the transmitted
puise, of length ». Each line of the recelver record consists of an extended range interval
many times -+, and possibly even the entire range interval represented by Ty. The
number of {ines recorded is 7,71, . There now exists & complete record va une storage
tube of a1l signals received, {or the entire integration time interval ¥, , and on ansther
storage tube a conplete record of all transmitted signals during that same time interval,
One is at liberty to inspect these records in any fashion that may prove fruitiul.

RANGE SEARCH [Confidenttal]
Let the reading sweeps of the two storage tubes be synchronized do that an interval

equal to r on one Hne of recsivar record will be scunned synchronously with the corre-
sponding pulse on the transmitter record. Let this pariial inspectios of e rerciver line
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be folluwed by a similar inspection of the same range interval on the next adjacent line,
and let this process continue until all lines have becn inspected at one range interval of
fength - . Let the outputs of the two slorage tubes, after amplification if desired, be
combined in @ mixer to produce & difference frequency resonant to the i.{. amplifier. The
difference frequency may be produced as in Fig. 1.

If the reading process just described were repeated continuously ai the same range, or
with range changed only to track a target, the system would correspond exactly in function
to a combination of Figs. 1 and 2, the i.f. amplifier of Fig. 8 corresponding to the CW ampli-
fier of Fig. 2. Now, however, the range interval of length - that is subjected to inspection
may be scanned by a reading range unit from onc end to the ulher of the entire receiver
record, the total scanning time, or reading frame period, being much longer than the vertical
scan time reguired to inspect one range interval -. Signal from a target will generate a
pulse as the reading range unit scans the veading sweeps across the record of this sigral.
The bandwidth of the i.f. amplifier must be sullicient to pass the spectrum of the generated
pulse, plus the {1equency spread due to all anticipated doppler shifts. The pulse will be
longer than the inpu rader pulse by a factor on the order of the number of lines integrated.
The frecucncy spectrum o1 this pulse will therefore be narrower than that of the input radar
pulse by that same factor. The doppler frequencies, on the other hand, will be inrreased in
the same manaer 23 {or Fig. 2. The magnitude ot the increase, however, will be much
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greater. since the frame {requency of Fig. 2 correspends to the vertical scan frégquency

of ®ig, g, The vertical scan frequency niust be greater than the frame frequency of Fig. §
by a factor on the order of the ratio of range interval recorded t range resolution, If ail
stored informatian is to be used, the rezding frame frequency of Fig. 9, as of Fig. 2, must
be not less than the writing frame {requency. Therefore, the reading line {requency during
each vertical gcar of Fig. 9 will be preater than the reuding line {requency of Fig. 2ty a
factor on the order of the ratio of range interval recorded to range resolution.

Dopuler frequency shifts will be increased enrrespoadingly by the same ratio, and
will therefore ncrmally occupy & spertrum width much greater than the output palse
spectrum width, The bandwidih uf the L1, ampldier of Fix. §, therefore, is determined
by the doppler i squency spectrum it is to pass. The output carvier frequencies ol the
storage tubes of Flg. 8 will nuramily be somewhat greater than taeir input carrier fre-
quencies, and unless the recorded runge interval is much Iess than the total rawge cor-
responding to Tos the output frequencies may be wuch greater. 1 is vbvious that while
both carrier frequency and doppler shifts are much higher in the i.f, amplifier of Fig. 9
than in the CW amolifier of Fig. 2, their ratios are the same, since they are fixed in the
stored record, and reproduced in the same reading sequence.

The A.M. detecior, reading range unit, and range indicator = Tig. ¢ gerform the
functians respectively of detectur, range sweep, dod sange indicater of normal radar, but
on & much reduced tirae scale. The range indicansy il TpIi perISE pruperly
taced in the range interval corresponding to the stored record. i the record spans the
entire range corresponding to T, the indicator will display all targets in the beam within
that range, regardless of range rate. If the transmitted signal is vamodulated, the range
confusion is given by Eq. (2}. I the signal is modulated, Eq. {9) applies, and if the modu~
lation 15 of the form of Fig. 5. Eq. (40} applies.

RANGE-RATE SEARCH [Confidential)

A loss in sensitivity is aow suifered due to the increase of bandwidth necessary to
include the doppler spectrum, This loss may be neutralized by the additior of range vate
vesolution, The ultimate is reached when the doppler spectrum corresponsling to range-
Tale cuniusion equate the puise spectrum. In Fig. 8, the pulse specteum is determined
by T,. No new fundamental Hmit, therefore, is placed on sensttivity by the inclusion of
all target rates,

One method of indicating target range rate is shown in Fig., 9. The outputof the i.f.
amplifier may be put through a voltage limiter and then to a frequency detector. The fre-
quency detecfor may be so balanced that frequencies corresponding to cne particular range
rate will give ne output. This range rate will be wdentilied herzafter as the reference rate.
Targets closing relative to the reference rate will then give rectifled pulocs of vie puiarity,
and turgets opening relative to the reference rate will give reciified puises of ihe opposite
polarty. The amplitude of the reetified puises will be proportional to the range rate rela-
tive to reference raie. These signals may then be displayed on a suitable indicator. A
“Pisa’ indicator, where .ormal *A scope® echoes are tnclined at an angle proportional to
range rate, is one example of how range and rate may be simuitaneously displayed.

The range-rate sensing device just described will not regolve the separate rates of
three or more targets appearing at the same range, but rather will indfcate one range rate
which is an average of the group. Tweo rules will be resolved, however, if one is the
reference rate. The average rate of clutter could therefore be made the reference rate,
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and then individual targets moving relative io the clutter wnuld be displayed and thei-
cerrect rales indicated. Tvo or more targets moving relative to clutter but at the same
range would give rise to a rat2 indication representing an average of the group. If the
rales ditfered widely, the targets would not remain long at the same range, and would
then be resolved in the range coordinate. If the rate differences werrc small, the average
would not be far from the individually correct values. The range-rate resolution of multi-
ple targets having very nearly the same range rate ultituately depends, fundamentally, on
frequency isolation by {requency selective circuits not shown in Fig. 9.

An veaeption exisis ia the case of two targets where the rate of one is the reference
rate. Here the liniting 1actor is noise, and the rate indiestor of Fig 8, as well as the
ramgze -rate follower of Tig. 2, 15 parucularly advantageous in this regard. Noise vollages
in the frequency spectrum corresponding to closing *~ryet rates are rectified and balanced
agiinst similarly rectified noise voltages in the freqeuncy spectrum corresponding to open-
ing target rates. to give 2 resultant vutput. Fluctuations in this output appear as noise on the
reference rate, To be resolved in rate from the reference rate, the rate signal from a
second target must be discernable in this noise. As shown above. tha2 amplitude of the rate
signal is proportional to the rate difference from reference rate, therefore rate resolution
is limited basically by rate noise on the reference rate,

When clutter (e nged for determination of reference rate, a furtrer limitation arises
from the doppler spectrum of the clutter. Reference rate will be an average of clutter
rales, agsuming a finite spread of clatter doppler frequencies, and that average may itself
have a fluctuating value. A target whose rate is within the spread of clutter rates but 4if-
ferent from the average clutter rate will be displayed when that diffepence 1s discernable
in the variations of average cluiier rate,

The search system of Fig. 9 possesses many of the properties of the tracking systems
of Figs. 1 to 8. There are also some basic differences. The range scanning operation of
tie reading range unit will intreduce a freqeency shift corresponding to an extremely high
range rate. This may be compensated withinthe systern by any of ceveral fairly simple
and more or less obvious devices. Corregponding mudiiicaiion of the writing or reading
sweep speed iur the transmitter signal provides a fairly direct compensation.

Inasmuch as targets are to be displayed whose rates are not tracked, the matter of
nandling doppler frequenvies equal to multiples of half the pulse recurrence frequency
takes on new significance. Doppler shifts eaqual to a multiple, including one, of the pulse
recu: rence frequency will be confuged with reference rate, while those equal to an odd
multiple of one half the recurrence frequency will have zero amplitude, because of the line-
to-line phase reversal in the stored record. By using a line-to-line phase reversing switch,
as is used for angle measurement in Fig. 8, and operating a sccond range-rate channel on
the outpul of this switch, zero amplilude will occur on doppler shifts egual to multiples of
the recurrence frequency, and maximum amplitude _. shifts equal to odd multiples of one
nalf the recurrence {requency. This corresponds exactly to an identical limitation oi
present MTI systems. The two channels together Would leave no gaps in coverage, but all
range rates would appear as less than that corresponding to a doppler shift of 1 77, and
range rates corresponding to a doppler shift of N T, would appear as zero reference rate,
and therefore be confused with clutter. If necessary, points of confusion may be resotved
by noting effects when pulse recurrence frequency is changed.

These limitations may be overcome by recording the radiated carrier irequency on
the storage devices, and repeatedly playingback the record once for each group of range
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rates corresponding to \he bandwidths 1727 . The vertical rcading scan would thee Le
tilted at an angle correspanding to range rate. Each time the record is seanned, the angle
of tilt would be changed, the change curresponding to one-half cycle per line of the record.
If the total doppler speetrui to be inspected is n 2T, then the complete Inspection would
require » playings of the reccrd and the oufput frame frequency would be at least n times
the input frame (requency. “he output carrier frequency would aiso be ai least »n times
the input carrier frequency. and the method of operatien is applicable only when radiated
carrier {requency is recyrded. Obviously, radar application of such a system with present
atorage devices bas its limitations, but applications tnvolving nuuch lower carner frequen-
cies than commos it radar may be quite appropriate.

The presence in the storec recotd of {requencies shifted by doppler effacts as reguired
in Fir. § rotos ont the mothod of covrdinate separation for angle coror measurement illus-
trated in Fig. 8. While it is true thai lobe switching ior angle measurement has had little
use in search radar, it may siill be desirable in some applications. The crosstalk that
would oceur tetween angle error and range rate Uf Figs. 8 and 8 were to be combined can
be prevented by amplifying and rectifying separately the storage tube outpuls corresponding
10 each lobe, and then comparning the rectifiod outputs.

AZIMUTH SEARCH [Cosfidentiall

Search rada: generally includes azimuth coverage greater than antenna beamwidth,
which is accomplished by azimuth scan. Generally this takes the form of 300-degree plan
position indicating systems. When the system of Fig. 9 is vsed for PP, e Integrating
time T, ig the time required for the antenna to rotate one beamwidth, High sensitivity, as
well as sensitivity to small range rates or high clutter rejection, dictates wide bpams and
siow rotation speeils in order tv make target illumination time as long as possible. The
high integratinn officiency of storage techniques, together with the high guality of rate
information snd clutter rejection, may justify re-examination of the problem of surveil-
tance. This repoit aoes not include expluifation of that lead. In the case of airborne
radar for schnorke) detection, 1arget velocities are low and speed of azimuth scan is limited
at its low end only by range of detection and speed of flight cf searching aircraft, Appli- )
cation of the system of Fig. 8 in thia {ield should therefore prove particularly fruitful,
especially when h is remembered that wutomaltic signal {racking on elutter to be removed
also automaticaily compensates for own ship's motion and antenna rotation.

The basic search system of Fig. 9, even when the lowest pussible intermediate {re-
quency is used for recording, imposes much more severe requirements on storage tubes
than do the tracking systems of Figs. 1to 8, First, the recording {requency may be
higher, since the recording bandwidth is determined by B, rather than 8., and the record-
ing carrier must be greater than the modulation bandwidih. Secand, a much greater range
wnterval is recorded. Both facters combine to increase the resolution requiremerts, since
poth add to the number of cycles that must be recorded. Third, the frequencies generated
on yeading wre much greater {or Fig. 9, and in general would be greater than the writing
frequencies. The development of storage tubes is in a very early stage, however. and the
definition of requiremente set forth by these systems will provide guides for a direction
of effort that storage tube development engineers are seeking. It {5 aot unreasonable to
expect that as the need grows for particular qualities in storage devices, progress will
continue toward meeting the need.
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HIGH DUTY FACTOR OPERATION {Cunﬁdvnual}

Up tu thas point only maxismen utilization of echo enerygy available at the receiver input
has been considered. The only dheoret:cal limitations impesed on minimum detectable siz-
nat! at the output are the fundamental relativaships of the Hartley luw relatine guantity ol
information per st time to transmission bandwidth. The beadwidih reduction from that
required for inferisation resofution to that sufficient for rate of flow of information has
been avcomplished in the theorelically mest advigrapge. oS manner, within the itmits imposed
Ly an arbitrery form of radiated signal copsioting of very <Uort pulses with very fow daty
factor.

The ante ety sethod used mas vpened up the possibility of nwdifying the form of the
rachated signal. Since range meiasurenient and range resolution have veen made independent
of pulse length, and transmitter frequency modulanton during the pulse is no deterrent to the
integrating process, the way is open for increase of transmitter pulse longth. Since over-al?
system sensitivity is proportional to the average power raduited. two directions of improve-
ment 5 traastiiter design are made available. (1) Peak power may be reduced, keeping
average puwel constam, without loss 1 system sensitivity, vr (2) Average puwer may be
increased. keeping peak power constant, with corvesponding increaue in system sensitivity.
Az 4 practical matter, both mayv be exploited av ovce, giving some reduction in peak power,
Some Mercase in average power, and sume increise in sensitivity,  Investigation will now
be made into the degree to which this approach may be carried.

If sending and re-eiving could take nlace simultaneously, obviovsly there would be no
limit, and the cender could radiate cuntinuously. This mode of operation may not be per-
mitted in some apphications. particutarly when the same antenna is used for sending and
receiving, 1f tie restriction 1s imposed that sender and receiver cannot operite simul-
tancously, even for close-in echoes, then the sender must be operated %o as not to block
out sy eehocas 2ot dosivn range of the system. In present pulse radar systems this
would limit lhc pulse Juq;th to ttnt co1respondirg to the minimum range at which targels
must be deiectahle. In prescnt practice, that minimum range is not very much greater than
the range resolution, so it at first appears that there i« little to be gained in this direciion.
There appears to be no good reason, however, why range reasurement cannot e 2de
from the trailing edge of the radiated puise as a reference point. When this i- . the
recciver may start properly indicating cchoes as-soon as it recovers from the sender sig-
nal. The length of time the sender has been on the air befureit is cut off is of no conse-
quence 16 the receiver in indicating the time of cut-off of echo sigrals from nearby targets.
The cut-off of echo signals from more distant targets will sccur at a later time, and the
timic fium sender cut-off to echo crt-off is available for reception of energy from that
particular echo. Thus, the greater the range to the target, the greater the sensitivity of
the system, up to the limit determined by sender pulse length.

The pulse length may now be made to correspond to the maximu:a design range of the
system, and the duty fuctor becomes 0.5 or 50%. The method of range tracking illusirated
in Figs. 2 and 4 ray be used, provided compensation is made for the varying effective
length of received pulses, and provided further that T, is sulficiently less than 1, . Infact,
the method may be only siightly modified to operare wasicfantorily ahen T0° T . Rodu-
lation waveform thereiorv need not be restricted by range trachng requirements, and
random modulition may be utilized. Thus no confusion will exist for multiple range
targets.

This mode of operativn introduces a new set of limitations on search functions. It will
be noted that inspecticn of the siored record new involves use of the same stored irformaticn

CONFIDENTIAL




26 NAVAL RESEARCH LABORATQRY CONFIDENTIAL

many tiwe- vwer. Thig srises from the faet that signal datertiop ynlves o pros
crosscurrelation vetween two functions of time which differ priucipatly only bv @ immn\
added time dalay, and 2 scprrafe inspection of all or an appreciable portion of the record
is necevsary tor each value of thue delay for which inspection js mude, Ench time delay
corresgonds to A unique vatue of range, o that each insgechon corresponds to one look
2y a range irferval equal to R, the range confusion. The total number of inspections
risivad o cover the total i.m;_r(‘ of the system, Rp , is therefore R, &

Gii¢ vhvious eonsequence i that the output carrier frequency witl e mueb gher than
the input carrer frequency. 1wt not be greater by the factor 8, R since the eatire
Fetwnad o saspecied only top the loagest ranges, and for shorter ranges. shortery portions
af the record are utilized, Hm\ever ratios of R, R considered accepiable for present
radar are on the order of 10%, so that autput frequcncy may still be several hundred fimes
the inpat frequency. This may be an anpoving inconvenience, if not even a limiting factor,
iy application of the method,

Another consequence arises from duppler phenomena. Doppler shifts occur nat only
in varvier {requency, but aiso in modulation {requencies, and they are cumulative, The
doppler shift therefore introduces time as a nudtiplying factor in one of the functions in the
crocscorrelntion process. The elfect is to restrict the time interval during which the twe
fupctions cans remain in correlation within the limits deficed by 2,. & sunple way to
visualize the physical significance is to observe that when a doppler-shiited signal is prop-
erly matched to the delayed reference sigaal at the beginning of a long pu-se, the match will
becume Iess perfect as one wmoves ajong the pulse until ultimately the high freguency com-
ponvms of wodulation will be out of phase. Long before this point is reached, however, the
difference frequency from the combination of the two storage tube outpuls will become
muttiple valued and its gpectrum will inerease until i exceeds the bandwidth of the follow-
ing amplifiers.

VARIABLE RESOLUTION {Cor’idential]

It will be noted thai both output {requeacy and doppler shift range are velated to .
It 50 happess that increase in R will reduce the high frequency requirewents and inc rease
the dopplei shift range. It thersfore becomes appropriate o re-examne the range reso-
lution requirements of echo ranging apparatus. In the case of single target precision
tracking, the limitations do sot apply since concentration of mterest in range and range
rate to a single target permiis omission of range scanning and compensation fur range
rate. In the case of cearch functions, resolution requirements are not the same for all
ranges. It is very desirable to retain high resolution for targets at close range, but early
warning dete“tion of targets at long range aoes noi of itself require hiph resolution at lopy
range. In those zearch functions which require high resolution at long range, there will
be applications where it is permissiile to obtain it momentarily at Lhe expense of some
osthar parameter, such as sensitivity {o targets at other ranges in the same divection. R
is therefore operationaily admissible to propose that resolution for svarch purposes be
maddified as & function of range, so that high resolution is obtained ut short range, and
relatively lower resolution is obtained at long range. Such operation is technically feas-
wle i the method under consideration and permits at least some relief {from the high
frequency requirements, while at the same time providing the desired range of doppler
shifts for all applications at present envigioned.

The prsdsaeier thil is to be vared with range ie the madulation bandwidth of the frans-

mitter, Let the radiated pulse start with & parrow modulation bandwidth corresponding to
the maximum permissible value of R at maximum range. Then iet the bandwidth be
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many timas aver, Thiz srises {rom the fact that signal detecting renlvac d vroren, of
crosscarryelation between two functiong of time which differ principally only by a Lneaviv
added tinwe ddelay, and a4 separate inspection of all or an appreciable portion of the record
1% necessary tor each xudue of time dely for which isspection i made. Each Ume delay
corresponds to 2 unigque value of range, 5o that cach inspection covsesponds to one look
2t a range intorval equal to 8, the range confusion. The total nunper of inspections
regeived e cover the total range of the system, R, . in therefore 8 R .

One obrivus consequence is that the output carrier {requency will be much tigher than
the input earner trequency. It wais nol be greater by the factor ¥ 1 since the entyre
Fecornid s usspectadd onty for the loagest ranges, and {or shorter ranges, shorter portions
of the record are utilized. However, ratios of R R considered acveptable for present
radar are on the order of 10°, so that output {reguency may still be several hundred times
the inpat frequency. This may e an unnoving inconvenience, if not even a limiting factor,
in application of the method.

another consequence arises irom doppler phenomena. Doppler shilts eccur not only
in garrier frequency, but also in modulation frequencies, and they are cumulative. The
doppler shift therefore introduces time as a multiplyirg factor in one of the functions in the
crgsscorrelntion process.  The effect is (6 restrict the time interval during which the twe
functions can remain in correlation within the imits defined by ® . A simple way to
visualize the physical significance is to observe that when a doppler-shiited signal is prop-
erly matched to the delaved reference sigeat at the beginaing of a long pu-se. the mateh will
become lss perfect as one muoves along the pulse until ultimately the high {requency com-
puncats of modulation will be out of phase. Long before this point is reached, however, the
differ ence frequency from the camsbination of the two storage tube sutputs will become
muttiple valued and its gpectrum will increase umtil it exceeds the bandwidth of the follow-
ing amplifiers.

VARIABLE RESOLUTION [Coriidential}

It will be noted that both output frequency and doppler shift range are related ts €
1t so happens thatancrease in R will reduce the high {requency requiraments and increase
the dopplei- shift range. It therefore bocomes appropriate 1o re~examise the range reso-
lution requirements of echo ranging apparatus. In the case of single target precision
tracking, the limitations do not apply since concentration of interest in range and range
rate to & single target permits omission of range scanhing and compensation for range
rate. In the case of search functions, resolution requirements are not the same for all
ranges. I is very desirable to retatn high resolution for targets at close range, but earty
warning dete~tion of targets at long range does nol of itsel{ require high resolution at lung
range. Inthose zearch [unctions which require high resclution at long range, there will
be applications where it {8 permissibic te obtain It momentarily at the expense of some
nther parameter, such as sensitivity to targets at other ranges in the same direction. It
is therefore operationaily admissible to propose that resolution for search purposes be
modified as a function of range, so that high resolution is obtained at short range, and
relatively lower resolution is obtained at long range. Such operation is technically feas~
ible in the method under consideration and permits ai least some relief from ihe high
irequency requirements, while at the same time providing the desired range of doppler
shifts for all applications at present envisioned.

The parameter that is o be varied with range ig the modulation bandwidth of the trans-

mitter. Let the radiated pulse start with a2 narrow moedulation tandwidth corresponding o
the maxunun permissible value of R at maximum range. Then iet the bandwidth be
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increased with tinie untii, at the end of the pulse, the bandwidth is atvained whick ~arraspouds
to the value of 2 reguired at short range. The jaw of variation of bandwidth with time may
be set up arbitray ily to {it any desired type of performance, even to the inclusien of band-
widih discontinuities, Since {he trailing end of the pulse only is utilized at short ranges, By
is great and R_ is small for targets at short ranges. At greater ranges, the effective value
of R, for the whoie range to a particular target will be less than at short range. so R wil}
be greater. In the rdange scanning procoess, thereivre, suweessive scans will be very close
together in runge at short range where the length of record inspected is short. and may he
spaced much farther apari 2t longer riges where the length of record inspected on each
scan is lony. As the successive scans become more widely separated, the correlation at

e wide band end of the pulse will be lost, but since in practicai application the length of
signal requiring wide bandwidth modelation is a vexy small fraction of the total signal, the
loss in senswtivity [-3m this cause may b keot well below vae decibel, which is insignificant
in terms of runge difierence. The net result of this mode of operation relative to constaat
bandwidth modulation is threefold. (1} Output frequencies are lowered, {2) doppler shift
range ¢ inereased, snd (3) range resolution is saried with range, the higher resolution
occurring at the shorter ranges. The {functional significance is that range resolution at

tong range has been traded for increased sensitivity and ability to register targets having
greater range rates.

It is of considerable interest that change in transmitter modulation bandwidth does not
require corresponding change in receiver bandwidth to retain maximum sensitivity so long
as the receiver input vandwidih is sufficient for the greatest transmitter bandwidth encoua-
tered. This is becavse the reveiver bandwidth before integration is not a factor in receiver
gutput signal-to-noise ratio. Thus there is presented a flexibility in manipulation of irans-
mitter bandwidth that may be turned to a number of uses. For example, range resolution
may be traded for speed of search in a {racking Lquipment for target acquisition, or for
field of view in a search system for clase inspechion of « particular target area, all with
no change in sensitivity, and at the choice ¢f the equipment operator.

EXAMPLES [Confidential]

Typical examples indicating theoretical limits of performance with ideal circuits may
be iustructive in clarifying some of the concepts presemed in this paper. Consider the
radar Mark 25, a medium power precision tracking X-band syatem now in service use. The
parametiers of this set are, nominally:

1, =2 sec range resolution, 40 yards
T, =5 (1917 sec
duty factor = 5 (10)™*
peak power = 50 kw
= 2.5 (1)

From Eq. (16) the signal-to-noise improvement over a single pulse is 36 db. Assuming
weak signal operation of a square-law detector, wherein signal-to-noise ratic is squared in
the detection process, present improvement over a single pulse by integration after detection
can be no greater than 23 db. The net increase in seusitivity is therefore 36-23 = 13 db.
This corresponds to increasing range capabilities by a factor of 2,1. J arises entirely
from integration before detection jnstead ol after detecticn, and is obtained without modi-
fication of the radiated signal.
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The duty {actor may now be increased to 0.5. M this is accompanied by decrease in
peak power to waintaiu constant average power, the peak power is brought down to 50 watts
and the factor of 2.1 increase in range is undisturbed. U it is desired to reduce the aver-
age power, and present sensitivity is adequate, the peak power falls 1o less than one watt,
average less than 1/2 wail. Thus, by employment of irtegration before detection plus 0%
duty 1actor gperation, the transmitiing oscviltator of the raday Mark 25 could be replaced
by & receiver lncal useillitor without loss in range, Ir addition the set would re anliclutter
and wonld have a Fange-raic resolution on the vrder of 0.02 ki,

A prociicad comprom.se to fuvor sensitivity would be 1o increase average power tv
sceeral hundred watts, reduce peak power to fwies averags power, retatung all ther
factoss, Netncrease in range ovver the present set wotld then approach the factor of 5.

Anvther example of interest is the AN/ADPS~20-A i uaed for schnorkel detection. The
signilicant parameters are:

puise frequency = 300/sec

antenna beamwidth = 3.5° in azimuth
antenna rotation speed = 6 Tpm
average power = 600 watts
{requency = 3000 Mo

S22 000

From the parameters it is seen that target Hlumination time is 0.1 zec so 1, - 0.1.
T, - 1/300, so T, T, =30, Gain aver single pulse vperation is therciore approximately
15 db. Present gain with integration afler devection is on the order of 7.5 db. Net gain
in sensitivity over the present set due to integration before detection would be about 7.5 db,
corresponding to & %5% increase in range. This appears at first to be of little value, but
with integration before detection it becomes possible to juggle other parameters for {urther
net gain. For example, aptcnna beamwidth may be increased withouwl wss in gain, since the
resulting added time of target ;llumination is utilized for effective signal integration.
Increased antenna beamwidth means a smalley antenna, therefore less load on the 2ircraft,
Also ennvereion (o (% duty factor removes the high voltage. high peak power and high
{ilament power reguiremoents fur ihe transmitter. Conceivably, the average power of the
transmitter might therefore be doubted without inc reasing over-all aircraft yoading, This
gains 3 db. Hthe range of detective were doubled, the antenna scaa rate may Ge halved. Thus
7, is doubled, giving anathey 3 db. The total improvement of 7.533+3 db is 13.5 db, or more
than enough to double the range,

Relaining the present transmitier bandwidin, the range resvlution would be 320 yards

and the range-rate resalution on the order of 4.5 k1, or one foot per second. In his appli-
cation, the dynamic clulter rejection wourd be a partieniarly significans factor.

SUMMARY [Unclassilied]}
A new appreach to echo ranging has been outlined, based on application of electronie

storage or memory devices. Two oses 2r¢ wmade of ihese devices, one for frequency con~
version, the other for signal integration,
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Svme technical features of interest resuiting from this appreach are:

{1} A high order of inherent frequency stability at intermediate
freguency,

{2) Pulse-to-pulse phase coherenve at intermediate frequensy,

(3} Sigmal integration at intermediate freguoncy,

(4} High duty factor operativn of puise systems,

{5) Exploitation of crosscorrelation techniques without compromise
in function,

Amon the {unctional properties added or improved over present gractice wy be
tnctuded the following:

{1) Sensitivity incroased by orders of magnitede, with atiendant increase
in range and accuracy of tracking data in all coordinates,

(2) Dymamiv clutrer rejection provided, independent of own ship's
motion and anteana rotation,

{3) Immunity o electronic jamming increased by orders of maguitude,

{34} Range rate introduced as a fourth and highly sensitive parameter
of resolution, with range-rate tracking of single targets and range-
rate display of multiple targets,

13} Variable resolation without loss in sensitivity introduced to permit
{recdom of excange between resolution and rate of {low of
informatian,
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APPENDIX
NOTATION
.Unclasgsified
.Szfmhn‘ Deinit.on
AL v Amplitude of input to fregquency sensitive circuits of one side of range
tracking detector.
ER v Amplitude of i.f. signals arising from range tracking position error.
AR v Amplitudes of the inputs to the two sides of the range tracking
detector.
A, vl Detector Characteristic.
L v Amplitude »f input to one side of range tracking detector due to fre-
quency sensitivity of its input circuits.
AL v Araplitude of the inpat to each side of the range tracking detector when
there is no range error.
3, 1! L.F. bandwidth corresponding to integration time.
B’ 1! LF. bandwidth corresponding to minimum detectable signal for pulsc
length -.
. ! Modulation bandwidin of transmitted signal.
LT Velocity of propagation of radiated signal.
X, 7! Input frame freguency.
£ T Input i.f.
fo (A Change in inter mediate frequency at integrator input due to pusition
error of radar range tracking unit.
r’ ! Gutput {rume {requency.
R 1! Ouiput i.f.
Ky T2 Time rate of change of transmitter frequency as a result of frequency
modulation.
o i Jamming power multiplying factor.
K 111
KT I
<, T
1
¥
vi-t
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Symbol

Units

T-1

NAVAL RESEARCH LABORATORY CONFIDENTIAL

Definition

Input line frequency
Output line freque ry.
Inpui iine spuead.
Qutput line speed.
Modulation factor.

Frequency of modulation which depends on input line frequency as a
carrier.

Frequency of muodulation which depends on ovtput line frequency as a
carrier.

Input noisc.

Any integer.

Number of range intervals inspected per transmitted pulse.
Range confusion.

Range corrcespunding to the time inter-al 7.

Range correspending to the time

Total range inspecied per transmitted pulse.

Position error of radar range tracking unit in terms of range.
Inpu! signal.

Sensitivity of range tracking unit to position error in range tracking.
Integration timec.

Transmitted pulse lengih.

* % ¥
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