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£gt- t- 2r- J&Xi

The expe irenal work that formel the basis of this report. wl.s done
by Group 44 at adiation Laboratoy, !assachusetts Institute of Technology,
The original pllhns called for thils report to be issued as Pvidiation Lab-
oratory report number 925 it is not possible to complcte the preparatiLon
until too late for publi<&ation by t hat agtncy.

In view of the general \ralae of the I'nformatI.on, and in particular its
value to the Cadillac Project, permll-osion ,;as obtained to have the report
published by the Naval Reserch Laboratory Field Station, Boston, Massachusetts,,

In Group 44 of Radiation Liiboratory, the following personnel workad on
this project: C. M, Alred, P, IA0. oAhIy, A. L. Gardner, Dorothy Gillette,
V0 Josephson, J,, L., Lawson, F. P arrtin,. R. R0 Meijer, E. R.0 Shepherd,
S. G0 Sydoriak, ard F. 0. Williamo

One of the author, o' thio report, R.. it Ashby, is now a member of this
station, and is extending the Investigation of this project here,.



Abstrac_,t

Extensive lal,.ratory test s hire been carried out to determinn
the effect oC the cifferent -4sadnr-sytem paraters on the minimum
rulse ro 2er 2etc.t1abe hi tcceiver uA se, Ttxe results are reported
in tL!; fcorm of crph ith borisct'lf ~An of each as well as 'the
theory invol].70 The te.:,- .'ae e:rrixd out using an A-scope and a

The parametOrs which w ne investigated using the .i-scope type of
indicator are as fcliow't Ttl:', rertoition frequency, sienal presentac
tion time, 1--f ard video bmdth, sneep speed, extrd noise sweeps,
integration effect. of PI anP 27 screens, focus, trace intonsity,
receiver gain.

The parameters investuate d on the PUI ar! as follows: Pulse repeti-
tion frequency, 1-4f bandwidtl. rndon poasible azimths, per cent et
si~t ovnreap chl wcoisiva scns, svanutng speod, and dependence on
signal angular arc,

In ever-y case e 4 it; thre3hcld power is given in terms of the
recsiver norse power, .'n , cc:5iequently tE'? p oer in wats raquired for
signa, detection for any set of conditions reported can easily be calculated
for any receiver of knotn nolse figure.

The valves cf signal t.otod 590 g:ivnsa represent the signal power
required for an o':_se ver to. re tt: corrcct position out of six, 90 per
cent of the time (tYe svnal 1 , Puvire. equal yr :bability of being at any one
rosition). All test ware .crried out trtr zarefully controlled c.inditions
so th..t .de-ate c3cckixn of reczults could be oitanec.
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I. INTRODUOTION

It was the purposo of tbs± "j y to investigate th signal power

needed for detection of a radar scho. At the time this problem '-,s under-

taken, it was clear tl t many S~i't parameters influenced the threshold

power required. At atout that tinie Faeff of NRL and others since both in

U.S. and abroaclhave reportsd U imilar sthalies, honever, of less general

scone.

II. FACTORO INVOLT) IN -THTR SHOLD 'TASUPE ENTS.

A. Systems Parameters.

From the beginning a list was made of those parameters whdch might

influence the signal threshold power. While this list is admittedly in-

complete, and may also include some parameters having snall significance,

it is included here to aid in orlentation in regard to the parameters which

were invetigatod and those that were not.

Systems Parameters Possibly Influencing Signal Threshold Power

1. Pulse length Asec. 10. Scope trace intensity.

2. I-f bandwidth, B 'Mc/sec 11. Scope focus.

3. Tyne of i-f circuit. 12. Ambient light.
(Single Cr multiple tuned)
(Single or multiple narrowod) 13. Receiver gain db.

4. Video bandwidth, b nc/oc. 14. Signal rresejtP- on tim -,T c.

Type of video circult - frequency 15. I ttenton inter-.l s2.s
and phase response rendor In tlme xae

6. Pulse Repetition Frequenc, PETF 16. Various oper-tors scrtter.
pulses/sec.

17. Degree of ",.! on rulse.
7. Sweep rate, mm/peec.

18. Variability of signals.
1. Law of second detector and video

amlifi0er, io. Number of signal roslto-ns.

9. Type of scope screen P1, 07- 20. Signal arc on PrI, degrees.



21. Scanning rate, rev/min.

22. Extra noise sveepi - - sweep

recurrence frequr.cy SRFv seC

23I Direction of' s horizon-tal or vertical,

It was determined to vary one (if possible) of these parameters, and

investigate the way the signal threshold power varied.

B,, 29f init ion of' 5ipna I j.-~2dqf

Perhaps the most difficult aspect of the rroblem in the beginnine was in

finding a suitable criterion for a threshold signal. 'any different criteria

were tried but most of these had -chological factors Involved Which were

not too well reproducible from obsz.rver to observer nor for the same observer

over a period of time., The eliminatA..on of these psycholo£!cal factors was largely

accomplished by the adoption of a purely statistical criterion, which has been

furtLer develored 4y Uhlenbeck, Wang, and others.

Several discrete positions (discrete values of range)(I ) were marked on

the fuce of the indicator tube, either A-scope or PPIL. Each one of these had

equal (random) probability of being the signal position. The observer was

instructed to give the position where the averafre deflection(2) (or intensity)

was EreLtest as the signal position. The gprrelation &bove_cbanee between the

actual signl positions and those named by the observer was plotted as a

function of signal power, S. Figure I gives examples. The signal rower for

whick this correlation is 90% has arbitrerily been taken as the signal

threshold power, written S90. A signal power having any other rercentage

correlution vas designated by the ccrsp.o,4 dLng x Jscri-tp £ 50%, S 5 0 , etc

(1) Except for the influence of' memory a,d the dlfficulty of designating them,

points in time could equally well be us)d, Iheoretically they are the same*

;2) Actually for best results the averare porer should be taken.



C. Theoretical AMroagh.

For simplicity the tro-position, single-sweep experiment is considered.

Suppose the signal is at position'z. Then the probability distribution of

the amplitude at the other position, y, is given by the curveX a 0 in 
Fig. 213 )

This is the amplitude probability distrIbution for noise as it comes from

a linear detector. At position z, vhere the signal is, the amplitude

probability distrilition will dspend on the signal pover and may be given

by any one of the curves in Fig. 2. The parameteriz L measure of the

signal power.

If the signal power is so low th'.t the curve/,= 0 aprlies closely also

to the signal position, z, and if the observer reports the higher position

each sweep, for a large numbcr of sweeps, position z will be rerorted Just

one half of thetimes, which is just chance. The probability that the

signal position will be jgM than position y is u--l to one half the area

A comron to both curves (A is cross hatched in Fig. 2 forA- 4, signal power

4 times noise).
- 2

The probability that the signal positi n, z, is ;igher, is of course:

PyPA -(2)

where B is the remaining area under btx jc1 . (The curves are each, of

course, normalized to a total area of unity).

One half the area under both curves not shired, 2,, is then the
2

probability above chance that the signal position has greater amplitude than

the noise position. If this probability or corT-iatioL above chance is

computed and plotted as a func ion of rs! po ar a the r'etical curve

corresponding to the experimental curves of Fig. 1 is obtained, from

(3) Figure 2 is taken from North, .CA Pc o.t TX6-f, Shet 34.

-- .. . .. .. . | II LI -- [ I



which the theoretical signal threshold pow(r S90 can be obtained and comp Ared

with the experimental results.

This type of theoretical ccmput6tion of si6a1. thresholds can be

extended to any nuziber of positions and &ny number of signal sweeps. For

this computation reference should be made to Uhlenbeck's discussion in the

Radiation Laboratory Technical Se-ies(4 ) A special arplication of -the general

method was used in Appendix A of this r ijport but for tle present, it can be

stated that the curves corresponding to those of Fig. 2, mt computed for

n averaged sweeps, aprroach Gaussian shape in eithr voltage or power. The

curve for noise sweeps is centered about the average noice r oter and the

one for noise plus signal sweeps is center,: d to the right of the other by the

average signal power. These norortalijcd Gaussian curves have a width which is

proportional to VVAn. (n . number of sweelps)o For a viven overlap between

them the signal power will, therefore, be proportional to I//n. This overlap

determines the correlation above chance in the threshold experiments, therefore,

the signal threshold power.

S9o 0 k/Vn (
The Lzz. .rte" pog Zai ~s th. r~iT,,, j q rro

W r 91 gU= . This law is a -'ood approximation in computing

the effect of changes in pulse repetition frequency (PRY), scanning rate,

-observation time of the signal, etc. For some factors, the integration

properties of the presentation system must also be considered.

The foregoing theory has postulated thit,- the observcr can tell which

position has the highest average deflection or intensity D SJU h

the difference between the two positions. The actual observer cannot mroet

(4) Threshold Signals, Rad-ation lborat, o 'i-e-hnzltcal Serie,;, McGraw-Hill,
(In prepavation).



this requiremient as is shoivn by tChe observations thA&0 (1) the experimental

thresholds, $go# are generally several db above the theoretical valuies,

(2) the slope of' the experimental "b~ti g Curvee" (Fi?,]) are much steeper

than the theoretical,. and (0) t- o ot-;4:' - ers of noiae, only infrequently (above

chance) report the saime position as the 1 1i1hest nhideal" observer V.ould

suffer none of' these defects. The actual observqer has several inherent

limitationss

(1) Limited ability to integrate. (to remedber, to average and to forget)

(2) A limited angmukr region of nmaxiiram attention.

(3) Limited angular resolution. (acuity)

(4) Limited "contrast" discernibility.

(5) Limited ability to averaige fluctuations.

In view of these limitations the average value at the simnlpsto

mal 2hha b b am axw A Domu -1rb 9IJ

m-niu fAgo U& M- - sS. The discussion of the

introduction of' such a "contrast" or "faver: -.ging defeetA factor into the

theory is given in Ap.pendi A. ~i le CAs Orrt of the theory is admittedly

as yet in a preliminary it does it bee nz-o -rIse of' correktAing -many

effects. The introduction -ff 1AiC.' proper 4'actor displaces the tileoretical

threshold, S9yj, to about the right experimental Absolute value and at the

same time gives the theoretical betting curves 2-lmost exactly the same slope

as the experimental once.



Sina P owerS--*4ease Relativye to P,1 Iaver A1oise rower. N.,

It is the ratio of the signal power to tha noise po-er in the i-f

amplifier whAich largely determines the signal visibility. In plottins

the theoretical or the xneritrental signal threshold power as a function of

iiarious systems p :rameters the value of signp-. power, S, is given rel~tive

to receiver noise pover in the i-f amplifwtr. (Usually the bandwidth of the

i-f amplifier is the reciprocal of the p17se length. The noise power for

this is written N1). Once the overall noise figure of ary receiver is

known the absolute po-er in watts can easily be calculated for any of the

conditions described in this report. Besides being in a highly usable

form, one other advantage of this ref'rerce level (noise) is its greater

accuracy. At present there is greater uiiertrinty in the measurement of

noise figures i many frequency regions than there is in measuring the

signal to noise pover ratio.

E. S

From the foregoing it is clear that the ,ignal threshold power, S9O,

depends on many parameters (Section B).

S90  f (B, b, ,, s, T, g, T, PRF, scan, focus, spot intensity, etc.)

B i-f bandwidth, "c/sec.

b = video bandwidth, 'Ic/lec.

t pulse length, psec.

s sweep speed, mm/Psec.

J jamming or interference power.

g receiver gain.

T time signal is observed.

PRF pulse repetition frequenc%/V1c'

There is eveiy reason., theoratical A xp-rental, to believe tbt the

di2ai £rL. e-lb' iy .~ ~'t ~ :.,tj 0i



are ell chanced by a factor a3 indicated since the geor~etrica. pattern

presented to the observer is essentially unaltered.

a sL a a a
or invariant .i~

In the,, above Aciing writ nhn- p-ac lontth, the following

ptirameters sI~ould be kept unchanged fc)r tho above reasoning to apply

strictly*- PR?, scan rate, -focus, spot intensity, etc,, Our results in

regard to scaling confirm the British observa~tions on this subject(5), show

that the observed relative signal thrzshA-old follows the predicted changes

to an accuracy viell within the probable experimental errors.

III.* EXPE';EIZ:ETO PRCED)UPE

1. Block DiaURaM. The apparatus u~sed In 'the A-scope measurements is

shown schematically in the block diag-.airs of Fig. 3. The names of' the

components ure given as well as the p: -rameters whose values are determined

by the corresponding compnonents.

2. Pertinent ghrgeJtSo Q pg In Table I a sumary is

given of the possible settings of' each paramreter ,md the component in which

the adjustment is made,

a. 421MIbnt selegtor Althoug.1 designed priialrily to turn the

signal on at the desir-ed t&zimuth for tire in F11t experim~ents, this

component was also useful' In A-.scopa: exper!: ,:znts in thet it Provides

wernini: bolls which ',ell the G', f wrvreb to "ropare to look for the

31Fnal and When the snigvw1CL 1 1 <1-.~ on. Ir t1^e earllr A-scope

experiments these f'unctiolas -,,,r- - elfOrwed by the o-perutor who simply

said "Ready ,



.... ____TABLE

Component where
adjustment is

made
Parameter

Available range
of variation

Values most often
used.

Azlinuth
,elector

Mechanical
timing switch

Random range
selector

Frequency
divider

T' attention interval

Sweep triggering tine

Signal positions Nu3,mber
Spread

PRF

SRF

0.j to 6G* 3C.

1/121 to 6 sec
100 ateps

I to 50*
1 to 40 mm
'AP0 to 12, 5sec.

Pulse former

Signal
Attenuator
CW
attenuator

T, signal presentation
time 1". pulse length

0.014 to 15 0.06 and 3.c sc.
1 pAec.

S, signal power
at 2nd detector
Sc-w, CW power at
2nd detector

B, intermedlate
frequency bandwidth

b, video bandwidth

Limit level

9, sweep rate

Focus: (spot size)
Horizontal
Vertical

Average noise
deflection

0.2 to 11 "sec

10 to 0.01 nc/sec

3 v to 15 v*

10 to 0.055

1/20 to 3 mm*
1/20 to 3 mn*

0 to 40 mra*

1.2 mc/8eO
(opt. for 1 psec)

10 Me/see

Fast# 1.7 mm/Jasea.
Slowi 1/20 mm/sec.

1/20 mm
1/2 mm

4 mm

Trace intensity

Type of screen

24 db* Single trace
easily visible

P-1

* Cont!:uo sly wenriable

PRF

Receiver

A-scope

1, AdJustable Paraxeters of the Fxmeri entsl_

P-! E-,,d P-7



"On", and "Off " at the a~~proprlate times * In the aziwath

selector a warning bell ± o autorCtically souded one second

befere the stignal is tu~rned on and aloc -t the exact tize the

signal is presented.

b. Random rang sel.ator. In this con"onant the range

of the signal wi' &j's'o eitihn.. manually lb-t turning .. pcotentlometer

o~r au.to'atically by a device ixi-h,"I-es a and(,,m chcice of" one

of six pra-,.et potentio-wz-ters, Two typo-s of~ autonwtic mw&inhirical

random aeleCtors have bean used..

quengy- divider. Tis conrionent pro-ides t iggers

for th6 sinl pulse and A-scope sweep. TAhere were nine values

of pulse repetition f'requancy, PHR?, raniging from 3200 to 12.5

per s~ieond by factors olf t-ro. Thpe sweep rapetition frequency,

SR1F, was either equal to the Y? or it w'ns 3200 per sxnconda A

coincidence between tho triggere a-rd the output triggers

provides for jitter-f'ree operaton.

d. Pulse former. The pulse 1centh,r, t7nd presenttttion time,

1% were established in this compo~liet. In additlionlit delays

the pulse to the raore positio-z selected by the random selector.

?hrtsinE ras accompli: ihed in -htvt' rthe length of the

gate baing detanied by ijhe g -c mUe cristant. 1 roi tic plate of the first

balf of the tube to, the grid of -the sacont4 hilf. R weas equal to the

resistance of one of the six ptn ti in the .random range selector

plus the resistanoe of-another ptn ' ercotwion to all six,, The

latter was used f'or coarzge adP s' r~xit of all 61-r si.;nal positions ainultaneously.

Two values of 0 were used, ke Tile& i-numi & Iay of 2 usec but excessive

jiterntma~mm 'e~e~iidla, s~3X~3,acd nly 'or ev LrP ts in which



employing a log: sweep s e t gives a rontmu. delay oft u ec.

Ths signal presznt" tinn tie was coatrolled by r.nother %. ativibrator

whose oper-tion 'ra s.rmilar to tlat of a PhtsIrI multivibrptor but ri-t,

of course, a much lo-;er time const4,nt. Then th1 grte produced by tlhe rult..

vibrator was "ON" te delayed triggr ias passed. rhen "OFF" the direct

trigper was psed. The rsfore, the r-f rulse genrrtor wne beinc t-igaered

at all timea. This is important because the sigral nporr output of the r-f

generator is crlticelly dse-ndent n ti d,.ty cycle. For example, a reduction

of 4 db in out nt p#ver ws3 observed when the PRF was increased from 200

to 3200/sec.

The video pulse used on the cavity of the 707B r-f generator comes

from a circuit employing tvo tmi.0trous coupled to a cathode follow-er. The

r-f nulse so roduced was adjustible in length from 20 psec down to 0.2 psec

and was free from frequency modulation.

e. Rf enerators. The r-f pulse generator and c-t renerator were

717B tubes conlotely enclosed in netal containers having only one

Joint. Special pains -were takIcen '.o mrke thi.s joint electrically lcak-

rroof to prevent any leakage po-er from invalldating, the results.

A washer, consting of a hi...',x of 10 rio piano wire wound on a " "

arbor axid joined into a -Ang, -,as compressed between the t.o ectlons

of tha contiier. "he local oscillator was a reflex klyitron r'hoae

counling to the rA' r wu adjusted to give 0.25 Ma crystal current

at all times.

f. Atteruators. The signal po'er, S, and c-w powar, SC-,, ware

read frcm r-f avrgui e-h'ioz-cutoff attenuators of two i. f 'eueit

kinds. In the early ork double-loop attenuators were -.ed. Later



these ware repV~ed 4%) at't '~Idch emlo an Liis to pouaue a

Piure H, mode Thi3 typde o- attenuator ivas miuch w~ore accurate

than the earlinr type., Ilo.ever, bhe method used in power rneasiement

tends to cancel out any or--ors in the Uinetrity of' attenuator3.

The attenuators were isolated from each other and from the r.-f

Sererutore by suffioient lossy line (at least 10 db per cable) to

prevent interactions.

go 2a~stUJ mixer,, The mixe~r used in these experiments was similar

to MEW mixers. It was coupcled directly to the receiver without inter-

vening cable.

h. iReoeiver, The receiver used was one designed especially for

the purpose, having a choice 0" 5 values of i-f bandwidth, B. n vle

of' video bandwvidth, b. The intersttage couplings were double tuned and

traitional coup~led (flat-flat) with narrowing produced in only one

such double-tured stage

A diode second detector (6Hi6 followc-d 'the i-f stages. Itsa pibtea

voltage, k, was used as a measitre of the output of' the receiver in measuring

SIN and in experi!.ients involving changes in receiver gain. Th1-e response of

the second detector W~s 1)ractiavdly linear except for very low voltages.

A video bandwidth of' 10 Me/s3ee, obtaizied by shun~t peakcing in each st&atev

wus normally used, 'rhPres other vulues of t' !iare obtainable, A bandwidth

((I) Oee IRL Report 404, S. G. Sydoriak, Septciiiber 27, 1943. Model V attenuators

whose calibruitio~as are givan ki- tlli3 z'po-t v'ere used in later experiments.

Farly experirient.s_ were done with k~odel X attenuators.

(7) in the ;-Adest b e' ce 4.4.P roou.Its ;wero corr'ected for the difference

bett'-een singly uhrx'owed and multi,)y Larroiw.ed noise bandwidth.



Of 0.5 Mc/isee wpl obtainpil by !147101 pea5 gS. upaipg 10K and 5 mh Insare

from the plate of t_3 ie NrV ,It~cez' Sge tF +. * c, ' narrarer -video band-gidti'e.

series peaking, wts -aed by placing Rt and L In series from the plate of the

first stagle to the coupling condenser of the second and C from the letter point

to ground. Tho values of R, L9 C.* and, therefore, of' b were the followitgi

R (oIbns) L (mh) C (uf) b Ma~/sec)

20,000 25 0.0001 100
5,000 85 0.003 10

The maximium outpul. at-tpitude of the video anuplifier, called the lir~it

level.. was very higV1 in the recai, .er described above so tha~t the noise was

practically never limited (i.e., the amplification was linear). However,.

in some A-scope axp' rl-ents limiting was purposely introduced to determine

the effect on thbe threshold In these experiments MEF receivers were

used. Their limit 1avels; were made adjustable by controlling the screen

voltage of' the 6AC7 tube In whvich limiting takes place. The limit level

at the output of' Os receivers couild thus be adjusted f'rom 3 volts to 11; volts.

1. A-scopes. The usu~al controls present on all A-scopes were

available in the two scopes -.,'3ed in these experiments. In addition

it was possiblo to increase the accelera~ting v oltage of the per-

sistent tu;be (P-7) in order to get adequate intensityw when the sweep

speod was very fast*

B. Techniques.

1. Lawson's method of ns -uriwmle s4gnal power compaired to- ncilsa

power in-volves tro steps (1) the pulz-, a-4gnal !z compared in amplitude td a

c-w source at tle same frequeticy., (2) The c-w source Ir then compared to ths

noise power in the -,c orY~

(P') N!Rt2S Report, S. G. Sydorlak..,Nouember 31, 1945



(a) The comparten of rulhsrd signal powc.r 1%, c-w polwer is rade

by observinE tho beats between thelt on an A-scope. The bandwidths

should be at least vide i!-ough to give an apprecLuble flat region
on ~ ~ the to"f Teple iU ) and thne gain low so thznt little

noise is s1'owiuC. Fluctuaitir=3 or beats in -the observed signal

4wflitude are due t,, thea random phase betreen the pulse sig-nal and

the MY. The relative wv-rlitude is adjusted so that the minimum beet

height is just -;ven with the ba-.e line1. Under these conditions

the pulsed signal will be 1800 out of the pha-se and 6 db freater or

twics the wnplitude of th(z CV-.; This may perhaps be made easier-to

see by a sketel'. AiJX
CltJ onlIy V
Amrlituca Q _] V i-4V

Pulsed signal
Amplitude 2A 0-

wum l18O0 phase ~' il J
air erence XL1LAL~. \AI 'P
(N~ote uniform envelope .Ath phase reversal at begahining and end of'

the pulse. These roe4erzals of phase necessitate the wke band circuits

so th: t the ;t ,Z~dy values way be compared inderendent. of the transients

introduced the beginninF an~d at the end of the pulse.) F'or othar

phase diff'erC.nc'es otter amplitude of' signal will be ob erved, hat AVes

V



are of no i.mpor+,rire in the re rent coxv.,quently x the an. C tan

may be arbitrarily non-linear without effecting this measurement-

(b) The comparison of c-w power Sc... and the noise power N in the

desired receiver band was made by means of a voltmeter connected

to the output of the linear second detector. The averaf'e volt-age

output of a linear detector due to noise was increased by a factor

of I145 by the addition of c-w power equal to noise power.
9)

.Masure-ent Procedure:

Pulse rower C-W Noise Bandwidth Instrument

6 db

x db
~1, --

wide

H'r 2

as used

0 db

A-scope

meter
1 to 1.45
meter deflec-
tion with
linear detector

Pulse signal attenuator reading during measurement (a) was (6 j x)

db above pulse power equal to noise power 0

2. X=SJOdure Followed in MeasUYng..t $ei ns Thresbold- taI

Six-Position ExerjiMent.

a. Observation of sccpes, The experimental results reported in

Sec. IV were nearly all for a "six-position experiment", A signal was

presented for a time T at any one of six marked and numbered positions

in range on the face of the A-scope or FI J The signal position was

chosen at random but the exact instant at which the sinal was turned

on was indicated by sounding a bell. A bell 7as also sounded one aecond

earlier, as & warning to the observer to be ready.

After each presentation of the signal, the observer was required

(9) This factor would be/_ except for the difference between the

average voltge and the rms voltagae

(a)

(b)



to name one of the :ix pooii-ns by R-umber as the position h4virn

the highest average deflection or intensity and, therefore, most

lsely to be the signal positron. Ten or twenty such observations,

made with the same level of signal power and the same value of T,

are used to compute the correlation above chance of each signal power

level required to obtain the betting curve.

In the A-scope data the avsrage number of observations made by one

observer for one betting curve was of the order of 100, but may range

from 50 to 200, depending on the accuracy desired and the apparent

consistency of the data.

Before beginning observations and particularly before the first

group for a given betting curve the observers were allowed a few

practlee obeervations. Usually two or three observations were

sufficient, but the observer was allowed as many practice observations

as he felt he needed to focus his attention and to become familiar with

the appearance of a signal of low discernibility.

As an aid in recognizing insufficient practice the experimental

points have been numbered in chronological order. If the earlier points

are far to the right of all the other points they are given little -eight

when drawing the betting curve.

b. Conversion of data to correlation scores. The proportion of lucky

guesses in a six-position experiment can be easily estimated on the basis

that wben there was no signal present at all an observer required to

name one of the s1x number3 will make only five misses in six observ tioie,

on the average. That is, for every 5 recorded misses he has made one

lucky correct guess. The correlation score, p, in per cent, was,

tperefore:
p = I - ) 100 -5



where nmax was the total nibe of otservtions in the group in

which ?l misses rere made. For experiments in which there are other

than six possible signal pcsitions the correlation score can be

calculated in a similar manner.

o. Drawing the betting curve. From the table of correlation

scores the betting curve, p vs S.N, was plotted using a linear scale

for p and a logarithmic (db) scale for S/N. Of course, points having

either zero or 100% correlation are given no weight in drawing the

straight line through th4 points.

Examination of a large number of tyrical A-score data has shown

that characteristically the points *ill cluster about a straight

line such that its 50 per cent and 90 per cent points are 1.6 to 2.2

db apart for all but a few of the most extreme choices of system

parameters.

d. Reduction to SeO Cnd Sz . The signal threshold, SgrO!N, was

arbitrarily taken to be the abscissa of the betting curve at p = 90..

The signal twilight zone, 3Z (,9~ 0 50) was tben obtained from S0/N

and the abscissa st p = 50. The signal threshold number and twilight

zone number were sufficient to describe the characteristics of the

threshold results.

3. Factors inrlueneing the accuracy of Sina Threshold ieasurements.

a. Apparatus Instabilities and inadequate monitoring have made

many experiments reported praviously by other labor'tories of questionsble

value. Most of the results Prnd brends measured mcW be correct but

one or two completely misleading rejults and conclusions tend to nullify

all that was done. In the axreriments rerorted here, the u o of



measuring the signal power relative to noise is simple and tends to

minimize errors. Such mon~toring measurements were made at the

beginning and end of each betting curve series and only those data

accepted for which a check within about 1 db was obtained.

b. Improvement with Practice. After a short period of practice

the signal correlation scores obtained by a given observer were

recorded and numbered so that recheck could be made as to ossible

further improvement. These repeats showed that even after months

the threshold measurements were stable to w0ithin the normal scatter.

c. Statistical fluctuations. The limited number of observations

and the limited number of oossible signal positions both give rise

to statistical fluctuations of the measured thresholds. It appears

from the data, that these fluctuations are the same order as the

differences between observers.

d. The inherent skill of the observer. Of th nine observersD

who participated in the measuraments, no one observer was markedly

better or worse than the others. The total spread in their average

thresholds would be less thar 1 db.

e. Fatigue did not appear to be an appreciable factor although

ample oprortunity was provided for any effect due to it to be made

evident.

f. R-f leakage must be elin-'nated from any threshold measuring

apparatus before experiments are begun.

IV. XERI!,NTAL RESULTS ON A-SCOPE

A. Stntistical Effects.

Included in this group of parmeters are those which Ini'uence (1)

the nmber of sweeps ng o the 91giva. which are averaged In each readJrg,



(2) the nuwber of sweeps containing only noise that are areraged in with

the signal sweep, (3) the number of positions on the tube face or (4)

the number of time intervals thvt must be com:par;d to find the signal

position in time, and (5) also the signal .rcsentation time T, which has

to do with the ability of the observer to ixftegr.ate or average all of the

information given him and select it out from ltxxver time intervals The

number of sweeps is, the sweep recurrence frequency multiplied by the

presentation time interval.

1. The Pulse ReDetition Freouncv. The pulse repetition frequency,

PRF, was varied from 12.5 per sec to 3200 per sec with all other parwmeters

constant as given in Fig. 4. The results follow the law l/J /-mentioned in

Section II over most of the range but begin to show -ome deviation when the

signal threshold is attributalcle to the decreasing contrast betveeri the

signal and the noise positions and the limited contrast discernibility of

the observer. The spread of threshold measuror-ents for different observers

is seen to be small. Results for three i-f baindwidths are given. Signal

presentation time, T, was 3 sec.

2. SiLnal Presentation Time4, The number of signal sweeps n is the

product of the PRF and the signal presentation time T. The latter was

varied in the experiments of Fig. 5. In tho region of signal time between

1/10 and 2 sec the thresholds, S9 0 , are "en to follow the 1/!nlaw fairly

well, but outside of this region deviations become appriiable.

In the region of very short presentation time this deviation is

attributable to the inability of the obseiver to integrate only during the

signal prejsentation interval, The same obsGrver characteristics which cause

flicker to disappear somewhere betvrn 25 and 100 cycles/sec also cause the

observer to integrate some of Ihe noi s- ' im ediately preceding or following the



signal presentation interval.

At long signal presentation times, tha deviation from the 1//n law

is attributable to the observer's inability t o reaember all of the data

given him. Finally, he will probablI forgEt d>ca at the same rate it

is presented to him and the threshold curves will level off to a limit.

The exrerinmentil curves can be fit very vell by assuming a minimum integration

time, corresronding to the fir.-t effect and maxizmm integration time of

about ;lx seconds corresponding to the second effect.

At the lonF signal presentation times, differenci between the thresholds

for Pl and P7 A-scope, screens are saen to be of the order of one or two db

but the difference is essentially lost at short tL-es.

3,, IX Noise werpps In the above experiments on repetition freq-

uency and observation time the observer was always informed as to when the

signal was being presented. A study was made of the effect of increasing

the uncertainty as to the particular sweeps and exact runge positions contain-

ing the signal. In the first experiment of this type, extra sweers containing

only noise were introduced between sweeps containing the signal and noise by-

trigering the sweep at a constant rate of 3200/bec and using dif 9rent pulse

repetition frequencies. The results aro e;Lorn in Fig. 6.

As long as S900 3 db it is inversely proportiona to the number of

signal sweeps in agreement with the theo,,atical results for an Ideal Observer.

When the signal threshold povwer is Creator than this, Loviever, there is a

deviation from the predicted dependence. This is believed to occur because

the actual observer no longer uses average pover as a criterion, but finds

it n uch better to examine only the few deflections of very high a'aplitude.

This is one of a number of instunces which h ve been noted in which superposition

of signal and noise traces is not equivalent to presentation of the average

pover as is assumed in effect in the theory.



At low S9 0 /,the P7 jcrn.ers 'xas better than the P1 because it helps

to avertge out the light intenity at 1zach ,plltude. At high S /N the

P7 screen was worse .ecause it i.uts dowr relar tively on tbe Instantaneous

intensity of the few deflections of high amplitude which are most useful.

In a similar way, if the PR? 19 held constant Pt 200/sec and noise

swe-ros are added as shown in 1g, 7 by triggering the A-scone more often,

the signal threshol, Sq, rises at the theoretical rAte, proportionel

to the square root of tha total number of sweeps.

When the signal thresl*id porer, So 1 comparable to i-f noise power,

the signal threshold po'Der l _iroportlonal to the square root of the total

number of sweeps, divided by the number of sweeps containing the signal.

S90 k~iotl.
nslg a l  

(4)

4. ber of_ a1 ositions. If the number of posaible signal

positions in range . increased, the signel threshold Tower increases.

Fig. 9 gives the results of' two experiments in which the possible r-.nge

positions were chnged from two to fifty. The spread of" the nositions was

different in the tr'o eyperiments. Thp one started with t'o posiltions I mm

a-part; the other, 50 mm apart. The dif#a;rence is 2 db. (Attention is

called to the axpan-3ed vertical scale of Fig. I crmprred to other fiFcures).

The difference between these ev).rients is, u1c to t.10 NU t

attention or acuity possible over the saller ;gqu1Ar cone compared to

the lerger cone.

5. S nals Random in Time. Similar to the increese of the numbar of

possible range positions, the number of possible positions in tio ray be

increased by having the signal occur at random time, (but still of definite

diwatlon known to the observer) in a lcrger time Interval. Fr'om a teoretical

standpoints, the problem was the sexve. In the =xMeriment of Fig. 9, the

--.0-



attention interval was incrcased from 1/10 soc (equal to the signal

presentation time) to 20 sec, a factor of 200; from 6 ran--e positions, to

6 x 200 : 1200 ranfe-time positihs,

B. 29 jWtiea! P-rameters.

Included sozewhat arbitr_,rily in this group of' parameters were those

that have an influence on tho geometrical appearance of the trace on the

A-scopeo

10ln ! dth As shonn in Fig. 10 the i-f

bandwidth x pulse leneth has a broad optimum at BD" a 1.2.

At high values of BI (>10) the signal threshold appears to increase

linearly with B1o This corz'esponds to the increase in noise powr in the

pass-band without a correspondinC increase in signal since most of the

signal power isincluded in the pass-band when Bg . I.

For low values of B, (0I), i-f bandwidth too narrow, the signal

amlitude is approximstsly proportional to the bi.ndwidth, with the noise

power still proportional to the bandrldth. This results in tie inverse

linear relationship of the signal throshold S9 0 that exists in this region.

Although not critical an i-f bantwidth corresponding to a Br'of 2

appears to be a reasonable comromise between rate of recovery from overload

and increase in threshold.

2, Video .B&Althtough theaa pr b W. Although the data presented

in Fig, 11 are rather meager, they show that the signal threehold is relatively

independent of video bandwidth, if b is gretiter than one-half the i-f band-

width. if a slow sweep is used, still further narrowing of the video is

possible before. additional rise in signal threshold is observed.

However, recovery from overload, e.spacially the influence of jamming

or interference makes a video baniwidth x pulse lnrgth of not less than I,

-21-



perhaps 2 s3eemn vey ijr~ 2

3. Video Coupin tj ecto' Lo+ Fre i~s ]MR-C Differentiation.

Experiments nalag 1 ps-,2c Puf1 s were performed In which the i-f bandwidth

was optimum~ 1.1 m.c/sec and th-, vidao 3 .db down frequency on the high side of0

the pass band was 10 inc/sec. Te coupling timie constant, which would effectively

deter-mine the 3-db frequency. on the low side of' the video pass band, was made

successively smaller until the. time constant was 1/10 pisec. 7ven under this

extrem~e AdIfferentiation less than 1 db riser in -the signal threshold was

recorded. Additional video gfAn ,ifs rerqUired under these Conditions* The

absence of influence wt-s attributable to the fact thont the noise is also

differentiated equally with the signal.

4. Sp-ate, -9, mm/ S~o multile hdb,:'#' h~sec. The

results of both VPI and A-aco-oe exp~eriments are given In Fig. 12.0 A broad

optim~um was observ5ed when the signal langth, e*1 on the PPI or A-scope ras

aprnroximately I mmo. -For ve..Luses shorter than thts, as most often used in radar

presentation, the signal thrashold rises significantly.

The data of Fig. 12 -re-kra takon using several difrsrent i-f brndwidths

and pulse lengths. In every case the observed threshold confirmed the scalhgW.

principles discus.5ed above in Section NI.

5e Focus'. As sh-r~n In Fig. 13 defocusing -perpendicular to the direction

of the sweep was found to ';~ nagligible effect on the threshold as l1ong- as

the spot was not greater than the noise amplitude. Defocusing In -the direction

of the s-veep also had little effect on the threDshold even on slow sw"Flps,

until the spot size was 1 mm or greater. Ths fict and the pr, cer3Ing observa-

tion of an optimum pulss length on the presentation of 1 mm Irrnly that t'he

ob-Aerver makes littla use of fluctuations appearing, in less than I "n., Asouning

(1)) Raft 1 to RtTh;z . by I'. MA. Allred rnd A* Le Gardner.
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an "observer video bandwidth" dependent cn ¢,-cp sperd, Uhlenbock has

satisfactorily correlated the videp bandwidth, sweep rote and focus data.

6,, Receiver (i-f) Ga Figure 14 shows the dependence of the signal

threshold, S90, on receiver gain. Almost no increase in S90 is observed

until nearly all of the noise has disappeared from the trace; after that the

trace J4 is the controlliug factor. A constant signal amplitude is required;

therefore, $90 varies inversely ea the receiver gain as would be expected.

7. Swo. Direction. Because of rumors of a ksrge dependence of signal

threshold on sweep direction, a few observations were made on a vertical A-scope

sweep. In spite of few observations to practice on, the vertical,sweep

threshold measurements were within I db of the much-practiced horizontal-

sweep thresholds,

lo TrAce IntensIty. The con-rast in light intensities between the A-

scope trace and the surrounding region was axamined briefly and found to be

completely unimportant under the conditions examined. The results are shown

in Fig. 15. In this experiment the trace intensity vas varied from the maximum

obtainable, much brighter than used in practice, to the point, some 60 db lower,

at which the trace was barely visible. A total chance in the threshold of only

3 db was observed. Of this, 2 db occurred at the lower end. The threshold

was constant, within exTerimental error, for the first 40 db of decreasing

intensity. In this experiment the ambiant light was kept at a minimum" For

the sake of completeness it would be de3irQble to keep the trace intensity

constant and progressively increase the aw'blent light, but this 3xperiment was

not done.



2. Evidence of contrast effects. .iperfectioas in the obserer's

ability to tell which position has the highest average intensity or deflection

lead to at least three differences between the exparimental results and the

theoretical thresholds calculated for the "ideal" observer, without these

imperfections.

(I) The experimental thresholds, S90, -ere gerers21y several cb above the

ideal theoretical values (calculated by Uhlsnbeck and rang) as seen

in Fig. 16. The data are averages over a large number of experiments.

(2) The sore of the betting curves 'as greater for the experimrental curves

than for the theoretical Ideal Ob-,err, as shown in Fig. 17, where

the width of the "twilight zone" was presented, that is, the ratio

of S90 to $5O , the theoretical value being 2.1 db.

(3) Two obervers of noise it "ideal" would alweys report the i1-1e position

as the highest. Actual observers show little correlation. In Fig. lS

the correlation of coincidence missos for two observers is given; that

is, if the two observers named a noise (no signal) position as being

the highest, Fig. 18 gives the probability of their naming the same

noise position.

In each of these cases the deviation of the actual observer from the

theoretical or ideal observer incre;ses as tie number of rulses to be integrated

increases.

The observed pecularitles in the shape and dirplacement of betting

curves can be approximately reproduced theoretically as shown in Fig. 19 on

the assumption that the observer cdb-its an "averaging defect",8, such that

In this expression, k is a coi snt,anA ni t; iaumber of signal pulses observed.



difference in tie arerzge intcOsitles at tc points ,on the radar screen. I'Ve

theoretical method 'Lor doeriving ng curv when 4 0 is &eecrbed

in Appendix A. Sevral bcttti3g curves calculated by this method for varlo U

values of n a-d Sare ?horn in FigO 19. There is a progressive steerening

and unrrrd disnlacou.ent of the .. ttlig cures as 6 increases. Wor t gIven

displacement of the betting cw':c,3 in less at high a than at low n, This

is In the proper direction to be qualitatively in agreement with e:perlment.

The apnro1clate value of k Ca.n be determined from Figs. 16 and 17

which show th results of an cealysis of 24 measured betting curves .taaken

at T = 3 sec and n 00, 6s, and 10,000, and theoretlcal results ttak.n

fram Fig. 19c. It should be pointed out that the theoretical results

shown here wera,'pot read direztly from the curves of Fig. 19c but from str.it

lines drawn to appro-imate t1-re curves in the range from 201W to 10q, This

was done beceuse the expari.ent.l betting curves were drewn in V sir:ilar

manner; i.e., by dra-xing a str'nlght line through the distribution of ex-

perimentl points.

Of the tio aluV S of k wldch rer3 chosen rhen calculating the betting

Crves, k = t.6 best Cits the eqnri;:ental clta of ?"ig. 16. Unfortunately

a comrlete set of ca.'ulaticew for thds value of k end other values of n

was not made but nr,-iA,'3a y itl sha"pe would be somewhat the same as the one

shown for k = 2.2 ard si reraorably good "it for lor valjen of n with some

deviation at higher values o.d exi.t. Apprc.arently the asszued function

takes care ol an avr;,ing def': but mxza lmItid contrast dlscern bll-t'

If k, in the assumed t-nct!on r n,9 is assmed to be 2.Sthen the observud

and calculated twligltb zonei very in the name ray, although the calculated

curve Is so~mew-vrt higher t.an ths 9xpertnentcl points. On the other b1apd,
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k = 5.6 vives~ a potat, i;hlch i3 1,:- th# k~~bg at r~n 1iit;,~nA11,:,t&

value would grive the beat fit*

,Law of' the Receiver. -r,.,cetpt when limiting, thep, lP of' the re~alver

is believoed to haeve little ef.: t on the signal threshoV pore-: for A-scope

since the obser~ver can -Ydght- the def'Lections, according to anyr law conratibls

with his limitations. Infornation m~ay be lost If' severe limiting tak.es

place and the signal thresholci porvrr, Sqo, may be much higher

V.* SINAL ITli7SHOLl YASUIT71NS OIN PT

Using the same t-chniques as for the A-scope, measurements ware madei

of the signal threshold power S9 on the P"I. Parameters investiga;ted were

PR?, signal present~tion time, i---f bandwidth tizes pulse length, r.a-ndom

signal azimuths, overlav from scan to scan, dependence on angular arc. The

dependence on pulse length on the screen is given along with the A-scope

data on the same suhjectv Fig. 12.

A. PR?

Labora tory experiments on .PP'I scope imade. to deter-ine the effectsA

of' the variation of the pumls' repetition frequency of the redrr system ',n

the signal threshold pover indic, ted ;approximaately the stme results, within

the 11-its of' exreri"nantal e~rror, as on the A-scope for the rogion Investigeted.

The results appear In the graph in Fig 20. It J s quite possible that the

results might be different on P, pavrticular operating radar systen since

the effect ofT v~dao 11imiting on thiri3Shold porer Is quite Vlarkee

?PI tetits were also made to determine the effect of the vartation

of' the signal presentation time~, T. on the signal threshold porer. In thrism

tests, To was varia~ble from 0.00O4 to 7.5 sec3 PRF was 800 cyc-ns/sae, a

signal vas turned on at 900 tzinmuth w1%th a scanning speedi of 7.5 rpm.

(1)NRLMS Reoort 'R-3008



The results for two observrs no t nh.:n in ,1g. 21.

As in the A-scope expet s,, 4n agreernnt with the theory, a

square-root relations!ip -, as :o'x to hold over a wide range of 'T; fror

T =. 0.01 to I. see, v//rnW llf . This range of TI' s eqvivalenitp at the

scanning rate used, to a r&nge.e In ant-nna beam angle from 0.50 to 450,

At the av3rare signal position (kverage target range) the length of the

arc of signals ranged from mm to 25 rmm.

At T .= 0.004 there is en avermpe of only 3.2 pulses per scan and

the deviation from the square root depeAdence is 5 db (poorer discernibility).

At T = 7.5 sec the tfreasold is again above the square root curve (2 to 3 db

higher). These deviations are compareble to those obtained for A-score

experiments. The deviation at Ior T is due, et -leaft in part, to the small

geometrical dimensions of the signal and the resulting inabil3ty rf the

observer to disregard ext'a noise adjacent to the signal position. At high

Tthe extra loss is probably due to the inability of the observer to estinfte

the average intensity over a very long are.

C. The Yfect of the Variation of the Product of I-f Landwidth and ?ulse Lenh
on th Signal Threhold Power.

PPI tests were made to deterine the effect of variation of the prodluxt

of 1-f bandwidth and pule length on the signal threshold power. The results

which are shown in Fig. 22, are very similar to those on the A-scope. in

this experiment, there were two observers. The Prt was 391 cns, The s1iv1,L

presenta tion time, T, was 1/16 seconds. The pu) se length "'o as 1.0 pasec, .d

the sweap tpaed was OA: mm/pso.

D. Random PossibleSinal Azimuths.

In the orevious e,per!ent the signal was always at a marked azimuth,

(900) fron the "top" end of the screen) so tat the observsr knew where to

focus his attention. In this experlm int, the signl azimuth was chosen &t



random so thzt the on:w ver hm ?t 22: ine Ye 3itI Ft f-ce of the tube .or

the signal. Two such sxpori'uenta -ere performed. At T . 0.004 sec and 7.5

rpm,the loss due to incVias±n Pte ran e of 3ignai aziiauths to 360 ° was 224

db. At T - 0.25 sec end 2 rpm the lose was 1.8 db.

S. Overlap,.

Because of the persstence of a P-7 screen, a signa. which remains

at the same position from scan-to-scan can be seen more readily on one of

the later scans than on the first scan. That is, "'hen a signal overlaps

on succossive scans the effectiva signi presentation time increases.

Although overlap waz not purposely provided in the first FI axperiments,

the random choice of one of six signal positions resulted in the occurrence

of an appreci.ble number of repeats. In analyzing these repeats, it was

found that the-choice of an observer, after one overlap, was better than the

choice with no overlap. Of? 192 repeats,in wbich the first or the second

choice of an observer was correct but not both, the probability was 42V

that the first was right and 58% that the second was right. Asuming a

typical betting curve for wbich the correlation score rises 20 per db

rise in signal power, the improvcment due to one repeat at the sanMa signal

position is, therefore, 0.8 db. Theoretically the maximum possiblo improvement

would be 1.5 db, the improvement due to doubling the signal present.tion

time.

Further work in deterninflg th1e effect of signal overlap on signal

threshold power was done on the PP; of an actual radar system using both a

target airplane and a signal generator as a source of aignal. Then the

airplane was used, the percent of signal overlap depended ca both the speed

of the airplane, and the scaning speed of the antenna. Since the spead of

the airplane could not be varied over a wide enough range to vary the per

cent overlap apprecZiably Por any givon scanning speed, no conclusive results

-2:3-



could be obtained. -t 1j:?nal geneirvtor -fas desge to pccucs

a signal variable over 60 db in Inte~nsity anid movable in a rauge tt a vEariable

speed correapondirzg to an air 4;p~ed of' 40 miles per hour to 600 miles per

hour, The resualts are showni In Figs. 23 and 24. The systen- used had an

antenna pattern 1.50 wide in aziiit't the pulse length was 1 pasec, and the

PRw was /,00 cycles/see. Thez ailkne. used was a Curtiss WFright monoplane

with a cruising speed of ap-pro-:4Vitely 100 miles/hour.

F.. De~ndence on Affiular Arco

The signal appearing on the PT1I of a radar system having a very broad

antenna patt3rn will show as an arc),!hile that from a system with auvery

narrow anten lAttrn will Z2pper, r as a spot. Since the shape of' the t,,"o

signals Is so diffe~rent it 'was f'cit desirp-ble to fi.nd how the signal threshold

porer clepanded "on the angular arc of' the signal.

In this experinent, the time, T, that the signal was presented, ras

kept constant at 1/4 teconc], t'oe scanning speed w'as varied fronm 0.4 rmm to

120 rpm, and the sign~al was turned on each timre at an azimuth of 9o. The

PR? used -7as 300 ape. One ob-ar'ver did the experiment.

From 2 to 30 r-- the threshold d-id not changYe appreciably (lass5 thAn

1 db spread in the points). At 120 rpm, the loss was about 2 db. In other

words, from antenna becf3 amijas of' less than 0,50 up to 45S0 the threshold

was essentially constant, bout when the Eigna1 was spread out cvsr 360 n 2 db

loss was obtainedI. The result'-s a--,e shown in Fie. 25.

One Aimolins from the devittion of' Fig. K fron the theoretical depondc a

of i/J'7ane, also sspecially fron' the inde ,end ence of the aircraft sigmaL

of Fig. 24 above C0 rpm,, that the inforration in an Inte~rval of' from 6 to (

sec is all that is useful to Vie oboerver. ,n other Worts,te ~ere

-21.-



see essentiaflly as zmall a si~mnal in ( to 10 sec as he could if the

systei Itsarchihtedfl on the target for a much Ioncrer period. Therefore,

the signal throshold pomrer for P *'12 on target is used as the lserchightin"

value from~ which the increase in signcal1 po-wer required for detection under

soarinin,- conditions (scanninrr loss) is computed.

From the best infor.-natVon now ava1 !'-al J "good" radar operators recuire

a signal about 3 or 4 db above Sr of' tbo-,e (expcriaents. This aifliTu1E usefuil

alignal power, Fmn varies in the same ivay as S90* To stress this difference

and to use a notation nearer that of other discussions of rnaxirmw range

radar systerms, Pi will be used in this section&

If(T 8 seat the informiation of Figa. 4, 5, 6, 7 and 24 can all be

correlated rmdto wrell with the relationship for Pin-

n signal

ntotal = signal + nnoise()

Wlhere ntotal is the total nuer of sweops in a beariCtli, ne±gnal

is the number in which signal p~over is present and nnoise the number having

only noise present at the rsrigo being considered.,

I. SimeScan. In this expression ntotal n "i,.nal except for comiplex

systems,-,aa those involving scanning in both azimuth and elevation. Equation

(5) for simple scans reduces to:

Fmi = (7)
"signal

With the aid of this equation let us compute the approximate scanning

loss for a system having an azimuth beam waidth, H, of 30, scanning'in azimuth

at R revolutions per minute (R(8 rum). The value of for aearchlighting

(12) Anf value from 6 to 10 sec could be u~sed within the accuracy of the

a7proximation,



will be given by

spMin (8)
V

The angle scanned throvigh ? n- see is 8 x 360 x R 48E and tre.

number of signal sweeps is therefor4e, i x 3(0 x 8.

Therefore, Pmin S k 8V 8 PRF x 111

q I /i H7<I3< rpm(9
s min

For 30 beamiwith and 4 rpm the s*3tning loss is x4 $3 or approrinately 9 db
3

All this loss would be gained back ly scarmin so slow that the bea"

just moved Peross the target in 8 sto. (30 in 8 sec or I rpm). No miore ca al
16

be g ined by scanning slower than this.

For the caz4 when R>8 rpm for essentally stationary targets scan to

scan integE.rat-on of the signal takes place* as indicated by Figo 24. The

scanning lo.s is given ",

NH

This law may be exne;tcd to apply .-x to target veloctics s7ch that the targat

moves a distance equivalent to :zho-t _ of the pulse length from one scan to

the next, ( V<2.8 R and 18 Iith'1n mph, R in rpm and V in usee)

For targot valocities gr'ea! -,r than this (order' of 5,7R*>,)2G R8')

integration of the noise swe(3fsJ, which o'Terlay the signals, fromn scan to

scan compensates for the Integation of signals from Scan to scan and the

threshold would be expected to v&ry appro dnateiy as the anmars root of the

scanning rate for R>8 rpm s in e-iatlon 14.

If the spot has :oved of the oror of 10 pulse lengths between scans,

correlation of tvo or nore pesitions in such a way as to provide effective

integration of their signal inforration cees exmromely uvlikely. Therefort,
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for very high speed targete R'~ rwi7 R)8) the total nrumber of SIeeps

in a beamaidth in P, see uill 'be constant at ntotl it H x 8 PHM and the nwt-er

of these sweeps containinp, the signal will be inversel- -proportional to R,~

Equation 5 appliee for the threshold and the scanning loss will be proportioiial

to the scanning rate.

2. Complex. Scans. Consider the scanninm loss of a system having tho

fo~lovin,? characteristics: verti cal bearmidth 1P, horizontal bearaidth 50,

elevation scan 1590 4 scn 0 art~2rcan 3 rpm Z180/sec and presentation

PP!. The total nber of stveeps in a beanmidth, ritotal is in soo

For the number of signal sweeps in 8 sec assumoing a linear vertical scan:

For Isearchbightinpt": sntota1 snsi-,,,l 8 PRll

Therefore, the scanning loss f'rom equation 5will be appropdmate.7-:

Scanning Loss e [ - IR

Psnin I PPY
5,4

36 / 5 or 19 db.

In general for a complex scan wihich searches a vertical angle PW' at a

high rate a~nd at the ca-se time -,,ar&.as m~ore slowly in azimuth through an

angle of AO in 83 sec., the total n'..uber of~ seeps (ritotal) In a givun beani

width Ho on the PPl io invarce'y Droportioflal to A0 . The number of signal

sweps ~sina2) is invorsely proportional to BO~ and diractly --roportional

to the vertical bnan width '"0,

The scanning lose Z'or fixed targets for this case from equation 5 is

Scanning Loss

*1 T V



Farwtber > Jes &n 12~ iedtarget. a are tc to an mzctczd as III the

above 3axample of the si.mple scan -ad can be estimated :r. the same way a3

rats eone there,

in using thece epnticss ono .hou3d remember that most of the epertcsnts

on which they a batsied -rsre uitih slgrds belo 41 10 db relhtire to noiso in

optir bandwidth F-: trapoIatl on Iato h ,lhr signal to noice reE o;0s should

be regarded at beat as approxin'oas evecialiy In vi of au h dwr ations

from the n isn tb: e reiona as those In Fig C. The ?J~taritl yste~s

used rera 15 ne th'oughout as v-arly a3 could be achiev d. Non r.,n'ritiv

are expected to Influence sleyal titroshok easially when the threthold

signal is large ccmpa ed to no.,ise in cYtiim banduidth.



A ?PENDIX I Theoretic,f 2 5 tn rvcs for an Otservr with an Avtrging Deect

by S. G. Sydoriak

A. Definition of Contrant and % Detect.

Ordinarily mialimum disceciCLb!e contrsst is defined es the ratio of

light intensities of a just div!cerl;ble uniformly illumimted pttch on a

uniformly illuminted bsck.rou:nd. Unfortunately this ratio minus unity is

also sometimes ael)l3d "contrait .0 In the literature although it is more correctly

called the Fechner fraction. Numbers often used to represent the minimum

discernible ccntrrst range from 1.02 to 1.04(l). Horever, recent experiments

have shown(2) (3)titt the correct number is often considerably higher than

this and is critically dependent on the crea of the rptch and on the brightness

of the background, expecIally when this is less tlan 1 equivalent foot.-candle.

When both 4he patch and the background fluctuate, es in the owse for

radar signals surrouinded by noise, the rms deviation of the fluctuation will

be an additional factor in determining the minimum discernible contrast. Dne

to the fluctuation the observer -May experience greater difficulty in recognizing.,

a difference in the 'vert-e szitude (or averEc:e intensity, in the case of PPI

presentation) of a :igrl cor,r ed to that or noise. It ould, therefore,

be expected that the "min1mu ?iLzernible contrast" differ for fluctusting

signals than for steady ilumirntion.

(I) D. 0. North "An Analysis of the Factors which Deterwine S/N Discriminat on
In Pulsed Carrier Systems' R.C.A. Technical Report PTR 6-C uses 1.02 to
1.04 whlch he obtrined rom a reanort by R. E. Uallman "The Grvdaticn of
Television Picturcs" IRE vol 2, No. 4, pp 170-174, April 114n.

(2) R. G. Honkison "Vislbilty Problims Associated with the Skiptron" GC
OW,; (RL No. 3594) finds tht.t under operational conditions a contrast

ratio of less than 1.06 is not appreciable. Pe also notes that the dark
?1(~a .t~Z'r *1- Of th dta&teV'ct aretfuAat

(3) J,, Fairbairn and R. G. 1T '. tarn "Visibility of PP.I Tracas on Cathode R.ay
Tubes5  Traces on Unifor' >,okruunds.0 CEC 8506 (1 No 40/.2) July '7, 144.

Th-y rta -&'-

for large areas in bright sux r.mun&'ngs to upwards :)f 100 for .mal., arcas
in dim surroundings. -:



To avoid confusion with the tvsual -rge of steady illumiination and

becase the observers do not wish to 11.1-.0A tleaiselves to steaing of' light

intensities, it has been useful to introcla-e n 44-erm, analo\;ous to the Fechner

fraction, which Is called thei riaveragizr: defc~ct of' an observer of' rF-dar

signalsn. The rveraging defeat for the '-'se ol * IPI presen-t~tion Is defined

as the minimum discernible fractionn1in ,~ease ira 'kiu averoge Intensities

at two 1kints or the radar screen. TUs itS A and 19 'ara the Intensities

averagsd over ni sweeps at points PA anc 'rB resp.-3ctively on a recdar screen

and A is just noticeably brighter t'cen 2, then tne P-r.aj~iw3 defect8 aA + B/B

where A and B are defined ag t -he nvar&7t of V-1e V'iuares of' the annplituees at

the two range marls. A being ju~it n~t3v higher than B. For the case

of steady illumination the ratio o.r A to P is i-a fe,-t the rnini~um discernible

contrast ratio and A/S 1 is the Fechner Er,:ction. The r'eeber frFact-!on

is, therefore, seen to be analogou~s to th-e veair defect as defined above

for fluctuating signals on a noisy backgrc-,.d.

B. Uhbanbeek's Theoretical Relations*

Let z be the average of the PPI intenS4ty (0- t,ie averege of the squiares

of the a m3itudes of the A scope trace) on n srceps at a noisa position and

z' be the average intensity at a signal posit..on. Also let TEU -it be the

grand averages of z and z' .-Then the san, experir'ent is re-i-.eated an Inrinite

numbr o' tmes iibeing constant. Ths-n T is the ravar&,re noise nover, called

2rs and T' the Pverag e signal power, iu + 20, the ratio Tt/ rz-: + 2)7

being the signal to noise po"'er ratiol~w~- inl this report called SIR,

For the signal position the probab1li.ty- 1that st rill aceur In a r~rticular

exi'erir qnt 14; then -71ven thy thei rel'I orn.

2

l~hrY~ ( 2 . ~A/l) ~P



For the noise position, the prob; -bi].Ity t2hat wsvill occur is

- - ~(z- )2

22
whereje 4 W /n.

These distribution funcitlonj ar'e sh':wn in Yig. Al to which we shall

now refer in explaining t-he method re. tua-, to cF..culate bdJttL'g, -curves for

the case of an observer who has an sv~irzeing desfect 8 .

C. Bttirp curve calcul.-tions for th,, ti1.o.poion experi-lent.

Suppose in a particular obser-rition, thztt the avert-zg eintensi-ty at

the signal position is zl, At the noise position, Cie In-'ensity an be

either noticeably less, In whic. f:ass tl~ ob,-crv3r v-411 be correct, or

noticeably greniter, wher#e4unon the o r~rwill be Wron-g,, or in the region

betv'-een, where the observer is norzt awr~'e o-P a ern in intens'Ity aind
wil, therefore, be forced to --es. T le t~" 1iiU of I~ "I~-~ ~o

rill be such that z =1 +6 andi zl/z= '1+6

The condition for whcich the ob:-erv'er will nor--lly c-ue~ls at rando~n -1-, therefore,

The probability that the observer will sir~nly guess is, thorefore, equal

to the area B in the figuri Pam -,or a t-ro-position expariinent his score

when this haprens will be, on the 15r04,~i~. lThenevar z-c z' /(1 -1.8),s

the pr-bability trwat this will occur is ,-iven by ,lrea A,. the observer will be
10(Y, correct. Therefore, hsvr-g Cc-e'hntesne kltd s

wIll be
s A + B/2

Of course, the signal lrWte-nsti cain l-ave any value and, to obte.'"t the

totd1 scre cS a dou~ble integratCion be p b 3rfor.Tr_( 8according -4o the follow.

in,cx mathem,tUca! formula 0

F- + 7 "~ Kf-''



or, converting to Corralot-!on.:cr~~cmdn to the m~ethod of Sec. TI13, 2b

-2 z'l z2  2

CS 23-1 +1 2 e dz'-

The actual c0lcul1 'ion vwas perfcrmed by double numerical integratiori,

Wcking some 15 irlltervrls In z' , rrmltirlyi ' the area o1' each interval by the

function s, and summaing up& The 2u"-nction "s" corresponding to each value

of Z' is evalui ted by a separt':te numerical intz.,gratioue

D. Betlgg v9 calculations f'or the six-position expetient.

The theory of the externsion of the above method to the csse of a six.

position experi-rent is the followiWg: Suprose, ras befioro,. thiat the signal

intensity is in the interval shown at z' in Fig. Al *The probability that

the intensity at all five noise positions will be belo" z'/(l + C') is equal

to A5 , sin~ce the Intensity at any pas ition. is independent of the Intensity

at any other p~sition, (the positions being: several -uls'e lengths apprt).

Similarly, A4B Is the nrobability that a particular noise -position,

say -nosition No. 1, will fall. in reg-Tor B at the same tiie tha.t the other

four noiae positions fall in A. -.'ben th~ts event occurs the observer will

make a pure guess between pcsitin-a No. I and the signal position nnd the

score will be A4hB,/2, B-ut siacu- a-.7 of five positions can fall In region B

when the others rall In A, the contribution to the totnI score ol such eventa

is 5 AlbB/2.

By a Similar line of reasoning the other possible combinations can be

derived. Of course, any combination that puts one or more noise positions In

region C autom-tically causes the observer to make a wrong satiermsnt. 'Te

thus obtain for the net score rhenevrer V' occurs,

A+IA 4 B*-.,0( A39 + 5A 2 B3 + A 34 r I5



where ZI( )

A P' (~on) dzai Sne 8 O, zz, (i ),z'(l + )

Intggrating over z' we have for the total score

0

or, converting to correlation score we have, for the six-position experiment
-S= 6S I_- 6 P1 Z

-- --- P' (z'n) dz'-_
5 %.15 5

By the same Drocess of double numerical 4ntearation used for the tr.-position

experiment the, betting curve cnn be obtV'J.nfd for any signal to noise rp.tio

z'/z and any value of n. To elimimite tls labor involved in rerented cal-

culations of the function P' (7', n)for. - different vluss of z' a nomoraph

wpi constructed of the single curve.

-00 e d (z-z)

and of several straight lines

- z s.) (z "

for varlous values of V(heuce various values of signal to noise ratio). By

means of this nomograph A and B could be read directly for many conbinations

of 71 and n.

.-
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