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PREFACE

NRL Report 3532, dated October 14, 1949,

was the first report issued by the Naval Research

Laboratory on Storage Radar. Since its distri-

bution an eratta sheet was issued (November 22,

1949) and a number of typographical errors

became apparent. Since the report continues

in demand, it was deemed advisable to incorpo-

rate these changes in the original report in a

revised printing for convenience and aid tothose

whose duties require a knowledge of storage

radar principles. This report is a reissue of

the early report, incorporating corrections and

making some minor editorial changes.

i





""1

CONTENTS

Abstract iv
Problem Status v
Authorization v

INTRODUCTION 1

STORAGE FREQUENCY CONVERTER 4

STORAGE INTEGRATOR 8

RANGE TRACKING 12

ANGLE TRACKING 17

TARGET ACQUISITION 20

RANGE SEARCH 20

RANGE-RATE SEARCH 22

AZIMUTH SEARCH 24

HIGH DUTY FACTOR OPERATION 25

VARIABLE RESOLUTION 26

EXAMPLES 27

SUMMARY 28

ACKNOWLEDGMENT 29

Bibliography of NRL Reports Issued on This Project 30

APPENDIX - Notation 31

iii



ABSTRACT
-I ]

A new approach to echo ranging has been outlined, based on
application of electronic storage or memory devices. Two uses
are made of these devices, one for f r eque nc y conversion, the
other for signal integration.

Some technical features of interest resulting from this
approach are:

(1) A high order of inherent frequency stability at inter-

mediate frequency,

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

(3) Signal integration at intermediate frequency,

(4) High duty factor operation of pulse systems,

(5) Exploitation of crosscorrelation t e c h n i q u e s without
compromise in function.

Among the functional p r op e r tie s added or improved over
present practice may be included the following:

(1) Sensitivity increased by orders of magnitude, with
attendant increase in range and accuracy of tracking
data in all coordinates,

(2) Dynamic clutter r e j e c t i o n 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
single targets 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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STORAGE RADAR -

INTRODUCTION

The practical application of radar to the detection and tracking of surface and airborne
targets was demonstrated prior to the 1939 outbreak of World War II. Subsequently the
military usefulness of radar was significantly enhanced by an unprecedented concentration
of scientific talent on wartime electronic development. The high operational effectiveness
of radar at war brought forth countermeasures which nullified that effectiveness with vary-
ing degrees of success. At war's end, although radar still had great value against existing
targets, there remained several deficiencies which threatened to reduce to the vanishing
point the military usefulness of radar against the anticipated targets of another war. The
findings of the Radar Panel of the Research and Development Board indicated in 1947 that
the anticipated requirements could not be met by the nominal improvements that result
from refinement of existing techniques. Rather the indicated need was for a new approach
which would yield improvement by orders of magnitude.

Significant improvement in radar angle error data has been accomplished through
refinement in sequential lobing techniques, and application of monopulse techniques as
proposed in an earlier report. 1 Present high-speed lobing and monopulse techniques,
together with modern servomechanism developments, promise sufficiently accurate and
smooth angle tracking to meet most anticipated tactical requirements.

The remaining improvements necessary if radar is to 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 important is increase in speed with which a large volume of space may be inspected
and all targets in that volume resolved in at least three coordinates with relatively high
coordinate accuracy. Four elements of search radar performance are (1) long range,
(2) high scan rate, (3) three-coordinate resolution, and (4) accuracy. These four elements
are mutually in competition for signal energy, and all of them must be significantly
improved.

Another deficiency in present radar is its inability to single out a desired target that
is surrounded by other reflecting objects such as terrain, sea, and atmospheric clutter.
Much effort has been expended to achieve moving-target-indicating and anticlutter circuits,
with marked success under favorable circumstances, but with less success in four impor-
tant applications, viz., antischnorkel radar, antitank radar, antipersonnel radar, and
precision-tracking fire-control radar.

The vulnerability of radar to jamming both by electronic means and by decoy or arti-
ficial clutter targets presents another problem whose solution is of vital importance. The
success of the strategic bombing of Germany was made possible by the complete neutral-
ization of German antiaircraft fire-control radar through use of window. Electronic jam-
ming has been used successfully against our own radars both in Europe and in the Pacific.

1 "Accurate Angle Tracking by Radar," R. M. Page, NRL Report RA 3A 222A,
28 December 1944
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Still another factor of weakness which has been of concern to some is the large "circle

of confusion" characteristic of radar angle tracking. Target resolution by radar falls far
short of optical resolution in angle. It is partly compensated by the high range-resolution
possibilities of radar, but further improvement is desirable.

Finally, the detectability of radar transmitter signals at targets which are beyond the
echo detection range of the radar has been a severe limitation in some operations. This
limitation has been particularly annoying in antisubmarine warfare.

It is the purpose of this report to outline a new approach to echo ranging which prom-
ises the desired orders of magnitude of improvement in at least some of the categories
identified above. Not all of the limitations of this approach have been thoroughly explored.
Some of the techniques basic to the approach are in a highly preliminary state of develop-
ment. Yet sufficient study has been made to indicate that a new program of research based
on this approach is justified.

The proposals here presented are based on the application of storage devices to echo
ranging. Any storage or memory device having the requisite flexibility of recording and
playing back, and adequate speeds of response for "writing" and "reading," and an accept-

able dynamic range or signal-to-noise ratio would suffice, but this presentation will be in
terms of cathode-ray memory tubes. In their present state of development these tubes are
not adequate for all of the applications here envisioned, but they are adequate for some,
and the present large development effort in the field of storage tubes may be expected to
extend their applicability.

Let us first consider the problem of range capability. This is a matter of signal-to-
noise ratio and resolves into two factors: (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 sensitivity, which is here considered in

the light of relative response of the system to desired signal available at the receiver input
terminals, and noise either at the input terminals or generated within the receiving system.
The maximum possible identification by integration techniques between signal and noise

is limited by two factors which appear as functional requirements of the system. They are
(1) the quantity of information required, and (2) the time available for obtaining that infor-
mation. The first may be expressed in terms of information resolution, the second in
terms of rate of flow of information.

Focussing attention now on the range parameter of a searchlighting type of pulse radar,

resolution may be replaced by its reciprocal, range confusion, with the notation Rr, where

=1 (1)
C Range Resolution

In those cases where range confusion is determined by pulse length T, it has been almost
universally assumed that it is equal to pulse length, although in application it is actually
considerably less than the pulse length. However, in conformity with accepted practice, it
is here assumed that

cRc = -y - = R7_, (2)

where c is the velocity of electromagnetic propagation.

It has been determined experimentally under a variety of conditions that the i.f. band-

width B, giving the lowest value of minimum detectable input signal is equal to the reciprocal

2
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of the pulse length 7-.

S•- (3)

from which may be derived

R c. (4)2B•.

Equation (4) expresses the relationship between an arbitrarily defined range confusion
and the corresponding i.f. bandwidth that gives the lowest signal threshold in the presence
of noise for the pulse length involved. In the case under consideration, R is generally made
as small as practicable as a functional requirement. The limit is imposed by engineering
considerations involving both r and B,,, and results in a value of B _ on the order of 5(10)6
cycles per second.

Br = (10) 6. (5)

The rate of flow of information will now be expressed in terms of its reciprocal, thetime available for signal integration, Ti. It is desired to express T, in terms of bandwidth,
and for the purposes of this discussion it is sufficiently accurate to equate it to 2/Bi
where Bi is the modulation bandwidth of a carrier frequency.

Ti = 2 (6)
Ti-Bi

A representative rate of flow of information required is for automatic control and band-
widths corresponding to this functional requirement may be on the order of 5 cycles per
second.

Bi = s. (7)

The ratio of bandwidth required for resolution to bandwidth required for rate of flow
of information is derived from Eqs. (5) and (7) and is found to be

B 7-- = 106. (8)

B.

Equation (8) expresses an order of magnitude which may be considered average for
tracking pulse radar, and may vary from 105 to 107.

One of the functions of the radar receiver is to operate on the input signal so that the
bandwidth required for its transmission is reduced from BT to Bi or by a factor on the
order of 106. If this could be accomplished without similarly compressing the noise spec-
trum, the theoretical improvement in signal-to-noise ratio by bandwidth narrowing would
be 60 db. This limit may not be reached with any pulse system in which r- is less than T. ,
however, since in no such system can that degree of bandwidth narrowing be achieved
without some corresponding operation on noise. This follows from the fact that BT. cor-
responds approximately to the spectrum of a pulse of length 'r while Bi corresponds to
the spectrum of a pulse of length Ti. If there are many pulses in the interval T., as in
radar, all pulses added sequentially into one long pulse would still result in a pulse length
less than T1 by a factor equal to the duty factor of the transmitter. It follows therefore
that with a duty factor of 10' , which represents an average for tracking radar, the
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maximum theoretical improvement in signal-to-noise ratio due to signal integration
(bandwidth narrowing) is on the order of 30 db.

The above figures are based on a linear system. If the system includes any nonlinear
element, the signal-to-noise ratio will be modified. For example, a square-law detector
will, to a first order approximation, square the signal-to-noise ratio for ratios much less
than unity. Detectors which convert from i.f. to video or audio approximate square-law
operation. The minimum useful signal in pulse radar systems is usually a few decibels
less than noise at the detector output at tideo frequency. Integration after detection is
utilized to bring the signal-to-noise ratio up to the order of +10 db as required for auto-
matic tracking. Suppose the full value of 30-db improvement by integration is achieved.
This brings the minimum ratio at the detector output to -20 db, which corresponds to
-10 db at the detector input, and -10 db at the preamplifier output. If the 30-db integration
were performed before detection, then the detector output ratio would be +10 db, the input
ratio on the order of +10 db and the integrator input ratio, -20 db, which would be the pre-
amplifier output ratio. In this case, transferring the integrator from the video channel to
the i.f. channel reduces the signal threshold at the input by 10 db, or a third the total
integration value in db.

For other than electronic methods of video integration such as persistence of vision
and human memory, the improvement in signal-to-noise ratio can never exceed the theo-
retically maximum value as derived above for integration after detection, and in general
will be less. Thus, in all cases, maximum sensitivity of a receiving system including a
square-law detector can be achieved only by using sufficient coherent predetection inte-
gration to bring the signal-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 principle no further proof
is necessary here.

STORAGE FREQUENCY CONVERTER ]

Application of the principle to pulse echo ranging imposes severe requirements on
frequency stability at intermediate frequency and pulse-to-pulse intermediate frequency
phase coherence. Existing techniques are inadequate to meet these requirements. It is
possible that the requirements in i.f. frequency stability and pulse-to-pulse phase coherence
may be met by the frequency converter system illustrated in Fig. 1. This diagram shows
a pulse transmitter, a pulse receiver including input circuits, mixer, and intermediate fre-
quency amplifier, and range unit, all conventional components of present tracking radar
systems. Quite unconventionally, however, the local oscillator of the receiver is replaced
by a storage tube with writing and reading sweeps controlled by the range unit. The storage
system, with its sweeps, functions to record the transmitted signal during the sending of the
pulse, and then at a later time determined by the range unit to "play back" the record for
comparison with a received echo signal. The writing and reading rates are purposely made
slightly different, in order to generate a reference signal differing slightly in frequency from
the received signal, thus to produce by well-known heterodyning principles the desired inter-
mediate frequency. Should the average frequency of the generated i.f. tend to differ from a
desired value, the tendency may be neutralized by conventional AFC operating on one of the
storage tube sweeps, the control now being applied to sweep line speed rather than sweep
recurrence rate or frequency. Each new pulse is preceded by an erasure of previous signals
in the same storage area, to avoid confusing old records with new.

The storage frequency conversion system just described possesses several properties
fundamentally different from those of a conventional local oscillator superheterodyne system.
These properties are discussed in the following paragraphs.

4
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Fig. 1 - Storage frequency converter

Variations in transmitter frequency or sweep speed, without AFC are reflected into
the i.f. on a percentage basis. This is true whether these variations be slow (pulse-to-
pulse) or fast (modulation during the pulse). The effect is to render the i.f. relatively
independent of transmitter frequency instability or frequency modulation, as compared
to the case when a conventional local oscillator is u-sed. Even the slight variation remain-
ing may be removed, if desired, by use of identical writing and reading sweeps and use of
an auxiliary local oscillator at i.f. to convert one component signal to the proper frequency
for heterodyning. Thus the mechanism is at hand for an intermediate frequency of extra-
ordinarily high stability.

Inasmuch as the stored record of each radiated pulse is in phase identity with the
radiated signal, the relative phase between the received echo and the locally reproduced
pulse is a function only of the delay time due to propagation of the radiated signal to the
target and back, and the delay introduced by the range unit. As long as these two delays
are matched in time, all echo pulses at intermediate frequency will have identical phase
characteristics. Thus there exists a pulse-to-pulse phase coherence of a kind that is
useful in the integration system that is contemplated. The range unit stability require-
ment imposed by this method of operation is not far removed from that already existing
in modern precision tracking radar.

In addition to the two properties just described, the storage frequency converter pos-
sesses another property which is also useful. It was stated that frequency modulation of
the transmitter during the pulse was essentially eliminated in the mixing process, since

C'5
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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 frequency modulation of sig-
nificant magnitude, the modulation will disappear in the mixing process only when the
echo and the reproduced heterodyne 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 complex shape, or, in the limit, a purely random function, there will
be only one condition of complete register. If the two signals depart from perfect register,
the frequency modulation will not be completely neutralized. The intermediate frequency
signal spectrum width due to frequency modulation will increase linearly with departure
from register. As the spectrum increases beyond the i.f. bandwidth, the signal will
deteriorate until ultimately it is lost. The amount, translated in terms of range, by which
the two signals fed to the mixer may be out of register before intermediate frequency sig-
nal is lost, is a measure of the range confusion of the system.

The rate of increase of intermediate frequency spectrum width due to frequency
modulation as the mixer input signals depart from register will be proportional to the
time rate of change of transmitted frequency FT. For any particular modulation wave-
form, including random noise, FT is proportional to the spectrum width of the transmitted
signal, which may be called the transmitter bandwidth BT. Thus, the greater BT, the
smaller the range confusion.

If the two signals are in perfect register, the intermediate frequency 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 i.f. 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 spectrum due to frequency
modulation. Thus the greater the value of -r, the less the value of R,. Equations (2)
and (4) are now no longer applicable. At this point Eq. (4) may be replaced by Eqs. (9) and
(9a).

R = K/PT (9)

R, = K' BI/BT" (9a)

Since resolution is now increased by increasing the pulse length, the value of -r may
be increased until some other limit is reached. If -r is made much longer than present
practice, as is quite feasible in the subject system, the i.f. bandwidth may be much less
than Bw.

B 7 << BT. (10)

From this 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 i.f. amplifier (BT). However, before it can
reach the i.f. amplifier, it must heterodyne with a locally generated signal which is fre-
quency modulated with a spectrum bandwidth BT. The jamming signal therefore, no
matter how narrow its own spectrum, will be dispersed over a spectrum much greater
than the transmission bandwidth of the receiving system. Further development of this
proposal, which ultimately reduces the i.f. bandwidth approximately to Bi, enhances
this antijam property. It must be recognized, of course, that any jamming signal that
paralyzes any circuit preceding the mixer, including the mixer input, may still be

6



effective, but it is no small gain over present systems to remove the entire i.f. amplifier
from a similar restriction. The amount of amplification that precedes the mixer, even in -
relatively low-frequency radar, is still sufficiently low that the increase in immunity to
radiated noise jamming may be expressed in terms of bandwidth ratio I-•

BT
J = -, (11)BT

where j represents the factor by which jamming power must be multiplied to retain its
effectiveness.

The storage frequency converter is shown in Fig. 1 as recording the radiated carrier
frequency. The same functions may be accomplished at an intermediate frequency by
operation on the storage input and output alike by a local oscillator in conventional fashion,
for heterodyning the transmitter frequency down and back up again. Alternately the received
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 system be altered.

The storage frequency converter in the application just described looks at one target
at a time and uses the time r- to see the target. If i- is very short relative to the time
corresponding to maximum range, the stored pulse may be used repeatedly during the inter-
val between transmitted pulses, Tp, each use corresponding to a "look" at a particular
range. The maximum number of looks possible, when each look uses the entire time T,

is equal to the ratio Tp/-r.

nR = Tp/,r, (12)

where Tp is the pulse repetition period. The range interval that is seen at each look is
equal to the range confusion Re . The total value of range rendered visible by nR looks
is the product of R, and nR , or

R, = nR Rc. (13)

The relation between range and time is shown in Eq. (2) as
C

R•r = --- (2)

Likewise 2

Rp = Tf (14)
"2 TP

From Eqs. (2), (12), (13), and (14) it follows that

Rv Rc 2 Rc

This states that the ratio of the range made visible by continuously repeated reading of the
stored transmitted pulse to the total range corresponding to the time between transmitted
pulses is proportional to the range confusion divided by the pulse length. The ratio still
holds if R p is replaced by any range interval of interest, as long as it is greater than P'.

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 is not given any
further consideration in this report.

7KIAVIAI DICCCADf'LI I AD^*•DATf•,DV
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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 be summarized
as follows:

(1) I.F. frequency stability of high order is inherent in the system.

(2) Modulation characteristics of the transmitted signal are reduced
or removed.

(3) I.F. pulse-to-pulse phase coherence is available.

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

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

STORAGE INTEGRATOR [E]

Having provided for the necessary i.f. frequency stability and pulse-to-pulse phase
coherence, it is now appropriate to consider pulse-to-pulse integration at i.f. The signal
to be integrated consists of pulses of length i- and repetition period T , with essentially
no modulation apart from the normal amplitude modulation of pulse echoes. The band-
width necessary for their transmission is B,. Arbitrary reduction of bandwidth from
this value would operate similarly on signal and 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 tube, and let each pulse of duration r- be recorded on an area of the screen adjacent
to the last pulse recorded. Let this process continue until all the pulses are recorded that
occur in the integration time interval Ti. Then as each additional pulse is received, the
oldest pulse in the record is erased and replaced by the new pulse. Thus there is pro-
duced a stored record which continuously contains all the most recently received pulses
extending back for the time Ti. There are two fundamental methods of 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 into 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 input signal-to-noise ratio
by the energy summation of the original signal. Thus if the integration includes 101 pulses,
the improvement in signal-to-noise ratio would be 30 db.

The other method is to combine all pulses sequentially in phase coherence, so as to
produce one pulse whose length is the summation of the lengths of all the pulses integrated.
The result would be no change in signal-to-noise 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 transmission bandwidth
inversely proportional to the number of pulses integrated. Again, if 103 pulses are added,

the bandwidth may be reduced by a factor of 103 without loss of signal energy, but with
a 30-db reduction in noise energy. Thus the signal-to-noise ratio would be improved by
30 db in this case also. In either case the improvement in signal-to-noise ratio S/N due
to integration depends only on the number of pulses integrated. Its value in decibels is

A S/N 1 10 log -i db. (16)
Ip

8
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In choosing between these two methods of integration, consideration must first be <.n
given to the information contained in the original signal and the effects of the integration
process on this information. In conventional pulse ranging where range resolution depends -

on T (Eq. (2)), all range information is present in each stored pulse, and remains present r_

on the synchronously integrated pulse. This is essential if all the range information is
not extracted prior to the integration process. If a storage frequency converter is used
in conjunction with a long, modulated pulse, the range information is deteriorated in the
mixing process, and there is no possibility of restoring it in the integration process. It
will be shown later that all range information can be extracted at the mixer input, which
represents the widest bandwidth point in the system. There is therefore no need to pre-
serve range information as such in the integrated signal, and sequential integration is
therefore permissible.

The input signal also contains range rate information. In radar this information is
most apparent in the form of pulse-to-pulse variation, since a single cycle of rate infor-
mation may span many pulses. Synchronous pulse integration obviously would destroy
this information. There appears to be no simple way of extracting this information before
integration without loss of sensitivity. It will be shown later that this information is
readily available after integration when sequential integration is used. Further develop-
ment here is therefore based on sequential integration.

A method of performing the sequential integration is illustrated in Figs. 2 and 3, in
which are shown, respectively, a system block diagram and a signal storage pattern. The
intermediate frequency amplifier of Fig. 2 is the same one shown in Fig. 1. Each pulse
of length T is recorded as a horizontal line across the storage tube under influence of the
horizontal writing sweep. Each recorded pulse is displaced vertically from the preceding
recorded pulse by the vertical writing sweep. These sweeps operate under control of the
normal radar range unit, which also is shown common to Figs. 1 and 2, and from which
indication of range setting is obtained. The components thus far identified in Fig. 2,
together with all of Fig. 1, constitute one complete unit operating on a common time scale,
which is 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 time scale, and may operate on a scale of their
own, which may be identified as the output time scale. The reading sweeps are so designed
that the stored record is played back continuously, with breaks between lines only
on the order of a fraction of a cycle of recorded carrier frequency. This fraction of a
cycle break is necessary to maintain phase coherence from line to line on the output time
scale, and must be adjusted to the particular pulse length T so as to make - plus the gap
equal an integral number of cycles of recorded carrier frequency. If the gap is incorrect,
a discontinuity 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 frequency. The AFC
may therefore operate on the length of the horizontal reading sweep, thus maintaining
constant frequency by maintaining line-to-line phase coherence in the reading process.
The resulting output from the storage tube will be a continuous wave whose amplitude is
a function of the received echo signal strength, whose frequency is constant, and whose
spectrum width is a function of signal fading and tracking perturbations.

Time and frequency relationships between the input and output time scales are not
always in 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 Fi is
then equal to the reciprocal of the integration time, or

1
F T (17)

1 IT
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Fig. 2 - Sequential integrator

The output frame frequency F would
ordinarily never be lower than Fi, since
if it were, some of the stored signal would
be erased before it was used, so it may
be written that

F _F.• (18)

------ �

If the limiting case is considered, where
F0 = Fi, then the corresponding line
frequencies would also be equal, or the
line recurrence periods would be equal
and of value Tp. However, each line is
written inthe time -r, with an inactive
interval of T - , between line writings.
Since each line is read in time TP , it
follows that the output intermediate
frequency, f will be lower than the i
input intermediate frequency, f,, in
the ratio of - to Tp , or

Fig. 3 - Signal storage pattern of
sequential integrator

fo 0 -

f. T (19)

10

1 P
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If this ratio is 10- , as has been assumed for illustrative purposes, then the output
frequency, all modulations which depend solely on this frequency as a carrier, and there-
fore the bandwidth required for their transmissiop, are reduced by a factor of 10s from
corresponding input frequencies. It must be observed, however, that this reduction in
bandwidth is not accompanied by a corresponding increase in signal-to-noise ratio, since
signal and noise are modified similarly. For the general case, where F, > Fi , the i.f.
frequency ratio is obviously the ratio of writing and reading line speeds.

fo L,,
f. = -1 -i • (2 0 )

Frequencies which depend on the pulse repetition rate as a carrier transfer from

the input to the output time scales on the basis of line frequency rather than line speed,

Mp0 _ Lo (21)

P1

In the case of radar, doppler frequencies fall in this category.

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

The net result of this integration method, in addition to achieving the desired improve-
ment in signal-to-noise ratio, is to reduce the i.f. carrier frequency and spectrum width
by approximately the duty factor, increase the absolute frequency shift due to the doppler
effects of moving targets, and transmit unchanged the frequencies corrrsponding to
desired target information. The total bandwidth narrowing is from BT to Bi, whose
ratio in present tracking radar may be on the order of 106, as an average, or

BT
- _ 106. (22)B.

1

That part of the bandwidth reduction which is effective in improving signal-to-noise ratio
is represented by the ratio T1/To , whose present radar value is on the order of 103,
representing 30-db improvement relative to the information available from a single pulse
(see Eq. (16)). This part of the process also results in an increase of R, as given in
Eqs. (9) and (9a) by the factor Ti/Tp , as well as increase of j as given in Eq. (11) by
the same factor. The remainder of the bandwidth narrowing is a consequence of translation
from the input to the output time scales of the storage integrator of Fig. 2, and is expressed
in Eq. (20).

Attention is now directed to doppler frequency shift due to range variation. Signal
spectrum compression and doppler shift expansion have been carried to the point where
the transmission bandwidth necessary for the desired target information is much less than
the doppler frequency spectrum corresponding to the velocity spread of targets. For
example, the CW amplifier of Fig. 2 may logically have a bandwidth of five cycles per
second or less, while the doppler frequency shift in carrier frequency at this amplifier
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may be ten to a hundred cycles per second per knot relative range rate. Since doppler
frequency shift appears as a modulation which depends on pulse repetition frequency as
a carrier, it appears in the stored record as an intermediate frequency phase disconti-
nuity between lines. The AFC loop of Fig. 2 operates on exactly this type of phase dis-
continuity and will therefore keep the signal from the target being tracked in the center
of the passband of this amplifier. Other targets in the antenna beam at the same range
having range rates differing from that of the target being tracked will give rise to fre-
quencies which will not be passed by CW amplifier. Thus range rate appears as a new
resolution parameter, and, as seen from the illustrative figures just given, range-rate
resolution may be on the order of small fractions of a knot. The value of the range rate
of the target being tracked may be observed in terms of the control voltage necessary
to track the signal frequency, as shown in Fig. 2, when the range gate is not tracking.
When the range gate is tracking in range, the range-rate control voltage of Fig. 2 will
indicate rate error in range tracking, since the range rate of the gate would compensate
for the range rate of the target.

The range-rate resolution just described forms an ideal moving-target indicator,
since any target that is moving relative to clutter, even by so much as a few inches per
second, will not be confused with that clutter. If the clutter itself is moving with an
appreciable velocity spread, and the target velocity lies within that spread, the target
will then compete only with that portion of the clutter which produces doppler 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 of interest to note that the storage integrator system of Fig. 2 places no special
requirements on the input signal except that it possess pulse-to-pulse phase coherence.
It therefore does not depend on the storage frequency converter of Fig. 1, provided the
phase 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 with 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, none of the previously listed
properties of the storage frequency converter are compromised.

RANGE TRACKING

The range information that may be extracted from the input signals is range to any
target, direction and amount of deviation of that range from a range comparison or refer-
ence signal, and the range distribution of multiple targets. All this information is lost in
the storage integrator, due to the sequential integration process. As stated earlier, how-
ever, the range information may be extracted before integration. The range unit indicates

12
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range to any gated target. The storage frequency converter, by virtue of transmitter
modulation bandwidth, excludes all other targets from the system within the limits of
range confusion. Range distribution of multiple targets will be dealt with later under
target acquisition and search.

Attention is now directed to indication of amount and direction of departure of target
range from a range reference signal, such as that which controls gate position or storage
frequency converter reading time. As just shown in the treatment of range-rate tracking,
a voltage is available that is highly sensitive 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 long as no acceleration occurs during
signal fades. However, since there is no sensitivity to position error, there is no guarantee
that tracking is free from 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 position error sensitivity much less severe.

There are several methods 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 are a delay, a switch, a 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 switch
is actuated by the horizontal reading sweep so as to start reading all lines in the same
phase, and to reverse phase at the center of each line. The object is to read the first half
of all lines in one phase, and the last half of all lines in the opposite phase. The delay unit
assists in the switching process as one way to obtain the reversal at the center of the line.

Fig. 4 - Range tracking based on unmodulated pulses



NAVAL RESEARCH LABORATORY

Since the bandwidth of the range CW amplifier may be very much less than the spec-
trum represented by the switching rate, the amplifier will not follow the phase reversals,
but will merely respond to the integrated resultant of the switch output. If the same energy
is present on each phase, the net output will be zero. This corresponds to the condition
when the echo pulse is exactly centered on the storage line, which occurs when the "gate"
is properly delayed, or when the stored transmitted pulse (Fig. 1) is played back at exactly
the right time to be in perfect register with the received echo. Any departure from this
condition will produce a signal in the range amplifier. The amplitude of this signal will be
proportional to the amount of departure, and the phase relative to the signal output of the
storage unit will indicate the direction of error. The phase sensitive detector combines
the outputs of the two CW amplifiers in sum and difference fashion to extract this infor-
mation and yield a dc range error signal. This technique is the same as that used in the
angle tracking circuits of the TAB radar.

It will be noted that range error signal derived as just outlined is based on pulse
length r instead of the ultimate resolution based on transmitter modulation bandwidth BT

This will suffice for many cases, even when B is condiserably less than BT. However,
if -r were to be increased to approach Ti , the necessary switching rate does not permit
easy integration, and if r were increased indefinitely, corresponding to the theoretically
possible transmission of modulated CW, there remains no basis for the method. Another
approach to the range tracking problem may therefore be desirable in some applications.

Let range tracking be based on transmitter modulation. The error signal may then
be originated at the point of maximum range resolution, which is the point of maximum
sensitivity to changes in range. Figure 5 represents a single recorded modulation cycle
envelope as applied to the transmitter frequency, shown in solid line as a triangular wave-
form. Under the stored envelope is shown in dashed line a portion of received echo in
perfect register. Also shown in dotted line is a similar portion of received echo slightly
out of register. Vertical lines by their length represent the frequency difference between
echo and locally produced signal, which is the intermediate frequency. The echo in register
is seen to produce one constant frequency i.f. which is the correct frequency, fi. The echo
out of register is seen to produce two frequencies, equally spaced above and below the cor-
rect frequency. The two frequencies would normally have equal energy content. The fre-
quency separation Af1 of each of these frequencies from the correct frequency is pro-
portional to the product of the amount of departure of the echo from perfect register a
and the rate of change of transmitter frequency FT.

ifi - 1T ýR_ (23)

Since the proportionality factor is that factor which relates range to time (see Eq. (14)), it
follows that

Afi = 2-AR. (24)
c

Let it be assumed that the out-of-register echo is close enough to register so that the
two resultant frequencies lie within the passband of the i.f. amplifiers and discriminators.

2Afi < B-. (

14
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Fig. 5 - Single recorded modulation cycle envelope
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Their combined effect in the discriminators (AFC circuits of Figs. 1 and 2) is then the
same as if the echo were in perfect register. The automatic 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 Afi , and also sensi-
tive to the order in which the two out-of-register frequencies are generated. Sensitivity
to Af. may be had with two frequency-sensitive detectors having complementary frequency-
amplitude characteristics AA and BB as shown in Fig. 6. The crossover point is at the
frequency fi. The two outputs will now be equal and of opposite polarity, arising from
input signals proportional to Af. plus a reference amplitude Ao.

A = -B = K1 Afi + Ao. (26)

Sensitivity to the order in which the two out-of-register frequencies are generated is
necessary to obtain the direction of departure of the echo from register. Equation (24)
shows that Afi is proportional to FT . If the transmitter frequency FT is differentiated
to obtain a voltage of waveform PT I this may be used to amplitude modulate fi ± Af .The frequency value of Afi would be unchanged, but f + Af and f. - Afi would differ
in amplitude. The amplitude, a, of f1 + Afi would be

a = K2S(1 + nF),

and the amplitude, b, of fl - Af. would be

(27)

b = K2 S(o -
2T),

15 Ct
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A where m is the amplitude modulation
factor. If the amplification preceding the
range tracking detectors is automatically
controlled to maintain the average signal
constant, then S becomes invariant, and
may be replaced by a constant, or

OUTPUT
AMPL I TUDIE

(RECTIFIED) // 2 S = K3- (29)

It is now only necessary that the two
frequency-sensitive detectors be also ampli-
tude sensitive. The amplitude variation at
detector A input due to frequency sensitivity

I of the input circuits will be, from Eqs. (24)
and (26),

INPUT FREQUENCY 2 K1
Af = -c FT M + Ao. (30)

Fig. 6 - Complementary frequency-
amplitude characteristics The amplitude variation of the signal at the

input to the frequency sensitive circuits, from
Eqs. (27) and (29), will be

Aa = K3(1 + rFT). (31)

The total output amplitude of detector A will then be

2 ]i
A = Ad K3 [ K FT (1 + mFT) tR + A, (1 + "'T)] , (32)

where Ad is the detector characteristic. Likewise the total output from detector B is

B = -Ad K3 [c FT (1 - AT) sR + A. (1 - mikT)l . (33)

These outputs may be combined in addition to give

A+ B = 2Ad K3F:FT [-T FT2 MR+ Ao]. (34)

It is possible to assign a constant magnitude to FT. When this is done, Eq. (34) may be
rewritten. in the form

A + B = K4 R + K5 A0 . (35)

This equation shows that the combined outputs of the two range tracking detectors give
a signal which is linearly related to range tracking error in both magnitude and direction.
In order to maintain pulse-to-pulse phase coherence for the frequencies f ±+ ALf , as is
necessary in order to retain full integration advantage, not only must PT be constant in

16
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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 point is the apex of the triangle.

A block diagram illustrating application of the method is shown in Fig. 7. This figure
combines 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 error sensitivity may be written as

4 Ad K1 K3 oF :nT 2 .• (36)
c

The factors K involve only signal amplification, which is limited ultimately by noise. The
full integration advantage is effective, as is evident from Fig. 7, in making K as large as
possible. FT for the waveform of Fig. 5 depends on pulse length and transmitter bandwidth
BT and is equal to twice their ratio when T is very long compared to l/BT (frequency
modulation index very low).

FT = 2 BT/T. (37)

Combining Eqs. (36) and (37) yields the interesting expression for range error signal
sensitivity

16 Ad K K3 m
S ýR C (BT/Tr)2 •(38)

c

It is now possible to give further consideration to range confusion. Targets appearing
out of register generate frequencies f +A fi . When Af exceeds the i.f. bandwidth BT ,
the target signal is rejected and no confusion exists with another target which is in register.
The range confusion limit is therefore reached when

Afi = B , (39)

at which point Rc = 2 AR. By successive substitution of Eqs. (24), (37), and (3) and
rearrangement of terms, it is found that

Rc (40)
2BT

Equation (40) is subject to the limitation of Eq. (37), which is based on the waveform of
Fig. 5.

ANGLE TRACKING [Rý]

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
application of RF amplitude comparison techniques would involve an extensive duplication
of apparatus if the full integration capabilities are to be retained. Various devices for
separating the signals of two or more channels in such a way that they can all be handled
by 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 sequence in order to defeat
angle jamming. High speed lobing may be applied very simply to the storage integration
system. One device for accomplishing 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 lobing laboratory radar system. These are
illustrated in the upper left-hand corner of Fig. 8, with antenna bearing and elevation
coordinates indicated. The receiving antenna would normally feed a receiver such as
shown in Fig. 1. The loop consisting of the storage integrator, the CW amplifier, AFC,
and horizontal reading sweep is common to Figs. 2 and 4 and is also shown in Fig. 7 wherein
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 each coordinate. Thus the switching order might be Right -Left-Up-Down, each
lobe being used for the duration of one pulse interval Tp. Each four consecutive lines
recorded on the storage integrator will thus be a record of one each of four consecutive
lobes as selected by the lobe switch. The amplitude distribution among these four lines will
correspond to the signal distribution among the four receiving antenna lobes. Directional
information may therefore be derived from the stored record.

Fig. 8 - High speed lobing system

Switch 1 of Fig. 8 is a phase reversing switch similar to the switch 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 1 to one or the other of the bearing and elevation CW amplifiers. Switch 2
is synchronized on one half the frequency of switch 1, so as to feed two adjacent lines to
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the bearing CW amplifier, and the next two adjacent lines to the elevation CW amplifier.
The outputs of the bearing and elevation amplifiers will be of the same character as the
output of the range CW amplifier of Fig. 4, and may be similarly utilized to derive bear-
ing and elevation error information, as shown in Fig. 8.

It remains necessary to so synchronize the switches with the stored record that only
bearing lines are switched into the bearing CW amplifier, and only elevation lines are
switched into the elevation CW amplifier. This may be accomplished by recording and
integrating a number of pulses equal to an integral multiple of four, and using the vertical
sweep fly-backs to override lobing and switching controls so as to start all sequences with
the same lobe on the first line of each frame. It is then apparent that as long as the same
sequence is used for antenna lobe switching and playback output switching for each recorded
frame, any desired sequence may be used, and the sequence may even be changed from
frame to frame if the reading and writing frame frequencies are equal.

The diagram of Fig. 8 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 systems is
in no way compromised by putting them all together. The combined system therefore
retains all the desirable properties of each component system and now possesses the
following additional properties not previously identified in summary form:

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

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

TARGET ACQUISITION [0

The discussion this far has been limited to a pulse echo tracking system that will
track automatically in four independent coordinates any single target to which the system
has been 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 functions.

Figure 9 illustrates a basic diagram for performing search functions. It represents
a rearrangement of the techniques described for tracking, and replaces Figs. 1 and 2.
Two storage tubes are used. One records only transmitted signals. The other records
only uncorrelated received signals. Both record multiple lines, each line corresponding
to one pulse interval. Each line of the transmitter record consists of the transmitted
pulse, of length T. Each line of the receiver record consists of an extended range interval
many times -r, and possibly even the entire range interval represented by Tp. The
number of lines recorded is Ti/Tp . There now exists a complete record on one storage
tube of all signals received, for the entire integration time interval Ti , and on another
storage tube a complete record of all transmitted signals during that same time interval.
One is at liberty to inspect these records in any fashion that may prove fruitful.

RANGE SEARCH []

Let the reading sweeps of the two storage tubes be synchronized so that an interval
equal to -r on one line of receiver record will be scanned synchronously with the corre-
sponding pulse on the transmitter record. Let this partial inspection of one receiver line

20
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Fig. 9 - Search system

be followed by a similar inspection of the same range interval on the next adjacent line,
and let this process continue until all lines have been inspected at one range interval of
length -r. Let the outputs of the two storage tubes, after amplification if desired, be
combined in a mixer to produce a difference frequency resonant to the i.f. amplifier. The
difference frequency may be produced as in Fig. 1.

If the reading process just described were repeated continuously at 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. 9 corresponding to the CW ampli-
fier of Fig. 2. Now, however, the range interval of length 7- that is subjected to inspection
may be scanned by a reading range unit from one end to the other of the entire receiver
record, the total scanning time, or reading frame period, being much longer than the vertical
scan time required to inspect one range interval -r. Signal from a target will generate a
pulse as the reading range unit scans the reading sweeps across the record of this signal.
The bandwidth of the i.f. amplifier must be sufficient to pass the spectrum of the generated
pulse, plus the frequency spread due to all anticipated doppler shifts. The pulse will be
longer than the input radar pulse by a factor on the order of the number of lines integrated.
The frequency spectrum of 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 increased in
the same manner as for Fig. 2. The magrfitude of the increase, however, will be much
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greater, since the frame frequency of Fig. 2 corresponds to the vertical scan frequency
of Fig. 9. The vertical scan frequency must be greater than the frame frequency of Fig. 9
by a factor on the order of the ratio of range interval recorded to range resolution. If all
stored information is to be used, the reading frame frequency of Fig. 9, as of Fig. 2, must
be not less than the writing frame frequency. Therefore, the reading line frequency during
each vertical scan of Fig. 9 will be greater than the reading line frequency of Fig. 2 by a
factor on the order of the ratio of range interval recorded to range resolution.

Doppler frequency shifts will be increased correspondingly by the same ratio, and
will therefore normally occupy a spectrum width much greater than the output pulse
spectrum width. The bandwidth of the i.f. amplifier of Fig. 9, therefore, is determined
by the doppler frequency spectrum it is to pass. The output carrier frequencies of the
storage tubes of Fig. 9 will normally be somewhat greater than their input carrier fre-
quencies, and unless the recorded range interval is much less than the total range cor-
responding to T , the output frequencies may be much greater. It is obvious that while
both carrier frequency and doppler shifts are much higher in the i.f. amplifier of Fig. 9
than in the CW amplifier 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. detector, reading range unit, and range indicator of Fig. 9 perform the
functions respectively of detector, range sweep, and range indicator of normal radar, but
on a much reduced time scale. The range indicator will display target pulses properly
placed in the range interval corresponding to the stored record. If 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 unmodulated, the range
confusion is given by Eq. (2). If the signal is modulated, Eq. (9) applies, and if the modu-
lation is of the form of Fig. 5, Eq. (40) applies.

RANGE-RATE SEARCH

A loss in sensitivity is now suffered due to the increase of bandwidth necessary to
include the doppler spectrum. This loss may be neutralized by the addition of range-rate
resolution. The ultimate is reached when the doppler spectrum corresponding to range-
rate confusion equals the pulse spectrum. In Fig. 9, the pulse spectrum is determined
by Ti . No new fundamental limit, therefore, is placed on sensitivity by the inclusion of
all target rates.

One method of indicating target range rate is shown in Fig. 9. The output of the i.f.
amplifier may be put through a voltage limiter and then to a frequency detector. The fre-
quency detector may be so balanced that frequencies corresponding to one particular range
rate will give no output. This range rate will be identified hereafter as the reference rate.
Targets closing relative to the reference rate will then give rectified pulses of one polarity,
and targets opening relative to the reference rate will give rectified pulses of the opposite
polarity. The amplitude of the rectified pulses will be proportional to the range rate rela-
tive to reference rate. These signals may then be displayed on a suitable indicator. A
"Pisa" indicator, where normal "A scope" echoes are inclined at an angle proportional to
range rate, is one example of how range and rate may be simultaneously displayed.

The range-rate sensing device just described will not resolve the separate rates of
three or more targets appearing at the same range, but rather will indicate one range rate
which is an average of the group. Two rates 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 to the clutter would be displayed and their
correct rates indicated. Two or more targets moving relative to clutter but at the same -
range would give rise to a rate indication representing an average of the group. If the
rates differed widely, the targets would not remain long at the same range, and would
then be resolved in the range coordinate. If the rate differences were 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 ultimately depends, fundamentally, on
frequency isolation by frequency selective circuits not shown in Fig. 9.

SAn exception exists in the case of two targets where the rate of one is the reference
rate. Here the limiting factor is noise, and the rate indicator of Fig. 9, as well as the
range-rate follower of Fig. 2, is particularly advantageous in this regard. Noise voltages
in the frequency spectrum corresponding to closing target rates are rectified and balanced
against similarly rectified noise voltages in the freqeuncy spectrum corresponding to open-
ing target rates, to give a resultant output. 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, the 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 is used for determination of reference rate, a further limitation arises
from the doppler spectrum of the clutter. Reference rate will be an average of clutter
rates, assuming a finite spread of clutter doppler frequencies, and that average may itself
have a fluctuating value. A target whose rate is within the spread of clutter rates but dif-
ferent from the average clutter rate will be displayed when that difference is discernable
in the variations of average clutter 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
the reading range unit will introduce a frequency shift corresponding to an extremely high
range rate. This may be compensated within the system by any of several fairly simple
and more or less obvious devices. Corresponding modification of the writing or reading
sweep speed for the transmitter signal provides a fairly direct compensation.

Inasmuch as targets are to be displayed whose rates are not tracked, the matter of
handling doppler frequencies equal to multiples of half the pulse recurrence frequency
takes on new significance. Doppler shifts equal to a multiple, including one, of the pulse
recurrence frequency will be confused 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 second range-rate channel on
the output of this switch, zero amplitude will occur on doppler shifts equal to multiples of
the recurrence frequency, and maximum amplitude on shifts equal to odd multiples of one
half the recurrence frequency. This corresponds exactly to an identical limitation of
present MTI systems. The two channels together ,'ould leave no gaps in coverage, but all
range rates would appear as less than that corresponding to a doppler shift of 1/2Tp and
range rates corresponding to a doppler shift of N/Tp would appear as zero reference rate,
and therefore be confused with clutter. If necessary, points of confusion may be resolved
by noting effects when pulse recurrence frequency is changed.

These limitations may be overcome by recording the radiated carrier frequency on
the storage devices, and repeatedly playingback the record once for each group of range
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rates corresponding to the bandwidths 1/ 2Tp . The vertical reading scan would then be
tilted at an angle corresponding to range rate. Each time the record is scanned, the angle
of tilt would be changed, the change corresponding to one-half cycle per line of the record.
If the total doppler spectrum to be inspected is n/2Tp , then the complete inspection would
require n playings of the record, and the output frame frequency would be at least n times
the input frame frequency. The output carrier frequency would also be at least n times
the input carrier frequency, and the method of operation is applicable only when radiated
carrier frequency is recorded. Obviously, radar application of such a system with present
storage devices has its limitations, but applications involving much lower carrier frequen-
cies than common in radar may be quite appropriate.

The presence in the stored record of frequencies shifted by doppler effects as required
in Fig. 9 rules out the method of coordinate separation for angle error measurement illus-
trated in Fig. 8. While it is true that lobe switching for angle measurement has had little
use in search radar, it may still be desirable in some applications. The crosstalk that
would occur between angle error and range rate if Figs. 8 and 9 were to be combined can
be prevented by amplifying and rectifying separately the storage tube outputs corresponding
to each lobe, and then comparing the rectified outputs.

AZIMUTH SEARCH

Search radar generally includes azimuth coverage greater than antenna beamwidth,
which is accomplished by azimuth scan. Generally this takes the form of 360-degree plan
position indicating systems. When the system of Fig. 9 is used for PPI, the integrating
time Ti is 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 beams and
slow rotation speeds in order to make target illumination time as long as possible. The
high integration efficiency of storage techniques, together with the high quality of rate
information and clutter rejection, may justify re-examination of the problem of surveil-
lance. This report does not include exploitation of that lead. In the case of airborne
radar for schnorkel detection, target velocities are low and speed of azimuth scan is limited
at its low end only by range of detection and speed of flight of searching aircraft. Appli-
cation of the system of Fig. 9 in this field should therefore prove particularly fruitful,
especially when it is remembered that automatic signal tracking on clutter to be removed
also automatically compensates for own ship's motion and antenna rotation.

The basic search system of Fig. 9, even when the lowest possible intermediate fre-
quency is used for recording, imposes much more severe requirements on storage tubes
than do the tracking systems of Figs. 1 to 8. First, the recording frequency may be
higher, since the recording bandwidth is determined by BT rather than B, and the record-
ing carrier must be greater than the modulation bandwidth. Second, a much greater range
interval is recorded. Both factors combine to increase the resolution requirements, since
both add to. the number of cycles that must be recorded. Third, the frequencies generated
on reading are much greater for 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 requirements set forth by these systems will provide guides for a direction
of effort that storage tube development engineers are seeking. It is not 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 [ ]
Up to this point only maximum utilization of echo energy available at the receiver input

has been considered. The only theoretical limitations imposed on minimum detectable sig-
nal at the output are the fundamental relationships of the Hartley law relating quantity of
information per unit time to transmission bandwidth. The bandwidth reduction from that
required for information resolution to that sufficient for rate of flow of information has
been accomplished in the theoretically most advantageous manner, within the limits imposed
by an arbitrary form of radiated signal consisting of very short pulses with very low duty
factor.

The integrating method used has opened up the possibility of modifying the form of the
radiated signal. Since range measurement and range resolution have been made independent
of pulse length, and transmitter frequency modulation during the pulse is no deterrent to the
integrating process, the way is open for increase of transmitter pulse length. Since over-all
system sensitivity is proportional to the average power radiated, two directions of improve-
ment in transmitter design are made available. (1) Peak power may be reduced, keeping
average power constant, without loss in system sensitivity, or (2) Average power may be
increased, keeping peak power constant, with corresponding increase in system sensitivity.
As a practical matter, both may be exploited at once, giving some reduction in peak power,
some increase in average power, and some increase in sensitivity. Investigation will now
be made into the degree to which this approach may be carried.

If sending and receiving could take place simultaneously, obviously there would be no
limit, and the sender could .radiate continuously. This mode of operation may not be per-
mitted in some applications, particularly when the same antenna is used for sending and
receiving. If the restriction is imposed that sender and receiver cannot operate simul-
taneously, even for close-in echoes, then the sender must be operated so as not to block
out any echoes in the design range of the system. In present pulse radar systems this
would limit the pulse length to that corresponding to the minimum range at which targets
must be detectable. In present practice, that minimum range is not very much greater than
the range resolution, so it at first appears that there is little to be gained in this direction.
There appears to be no good reason, however, why range measurement cannot be made
from the trailing edge of the radiated pulse as a reference point. When this is done, the
receiver may start properly indicating echoes as-soon as it recovers from the sender sig-
nal. The length of time the sender has been on the air before it is cut off is of no conse-
quence to the receiver in indicating the time of cut-off of echo signals from nearby targets.
The cut-off of echo signals from more distant targets will occur at a later time, and the
time from sender cut-off to echo cut-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 maynow be made to correspond to the maximum design range of the
system, and the duty factor becomes 0.5 or 50%o. The method of range tracking illustrated
in Ffgs. 2 and 4 may be used, provided compensation is made for the varying effective
length of received pulses, and provided further that T is sufficiently less than Ti . In fact,
the method may be only slightly modified to operate satisfactorily when p = Ti . Modu-
lation waveform therefore need not be restricted by range tracking requirements, and
random modulation may be utilized. Thus no confusion will exist for multiple range
targets.

This mode of operation introduces a new set of limitations on search functions. It will
be notedthat inspection of the stored record now involves use of the same stored information
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many times over. This arises from the fact that signal detection involves a process of
crosscorrelation between two functions of time which differ principally only by a linearly
added time delay, and a separate inspection of all or an appreciable portion of the record
is necessary for each value of time delay for which inspection is made. Each time delay
corresponds to a unique value of range, so that each inspection corresponds to one look
at a range interval equal to R, , the range confusion. The total number of inspections
required to cover the total range of the system, Rp , is therefore Rp/Rc .

One obvious consequence is that the output carrier frequency will be much higher than
the input carrier frequency. It will not be greater by the factor Rp/R since the entire
record is inspected only for the longest ranges, and for shorter ranges, shorter portions
of the record are utilized. However, ratios of Rp/R considered acceptable for present
radar are on the order of 103, so that output frequency may still be several hundred times
the input frequency. This may be an annoying inconvenience, if not even a limiting factor,
in application of the method.

Another consequence arises from doppler phenomena. Doppler shifts occur not only
in carrier frequency, but also in modulation frequencies, and they are cumulative. The
doppler shift therefore introduces time as a multiplying factor in one of the functions in the
crosscorrelation process. The effect is to restrict the time interval during which the two
functions can remain in correlation within the limits defined by Rc. A simple way to
visualize the physical significance is to observe that when a doppler-shifted signal is prop-
erly matched to the delayed reference signal at the beginning of a long pulse, the match will
become less perfect as one moves along the pulse until ultimately the high frequency com-
ponents of modulation will be out of phase. Long before this point is reached, however, the
difference frequency from the combination of the two storage tube outputs will become
multiple valued and its spectrum will increase until it exceeds the bandwidth of the follow-
ing amplifiers.

VARIABLE RESOLUTION [ 1 1]

It will be noted that both output frequency and doppler shift range are related to RC.
It so happens that increase in R will reduce the high frequency requirements and increase
the doppler shift range. It therefore becomes appropriate to re-examine 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 a single target permits omission of range scanning and compensation for range
rate. In the case of search 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 detection of targets at long range does not of itself require high resolution at long
range. In those search functions which require high resolution at long range, there will
be applications where it is permissible to obtain it momentarily at the expense of some
other parameter, such as sensitivity to targets at other ranges in the same direction. It
is therefore operationally 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 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 envisioned.

The parameter that is to be varied with range is the modulation bandwidth of the trans-
mitter. Let the radiated pulse start with a narrow modulation bandwidth corresponding to
the maximum permissible value of R, at maximum range. Then let the bandwidth be

26
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increased with time until, at the end of the pulse, the bandwidth is attained which corresponds
to the value of Rc required at short range. The law of variation of bandwidth with time may
be set up arbitrarily to fit any desired type of performance, even to the inclusion of band- m

width discontinuities. Since the trailing end of the pulse only is utilized at short ranges, BT
is great and R is small for targets at short ranges. At greater ranges, the effective value
of BT for the whole range to a particular target will be less than at short range, so Rc will
be greater. In the range scanning process, therefore, successive scans will be very close
together in range at short range where the length of record inspected is short, and may be
spaced much farther apart at longer ranges where the length of record inspected on each
scan is long. As the successive scans become more widely separated, the correlation at
the wide band end of the pulse will be lost, but since in practical application the length of
signal requiring wide bandwidth modulation is a very small fraction of the total signal, the
loss in sensitivity from this cause may be kept well below one decibel, which is insignificant
in terms of range difference. The net result of this mode of operation relative to constant
bandwidth modulation is threefold. (1) Output frequencies are lowered, (2) doppler shift
range is increased, and (3) range resolution is varied with range, the higher resolution
occurring at the shorter ranges. The functional significance is that range resolution at
long 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 bandwidth is sufficient for the greatest transmitter bandwidth encoun-

tered. This is because the receiver bandwidth before integration is not a factor in receiver
output signal-to-noise ratio. Thus there is presented a flexibility in manipulation of trans-
mitter bandwidth that may be turned to a number of uses. For example, range resolution
may be traded for speed of search in a tracking equipment for target acquisition, or for
field of view in a search system for close inspection of a particular target area, all with
no change in sensitivity, and at the choice of the equipment operator.

EXAMPLES •]

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

Ti = 2 sec range resolution, 40 yards

TP = 5 (10)_4 sec

duty factor = 5 (10}-4

peak power = 50 kw

T = 2.5 (10)-7

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 ratio 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 sensitivity is therefore 36-23 = 13 db.
This corresponds to increasing range capabilities by a factor of 2. 1. It arises entirely
from integration before detection instead of after detection, and is obtained without modi-
fication of the radiated signal.
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The duty factor may now be increased to 0.5. If this is accompanied by decrease in

peak power to maintain constant average power, the peak power is brought down to 50 watts

and the factor of 2.1 increase in range is undisturbed. If it is desired to reduce the aver-
age power, and present sensitivity is adequate, the peak power falls to less than one watt,

average less than 1/2 watt. Thus, by employment of integration before detection plus 50%
duty factor operation, the transmitting oscillator of the radar Mark 25 could be replaced

by a receiver local oscillator without loss in range. In addition the set would be anticlutter

and would have a range-rate resolution on the order of 0.02 kt.

A practical compromise to favor sensitivity would be to increase average power to

several hundred watts, reduce peak power to twice average power, retaining all other

factors. Net increase in range over the present set would then approach the factor of 5.

Another example of interest is the AN/APS-20-A as used for schnorkel detection. The

significant parameters are:

pulse frequency = 300/sec

antenna beamwidth = 3.50 in azimuth

antenna rotation speed = 6 rpm

average power = 600 watts

frequency ý-3000 Mc

- = 2 (10)-6

From the parameters it is seen that target illumination time is 0. 1 sec so Ti = 0. 1.

T = 1/300, so T,/T, = 30. Gain over single pulse operation is therefore approximately

15 db. Present gain with integration after detection 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 a 25% 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 further
net gain. For example, antenna beamwidth may be increased without loss in gain, since the

resulting added time of target illumination is utilized for effective signal integration.
Increased antenna beamwidth means a smaller antenna, therefore less load on the aircraft.
Also conversion to 50% duty factor removes the high voltage, high peak power and high

filament power requirements for the transmitter. Conceivably, the average power of the

transmitter might therefore be doubled without increasing over-all aircraft loading. This
gains 3 db. If the range of detection were doubled, the antenna scan rate may be halved. Thus
Ti is doubled, giving another 3 db. The total improvement of 7.5+3+3 db is 13.5 db, or more

than enough to double the range.

Retaining the present transmitter bandwidth, the range resolution would be 320 yards

and the range-rate resolution on the order of 0.5 kt, or one foot per second. In this appli-

cation, the dynamic clutter rejection would be a particularly significant factor.

SUMMARY [•]

A new approach to echo ranging has been outlined, based on application of electronic

storage or memory devices. Two uses are made of these devices, one for frequency con-

version, the other for signal integration.

28
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Some technical features of interest resulting from this approach are:

(1) A high order of inherent frequency stability at intermediate

frequency,

(2) Pulse-to-pulse phase coherence at intermediate frequency,

(3) Signal integration at 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 may be
included the following:

(1) Sensitivity increased by orders of magnitude, with attendant increase
in range and accuracy of tracking data in all 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 single targets and range-
rate display of multiple targets,

(5) Variable resolution without loss in sensitivity introduced to permit
freedom of exchange between resolution and rate of flow of
information,
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APPENDIX

NOTATION

Symbol Units Definition

[A] = V Amplitude of input to frequency sensitive circuits of one side of range
tracking detector.

[a,b] = v Amplitude of i.f. signals arising from range tracking position error.

[A, B] = v Amplitudes of the inputs to the two sides of the range tracking
detector.

[Ad] = V- 1  Detector Characteristic.

[Af] = V Amplitude of input to one side of range tracking detector due to fre-
quency sensitivity of its input circuits.

[A.] = V Amplitude of the input to each side of the range tracking detector when
there is no range error.

[Bi] = T- 1  I.F. bandwidth corresponding to integration time.

[B] = T- 1  I. F. bandwidth corresponding to minimum detectable signal for pulse
length r.

[BT] = T-1  Modulation bandwidth of transmitted signal.

[c] = LT- 1  Velocity of propagation of radiated signal.

[Fi] = T- 1  Input frame frequency.

[fi] = T- 1  Input i.f.

[Af 1 ] = T- 1  Change in intermediate frequency at integrator input due to position
error of radar range tracking unit.

[F0 ] = T-1  Output frame frequency.

[f.] = T- 1  Output i.f.

[FT] = T- 2  Time rate of change of transmitter frequency as a result of frequency
modulation.

[J] - 1 Jamming power multiplying factor.

[K] =LT- 1

[K'] : L

[T( 1 ] - VT

[K2] 1
[1:3] - V

[K4 ] = VL- 1

[Ks] I
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Symbol Units Definition

NAVY-DPPO PRNC. WAS.. D C.

Al
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[Li] T-1 Input line frequency.

[LT] T 1  Output line frequency.

[Lsi] LT- 1  Input line speed.

['.So] LT- 1  Output line speed.

[m] T2 Modulation factor.

[i] T-1 Frequency of modulation which depends on input line frequency as a
carrier.

[Mpo] T-1  Frequency of modulation which depends on output line frequency as a
carrier.

[N] - V Input noise.

[n] 1 Any integer.

[nR] 1 Number of range intervals inspected per transmitted pulse.

[Rc] - L Range confusion.

[R ] L Range corresponding to the time interval T,.

[RT] L Range corresponding to the time -.

[Rv] L, Total range inspected per transmitted pulse.

[SR] L Position error of radar range tracking unit in terms of range.

IS] = V Input signal.

[SR] = Vl- 1  Sensitivity of range tracking unit to position error in range tracking.

[Ti] = T Integration time.

[T] = T Transmitted pulse length.


