UNCLASSIFIED

AD NUMBER

AD148551

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution: Further dissemination only
as directed by Rome Air Development
Center, Griffiss AFB, Rome, NY., 30 Jun
1969, or higher DoD authority.

AUTHORITY

RADC l1ltr, 18 Nov 1988

THIS PAGE IS UNCLASSIFIED




UNCLASSIFIED

AD NUMBER

AD148551

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential
LIMITATION CHANGES

TO:

Distribution: Further dissemination only
as directed by Rome Air Development
Center, Griffiss AFB, Rome, NY., 30 Jun
1969, or higher DoD authority.

FROM:

Controlling DoD Organization... Rome Air

Development Center, Griffiss AFB, Rome,
NY.

AUTHORITY

30 Jun 1969, DoDD 5200.10; 30 Jun 1969,
DoDD 5230.24

THIS PAGE IS UNCLASSIFIED




UNCLASSIFIED

AD NUMBER

AD148551

CLASSIFICATION CHANGES

TO

confidential

FROM

secret

AUTHORITY

30 Jun 1960, DoDD 5200.10

THIS PAGE IS UNCLASSIFIED




ARLINGTON HALL STATION
ARLINGTON 12 VIRGINIA

r.,_...____,,.,_“ - ey

. ———

B i e

% s
* “|
';o . § ; .‘;

, '. 3 a
5 ! |
o ‘

1 3 P s
3 .

i
‘
-

e e L

1
1
z
1
%
|

- ke s
D™ ST TR

¥ o -
30 Rums).¥ OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA
"¢ WY "U%POE - OTHER THARN IN CONNECTION WiTa A DETINITELY RELATED
, “ROCUEME! OPERATION, THE U. S. GOVERNMENT THEREBY INCURS
y \ Tf, ©OR Al,: OBLIGATION WHATSOEVER; AND THE FACT THAT THE
g 4 ZAVE BV, :ULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE
%, SECLFICAT -7NS, OH UTHER DATA I2 HOT TO BE RECARDED BY
223 ('FRRWISY 13 IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
“PU 1A YION, - CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,

o n g ATIZEYRAIPDY TART MEY oMt % L4 4 ATES YEFARF YAYN VTRINE s AR YT MRTITINTR P
4y CATENTED ANVENTION THAT MAY IN ANY WAY DE Rouai oy inonciv.

- SECRET




)

RaDCTR7C g -{"'-%-'RET
Sk AD /9‘?55&

‘v
| LA
N T
| TP R

Return te

FILE cOPY j,
i
i
[
|

AsTiA
ARLINGTON MALL sTaTion | 2 A T A -

P AADWARES N M BASRE PN TP aE

DAV LADORRIOR 7

~nelFEEE TN 1) VIRGIMIA

.0,.'

&

)

4
N X

5 )

i

g

o

U

4

g |

i
= B |




o W B

% - : .
g e Tt g R e v o it -...l‘,.l-_dn'&.-'_:.f—-"j’n--_—--.‘--..._..___,.-__ RPN . PR, - e emme st g e e o L 4

This document is the proverty of the United ‘tates
Government. It i furnished for the duration of the ontract and
shall be returned when no longer required, or upon
recall by ASTIA to the following address:
Armed Servicez Technical Information Agency, Arlington Hall Station
Ariingion 12, Vicginla

NULICE: THIA DOCUMRENT COATTADG WANPMATION AFFECTING THE

NATIONAL DEFENSE OF THE UNITED STATES WITHIN THE MEANING
' OF THE ESPIONAGE LAWS, TITLY 18, 7/,8,C., SECTIONS 783 and 794,
THE TRANSMISSION OR THE REVELATICON OF ITS CONTZNTS IN

ANY MANNER TO AN UNAUTHORIZED PERSON IS PROHIBITED BY LAW,

—— |




e ]

UNCLASSIFIED

FOREWOAD

A Pulse Compression Symposiumm sponsored by ihe Rome Air Develcpment Center

was held ¢n 25 and 26 June 1987.

Aprrcximatel:r 200 persons from various commer-

cial, educational and government agencies attended this Symposium for the exchange

of infenmation concerning recent developments in this field,

This technioue cffers

conciderable promise in advancing the state-of-the-art in radar and comminications.

This document is classified SECRET

because it reveals pulse compression
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: ROME AIR DEVELOPMENT CENTER
. GRIFFISS AIR FORCE BASE, NEW YORK

WPULSE COMPRESSION* SYMPOSTUM
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Tuesday Morning, 25 June 1957, 9:30 AM

“elcome Address by Mr. Harry Davis, Scientific Director, RADC

"Waveform Design Considerations", by Messrs. P. W. Howells and S. Applebaum,
General Electric Company

"Coded Pulse Theory" by Messrs. W. M. Siebert and R. M. Lemer, Lincoln Laboratory

nLaPlace Transform Treatment of the Modification of a Carrier Envelope by a
Linear Network", by Dr. W. R. LePage, Syracuse University

Tuesday Afternoon, 25 June 1957, 1:30 PM

"A Matched Filter for Radar®" by Messrs. R. C. Thor and E. R. Wingrove,
General Electric Company

"4 220 mc/s Distorted Pulse Radar® by Mr. P. D, Hume, Westinghouse Electrit Corp.
lincoln Laboratory Equipment by Mr. L. G. Xraft, Jr., Linceln Laboratory

"Matched Filter Synthesis Through Fhase-Distortion Networks™ by Mr. S. Sussman,
Melpar, Inc.

An Application of Pulse Cocding by Mre. Roger Manasse, Lincoln Laberatory
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"PULSE COMPRESSION" SYMFOSIUM

AGENDA (CONTD

Wednesday Morning, 26 June 1957, .9:00 AN

"Chirp® - A New High Performance Radar Technique” by Mr. A. C. Price, Jr.,
Bell Telephone Laberatories

\

"Pulse Compression at S-8snd' by Mr. (. P. Ohman, Naval Recsarch Laboratory

"Theory of Matched Pl er Pulse Compression® by Mr. R. Schreitmueller,
Sperry Gyroscore Tcxpany

"Pulse Compression S ecira® by Messrs., Co Eo Cook, J. E. Chin and L. R. Sadler,
Sperry Gyroscope Coupany

-, e
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Wednecsday Afternoon, 26 June 1957, 1:30 PM

General Discussion Period
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'WAVEFORM DESIGN CONSIDERATIONS

3
£

Introduction

Mur radar defenses are faced with the problem of survival in an environmentlsfk
which becomes continually more demanding; To'detect, track, and prqvide'accurate Y
guldance against such targets as supersonic aircraft or hypersonic %issiles‘callsz?il”;?
for continual improvements in detection reliability, in ﬁhe resclution and acctfaﬁ?"{‘?
of measurement of all target coordinates, and in data rate. Furihéiig;e;“sﬁéh‘Jmprﬁve-“
ments must be achieved in the face of countermeasures which have considerable nétufal'
advantage over the radar, in brute force if not in sophisticétion. To cope with these
toughening requirements, there has been a continuing effort to improve radar performance
through the development of higher gain'antennas, higher power transmitters, more‘l"
sensitive recelvers, and more complicated signal processing. uUntil recent work Ey‘
wbodwafdl, Elspasz, SiebertB, and oﬁhers, howcver, little attention has bheen paid fo
a factor which puts basic limitations on performance~~the radar waveform itself.

The limitations imposed by the radar waveform are well known. Detection
reliability or maximum range is limitated by the total energy of tne signal,vraﬁéé“{

resolution by its bandwidth, and velocity resolution by its time duration. Takiné

the product of these three factors as a crude ligurs of merit for the radar waveforn,
we see that the simple radar pulse is something of a Lc¢ttlencck, For one thing, its
bandwidth~time product is always unity. For another, where the transmitied signal is
peak power limited its total energy is proportional to duration, inverseiy proportional
to bandwidth, The designer, then, is\always forced to compromise between maximumf  

ranpge and velocity resolution, on one hand, and range i‘esolution on the other. (The

velocity resolution referred tc here is that achievable on a single-pulse basis,
INCLASBSIFIED
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. Whers velocity measurement or clutter discrimination may be performed on a pulse- -

' ‘train basis, as in normal MII, this is not a limiéing factor. However, in many

applications involving high-velocity targets, long ranges, or high carrier frequgngiés{
such discrimination may be effectively performed only on a single-pulse basis. ) PR
The target information obtainable with the normal pulse is restricted because it
%s such a simple waveform., Simple questions elicit simple answers. 1t seems apparent
;hat to obtain more informatioa we must ask more sophisticated questions, bty tranamitting
long, coded wavefor:.s having a large extent in both the time and the frequancy dunains.
Various codes used with "~-iou° typ.. of modulation might be employed to prOdGL Hhﬂé-
forms having large bandwidth—time products. However, while a lar"e energy-banduidth—
time product is necessary for improved performance, it is not sufficient to guarantae 1t.

t

Two problems must he solved. First, a waveform capable of providing the required

" range and velocity resolution must be chosen. Th*%s s o design problem as fundamantal

to the design of ihe radar system as the choice of the antenna., Then, a feaaible means
of processing must be found to encode the signal and decode it in a manner that extracta

all the information it contains.

The Matched Filter Approach

A radar isbusually required to obtain its target information under adverse
conditions, in the presence of noisc, countermeasures, or multiple targets.‘lOpﬁiﬁ;Ql
detection of the signal under such conditions requires receiver filtering wnich iéé‘
m;tched to the radiated signsl, It islwell imown, for example, that withta‘hofmaiv
pulse IF bandwidth should be matched to pulse length for best noise performance;:ﬂ
Figure 1 illustrates one type of matched filter system in which linear filters arér
used both to encode and. decode a coded pulse signal, “

To form thebcoded signal, a narrow RF pulse is supplied to the encoding filtef.

Acmiming the input pulse mpec

UNCLASSIFIED
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may be repreaented by thq\tlme response h(t) of ‘the coding fllter, or its. frequency

response H(f). The coding filter cannot, of course, increase the bandw1dth of the

input spectrum—-all it can»do ic re—arrange it—«so the coded 31gna1 bandwidth is the

e i e R 6 Gk

‘ssme'as that of the input puls:. The number and tipe of coded signals that can be
producea in this way are limited mainly by the patience of the filter designer, Long,
phase modulated pulses, pulses with linear freQuency modulation, even sinusoidal FH’?
signals could be produced by the proper re-arrangement of the impulse spectrum.
ne codad signal return from a target is snppl.ed bo *he matched denodin° fdlter.

VAs shown by North, the requirement on this filter is 51mply that it have a frequency
+ response which is the complex conjugate of the signal (or the encodlng,rllter) The
~ matched filter characteristic then is H (f) Its amplltude response is 1dentical to
that of the encoding fllter, while its phase or time delay characteristic is the mirror
image. This seems reasonab}e~~if4the encoding filter has a time delay characteristic
‘which disperses the orivinal puign, Lhe maiched decoding [iller should have idantical
negative delay variations to qather dt back together.  If the encoding filter mphasized
one part of the spectrum more than another, the matched filter should recognlze this
by ueighting the strong part of the signal return more heavily than the weaker, noisier
part.

The output of the matched filter is the product of the signal spectrum H(f) by
its own frequency‘response H*(f) In the time domain, the output is given by the
convolutlon of the signal with the impulse response of the matched filter,-
A () =fh(é)k'(é»+2’5 At @)
, . o

- Note that this output is not in general the original input pulse, ;nstead it
can be recognized as the autocorrelation function of the coded signal h(t). (It will,

of course, be shifted %o a time corresponding to target range,) Therefore, we can say -
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that the matched [ilter cross-correlates ihe 91~na1 return against the transm

signal waveform, and for good range resolution the coded signal, h(t), should be one

having a sharp autocorrelation function in time, with a minimum of "side lobes",
Sirce the minimum effective time duratlon of the autocorrelat*on function is the
inverse of the bandwidth of the coded <'15;1:1:;11, it is bandwidth, as stated, which llmlt’
rangs resclution,

The signal-to-noise ratio at the matched fiiter output has been shown by North

to be,

’

.25 |
SIN T TR (2)

where Ea is total energy in the coded signal return, and No is the average noise

power per cycle of bandwidth.

csm ymmer democamo o +
sy WE WMEY incTeass e

range-velocity resolution of the signal to any desired extent without aflscting its

detectability, which depends only on its total energy. Second, as the time-bandwidth

procduct of the coded signal is increased, 1ts vulnerabllity vo Jamming decreases. Yor

example, assume that the noise power No is produced by a jammer which matches the
bandwidth (W) and duration (T) of the coded pulse. The total jammer energy competing
with the coded pulse is then &; = Ny W T watt-seconds and Eq. (2) muy be re-written
Spy = —2E— T | (3)
éa
If the duration of the coded pulse is fifty times that of the original impulse

(bt *re total erergy is the same) it will require fifty times as much enerygy, on the
avereee, to jam it Wwith a jamming signal that has the corvect duraticn ond  nergy
spertrum but is unmatched to the coded signal.

-l -
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If the coded signal return has suffered a doppler shlft due to target velociby,
the decoding filter must be shifted in frequency by tie same amount, in crder to match
the shifted signal. When a range of doppler frequencies is expected, a single filter
is not encuzh. A bank of matched filters (or the equivalent) must be provided, one
filter for each doppler frequency of interesf;‘

The overall respouse of such a filter bénk to a signal m:y be explored by consider-
ing what happens when a coded signal is supplied to a matched filter tuned off by the
difference frequency ¥, Let the signal still be expressed as H(f). Then, instead of
H*(£), the matched filte. frequency respouiase will be H'(foﬂ), and instead of h¥(t)

its impulse response is h*(4) e'327T¢t. As before, the filter output is the convolution

of the signal with the impulse response of the filter, of;
AT, ¥) =/ln(f)h’(ﬁ+?) V2P ()

Since Uis is & funculon of both range () and velocity (%), it may be called
the combined autocorrelation function of the signal. The behavior of this functien,
as the relative frejuency shift is varied, is what determines the velocity resclution
capability of the signal, |

This point 1s illustrated in Figure 2. Here, the signal iz assumed to be a
simple rectangular pulse . '-ation T, having a sin x/x spectr m whose zeros are
spaced at intervals of 1/T cycles apari, The filter bank is assumed to have filters
spaced by 1/2T cycles, The bottom filter is tuned to the cer‘e- frequency of the
pulse, so it y2ves the correct output, the triangular waveform which i5 “Ne auto-
cerrelation funsiion of the square pu'se, The next filter, tuncd below (or above)
the signal [requercy by 1721 eycles, rields a rounded pulse rhowe peak is 0.6 Shat of

*he enrrect response,  In the presence of noise, this difference might be just

-6 -
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perceptible, so the doppler resoluticn would be 1/T cycles, the spacing between the

two filters whose response is perceptibly différent from the correct response. As

shown in Figure 2, the responsé of the matched filters tuned further from the signal

frequency become successively smaller.

83 Ambiguity Function

Since the structuwre of each matched filter is completely determined by the coded
signal, the response of each filter to a valid echo depends only upon the form of the
coded signal. The time variations of the responss from a single filter indicates ite
range resolution, and the variation in the response with frequéﬁcy, (that is, from one
filter to the next) indicates its doppler resolution. To ge£ a viéual picture of the
quality of the signal, then, we might construct the surfﬁce shown in Figure 3, in
which the matched filte;'respbnses are plofted vertically on a base plane having range
or time as one zxis and velocity or doppler shift as the other. The filter bank of

Figure 2, of course, provides only the contours of the surface at the fixed doppler

by observing the time response of a §ingle matched filter as it is slowly tuned past a
coded signal of fixed frequency {or as the signal is tuned past a fixed filter).

Tnese time responses may be obtained analytically by evaiuabing Eqe (L) for
A(Z, @), using a number of different values for the frequency shift @, Where the
signal is more conveniently expressed in terms of its frequency spectrum, the

equivalent form,

—jave

Az, g) =ij'(4) HE+ @) e oLt )

may be used,

Either Eq. (L) or Eq. (£}, then, provides a complete description of the ambiguity

function for a coded signal. The contours of this function parallel to the range-time

-6 -
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axis represent the timc rcsponse of a matched filter to the sipnal, the time auto-
correlation function of the signal for any given value of frequency difference, g.
Contours taken parallel to the velocity-frequency axis represent the frequency auto-
correlation function of the signal at a given value»of time.

Since it is the result of complete matched filter processing of the signal return,
this ambiguity function represents all the information that the radar signal contains
regarding targ§£ range and velocity. It provides a measure of the ability of the
radar to resolve targets in these dimersions, in exactly the same way that the antenna

patiern indicabes ils ability ¢

o rocolve targets in azimuth and elevation., If, for
example, a pennil beam antenna explores a point target in space, the shape of the
target revealed on an azimuth vs. elevation plot is not the point target, but the shape
of the exploring beam. Two targets will be resclved only if they are scparated by
more than one beam width., Similarly, when we radiatz a signal to explore the two-
dimansional (raﬁge-velocity)"targét distribution along a given line of sight, two
- targets will be resolved only if their combined range~velocity separation exceeds the
Toeanwadth™ of ths signal ambigudidy function, Ar wdith the antenna pattaern, acruracy
in locating a single target may be iﬁproved to any desired extent with suffic%gntly
high signal-to-nocise ratio.. This simply amounts to measuring the locaticn of the
peak of the ambigwaty function by teclmigues similar, say, oo monocpulce anitenna
techniques., Where targets are to be detected in the presence of noise, jamming, or
background clutter, however, it is resolution or beamwidth that counts. Because such
signals lack coherence they will tend to sum power-wise rather than voltape-wise, so
the ambiwal by Tunction choul? ho ovnrecseed as the power distribution. [:A(’Z‘ ¢)12
in determining resojution,

Superficially, at least, the antennz analogy may be carried somewhat further,

The ambipuity function has been compared Lo the far field pattern of an antenna. A

similar c¢rmparison might be made between the time-frequency structure of the coded

-7-
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signal and the aperture 1lluminabion‘runction of the antenna. And between the time..
bandwidth product of the signal and the dimensions of the aperture. The znalegy .9

not exact, of course, but may be helpful in conveying a feeling for the problem.

Radar Signal Selection

The foregoing discussion leads to the conclusion that the radar signal should ™e
designed to provide the desired range-velocity resolution, just as the antenna i: -
'designed to provide spatial resolution. Unfortuhately, signal design does not zppear
to be as straight-forward a process as antenna design. In specifying the ambiguity
functicn, ful example, ib appears that selecting a single contour puts severe restrictions
on the entire function., And when the time waveform of the signal is chosen, 1itu
frequency spectrum is, of course, detcrmined, At present. selection of the w1 dral®
waveform requires some intuitive reasoning based on certain ground rules, which may
be determined by‘examining the properties of Eas. (L) and (8):

(1) Range resolutlon is largely determined by the frequency structure,

doppler resolution by the time structure of tle signal,

~~
23]
v

For a signal duration of T seconds, best doppler resoluticn is 1/T
cycles; for a bandwidth of W cycles, best range resolution is 1MW
seconds, This is iliustrated in Figure La which shows ambiguity
tunction contours for a long and short pulse,

(3) For a given duration, best doppler resolution is obtained with a
signal which is flat in time., For a given bandwidth, sharpest range
resolution requires a signal flat in frequency. Tiis favors the use
af varicus tynes af shane medelatian, A pearly ideal waveform would
be clipped white noise, whose ambiguity contour is shown in Figure Lb.
Unfortunately, such a siznal must contain a statistically large number
¢f indepedent samples to give a sabtisfactory approach to the ideal,

liaichied Tilter processing equipment for such signals tends to get out

of hand. UNCLASSIFIED
-8 -
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(4) The power ambiguity fuﬁ%tion, when normalized with respect to

total signal ehqrgy, has a peak value of unity and unit total volime,
The height and total volume of the ambiguity function for an ideal
coded signal is therefore the same as for the simple pulse. However,
while the pulse function is a relatively simple main lobe of unit
height, 2T seconds total leneth and 2W cycles wicch, the "ideal signal
function will be a sharp central sgike of unit height, 1/W seconds
length and 1/T cycles width, surrounded by low skirts extending out of
the limits of 2T . aconds and 2W cycles, As the time-bandwidth product
oI the coded signal is increased from its value of unity for a simple
pulse, then, more and more of the total volume is represented by thé
low extended skirts cf the ambiguity function, and less and less by the
central spike. ynder unfavorable conditions, this may lead to a
reduction in "contrast" between a target and its surroundings. since
nearby targets will contribute their skirt responses to hide the desired
target. At worst, when the entire skirt area (2T, 2W) surroundiﬁg a
Vtarget is solidly filled, both in range and velocity, by clutter, lhe
coded signal will give results no better than a simﬁle pulse. (This
is not a weakmess against jamming since for a jammer to fill this area
solidly would require a large increase in its energy.) Usually, the
clutter will occupy a small fraction of the skirt area, and performance
will be better thas the simple pulse performance By a factor depéndent
on the banawidth of the coded signal.

This situation suspests a more Mideal™ signal than the rlipped
nolse. Az shown in Figure lc, when a signal is repetitive in time or
frequency, its ampriguity function also becomes repetitive., The case

11lustrated 25 a truin of short plses, where the "side-lobes" represent

-9 -
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the well kno:h‘blind speed and second-time-around responses. Wrile
normal blind speeds tend to fall in the velocity range of interest,
the proper use of reﬁetition in the signal code may allow us to push
these skirt responses outside this range, thereby allowing increased

resolution witheut introducing harmful skirt response. This is

illustrated in Figure Ld.

Disggrsed Eggg;se ngégg

Figure 5 shows two examples of a type of signal coding which ogygpg_interesting,
possibilities. th are generated by dispersing a narrow impulse having a flagu
spectrum sharply cut off at the edges of the desired band, ,Theiflat gpectrum is used
to provide the begt possible range resolution for a given bandwidth.

lanearly Dispefsed lmpuléé - T$ produce this signal, tho impulse is passed

through a filter having a square-law phase or linear time delay vs. frequency

characteristic. Since the high frequencies are delayed more than the lows, the
result is an errtended pulse with # dwration roughly equal to the maximum delay
difference of the filter, and a linear frequency modulation.’

The ambiguity function for this signal (Figure 5a) indicates that wﬁile it
offers some of the advantages of pulse coding, it does not approach the ideal

in range-velocity resolution. Its ambiguity contour resembles that of tﬁe

short pulse, except that its lomy dimension lies along a diagonal in the range-

velocity plane, Targets whose range-velocity separation lies along this diagonal

line wiil ve pooriy resolved, tor single targets and high signal-to-noise
conditions, the accuracy of measurement of range and velocity may be improved by

using dispersion of opposite sign on successive transmissions,

JNCLASSIFLED
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Sinusoidally Disperee‘& Impulse - This signal is produced oy pnssmg the i.mpulse
through a filter having a sinusoidal “time delev characterist.ic. The result is
like an extended pulse conseining one cycle of sinusoidal ™, except that the
time wavei‘orm corresponds to the spectrum of normal FM and the spectrum to the
tine waveform. The ambiguity function for this signal, shown in Figure Sb,,
indicates a combined range-velocity resolution which is not far from ideal.. Under
certain conditions, more than one cycle of \_FFM",could' be used to yield greater
regelu&;ipn ‘at the expense of "side-lobe" responses lying out.side the velocity
renge of interest. h
Neither of these signals are xueal in the sense of having“a‘flat time wave-
| form uhich would allow l;mlting without some loss of 1nformatlon, but both may
be regarded as an interestmg base of operat.lons for further exploration.

Matched Filter Bquipment

-

| E&nn and if the ideal coded s:.gnal for a given applicat:i.on is found it will be
useless unless a practicab.l.e means exxsr,s for process.mg it Lo eatract all the »,
infomat.ion it conta:ms regard:..ng target, range and velocn.y. As suggested ..nryl;i'.gkm‘es' ;
1 and 2, one such means is a bank of matched filters, with each filter tuned to a
different velocity.‘rIt is not necessary, in this scheme, to cumnletely'duplieate‘the
complex mat.ched filter structure for eacb velocity;—mueh of the v.struc.tm"e may ‘be
common to all. The system outpnt appears in a number of parallel velocity channols,
requiring separate detecto:-s for eachf“channel_, or some means of combining the ontpu'hs '
Lthat retains velocity information and does not involve a penalty in S/N peffoi'mance.
One such means would be a sampler whieh napidly scans the outputs of the matched
Iilter Bank. Providing that a compleie velocity scan occurs in a time agqual to or
less than onc range resolupion'cell-(the inverse of signal bandwidih), no information

is lost in the sampling process. Range of a target is indicated by the scan on which

JNCLASSIFIED
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its pe.u occun, while its velociL,y io H.I.VP‘!; by the location of i s peak ....1sd,de that
scanning int-erval. The samplar output might be regarded as the result of a televiaion-
raster scan of thu nmga-velocity plana. displmmd ng video on .m orthoaona.l ranges
velooity scan, this clutput will gencraw a brightness imsge of t.l"e ‘range velécity plane,

showing target ambi mfitv functisne in H'- 'L rroper loaations,

|‘ 1

Conclusions ~ © . e _ , :

The considerable Tecent interesi in coded siyrals for radar is seen to be solidly
baszed on 2 numher of ;'wlt}em-ial sovangaga=e

Mawimum Range = Signal deteoctability or maximm range depends orily en total
sig'nal enegy. While the coded sipnal doos nul offar o fundamentul idvim.age
over the simple pulae, its lower peak p-ower mw be of practical advantage.

- UONDZJIW JLGUOJ.JLJ.QN - L"LL.I.KB wia 5.].111]!1.8 PLLLBE, Ve coded n.x.yla..l. l.L.LOHH
hde;)endena wontrol or range and velocity reaolutiona. The combined _resqlut.iop
figure of merit for any sipgnal is tis tima-ban:‘.width p'r'c:\“;xct. For .the simple
pulse, this product is unity, but with coded signé.‘u., {;ﬁ'c-iucty in tie order of
100 are within the realm of possibility, t_ - -

Sx.b Cluttar Visibility The improved pesolution of the coded aizﬁal may be
used tn obtain improved sub-clutt.ar viaibixity. It 1s difficult to sta.e a general
figure of merit, bef'uuse each different target-clutver environmc: 2 implies a
different_. criterion for the design of the coded signal, The oipral dealgn should
ensure that the clutter ambisuity function im very low in the valocity range
'oc-:‘('mpied 'gyk targébs . 7 7

A.n'l_'.i--,!m Capalility _'- 4 figure of merit indlcating the AJ capability ef a
signal is its energr-ti.ma.:i-bandwidth product. Again, the coded signal may have a
figure of merit as much az 1720 timss that of a simpls pulss, for equal enera'i

Tuls figure of merit is « measure elthar of the increased energy required in a

w12 -
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simple jammer, of the increaseg complexity of a sopnisticated jammer which
determines and matcﬁéhAthe signal code. Matched‘deceptive»jamming'may, of course,.A
be countered by changing}the code from pulse ﬁo pulse. ;

These potential advgbtagés depend on the’gbility to~de$ign an idégl signal
waveform for a given environménﬁ. Work in thié direction seems quite pro&ising.
Processing equipment for coded signals also seems to be within the reach of |
present techniques. While this equipment is undeniably cbmplex, it produces
some results which cannot be achieved with'simple pulse.system$, and others
which might be considerably more expensive to obtain by biﬁté force, If the
field of coded signals 1ives'up_to its early promise,-wc should see a zradual

B Nt e e 0L

obsolescence of the simple pulse as a radar wavcform.

1

Aclnowledgment

This paper has been an éttempt to‘p:esent the salient features of pulse coding
theory, as develo?cd by Woodward, Elspas, Siebert et. al., in a manner lending itself
to physical and visual understanding of the import,ant,' concepts o Wilh minor éxc—eptia:;s,
no claim is laid to originality, excebt possibly in the case of crrors made by.tﬁe

authors.,
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JNCLASSIFIED
‘Laplace Tganéfom Treatment of the lodification of a Carrier
. Envelope by a Linear Network

\\\

Wilbur R. lePage, Con‘sultant, Sylvania
& .
Chaimman, Dept. Electrical Engineering,

Syracuse University

escrined

When a modulater varvier f{i) cosW', & passes through 2 networ

[o 5

y the system function H(jw) it is cuétqnary 'to use the spect-rﬂ.un»of £(t) obtained
by the Fourier transform. This spectrum is shifted to a center st wo, with its
image at  ~Ww  usually being neglected. This is a useful tébﬁiﬁcjﬁe’ for rhgaﬁy
mrnnses. However. where exnlicit response formulas are required, or where phase
' functiqns are vielent funstions of frequency, the Fc,urie; Lrens-crrﬁ loses much

of i{.s force.
ansform forulation sives an alternate f.mntment which, in
some cases, may be more useful. It is found that the envelope of the response

is approximately proportional to

SAORENONO)

b

‘where /L,(t) is a complex function of real t, a.nd TAL(E]  is its conjugate.
The 'cvomplex finction ful(t) is obtained from the» inversicn integral with kernel
F(s) Xs). F(s) = I[f(t)] and -L(s) is @ function derived from H(s) by | |
throwing out half its neles and making a translation in t'he_s-plané. V'An estim-ate
of the -er'roz"- is obtained in temms of a seconc function Ny (t) wh:.ch is‘t’he inverse
Laplace transform of i-“(s) = (s 43’%}0) ‘where the asterisk implies a conjugate
function of A2 (meaning all poles and residies remlaced by their conjugates).,

An example 1s worked ont. arplyinp the theory tn the case f 'n* all -pass non-

rinisaim-1 bhase astwork,

JNCLASSIFIED
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- CONFIDENTIAL

N " X MATGHED FTLTER FOR RADAR

~ \‘
s

- (Unclassified Title)
R. C. Thor and E. R. Wingrove

Often a rgdar system design is limited in range not by‘thé gverage power
capabilitiea of the transmitter, but by the\peak}pouer in some part of the |
tr:nsmi.tter-antenna system, 1f the range must be imreéséd,’ ofdinarily the '
only poccibility is to increase the system duty cycle and accept the reéulﬁing

loss in ranpge vesolution. However, the system to be'deScribedupe;migg\increase

N of the duty cycle up to the limit set by the average power capability of.tﬁe

Lransiitier, withoul seerificing ranse resnlution,

Basically, the operation of the system consists of the following steps.
A pulse having the desiréd range resolution is passed into a network having
8 flat'émplitude resﬁonse over Lihe pulse tendwidih ond 2 speciad phasé,response.
The output of the network'is a 1eﬁgthened pulse giving thé desired trénsqittef
duty cycle. This long pulsé is transmitted, reflected from tafgéts present, and
received in the usnal manner, In the receivef, the long pulse fn.efféct passes
ihrough ancther netwerk again having flat amplitude xesponsé, but with a phase
rﬂspons; which is inverse to that of the original network. This restores the

components of the long pulse to their initial phase relationships, énd~the

‘short pulse is recovered at the cutput of the network.

A mathematiéal analysis giving a theorstical explanation of tﬁe.operatioh
of the system is presented. Experimental equipment using conventional circuitry
giving an increase in duiy cﬁclé of S0:1 is described. vSpuridus side‘lobes
accompanying the ie§6§ered short pﬁlSe are down 3C do. -

CONFIDEiv il
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A 220 Me Distortad Pulse Radsr

4

Summarx:

Rensons for pulsé distortion are briefly covered,
The paper then outlines some methods of pulse distortion
end leesds up to the dispersive all pass lattice filter
which 13 used in this Rader Set, éomoJadvantagoa of this
distortion tachnidue are noted. |

A detailed descripticn of the dilspersive filter theory
is then presented. Some idealizations ars nocousnrj a8 en

ald to calculation, but tha results presented are shown to

b Vorne Ul i vieecticé. A silmpls £ undsrsiondin

the mode of actioﬁ'of disporsion aﬁd recombinstion results

in en approximate gréphicnl analysis. The theoreticsal

o~ s TV hed b= 4 o
ThaliC® iama s &8 pointsd cou

Q

o ac AP, A
por: vy O

of system parameters, .
Ths psper then goes on’to describs ¢ bread broed

model rader set using these paramsters mad detalls the

engineering considerations for incorporating pulse distor-

tion into a Redar System so that all the theoretical advant-

8gos may be reelized., It is demonstrated that although_

problems may arise they may be overcome ty existing circuit

techniques.

S7- Goyg
r7>a{;. iz>.‘i‘°‘“ﬁ- OH

Fster D. Hums, Sr. Engr.
Advonced Development Sub-Div.
4. April 18, 1957
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A_280 MO DISTORTED PULSE RA

} ngu 1] and Me thods for Pulge Distonrtion.

In this paper we -h.n consider diatortion as mmin.g
W spesifio operation on a time function befére tmanamission
ea & pradad sigml.r _

On ressption an inverae or complementary opepation is_
mﬂomd.’moh that certain system acvancages wiil soaudb. .

These advantuges c&n result i..iu . »

1.1 Higher avsrage power, with a coryesponding inoreass

in range, :
1.2 fiasarenv. and
1e3 Imprénd aniti=Jsm performande over p conventional

"~ padar set,

The inoreased average power is roaiised siuce ihe
distortion of the radar pulee oon be d:r:fugcd to lengthen
$t. Output power being usually reztrioted to a. certain
peak value, dua to voltnge hrnkdom ete., a longer trons-
mitted pulse maultn in a better output duty oyoles

Inpramnntl in the duty cyoles by inoreesing ths PRP

or by uaing merely s longsr pulns of the nomsal palssd C.We

type are peen to result in redussd rm}gﬂ or reduced resolu-
tion respectively, A useful dinopb.l.on techniqus muct not
fincur these dissdvantages, and thrse orses mown to the

‘writep result $n & longer output pulse without loss of range

or ressclution te any largs extent,

T
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!_In'one imtnnca a short pulae is lengthensd by succesw
sive raflections up and down & dslay line. i;l'he original and
lts" {mages are then sddad land ugsd for tranainiuion. The
addltioa maf not otour in the moat obvioué ni:(mer. depanding

on various considerntions of reanlution ata,

T™he pulme un rscepiion is now decoded by a similar loriel

OT rerisoiions snd swillioiisy =i in thocig it iz posztble
for the sucosssive images to guffer such fiu#bez‘a of passss
over the 1line that they all add up at one particular point
and time ind produse a replics of the original pulss. In
bhil aysteni the 1imlting crse is that whorw the tranamitted
aignal 4¢ virtually G, W, Law Lhad phass d!amnt‘.uiuu
Ml'uapt_mdtlus to successive r_'orloctod l_nmplu. Decoding

{a done in ﬁpusiva network, but the encoding may be pere

formed by ackive awitching techniquen,

The oulpus pulse (long pulse -~ we may call 1t) of thia
systen in ldlngthomd in affect by addition to its original
copiu obtdnad altor oorbn!n d<screte time dslayas,

These d(ilqu may bs made ccntinuous by using a ne twork
Which has @ifferent propagation times for different eam-
ponents of the original signal (the short pulse). Reception
decoding is now porformed by passing the long pulse through
a mt@rk hn_ving s complementary cmtlnuauh? varying deleyy

. SECRET L7 Aoy
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'I‘ho‘ difficulty hars is one of obtaining complementary delay
networks with smooth delsy variations. '

A different approach using smooth variations at the
redeiving end uszes active cipnuilt t-aah.niquoi-_ to generates
tha leng pulse siginl for trenszission. In -sffut a radar
signal 1- a modulsted onrrier snd the reguired tlme funce-
tion mey be generated Ly tims baser snd frequency svdulatcae
wich sl d 1imitlens pauﬁiiii.i-u e aotive devices are
degigned to provide a signal which may be decoded and com-
Prewsed nw u puine vempatitle with the system bandwidih.
The oompression decoling i1s done in & passive network, so
that One requisresn viw uwuidivu QLovidas o moin®cdn thetiw sasnsre

mant rslative to insctivs omas,

A third mathnd  uhieh farma the auhiast of this papen,
uses passive notworxs with smooth delay variations 4t both
tha _ltratohing'and ocmpreasing polints, All pass lattioe
networks ara employed, and their desipn is merely a repeat

of onie basls slament,

Tne.rbaultin.g radar signal 1s a close approximation to
4 sawtooth frequuncy modulation over the frsguency band
sonsiatent with the aysiem rangs resolution, Very sffective
use #E-tbrs!‘nm meds of the apectrum bandwidth.

2¢ The kll-Psda Lattics System,
ihis uces rot only passive netiworks at both revelve and

2

crr o d
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trans»i t ondu, g ruxt.hemon the notvox-l'.l used m idan-
titsl in all respects. There is even a pr.»nibils.ty nr unlng )
one network for both functions on a time and l‘roqusqoy

duplex baais, - ) ;

2.1, The_s gn Lattios slement. u.g_quul_f_m._;
The lattive slements are chosen a0 t.hmt
u, ‘A, €y * ? s ‘uﬂ -Mt:t':uu
Ry Lo the cusrasteristio impedunwe of the lpttice,
'!'hﬁ Agfines -»
{

Wp = m—; = Ln?'ﬁ'w' -“:HJR 1@“‘?""’"&-
Then 1t may be shown that if
7\{ = ol =+ _j (5

is the propagation eonstant ol vus notion, thea

ofl, = © wJ ‘_/2, = Z afe l’uh u/wa
whers \-J is the frequenoy varisble, A is understocd as
the phnu shift of one sesction. Obvicusly if ddenticel
uotior..l are oascaded and R, 1is lort unchanged, tho total
h
e Ehu;;('w) = an Mcﬁ:us'%h 10"' m S!crrms
since the separate phass shifts of the image matcehed sectlons
w11l add linsariy.

Pigure 2 (314de # 2) ahcws a plot of the aroten x
funotion,

27~
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Consider now g cnrrier of frequgrzrcy =¥, where ey 4 T R

with a modulation snvelope producing sldebands over the

. frequInoy range - :
0 orbe) < b & (wiabe) .'
The modulation will ba dus to 2 time function of low pam

bandwidth b,, and we may oall this time fuaction -Fc(l')

'mar_\ b; “_ 7 ) ; |
G = (el lp -
| G _

We may sssume p symmetrienl tims funotion ec thet F\c(“
becomes recl, This s nerely s convenienaa inm tm”oxalanne
tion. +hen this tims funation medulotea a cosinusoidal onre

wrian nf feannansy W, than

A, (l‘) beaenas i[ﬂo('r.u,) . p-.n(‘;f"! -u,ﬂ'

" When this signal .cb{i') traverses the lattice the
phase charaoteristio f is impressed onto ths signal and
the resulting frequency funetion is proportional .o

| ‘lﬂq(*"“‘l\)_; Qg(}e:d-w,);l g-\?“’)
- ‘P( ") s Zn acclan Vwo -

and ? is now Lhe {requenocy varisble, 1 ]

Appiication of the statiensry phase prinociple shows '
that we may consider this phese characteristic as imparting

- e WGy g
SECRET S—

\

SECRET =TT 3

_




I

-7 SECRET

& group tims delay proportional o

o J*(b) Thwe
Ap 0w
This tlm delsy is & function of b and heuristioally
e ans that Mr:-mu. parts of the aignnl fraquancy spoatm
| : ’ u‘rive st aifferent times. It 1is noteworthy thnt;.ovor the

’ . range , #

this time dolay ic nearly a linesr function of tféoquonay.
(SMda # e Figs 3)

1f & metwork of sowpismentary time delay were availe
abln, we would expect it tn undo tne effeats Juat dsserived,

'I'hu aetuai distortesd pulse used as a redar signal may

T N NI T} 1= ma
&

De visualiswi s an euvelups CLbuiied By

qunrm' funotion of the signal pulse in the time dolny versus

fiscwng ths fore-

frequancy graph of the latties filter, Tnis lattar is
epproximated s ths alops of thé phace oh:auctoruﬂo.

This prooass appeasrs to be valld if tm: a'ctunl time ddhy
variation over ths signal bandwildth in large compared with
the eriginal signal time duration. This will be so in any
pulse strotehing sﬁqh»qm of pracstical interest, |

Our syotem uses 240 identical lattice seotions and

strotches ¢ 6}:350 pulas to zbout 100 HAaer, Lnttice para~

msters ave
""1;9" K - '? s (?
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KG = jlvuu °-—. . :_'D/éﬁ -= ﬂ?f ;llc
. C . . " CC_Q ‘J(".‘: - Ly Lo = -, 2.2.;;‘ N¢

Only the main lobe o!":the 6 paec prlae spsctrum 1.'_5 passad
by the nystom«! : ' ' '
Fig, g. Sl;dg_y_. .

'i'h&.-. "r-q '!e"»hﬂntnd om A+ 225 Me car»hr. has mpli-

tude seros in 1lts specicum at about 075 He end .375 Mo,

Sml Batwesan tnole poinis ihs spactrum has the wall imown
'i-.- form comapoadim to a3 pestangular tims funstion,
M. O, 80248 € ahaus tha tAmnl4vad fnout time funetion, used
; for aomputnuon._
l Pig, 6, 81ide 6 ghows the output onvelope as computad,
; wip 7, G114 7 wnd Fig, 8, 81tde 8 cve photagrapha of above

5 and 6 modified by bend pass response limita of aysten,

e F.H."nature of the diatorted pulse ls eppareul, ¥e have
thus obt:iinod‘-a long pulae by dispersion of n: |hort ons,

Undd speraion ia necessary for a complets aystem. Thls appears
to nesd a natwork with a phase nharaotaristic complementary

to the diaporsing lattioce,

. We avold this ewkwerd ccnponcnt by irnversion, not of
the retwork, but of tha apeotrum applied to it, This mey
be done by heterndyning the zignal with a carrier of fraguenocy

2w, at some point in the receiver, 7The fraquonay function

«v ” . .
.,'.: 7 ‘/ H 17" é;’
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now hns terma cof thq foru

QD(P'NNZ”"') - f\ (-w,;'l.u).
A, (kn'd.-z“"), ' no(i’“"*hq) '59{0,)

ench ona of which esrries the phaso functior. €

modifiad by the apnrt_o'printo fraquency translaticn,

7 By flltering we salact the terma ﬂb(‘a . ﬁ_u)
end A“ﬂ**‘ TR TS | wnich ere 4 "hu.)

and 0}, (‘9 w,)  asin e originel osrrier
~borne signel.

The phese ocharacteriatics have mesnwhila becoms

G—j?(éuw.\ 1 - .".Vf{f"z td,)
(g A P4 [ ] < ' -

respeotivaly where
' . prew,
¢('b4 2.‘\,3) ! Zn .“'c rﬂ'ﬂ -_;TJT

fr 2w
¢ (#-;“h) % Z n Afc f;ﬂ '.,'"('5-
. - - : l o
80 .thet thy signel frequenay tunation now is proporticnal to
zlu

-I.Junuru\ —_—r cloa A,,!"‘ P'!""n
A (‘Nw) - Ao(‘ w,) d T
This signal ie now applied to en identicel lattioce o the

one used for stretching, The frequenvy funetion now beoomes
propor tional to

d byt ? D atflbed | 50D

...31,, .
N Tayy

|RMRET
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VWhan this 1is domodulatqd ths :‘.'uulhtng offact mey

J(f{ vH'*' (“‘j : [’1(' ‘) ¢ ‘/(“)_I

Us oonsidered ms s further heterodyning with frequency L,
‘followed by s iilterlng of the scapunents centorsd about

gero frequensy, These sdmponents take the form

0 (4 ‘_-\L‘rﬂémg% #1 ;:...,\7

The originei fragquency {unction has appersntly suffered g
phasa distortion dues to thie oversll phase chnﬂcurinlq

! . ‘ /. >Pf_':"t_”“. f:-w,
({(’b‘fl""'\)-\’q.(l‘).w!) - (',“(.leﬁlj;ht Wg r '- , JOJ\

81ide # 9, Fiz, 9 shows this phase distortion (now

cantarad about waro freguency) mé it 42 o fyesk of naturs
that over a considerable rang:'a the departure from a linear
fregquency variation ia very small, The linemr phase slope
corresponds to distortionless transmission with a time delay,
provided the whole system of frequency translaticns and
filtering is a linesr oircuit,

The theoretical phase distortion due to the lattices
may be computed easily 4f perasitic renctances and losses
Ars ignored, We have found in prectics thst the wava fil-
ters neacessary to select freyuenoy hatdrodming producta

A2
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introduse more divtortlon than ths streteh and cmnpress.
opornt.iona.' Phase oq-alization ia of couraa,ponuibié. but

we have not found it nessanary in thia system to date,

2.2, Cholce of system paramaters. . _
' It 19 a distinot advantage that the simple lattice

filter meets the requiremsnts of phase uharactoriétia with
the eass of construotion resulting from having nﬂ inguebora
and oapaoitors 1dent10ul. Atb.andnht-dindvantngéa ars

that shuns euauitr m the 1ngueiive aprms cwuse b Lo Coipuin-
seteq for snd wl_il rontiiat the filtor pegs band, Tests
wers made on sub sesemblias of 20 filter seotions to deter-
mdiw that ths dosign frequeney of 375 Me was satlsfactory.
The 6 moec rader pulse {s a prerecuisite and may be handled
(witia soms resclution loss) when modulated on (225 Ma. The
wide poroontago bnndwidth here u naeauarv to ronllu the
mexirumM of the wantad form of pnus- dis*ortinu with reault-

1ng stretch ratio in a practl.c,,al number of lattioce sections,

?._15.:..2 shows t.hp overall phase charaoteristic of the
lattice atretoliing nnd sompressing, A musll shift of num-
bers in practice makes this cuwve have a »lightly wider pass
banA s¢ the sxpenae of o dip at band centsr (like a Tchabychef
approximation) with 5"'muximm overall rippio.

The pulse anvele[po of the system so fsr 13 not 1dsal
for a high powsr radar, 2o the pulas is squared up by smii-
tude limiting and tire gating, This proceas renders invalld

S
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< the linear circul# analysls given above, but the affect. are
not too aeriour in practice} Indsod advantuge =ay be teken

of the situation in.tho recelvar, rcp will bs ssen préaontly.

One may note ihat time guting 'a atretched pulﬁe corren=

ponde approximéta-y ﬁo band limiting in the fraquency pllho.

For use 1n:a roder the ,225 He carrier frequency must
be hatéfodyned'uprseveral timea, The Pirat upward oconversion

s miita aurkwand dAuna te tha wida peroantage bandwidth,.

81ide 10, Fig, 10 i3 = bleck dirgrem of our distorted

™ ina nadan fat va ~ransidan tha numhana invnlved,

The signel bandwidih g nominally 415 Mo slither side
wi' he oaviler, bt 1t atrotohcu or una:ratchcd. udzngiup w
+9 Mc avolds the signul aaéond harmonic, and the conversion
frequanny and {ts hapmanins, 3o that a mixer rilser coﬁbina-
tion is in theory possible. In practice phass d!stortion
&t band limits is a A fficulty and balanced squere law mixers

are used,

Effective gating is necessary and soc 1a limiting to
give a square onvelope radar pulass, Thls is done at a low
enough frequency to avoid grts ionknge and high enough to

svoid gate rise time components,

S814de_11, Fig, 1) 1is r photograph of the .9 Mo alse

torted radar pulse After sguaring up snd gating,

i
-
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! .- Purthar mizxing up is conventlonal, The final amplirior

is pulsed on the acresn in aynchronian with ths. long pulse,

“The step siznaint aach haievéhvnﬁ up mixing stata after
:?7 +0 M¢ nllow more freedom of choics than bolow .9 Me, The

1 signai 3rd harmﬁnia is ovnlged in all onmes and talancsd
squars lew tubé mixera onro hne@. nlance to balume selec-
tive filters Q;e usad to o#trnné tho wantnd converaion pro-
duﬁﬁa I; is JMpha;iééd ih;; nléhou?h they vLlae Langtn-:rann-
ritted 1A 100 mssd, tho sirmal =rss band 45 desipnod for the
orininal band limited & uwec wuize. This bondwidth is eostly
accomodatad sbove .9 Me walle srouring st lodst 4O 4b rejaction
of unwented noarby mirer rrodurts, Phaas linearity in the
filtors 18 of mqre,imporfnnca than snplitude linserity, pai-
tisularly aino;‘thc lOnéfpu]sa snvelope has baen predistorted
by the pate And limitar 4n tha intanigis Al o shiars teanee

mitted pulse, end 1s hntjdled by Clnas C power atnges,

243+ Long Pulse Recsiver,
S1ide 12, Fig, 12 showe » block dizgranm of the raceiver,
Thig is conventional ng rer ag the 30 M- 1.F. amplifier, The

same conversion frequencies as in the exolter are used, But
adjmoont targets will produce the swimultanocoun preasence of
more than one long pulse in the receiver sectiona ahund of

| the compression lattice 41lter, This will result in oross-
talk, signal capture, and loss of rosclutiomn if the stages

ars not linear,

.

SECRET

SECRET

| |
_ | |



- SEORETD

.It is thus necessary to use a minimum of galn shosd
of the lattice on this ndoo\_m.t.' After compressicn, rasa;u"-
'eion il not mai-:ied by nonlinearity snd a oonvanb_ioua.‘.,,,pulao
IF amplifier and demodulator ':ay be ﬁud. Thia latter IF
amplifier provides ths mejor part or.tha ne sempary receiver
g.zn. The received long pulae is not cne whiofl will recom-
bine exactly in the ressiver. This ig due to ihe limiting
erfected in the xollers Tue pulse Lan sulleved smphasis
of hoth 1ts low md- high frequerncy components and is easen~
tizlly a constant amplitude fregquency group, The recsiver
salaotivity uses this pre~smphasis tc reduce its nolse band-
widths The .5 Mo band paas filter givea 15 Ab attenuation
at ths snds of the pass band, while providing low accompanying
phase d.lltortimx.’ - :

Bilde 13, Flg, 13 end Fig, iy, Slide iii #how the astion

of this filter on-bho pulse envslope, PFulss recombination
is inmproved along with the nolse figurs by this apparent loas
in signal bmdwidtﬁh. |

8ideband invarsion is acoomplished in going from .9
Mo to ,225 Mo,

81ide 1%, fig, 15 shows the input end Siide 16, Pig, 16

shows the output of the campressing lattics. Thare is &
minimum range loss in the system aet by the 100)4.00 trans-
mitted pulae length, The receiven lattice manely deleva the

-Fos
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" presentation of video informstion, The mreceived signal
soen here is sotaslly Auplaxar leakages. norrespdnding to

TENZe ZEero,.

. The recciver as Qn rn} doscribed does riot make thé
moptrcr the lntiFJam possibilitien, Opiional limiting at
some controllable levsl ia inoluded in the 30 Me IF ampli
fier, Ié the 1imit all algnalu;,bé they targsts or jamming,
rannh tha Tatelcs with the spme snwsisps amplituds, fight
elgnals will build up by 12 db (in theory) on the lattioce
Wihlle wrong ones will be dispersed accarding to thei» band-
widthe The galn after thes zonpresa rilﬁer must bo adjusted
to take full advantage of this. This 30 Mo limiting is
conflicting with Lhe overlupping signal linearity require-
ment, 8o in general, thore is an optimum limiting lsvel
dopendent on jamming oon&itions. The AGC ayatam oParates
ahead of the limiter to provide this, 7 '

Figs, 17 through 19 show some !A! acope pressntations

of both the received long pulss at .9.Mc and the comprepnsed
pulas at video, Theuefare actual targst 3choos. The aignél
to noise build up is oclasarly illustreted. Fig, 18 shows
twe targets fust resolved at about 60 miles range, while
Pig, 19 illustrates this on an expanded sweep, The long

pulses are overlapping and are sepersted on comprassion,

Pig, 20 is a PPI presentation of »oma typloal targets
obtained with an 18° beam antenna, Limiting was adjucted to

-3‘7.-
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ocour at a low aignal lnvnl 20 +hat nbiao quietiﬁg eround

anch target 1a appnrent.

This rudur is due?to tre somhined offorta or mhny
enginoars aﬁd the wrlitay wishas particularly to give oradit
to Mr. Co J. Miller, who conceived our use of ths lattics
filtera; Mp, 2, Zversv, who hit}t ‘tha modela, and Mr, ®, a,

Worrell whe 3id the Mathamn tien,

2L

futsr 1, Hiume, 3r, knar,
Advanced Development
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‘A 'LINCOLN LABORATORY COLED-PULSE RECEIVER-EXCITER
L.G. Kraft, Jr, :

ABSTRACT

A radar receiver-gxcite: syatem has been built and tried in
which the -trensmivted pulse waveform is phase-moduleted or '
"chéd“ duflng the pulse in order L increase ascurscy in range
zaru, ament,  The peessanine underlying this deveinnes2nt ia ree
viewed vriefiy amd the fealures ol Lie mybles sciuwally Luilt

pre depcrited, The early resulta are msntioned.

INTROLUCTLON

In 19%, Professc, W.M. Sictert indicated to a aymposium of thia same
nature the poseiuility of conetiucting a large high-powered radar for early
ballistic missile detection. The essential f{eatures he diascussed were based
on cqnaideration of fundamental principles of-detactian 8l poramctsr eslima-
tion; He pointed out the requirements for veyy large average powers {on the
ordes of 1/2 megawatt), and very large antenna aperiures {order of 4000 square
meters), Theee are nccesnary to Achieve the target signal eneryy required for
Ll probubllity of detectlion and low protabilisy of false alarm in the pressnoe
of receiver uoive,

In addition, he suggesied signal purameters which are still reasonable
today: & pulse length of Lwo milliseconds; opproximately thirty-five pulses
per second; and therefore, peak powers of about six megawatts. A unique feature,
howevel, was the suggestcd depacture from a simple pulsed sinusoidal waveform,

- to a phase modulasted signal,

~53= 57. Yoy ¢
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Shortly after that ayﬁpasium, an apportuniay'arosﬁ o bulld uqa to tfy such
A receiver-oxcitsr pyatem in connection with the RADC-GE FPS-17 pragran, My
‘purpose here :u to deperibe the significaﬁi features of the system which was
built together with some of the réasbning btehind 1t and to mention the early re-
sults. The emphasia i8 tc ve on the feﬁture of coding. 7The syatem has become
known s the Linsoln Coded-Pulse Receiver-Exciter - and is descrived ir instruce
tion Lwok detail in Linceoln Manual No.lz, The ideas and realization of the
codedapulse radar are the vork of many, but particular mentlon should certainly
be made of the effcrt of Prof. SBiebert, who directed the project, and Robert M,
Lerner, who coutlrivuted to all phases of {ts conception and realization.

CUTLINE OF FUNDAMFMTAL PRINCIPLED

I have mentioned thut fundamental copsiderations of detsction and peram-
atayr serimation underlic the doaign of this syoleme There is uniy time for the
.orieciest cutline of the features of this theory: (sece rer. 1, 2, 13).

First, most detection erlteria lead to the same resuly - namely, that an

Ciluipretts faa 3T Dllneemd seilo o@ird Juingin 2l Wildd U

A mmeln 1m W Aneantan
threshold, This is true for such critaria as minimum cost of error, minimum
information loss, minimum number of errors, and 8o on. When the criterian is
chnnged the comput;tion of the likelihood ravio doesn't change, but the partice
LAY VAlue Ol thresnuld may.

8econd, the performance of the system which computes the likelihood ratio
can be described by plotting the probability”of detection ve. the probability
af falae alsrm. In the sasa of additive whitc guussian acise, the siugie prime
parameter of such a performance description ia the ratio of aignal ensrgy re-
ceived to the noise power density present,

0n.the basis of these facts one can compute the requirements for large
antennas, high power transmitters, low receiver noige figures, low system loases,
etc., neceseary to give, say 95% probability of detection and one false alarm
per year, against a one-tenth square met.r target at 2500 pautical miles. Oiven
thes signal energy and noise power density one specifiea the detecticn performe
ance without regard to the bandwidth, or pulse length, or any other trensmitted

waveform parameter,

-5l-
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Aleo, il the nibise 18 additive white gduaaian, the likelihcod ratio compus
tation cimplirfics o an equivalent computatlon of the correlation between re-
ceived signal nndiexpecﬁea wavetorm, One way to conpute this correlstion is to
chploy & *malched Cilter,” It cun be chown that the linear 'ilter matched to a
particular expected waveform bas, at A particular time, an suiput proportional
to the coicrelation between the actual input and the expected waveform.

A third thecietical impiication is that if the received signals have Daa=
rameters such us Lime delay, aoppler frequency shirt, etc., then fror best dee
tection the correlation wust L& cdmputed for all values of the psrameters
involved. The usual practice is Lo Lreak the recelver into many sections that
2CEpUle the SorrCliblice Jwavbion ai dheuicie vaiued ui L€ PHIAUCLErS, UH18
resnlte in auch familiar devices as range gatcs, dopplers {ilter We, NGrrow
Leans, orthogonally polarized receivers, etc.  Many present receivers are thus
correlation compuéers; the nore neaflj optimun iLhey are in the presence of
additive, white, pauzetan nsier, the more nearly they must agpreain Lelng a
correlation receiver, The malched filter is a correlation computing device
which hws Lhe particular property oL dewermining wne correlation versus time
delay as a confinuous function of'tiﬁe. This is very convenlient when one of
the unknown phruneters ia the time qélay of the sigunal, An important point to
aud here is that onec having computcd the coivelaticn fur wll the paramelers
involved, the receiver has ull the A posteriori data avajilable not only to make
detection decisions, but alsc to moke estimstes of the parameters.

Those familiar with the theory will recognize the fourth theoretical im.
pilcﬁtion, nanely, that the co 'relation funct.ons do depend on the particular
wavafarmg which are transmitted end received, 3ince parameier estimates depend
directly on these correlation functions, they ure directly influenced by choice
ol Lrensmitler waverorm, Uniike the questions oI detection and false RIarm
probability, which to a first order are measured by signal energy and noise
pover densivy alone, the quality of parameter eslimatees or measuremente depends
poih on signal-enerpy=-to-nolse-~density katlo, and on the wavefnrm pa}ameters. g }|

For exmmple, iv hes veen shows (rel. 2) that under proper conditions, the

optimum accuracy in measurcment o Lime delsy and ol doppler frequency shift is

. Yy fody
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. @given by formulan in Figure 1. (Formalas taken from R. Manasee, Lincoln Lab-
nratory Division II1 Querterly Progress Heport, July, 1956)

where:

bt = r.n.3, error in estimate of time delny {n meconds
f = rum.8, bondwidth of transmitted signal in radiane/sec.

E = cnergy of received signal watt-cec,
N, = noise puwer density watis/cps (single-sided spectrum)

§f » r.m.6, error in estinate of frequency in cycles/sec,
T & r,n.8. time duratio. of transmitted signal in seconds

T = pulas length of a rectangular envelope Gigusl iu seconds

The 1eft-tnd Formalac I:L;;'xl'.’ Jonrratiy, ile g ichi=lpuud vecnione arve .if.‘lﬂrfni o
whe special case of A& rectanxular cnselope pulae of sinusnid. I nne ~hnnassa
to moadulate the transmitted sigpal in any way that moditvicz {ta bandwidii, o
its time duration, or {ils energy content, then the accuracies in vstimating
parameters such as time delay wid doppler ehift are influenced in simple case:s
G Lnlilulod ubede.
Tac coded pulce recelver~exciter develupment Is a direct erfort to improve
range neasurement accuracy while shnultsneously nllowing veloélty meapurement.,
The ﬁctual changes lu Lhe system on which the coded-pulse recelversexciter has
veen tesgted included lengthenlng the pulse to two millistconde and providing a
particular phese modulation internal to the pulse, The .oinger pulse increases
signal cnerygy whlch'improves Loth detection performuice ana parancter measures=
ment. The lenyth of tha pulsa engbles a dopples Moalurement Jduilog ong pulse
only. The phase modulallon increases bundwidth and the:iefore Lhe accuracy of
rangs meaaurement,
REASONS FUR CODEDL FULBE
Tharz are a variety of reasons why a phase modulation or coding of the
transmit vaveforn may be useful: coding may imjiove 1unye measurement ACCUrACY;
J! it may ilimprove certain resolution properties; it may llow longer pulses and

more aignal energy while maintaining or improving accuracy and resolution; it

Shm A Joyy
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P mAy influence jamming ciTecviventas} ﬁbphiunicated codiﬁ@ ma, reduce the nnARie=
bilities 6r ‘gpool'™ jamming; particular wavelforms may be used to reduce certain

- receiver complexiviesa; and there are other poeaibilities, . In the codeds=pulse

rﬂcéi#er-exciter only the advantaye 6r improved range abcuracy was sought.

ﬂﬂiFEATURE@ OF THE CODED«PULSE RADAR.-AS -TPLER. KXPRRIMENTALLY

The coded-pulsc radar pulse ig two miliizeconds long;ﬂhfhia enables o “u-
termination of doppler freguency on ont puise only, to within about 30 cycles
per scceond fur a ressonably strong signal (;% = 8l). ur rbpe waa fror about
100 ¢/8 accuracy when the system errors werc all taken into account.

The lung pelee 18 phase Muduinbea it o poewlve=iaadon Fasudoln Ly Vicekiig
ir up inin nm‘huyu'nrmi peeiimp or aubepuinen, enen of which may be male positive
or negative With respect to the othess, It is ne though & long puise &f sinuacid
ucruzﬁibilated»by-n raquence of one hundred 1lus or minus onee,

WK regabuliy Tol buaee Ling buch 8 mwduialion are fliev Lhatb Uie propeliles

of ihe wavefurm can tc madc suitaslle for our pusrposes and second that generatioa

PP LT VA L TR [ 1 U T T U I DO BN Mid LwVli eird dé bm rmardhia b eam
e T corra LT log . StCoTniy murt Lt somninlie it hivigl-

arate the wavetform desired for t.ranﬂmiz‘..t.p"r pu]__mw purpnaea; 1t 1R alan raguired
tu be able Lu cuisliucl clghteen dirréreﬂt matched filters to-cover the doppler
range of thils system. : ,

-AlTer Juggling the requiremenls for- Lhe many special I'ilters and the somse-
what noiselike waveform with the various possible hardvare schemes, it vas de=
cided to implement a delay line filter bonk. A suit-ble acoustic delay line
with ohe hundied onitpi)t. taps was developed conearrecyLly with the construction of
the syslem — and it worked,

A sluplified block dleprwe of the systen shown in Figure 3 indicates how
the delay line i used, The conventlonal purts ol vhe systum arc shown in
simplified form, The selector cwitch in thi- right=hand position allows & twenty-
microsecond pulse (four eycles uf a lwoslunured-ki.ocycle sinusoid) from the
pulse generator to be applied to the bandpai.s delay line., At each of the one
hundred taps a delayed veraion of the pulse is chtained; these may have cither
positive or neyatlve polacity (each verticas tap line on Figure 3 represents

two lines ~ vne plus, one minus —~ !n the aclual .ystem), Either positive or

-57= 55 Jo4¥
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ncegative 1s connected tort.rhe_ tianemit hus shown "I-\nd finally o4 to the remainder
ot the exciter. The net result is the waveform shown in Figure 2.

: Ficure 3 also ipdicates tha use of the deJ;ay line in foring the matched
doppler filters for the receiver operation, In." this case, the selector switch
is in the left-hand positicn and the receiver cBnnected to the delay line. As
1nd1cated there ave adding netuorks of resiatorr from the one hundred dela.y line
iaps to a nuaber of doppler buaes. These resllit.or networks togéther with the
delsy line form linear filters which are good ppproximations to the de.ired
matched filters. For example, the matched opa"lrat.ion of the zero doppler filter
may be eusily described., Assume ao 5ignal Lixw the transmitted signal has besn
rrmﬂved and fad to the delay linm, Tt la mpr-a-'lv nanRRRAYY to nnpnsct pll the
sdding reslsvors of the zero dopplar bus to t.hc- poagtive ar negativa 1ipa tapa
in such - a way &8 L0 undo the code —~ make all vne hundrad contributions add in
phase — and the maximum output is achieved, No:other connection can possibly
give & larger signe} to noise ratic. It should be noted that to make this hap—
pen, the plus-minus sequence of the transmit vus connection ie eimply m:verud
in time {end for end on the diaeram of Fizure 1) in farmine ihe vara Annniaw
cannection,

Tie [llter for e doppler shifted signal differs first in ihat two buses
are required and second in that the resistances of the udding networks are chosen
BC B8 L0 ilntroauce weignung functions. he welghiing tunctions required and -

-used are cosins on one bus and ginm on the second, hence Lhe names on Figure 3.

Conaider a doppler shifted signal at the antenna, the-doppler effect e
one¢ of over-all time axpansion or contraction of the waveform. After mixing,
which preserves phasz shifts, all the phase reversals of ths original coding
are present and also there are ti.2 additional cycles due to the doppler shift.
If the doppler shift is five hundred cycles, there is one sdditional cycle in
tbos two-millisecond pulse length. Buoh an axurn cycle means the zero doppler
bus signals are progressively out of phase, and add up to zero, One way to take
this phase due to doppler into account would be to use a matrix of phase shifters;

! set the phase Bhift to correct for the phase due to the doppler and add the cute
puts., Beventeen hurdred phase shifters at mode;ate bandwidth look:d formidable
ana the wore economical resistor matrix shown wes used as & Wiy out.
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The recissor wcightins apcraticn 1915h§in aathematically in Plaure k. The
desired impulse response h(t) is expandéd into two parts by simple trigonometric
cxpansion. The first tevm of the result ia the same aslthc impulse reaponac ofﬁ
the zero doppler channel except for welighting by the cosine [w.{1-t)] funetioh;
Therefore,- this parv of the desired filter wos formed exactly ns the gero doppler
filter except that the values of the adding resistors are chosen to produce Lhe
deslired comsine weighting, S

To be exact, the sine weighted portion of the filter sheuld have & aine
wave carrier instead ol a cuslne carfier for its impuloe response. This might
te obtained with quadrature locul cacillators and a second delay line; or by
n 20 phase shifieie ui Li sine weighied buses uf Figure ., Howsver,
tossible tu nveld i shawe ahidtsre

for roasonable signal 10 asise ratiss i

[
i
T
[4
Q!
a
ey

i
by sine weighting the same c¢sine carricr — deteeting envalaper on each Lrid and
adding after. delection, This reesults in roughly onm db detection loss and also
in inability to separate pusitive wid negative duppisr shifts, which were reason=-
avlie comprOmisea in this particular pystem,

WHE DELAY LINE

Figure 5 and Fipgure & are phatographs of the delay line used in.the coded-
pulse rgdar, 1t was conceived und developed concurrently with the reist of the
system, It 18 an acoustic liue of 1/16 inch fnvar rod made in aix sections,
having total delay of approximately two milli&econda. There are amplifiers
between sections, The Input transducer is o piezo?elcctric bariun titenate
cylinder approximately-1/4 inch in diameter and 1/2 inch (or 1/2 wavelength
at, 200 Ke) long, It oparates in the longitudinal or pinton mode, The magneto-
Btrictive property of the invar is used for output transduction, A center-
tapped pl:k=off coil sAndwirhed betw2en two coils providing d.c., magnetic biasing
responds to changes in marnetic flux cau3ed by mechanical stress in the invar
rod. The input operates at about 500 volts peak-to-pesk which produces approx-
imately 200 millivolts peak-to-pcak across one side of the output coil, Inser- Sy . ot
tion loss is largely in the coupling of the transducers; abcut 20 db al the input,
kO db at the outputs, and only 2 or % ab ulcong the lipne, Bundwidlh 1s appioxie
mately 100 Ke, mainly deteirmined by the hallewsve inpal transducer.
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The resistor matrix 1s mowunted Lehind Lhe delay line pancl, F{guré { unows -

ene of the three shiclded boxes containing 1300 of the reguired U000 resisturs.

THE OUTPUT SIONAL

You will recull-that the waveform is “de-coded® in the resictor matrii
when the long-tuo-millisecond pulse is ull present in the delay line. Aa the
acoustic signal moves along, all one hundred vuliputs do not uonLlAue to add in
phase and a much lower ocutput reaults. The output [rom the ideal matched filter
shauld have the shape of the correlation functicn for the signal beling used,
Flgure § 38 the correlation function al zero doppler shift for the plus-minus
cudiﬁg used in the Lincoln System.

IT the poak {ugu; Lo Ladicu bu b 30 wndieg e el pais o s
particular channel are 12 units as shown, It 15 because Lhe eenter peak or
"spike" i3 8o narrow that more acfurate time aelay measursmunl i€ possible. An
uncoded pulse of pure sinusoid has a triangular-shaped correlation function much
wider than the spikﬁ of Flgure 8, 1t {p Lecause the side "hash' ls relatively

t b 1 hant -~
-

Teath THoat sarmlntdon ¢mn dmmymema—. 1 -
4, Lol - o s

A = P TO
{19 i 5

wash 't Gl LU RULLES 4LV Lo L geCalos
extent than showu here by choosing other codes (such as FM, rte.); but reducing
the hash in this doppler channel will certaluly incceses it in some othgr chan-
nel. A search far rodes which vould mairntain low hash In all doppler channels
was necessery to aveld wnbiguity in the doppler and time delay méasurementa.
The largest hash level in all off Jdopplei’ channels was experimentally found to
be about 30 on the scale of Figure 8,

The actval wavelform oblained ia shown ‘n Figure 9, The eighteen dbppler
channel outputs are combined in a 4iode "or" circuit sc that only the largest
aiénal s present at one tiwe, Thio 18 called the "greatests-of"' circuit, OSGuch
& combination is not the ideal iniwegration of Lhe likelihood ratic over the
deoppler frequencies, but for large signéls the approximation s within one db
and 18 & pleasant engineering compromise, In fact it enables one threshold com-
parigon circult to be used in this system,

When the "greatest-of!' signael exceeds Lhe Lhreshold (previously udjusted
for an acceptable false alasm rate) the syolem alurms and beging to photograph
the output. of three of the likely doppler channels, These outputs are later
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menaured, and with suitatle interpolatlon the doppler IzeQaenuy may be determined
to within about 100 cps. )

A sample of one of the [ilm records of an actual missile gignal is shown
in Figure 10, . The cutputs of doppler channels gero and one are shown. Bquare
vaves are aupefimpased for time marks (each aquare wave {s about 50 nautical
miles long), The square wave without signal is used for calibration pqrpodea.
The sweep coﬁtaining the noise and eignal "apike” is centered on-a true range
of approximately 500 nautical miles. The absence of any notioeable spike in

the upper trace (channel onc-5%00 cycles per secomi) indicates that the doppler

€hift is very near zero.

RESULTS

The range accuracy in Llhis system hag to date besn limited by resolution
0: cathode ray cse cscope spot alze and film read out, Although the theoret-
ical iimit 1s wboul vne mlcrosacond accuracy (for a aignsl energy to noise-powver
density ratio of approximately 100), the actual rcedouts ure 1nﬂicnt1ng about
L0 koo variaticing., Gouglaplilvei huuwiedge ol actual ranges is good to about
the same accuracy, 80 that t'ixed or bias errors are at least smalier than
10 usec.

The doppler frequency meapurements have variations -which nr« pcarly the
computed valuvas. The few test recuits indicate r.m.e. variations lusazthan 30 eps
for strong signnls}i Two system er}ors have appehred somewhat worse than antice
ipated, Firat, unequal gain in the doppler amplifier channels results in dop-
plér measuréicents biased as much as 50 cps. Second, at very low signals, the
envelope detection has introduced similar bias errors.

ADDITIONAL SYSTEM FEATURES

The Lincoln Coded-Pulse Syatem has a number of additicnal features which
should be mentioned, First, a hard limiter {limit levels set ai a fraction of
ithe r.m.s, noise voltage) is included in the receiver, before the matchéed filler. : !
It has been experimentally determined that such a limitier degrades detection
performance of this type syatem less than one db., It has the advantage or
keeping the lalge alarm rate constant, withoutv other gain control., In addition,

~61= ET Yoyg
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the iimitzdg reduces the cffe.ts orrimpulﬁe interlerence, .

In order to reduce the los2a in detectebility for signals having doppler
shifve between two channels, intermediate channels are formed by the artifice
of adding outputs from adjacent pairh nf the doppler channels described abdve,
These irnterchannel doppler signals ure combined and applied to a ﬁhreahold cxi#
cuit which will cause & systeam alarm when aciivatad. :

‘Bince many meteor echoes of shurt (one pulse) duration were anticipated,
the threshold circuits have been arranged to alaim only when a large sigial is -
preegent in the same 10-mile range interval for two of three cuccesaive pulse

intervala,
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Matched Filter Synthesis through Phase=Diywortioa
Netwoika -

by Steven M, Susasan
Melpar, Inc. Resstirch Department

Tha sudject 'ét, thas paper grew out of one p}aue ot a ytwdy coatract
° - t

pertormed by Melpsr for the Signal Corps Engineering Laboratorisa.* Broadly

‘speaking the problem is the design of matched tilters with nolse-like lapulse
Tesporses, -The topic will be Lreated im twe pArts: the tirst part zelating

te some geniral ideas which lesd to & ditterent point-ot=view or dsaign phil-
int;-phy icc jalters of thia type, anc the s=2cond pn:t wm with a specific
ieumnon which was constructed and tested in the laboratery.

A matched tilter 1s delned in the vaua! way & 8 ({1tav wines
impulse reqioue {s the time-rovérsa of the applied sigmal, or in frequeacy=-
dramin langsage, the matched filter has s spectrum which is the conjujate of
ihe migmpi mpecivim.

DES I msmmrms

. In our trestment we inclvde, in sddition to the matched tilter,
fhg gmratm fiiter, the one whoge impulse respomss 13 tEe desired sigaal,
in nho:t we are spesking of the situation pictured im Figure 1. ll:l is the

genegating filter or tisnmmitter dad "2 is the matched tiltar or receiver.

* A camplete dleocriﬁtion ot the system to wkich the methods of this papar
~weze opplied will be giver at & Symposiuwi ou Blectromic Comnter Coumter~
messures to be held at Rome Air Developmeunt Center ian Uctober 1957,
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(1)
MG = A (W) e 1820 ’,
- Matched Filter Conditionst
) . : .1@ " A (w)
(2

Ez(u) * Bl(u) a T

Pigure 1

The trans sr fwmctiem of ime two filters sre demoted s inm equation (1), Iu
order te satiefy the coendition thae H.‘. and H: be conjupate, we require the
relations showm im equation (2) tor the sagnitudes and phases., The uagnie-
tudes of the transfer functions sust be equ2l, and the én: of the phrses is
& 1{near funtiom of frequemty. The 'l' in the last expression corresponds to
the delay of the gystem which iz mecsssary to inmsure realizability, It is
apparent frem this that the two networks -tnkeu to;ethe.f axe nothing mere than
& delay-lime whese plmge checacteristic iz split betwem Nl. and N_ 80 a3 te

3
make the waveform Detween them bave the desired noise=iike property,

~7hs
517~ Go4§
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Tbis brings us ';o the next point: thé question ef how to define
"noise=1ike™ in terms which can lesd to nem:it d.euiim lpec"ﬂ;fi.cltion. We
'find that & very useful apptoach is through the TW preduct, T being the
duration amd W the bandwidth of the siznal, since this is the figure of
nerit of the pulse compression s_vsté_-s we'te desling with, In tyimg thé T
and W messures to the transtet fupcilon of the filter we make use of some
work of P, M, mm on time and froquency iesolution, We employ as a
massure ot bandwidth the inverse of Woodwerd's time resolution comstaat and
as & medzuze of duration the inverse of Bis tregueacy resclutien cemstaat.
For the bandwidth measute -ti‘le pertinent relations are given in cguations (3)
and (4), ¢ (%) is the auto-correlstion funcilon of the impluse response
n(t) oad 43 nlso given as the Pourier tisnsform ot ]H(Ju)lz. The eftective
handu dth uo in eauation (4) i1s seen to be iaversely relnted to the width
of the corselation function, simce @ (1) is normalized to make $ (o) = 1,

W, can be expressed in terms of [HOIW)| @2 4n equation (4) and frem this we

v
b
']}

timd, meting use OF The BOrmIiiZATION. TNt W i3 v weximac whed [A{ 5
flat over the svaiiable bandwidth, In terms of the networks l'l1 and "2 this
maximiration condition requires both magnitude functions Al(u) and Az(:n) to
be constants, i.e. the filters sre allepass., ' '
As for the measure of duretion agustions (5) and (6) pertain,
The complete pazalleliam with the tandwidth measure is imscdistely evident.
Y (\) is the complex suto-cortelation of the spectrum H(jw) and '1‘° is an
inverse measure of the width ot l“' (‘:\'.lz_. Bquation (6) states a relationm,

0

whose proof may be tound in refercuce i.ap which holds ounly tor nsise«like

SV Go4¥
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impulse respenses, nnely ﬁut’\k (?\)'il&pptux!.!&telr equal to the aute~ '
correlation fupctiem of the real part of;H(Ju). éonuequently we can state
that the duration T, will be meximizad when W (\) decays rapidly and remsine
. small with incressing 2. This cenditien implies that Re H(ju) be » "broad-
_tand® feactien of . | '
Wa are aow in & position te specify more precisely what the net-
works N, and N, snould be, The All-pass condition has alrendy been memtiomed,
Using the flcf fhlt Re H(Jw) = cos 8§ (u), the -w_ condition on Re H(jw)
ez B2 3¢t Uy makiag the phase a non-ligearly increasing functiom of & over
T the fregwmncy bRad of imterest,
In order to get s intuitive picture of these ideay, Lot us consider
a very special phase charscteristic for N,, & concave upward curve &s shown
im Figure ¢t then, im order to satisty the conjugate relationship, "2 megt
have the coucave downward characteristic whicn makes the iz of the two equal

to the linear relation giving the Arlav of [he nerwa=¥ke  The S-tuoh I‘l ia

8

g |

Figure 2 Matched Filter Phage Charscteristics

TR
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cxcited Dy & nArrow pulse which contsinsg all txequencies ot interest in
cosentially equal proportion. Recall now that the slope ot the phase charac-
teristic at & certain freﬁuenq equals the delay of the ::e’i;uency group which
is & marzow band ot fzequeﬁciea located at that point. Therzefoxe, for the
concave phase characteiistic the law treguencies Are very ii;;tle dalayed -
whereas the higher frequencies are more delayed. This re‘mlu in an M

type of ispulse respouse. Conversely tor tm_z network Nz' the low freguemcies
are delayed by utger.-:;mn than the high ue&i\:eﬂueo and consequently the
enersy is compressed back into 4 puise, in t;t'nez moads Sh astuory !!1 areande
the emergy of the pulse out in time and the network Hz brings it B&Ck together
dgain, By changing the phase characteristics of the network to & differeat
nop-linear form ve merely change the order in which the frequemcy groups
appear in time and by making thie order rsumwm we gob ihc cffact ot & random
wayeform,

anssnl aniioach t3 the design of the matched tilter is im
teris of tmilding-block networks which are cagcaded to form the filters "1
and Nz. We find it convenient hereafter o sﬁeik in terms ot phase-siope or )
delay rather thaa phase. The tirst graph iu Figure 3 shows the phase charac=
teristic of a typical component neiwork section, The derivative of phase or
delay is shown in the second graph. The buildang-block uelworks aze ali~paas
and they differ one from the other in that their delsy Characteristics age
displaced along the frequency axis, In cascade connections transfer functions
are multiplied and delays are additive., By adding a sutiicient mmber of

delay curves ot the forw shown but shifted in trequency ome can build & mearly

ST fed ¥
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arbitrary delsy tunction in tl.}.te: R'l. n', tor en_npi.e. in the th&.rd_gnph._
Filter H.‘l then includes whatevyr sdditional component networks are mmiﬂd:.

to make the overall delay unitors over the band (_i'f ﬁte’:est. It IMM be
moted tiat the building blocks mesd not be made All of the sime forminl- »
Vthcuzhr it Ry b2 convenient to do l‘w:'il brtcuct;. what is :equ!.ied h suffi '
“cient tiexdibility ia thwe c-po-ni; networks to build up co-pncuted 'dcuy
tuactions 1n N1 whick cﬂ} bs compensaied ln "z to yield a muan:x delay.

Sevaral othar [oints Are worth moting trom the lower graphk, Furst,

| ]

£t eap b2 maen ther the ussiyl durstinn o Tut zimal i plive

(L]

ihe gue

by ths
range of the delay curve i,e, the distance between {ts marismum and minimum
points. Secondly we tind thet the actworks act .3 mmtched tilters tor s

7 limited trequency ba.ld only ss indicated by the constant portion ot the over-
all delay curve, With this design wmethod the delay will always dzop near the
edge of the band, Mn:. since the filters are tu-ptsp, freguencies within
A8 well t; outside thd [and are passed without attemuation, Therefore, in
order to make thc system optimmm in the presence ot noise a l_}nrp-cut-off

1.

fllter covering thy band of constant delay must D inserted,

EXTERIMAMTAT. MATCHED FILTER

7 We now turn to & particular reslization of the filier which was
comstzucted and tosted in the lsboratory. The metwork design 5s bmsed on
the array of poles and zerces shown in Figure 4 which represents az all-pass
delay~line, The system is sll-pasa since poles and zcroes are equally spaced
from the jawaxip, and the phase {5 essentially a linear functionm along the
frequency axis, The building blocks in this case are the networks which rea=

lize 8 guadruplet ot singuwlarities, tor example, those circled in the diagram,

B
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. It turns out that the spaciag betweem singularitiea along the jaxis is

spproximately a.x’.—.so that the number of netwoil sections required is of
the order Wr, Bach quadruplet can be realized by an all«pans conatant -
regiptance lattice or one of its equivalent torms as shown in PFigure 5,
These nem:ti.x B4y be cascaded dirdctly wiihout buffer stages since the
constant-resistance iaput impedance of one forms the load :ee..l._ntucc of
the preceeding networX, In our e;perimental model we used the first
bridged=T sguivalent form since i:i;. bas only two coils aad no mutual in-
ductaace. ' b '

The #pcrhnt.tl. nodel was tor a rather modest TW product of 353
a delay of & nilliseconds over & Dand-width of 1 to 6,5 kilocycles. Operatium
w3 untriticd to this low treguency raage tor :elion to be discussed latez,
The t1ltet wis cometxucted with toroidsi coils and plastit ilm caplcitors
of 1% tolewmnce, and no provigions were made for sligning sections after
a3s2mbly, 7

A set ot toggle switches was provided fcr switching each o_{ the
bridged-T sections either into the transmittring or the receiving filter,
This made it possihle to determine the variation of the wiveform between the
two filters 88 network sections ase switched back and forth., The photographs
in Pigurs 6a show the type ¢f waveforms that were obtainad, These wavaforns
were not hand=pleknd, but were selected by & random procedure,

The appearance of the signals is noine-like as was anticipated,
There is 3 tendency, however, tor the envelope of the waveforms to peak in
the center of the interval., This ia & result ot the random selection proce-~

dure which mabss Asrlays nesar the halt-way point of the overall delay the most

B8 3e

SECRET

S7- 9oy g




"SECRET

'» A—-—‘J!?W—\—-——_ 1",
. L -
\(\%l_f’? /’
t'/’ N
-
TN
”
’/, \0
o V- i )
LYY
QO ‘[ -0
—
! Q)
YYD ~YYS

° L o

Fiagure § Lattice and Bquivalent Netvarks
. =8l

S7- Jeul

SECRET | .
|
| |
“



P

et ol e

: Figure 6a. Figure 6a.
. ' . Typical Waveforms _

[EERUNE N N

Figure 6b. Figure 6c.
Co Output Pulise
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1ikely., Im Piguru 65 and 6c we show the output pulse -fm:the filter,

" vhich, of course, is independent of bow the metwork sections are &at:ﬂ:uted
between trammmitter and r,udh:. We aee here the effect of the imperfections

im the matched filter which were mentiened esriier, There is both & high-and

¢ lewefraquency ripple precsiding the wain wtni pulse, This is duwe to the
fact that the delsy drops Below the design valwe near the edges of the pess-
Saed, .
Figutes ¢4 and ¢¢ ahows the swiput waveform -hn s oimmatched i
is applied to the receivimg fiitex. In Figure 03 ihe missatched sigel wes
espacially selacted to give amall output peaks, whermas Figure 64 saows »
missstched output tor which the iuput waveform whs selected at raadou, The
input pulse iato the traammitting fiiter was beld constaat during these tests,
thus permitting & dirsct smplitwde comparison smong the waveforms of Figures
6c, 64, and Ge, ' ' "

Tt wnuldt ha Asairshle for man® reasons 6 opetate a .aystm of this
type &t higher frequencies rather tl- in the awdio rangs. However, a limit-
ation is imposed, in this purticwlar desigu at zny rate, by the incidental
uuip&tla.h the crouo. To see how this comea sbout let us refer to the
pole~zero configuration cf Pigure 4, Ideally, the poles sad zerces srs equally
spaced from the imagisary axis, Howeveg, the inevitable logses in the cempen~
ents will cause s shift of the pole-zero pair to the left by aa amount yrop~

ortionsl to the frequemcy divided by the Q=factor of the “u', This will

futroduce a dip i3 ths smplitude curve of the network section &t the frequenmcy

of its singuiarities, thereby destroying the &ll<pags paturz of the filter,

~ffie
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Prom the coujugate couditions on the mmplitude, equation (2), we find that
the effect works ia the opposite dizection trom hat we desire of a matched
filter, i.,e, At the uccums ead we atienudte those spectral bands which
are accentuated At the t:ﬁ-i:ttu and viceevessa, ln the-p:eunt design
the only way to sounter this difticulty is to éplo’y colls with as high a
Q as posaible, The frequency limitation comes in because the Q reguiramest
goes up in directiom proportion to the frequency. We ne. now operating at '
the Limit ef the state~sfethe-art iz ﬁu-q at 10 !c ibum the same
shitt is the pole-zery pattern at 100 ke imblies & 1} ten times as great,
whick is prasaatly not obtainablez.

-1a order to apply the pmase—iistortion design procedures to an
Sititedsy leceygueney—vend, GAALULEUL UULIGING Di06ks @ust O d'é-‘ic‘r.;v,}f;d. Tuere
Are two directions in which thic cka go; the first is to tind compoments with
low losses sucn as crystals or territes and determine {f (t i» ;;oss!,ble trom
these to dexive a bu:..ldiu biock with the desired p:ope:itinr,r l.na the second
is to design building blocks in such « taghion that the losses appear as »
tiat attenuation over the whole band ot interest without ithe dip previousiy
mentioned, We are investigating these ideas turther so as to increase the
usefulness of the phase distortion approach.
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THE USE OF PULSE CODING TO DIGCRIMIRATE

AGPIIST currTaR® (CONFIDENTTAL)

Roger Nanuasse™

ARSTRACT

This paper considers the use of pulss coding (or pulse comprension) in
radar to obtain improved detectioz of targets ir clutter. The moetiifuul
of this technique dapends on the differing spatial characteristies of the
target and ciutter iZ contrast with ine usual MT1 which depends on thi
differing time-varying properties. VWith the araumptions of a sixple
clutter wucdel and as appraopriately optimized r?-:elvntr, and witk 224 pid of
!;ﬁwn raavits in datection theory, atn expreinion is derived for ths single-
pulse detection capability cf a ra.'hr cperating Lo the pressace of both
clutter !a.nd. edditive white recaiver f'nm se  From the expression ’xrt- {a sean
that Zetertion nerformance ia gizuiv reiated ra vhe amestrm nd tha
trenmaittod sigoal and, generally speaking, :mpiuves as (s busdwidsh af
the transmitted signal is inczeasad Rasults for clutter noise only or
receiver noise only sppear as special cases. The iqplicatianﬁ of these

results for pulee coding (or pulre cmpression) in radar ere discussed.

¢ The research in thiyi document was asypported jJoirtly by the Army, Navy,
and Air Porce under contract with the Messachusetts Institute of
Tschnology.

**Stars Member, Limcoln Laborstory, Massachusetts Institute of Technology.
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I, Imtroduction S

Before proaeediué wvith a thecretical discussion ot -rthe-agplicabiuty .
of pulse coding to cbtaining improved radar detection of targets in
clutter, let us coresdar hriefly the conpection betvenr the terms "pulse
coding” and "pulse cmprcu-in::." |

For t‘rdh.r receiver operating io the preseaceo 4-:2 additive vhit.
geussian noise, modern statistical detecth_m theory indicates that
optimum receiver performancze can be obtained with the aid of a linear
filles whill ie @aiched V
a8 unit impulee response vhich is simply a time izverted replica of the
1,5, 3.

expected radar returm. The signal =(i) apd ocise are fed into &

matched filter wsith unit impulae respons=s h(t) = a(? - ¢).

—
MATCHED FILTER
—— M nit) = s{T - ¢) >
() s ross] g i)
Ln\:; - Qi< R
Pigure 1 )

T 1s an arbitrary time delay factor chosen so that n(t) satisfies the

realizability condition
hit) = ¢ ter ¢ <0

In the frequency icmain ¢he fiiter response 14 given by tha expression
showu in Fig. 1, vhere E(f) and 8(f) are the Fourier transforms of h(t)
and s(t), respectively. Then the output o the matched filter y(t) s

equal to the convolution of s{t) with h{t) plus & noise temm.

:
A

SECRET -

Go 48




CRET

y{t) = fl(l)h(t - r.)d~ + 00188 = fa(z)n\!' -~ t + z)dz + noise

- . -t
w (T - t) + noise

vhere 2{+) s the autocorrslation functiom of s{t). Detaction is
performed at spproximately time ¢ = T vhere the sigoal awtocorrelation
functica st the owtyut of the filter reaches .mi peak.

satched W a delayed Feplich of lhe treamitisd sigual, ne signal

pulse at the output of ihe matched filter will always be the auto-
correlation funsticn of the tranimitted sigmal. If, for various resscans,
wu desire to have (mﬁm)nmi‘mﬁmﬁi&h
short compared {0 the tranmmitted pulse length, (t will be necassavy to
code, i.e. smplitude and phass modylate, the transmitied pulss in order

to increase its bandwidth appreciably beyond that for the wncoded pnlu.i
Pulse coupredsion, & term taken to refer to a process vheveby a nlat-ivc]&
long lov amplitude pulse is converm to a relatively s high amplitude
pulse, ik brought about a.ﬁtclnticm 1y bty the matched filter iun the
transmitted pulse has beaen coded. Thus, for our purposes, ths terms
"pulss compressicn” apd "pulse coding" are synonymous and the terms cma
be used interchangeably.

.Retalung that the autocorrelation function i1s the Pourier treansform of

of the signal soergy spectrum, we ses tha: the requirements on the shape
ofmmtpﬁwllecmmwledmtmornwlmmm

0f the signal esnergy spectrwm.

3]
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A mamber of posaible sdvantages can be cited for the use of pulse
compression or pulse coding in radar. Among them we.have
1. Increased range capability with the use of longer radar
pulses vhile range sccuracy and resolution are maimtained
or improved over that attainshle with a short wmcoded pulsc.
2. Incresseid capsblility sgainst jamming.
3. Ipcreased ability to maintain 2 constant false alarm rate

ip the receivar.
L, Ard, in curtain situatinons, eiren tha ahility & Abkain

reduced receiver cm:plexf*';* whan Arecisl typea of pulse

coding are used.

L TS A A ) -~ - » - ) - - . . - . - - -
AdAla B FITI3A R s A A W L1 REsdssr T W 0 s, ss EAGSTE e Mgt E G 0w X3 S0 pITE UE} ViR TS n-‘g’}']!‘!!"
- "

clutter through the use of puLsé :?(lnl;ré.nniu.u. thc.h is the subject pt‘thin
paper, was suggested to the autbor by Dr. Robert P. Neka of the M,I.TP.
LiDCOLD LADOTATOTY . -
II. Analysis of the Problem
Let us novw consider a conventiiona.l pulsedrrada.r in which the doppler
shift on a single radar pulre is negligibla: That is, the signal pulse
reflected fram a point target is Rimply n Aslayad and atteanusted version
of the iransmitied pulse. On the sweep return from a single pulse, then,
we complotely ignore the time-varying properties of both the target and
the clutter. Following the procedure used by George,h the space surrounding v

the radar, appropriately weighted with the antenna besm pattern, may be

SECRET AR
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considered as a linsar f31teé; shose transfer characteristic is characterized

by a unit impulse response function vhich is depoted W{t).

-

u(t)

BPACE
wWit)

Figure 2

The transmitter generatus the tranmmitted pulse, denoted u(t), which is

en reflected fram objects in the space purrounding the radar. This

process is equivalent to passing :{t) through the filter W{t) to produce

the reflected wavefors v{t) vhich nresents itself to the receiver alams

with receiver: noise, where v(t) is given oy

We can imagine, without loss of generality, that u(t) is gemerated in the

tmn.utter by sending a spi:ke or d~-function into a filter with impulse

response u{t), apd the above block diagram is equivalent to the following.

u{t)

RECEIVER
J oise
W) —l‘ﬂ——{ RECEIVER
Figure 3
-y lm




Because the frequency respouse fuacticn of the 2irst two Yillers taken
in series is alnply the product of the frequency nlpomo.t\nchm Lor
the w’ﬁu'ntle filters, these two filters zAy be Lntorehugéd. without

Rl

affecting #(t).

r-—-_ —————

___‘."_(.ﬂ__)*- wt) Y3 N mporrvm
g i -
R L
Figure &

In ordm to procesd further we must asgume a model for the ~lutter

setuwn  Ua asmwa PAr tha rurnass nf unalvaeis that the ciutter coasists 7
of a h.rue rarziizaly d.'.etr.ihutéd ergemble of very sx=ll iwndependent point

scatterers. That ia,

Wwt) = IAa(t - ts) + E uke(t " tk)
- & .
8ignal Clutter nolse
tera tern
The first term is the rcoporac of the zoint target to a trm‘ltmﬁ
8-function. The amplitude A is finite, correaponding to the fact that
the cross wection fs finite, while the time delay t' measures the range
of the target. The necon! tirm representa tha clutter response to a
B-function und 18 a wem of arpropriately amplitude weighted apd delayed

B-functions corresponding to the point scatterers of the clutter model.
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'fhv_e l.“'l and t..ﬁ‘u are taken un be independent. random variables. Consider :
aniateml of range, sufficieztly smeell 30 that the inverse dourth povar '
of range amd other geametrical faciors can be mnom acrou-‘_ the interral.

Then the S" are uniformly distributed acrons the wterval. latiing 'our

model for clutter spprosch the limit in which the dir.tribu*..ioﬁ of tk’s -

over the imterval is infinitely demse And the .\k'a'm {afinitesimal, we

obtain » pvacess vhich la, mathrmatically, emctly mlngonlto mm

etféc‘a’

Thus, the clutter noise at the input to the filter u{t) in
-Tig. b 13 equivalont to white gaussian noise.
Then v(t}, which 1s the sutpit of the ul+) filter ard {a the wedsage

preseated to the radar reseiver, i given hy

“w{t) e Auly . *B.‘ + a2 (+)
. N~
Signal clirtter

noise

where nc(t} 1» the result of passing vhite gmmsian clutter coise through
the n("-) f{lter, Bacovme the uf+) Filter han a u'pect;ra.l trarsfer function
given vy |0( r?.|2; (%) {a aim'y cnlored gausaian poise with pover
spectrm lc(f)r which ﬁ properiionai i loa elergy spectnm of the

%
treomiiited sigrai. That (=,
1 4
w(r) = cln(£)]

where ¢ is a proportiosality constapt vhich depepdis ou e iatensity of

the clutter. Adding the chlored noise from the clulter L0 the additive

| J -
Thia fact has heen poted by Laveon and Thlenheck, refeprsuce 5,
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vhite gaussisn receiver noise with noisa power per cycle K /2, and noting

_that thess tvo noises are indepandent, the _relult is colored gaussian noise
.with power spectrum N(f).

. ‘ -
Be) = 2 ¢ clue))?

The prodblam preuented to the receiver is that of detecting the
returned radar signal Aw(t - t..) in the pres_e';ice of colured gaussian noise.
Dwork’ and lates George" _ihave indepandently cxtended mignal detectability
theory to include ihe ca.n» of & knovn riml"’ {a colored ngnhn 20484
If 3{i} 1s We voliage spycirum of the sigonl wod KL} ie the pover ipeclive
of the polse, ihey have shown that the trazmsfer fuse'ionx of the optimuk

filter 1e given by

S ' s'grEe"'-’“__f
W (€4
whare T 18 a conveniently chosen rime de..l.-ly‘ Kbt.elrt.hat in the white Ib.i-lc
ease W(t) is & constunt and the nbove expression becames the transfer
function o1 *he usucl matched filter. Ghe abové tiltor iz really the
generalizativn liai' thé antched fliter to ths colorod meise case. The pqék

sigonl -to-noise power ratic obtained with the above filter is given by

y 2
o B{r
("’/u’opt * f Jﬁ&";-l- af

For our problem ' .

b -]

s(e) « /-M'\_L .

o

-2mift

e fTIY S0 . U (f)e 8

- it

SECRET 7 #°%¢

|
z_




" SECRET

I8(2)12 u APfu(n)|®

Also, recalling that l(ﬂ = - "+ elu(2)|? am smutm;su in the above

e:qu-uion. ve hln

f (o(g) 2
-_" 4 ¢|U(1'H

(mbt-f
fos quantity (B/l)m 15 & goc_n-me of the single pulse dstection
capability which is available from the optimm rsceiver.” ®herefore, iz
order $o maximize the detection capebility ve must choose the parsmeters
vi e TeGAr SYBoWwe 0 ENiieiee (5,'.‘;@1;.2 The constants A asd o are
determined by the maturs of the target, the clutter and the geametrical -

parsmaters of the gystas. Iz this discussion ve essumw thmt these 7
rarsastars are ot at our disposal,

*yor an e...cu,, “xasm gdgnal, P ® (probability of dstection) cersus Pr
(probability off false alars) crrves given in reference 3 cam be used

it one replaces al_/l,_, (B/I,m. In practice, the retwmed radar

slgaal s mol exactly koown because of vnknown parametiers such aa time
delsy. Yor a given P these unknown parameters have the effect of
increasing the false alzam rate by an smount vhich may depend on the

shspe of tranmmiited sigual waveform, lowever, for the level &t which
nost radars operate the increass in false alam rate introduced Ly

ihess ymiopovn parameters doas not seriocusly degrade the signal dstectabllity,

il
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It 1s of ;.r.‘-«futf interest to determine e dependance of (B/I)m on
‘T(L), that is, the dapendence of the u.pq}_mmmw on the tranmitsed
sipmal waveform, ﬁeﬁ are ‘seversl conc)usions vhich are immedintaly
spparent fium the sxprassion ro;f (s/x1) apt’ '
1. V¥hem no clutter i pruait, that i vhen ¢ = 0, (s"./!i)‘wt
depends only on the ratib of the signal enargy to aoiss
pover per cycle at ths r_;:aivar. Thevelove -'wa bare the
vell-Xown result that t.he drtecticn capsbility depands
only ua the soargy ot the tnn-nw.‘. putme 25l Wb 23
‘4%p ahapa, -

2, In the limit where interaal noise is negligible, that is
whews X, = 0 (ar vhers the clutter return overpovers the
receiver noise), the integrand 15 a constant and (B/l}m
depends only on the effective syates bandwidth. his

227t hes Yoon naintad cut by Georss snﬂ nrxmu."'e"

In particular, the detectability does not despenmi on the
traamaitted pulss energy.

If there myv wo reatriutisss ¢u pulse cnergy and pulse hasdwidth,
1t 1s also clear fram the above expressicn itat (sju)o"t can bs mads as
largs as ve plsase by choosing {U(L)|° 4 Se sufficiently broad and flat
versus rnqunq.' For the pwpose of this analysiv; Livevar, itlie

a
This conclusion depends aritically on the clutter model vhich has 3 )

been aiswmed. In & practical radar situation the conclusion may not

Liold because of the 4iscreta or granular nature of ths clutter.

=28
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regairemonts on the ships o0f the traammitted puise can Ve derived by
maximizing (s/')upt sbject %o the requiresents that the puise energy un_'
pulse bandvidid are fimd. Tt is, | -

f u(t)adt_ - f|u(r)iza.f » % {a finite ecutut)

-
and
- < - -
u(ze) 0 naless £, rsra or ras < z
vhere At = f, - £, 18 called the available system bepdwidth, The

uxiniz.atia of (S/I)m is & struightforward problass 1n the calculus of
;;a:':'.:;'.:.uaa_mcn FROLAE B eIy sz.-—.p;l.e AERdhb.  Ib w- bisnd Lhe anm:tr\-

. of the transmitted pulse should be flat over the available fieqamcy
band, ' This result 18- Undependunt of the constast ¢, amd henos 1s
independent of vhat frectica of the noise is due to the receiver and

what fractica is dis to the clutter. Thus, j.'a travwmicied puise vhich

has a flat spectruk cver the:available systas bandwidth is optimm under
the assumed zﬁmuw'w at short ranges vhere ciutter notee Semds
to predmmigete sad at long ranges vhere therwmsl noise temds to prodosginate.
Parewthotioally it may be remarked that the requirements wvhich bave been
derived on the spectrum of the transmitted pulse are identical to the
roquiremeats vhich vowld be derived by ainimizing f o{t, %8s, the integrel
of the aguared sutocorrelation fumction, subject to the seme restrictionms.

iy T
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The optimized pulve enargy specira }U(r)la skouwld theref;iru c;at-iur.?_\:

B/ 2t tor £ in Af 2 '
2 -
ju(£)|® = ‘
0 q:;.h'frvine j

Substituting this in the expression for (S/M) _ -we obtain

(5/!)01,.‘,# - -,';‘a:m

The opt,opt denotes the fact that S/F has been optimisged Loth with respect

apt

to the choice of recciving filter and ahape of transmitied vaveforn. Prem
this expression the desirsbility of hevlag large AT in order Lo minimirs
thy effsas, of.e.lu%,tar poise and lavae B to minimizc the cffect of yecaivsr
noise is evidapt. Por I pulse radar vhich is pesk power limited E vill he
proportiomal to the pulse length. These two requiremsnts, .'Ln.rge rysiem
canividib emi iug puise ieusii, ieply Web W iaumsallied puiés duouid
have luarge tm-Wudth product. In other words, the tranmmiti=? pulase
musl, be coded or phase modulated to produce & itime-bandwidih pmdu_,ct
substantially greater than unity. For the optimized pulse energy spectiim
the returned clutter ucise specirum a8 weli as receiver pnise vill be fiat
over the signa) bandvidth and therefore the optimm receiver filter must
he the ususl matohed f1ltér vhich results froaw the assumption of vhite
guussiap backgrount noise. One sigea) waveform which approximately
satiafice the optimm ponditions derived here 15 & pulse with rectangular

egvelope and & carrier with linearly sweapt frequency, vhere the pulge

lenmth =3t framency ewaep ars moch that the time hapduridrh product of the

ey

pulse is much larger tkan one.

-l Cl:)-
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"It 1@ of interest to ask viax are some of the bosic limitations ou
the pulse codlng or pulse compression technique ¢4 & weans for obta.in:ing
improved detection of t&ntl in clutter. Aside lrom obvious practical
difriculties associated with obtaining tranmmitting and receiving electromic
mummmm, m:..-ebutc imitations
uummm«auw&umu—nm. The
inhsrewt sremlsrity of the cluttar which cur model does nok take imto
sosowst will set & wper bowsd on the symtem basdwidth &F which omm W
wilised in the discrimiaation sgainst olwtter. Por finaly divided spd
rsadomly distridutad types of clutter sush as precipitstion {uatau-
mm)mmw;m&wﬂummt- lurgs, trut
o merwmh alubben, which 42 24 23 2l Sobavid  lLecmass ul e preseoee
of large point scatterers (large rocks, cliffs, buildings, watertowers,
etc.), the useiful Af msy be much smaller. A second limitation on Af {p
due o tae i8CT VANL TS TAFEEU 1USGLT 18 Dot & Point, but is actvally &
distributed luttcrcr.- Reascuadle target dimensions suggest s useiul
systes bDandwidth ia ths vicinity of 10 me.

Vhat sbout the coapatibility of prise coxpression techniques with
pulse-to-pulse integration technigques empioying NTIT Providsd that zhe
pulse ocoding does not chasge from one pulse to the next, pulse phase at
the output of the matched filtar ramains & wll-dsfined guantity which
BAY Do comparsd on & pulse-to-puise basia. Thus, in principle, pulss
campression and MIT are oompatible. In pulsed doypler systems range
gating or sampling followed by filtering can be axployed at the output of

~m

e o
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the :uteh-n txlter, but the swiosr ot sange prootlainc chunncll vill have
to nrrew mrommtoh to thn -ﬂocttn mmber of ﬂulnblo run
istervals. m greater the bandvidth of the transmitted pulses, the
;ruter.th the mmber of range processing chauneis. Thus, as &
practical matter for this type of data processing, pulse compressios will o .
reguire increased recelver éunpln:itr- MTT schamwe e-plnyini tunqyullo
or saveral-yilse c-noollatian ard 1nt¢¢rnt10n should met ﬁsve o be
siznd N amarkly wodifisd 1f tha dalay lizes llﬂ:lllﬁﬂi!tﬂﬂ dlectrndte

camponents in eite ilﬁ’r)!@l'l'il‘ have ruificiemt bamawidih to nocommodste

the codod ypuises.

The wse of NYI and pulse ocmpression simuitanecwsly %o discrixinste
againsi ﬁuthr ms Vo présaat o fortuitour combimstiow: Yor semewnily
& type of clatter vhich respomds poirly to one techmique shiwld resposd
W1 to the other. For emmgle, precipitation or chaff vhich samrtimes
respatic pourly to RFT becaus of its UOE-tere velocity showlf respust
well to the pulse coding, ﬂumummﬁch, because of its
spatis) wropertiss, may respond poorly to pulse coding will respoad very
I, Bomeary

The type of clutter discrimination which we have discussed here is
obtalmed by virtus of the spatis) prupeties of the clutter rether than
1ts time-warylng jroperiles, 18 with WfI. Using  comvenient modal
spplicabile to fimely &istriluted clutter snd proceeding from svailsble

rebulti on the Sa%sciicn of & oowm 2igne) In cclored #amastan noine, we

Lszve get uwp sn expreseion for the ln&.to pulse detection cupability for a
=102
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raday operating in the presemce of both receiver noise apd clutter nolse.
Results for detection capability {n the presence of predominantly clutter
or predéninﬁu,v_ receivear noise sppear ar _lpacm cases of this expression.
From the omrus.ion we have seen that detavtion performanre is simply
rchtd_% to the spuctim of the transmitted sipgnal. BSubject to the
roquirtment of fixed transmitted signal energy and fixed systea bundvidth,

© ve huvs seep that the optimm mpestrum for the trassmitted pulse 18 one

vhish (s flat over ths svalleile syatem bandvidih and that this optimum is
isdependont of the relativ stremgth of ruceiver aad clutter noise. For
a radar vhose tranSEITSEr 1o pesk power simited, the lugical result of
thess comsiderations is & pvise witl 1a74e $imo-bandvidth product, i
Uklies s & Gomed PULEC. Ur Zavs zosticmwd thar ane manpon aF
spproximetely realizing the optimm pules spectrum 18 & nuq_u-ly swept
M pulse with roctaogular unvelcops and Jiqrse time-bandvwidth ﬁroduct,
lastly, it has been puintod out that pulse coding and NIl u:e m autualdy
exclusive raduy technigques. In fl&, vhen ussd together they should form
a powsriwl combinption for the purposs of cbtaining improved detection of
eugm; in slutter.
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CHIRP, A NEW HIOH PERFURMANCE RADAR TECHNIQUE
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Dntmduct;oﬁ

To achleve high range resolution in a conven=

« tlonal. radar, short, high peak powex pulses are required.
The generation of these pulses is a Aifficult problem
limited by practlcal considerations, It is believed
‘possible to avoid some of these problems by ¢mploying the
CHIRP principle, The range porformance of a radar is
limited by the alignal.to-noise capability of the system
and hence, is g function of the averige transmitiid power
and the receiver noise figure. In a CHIRP radar, & long,
relatively low peak rower, frequency modulated pulse 1is

- transmitted to ohtain high averuse powesr. High range re-
solution, comparable to a very short pulse system, is, rea-
lizad by collapsing tha recaived pulsc to a short durmtion
pulse before it is diasplayed in thé indicater.

The CHIRP principle which makes this possibije is
1liustrated in its simplest form by Figure 1. The lin=ar
framansy madulatad - ave ahown At the bottom of the fimure 1
is app.ued To & netw (rx wnjcn n=s tne uelly uepLcieu ab
the Lup of the figure, Thus inatant ancous frequency r

is delayed by,.tl, f2 by ta, eic. The net result !s a,n
output shown at the far right of Flgure 1. The original

=
405 pupiiiad s ..""” raen "”"'1'!1'*"9!'1 $nto s mhreret e, "‘l'?%::hf"r" Eriti—

plitude pulse,

'lhis principle and its rmificatiom can be
credited to masveral people., Among the early patent
holders are Mr, Amos Dickey of the Massashumetts In-
stitute of Tecnnology and Mr. Sidney Darlington of the
Bell Telephone Laboratories., Althougrh the principle
was conceived quite a few years ago, lack of wide band
microwave tronomitting tubes prevented radar spplica-~
tions from bLeing developed. rlith the broadening rc-
search activity on traveling wave amplifiers in the past
few years, radar-applications of the CHIRP princigle have
become & poEsibility., In mid-1955 Contract AF33(616)-2847
was awarded to the Bell Telephone ILabhoratoriaa to explore
the radar systcm applications of fraguency disperaive
techniques. This contract is under the Jurisdiction of
the Weapons Guidance Laboratory, WCLGG-4, at Wright-
Patterson hir Force Rase,
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Sirce the origination of the contract, consider- .
able analytical and experimental lnvestligations have been
formed to substantiate early evidence of the nrectical-
ty of 2 CHIRP radar systom.

Baslae Treory

The theory to be presented iz a survey of some
of the analytiocal work gone on thias project. It is not
intended to be mathematically rigorous aince a genersal
presentation of the prineciples involved, rather than the
pure mathematical mechanlea, ia thought to be more useful
to the audience. Also, mueh of the detalled analysis is
presented in the quarterly engineering reports prepared
for this contract.

If = frequency modulsted pulse which has the
characteristics shown 1n Figure ¢(\a), 1.€,, rectangular
envelope and linear frequency modulation during the palse
is impreacod upon the input to a lossless network which
has the characteristics shown in Figure 2(b); some rather
interesting and useful properties are exhlblited by the
network ousput'pulsg shown 1n Figure 2{c). Baslcally,
a1l frequencies contained in the input pulse have pad
TIEL1F pueptb ieballaiped sv wiav Wley bein W ewsa me
from the network a2t approximately the same time. Early
low frequency porticns of the input pulse are delayed
longer and are effectively overtaken by the higher fre-
qucnry porsions occuring later in the pu]ae. The net
batal il - I_ 1 hLY Ry ] r‘“l" nnr r“ll.ll Fl'l'll ﬂ Hll-l‘\l l'l- mue Lr\llﬂ{cerﬂgl\!
ahorter ‘in duration and higher in amplitude, Thus, it
is poeaslbvle to start with a relatively long frequency
modulated pulse and, alies pgolng through & pase‘- 't nei-
work, have a higher amplitude, shorter outr-.i pulse.
Soms of the 1nterest1ng properties of the output pulse
folliom, If the input pulses has & pulse leongth o2 27
microeeconds and a total frequency swing of A mega-
cyecles, the output pulse has & pulse length at the -4db

points of £ X microseconds and 13 increased in peak ampli-

tude vy a factor of ,/“!S . However, these characteris-
tics are gained at the coat of time or range side lobes
on the output pulse, It can be shown methematically that
the output of the network under the previously given cone-

ﬂ ditions takes the f'orm of 8inTAt . The first side lobes
TAt

on the range pulse are down 13db from the peak.
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The question arises as to whetlher side lobes of
this level can be tolerated and if not, what can be done
to decrease them. In many applicationg, 1t la importang
‘that theme side lobes he decreased &8 nuoch as possidble,
Therefore, analytical studies wers mide t¢ see what could
be done t¢ ceduce the side 1obes to a tolerable level., 1If
one recognizes the analogy between the rectangular frequenov
modulated input pulse which gives & 535%%2 output pulse and
the rectangular current distribution 1A an antenna which
gives a-ﬂ%-2 spatial far field radiation pa'itern: some re-~

sults of antenna théory ere very useful, Uaing this ana-
logy, shaping of the [requency modulated input pulse en-
velope should give & reduction in the time side lobes on
the output pulse, This haa been showr to be correct and
analvtical results have been obtained far varinaua types nf
shaping networkc. Thlg shaping Ccan be perioimed by pasalng
the CHIRP signal through @ phase esqualized lose network
elthar before or after it 1ip collapsed., Shaping widens the
putput pulss tut this effeoct is not serious for a side lobe
reduction of approximately 10db which i8 being considered.

A p0551b1e means of using the CHIRP principle
Jusl deec.iuod A0 phowm I bogure Thin A% & 8liplliled
Winck diagram of a CIOIRF radar uSIng an active frequsncy
nodulated gzenerator. The required frequeney modulated
pulse '8 obtalned by applying & Bhaped voltage pulse to
the reflector of & klysbtron or any other suitabic device.
Tna dainy amalizer is in the receiving branch of the
radar. It could Aalac include a shaping network. Thus,
a8 longz frequency medulated signal can be transmitted, and
a short video signal used in the display.

Certain system conslderations have shown the
active mensratiocon schimo Just 4dosorinad €4 ha undaain.
abiv for high resolution appliications, The following
method appeara to be a more suitable way to obtain the
recuired CHIRP signal for theee applications, 3ince the
delay equalizer 18 a bi-directional network, winal happens
if a shert pulse is lmpressed upon the input of the net-
work? As might be suspected, Jjust the reverse cf ¢ollapa-
ing oeccurs; the pulse is disperaed by the network. Thie
haa been shown both experimentally and esnsalytically. If
& short pulse i8 presonted to the delay equaiiscesr lupui,
the output pulse 1s spread out in time and possesses fre-
quency modulation. For the linear time delay network
already described, the frequency modulation 1s linear
with the frequensies which are delayed least (high fre-
quencies) occurring eariiest in the network output pulse,
This 1s Just the reverse of tne frequency modulated signal

w108
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;p:mvi.ously described 8¢ the collapsing network mu: lt be

- ultered to have »n gqual, but opposite slope.

A ainplizied evacen ualng pasaive generation
18 shown in the block disgram of Figure 4, The frequency
modulated transmitter signal iw obtalned by passing a
ahort pulae through a Jdisperalng delay network and after
suitable amplifigation, it.-ia radiated to the target, The -
refleoted signal 1z amplified and pasaud through & collap-

8ing delay network whose slope ia equal and oppoaite to the

transmission network's slope. After the eignal is collapsed
and demodulatcd, 1t i3 presented to a sultable diap‘uu.

System Status

Barly experimental work led to the conclusion
thaty preliminary results would be ebtained wore rapidly

‘Af the raguired CHIRP fmuﬁhnv -ld-d'lnl---\ wiommy e

generated in 2 kiystrop or alnilar veltn;e tunable device,
A Klyastron was chosen and werk went on to develop or Ldapt
1t for use over & 50 megagyole frequency hand. A klystron

oszillator was duilt whish, by using two coupled ocavities,
had a bandwidth of 4O some odd megacycles to the 0.1 db
power polnts,

The . rirut delay equalizer design was to have &’
deiay slope of 0,1 -loruaaoonds/izgnoyale with a bandwidth
of at least 10 lc;noyolen. Pravious design experience
indiocated that results would be obtained more rapidly if
the network were bullt in the wvidss fﬂ@qumnny band.
fonsaniuandly  ihae fl:ar AUTBP Z=ioe zquallizer had a 9and-
width of 18 nazacyclaa with a center {requensy oclose to &
megacysles. ‘la.o netwerk was bullt to permit early ex-

" perimental signal anaiyais, Subsequent delay equalizer

designs ocalled for a differential delay of 2 microseconds
over a 30 la;aaycle vand. The center froguency shosan in
70 megacycivue, Jeverul of these nelworka have been ngn
structed and tested,

Further expoiimontal and analytlceal work has
ahown that 1t is very difficult to generate a [requency
modulated pulse in an gctive device and retaln the sase
penter I'requensy each time., This is i-pos*ant bacause the
signal goes through a network whioch translorms f{raguensy
inatabilities into time Jitters by a slaping dalay with
frequensy sharncteristic. Numerisally, if it 1s desired
to hold ths output pulse time jitters to less than one-tenth

l(G=
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of the contemplated final output pulse length of 30 milli-
microseconds which would be obtalned with the 30 megacycle
bandwidth, the total deviatlon in the center frequency of
the frequency modulated signal generator ani the beating
oscillator muat be held to less than *22.8ke, To 2o .ués.
freqyency stablilities in the order of a few parts in 10

or better are required. To achieve this oprder of stabllity
it 18 usually necessary Lo resort tu high Q, narrow band
deviecrs which is dismetriecnlly opposed to our original aim
of wide band electrdnloc tuning.

Fortunately, there is:a solution wnich ham other
desirable featurea. The passive generation stheme pre-
viously described requires no bread band oscillatora, This
will e shown 1ln Lhe following dimcussicr. A pragtl.al
“CHIRP system 1s shown in the block diagram of Figur 5. The
shayt valma vsnd ¢85 Snive Lhe transmission dispersion “network
- 18 obtained Irom a balanced 1.f. modulator which has a

eryatal controllied 7O megacycie signal as its carrier,
After dlaperaton through the network and i.f. amplication,
the CHIRP signal 13 modulatced up to the mierowave lrequency
by 2 microwave single side-band medulator. This wodulator
-hac as 1ts carrier a asignal from an ultra atable microwave.

“nHAactllatan hnﬂm#*fnn b ARma f:-:\‘u_“\_d \"'o" OL“LE Lhe )

; upper sidcband 15 chosen as Lhe pgutput of the modulator,-
the sigrsl presented to the traveling wave tube amplifiern -
has a center» frequency of fo + 70mc. With the dispersion

netwerk characteristic shown, this sismal will he frogquenay
modulacea starting with high frejuencies and iinearly de-
reasing %o low frequencies. Thls is the signal radiaied
to the target.

After reception. the slgnal i3 amplified by a

10w nolse traveling weve ube &mplifier. fhis tubas 1a
deslgned Lo have & galn of 20«2540 and a reiiavcie nolse
figure of 10 db or leas. The received signs) 1ig then pre-

sented tv a microwsve single sidsband modulstor and 2ppears
at the modulator output as an 1,f., signal, The carrier
supplied to this modulator 1s obtailned by beating the

second harmonic of the cryatal controlled 70 megacycle algnal
with the ocutput of the ultra-stable microwave oscillator
whic ‘s at a frequensy of fo‘ Ty choosing the upper

sldevang, a carrier signal frequency of fo + 140 me 18

obtained, With this as the carrier frequency and the re-
celved CHIRP :zlgnul as the aignal input to the receliving
modulator, the aldetands will be invertced. That 15, the

=110-
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cutput 1.f. signal now hau its frbqucncies Inverved so that'
low frequencies occur first 'and there is a linear increase
in frequency. . .

. This permits the ¢pllapsing network to be similar
Lo the transmlssicon disperalon networxk. In fact, ¢he same
network muy be time shared by both branchea. After sultable
amplificaticn and detection, the ascllapsed pulse ia presented.
to the dilspiay.

Since all oscillators in the syotem may now be
operated at fixed fregquencies, the oacillator circuits may
be made narrow band and high stability may te obtained.

In -padition, the transmission and reception channels now con-
sist of passlve circults which.de not deatrcy the phace in-
formation of the signal; hence. the syatem can be made co=
‘herent by making the oscillator atabllities sufficiently
nign.

nesults

The CHIDIP psincipie hAaB been damonstrated in a
closed circult test., Tigure 7 ahows lhe experfuenial
equipment connections used to obtaln the waveforms shown
in Figure 9. ithe CHinY I',m. slgnal was generated with an
X-band kiystron medified for wide band operation. This siz-
nal Was then modulated down to a low intermediate frequency
and passed through the 0-12 megacycle delay equalizer whoae
characteristicas are shown in Figure 8. The waveforms of
Plgurc € have tho correct rolative ampiiiuden Fur a A of _
10 megacysles and a 2T of one microsecond. It should be ]
noted that the collapsed pulse length 13 approximately half . '
the predicteqd value obtalned from che theory. In the case
of equalization at low intermediate frequencles, the collapsed
pulse does not have enough cycles to completely f111 the pre-
dicted output puise enveiope, In this pariliculiar case, ine
Autnut pulae has a duration of approximately one-nalr cycie
of the center frequency of & megacycles.

~ Further network development resulted in the de-
sign and construction of two delay equalizers, each of which
has two microseconds of differential delay over a 30 mega-
cycle band centered at go megacycles. The deviations from
8 linear slope of 0.0683 microseconds per megasycle are less
than 220 millimic:ssecunus over the dealred band. The net-
works also have a2 fipt loss of about 36 db over the band.

=111~
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Mcore recent reaults have neen obtained with a
1ow npower experimental system utilizing netwerk dlaper-
alon. The experimental system closely resembles the
bloek diagram of figure & and employs two delay networksa
beth centered at 70 MC. The experimental system parameters
aret :

1. Radar Parameters

Transmitter Fraguency = 9300 MC,
Transmitter Peak Power = 1 Watt
Transmitter (Disversed)

Pulse Langth = 2 uyaet
Receiver {Coilapased) _
Pulse Length = 0,035 pyaec

2. IP Tolay Sevwurk fgeameters

CeritéF Frequanay = 70 MC,
Bandwidih = 30 MC,
Differontial Delay = 2 usec

The transmittirg and receiving delay networks are of
t2emtdnnl 305, cluvband iuversion is used to cbtaln
a sonjugate relationship hetween the two.

3rme of the experimental wavelorms obtained
with thia aju,un ar¢ shouwn in Fliuree ¢ through 12,
?inu.: Q{n Rhirrws 1T iy widoe F'-.-'.:-‘:C WoeUu LG MOdt -
late the 77 MC, balanced modulator in the transmitter.
The 70 MC. counterpart of this pulse 1s then disa ersed
tn the itrensmitting delay equalizer. Figurs 9(b) is
the rectii'ied envelope of the X-band aignal after ampli-
fication znd time 1imiting has been. pirloiwed in the trans-

mitting traveling wave tuhea, The aome time scal.e hiaa Lesn
used in Flgurca 9{3) ans E{t} ts emphagize the amouht of
dispersion {60 to 1) nhtained irn £kis syatem.

The low power experimental system Just desmerited
ia operaling in a laboratory which has a large, radar trana-
parent window which permita scanning of the adlacent terrain.
Plgure 10 1& a picture of the "A" scope video obtained when
the synatem 1s {liuminating a corner reflector target test S l
range. . The corner reflectors arc located i{n a radial line
centered at the radar antenna. Target separations as
small as 12.5 feet can be discerned in the plcture thus the
collapsing ig occurring aa anticipated.

~112=
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- _Spectrum weighting effects have been invdatigeted
both analytically and experimentally. A Taylor weighting
funetion was choaen for the system, Two welghting networks
have been bullt and %eated gqualitatively. The tvo networka
are designed to give 25 and 34db sidelobes respectively.
Figure 11 showa the effects of weightlng on the c¢ollapsed

"main bang". Flgurcl? shows the &ffects of welghting on

the radar return from the corner reflector teat range. The ..
waveforme corresponding to no external weighting are Included
in each flgure foir comparison purposea, Since the detector
used in these testes had a power law characteristic, no quane
titative comparisoris should be made from these phutograuns.

2 maximum range of 44,000 feet was obtained with the system
parameters previously given. The tapget at maximum range

was 2 medium glged water towenr,

o nMiemlm Mam Nummitmbe 2sib aswremndm mnmbd ihm‘nn
nuu.l.'uau chldbd M W MRS AW W APV W s WRRLES v it b

features inheront in a CHIRP system. ®*irat of alY' the
&Vdrage povwer, for a glven waveguide Lreakdown, can be
greatly inereased over a short pulse syates with comparable
bandwidth and resoclution. The aystem alsc has an advantage
over a conventional radar when shit »ulge. Jamming 18 con-
sidered. As has been ahown prevtouaxy. shart pulses dre
dlapersed by wie srveelviug aulay .'.i“u‘ah-.ac; wilin L seeuitant

- decreasa in amplitude. -

Qno;u_g: 741

Seenmal_én.nning ratin. and hanne ranea nnn.)ﬂ'ﬂrv

of a conventional radar is 1argely a function of the av rage
radiated power. To get mors range, the average power nas to
be increased. Once the limiting peak power is reached, the
only way 45 incroase the averaga power - 1f the pulse repeti-
tior. rate 18 held fixed - 13 to increass the pulse length
with a raauitant loss in range resolution dapability. The
CHIRP rader has the range capability inherent in a long

pulse - high average power radar but combines this with the
resolution capability of a short pulse system by uring
Trequency modulation,

A low power experimental radar is being built which .
will have a 2 (and eventuallg a 4) microseqond transmitted
pulse with 30 megacycles of linear frequency modulation., The
video dieplay pulse will be about 35 millimieroseco.ds long
in both cases since the video output pulse length is a
funttion of the amount of frequency modulation alone. This
results in collapse ratios of 60 and 120 to one.

~113~
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Thése collapse ratios are not thought to be the
ulvimate, kut as the collapse ratio incresses, component
tolerancea mount accordingly. Analysis plus experiment
will detemrmnine the ultimate limit; but for the »resent,
the coliapse raclos vbelng contemplated appear reasonahla,

In summary the CHIRP prirciple provides a radar
technique which permits the trans.dgsion of lunger pulses
with the pfesultant hlgher average pOwer bul retains the
resolution capabviiitles of a short pulse svstem through
“he proper use of moderate amounts of fregquency modula-
tian. This technique also has inherent antil-jamming
featurea,

ALL,
Figures 1-12
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" PULSE COMPHESSION AT 8BaND
by
00_’ P. Ohoan

‘The Badd¢ Divisiou of che Naval Research Laborn.bory has built a
number of experinentel high resclution radar systome utilizing pulse lengiha of
the ordar of 10 mililwmicrusecomis, 4 morious limitation nf these radar systems
has beun their relatively short rauge resuliing from the lnability to generate
high pulse energy by convantional means. Consoyuently, we have loocked to the
pulse--tompression method with the hope of increasing the pulse enargy available
in the very short r-f puls¢z we roguire.

Before dazeribing our wxperimentations wilh pulse compraaszion it

- would, perhuf#, be useful as a background to mention briefly soms of the perti-
rant chocsstaristics of our radar ayitéms, eepseiglls with regard to short
pulse generatlon and pulss power. Syatems have hoen built at 3.2 ca, and at
8,6 mm. AL Both wavalengths the primary signal source was 2 magnotron, Two
mathods of short pulse generation have been used. Tha firat is dirsct modyle-
tion of the magnstron iy a short video pulse. Ouly « few magnetrons were found
with sufficient bardwidth to be modulated successfully by a 10-ailiirderosecend
pilse, Among them were the 2J424 at 3.2 om, and the 5789 at 8.0 mm, Peak
power obtained was between 10 Kw and 20 Kw at 3.2 cm. and about 30 Kkw at 8.6 mm,
widh nenpnos PINGIS U8 Vv waded Wi widy @ Wekbe A awcond metnod used succhds-
flly to obtain a short r-f pulaze is pulse length clipping %y gas tubes. The
requiremant here is an r~f pulse with a »=ry rapid rise, Gas tubes placed in

© wavegulde permit oaly the lsuding edge of the pulse to pass through before they
becoms iczized after which they greatly attenuate the rminder of the pulse,

. k"h’wﬂ{""h‘ﬂﬂh..pnnﬂ :\11-5-" }::.'.'3 “.,_." -r ; n‘-uumi at, Wat .-ru uc ch..: p:ﬂ::: -

about 100 Kw. Although an imsrovament over the direct sodulation msthod, thc
inorsase in peak and average power obtainod by pulse length clipping is not very
grsat. LEven if highes peak powers were obtainable by tiue wothods mantionsd, or
by other direct mathods, our prospecis of 5 asiceable increase in radiaiad power
at X=bsnd and higher would not be very good becauuc of voltage breakdown diffi-
culties, Pulae compression, thersfore, couplsd with current developments in
high-powered travellug-wave tubea, klystron amplifiers; and similar devices seels
Lo offer ys the only hops of & really significant increase in radiated pulas

shel'ky al Lhe preasant tima,

In our experimentation with pulse compression, we set the rather
modest initiel goal of a ten-to-one compression atio., That is to say, 2 hopad
to bo able to start with a 100-millimicrosecond pulse and compress it to 10
millimicrosecords with a ten-to-one increase in peak power. Our plan was (o
genorate a 100-millimicrosecond pulse of approximately gaussian shape and
iinearly freyuency modulated 100 Mc, which according to theory, permits & com-
piressicn to 10 millimicrossconds by a filter whosze delay varies directly with
firequency at tie propsr raie,

Although the rsalization ¢f greater uompreasion ratios has been
reportod by cthera working wilh pulse compressioun, their work was not dirsctly
applicable to ours pecause wn were concerned with much shorter pulsss and corra-

spondingly wider bandwidths. Their methods of generation of frequency-moaulated
pulses and thelr methods of pulse compression, consequently, did not appear
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suited to .our> requiremsnty., It seelned likely that in order to achleve the required

frequency kodulation rate of 100 Mc. in 100 millimfcrosecond; pulss geaeration
would have teo tale place at a comparatively high frequensy, pradably at - £ rather

.thar at the tomparativsly low frequencies used by others. Similariy, puise com-

presaion would have tb take place at a ralatively high frequenty since the compres.
sior. nutwork would have to be at least 13U Mc, wide. The bandwidth reyuirament
alone suggested that a lumped-constant, compression network wouid be difficult, if
not impossibla: accordingly. wa falt that a distributed-constant comuession
network used directly al v-f woild prodably be dasirable, '

"Our tirst thought on the generution of the froguency-modulated pulsc
was Lo awaop 8 klystron through a mode, To obtain the differential dslay, we
planned to tuke advantage of the dispersive propertis' of waveguide operating near
cutoff. Waveguide though certainliy rnot representing a really practical solution
tc tha compraasion filtar 1robled duc to the bulk invoived. as well aa-ium tn
some theoretieal limiiation, would at, least provide s ralatively inexpensive and
timple comprassien device ta tagt, It order tn kemap wavyspnids Insses at 8 rexsone
aule abvsl; Ly appeised Lhat the operating freguenoy could nul be much higner than
S-band. HO-45/U waveguide whish suts off st 2155 Me. waa, therefors, sslested,
Actuslly, the choice »f S-band as an opsrating frequency fitted well with our othar
radar anrk aince nor axperimantal radar systems wers designed with an S-bhand i-¢
{veyuency utilizing travaling-wsve tubes as i-f amplifiasrs. .

Unfortunately, no S-bvand klystron could be found which had & 100-Mc
Riuu SVMU 9V LiiGL ude UL Vs Guawil Ve el da CAAILY C ML U pMLES by LFCOPLINE
through a klyatron mods did nat appear passible, There wac alse somc Jucoticn
whethar s kiystron could be swept in frequeancy as rapidly as required. An ate
tempted zolution to our pulas-generation problem consisted of starting with a

"klystron in the 6000-Mc. region sweeping it through a 50-Ma. wide mode, dounling

ta 12 fvMr mr oand baatimpy fthe girnal dem to S-bondl Althanek & nulse was

;gt:incd , the system wez besst with conaidarable :Lnstabi.lity"and suffersd the
additional disadvantage of low powsr output. After other variabtions of this achome

- A more fruitful approach to our pulss-generation problem turned out
Lo Ly Lhe bLackward-wave oscillutor (BWO), This device is capable of axtrsmely high
fraguency-godulation rates over wide frequency-ranges. With a B0 ay a signal
source and vaveguide as & cowpression filter a syutem fulfilling our initial eb-
Jactiss of o taw b2 oma qemevccsisg iz zzozoplishode Flpure 1 shiws o Loodh
diagram cf dqaipment used to generate the freqyusncy wedulated pulse, comprass it
and to viev it both before ant after compresaion.

The primary signal source ia a Haytheon QK-51€ backward-wave
oscillator (BWO) which ie voltage tunable., An increase in the BWO delay-line
voltage from 150 to 1400 volts d,c, changes the frequency of oscillation from
2000 Mc to 4LOOO Mc, the change in frequency with voltage boing most rapid at the
iow-voltage snd, Output power is.also a function of delay-line voltage. As far
as vur expsrimerts wersp concernad, tne range of frequencies of interest was
3300 Mc to 3400 ¥c, Over this range tho change in BWO frequency was very nearly
propertional to change in WO delay-line voltage, and the power output nearly
constant at 340 mw.

-~ i
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The !' J»,uency-modulnrd pulse is for nwd thirough the tombined :
action of a bandpass filter and a video-pulse genarator, The filter which is - : !
of the iris-waveguide typa is abont 100-Mc wida and pa3383 the band of fraq- - ‘
uaneies normally betwemn 3300 Mc ard 3400 Mg, A fixed dro voltage spplisd to
tiw PWO delay-line causas & wontinucus fixed-frequency ossillation which le
below the pass of ths filter, The video-pulse generautor produces a positive,
low. {mpedance, bell--shaped pulse which ia superimposed on tha d-o BW0 delay-
lins voltage. iuring the rize of this pulse, the FD 14 swapt in frequency
through the passband of thz filter ciusing an approximately gausslan.shapsd
 frequency-modulated pul=e to appear at the [1lter vutputs A second pulse frey-

uenay modulated in the other direction, generated on the fall of tha video pulss -
is hlanked out by Applying & negitive pulse to the Hi0 control grid at the proper -
tims, The length of tha output pulse ia controlled hy adiustment af the amplitude
ad rise time of Lhe video pulss. Adjustmént of the d-c MO delay-line voltage
i0 Bade 80 thOOL the oscillator 1s swept 1n Irequdn~y LOrOuUKh the passcana of the
- filter on the linear part of cthe ise of the vidoy pulse, ‘Acturily, it may be
desirable Lo LALFOAUSS A Baderats amount of non-linsarity ia the rise to companaata
Lo nen-lincaritiss in the frequanuy-vorsus-dalay-line -voltdge characteristiocs of
the B0, &8 wall sa ia the diffirential~daloy charactsristics of the waveguide.
To & corbuin exleat this may be:dons by adjustumil of Lhe d-¢ lévol ol Uiw dewiby
1ine and by changing video-pulss length and amplitude. The isolation atcenuavor
ir placed between tha Hwi and the rilter to improve (he match sinca the m out.pub
is quite sonsitive to niumt.ch.

In ocrdor o -ltl: o Visw bIWRo TR u'ﬁCGE'APT'.’vSSCd g ehiw [STWP Ry wadaed
pulasa admulisssuuel,s, the filicr cutput is oplit inte two werts. Aboul 30 par~
cent i3 fed to a wideband high-level detactur whoids output is the envelope of the
uncompressed pulss, and this is displayesd on a fektronics Type 545 osuillossope.
The remaining 70 percent of ¢ha powsr is sent through 1.5 fest of BG-U)/U wAVS-
poidn whyaa diffarantinl-delay chiaractariatica nroaguces pulsa comprassion, kave-
guide output i3 detected, anplifiea, and diuplayed il & high-spend oscilloacops as
tLhe compressed-pulse envelope, ' :

Figure 2 45 & pair of photographa, cne showiig the uncompresssd
pulse, thy sther tie compressed puise. The tims rcale on the formor is 100 milli-
microseconds pei major divinion, ana ont the latisr, o 50-¥:. timing wave, or 10
sillinicrosevonis bwiwss: swuccess.vm uxis crossing. JSince the deusciors were
;pprumtuy squArs law (ut.unu.y ths law is Apprunntoly 1.8) half amplitude

ST ---u it e -ulnv HTRITY furwer . On shiis t‘ﬂﬂ-"'.- 1T £3n ne maAnr: tnar LRe 'l'\l”!ﬂ
nas veen compressed Irem 1 miilimicrogeconis Lo il millimicroseconds,

Meagurument of peak power into and out of the waveguide showed a
gain of approximately 5 db, Stice the waveguide sxhibited an avarage attanuation
of approximately & db between 3300 Ma. and 3400 Me, there waes an intrinsic gain
of about 11 do in powar which agrues, within the 1Lats of probabla sxparimental
ercor, with the expscted valum of 10 db bused on & iun-to~one compression ratio.

Applitude msasurement of socondary pulses following tha main pulse
was complicatsd by video-amplifier ringing, the effects of which can be seen
fallowing the coumprasssa pulsc, HMaking allcrance for the ringing, wo sotimate
that all secondary pulses are at lesat 20 dbo “elow the main compressed pulses,
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The amall "wiggles" preceding »_:t.he uncomprossed pulse are due toc Lrigger-pulse
leakage. . o

Figwe 3 is & uaiversal curve by whdch the iength ol waveguias
required to proauce a given differsntial celsy may be calculated, The ordinates
are proportional to the derivative of waveguide transit-times ond, consequently,
reprusont only an approximstion which is good for frequency dispersions up to &
few peccent, As would.bs expected [or a given purcentage disperesion, the errur
incruoses as the senier fenqusney sonreon L ozutsff,  In spdar to kesp the
regquited leagth smalls it is necessary to operate close to cutoff, The band from
3300 He to 3400 Mo wied in our experiments runs from 95.6 percent to 92,8 per-
cent of cutoff, which corrosponds:tv & dispersion of Just undsr ) percent, Lven
for the J percent bandwidth the differential-delay-wnlih-frequency deviates froz
lihear Uy about ten peroent., It séems reasonsbles to suppose that a certain
amourit of this non-iinearity can be c¢ompensaled for by tailoring the rate of

. Ireqysngy modulation over the uncompressc? pulse length to coprespund to tha dulay
chardioteristion of the waveguide, and this was wxloubledly done to some erisat
since the J-c volbtage ol the B0 delay lins ~as adjusted along with the viieo~
pulst nmpliiude and rise-tims to optimize the compreesed-pulae shape. Ws have no
wuailitative inforeAticu, however, oh how [af oie cail ge in this direction, .

By oparating even closer Lo cwtoff it would bo thaoretically possible
to roduice the length of waveguide reguired for u siven differertisl delay. Several
gifficulties arlse in 2935 delng; greator acn-llneariiy in the differeantial 4alay

_ charactaristics was alrssdy mentidned; snother is the gresater change in atten-

' UAL1OO pver uhs freyusnsy band, 43 well &s the overall incresss in attenuation.
e latter if M2yt within resscnsbl: Stunds wouwld aul bu w wegfdwun ilwilabiw okie
it oduld ba overcoms by a preamplifier whieh would undoubtedly ba a raguirsd
adjunct to any zozprossion nstwork which might be used. A large change in atten-
uation over the band would reyuire syusrlization and might cause pnome difficultiss.

The presance of noiss snouid, of course, have no sifwtt on the pulse-
¢ompreseion process., To show this we generated wide-band noise by amplifying the
output of & "noisy" traveling-wawe tube and mixed this with the pulse to be rome
preysed, Figure 4 Lo 8 plock disgred of the squlmmant uced, As sictiad; the noise
genierstor is & noisy traveling-wave tubs followsl ty 2 traveling-wave tubs ampli-
fier., W0 outpul Lo abicnuatod to .cdase 1Y te the level of tho nolse with which
it {s mixad in a diraectional coupler, and then ihe combination is amplified up to
tha laval af a watt by a third travalinz-wava tiba. Haxt,; tha camhinad aignala
re sant throush the oulss-forming filter which mervas the dual purvoss of wulsas
formation and of limuilng the bandwidth of ths nolse spactrum to that of thu
pudsc.  Ab welurs, tWhe filie. “abpul i dAVAtEl Lto Vw0 PR te, Whe smallér of
which is detucted directly and the 1larger peet being detectod after passage through
the waveguids, In order to preserve constaul bandwidih & single oscllloscope which
can be counected to either detactor wis used, -

4
4 Figure 5 is a series of paired photugraphs wmparing the wicom-
presae:i and compressed pulse in noise. In the first pair, the attenuator following
the BwO is adjusted to cause an wncompresssd-pulse amplitude-to-noise rautdio of
spproximately unity. The corresponding photograph of tho compressed pulse very
cledrly indicates the expected increase in pulse-ampjitude-to-noize ratio,
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Because of this increased ratio it was necessary to reduce thc r2lative gain of the
oscilloscope to prevent overload by the pulse; conseyuently, tho noise level here
appears less than on the uncompressed-pulse photograph.

The remaining pairs of photographs illustrate the effect of reducing
signal level relative to noise. Coupression take4 place even when noise is greater
than signal., DBecause of the relatively long exposures reyquired to take these
pictures, some photographic integration of signal occurred and that, coupled with

asily d-bectabls

SEV : X .
some deficiencies in printing, makes tne uncompressed pulse more easily d

b 0 - view e Mn e o ab i

on the oscilloscope scroen photographically than visually.

Our work with pulse compression has been largely exploratory with
the ultimate objective of increasing the range of our millimicrosecond radar-systems.
The results to date are largely yualitative., Nevertheless, we feel that somc use-
ful information has been gained. With the possible exception of the differential-
delay filter the pulse-compression scheme at S-~band should be extendable to much
higher freqyuencies, and, as such, has several advantages.  Pulse generation and com-
pression take place at transmitter frequencies rather than at some lower i-f
frequency, thus eliminating the need for frequency conversions. Pulse shape and
frequercy are controlled essentially by a passive network; only a video pulse with
a reasonably stable leading edge is required. By using the r-f pulse as it appears
at the output c¢f the pulse-forming filter as the time reference for the system, it
would not be necessary to synchronize the freyuency sweep of an f-m signal generator
to prevent range error, . : '
. Alluvugh nu abtewpt was sade in the experiments described to increase
the uncompressed-pulse energy tc a level useful for radar purposes, we have shown
for the case of 10-millimicrosecond pulses, as others have for longer ones, that
the uncompressed pulses may be amplified and combined with ncise without disturbing
compression capapbilities. .

The ten~to-one compression-ratio achieved is rather modest and prob-
ably less than would be desirable for a practical radar system. Actually; we have
achieved as mucn as a fifteen-to-one compression~-ratio %y increasing the waveguide
length. this furtner emphuasised what appears to be our major problem - the design
of a more prantical differential-delay pulse-compression device. The waveguide was
already very Lorg at 145 feet for the ten-to-one compression-ratic, Some thought
has been given to the feasibility of filling waveguide with & low-loss high-di-
electric material so that all waveguide dimensions can be reduced by a substantial
amount. It may also be possible to find some™slow-wave structure which has a highly
ulispersive Irequency range. At any rate, on the pasis of our experiments we feel
that pulse compression holds promise for improving the performance of our 10-milli-
microsecond radar-systems, ’

The work described in this papei is swmmarized in NRL Report 4971

entitled, "Pulse Compressicn at s-band,” by o, w», Atkinson, G. P. Ohman, and F, H.
Thompeon.
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THEOIE\QF MATCHED-FILTER _PULSE' COMPRESSION

by
R. Fe Schreitmeller
Micrawave Rle~tronics Division

Sperry Gyroscope Company SR
Division of Sperry Rand Carpc-attan
Great Néck, New York
Symmary. A brisf explanatian of matched filter thecry is followed
by a derivation of the output of a campression filter passing a fre-
quency-modulated pmse. A matched ocmpression “ilter is aasumod, a.nd s
* time-domain approach is used, Results :anlude an expre‘ssion for the
envelope, compression ratio and residue values; and the lackWQfQEMHWi‘Wﬁ

on the output pulse,
INTRODUCTION , ‘. ;

the received signal into a narrow pulse. This technique can be ac-
complished, amohg other ueans, byvffequencyumodulating the pulse to be
trah;mitted, and passing the received signal thrdugh a network having
a time delay which varies with frequency. This peper is concerned with
the linear FM type of pulse cdmpression. Zero Doppler shift is assumed,
Computing the performance of such 2 radar can be 2 length task.,
1t may require tﬂh o2 of Fresnel intcgrals, ovd mumericsl evaluation
of Fourier transforms, Tnstead of this complicated frequency-domain
upproach, a'simpler analysis can sometinmes be carried out in the time
dchn!n. Te use the time-domain approach,kthe roceiver is assumed to
be # malcltied filtér. This assumpkion is often closel; realized in
practice. ga thet Lhe reemiis have physical bx'nea.ni.ng.
The resu]is‘of this time~domsin aaalysis are preceded by a brief
sszplanation of mateched-filter Llr:?}'.. Detailed derivations are given
theoend el ke PARIT. |
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THE MATCHED~-FILTER CRITERION | |
A matched filter optimizes the detection of weak signalé in white

noisé. Suppose there is a signal of known} waveform in white noise, and
its peak signal~to-noise ratio should be mized. The linear Tilter
that best aceomplishes this was first specified by North’. He showed
that the frequency response of the filters and the spectrum of the
signal must be complex conjugates of each other (except for a linear
phase shift), In other words, the filter musi be matched to the signal,

- Expressed in the time domain., the time response of the filter to
an impulse must be the reverse of the signal waveform. Quaniitatively’,
if £ (t) is the signal and F (w) its spectrum, the f£iiter frequency
rogsponse 1s

Hiw) = F *{w)

and the filter impulse response is
h (&) =1 («t)

For applications such as detection and time measuremen®, peak
S/N is more important than waveform nreservation. The matched filter
may be regarded as a device which essentially transforms the shape
infvrmavion of Lue sSigual 0o ampliiudt: inloriaiiou,

APPLICATION TO PULSE COMPRESSION

If a pulsed carrier having frequency modulation 1s transmiitted,

and is received with a matched filter, the transmitted signal will be

1 5 T T
f (t) 7 cos |ub t—ate | —<v<
S < } 2 2

I~
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The pulse eharaétoristi}:} of this aiénal are:
carrier :.';regu'encs' = w,/2n cyclas/sec
rate of r.t‘reqnency change = a/27 cy&c:l.tz:s/secz2
‘pulse width = T sec |
frequency deviation = a T/27 cyclea/séc

The matched filter impulse response may be written

v

=P (g} = 1 .2l T, T
h(t) =F (-t} = cos “’Qt' —5 at —E<..<2

The outyut pulse may then be formed by convolution of £ and h:

[F 2 2.
r{t) =] f(x)h{t-x)dx
o

‘This may be carried out-directly in the time domain using

.ordinary trigonometric integrals to yield the solution
(t) - 1 sﬁ11ath‘ iti) cosw t - T<t=T
r at 1 ) , » W -

(A second term, containing Fresnel integrals, is small enough to
be neglected, provided w, >> a /2 gng Qo >> at),

"I‘hé pulse caupression filter output is now in closed form. A
AR PRI coliiug VbbviYavauue wau by drawn {ron LUDLs expression:

1, The envelope approaches the form (sin 1/2 at T)/at when
aT? >> 1, On the other hand, for a = O, the envelope becomes simply
1/2 (r-1t]), far -T < £<T, i.e., a iriangular pulse of duration 2T.
This agreevs with the result obtained for a conventional rectangular
pulse passed through a matched filter,

2, The rarrier is cos.,t. This is a constant~frequency

carriar which ig not {regueoney modulated, The absence of F¥ is not
el
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too sm'prising ai.nce the qptput apoctn.m of a matehed filter has
zero phass characteristic, i.e.,
R(w) = F(o) F* ()
While nc FM is ﬁresent foi this case, the result aces not contradict
other analyses which show FM to exisf, ut which do not assume a
matched filter characteristic.
3. The peak power compression ratio can be calculated as

b2

output amplitude <
input amplitude x filter gain

P.P.C.R. = [

c2(0) T2 2a _aT?

£2 (0) Hlwy)2 4 7 2r

This is in agreement with the relation for compression ratio:
| campression ratio ='pulse width (sec) x frequency
deviation (cps) =T x aT/2n = aT?/2n

4. The pulse width compression ratio is defined as input pulse
width/output pulse width. The definition of pulse width can be some~
what arbitrary. Consider a pulsed carrier with an envelope of form
(sin t)/t. This has a rectangular spectrum of bandwidth B, A pulss
width mey be arbitrarily defined as 1/B for this case. This is the
pulse width at 4 db down for the lein 43/ cnvclope. Ti is also half
the width between the first nulls of the envelope. Let the 4 db level
be used to define widths of other pulses, If a 4 db definition is used,
the pulse width of the output‘wﬁve-form is 6.28/a T (for aT? >> 1),

Then the pulse width compression ratio is

T _al?
6 28/aT  2n
-140- | 57 Goug
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This gives the same qgnpreaai&g ratio as is obtained for peak power.
The pulse width definition is somewhat arbitrary, but does have some

I V)

Jjustification and results in an agreement with the psak power com-~
 pression ratio. If 3 db pulse width is uaed,“the pulse-width com-
pression is aT2/5.6.

5. The output envelope is not ®clean,® but has residues, or
spurious signals, analogous to antenna side lobes, This appears to
be characteristic of rectangﬁlar pulse compression since~sqm§ portion
of the wﬁveform, which has a tot#l duration of twice the input puise

- width, is present to some extent. -

The magnitude of the residues can be readily determined from the
envelope function., For high compression ratios, the envelope ap-
proaches the form (sin t)/t in the recion of interest, This function
has residues of 13,3 db down. |

For moderate compressiocn ratios, the residues are slightly better.
For example, at a compression ratio of 10, the resides are 14.9 db e
down,

These relatively high residuss are characteristic of matched
filter pulse compression but do not represent the.best possible residue
porformonce,  TLG; Jau e reduced by lechnigues such as bandpass—
shaping as will be discussed in the paper by Messrs, Cook, Chin, and
Sadler<,

APPLICATIONS

A closed~form expression for output of matched pulée compression

filter simplifies compatation of the performance of some non-matched

pulse compression filters, Other linear filters can be regarded as a

cascade combination of a matched filtier and a second network, If the

-1l1-~
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second network can be specified, only the response of the matched
£1lter output to the sscond netwark need be determined, For very high

“oomprenion ratios (greater than 100), the approximations of a {sin t)/t _
" waveform and a rectangular spectrum further simplify the computati’on..

~ The matched-filter pulse compressor also sets a standard for signal
detectability., The radar system _englneer, as a user of pulse com- .
pression, wanis to know vhat parformance can be expected i~ terms such.
as signal detection, resolution, and ambiguity. If tﬁe receiver
contains a predetection filter matched to thé transmitted signal, the

‘same peak signal-to-noise ratio per pulse is obtslned at the filter

output for a given pulse energy and a given noisu level per uniti
bandwidth, independent of pulse waveform.

Therefore, for a given transmitted pulse energy, and a matched
filter, sigrals in noise will be detected equally well whether or not
pulse campression is used, Any other campresaion f£ilter results in
poorer signal dtectabllity. Thé difference in declbels between the
cutput signal-to-nolse ratios fof the two caszes can be called "comé
pression loss.® This is the penaltj in db that a radar system en-
gineer paya for pulse compression, ' The difference between the matched-
filter case and another case can be easgily calculated in many instances,

Similar, but leas slear-cut, criteria can be established for |

resolution and for'ambiguity, i.e,, residues. For the latter, the

" matched-filter case may not be optimum but it can be used as a con=

ventienciy detorained standard,

bz
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CONCLUSION
The assumption of a matched?-filter receiver for a pulse compression

 radar transmitting a rectangular pulse with FM results in a slosed-form
expression for the output waveform, This can be approximated by (sin t)/%
for high compression ratios. Compression matio is determined as puise
width times frequersy deviationm, -No‘ frequency modulation is present
and the output residue level ies readily ca;culated. |

The matched-filter compressor may be used as an aid in analyzing
the behavior of other pulse compression systenms, and as a standard for_

3

e

evaluating radar performance,

~1l%
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" 14 has been 'shown that the owtput waveform can be obtained by

. ) : ¥ )
~ convolutiont
m -
rit}) = [ fix) hit x) dx
~00
_ 1 o [ 1 2} |
= fA cos lw, X +=8 X%) Co8 |w, (t-x)-2a (L-x)%] dx

For -T<t<0, A = =T/2 and B =t + T/2 and for 0<t<T, A =.1-T/2 and

B=T/R ‘
(L) -1 jB { t +—1 (2tx - t2) cix+l J’B co; [ (2% - t) +
rt 27, cosir ‘c«_o ' za f hdx +3 R w,

1 . n
ra (L2 -2tx +2x°)] dx

Maa oann
&0 WOWLLE

erm is an average of a carrler frequency X = 2a>0/'2n‘and

can be neglected if w >> al/2 and o >> at,

<
Then
L 1. R
rit) —sin jw,t *atx -af.“i !
2a L 2 | x A

For

. L
T<tcg. ri{t) = -— 3in [w t, +-at? +=at T\‘
; 2 2

4 ,
— gin=at (L +7T) cos w1
at 2 o

Ll 517 9ey ¥
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_ For o v

.

: 1 1 1
<t < ) PR, - tz - - t T )
o<t T,_r(b T gin [wot 2& 28. J

]

!

]

| » 1 1, 1 }
] : - e 3} 4 = & =gt T
] o g 810 w,b 28.1. sat T

1 1 N
= —sginzat (T-t) cos wyt
at ,

2
Thus, for ~T<t<T, N
| rit) = -l—sinlat. (T-|t])cos t
at 2 “o ¥
Derivation of Peak Power Compression Ratio
To find the peak power compresslion ratlio, it is first nec-
essary to find the gain of the matched filter. At the center fremuency
this is given by the Fourier transform
- @ 3 t T/2 3 t
Hlw,) = [ hit)e’ " qy = cos (w_t -%at.z)e‘]w" dt
—0 -T/2 e
T/2 1
H(wo) - cos (w,b -Zat?) cos wot dt
-1/2 e
T/2 1)
+ 3§ f ) "”cos {woh -éat.Z! sinw,t dt
kg a
T/2 , ] /2 '
1 1 1
= (for wy, T>>1) _ | cos=at? dt +-i- iJ sin=at? dt
A R ¥ T
/2 /2 1
= cos<at?dt+j J sin-at?dt
[¢] 2 [¢] 2
"lbs-'v _g?_ 7.'/8/
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Let N .
1 4 .
- =— 7V and
T
K.~ ':d/'ﬂ)l/z
Then |
1 ke L ) X2 .o
Hlw,) -'!'(-fo cos'-é-v dv ‘e fo smEV dv

H{,) can then be represented as 1/K times a vector drawn from the
origin to a4 point on the Cornu spiral at V = KT/2,

As
Ko, Hiwgy )= {1 +;|)/2K

Hlwg) | ~ = = l43
- Jx Vo

(In addition, the phase shift approachos 45°.)

and

The approximation of |H(w,)| is accurate *10 per cent for
aT2/21>40,5, and accurate *20 pei' cent for 2T4/2:>9,7, The filter
"gain® is even more exactly equal to Y7/2a if one takes the average in °
the pass band, rather than only the value at w,, '

For aT4/27<1, the approximation is net valid. A series expansion
gives Hlw ) = T/2 + j aT3/48 for the first two terms,

The (e values ol vhe pulse envelopes are:

flo) =1
1 N i 1
~ sin—at (T-t) o [—aT—aLl cos—-at (T-1t)
limit 2 limit (2 J 2 T
rlto) = = T —
Lt -0 at L -0 a 2
-1Lé~ S7- G4y
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The peak power compression ratic is:
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by
© C.R. Cask
J i‘l Qll!.l
o L:R, Sadler .
- Alr Argament Divisioa
speyry Qyroscops Company
Iivigion of Sperry Rand Corporation
Oreat Neok, New York
ImArr. < Linear FX rulse cczpression techuiques lead to npte'l:ruxr
functiona vhiah ars expressable as Frasnel intagrals and s tims raustica
vhioh s {sin £}/2 in nature, Multiple targst snvircaments presluds wis
of & tids signal thai has such high “sidalobes® or "residuss.® Specirim
shaping {4.s. phase wnd/ar agpiitude) oan e used to modify dhe time
funation to u §dre usseble shape. Soms awamplen of spsotrum nbaping are
sonaidered to indlcats tha typss of improvements thut car be aehleved,
INTRODUCTION
.The Sperry Oyroscops Company has suvported a pulse ecwyransion
investigaticn and development program for a mmber of years. This
technligus has numder of intaresting arplications in the arss of sxtending
redsr performance. It 1s recomnised that vhat is have terwed Tpulse
somjswpulcn” 18 oue of a uumber of siatched (ilter ur quasi-gatohed fiiter
approacnes iRt BAY DS USd VO achisve similar results., This poper will
briefly covar soue arveas of the analytisal vork by ons of ibe growps at
Sperry that has been concerned with Lmsio pulse comressicn 1nvomtigntiuﬁ,
and vwill indicste some of “be pulse compress!sn problems that may De
related to gpeatium proyerties in & linear FM pulsze compressicn system,
OENERAL RISCUSSION
Fig., 1 shovs in its simplest block diagrum fura the basis inmndients

of the pulss compression used by Sperry engirneers ard alse iy a number of
<148~ (R
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other intveatigstors. It can be seen ifrem the illustration that the rtmé
daley of the tilter is maiched to sveep ff_émctmn of the irput pulee, For
the 'uetu.ng'u.lir input pulse shown, the e‘r;npruuon filter cutput t:u.ln; is
parrower in width and h.ubnr in puk powver by the compression ru.io factor.
By making use of Lhe 0.64 mplitndo point one obmm a figure {51 com-
rressed pulae wvidth that ia the inverss of the rnquonoy d-vution of rt:ho

ﬁnemptoti'ud pulse (L.8., - = 1/:f), This 15, 5¢ coursse, pﬂroly ardbitrary,

“Jtnn. it donp prav‘!de ah easy ethod fm' caleulating the pulau\d.dd» auy :m

eo!uuunt- u!t.h the amplitude ratio dcﬂn!tina -r rolse compression.
haaehh-d ﬂtn ihe compressed pulee are rippiin, ‘shown in Fig. 1, which
ve ravas terned 'ruidw.-ra s Thérs ﬂtn:.am aignals aTe ne ef tht Probe
lexms ;Lhnt result from the use af 8 limerr T 288 sampeRssLon ,t.ooh_niqus.

Tha tl»o domain integrs) salutien fir this arrangqunt ithows that the
form of the compressed pulse is (stn x)/z and that, !s additisn, the

carvisr of the compresssd pulse 1s frequancy swept in a ssnas opposiia to

‘ thﬁt of the input, or unony.g:naed pulio. Both of these ef!aeu gre

un-.iu:l-rn;blé, althaugh fuor hizg- LU esalon ratice the ™ afm.t. la h.\gol;,'
uugli,(iuq. Ths pressnce a“ tha restdur aignela ara of }4;1.1@,15: mnrqu;t
{f we ara antinipating the use of pulie comp:eselo> in & multi-target
CRVIIVGENLG WILY JEIE FIEORLE SAF Ve B TRVIY wAUED [(ODLULES wI'e Ol
greater amplituds than those of other aignals vwe arx¢ peeling. A pariial
solutian %o thsse residus and FM phencuens may be Vtmmd"oy tresting &n
some domi the spectia »f the various signals used.

Whe tbe sotusl speotrum of e cowpressped pulse is svaluated, it ip
found to e a fumctivn of Fresnel intagrals. Table I briefly sumarizes

the time and spectrus functions involved. The spectrus ie that of the
-2 '
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CONnoaNTlAi. o s
oonnruud pulu o\it.put. from tha ‘Lnur tirie dehy uaapru-ion riltor. )
The Freanel .‘..nt;uuln are -loen:to he mnntion-, .u, the conprouicn rlt.:io.l 7
1,/T as defined praviovsly, ?ig» ? shows one hg.'!f of the symmetricul |
:__ Aipfttudo and },hn.in ap-cti'k. c':nput;d rri;m the. Frasnel -m_tcernh for cou-
pﬂuicn Tatiss of 1311, 5231 ;nd 1201l. The spectra tend to beccms more
reotu:u.lu as the compression ratic increases. Wasn thase spectra irc
1nt.é¢nh_d to obtain ths compressed ;mlu time funotion, the (ain x)/x.
form is obtained. Referring again to the spectrus diagrame, one might
suspaat that the phase fumotion, whish is highly non=linear at the band
_ edges; s contributing to -th. high lavel of ripples, o reaidus signalr.
Sizce a rectangular =mplitude spectirux is normally aaam:i;hud with the
(sin »)/x shaps, it qan ba w‘:_: that this pulse form is not to be sxpested
en an gmp]jt.u:‘!c diadrtmtion basis alone until fairly high coapressioa
ratios ere uud | 7 | .
ulmna optunm poaze nr.chmg to obiladu u.hu a Tlab & dlucax
lp«ctru phaae, the conpruurl pulse shapes are rocnlenhtcd uit.h the
regults shown in Fig. 3. It is soen that in =il :asea the Fesiduss ere
rndgéed, U‘ltl-lﬂ the biggeat gains at the lover aaaprtouion ratice. In
'- u&éiticﬂ aptimum phuo utching 1_-ncreuo pulss resclution w, a degres,

. - ° ’ .4 ;. ’
vilaw miwmv LIIJII‘ mVIe viivwives - Vit avmue e wHBAwE: A waww s e efge o

plote the cnnpnntive signsl-to~residus ratios as a runctie;n of oo
“pression ratio, and Fig. § plots the peak signal change vhen optimin
phaga matching in assumed.

The results abown arc caused by providing a conpleto phase ma .ch for

the signal phase apgcr.ru_m, which incidentaily eliminstes the residusl FM

-l)l__;.-
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lt. the emn*nuud pulu #u-tiur s potrmd onu by Sehrel Wuildr in his
papar. I! u specirmm nplitude matoh is prosidad in %.ha sal}:-uuon
filter, mho ruiduu tend 1o incrsase. Fiﬁa 4 shows thrit, for oam-nuon .
raiias of less than 30 or 40 %o 1, the sdditicnal phu-_:oqmuntian nay
be desirable. The advantage hers is th;t residues may be roduc:ad 1n th'inr
mazner before other techniques of residus redustion are a;lbpliec‘.'. In
addition, improved roadlution and peak siml.ﬁplitudn u}io result,
Sinos this aidittemel Fhase cqualissilcn Gust be dess beferw the second
datestar, 1ta use veuld net be nnlpiuhh vith large deppier shifts, for.
tre :ﬂpcuutﬁu setwork will zmr- to work in & lp-oiﬁu band, No such
lhitatin aufl apply 1 e }h--u.r time dalny oqnl. ivaticu method plnde

- “tho dolq characteristio of the compression filtar un be kant 11----
over the emectsd i«terval of dapplnr fraquency shifts.

Ths cenventional nppruuh to Tsuidue rod\wtiﬁ involvas uight:lu the
et r du- Por tiva i wio spretiul, uthlr Aver the whats boog oo ow
selective basis, Examples of t.huq \dl.'l bo ;lnn ror the szl canprunioa
ratis, The weighiing functiion used as an uupJ.o for lodil‘yin; the entire

. lgiuotnl 1s thy single tunad hanilpass functicn, various bandwidths heins |
Applied. and phase compunsation tiding azsumed. Other functions csu be

| wmpivgeu wuu BRY o prereravls l)l.tﬁouh diflerences shouid be smell toi
menotonts fumotisus. -+ |

Fig. 6 shows the 5211 compredaion ratin amplitude cpectrum end the

3 : usndpass veighting funotions vhich bave been applied tc it, ?or purmea.

e o o -

1sm~umn11nr, R,F., “"Theory of Matohed-Filter Pulse Compression®,
prasented at RAIC Pulse Compression Symposium, June 26, 1947.

- =161~
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ut muu.ut.iuu ‘the mupud nputm u sut cff vhen the amy Atude 1a
20 db down from the a averige ‘midbsnd level. We define the shaping rnt.lo
of the -hpi.ng [ilter as the bandwidth at its 2 db poirts divided by

‘the froqmi\é:y deviation of the unsompressed pulse. Fig., 7 11.i{mtrut.oa

the affest 3f this type of spectrum w'ﬁhtlnﬂ oo 'hh oulprn.ud pulu

shroe. The trade-off of resoluiict va. rasidus nduoti:m ib olurly
'il‘utrnhd. For swall ratios of shaping bendwidih to spectrum bud-

width tha yuln shape temds to become wery mzﬂsnctuy. Ohor dot:r.i»
tiom of aig;nal-teernuu ratic 1 the ratic of peak fignal amplitude to
the fipes z:_el;n__u maws s foilwing tf-hg» ll"_j,r-t uhuvg pinisum,

Tais dufinition 1s open to question !t_' one hh:l a eho such as showa
fer & ma;.,A,nqn. ratin a# f 28 uhsws Sha ,,...._o.;;_. 4_¢.._;.h. w24 27 oic soTe
upl:tu‘&o befors n- r3aidue b~u. ids 6}. "ﬂu firat rilat!ﬁ minimun could
be taken as a referonsa fer caleulating rupidums ybjnh would yield a
aT }.i;faa}-—;wn:i dug raiic for the very low &Qﬁnmmng ratio. " The
given definition has been chosen since v are interestad in the maxim
interfsrence with ancther 1-f mignal. Fig. 8 plots the signal-to-residus
ratiso Ius thia unué mH.ng use of the definitisn g:ivcn.abcve. Yo & bande

shaping ratic of 0.5 the signal-to-residus ratis i1 772 db and the resolue

tion Joss 15 approximately 10 per cent sver the linear time delay com-

prewsed pulse whieh produces the {sia x)/x pulse lh.pe. Fig. 9 plots

incrense 12 pulse width va. the -hnpuug ratio. th. 10 plots the increass 5 M

in signal-to-noise ralis cotained whan the band shaping function {n this
example 1s used (linear apectrum phase fa assumed). This increase can be
attributea to the fact that the pulpe conpression filier ¢z 1gina11y‘

spacifiod is "matched® ouly as [ar as phase characteristic is concernmsd

and net in the North matched C2)ier sense.
<i52- - 904Y
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A Mﬂ!s’&mt dlffd.u.u ;“u:** ta rniduo rnductionz is ‘Lhn conoopt of - ..

;snlccuva attenuatisr of cert 1 portizng. ﬂi vh gz.p'.‘.*,_t-udq. lpcatum.: An
" .BXARD1S of_j;thil :,u given -in Fige ii. . Ire dunpd l-in- répresonts the
ffnqdiﬁ_,ution: to the specirun caured DYy .Lnu.r—t\‘ig narrov band filters at
, :',thn band edﬂi. m ‘bagic idea benind thu g that csrtain poriisna o_f
:jthc spostIis 22ntrikule more S bu‘-ld:né up residus signals than to

tignal resolution. The pulae shaps assc:iated with this form of speotrus

abaping ie shown in Fig: 12. Ths residues =ve usiforwiy Lelov 20 db, the
firet repidus Leing <AL :‘mls.-- tia pq:urr—r‘_! ‘he -Jesired portlum ul':'tho

signal. Thare s :mvui-.'::-ab;;, iman Joaz in resclution for this residus

level than fov the dasdsbaping discusaed previowsly.

Combinaticna of salcq}t;va atteuustlos aud other welgbting finctions

say produce lmproved resyita and are Liing studied.

 CONCLURION.

The typs ':ir n'u:..'.r':n.- un:-c.:lua @iLL & licear PM m;n ocmpruu:on
isads tou cerlaln pulse uh-po prebless that are u:.duua.bh in s udu
appiications Thiss may Be ttuckad in “ umbex af uyu. as hu been
outlined, and the ganun.l ::u'n of r3suits has Lusn m__flicc.ud. The
‘;ﬁrtloulu WLislty of aay sathod of milee sLape 'upr._t_;vmnt will depend
aomevhat on fastors thal arae datarmiqed bv taciical t';;onui darariona.
Further study in this ar_c; is b@;ng' pursued by Speriy end, undoubiedly,
nthers 1z the field tc schieve cptioum ytalization of the linear PM tyme

of pulse ccapression, {.
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