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SYNTHIZIIC RADAR ECHOZS IN THE PRBSERCE OF JAMMING

dbetrast

This repcrt conteine the resuit of ct.ws experiments to deteruine the dsleterious
effectis of certain kinds of jamming on the visibility of radar echoee. The janme
ming signals employed wore: (1) CW et the radar carrier frequency; and (2) CN
amplitude~modulatod by relatively pure noise under various conditions of ¢lipping
and bendwidth, In & later report will appoar the results for frequency medula~-
tion Ly ndise.

A bench assecbly was vsod, conslsting of an artificial redar echo, an artificlal
Jamming sigmal, & metbod of mixing the two ené finally a receiver of varisble
bandridth and a conventional type & display., Every stterpt was made to keep the
rosult quantitative throughout. In particuler, & rather olsborate statistical
nothod of esteblishing the signal threshold wos devised, in order to avoid the
anbiguities inherent in the hitheric custonmary method of determzining the threshe
0ld by a paychological evaluation of minimum discernibility. Furthermore a
mothod of referring all powsr levele to red..7vosr noise powsr was employed, It was
found that the deterioratior in v5eibilit: .,ould be seid to depend mainly on the
following indepsni-=* sarisblasy (1' iot bendwidth, (2) jamming carrier strength,
'3 per~enl mxiecacn [, n-tes bandwidth, Curves are presented to show the
effect of verying these parsmeters, but the resultis may be sucoinctly stated in
the following manner. The signal threshold in the absence of jamming is deter-
nined by the ratio of signal power to receiver noise power., Then the impeirment
of visibility by jamming carn be estimated by gdding to tha receiver roise powsr
an amount of gdditionsl i-f noisc celculated in simple terms frox ths jemming
oarrier strength, percent modulatior, noise bandwidth, snd i-f beandwidth., To this
should be added 3-4 db to teke into account the effect of the CW carrier., From
this value, however, should be subtracted an amount thet depends on the amount of
slipping of the jaming nciss Thin amount deperde upon the ratio of i-f to jam-~
ming nolss bandwictle snd modulation index; typical valuee are, perbaps, 3«6 db,

The experimentel work in thie report was completed in 1943,

A. M, Store
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cUMT NPl MAVAR SSHIMS JH L FresINCh OF JAMMING

¢ 4RT AMPE: TTHE MOVHATINN BY NO3ISk
1 INIRUDUGTION

Lafiprition and Svope of Frodhlam

A rigid definition of the "vigibility"™ of A rads.~ echo 18 elusive 'Yhat-
evar quantitative arbitrary standard ie proposed for “his quality, however, it
vill rertalnly re found tc depend upon a host of more or less indspendent
\rriablng Or prrameters-connecsted not only with the racar system, dbut nlgo with
externnl conditions ns well In the light of thsse fifiv or so quantities (which
hnve bheen linted in Appendix A), tniw report is primarily concerned with a com-
paratively minute, yet important. isgment of the problem oF the "detectability”

of radnr signmls

In ghort, thig report is concernsd primarily with a study of the effects of
Agverfeience. Oor Jamming., eignels on the discernibility c¢f true r-dar echoes
In the pressant work we restrict ourselves in the mrin to the s uay of interfering
signals connisting of an r~f carrier amplituis-modulated by "resirtor noise", oy
its equivalent. Such specializatin may sppear unwarranted but .t appears from
both theoretical congiderations ani laboratory experiments that /M by nolse Jnmming
and FM by nolse jamming -- that letter will constitu:ie a later }art 11 of these
studies -- Aare two of the most serious interfarence effs:ttc ax;ected from ihs
AJ standpoint. Furthermore this entire inveatigmiion hns bera limited to a
consideration of the mrsking effects of jemmiag on signnls piessnted on a Type A
oscilioscope: 1t is likely, within limits discunsed below, that the reeulis. at
loast partially, are applicadle to other tyve > presentat.on Similsrly. values
of all other radar parameters not varied bave heen se’ At arbitrary, but operstion-
hlly.uneful. levels. These will ba the sudbjwcc of detailed commeats in tha
appropriate ssctions By dlnt of this procedure i is aopsd thal the results

presented will ba typical of a falrly large class of representative radnr systems

Definition nnd Scope of Froblem {(cont.’}

There nre. to be sure. conceptually many different forme of jamming’ fot
gome of thess antd jomming mmiliativew fumoldiatcly cugpen! themselves or the
efficiency of jnmming is low C-w interference, low fraguency sini wave modu -~
lrtion of A carrler. eithsr in the form of AM or F¥ vome types of "ralling"

*
type interference belung to thig latter low efficlency class . and therefore are

x Nong of these types of jarming ia of low officlency € it overlords any part
of tbe receiving system In ths experiacnte nnd discuseion to follov. all
giostiona ¢f overloald are avoided.
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Notwe nedalardop, of elther of tha types mentioned does present on the
tatill. soupe screen ~ prtiern both unifozw and valformly complex enough so thet
it oftects are Little distinguishatle from thrt of recei‘-sr noise itmelf. Thua,
f2 nuet intente anéd purpises, oue mey assume that no AJ railiative can be
“Fplied, once the interfering aignsl ia permitted to arrlve at the receiver

dther tnna %o adjust the variocus system paramsters for optimum per-

ta:minale,
This work,

fovmance ir the presence >f the particular type of Jamming erployed.
then, wiil find ity chlef unefulness ip indicating what the optimum arrangement

te anaer different conditions of jamming and in determining how serious the
Janming actually is

Tne so-called DINA jamming scheme ("direct ncise awplification”) is not at
preaont a wajor concers at microwavelongths becruse of the hitherto inharent ,

difficulty o® producing pure noise of sufficient power in this spectral region’
For thie rerson, and for the reagon that DINA effects can probadly be calculated

3 iirectly from studies on receiver noise this phase of the problom has not besn
i} studied

C. Defipiticn and Scope of the Yrotlem {cont.)

Fundamentally, one wighes to preserve, in the presence

of enemy Jamning, the
this involves range
moving and ground

It may de

PR R TS T

maximum apount of information obtainable from A radar echo;
snd bearing, na complete discrimination as posaible between

TR

a maximum of regolution betweon true rnd false echoes

targets,
ia attempting to screen himself, bearing information

noted that, if tre Jammor
ig automatically given the radar operatnr But these (epidnrata Are influsnced
by nothing very different from the parameters that influence A rrdar set per-

Since the extarnsl noise Jammer hng, with

g
B
9
:

formance in the adaence of Jjammipg

some limitations merely the effect of increasing the receiveris cversll noise

figure, the same considerations that spply in the latter case can be largely

carried over to the former.
11  PREVIOUS THEQRY AND ¥XFERIMENTS

It 1s advisadble to raview, in brief fashton, some of the ideas that have

recently been developed with regard tc the viaibility of signals in reoeiver

The conclusions stptod here will be aasessred in Section IV in an attemp

noigs
For the sake of

to underatand the experiment.l repults therein presented
Brevity, none of the arguments lesding Lo the mtated canclusions Are presented.

% The poonidbility of th~ future usc of airgle sidedand crrrisr- suppronsed

“mTanteap -
. —

modulation miat not Y¢ ~ve .V-Lf:é:

~— ot
-




ot -‘)

A theoretical siucy '»na been made ty Uhlentsuk on the problem of aignal
dlscornibility In tne preasnte of receiver noime  Fromw n private report of
this »nnd froo the snrlier work of Goudsmlt(a‘. Goudemit and weist(s). Uorth(q'.

;b) . ¢ .
Jardan . And others, the following srlient fentures mny be gleaned.

(1) Signal vieibility 1s eseentially a study in prodability . The nolse peaks
vinible on the type A oscilloscope nre distributed in arplitude according
to a certain probrhility law: the presence of the signal modifies that
1aw locully, and this modification is (sometimes!) recognizecd »n the
slgnnl  The prodadility distridbutirns of noise penks as » function of
the slgnal power have been obtained for the case of n linerr detector in
the references cited From these curves (taking into account the pulse
shape) the hehavior of the minimum discernible signal, or the signal
threghold (hereinafter to be denoted by St)g as # function of the\receiver
i-f Bandwidth can be calculated An optimum i-F dbandwidth, 1.e., one re-
quiring the smallest signal power for discernibility, can be found; it 1le
approximntely equal to the reciprocal of the pulee length In regions

" far from the maximn, S, is proportional to the i-f Dandwidih on the high
pide; 1t is proportional to the reciprocal of the 1. f bandwidth on the
low side.

(2) Certain somling nrguments can be introduced. FYor exampls, one such
argument is that, if ¢ 1s the pulse length; 5, the i-f bandwidth{ D,

the video hendwidth, and if the aweep speed is adiuated in every came to

keep the same geometrical reiationships on the oscilloacope screen. then
stw-}*(n ) 6(v-7) (1)

where F and G nre functions which have been determined by experiment, and
also. in some cases, have been derived from theory. Thus the longer the
pulse the sn=ller the signal threshold at any particular value of B + T.

(3) For an "ideal" observar. Uhlenbeck has found that

s o £BDT_etc.)

t (130

!
where N 1 the total number of awseps containing aignnl and noise, equal

to the pulee repetition frequency pultiplied by the signal preasentation time

708-4
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vl reostior 1. anu (14, Wnv- Leen nurfimea by kewson, Sydsriak, gta) over
v osgmer iy wide reare in osddition thelr tnvaatigationes have included
L otuay of reychosoplerl footors affecting the visivility of simnll eign~
for ev mple, Ltha affect 9° ~+dient light, overator training. ets

(6}

2" Srrevinenta by Hnarf have led him t& au empirical foriuls for the minim

Varernttle sipneni, viz

37" r‘% {1 « RO (111)

Hay tniq empirical formuia compares with the prcsent experimental resultc

-

will Se ghown in Section 1V

”\
() A report by Thylor nd Petereon( Appe” red while the present work wes in

progres8 In this report the signnl discerniblility in the praaénce of
Jamming wie considered. Jamming eipnnls were AM by noise and low frequenc
slne wave modulationa The present report ia supplewentary nnd addalive
to the results of Fetsrson and Taylor in that a systematic atudy of a few

of the veriables enterirs the prcbleis han been made

I1F  SXFERININTAL ARRANGEMENT AND IROCTWRE

I order to ntprecinte the veamulta of thip investipgetion » rrther comp.ete

nccount of the erperiment-l a-narntus will be iven

Block Diafrnc

A dlock dlaprax of the entire ewperiren.cl arranpgsicntl s showe. in ¥ie 1
In the lefi-hrna sice of Yip. 1 ia shown » hox labelled "noiac scurce”  This 1
a primsry source of reeletance noiee. fcllowad Yy ¢ videc anplifier The outpu
of thim acplifier moz:lntes the prid of t'e klratron =mL.lifier; this Klyetron
anpiifier in turn 18 ariven by ths «iyetror oeciilntor ¢» show.. “he intorieri
sifn~l is then orirines foom the output of .the klysiron siplifier AM Ty ncisa’
and fen ialo the recclives throagh o crliihirnted =ttenuricr At Lthe esme tipe
an artificial r-u~v echs manu®ectured in the npprretus lahelled “pulse signal
cenerator”, is fed through its attenuvator likewlse into the recelver The type
oncillamcope, on waich the Yazelvoer outymt 44 7iewed 1 ¢ aiightly ~liered 14
Synchroncope  Loce/s pazdipe oo apTopriately lis.iibuled Pe ghown on the

dlock dingram =2f Fip L

® "AM by nolse® 4w used ag an all-evietion fur “sn o I crirter ruplitude -maaul
by Aan oxternal esourr> o] nolge "

g ————_
-
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cr v veat f the irpainsug draicnter tn Fly 1 conelsts of (a' n moter to
cenre e ooutput Lf the 0 tae swrce; (b a monitaring crystrl to chack on the
rf .1tput if the Klyatron aplifier; ‘¢! m apectrun analyzer to momitor both
the *alma ara tnterfaring sipunla; aud (d) an r-f oacillntor whome function will

na dteclonnd Melew

The notae nource e ~n integral ~nd important part of the spparatus, and
its proper deesigu is masencial for ap unamdipucus Ainterproetation of the

N,

regulta Hc purticular reaenrch was done on vhe optimum primarv source

of ncrse A 97 Ria photomultiplier tudbe " lrter wmuparseded by n relected
version of the seme, the 1121} wns currently conaicered the best available
primary source Aand tlma wng chosen for use The ze=nufacturer‘'s rating of
output capicitance was suf“iciently low so »s to place only secondery
limitntion here on the bandwidth of the noine output avallable from ths

noiss source (Soma results of Cobine(8 show thet the HCA 884 thyratrom,

: algo sometines augeeéted for use ns » primery source of npoise, hns a(ngiae
spectrum of considerably lese uniformity than the 911 tube* .Y Sard 2 hrg

shown theoroticelly that the epectrum of the nolae output of the 93% alone
should be uniform =snd flat out to ~bout 500 Mc/sec  while Cobino(g' hne

experimental asta showing thrt, with 200 volts pur stage and 0 6 ma outpr
current (d-c) the noinec spectrum is flat out tc nt lenst beyond 5 Mc/se:

which wag ng far nq the me avrementg were corried

&£

The wide=t video Lnndwiath 07 the nolie sturce dosired was of the order
of 6 Nc/sec ne«sﬁred at “he half-power pciates At the same tire o galn
of soce 60 db or more w:a needed LU get ¢ dequte outrut niise —ower frov
the 851 tute Tne viaec ~rpliftfer finslly used In coujuociion witn the
photomultiplier tuse la showr achawntically iIn Flee 2n ané 2b Onthode
The cutire nnplifier wer terted with

peaking was uced ln e’ ch singo

- .
nictosocond proset nol s.owed the pro}es uvahavie: Tne auzlttude

regponge curve. m.nus the outyput siage ¢f the 371 tule ag neejured Ry a

calibrated useili-tor =nd Gener- 2 "ndio wacuwwr tane volimeier, iv ahowp
in Fig <  Tne overall bandwidi in the widest ~rge is maen tc he 6 2 Mc/sec

Includ’inF the ©31 Sudbe tha offertive avernll bandwidih 8o ndous 5.5 Mc/sec

Good low frequenay rasp:irar wea eng.-c., t¥ Lhe l-“x tina constant in esch

coupling cireult  There wrg no deiectacie power freguency hunm i1 Lhe output

L yhe enne frtapue and recovery eoffecta i ths 271 tvun mentionred

4 We hrve noglced
by Cobine ~° Phe opercticr of tne tult~ ’-, L. p: ~iiio, lerlted Lo falrly

low “noie surrents, nd th4 only 2af.c  « wr cglng »-of VTwe ured
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as sh>wn in Fig, 3, provision was made for noise source davdwidthg
5 of 153 kc/wee and 476 ke/wec. In the latter two casss shunt-psaked

soupling was used.

The nciass power output from the noise source was measw-ed with an
3 , Azerican Thermc-Elsctric Co. Typs 93-L thermocouple designed for appli-
; cations to and beyond 20 Mo/wsec, used as a voltmetsr by adding 10000
3 . ohms in series. The thermocurrent was measured with a low resistance
¥. ¥, Paul Company micrcemceter. The entire meter was calibrated with
d-c obtained from batteries. This calibration is shown in Pig. 9
; Furtvermore, the meter was chacked agaliast the General Radio vacuum tube
voltmeter for frequency seneitivity, It maintains its reading to * 6%
up to frequencies of 20 Mc/sec.

: (2) The jemming r-f carrier was produced by a klystron oscillator. Cereful

» cbservation on a go0d spectrum analyser showed that the (W was free from
incidentel PM %o considersbtly lass than 0.1 xc/socq Attampts to modulate
this by ncise on the reflector wese not favorable; pure AN could not be

) ¢btained Similarly cathode moduimtiorn was rst free enough from FM to

PR

constitute a clean~cut experiment. iuus the expadient was adopted of
driving a doudle-cevity klystron amplifier from the oscillator and modu-
lating the boam current of the amplifier by {ntroducing the external

noise on the amplifier grid with a-c coupling through a iow capacity cable
from the noise source. Thare wae thie virtuelly ne ccupli: g back on the

TG, * o

oscillater .

Ko difficultien due to atterustion of higher frequenciss ¢f the
modulation should be experienced bheccues of the finite Q of the cavities
(usually of the order of 230) until the modulating frequencise excasd
atout 7.5 Mo/sec. Reaction of the beam current on the carvity s not
expected to bYecome impori{ant uwatil bigher frequencies ars used.

The static curve of output power from the cscillator-amplifier as a
function of ths amplifier grid voltegs 1e shown in Fig, 4. The grid wse
normally biased at serc volts, and thue a reasonably linear ragion was
avallable for about 3 volte on each elde. Togts with & sine wave oscilistox
shovad the modulation characterietic depioted in T1g. 6. It took 6 volts
rms to produce 100% moiulation. Ths modulation index wao mensured with

a circudt which was a modification of the convantional ore (*0)¢

'M 7087
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Tne ri1fizval radar signal was produced by a "pulued-cavity” Mclially tule,

werefully lepigned and censtructed by R R Neisen  The f-m distortion

wnn Rept relatively low to that produceh by most pnuilsed reflector signai
cuanerators of that time nnd, in fact, provided atndble operrtion sssentially
fres from FM for pulses from O 1 - 5 ysec in lengin and at repetition

rates of F£OO, 1000, and 2000 per second

All attenwators usel were of the "wava-gulde heysnd cut-off" tyne, designed

oy S G Sydoriak Each was calidrated apninst A standard attenvator in

standard farhion.

Th: receiver itmelf wng c¢f sh unconventionnl type, built hy J Ferry It

is of the variable bandwidth pultiple doudbls-tunsd circuit narrowing in

the widest band one single stage parrowing bul of the double-tuned varlety

in the otners The aveilable 1-f bandwidthe (at a crystal current of O 35 ma)
were 13. 32, 116, 0 37, ¢nd O 12 Mc/aec Fig 6 shows the band-pass
chnructe}istics Fig 7 shows the rexponse law: it ia quite linenr except

at the extremes The receiver snowsd very little, If any, regcneration

when tested for this. In Table I nre shown theoretical snd experimental

*
time ¢’ rise of = atep- function, & good check on the hanz.pass char~cteristic

TABLE I  Couparimon o tice of rise

Syl

1-f bandwidth Rise time (theoretical) Rige tire exjerimental)

MGI - O
on W

C 12 Mc/aec 5.
7

L4

une:

o

o

2
0 ‘video bandwidth
iimiting’

o
&
py
1

OO tr

8
9
6 NA
2
0

s et e
Py —

The 1 ¢ nearroving secniﬁns were inanried by menus o0: n low-capecity
rotary sw. ch excert fcr the two nerrowest wilch wera complets separate
plup-irn sectiovae

_The voitrg2 owlput ..-cag & resictor in the second astector circudt
(steady corponen.) whk bronght cul to a tesmin”,l nnd was used for neasure-
ment and monitoriceg purpomrer In the experiments to be reported the galo
w.g lrm2ot invariatly eet =0 thoy 0 5 - 1 ¢ volig 'ma produced ~t thisg

terminal

- —— o ——— = 28

% The time of rise of a step funrtion trken deiwean the 10F rr 20k pointe

. f

should be closely agua) to “ /1 f e cwidth

- —g — e~

(< ! e
A9




L6 v1des goction f the rect1t8: NAw .. « naw 57 adbout 3 5 Mc/pa;
See Y1p 8 The vide: cutput was fe3 by low capacity coupling into a P4
Jypckroscipe, gomswhat aitered to provide more stable ocoeration The
Jati.loscupe tuhe was n HShFL  The gsweeps of the synchroscope were cali-
brated with n damped sine wave omcillestor of known frequency The phase
of the trigger to the pulsed aignel generator relative to that initiating

the sweeps wns controlled by » devrice mentioned helow

Procadure.

It was felt esasential that all input powor levels reported in this work
should be measured relative to some fixed physical standard The nolse bower
output of the mixer and first stage 0. a recelver at n fixed crystal current in
the absence of an input aignnl is an excellent and useful reference lavel Thus
all input powers were referred ta tho ecuivalent recelver polse power after
1 Mc/sec narrowins but gtil: in yhe e Thie wne done as follows:

An unmoaulased c-w soutce wae fué through its calitrated attenuvator into
the 13 Mc/ercc receiver (Luring thie tipe the radar pulse was absent)  With,
sy, 100 db atsenuntica negli-it.e W n,uesres nt the mecond detector to be
rectified Thig datector is line r t{nes rig 7°  The rezeiver rain was adjusted
until the rectifieu raceivir nolse v.'tarec »ni the aecond detector read some
fiducial d-¢ value Thereupoa the mttenustion was reduced until the voltage at
the second ceteztor wrs incremeod by s/ facter net far 2ifferant froo 1 414 Then,
for that attenuator reading the ¢-w power ot the seceiver input termipalg e
Just equal to the nolse power  For let lcv be the c-w power Ané Pn be the

receiver nolse power It is well known tl.rt the nddition of random variadles

occurs in power not voltage. and tha CW rnd recaiver noise are certainly rmndon
in phate Thus the total power in the §-f circuit g
= + )
P kc' 1n

but the rms voltage there ig

v

(r - pf
Cw 1

In tho absence of Cw,

vo= (b %
[ h
v }. “ }. # ! \*
-~ \ oY ]
Timg - A (....&'......l S (1 4 oY
AN A F )

v s - o v e

A This aasumes n line.r 1 7 sesctton in the recaiver and Lhat the measurement
of input powsr ~and notlae tplicz plate =t thy gase point In the 1 { cection
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ance te tAagtar of 1 414 iy obvicus when Pc . Pu This faztor woulio dbe
v

rriwtnes tu tne gete~tor output aleo, were it nst for the sma.l correction

‘A.t 1 wrich comes aoout bezause of the smpll difference betwe-n the rms and

tvarage values 0f the probability distridbution of signal plus nolse 4L .as

E the correct value is L 45

Thus far we have calibrated our Jamming sourcs in termg of 13 Mc/sec
receiver nolse, from which it 43 simple to refer it to a 1 Mc/sec receiver of

the doublse- tuned single-narrowed type It remaineg to show how the peak pulge

TETY R VIR

power may be messured in the same units The procedurs originated in n

suggestion by J L. lawson. If a c-w source ir mixed with a pulsed r-f signal

L[S Akttt

and fed into a receiver, there occur beats between the two sources during the

pulss interval The number of beats per unit time (1.e., the number of
oscillations seen within the pulse) depende on the frequency cifference between

the two sourceg If they sre axactly atiuned, there 1s s 2ero beat phenomenon,

(DI LBy ki ook L

where, since ths phages of the twc are random, the CW gometimes mdds to the pulge

amplitude, sometimes subtracts. In fact the top of the pulse. inatend of re-

L DO L Lo

maining atatlonary. sinmply roves up and down in more~or-less random fashion
The amplitude of the excursion deperds on the relative strengtha of the two

sources

The measurement then proceeds thus: The ruxiliary c-w source shown in

3 Fip 1 (wnich way indeed de the Jemming carrier itself) is el through an
attenuntor along wit). the nulse through its attenuntor into the receiver The
c-w attenuator is then cnlibrated in terms of nolse power as described two

paragraphs above The c-v powsr is then increased until it is, say, Pn + 20.0 db

The gain of the recelver is reduced until little or no noise ia apparent on the
type A oscilloscope Then the pulse attenuation 1s decreased until “he beats

have reasonable amplitude The pulsed oscillator is then tuned ‘o zero beat

und its amplitude adjusted until the beats Jupt come down to the brse line At
first sight it might seem thrt, in this situntion, the amplitude of the C¥ just
equnls that of the pulse, but this is indeed a pitfall The c-w power hre
increased the d-c voltage output nt the srme time as well and the bage line against
which the me~gurements nre maie hna moved up Let the displacemsnt of the base
line be pg. This then is the voltage developed by the c-w gource Lst the pulse
height in 'the absence of CW bYe b Then the pulse amplitude in the experiment

boats between b+ a and b - a  Nemipaliy we would set b a = 2 - the
condition deacribed, v, B ke repsurent obLine W r.at aet b £ = ac?
b o 2a
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C¥ and pulse C¥ and pulse Appearance Appearance 1if
off. tune ‘ in-tune for fiducial d-c coupling were
condition uged

Thus the pulee amplitude 1s twice that of the CW, and the powsr difference is
6 db Hence in making the hypothetical Jetsrminntion above, we odtain '

4 =P +200+60db=P + 26 04d
Fulne n n

and thug All thi: 1s necesesary is to note the pulced siganl generator's attenuatos
readlng At this point and tho celibration is secured Hence all memsured powers
are expreesed in terms of i-f noise power, and, it will be seew, this is a

very ueeful dacum level indeed Thig calibration 1s actunlly rapid, and 1s

made some six or eight %imes per rur {The procedure, however, is limited to
receiverg whose i-f bandwidthg ar-e greater than 2/ or so, to avoid-the phase

reversal difficulties at the start and stop of the pulse)

It may be noted in passing Lhat this meapurement serves ms A check on the
amount of FM on the pulse I7 ore uses R wide band receiver for the calibratior
the pulse is quite square on top However 4f FM exiats the beats between the
CV¥ Aand pulse nre gurved, not stralght re thsy are for a clean pulsed eignal
This condition wna alwaye noted in axperiments to he described. Tne method alsc
afforded A rendy means of noting whether the CW was exnctily on pulse frequency
and not the other sidedand accepted by the receiver {Thia information is bad
by detuning the loeal oscillator and noting whether or pot beate are introduced)

Technique of Assembling Dais
The method and technique of assembling datn requires discussion The slgan
levela we shall be interested in are mainly low, becauoe wo ultimately demmnd

the minim:w discernible sign-) For emall signals, of the orasr of recelver

nolss power or loss. the sienn. it 1lscerped not rs a square pulse of small hely

but as A tiny increase or cacruase of the volse itself over a smnll interval of
range

-~
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Kxperiunce Lag ghown that the gelf. ined

threshold ensily can vary by 4 db even for so-called skilled observers. Thig

Mon for the simmal

self-determ’'ned criterion was, in the past, found by slowly attemu~ting the
gignal until it was adjudred minimum discernidble, or slowly increasing the

signsl to n similar condition. Individual peychological and physiological
factors led to the ep;ead of observations. Furthermore, there is no npparent.
aystematié method of evaluating errors in ench determination, It was sugrested
that the personal element may be eliminated, not entirely, but tc s lerge extent,
by obtaining‘stntistical dat= in the following fashion

1° A set of G renge vositione, extending over 2 cm, were arbitrarily
chosen and mnrked on the (£"; cscllioscope face A get of 6 push-buttons put

the gignal in 2t the selected range pesitions

2° The push butioni were incorporated in a timlng circuit arranged so
that depressing the buvtton put the sismel in for Juet 3 second, an arditrarily
chosen standard asignal preser.ation {ime maintained through al
oxperiments’. after which a relay automatically removed it fram the field of

obsarvation

3. An attenuator was set at a prescrided level and the obgerver cnlled
or rscorded the ranse position at which he “elt the sign~l had appeared in
all he took 20 observations for esdh attenuator getting )

4" The signal was decrensed (or incrsased) 1 db and the procedure was
repeated until {t was sure that the observer had covered the range from where
he correctly assigned ths s.gnal 100% of the tiwe to where his puegses were

purely random andé uncorrslated.

6%, From the number «f correci assignmen.s, in ench set of 20 observations,
is subtracted 1/5 the number of Incorrect calls. for this represents the numbez
of correct cnlls to be oxpecied ~s A result of random guessss. The remalning

nuxder is expras«ed as a rarcantege of 20 nnd s> recorded

The urunl sprand for & goo~ oheerver, and glsg one whe hng taken aome

preliminary prectice rmuny is atout 4 db from 100 correlation to ok corralntion,

—————— et . r——— - —

% Experiments heve been perforred by Laweon and his co-worksrs to investignte
the dependence of signal threnhold on sipral preevsntaticn time

%% The preoabllity of n coriect guenses in m triels, if each ovent is random,
is given by the binominl distridbution

¥ n .
Plos _po () (&t
~ r' (m2) 6 6




extrapsiated in eacn case  The prrctice, with scoring is abpolutely necessary
e thay tne ohserver may leara the distinguishing characteristics of exceedingly

smull aignale

From the curve of percent correlation vs attopuator setting (e typical

example i3 ahown ir Fig 11 - the 50% correlation point is reccrded as the

atbitrarily defined pinimum digcernibdle sipnml or signal threghold Aa stated,
thig is about 2 db smnller than the signal that can be gseon 100% of the time
However, such & signal is stlil an exceedingly amall 1increas® in the wild

gyratione of the noise

The advantage of this method is that amongst trained observers the individual

sprendg Aare usually smnll, of the order of 1 db or less. The statistics of
the method will be discussed in the forthcoming report of lawson e¢tpl. OUne can
state from it thnat the probable statistical spread in the results for 20
observations and 6 positions is 15% at 70% calculated correlatiosn, 20k at 20%
calculsted correlation

Generally spaaking, on the grounds of reproducibility it is felt that the
experimentnl results quoted %12 this report are accurste to about 4 1 db unless

othervige etated Reeldunl esystematic errers ere extremely hard 4o evaluate,
but, Jjudglog from repeatability and conprrison., one feels that this figure is
not seriously compronised Accldentel errors arilse from (1) fatigue And faulty
Judgrment effects in the observar, (2. fatigue effects in the noise source. (3]
drifte in Jaorer frequency sete

A tyricrl dstas sheet g shown ir Fip. 10

I¥ ZXRVLRIEANTAL RESULTS

With the experimental vrscedure and arrensement previously described, the
following sete of prremctere -ort varied »nd their effect on the signal threshold
ascertained  For variation in pulse length, the wrluee of 7, 1, 0.3, 0.1 usec
were chosern; the 1-f banawlith w-u verfed fror 127 icfme. to 13 Mc/sec in four
eteps; the intensity of the Jamming cerrier was varied to 21 2 db above the
mean recelver i-f noiee powsr in the 1 Mc/sec i-¢ handwidih; the percent modu-
latioﬁ* was veried from C to 7Q; the jemuwing nolse source bendwidsh, from
150 kc/wec to 5 5 Mc/ssc  Although not all possible comdinstions of the above
conditions were investigated (which would have led to something pinderous --

nore then a thousand curves! represent«*’vs resalts wers obtrines in ench case

% Modulntion percentngs ‘s defined 'n the following way  If £ pine wave of
peak »mmplitnde V voits yroduces A glvor percent mosolsticn {atined in the
agunl way). the modulation percentepe fer neize i ti~tal to be th~t sempe

2 "W 3 A

valua when the rae nolae volt W aet he Mike dg ¥




Since in these experiments the nolse sidebands are always accompanied by
the c-w carrier, an investigation of the jamming efficiency of unmodulated CW
was undertaken. The CW was in every case set exactly on the pulse mid-frequency
and varied in intensity In Fig 12 is plotted the signal threshold, St‘ in 4b
above the receiver noise in the 1 Mc/sed bandwidth, ¥s. c-w power in db abdove
the receiver noise in each reppeciive 1-f bandwidth, viz. the parameters on
the curves. In the case of the three bandwidths examined sdout 3 d% loss in St
ensues for large mmounts of jamming power. For the 13 Mc/sec i-f case, the
3 db lees is reached at sbout 20 db of C¥ above noise; for the 1.0 Mc/sec i-f,
at 10 db abdove noise: for the 0,12 Mc/sec i-f, at about 25 db nbove noise. This
last curve apparently showas the effect of incipient saturation dy the extira
decrease of 3 dbt at 40 db of CW.

Tiue, one sees that there is a sharp limit to the deleterious effects of
c-v Jamning provided no overloading ensues. This same conclusion has deen
reached in dependent experiments (not yot reported) dy lawson and Johnson of
this group. A mathematical argument which tends to Justify this corclusion will
be progented in anothey reporst, although it mist be urged that the most

convincing ressons for the limit in effect nre the experiments themselves.

For all bandwidths jamning starts in at about the same c-w power relativo
to the receiver noise power in each handwidth snd then increnses to an asymptotic
value A study of the so-crlled "North" curves (see referencs 4) leads one to
expect jJust these results The probebility curves are altered by the presence
of the CW by nn nmount depending on the rtatio of CW to noise power For large
amounts of CW the prcbatility curves rre unaltered in shaps, but nmerely shifted
along the scale Hence the ceiling on the deleterious effects of the CW ip

easily understood.

In the sequel the torme "10 dd Jamning" will be used to designate "the
unmodulated Jam:ing r-{ carrier is 10 db adbove receiver noise _n the 13 lc/sec
receiver " It ie interesting to note that 10 3b c-w Jamming has caused the full
3 db loss at 1 O Mc/sec &-f bandwidth, about 1 db at 13 Mc/sec and 3 db at
0 12 Me/sec By 20 db jamming all bandwidths show n loss in §, of 3 ad

The interpretation of ths resulte tc follow, then, will be largely un-
influenced by any arguments r#s to tho effectivenaes of the c.w terms for this

is alinost uniform in 211 dandwidthe

-




Some question as to whether A large C¥ term of random phase with respect
to the pulse may cr may not ceuse n sort of "coherent integration"(ll) of the
aignal in the noise may bs raised. Such integration, if 1t exists, should
presumadly alter the square root lay of repetition rate dependence Yo check
this point, Fig. 12a has been preprred from data takasn at a 1 16 hc/sec i-2
bandwidth, 1 useu pulse, sweep speed of 1 2 mm/usec, vicec bandwidth of 10 Mc/sec.
The repetition rate was varied from 50/3ec to 3200/sec. It is clear thd , within
experimental uncertainty, the square root dependence of signal threshold on }RF

d¢oes indeed hold, and hence no appr.rent "coherent Iintegration" takes place.

Jarming Zffectiveneec_ap a Fujyrtion of 1€ Bendwidth and Hulge length.

Pisures 13 - 16 show the sigunl threshold {(50% correlation pointas) for thse
five :-{ bondwidths investlignted, for respec: vely, the four pulse lengths in
questinn. and for (1) no jemzines, (2) 20 b Jemmin:, and (3) 20 dt Jamming
Th» other radsr parameteére rre s-atec on the fipgurez A modulat icn index of sof
wae employed in this and every other casa, unlesa a sitrteément to the contrary
is explicitly rade ..t mare, in every cmse “he 13 Mc/mec point wee incrensed
0 5 db relative to the others to correct for the difference between the 3 db
bandwidth and the noise bandwidtn of & receiver wheu n aoudble tuned circuit ie

multiply narrowed compired to when it s singly narrowed (See Aypendix B)

¥rom ¥ig 13, for a pulse length of 1 psec, the optimum bandvidth in the
absence of Jemming is close to 1 25 Mc;sec At this point S, is 2 4t below
the receiver noise power on thie bandwidt: The curve eeeme to ~Lproach the
45° agymptotes predicted from simple theory on ench side of this cptimw  With
10 db Jamming the optimum banawidtlh hag moved slightly towrrd the wiaer reglen,

and now S, at optimum ie muou* 1 dY phove nolse  Thue there is = loss in radny

t
effectivenage of 9 db Fov 0 én jaumning, the optim hers moved distinctly to
the right and the sim. ) theachold s% ortlmurm Le 7 db above nolse  The optimum
bandwldih i3 sbout 1 & liofwes 7 ltuovrk tne curve le quite Tlet nbout the optimum.
The curvee Tor no Jemzine .. ol Juwiting., and 20 4% jamcins are quits parallel
below the opticum baundwidth bt shov n surt of corvergounce al wide i~f dband-

widtha  The sigrificance of tiin will bve discuase’ further o1 and in Section IV D

fig 14 eho'n r airilsr an. of cusves “or n O % usec pulse The optimum
bandwidth for no Jemring $5 sbout 36  kifase or 1 1 x 1/rulse length At

optimunp, St g rbout 7 db Below receiver noime in thiy baaiwiAth  Th . curvee
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for 10 db and 20 db Jjamming ars closely prra.lel for bandwidths narrower than
optinum, but again seem to converge for bdbandwidthg above cptimum The optimum

banawidths for the Jammed cases are ahout H.5 Mc/sec and 6 2 Mc/aes respectively.

The 3 usec pulee results aro shown in Fig. 15 The optimum bhandwidth
without Jamming is O 4 Mc/sec or 1.2 x 1l/pulse length The St at optimum ig
6 db below noise The vptimwmw bandvidths for .0 db Jjamming erd 20 db Jamming
are, respectively, 0.45 Mcfeac nnd O 7 Mc/mec The same relntive convergsnce
at wide bands is noticed. Zurtnermore, on an ~tLeclute power scale the longer
pulse lengthe give the expectedi smalleat sigmal discernitility (the pulse
epergy ig grenter) The curves are roughly parsllel for bandwidths below

-optimam

Finally, the results for the O ) usec pulas mre depicted (without too much
confidence) in Fig 15 The optim'm hendw!dth from the curve for no Jomming
is slightly =beve 10 Mc‘sec, or Juet mtou% the reclprocel of the pulse length.
That the optimum bandwidthe for jJemmod conditione are wider cau be seen from
the trond in the curves, aliliough sufficientl§ wide bandwidths were not avall-
able to identify them preclaely The resultg for the O 1 use. pulse are on
somawhqt wapker footing than tho remsiring data dbecause of the aifficulty of
producing auch n narrcw pulse with a flat top and free fror incidentnl FK,
becaues of the effect of the vides narrowing. and bvecause of the difficulty
of accurately measuring the prulre lesghth Furthszmor:c, there is a “"presentation
ne meometrd

ne feon 1 frcror of narrow

>
(3}

loss® relative to the 1 usec julne, Jdue %o
signal width This will be discussed more fully in the foruvhconing report by
lawson gtal However, despite these frcters. tne :esulic nre reepsonably in
nccord with predictiors; e g . ths slopes of nll the curves (which sre tairly
parallel) appronch 45¢ for narrow i-f bandwidthy; the bepinnings of a convergence
at wide bandwidthe caﬁ be saen. 4t optizmm handwidth, for no jrrnins the signal

threshold is perhrps 4 db belcw noize: for 20 av Jasmine, it is perhaps 6 db

above ncise »t this handvldth, tut thle Llaat ig a questionrble exirapolation

An interesiing comprri:on can be made Letlween these results snd those

{
crlzulatad froo Haeff'g For:“lz:'G)V1z .

Stlu B.‘): "1‘(’ ")'h
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He obtaina an optisum bande.dtl of 1/piuse lengilh in cempariscn vith our figure
of 1 2 - 1 3/pulae lengt). If we ansure Heeff g furctionz) fc:=n with our factor

of 1 3 in place of hin 1 tre unjamped curve thepes crn be carpared lo the
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following table (the experimentnl veluBs come from Fig 17)

TABLE 11. Comparison of lneff's formula with expsrimental values.

B Sig. Power Sig Power ’
(Haeff) {exp'tal)

Bmax Sig Powermin Sig Powe{min xp
0l 51 adb 50 4v
c3 19 2.0

1 0 fadjusted) 0

3 1.2 2.0

10 46 5.8

Thus the agreemert is quile gocd

It 4s inptructive to corpare the slgnal threshold for the several cuses
discussed Thus in Fig 17 haa bssn plotted A wniversal curve embodying the
results of ¥ig. 13 - 16. Str
some¢ of the resulte are summsarized in Table 111

has boen plo%tel az a function of B, and

TABLE III  Summary cf pumerical rssults.

- Pulaee Jamxing condftions
Length none 10 db 20 db
3 usec -8 8 -2.2 +C Rumbers refer to S, at
1 . +1 % +9 ¢ optimunp bandw!dths neasured
03 -1 6 «~5 7 +8 2 in &t a%ove receiver mnolse
01 +£.0 +12 2 (*¥17 2 (D power in the 1 YMc/esc i-f
handwidth

Without a specific comprrisor  we pay say th:i the general shape of the
curvee in the sisance of jrncine ¢5)%0we the scceptad behsavior “hile it &s
Yrue thrt thne slensl-1o-Loa » ot st optimmyy Le-cvidth should be independent
of pulre length tas con be xeen fror sy dimenalops) snd enargy Aarguzent),
scnled up these “al Jamuming' curves Lo not quite ngres, but nevertheless are
not irn great disagreement  Tho s2nidqg arpurent le incomplete unless the sweep
length ie ac~led likewire by the pulee length; this ~ccounts for some of the
spread of the pointe in ¥ipg 17 In Talle IY Lho valuee Are corrected by thie

factor, odbtalued fror the resulta of l-ovaon anéd hie co-workers.

TALE IV Couparison ¢f atgnal threshold and pulsc enargy-

Pulse length St at optimum bandwidthL Pulge
_ (edrractea for presentntion) energy
3 pse -10 8 db nbove nolss in -10.8 db {(arbitrary
1 Mc/uec vonditdth level)
1 -7 2 212 1
03 -3 -1l.9
0.1 42,5 ~12 &
A e L e S NS SIS ST ST T LSRN SN IS AR e TR S ISt Y LW LT L DImn S oTmmrTteERLma =




It can be geen that the niniuun discernible pulee energy is not far from congtant
for all pulge lengths 1nvo|tigated

The.parallolitm of the jggg_gg curves at the narrower i1-f bandwidths is to
be expected. The Jamming signal consists of a carrier plus noise sidedbands;
the assumption that they act ae independent jammers seems reasonable. At
narrow i-f bandwidths all ceiling effects due to clipping (see below) disappear,
and the situation is largely as in the case of receiver noise alono*. (The -
effect of the c-w term has already beer. shown to be fairly small). The con-
vergence of the Jamming curves at wide bandwidths is likewlse explained by the
fact that here there is a fairly morked ceiling on the jJamming noise and thus
the Jamming does not do as such harm as would be expected on a purely bandwidth-
Power basis. The fact that “he receive:r's own noige ip most prominent at wide
bandwidthe adds but little to this effect at the Jamming powers in question.

The Effect of Increage in Japming Strepgth.

In Pig. 18 have been ploited mections through the curves of Fig. 13, for
the bandwidths of 0.12 Mc/sec, 1 16 Mc/sec, and 13 Mc/sec. and hencé the conditions
therein enumerated hold hers. (In addition were taken several intermediate
points to fill in the large empty spaces in the curves). 1.16 Mc/sec is closely
the optimum (unjammed) bandwidth, the other two, the very wide and very narrow
cages respectively. While eimilar gections can be prepared from the curves in
Fige. 13 - 16, if the need nrises, Fig. 18 can be used to illustrate the
general casen ’

In the first place, ail these curves shoulad evenfually arproach a 459 slope;
i.6., the sigual threshold i3 proportional to the power in the Jamming carrier.
The curves presented show thie tendoncy.'nlthough this theoretical slope has Just
about been attained at 20 db Jamming. Thus st is not solely a linear function
of the Jamming carrior power, for gmall power levels. But this we know already
from proviaus discussion. Ia addition %o the c-w carrier and its noise sidebands
we have receiver noise as well. For CH,QSt ie a fnirly compliocated function of
the jamaing power, starting siowly nnd.ov;ntually sustaining a saturation increase

of about 3 db for large Jaumiug powers, somewhnt in the form of a dicde saturation

% It is tacitly pagpumed thel any effact caused by the phnee relationships between
the two noise sidetands can be ignorad.

708-18

y Iod
qliilliii!!!l!!!;a!L'. .
'
.



AR T AR

R A Py

ALY

o

curve For nolge sldebands alone, the efficacy of the Jjamming should be
proportional to the jamming power; while the receiver noise ie always with us
The combination of these processes lends to A curve which starts out flatter
than the 45“ slope and evenatally approaches it. Heuriatically, one can

write the oquation of ths curves in the form

St = a+ bJ

whers J 1p the jamming carrier powsr »nd g and b (functions of m, amcpg other
thirgs! are empiricai constants t> be taken from Fig. 18 The fastor b is a
meagure of the effectivenees of the jamming noise It should be small for

the wide 1-f bandwidths (ceiling effect), larger for the narrower i-f bandwidths
This io indeed the case The factor s should be closely connected with the
receliver noiee powsr, but thisg is complicated by the c-w term mencticned abova
Howsver, it should hehave in sinilar fashion to the "no Jauning" curves; thia,

too, 1g the case.

1 ssemg, from the curves, that there is a srlightly gmreater tendency for
the narrowsr handwidths (optimum nnd below) to renns their theorciicel slope
at lower Jamring powers. Trie sesms re” sonable on two grounds: (1) the recelver
noiee is n larger fenction ¢f the totrl nolse A% wide %rnés: and (2). on the
vaegig of an snalyela of the effects ¢f clipping(lz) the exterisrlly nd..ed nolse
becones more truly randorm tte narrewer the bandwidih Thet le, clipping mnkes

the noise legs effective

A an example if S, rnnd J are messured in uits of noise power in a
+ t
13 Mz/sec wide receiver, t.a: mciu~l numeric=l velies of & and b thet eive e

réasonntln fit to the curve for tne 1.1€ Mc/sec { f bandwidth are

0,016 (in the sazec units’
0 008
ther pulee langths snc dancwidths behave in simdlar, i€ not identical fashlon.

#®t
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Effect of Modulation Index

ldeally, with aipusoidnl moccoleation nt 100% the vower in tho sidcbands 1a
Just one-half the carrier power  Hovever, when a mere complar wnve is used to
modulste, thie limit is en.eedel  For example, ouc mry ensily convince himself
that modulation by & souure weve with mark equ~l to spece leads td energy in
the sidebande gqual to thet in the carrier ¥ith nolee of en extremely clipped
type agrin we find equrl P0”8?11R the =else sidebands and in the carrler at
100 moduletion (cf Van Vlenr ')  VWith completely unnlipped noige, on the
other hand we have many shurp pea¥r:. aome fow cf which rise to very preat levels
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eo as to overmodulate tho crrrier, and many ¢ which lie below tlhe mms level
and herce fall to produce full modulation. Thus, strictly speaking, 1005
modulstion can never cccur with unclipped noiis, for the accidental fluctustions
would require a mednletion characteristic of infinite extent between cut-off
and saturation Iu the case of a practical m.dulator, peaks of voltage greate:
than the reciprozal of the percent modulstion times the rms Yoitage are clipped
of7. Thug there 1s a gelling set on the patterne

In Fig. 19 are shown curves for a 3 psec pulse; %he St is plotted as n
function of the i-f bandwidth for modulstion j.ercentsges of 0, 18, 25, 50, and
70. The Jamming nolse banduidth 1s 5.5 Mc/gec, the Jamming level is 20 db,
Thease curves all show. to the first order, anslogous behavior with respect to
the i-f bandwidath altnough, of course, the vieitility is constantly reduced
for greater modulation indives. There im, however, on careful inspection, a
progreseive shift of the oplimum dbandwidth to the right, indicating the oft-
mentioned cciling effect which reduces the effectivensea of the jamming noige

at wide banéwidths. This tendency is drought out mora clearly i1 Fig 19 .

In this yigure are shown sections through the previously mentioned curves
of Fig 19, taken'at ths thioe 1- bandwidths of 0.12, 1 16, and 13 Mc/sec
respectively In these curves the abscisga has been chunred frcm m. the

2
percentage rodulation, to ©° The d~shea curve was drawa in under the following

1,

consideration. Van Vleck(‘“) hng cnlerlinted the ratio of sideband energy to
carrier energy 2s & function of the clipping lavel He finds thet ng the rms
noise lsvel 1g indefinitely 1rncreased (nz-aooW the ratio of sidebaud to carrier
energy in a practical devics approrchees vnity For 100> modutation on our

~

definlition, the ratio of sicevand tu carrier ensrgv ie close to 505, As the
noi<e modulntion factor ie reduced, theis if ienc ~nd less clipping {sse Fig 4),
and 1t 1= gtated in tne gource mantioned thet all effects of clipping either on
the gpeatrum or own the Lower dis ribution shculd bhe comprratively small once

the voduluwvlon index is below 100~ Thren bsizw this figure one may well rely on
the fact thni the power in =he ncise gidebamdia ig proportionnl to m;3 Hence

the dashed curve is a plot of the theoretical ncise eldetand energy distritution’
as a linear function of mz nnd this is expectsd to hold sbour up o n® = 1,
The reference leveir for ihis curve ie arbitrary. since we m=ke tnhe assurption
that the aignsl thraih>id 19 proportionnl to the noise aideband power, ceteria
paribus. But thig suppoeition is diatinctly wrons, for the St curves are
flatter than the energy curve, £ad ‘n far! the devintim of the curves from
the theoreticnl mry be tar . i n3 A rownsure of the logs in efficiency due 2o the

clippiny effects Row the 2f “witn of ~lip dng shevid bectms lera cericus ns




SECREE

the 1-f bandwidth decre=ses, because rll vbe Fourier components nacesshty b0
establish a solid celling are not ndded in Thus, in the 1imit of narrov
bandwldths thare is every rerson to suppose that the signnl threshold curve
should have the same shane £a LNe eneley GUIve. That is, the only thing of
importance is the energy {n the noise esidedands, aince the noise now appears

as rapdom na receiver nclee Thig suppesition is seen almost to be fulfilled
1n the case of the curve for the 0.12 Me/sec i-f bandwidth.  But thare are
dirtinct deviations in the cthar two crzes {a small part due tvo the receiver
notse itself). A more gquantitative cstimate of the ceiling effect will de made

in connection with the pext pection.

E. Yariatiop of Jamming Roige Bandwif th.

The jamming noise vandwidth $s defined sm the video “nndwidin (to the 3 ab
dovn points) of the nolse qource ovesrlil to the dviving point of the klystron
amplifier, See Fig- 8. Si~co the ncige sourer etits a apacizum f£1at to far
gron.er frequencier than cork 15 queation hero tho prplifier anc seeocinted
ci:rcuite do the eecentinl 1 ritine  Tires aif.orent noled bandwidths were
enployed. Ty feT ihe hrpes pert ¢f the dnta fAs bera nasemb.sd with & nolse
baniwidth of € 8 ko foes  OWeVET, poisn pandwidthe of 475 ke/eec and 150 kc/sec
vere used S0 investlipnte r 3 weec pulse over the cntire i-7 hendwidih range,
for canprrison Witk the b £ Mz/gec bandaldih Th~ pesults are shown in Figs.
20 ~nd 21 lulec lengun ara other guantitics {ercept Jrmatog power) were not
v-.risd becruse it wng felt th-t the tehuvior for tris pulsec length is repre-~
sentative: tke signal threshold for sther rulise wongtha can be deduced from

the arguments oxplrinine thie offect on & 1 urec pulse

For 10 db jamming, the St for all three jJamning poise hedwidthe is virtually

the sane for the very wide 1-f bendwidths. As the i £ bapuwidth decreases, &n
optimmm is skown, but for tne prrrower JAmming noiae bmdyidthe the optimum
reglon is guite considerably £1ntter. compnred with the 5.5 Mcfeew cnse  For

the 475 kc/sec Jrmming nolas vandwicth, the optimum IF 1s ahout 2 Kofwec; forx

vhe 150 kc/sec nolst¢ bandwidik. the optimuﬁ iF is aboui the sene This 18 for
"10 db jasming  Ror the 20 it jarairng, the optimn Aremain, reppectively, about

2 Mcfees. The svrprieing tring, st firet sight. le Lhat there veenma to de

an Qptimm Jemine nolge briidwidih The curve for the 160 kc/soc ncise dandvidtlr
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lies botwean that for the 475 kc/sec and 5 5 Mcfee. At 1 Mc/sec i~f bandwidth,
the increame in S, for 10 db Jamming is 2.7 db for the 475 kc/wec nolse bandwidth.
1 5 ddb for the 150 kc/eec nolse baudwidth over thei for the b.F Mc/sec cnse.

For 20 db jamming, the corresponding numbers are 1 3 db and 1 db respectively.

for very narrow 1-f dandwidth, the st curves show # slight tendency tc lie in

the order of decre~sing noise bandwidths

How are these results to bg interpreted? One must berr in mind the
following situation In every case discuesed the muiulation index was 50%.
Thus, since the rms noise voltape wes set at this flzure, 211 noiee peaks of
voltare greater than about teice rms fall to a:pear 3: tha output Thus there
is clipping taking place at this figure, clipping whi:1 drives the r-f oscillator
eithe? out of oecillation or to saturrtion, depending on polarity This results
in n geiline on the noias prttern and. iu fact, the celling will be the more
sharply delineated the more coxpletely nll the Fourier components are added up.
Thue 4n the case of widelrod IF¥ the celling is clearly perceived. while the
nnrrower the 1¥ Lecomes tho more the reniom ch:racter vf the jamming noise ip
restored. For pll the 'awmiaf poise “wndwldihe coaskdered. the 13 lic/sec i-f
bandwidth mry be considered falrl:r wide, nnd thus it is found thrt the aignal
threshold ie the same for th2 three crerp, for the Jammine noine power in the IF

is the same for the three casos

Ag the %-f bandwldth is narrowed, the mmndouness to0 the noia~ pattern is
restorad in the order of 150 Kc/sec, 475 kc/sec end & 5 Mc/sec  Howsver, for
very nnrrow hendwidths, the Jamming noise power in the receiver incropses
directlv gs the reciprocal of the jamming noise bendwidth This is #0 because
all three cases were investigrted nt the gomg mean nore power An experiment
was performed and thim conclucion wna chacked =t the 120 kc/eec i £ bhandwidth
Thus. the noise power increwee is in the order of 150 kc/mec, 47& kc/oec, and
5.5 Mc/sec nojse bendwidth It thus ie quits pomeidle thnt there be sore optimum
Jaunming noiee Lrndwidth  Froo these erperimente it geems th-t th optimus

i3 somewhere Close to O 5 ¥o/gea nodec bandwidih

Tt in possitle to mnerra the validity of thig interpretation by an sxawminmatic

of the consimlency 0Ctwien tn7 e¥p rincats descritec in this section, And other
experimpals wiacer resuliz )i.twine uarinc on clipuing effects  Such eXporiments
nrp thias dec.ritied dn the 1recicvg soction
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Under normal conditions one would expect the curves of Fig, 20, for the
yery parrow 1F, to lie in the order of decressing Jamming noise bandwidth; in
fact, separated by the ratioe of the noise bandwidths. It is prodadly fair to
say that the effect of clipping depends on m, ‘“e percent modulation, and o,
twice the ratio of the jamning noise bandwidth to the i-f bandwidth. Three
independent sets of data will be compared, vig., that from Figs. 13 - 15, that
from Fig. 19a, and that from ¥Fig. 20.

In Fig. 13 it i3 clear that the curves should fall uniformly if the Janmning
were unclipped. That they do not iz due to the clipping factor. Let us
exnmire the case of 20 db Jamming; this is enough to indicnte the bdehavior, ang,
moreover,the effect of the recciver nolse power is couparatively small. We
further assume that an i-f bandwidth of 120 kc/sec all clipping effects have
disappeared. We then record the difference (in db) betweern the unjammed and 20 db
Jamuing curveg in column 3 of Table V. The clipring factor, Fc' as recorded
in column 4, is the differonce {in db) between the values in column 3 for an
1-f bandwidth of 120 kc/sec and that for the bandwidth ip question.

TABLE V. Clipping effects.

e

sy

1-f BW o Qv aier. F,

0.12 Mc/sec 92 18.0 0 dv

1.16 9.5 17.0 1 1 jiaec datsa
13.0 0.85 12.0 €

0.12 ez 16.5 0

1.16 9.5 14 2.5 3 ussc data
13.0 0.85 10 5 €

0.12 92 17.5 0

1.16 - 9.8 16 3 1.2 0.3 usec dsta
1%.0 0.85 13 0 4.5

- et ¢ ——
= —— —

Thege three determinrtions of the rolationphiy of Pc to = agree fairly

well asong themzolves.

Tiow frow Fig 19a, we conetruct Fig. 1 helow in the following way It is
felt that st 155 modviriton, rzy. clipping effectr should bYe negligible at all

Jaming noise bandwidths investipg.ted, Thue the theoretical curve was fitted
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t) the experimental ones nt mg = 025 Theo the dlacrepency in db is plotted
Ay ordinnte In Fig i, m Re abscissa This 18 done for the samo i-f handwidthy
«n in Table V. Frum the m = 50% section through these curves is constructed

Table VI  The apreement belween the two independent detsrmination of tc is

tolerably good O
7
/
1 7
/
/
0—
C + From fgt
Gl i\ o " *f3
' 2 " "4
a o Flw
|— *  Fiys.13,20
5 ’.(mus’dab.
@ Fr . A0
1:2&,‘3"7-{
/ o From Fy 20
/ 1"9’! -
10“"‘l alzr 3 41 5 7 ‘,4'%6 1% fLOO
Oy § m 05 e b ¢ 11 &
TAELE VI Clipping effects tcontinued)
I-f BW o< f
0 12 Mc/gec 92 0 5 dv
l1¢ Qfr e 3
13.0 0. 8% 4 ¢C

But this nagreemenl is 3in A cervain senas dirar.ings  For ~wditional
indeprrient information on clipping effeste cunes from s study of Fig &0
(together with the 1+ €svasiion on unjsamed Denavio: :n Fip 13' and th.s etudy
1s ip serioue dip-greczent with the reavlea innedle tely preceding  In Trdle VII
are tabulnatea tne valiee of 0 fruoonoccmpamieon 9° the 478 ke/sec curve of

Fip 20 (220 &t jamoines wit¥ the woiurnea curve ¢ Nig 17

70F 24
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TABL- VII  Clippinp

1.2 Bw o, Jamming effect ¥

f o1
0 12 M¢/sec 79 23 7 db 2 db (adjusted:
116 C.82 19 2 6.5
13 0 0 073 12.0 13.7
Pt — . - — e e

Column 3 gives the difforance (im db) between the jammed and unjammed cases
If we accept the clipping factor of about 2 db for o0 of 7.9 (from Tadle VI), we
can then fi1ll in column 4 by this adjustment.

In Fig 11 have been plotted all the data in Tables V, V1 and VII. 1In
addition, frow Fig. 20 there are als: plotted the data taken at i-f bandwidihs
of 120 ke/sec and 1 Mc/sez; the clipping factore were obtainad by a comparison
of the actuel St with that to be expacted if ail the Jamminz power were sffective.
At an ok of 100 it is apsumed ihst Fc = 0 db

It 43 clear thet not all of the data are consistent. That from Fige. 20
and 19a certainly ngree, also that for the 475 kc/set noisc bandwidth case.
However, n giscrepency of ggme 6 &b or a9 £t small values of o< is mpparent
betwean these resulte and ths others No regolution of {his paradox has been
Tound® measurements of Jamming nolae power output directly confirm the expscted
result; no regeneration in ths receiver hns tesen discovered; curves of dis-
crepancy Vg m2 for different Jamming noise banéwidths, but the same o=  agree;
no obvious experimental difficulty has been agcertained. One is led to the con-
clusion that some unsuspected source of experimental difficulty i& deing met,
for it is not reasonable thrt the jamming effectiveness should deperd on the

noise bandwidth in any other way than alrendy constdered

Signal Threahold ve. Jamming Yowser

For the sake of comparison, sections through the curves of ¥ig. 20 (tosether
with some additional poirts) are shown in Fig 21. Theso rre taken at i-f
bandwidths of 0.12 Mo/sez 1.16 Mc/sec. There is virtuwally nothing to ~dd to

the dlscussion airendy presented for the similar curves of Fig. 18.
Signa) _Threpheld Dei<ndence_on Pulae Lengihs

In Fig 11b aro plottel aome data taken from ¥ipgs 13 - 1. St is plotted

as a functicn of pules leng h Jor diiferant -~ bandwidihg, for the case of no
¥ S
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Jamming and for 10 db jJamming The behavior is a¢ pxpected and needs little
comment other thsn to ncte th~t the curves Aare nbout the same shnpe, with md
without jamming Other things being equal. at mny i-f bandwidth increasing the
Pulse length 1s »n Ald tc radar range and an antijanming measure for the fype
of Jammping undsr consideration. The narrower the IF, the nore the ald obtalned;
the more the energy in the pulse, the »etter its visibility. However, cne muat
be reminded that there ig alg> some gain in aiscernibility ascrided to a "pre-

sentation gain" on the screen

Begtrictions on Regults,

All the forcgoing results apply to a linenr detector, n lipesr iype A
oscilloecope display There scaps little renscn to expect any significant
aifference, if the lgy of the devector or of the video-osc!lloscope combinntion
is chanred Any chenpe in tne law achieves the auze resulla ar could be obtalned
by the ase of magaifying epectaclea on the part of the observer, as lawson has
pointed out Thus, in the rigimir dircernible rezion. wiere we hnve to deal
with smell aignals and were presentation logs is rot a serions question, the

resulte should be uninfluenced by tke devintion of the law from liunearity

Furthermore, the studies nave not heen carried to wiat may be cniled "high®
Jamming powers. The limits of power investirated are clear from the legends on

curves Nor have "off- frequency" jamming rtudies been undertaken

¥  SUMMARY OF RESULTS ANB CCNCUETCR:

In the preceding chapter have “een discussed the arperizent». Tesults And
their interpretation It ia the iutention here te apply thess reaulis to an
estizate of the geaeral vulrerabilisty =nd/or imuvlnerahility of radr sets to
noisa AM Jamming. to point out what, if eny, artijazzise mensures m~) be taken,

to minimige the interference, to sum nrize the aata in n rs reaadly usable form

Aptijamming Mesyureas.

A:Y AJ meagarea that Irevint the Jamning fro~ envering the receiver &re
clenrly desirabis Exampliec of pich rearuras rre’  radir freinency shifts, good
ratenan pettern, pgolrrizetlion cortre  etc  Fowever, one® the Jenminz enters

the receiver -ygtoic Iittlia cnn be &ona teo rlisvintc {te effects In penernl a
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scurwhal wider 1 f bandwiZuh than i commcn.y used for whe purticuiar radar
False 1= aecirntle, A tho.zb the venefit to be obtainec by thia prccedure is
really auite negtigible {perhaps O £ db. st sghould e reiterated nhere that
radar set d-esip, considerntione lending to “eiter rader performmnce in general
lead te hetier performance in the presence of Jaomming o! the tyve etudied here

Exepuplee 2f this ~re indicated in the following tabls

«aBle VIIT JDeeign considerations with regard to jamning

poe ——
———

Degigr cornidsration Effect on radar performernco Effect on parformance
against (widebund)
Jruming

Antenaz g-1in, < 62 ¢

tea” power, P F 2

Falase le:g & L : s

o (yRy ;3 (pr¥ R

Quantitntive “atipate of Janming Power

Little will be mnid on this matter for the remson that ench trctical
yrobler. requires ita own solution ‘Furthermore, valuee of S, which ope could
have ohtained from calculations beged on re-sd>nahle guesnes nre alidst Ag uee-
ful as the actual experimental resu.ts Bemely for the 13 Mc/sec IF, with
20 dt jJamming at 70% modulntion the rower i1 the jamzine noise aidebrnda 1e
pbout 14 db adbove the receilver noise . this { ¢ bandwidth Thus one would
expect roughly = Gecrenmas 11 visibility of 14 db dus to the noise about 3 db
due to the cerrier making 17 &b in 21l  Actuelly from Pigs 15 and 19 adout
11 5 db is observed The differeoce is lnrgely due to clipping Thus the
discrep. ncy in tne vnlues is less than one craer of magnitude Where the
Jamming rolse is ngein rondor e in the O 12 Mr/aer 1-f handwidth, the
calculnted and oxperiment~) valuea practically ~gree 719 5 db vg 19 db)
Furthermore a priaori reasoting woull indicnte oniy a slight chunge in the

optignr i f handwidth, Just ra is fovas ip the jaunirg exporimente

Thus cmlculatione of t.ae Jaumming pows:r required to d> a given Job will not
be serlounly in error 1f cie mimply calculates the noise power ot the receiver
terminealg #nd copres it w.th *he receiver nsis figure The genersl method

(17
of calculntion would follow the line ndopted dy Lavson'13)

However a more conaiatent precedure woulé be aes Follows

m—— ——— rren - -

% Thig ie not trua of coursa if the Jewmmer gcalas Lig hmndwinlh by the

sars factlcer




c.

(2)
(3)

(4)

(1)

(2)

(3)

(4)

e ——
Calcalate the total jamming noise sidebaul pover falllng to the receiv.y
i.f vandwidth in cowparison with receiver noise, Let this ratio de J/¥.
This calculation 1s made from a knowledge of the jamming carrier power,
1ts noise bandwidth, and the modulation index, m. ZExprees ihis power

ratio in 4bv.

Add about 3-4 db to (1) to account for the carrier.

Correct for the clipping factor, rc. according to m and ©¢ . This
correction is indicated in the chart of Fig 22. ,c 18 given in 4d to
be subtracted from (2) above.

This final answer represents the increase in signal power, expressed in &b
over that in the unjamned ocase, iecolsary for visidbility in the presence
of the Jjamming under consideration.

Por example -~ what is the loss in sigral visibility under the
following conditions:

Jammar carrier = 5C db above receivsr noise.
Janmsr video BW = 6 Hc/sec.

Jammer % modnlatior = 70.

Radar receiver i~f BW = 2 Mc/ses; ©¢ = 6.
Pulse lengih = 1 psec.

Noles power in receiver. At 70% modulation, the sideband power is 6 db
lover than the earrior power. (See p. 23). The rsceiver mecepis 1/5
of this because of its bandwidth, 1.e., =7.8 4b, Thsrefore, the noise
powver in the receiver is
60 < 6 - 7,8 = 36.2 4b over receiver noise.
The carrier effect is 3 db.
36,2 &b —> 39.2 4b )
From Pig. 22 the clipping effect for o< = §, m = 70% is about 4 4. Thus
39,2 &b —> -365.2 d4b.
Tharefors the increase is S, required by the Jasming 4s 35 4b.

Agknovladgement.

In conclusion 1t is a pleasure to ackuowledge ithe aid of C. Harvey Palmer

in taking some of the data, and the valuable advice and eriticism of Dr. James L.
Lavson during the course of this work.
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SOME CONSIDERATIONS INVOLVED IN RADAR YERFORMANCE

Starred quantities (t) repregent parameters varied in the course of present

sxpariments
1 Fower
x
n) Peak

2'9

39

40

20

3
40

*v) Fulse length
e¢) Recurrence rate

d) FHulse spectrux

Antenna
r) Pattern
1) Gain na G (0, §)
2} Polarization
Scanning
a) Rate
b) Type
Plumbing
a) TR recovery

b) R-f band-paas character-
istics (including filters’

c) Mixer
1) Law and type

50

60

70

89

1F_ATD VIDEG

Center frequency

Frequency responss

a) Amplitude and phase

characteristic
(type of bandwidtl:
narrowlng
Law of 2nd detector
Video
a) Auplifisation ve frequency
b) PYhage va frequency

(type of narrowing.

o) Noise figure

a) Optimum
operational
characteristics

d} PRound-trip losses

Locnl Oscillator
a) Excess noise
b) Signal loss into 1O coupler
¢} Frequency
Propagation Factors
n) Exceas atmospheric noige
b) Refraction and focussing
affects
c) Station and target locations
*Interfarence
Terget reflection properties

a) Cross-section

b) Fluctuations

1) Peaking
2) Low frequency rejecticn

3) Polarised narrowing

4) Euc

¢} Other video characteristics
1) 3Blanking
2) limiting

3) Llengthening
4) Length discrimination
5) Ete
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PRESENTATION
1v Common types of presentation ¢c) Focus

a) A d) Type of screen

¥ B 1) <Color

z) PPI ) 2) Build-up and decay
_ d) RO 3) Grain size
; e) Expanded type 4) T.rk or dright trace
% £) Ete. e) Swesp length
% 2° Type A oacilloscope f' Deflection-intensity laws
é a) *Sweep rate
— b) Intensity 3° Noise height

TRAN T

LAk RS LT

EXTERRAL FACTORS

WAy

1° Ambient light b) Training
2 ¢) Criterion for standard
] " 1
2° JYThreiclogical factofs observer
3 Cbgerver g
*
a) Inherent ability 4° "Signal Preeentation Time

i N _ .




A single stage of a single-tuned circuit has a response curve (ideally)
of the form 1/(1 + w®); and %o on. In this form, the 3.db bandyldth in each
cage is Just equnl %o 2, and the higher the multiplicity of tuning, the closer
the system function approaches the square form. The noise handwidth (1-!)
if defined as the equivalent rectangular bapd-pnss characteriatic. that gives
the game noise power as the a\.tual ore. In the actual case, the noise power
is given by

8

-0 l+tw

where n = 2, 4, 6, etc. This is most easily integrated by changing variables
from w (real) to 2 (complex) and integrating from -~mto +0o along the real Z
axis, and cloaing the contour by a large semicircle in the positive half-plane.
No conmtribution to the integral occurs on this half-circle of largé Z , end there
are only a finite number of simple polee in the positive half-plane. Thus the
integral is simply given by zrri%- Rg,_. . where Rg‘_ is the residue at a given
pole. The results of some tedious algebraic summing give the following values:
(1f the circuite are multiply narrowed, we must evaluate integrals of the form

(-]
~az 2] :
(1+ 29" '
-Ca
No. stages Noige BW 3 dv BW. difference
2 1.587 1.286 0.85 circults
3 1.18 1.02 0.64
4 0.985 0.868 0.55
P ——— - - NCIEERASS 2 CIGRESEEDSS
b} . 2.221 2.000 0.46 doudly-tuned
2 . .87 1.604 0.2 circuits
1 ’ 2.096 2.00C 0.3 triply~-tuned
circults
1 2.038 2.000 0.08 quadruply- tune
. circuite
L e —
1 ' 2.020 2.000  0.04 quintuply~tunec

. circuits
R T TR U RS LTS A T LT S T
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Taus in multiple double-tuned steges, the 3 db bandwidth and ths noisa
bandwidth are viriually the same. while a aingle doudble-tunad stage differs

in the two by adout O 5 db

A, M. Stone
Fabruary, 1945

' oy |
v Q—)m« b

’\J") :4.3




708

SN1VHVAdV TWANIWINILXI 40 WYHOVIA #0018 | Did

oNI0awW Ass0 savaient /7771772

¢mﬂnhmm_o WY, zoi:zut«g}

Mo apOo! . LI
, HOLVHINIO
wwois  {//////////i 80LVOaN3LLY
2s71nd
apre H3141ENY 030IA
anv
\ 3938N0S 3S10N
34095 Vv 3dAL
1INV |
sv a3sn ¥3AI303Y c.ww_.m wowvaN3LLY [ “wzﬂmmﬁ zwwwwa
3JODSOYHONAS ¥d . e
,\\
apg
. %
H3ISATUNY ¥OLVTNOSO
WNY¥L3dS NOYLSAIN

T g i " bt ol ot 4 o Gt 1 k8 ¢ ) e
— e Lekeohd e U G g i b g R R gt ol LD b it g s G gt el o b e bl B i B




- ——LIGHT SOURCE

\ + 300
™ Yoov
@) 3w Lanp

50K

500 i
8K |
RN
AR
Ly
A T
- 1
DYNODE #10
SUPPLY
FI1G. 20 NOISE SOURCE AND VIDEO AMPLIFIER
TISS84
T3E Y.+ F
i e__Tsuss | = .
4y T | ew 3 [ __;_ /28 W
600y | % g @ | W—T S / t—
| 2B ; /2H 204 F :/zu
b I Sy
3 B : ~N\2Us6 . :Jr- -zso v I—
&" _-,- > V2u :; 1/2m €K
- I 743c9z : 2w
TI9P56 - —— e - RRERERL e b - Av—
: VRI0S
| o '“ [ mM
; — l @
| h i@ @‘pjp‘ »t@'}b l
i t—— e .
; 310 43
‘ Loex JONES PLUG —= ~rm— e
{ l é x T43C92 4K2W
| 1S o G T T - '"—"——“_E
Lg " T -Tzo uE T l/za;g:/zw ~YvRis0
3 /2\ 546 ‘_450v1 ‘ ~ - — SoK
,__3 ‘ 4% -;— Vuévu (L)¥mso %w
TI3R17 N ¥ - i
~- & — - -~
E ®riLor

F1G. 2b POWER SUPPLY FOR 931 NOISE SOQURC

oy

£

708




(8/0) AONIND3IU4
20! 90! Ol »0! 0l 20! ol
]
i
ol
|
|
!
A
—_— s
' (ea)
1
| 3SNOJS3H
S/ON €9 S/9 M GLb N——8/0 08! S/9 +9 W 3ALLYI3H
\Y
®
% 7 o0
SHIOIMONYE 80€ OL ¥3434 SHIBNNN

dp i P iat Ltz ity

Dot i 1

i

B s o o,

3

Lo g s i Rl o 0

708




20
SIGNAL
VOLTAGE |
(ARBITRARY —]
UNITS)
10
0
-10 0 10 20 30

GRID-CATHODE VOLTAGE (VOLTS)
FIG. 4 KLYSTRON AMPLIFIER STATIC CHARACTERISTIC

100 Ye

PERGENT
MODULATION

o0

80

0 2 4 € 8
SIGNAL VOLTS (RMS)

FIG. 5 MOCULATION CHARACTERISTIC OF
KLYSTRON AMPLIFIER

w N 708




SEGRP>

St 8 el R LR T

£0

is

4 MG/S
RELATIVE

£ RES PONSE ~— 32 NG/S

% (0B) E

— 116 MG /S

0 N = 0.37 MC/S

] %~ 0.12 MG/S

5 - -

20 25 30 35 40
FREQUENCY (MC/S)

FIG. 6 RECEIVER \.F. ATTENUATION CHARACTERISTIC

BANDWIDTHS ON CURVES ARE TO 3DB DOWN
FROM THE MIDFREQUENCY POWER

30 ]
+v~

]

OUTPUT
OF 2ND

DETEGTOR 2©
{DB ABOVE
ARBITRARY
LEVEL )

—_— e e .

0 10 20 30 40
R.F. INPUT POWER (DB ABOVE ARBITRARY LEVEL)

FiG. 7 OVERALL RECEIVER CHARACTERISTIC

Pﬂ/ 708




BLGS SN S SRR TR A R e s BN S g i

i S K S

RELATIVE
RESPONSE

{oB)

or——=—- -

e e d e

10 -

FIG. 8

103

FREQUENCY (C/S)

RECEIVER VIDEQO RESPONSE

30

20

INPUT
VOLTS

VOLTAGE ~——

b o e g

I
;"o POWER

FIG. 8 CALiIBRATION OF THERMOCOUPLE VOLTMETER

“en T

T L]

e 0

6C e

MILLIVOLTMETER SCALE DIVISIONS

sean

1O
INRUT

POWER
(WATTS)



; Lute ’

SEERET

- e mm——vs = s es amkme  -———

. S e e Gt W W S SR mEn W = —

e o e exEs TUE W21 4 x notay velt on Mme bnwa W E
V00w el” 7 T W srend T E Tnaming OV oadgwd o 1 4 x noiwe 1t T
yWaveseret oW lhem 4 Sigmal = nodee — e . ____________‘___.’ 5.
Pluswe “9.87. 0 une. L For pe:cent gedu.aczon N
Ropetivee ante 000 T “Crystal curvent T T 078 n,
‘Zasey lernl T T LT T U e per « Bre.vriion - KTV
Fo et v poa ] 6T T "STgunl > nolse nfter experiment -7 -
law of 2nd cet” "Jilaenr = 1 T Ja=ning signe) = noise ATter exp
Tyoe of janning | AW Yy 0oTae |  wm/usec - swhep spsay I0%
T T AT T Tl i Yavdvionh T8 Efse
Jamning | Band Atten | No :Corr {50F ;4%
S:tepa: | Midihi . 4xdg_ leone 5 lrep’ lb &

L--M—lcm !.;.L«.l«'/ avlelvlel ety «‘{ 56 _ .0 1100
..uzv/w/./-'v.«.r-/v.',vw:___'&c 1 {94
10 at 12 ’.’O.//J»’/-/.«.//o/ vivlc ClAev vl 8@ £ 22 1 59 1iey; -
sl 42lelvivg ~iviolrleiel vy vt ric o] 59 P 58 '
clANfeiviviol vivivielel A ololslol7iclo P B S=X
! o l-L 34 70 v
} v(oc-ov’v-roooro‘po/ooooa & 18 10 H
. . 1 -
w‘)J/M/JJ.ﬂJ/wwudd'rrrf/L/ 60 0 100
vl v~ V'J-(J"z""v*w/r'b’i’r‘.rr"’!: 63 1 s
X ’.':0‘;«. A7 A olv AA Ao /.)L/‘,»)’/“-é?, b 94 . "
vic Avlvarviei A, Ariv' il rioio 66 [} 7?0 66 £ ma "
ET/O]Ovof./'o Avielec0ic ifoplol vivlol 6 11 34 3{2‘
L _ | Pt a1 : 1 ) -
{ 1
| PE |
P:/{/r(/rp:ﬁ.b’/r‘/ -"v/:./r./ 66 0 100
I R -1 I O 1 I I e s ) 1 24
116 |qdeldelr- 1 mqAsoladeieleld 90 1 3 T8z 1o, o1,
:0:/704?/»’“36‘;—70/co;cii‘iq--a 10 40 Ss‘x .
J,{vogg,_c..r.«o«w[wocwo,nr:()aa 71 1 45 1 70 b
T o 0lFiooiriddoclollci = [A0 72 111 34 !
= : - J ,
P{/u’yk"‘y{v /Mvhfi/'b’ M'JV!'J»’V% 68 O 100. l
el lAAAG A AT TAAd A Adol A 6o 2 88 | :
AAolojclddelAAAA Al vigl AL 70 4 76 | 71 zpo
32 [AddelglddvioAoloioi Aol A AA 71 1T 8 52 , 5= P
“1eietreivcieledolo. vielAolviveld 72 |12 3
ool gelelcico o letiote ol lololo| Aol 78 i€ | 4 | )
, !
o.//;/nuu/«uw./J’/od.z/J,‘./ 23 2 88
. _ﬁp//k%/ofvﬂwojw/w.//a.)._.:____l_ 3 82
3 Aol dddA4 o, Aclolelrlcl Aelold ~ o 72 S 36
olol 44 0ol v, olol Aol ole olologlo i 73 17 | R '?1s8l04
Azirdddridol dddd Adg A vi-lri = 68 1 [ 9451 s= N
A I A a8 3300 o e T 10071 71 4
P16 10  Typical dar sheei
NI




[y

100 &
o0 5
Vﬂ o o
GORRELATION
(o)
50
055 60 65 70

ATTENUATOR READING (DB)

FIG. llo SAMPLE CORRELATICWN PLOT

20

LEGEND ON GURVES
REFER TO (-F BW
— N0 JAMMING
—== (0DB JAMMING

FRF BOO/3EC
SWEEP LENGTH i.03 MMAIS

10

St

(D8 ABOVE
NOISE AT
1 MG/8EQ)

13 MC/S

0.12M0/8

?I.IG MC/8

() ] 2 3 4
PULSE LENGTH (JLSEC)

FIG. IIb SIGNAL THRESHOLD AS A F'JNCTION
OF PULSE LENGTH

St 708




708

MO 40 SS3INIAILD3IS43 ONIWWVL 2Zi 9id

{dS3M HLGIMAONYE HOVI NI 3SION 3A08Y 8Q) ¥3MOd M-9

oS ot 0¢ oY/ e]] 0 (o] B 0~ oe-
Ot~
03S/006 3¥d
DIASTYI/RN €1 (G33dS d3I3IMS
ﬂw -
S/ON 20— {DIS/DN I}
S/ON  ElI1+— \ 4 r 1V 3SION
S/OW _/n.w.\f\ A\ 3noav 8a)
is
M8 4-I - !0
0 . (o]
035 11} H19N3T 38INd
o!




10
PULSE LENGTH IJLSEC
8 ' I-F BW 1.1 MC/SEC
‘ CW STRENGTH 20 DB ABOVE
£ T NOISE AT

\ | MG/SEC

JEEEAN

St X
(DB ABOVE
NOISE AT
| MG/SEO)2

. AN

N

50 100 200 400 800 1600 3200
PRF (PER SEQ)

FIG. 12a SIGNAL THRESHOLD AS A FUNCTION OF PRF
FOR CW JAMMING

sl 708



PULSE LENGTH IMSEC

O NU JAMMING
4 1008 JAMMING

D 20 DB JAMMING
\ ——— REC'VR NOISE POWER

7
5/
/7

St

/
(OB ABOVE / /

*\\
NOISE AT N
| MC/SEQ \ yd /
/
/
/
/

;
\

JAMMING NOISE BW 64C/SEGC — 55 MC/SEG
REGEIVER VIDEQO BW 3.8 MG/SEC

SWEEP SPEED 1.03 MM/LLSEG
PRF 800/SEC
MODULATION iNDEX  50%
0l 1.0 100

I-F BANDWIDTH (MC/SEQ)

FIG. I3 THRESHOLD DEPENDENGCE ON |-F BANDWIDTH

~<te 708




30

PULSE LENGTH Q3 U SEC

\E‘\v O  NO JAMMING

A 10DB JAMMING
O 20DB JAMMING
—~— .~ REG'R NOISE POWER
St
(DB ABOVE

NOISE AT

| MC/SECQ) \

/7
/7
JAMMING NOISE BW 64C/SEG-83MC/SEC K /
Ol Receiver viDEO BW 3.5 MG/SEC / o
SWEEP SPEED 1.03 MM/USEC / \6/
PRF 500/5£C //

MODULATION INDEX 509,

\ W/
0l 1.0 10.0
i-F BANDWIDTH (MC/SEC)

FIG. 14 THRESHOLD DEPENDENGE ON [-F BANDWIDTH

T 708




20

PULSE LENGTH 3MUSEC

3 O NO JAMMING

A 10DB JAMMING

0 20DB JAMMING

— — —REG'V'R NOISE POWER

10 }/d/

/7
Sy /

(DB ABOVE N _"‘-l./ 7/
NOISE AT y
| MG/SEC) y P

LN
\ // /Q/

7/ / JAMMING NOISE BW 64GC/SEG-%55 MC/SEG
4o " -

7 REGEIVER VIDEO BW 3.8 MG/SEC
/ SWEEP SPEED L.O3MM/USEC
PRF £00/SEG

MODULATION INDEX 850 %

1 !
0.1 1.0 100

I-F BANDWIDTH (MG/SEC)

FIG. 15 THRESHOLD DEPENDENCE ON I-F BANDWIDTH

w 708




. m/ o\
t
v
8 PULSE LENGTH (U SEC
\ O  NO JAMMING
30} AN A 10 DB JAMMING
D 2008 JAMMING
— —— REC'VR NOISE POWER
(DB ABOVE
NOISE AT
1 MC/SEC)
\
o
10t \\

JAMMING NOISE BW 64G/SEGC ~ 45 MG/SEC
REGEIVER VIDEO 8w 3.5 MG/SEC

SWEEP SPEED 1.03 MM/ SEC
PRF 800 /SEC
MODULATION INDEX 80 9%

3

ol

ekl
.0

100

1-F BANDWIDTH (MC/SEQ)

FIG. 16 THRESHOLD DEPENDENGE ON I-F BANDWIDTH

-

701




+ O.JSEG FULSE
O 03 U SEC PULSE
O | JMSEC PULSE
A 3 JSEG PULSE

i 10
%
F St T 4
+ a
(DB ABOVE @ |+
NOISE AT ~_ =
IMG/SES AND ©
PULSE LENGTH| o)
OF 1JLSEC) 9
-10
-20
o 10 100

B-T

FIG. 17 UNIVERSAL SIGNAL THRESHOLD CURVE

- e 708




s

I-F BW
PULSE LENGTH IJASEGC ) 0.12 NG/S

| P
Ve

L)

(DB ABOVE Y .
NOISE AT
| MG/SEC)

o

-0

0 10 20
JAMMING CARRIER (DB ABOVE NOISE AT |13 MC/SEC)

FIG. |18 DEPENDENGE OF Sy ON JAMMING POWER

5( . 70¢




PULSE LENGTH 3l SEG

JAMMING CARRIER 42008
———REG'V'R NOISE POWER
20 JAMMING NOISE BW 55 MG/S
PRF 500/S

SWEEP SPEED 103MM/US
VIDEO BANDWIDTH 3.5 MG/S

MODULATION
PERCENT

70
o]
|_P 50

/g25
/RIB
A5 0

a

| MC/SEQ)

10 .
St
(DB ABCVE
NOISE AT

|

JRINY

g
—7
L
/

/
9

N
0]

10 10.0
I-F BANDWIDTH (MC/SEC)

0.

FIG. 19 EFFECT OF MODULATION INDEX ON SIGNAL
VISIBILITY

SEEE 708




/ PULSE LENGTH 3 USEC
JAMMING CARRIER +2008
20 JAMMING NOISE BW 35MGC/S
REG'V'R VIDEO BW 35MC/S
SWEEP SPEED 1.O3MM/LLS
PRF 500/$
I-F BW X
o.r 92
MG/S
/ 1) / 085
10} - o
A
/
/Que 95
St / MG/S
(DB ASOVE /C / /
NOISE AT 7
IMC/SEC) / \ THEORE TICAL
1 i /. Y}sore
/7
0] //
/7
/
7 -1
/
/
=10 00 Y ) 10
M2

(M 1S MODULATION INDEX)

FIG. 19a SEGTIONS THROUGH FIG. I9

. Tt 708




v "””FMHWMWWWWWNMQW Lt gie, mwm
i

-l

30
PULSE LENGTH 1 JSEG
— JAMMING NOISE BW A5 M"/S
- —«~JAMMING NOISE BW I30KG/S
— -~ JAMMING NOISE BW 4735KG/S
SWEEP SPEED L3MM/US
PRF 500/8
f;)l, MODULATION iNDEX 50%
\\ REC'V'R VIDEO BW 3.5 MGC/S
20 \
Sy /
(DB ABOVE /
NOISE AT 4%42008
I MG/SEGC) r JAMMING
10 4
+1008
JAMMING
7
0
//
RECEIVER
/" Inoise PowER
/7
1.0 100

ol

e

I-F BANDWIDTH (MC/SEC)

FIG. 20 EFFECT OF CHANGE OF JAMMING NOISE
BANDWIDTH

708




P~ o

F.BW
12 MG/SCC
.12 MC/SEC
PULSE LENGTH IJiSEG // & me/
[ 4
20} NOISE BW 55 MG/SEC /" 7"
NOISE BW 475 KC/SEQ A /’
——~— NOISE BW 150 KG/SEG b
P >ua MG/SEG
77
"'
/T/ /
7/
; y ﬁu WMC/SEC
> LOMG/SES
B f” Py ,Zsomc/ssc
: 10 = PRI I
7o : s /
= A// /’/
St d it
E {DB ABOVE / PR Pl
‘3 NOISE AT P r -
| MG/SEQ) I P
z w/ - /
L
; - o -
o e i :
- /
o - 10 20

JAMMING CARRIER (DB ABOVE NOISE AT I3MC/SEC)

FIG. 21 Sy DEPENDENCE ON JAMMING POWER

- 708




SECRET

1 NUMBER ON GURVES
GIVE CLIPPING FAGCTOR.
DATA FROM UPPER CURVE
OF FIG. ii AND FIG. i
7 lOdb// 7db/ 5dh 1 B
50§ %:/:‘;///
M .
(PERCENT) /
o~
25 GURVES NOT g
RELIASLE IN
THIS REGION
] o}
0.1 | 10
ol
FIG. 22 CGONTOURS OF GONSTANT Fg

SECRET

00

708




