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FOREWORD

This technical repocrt is a partial reproduction of a Ph. D. thesis
entitled, "An Investigation of the Direction of Arrival of Radio Waves'.
It goes beyond the scope of the thesis in that the results are compared
with those of other investigators who have written classified reports.
Becausc of this comparison, the report is classified.
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ABSTRACT

A theoretical and experimental investigation was made of the di-
rection of srrival of high frequency radio waves Emphkasis was placed
upon the application of probability theory and statistics to known and
proposed methods for improving the accuracy of the measurement of the
direction of the wave source and decreasing the time required for such
measurement. Means for reduction of thc wave interference error was
a specific goal.

Wave interference error due to multipath propagation i1s a signi-
ficant contrikutor to the total standard deviation of the indicated
bearing It was shown from theoretical considerations that provided
the probability distribution for the time phase of each of several in-
terfering rays is unifcrm, the long-time r:ean error due to wave inter-
ferencc approaches zero Also assuming that the wave polar:c<ation is
random, the corregponding long-time mean error due to polarization
apprcaches zero.

In order to investigate and experimentally verify the theoretical
implications, an electronic bearing data computer and recocrder was
engineered The computer-recorder samples the directional information
data from a twin-channe) cathcde-ray type direction finder twenty-five
times per second, cemputes the indicated bearing and records the
bearivg aid the signal amplitude on 35 millimeter film

Experimental studies were made of the indicated bearings during
those times of the day and year when wave interference effects would be
most likely Observations were made at Sevoy 1Iliinois. on 6.42 me/s
propagations from Columbus, Ohio, 2nd 5.0 mc/s propagation from WWV,
Beltsville, Maryiand

The progressive or cumulative mean of the indicated bearings was
considered the most signiiicant of the several staristics that were
calculated. The few isolated non-conforming cases are probably examples
cf laterai deviation effects The 1mprovement in accuracy dus to
time averaging over all data may be inferred from the followirg stand-

ard deviations of the indicated cumulative mean

11t
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AVERAG NG TIME STANDARD DEViATiON OF THE CIMULATIVE MEAN

14 seconds 1.4°
1 minute 1.0°
2 minutes 0.7°
3 minutes 0.5°
4 minntes 0.4°

Censoring schemes that are premised upon using a strong signai
or a strong and steady signsl as a criterion for '"good bearings" wilil
generally yield an improvement in accuracy of the indicated bearing.
However, the results of this investigation demonstrated that the cumu-
lative mean of all bearings is the best estimate of the great circle
bearing. Ceniral-limit theorem behavior was exnibited in more than
95 percent of all cases studied

A comparison of these results with those oktained on wide -base
systems such as the KOMET. and the Naval Research Laboratory installa-
ticn at Fox Ferry on the Potomac HRiver indicates that the statistical
accuracy figures stated for the several wide base systems may be ap-
proached as closely as one pleases with a small hase system provided

sufficient time is allowed to o.tain a prope: cumulative mear
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1. INTRODUCTION

I.1 ‘Statement of the Probiam

‘The avowed purpose.of this effort was to investigate the direction
of arrival of radio waves with prims-y emphasis upon the .application of
the theory of probability and statistics to known .and proposed methods
for increasing the .accuracy of the measurement of the :direction.oi the
source of the wave and decreasing the time required ior such a measure-

ment. Practicel means for the reduction cf the wave interference arror

was .a specific goal.
The motives underlying the investigation were prompted by cercain
cbhservations which, when considsred collectively, indicated a need for

.additional study of radio wave interference phenomena .as it may effect

the bearing error of smali-base radio direction finders.

First, the radio directior iinding research group .zt the University
of Illinois had mades some theoretical studies and simulated model
investigations of the besring errors that can .arise in several radio
direction {inder systems under certain assumed conditions of radio wave
interference. Thus 't was possible to assign numbers teo the magnitude
of the radic wave interference error that would occur in a given radio
direction finder under assumed and idealized conditions. However, it
was not possible to state with certainty what was the best way of
getting an accurate bearing in practice. One did not know how long a
period was needed for sampling.an arriving set of radio waves and how
many sampiues were needed to determine a wave-interference error free
bearing. ,

Second, it had been observed in the resuits of certain investi-
gations performed by others within the last decade that the probskble
bearing deviation can be made cons:iderably smaller than the two to five
degree¢ figure ci the conventional Adcock system. The improvement is
primarily due to a considerable increase in the wave collector base di-
mensions and number of active elements in the collector. Costwise this
improvement is expensive: conpared te zn Adcock system, a tenfold in-
crcase in the cost of such en installation may easily result. Because
e/ the extensive cost increase, one 1s led to inquire into the possi-
bility of controlling the magnituae of the Adcock beariag error by
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proper treatment of the data. Hence the wave interference error and the
polarization error may possibly be reduced without entailing too great
an increased cost.

Third, the radio direction finding research group at the University
of Illinois has completed the installation of a high quality dual-
channel type radio directiun finder on a.very gnnd site near Savoy,
Illinois. The equipment is carasble of giving continuous and instan-
taneous bearing indications. Thus there is available a practical means
for verifying improvement scheme

w

that seem tc have potential merit.
Fourth, in order to best use the direction finder there was needed
an unbiased analog data computer and recorder that would be free of
observational error, and which would record data fast enough to pre-
serve its continuity, 1. e., all fluctuations of the data should be
recorded. A speed of data recording of at least one-hundred times
faster than that of the human observer is needed. The modern elec-
tronic digital compater permits extremely rapid fuuctional analyses of
data provided the data are .in a convenient form for instructing the
computer. This convenience of proper analog-to-digital data conversion
should be a prime consideration in the development of any modern bearing

data computer and recorder and was indeed an added incentive in this
investigation.

1.2 Method of Attack

The method of attack was two fol!d; it consisted of a theoretical
study followed by an experimental investigation. The theoretical study
consisted of acquiring a background in the thecry of probability and
statistics, reviewing the pertinent works of other investigators, and
formulating some positive approaches toward the sclution of the problem.
The experimental investigation began with the conception, design, con-
struction, and application of measuring facilities and techriques that
provided dats for the statistical frequency distributions, averages,
variances, and correlations with other variables under the seve=ral known
and-or controlled causal conditions of bearing error occurrence.

By appropriate analyses of the statistics of the reduced data 1t
should be possibie te infer what limits i1n the improvement of hearing
accuracy and precision togetncr witl decrease 1n measuring time are

feasible 1n the light of present engineering practice. A comparison




of the conditioral accuracy figures so obtained with those of existing
and proposed wide-base radio direction finders should provide an addi-
e choice

tional quantitative basis for making logical decisions in th
between wide- or narrow-base direction finding systems for specified

applications.
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2. PRELIMINARY CONSIDERATIONS
2.1 Definitions

It seems logical and convenient to consider at the outset certsin
definitions and principles that are necessary to the understanding of
the main body of the investigation. Accerdingly, severel definitions
are given for pertinent aspects of the radio direction finding problem.

Direction Finder.--"A direction finder is a radio receiving device
which permits determination of the line of travei of radio waves as re-
ceived. !

Sense Finder.--"A sense finder is that portion of a direction
tfinder which permits determinstion of direction without one-hundred-
eighty depree ambiguity.”?

Radio dir.ction finder.--"A radio direction finder may be defined
as u device for determining the dizcction of arrival of radio-frequency

energy. Jt is a receiving system and operates on the energy that it
extracts from the passing radio waves.'3

Direction finder network..-A direction finder network consists of
two or more direction finders suitabliy oriented in geometrical re-
lationship with one another to permit determination of the most probable
location of the source of a radio frequency signal.

Radio direction finding problem --The radic direction finding prob-
lem may be pnsed as follows: given the indicated direction of arrival
of radio fi:quency energy as received at two or more geographically
known locations, determine the geographical lccation of the source of
energy.

Radio directien finding research.--"The object of all research
in radio direction finding 1s, on the one hand, to try to find the
cauzcs of errors and eliminate them and, on the other, to lay down

conditions of use of the instrument which will minimize .any residual

errors."*

1. American Institute of Electrical Engineers, Americar Standard Definition of Electrical
Teras, (Mew York: 33 Weat Thirty-Ninth Street, 1942).
2. Ibid.

3. Radio Research Laboratory Scaff of Harvard l‘nxvernt; Very High Frequency Techniques,
(New Yorx: McGrew-Hiil Co. Ind., 1947) Vol 1,

4. A.S.D. 031 Du-ecnon F:ndxng No S1/D.F.E., “Limits of Use of the Cross Buried-U Adcock
High-Frequency Cathode-Ray Direction "‘mdc' » Air Force Heud- urters, Melbourne, Auztra
lia, S.C.¥ vr.,ober, i742. (CONFIDENTIAL)




W

Thus, research aims first to sliminate and/or reduce the cauces of
error ard second, to minimize, in one way or another, the effects of
residual causes. It is the latter aim that is of principal concern in

this investigation.

By way of discussion it is seen that thz implication of the last
definition goes beyond the scope of the earlier definitions and it
suggests that a good direction finder in the sense of the earlier
definitions may be a very deficient instrument for the solution of the
radio direction finding problem. As an example, if the polarization of
the received wave 18 different from that on which the design of &»-
instrument. was premised, a bearing ervor may occur. As will be ¢ _.n
later, tliere are several sources of error that may incervene along the

line of travel between the signal source and the direction fiuder.
2 2 Components of Error in Direction of Arrival Measurements

All physical measurements are subject to error, and in particulzsr
the radio direction finder instrument is subject to several error
causing agents. If one asks for the ultimate answer in direction
finding, then several additional error causing mechanisms must be
considered. It has been found convenient to div'de the basic causes of
error into the several categories of (a) instrumental error, (b) site

error, (c) propagation error, (d) source error, and (e) operator error.

2.3 independence of Errors

Each of the several causes of errors stated above is assumed to be
an independent cause. The fact that there is no logical reason for
thinking otherwise is not a justificatien for such an assumption. How-
ever, ihe experimental work that has been done to date lends support to
this assumption as a tenable one It is a common assumptics in the
present day treatment of direction finder errors °
2 4 Means for Error Reduct‘on

The previous discussions have pointed up the fact that a radie
direction finder bearing observation is subject to several basic error
producing cavses In fact one may safely say that any single bearing
observation is not to be trusted Obviousiy one needs to know more
about the character of the source. the transmission paths, the direction
finder site and the instrument itself at the time that the bearing is
5. W. Ross, ‘“The Estimution of th: Probable A:curacy of High -Freyiency Radio Direction-

Finding Bearing” Journal of the Institution of Elecvrical Engineers (London) Part III A
(Radio Commun:cation) 1947, Vol. 94, Nc. 15, p. 723.




taken. However, if al! this were known, there would be little need for
the direction finder. In iieu of the above, cne presently utilizes
the methods of statistics. The procedure 1s simply to observe the
bearing for a sufficient period of time to get a "representative random

sample."

The mean of this sample -- after removal of the systematic
errors -- is the best estimate of the true bearing. Further, if normal
law behavior is assumed, the standard deviation of the sample can be
calculated, and confidence limits can be established as to the likeli-
hood of the source being in any designsted sector. An objection to the
statistical method is that it takes time, and time is often a precious
commodity 1in direction finding.

A third possible way of reducing the error end cne which 1s a part
of the subject of this dissertation is to attempt to recognize the times
at which the bearing is subject to appreciable error and to prevent the
taking of bearings at such times. The bearings that are then obtained
are supposedly free of serious error and it is hoped that one single

bearing so obtained may he as grod as a lcng-time average. The worth

L3s)

of the method depends upon the fact that the indicated bearing fluctw

ates thet in the course of the fluctuation the 1ndicated bearing
coincides with the great circle line of bearing, that one has a meaus
or 1dentifying the time of coincidence, and that this case occurs
frequently enough so that in any observational period one gets at least
oné cut -- the last two conditional requirements need verification.

A fourth possible way of reducing the error is in the use of either
large aperture systems or ensembles of small aperture systems. Each of
the above permits averaging cf the wave fronts over a wide base. The
former are less susceptible to polarization error and large wave inter-
ference errors. The success of the latter depends upon the assump-
tion that the time series of the indicated bearings 1s stationary 1n

the probability sense. Either system should mitigate the site error.

2.5 The Ultimate Limit of Accuracy in the Determination of the
Great Circle Bearing of High Frequency Radio Transmitters

Lateral deviation of sky-reflected waves is probably the princi-
pal factor precluding any further improvement 1in short-time bearing
accuracy after the elimination of the i1nstrumental, site and wave

interference errors.

<6
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A quantitative estimate of the lateral deviation of a sky-reflected

wave due to the tilt or slope of an ionospheric layer is afforded by
Fig. 1.

In the coursc of the last twenty-five years many papers have ap-

peared thet discuss the limitihg accuracy in the determination of the

great circle bearing of a high-frequency signal source. The work of
Friis, Feldman and -others in America; the work of Eckersley, Barfield,
Ross and others in England; the work of Crone, Weber -and sthers in
Germany have verified and established the limitations in the quanti-
tative manner that is summarized in Fig. 1.6-15

The measuring equipments that were used in establishing the limita-

tions were specialized research tools incorporating large-base col-

lector systems and were greatly restricted in azimuth -- generally the

systems were pre-oriented for a particular great-circle bearing path.

Consequently the systems were not attractive to radio direction finding

since one ususily requires unrestricted azimuthal performance.

6.

10.

11.

.12,

13.

14

H. T. Friia, ‘Oscillographic Observations .n the Direction of Propagation snd Fading of
Short Wavea,'' Proc. IRE, 1928, Vol. 16, pp. 658-68S.

H. T. Friis, C. E. Feldnan and W. N. Sharpleasz, " The Determination of the Direction of
Arrival of Short Radio Waves,’ Proc. JRE, 1934, Vol. %%, pp. A7-78

C. B. Feldman, “Deviationz of Short Radi.. Waves from the London-New York Great-Circle
Faih,” Proc. IRE , 1939, Voi. 27, pp. 6353-645.

T. LisEzcakenley. “An Investigatior of Shory Waves,’ Marconi Review, 1929, Vol. f, 'n.§
pp. 13-23.

T. L. Eckersley, ‘*Scattering, Polarization Errors, and the Accuracy of Short Weve Di-
rection Finding, " Marcont Review, 1935. Vol. 5, No. 53, pp.1-8.

R. H. Barfield and W. Ross, ‘“The Measurement of the Lateral Devistion of Radio Waves
by 'h;—nl.l(?f a Spaced-Loop Direction Finder,” Journal Iast. Elect. Engrs., 1938, Vol.§3,
pp. S %

W. Ross, Lateral Deviation of Radio Waves Reflected at the Ionosphere, Speciai Report no
1199:9f)';'ne Department of Scientific and Industrial Reaearch, Radio Reaearch (London: HMSO

¥W. Ross, and E. N. Braseley, ‘"Measurements of the Directicn of Azrrivalof Short Waves
Reflected at the Jonoaphere.' Proceedinge of she Rcyal Society (London: 1951) voi. 207,
No. 1089, pp. 251-267.

W. Crone, ‘' Possibilities and Limitations of Direction Finding with Sky Wavea,” Paper no. 4
oi Redio Direction Fmdms and Navigational Aids. Special Report No. 21 of the Depart-
ment of Scientific and Iudustrial Reacarch, Radio Research, (Londou: HMSO, 1251) pp. 34-55.

R. Weber, ''The Reaults of Mesaurcr<nts Made on the 2-Bame ‘Komet’ Installation at Is-
maning, " paper No. §, id.
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The practical limitation in accuracy of small-base radio direction
finders has been summarized from time to time. A rather receni paper
by J. A. Pierce gives an avercge angular error for an Adcock system of
two degre.s fo- high frequency working and one degree for low frequency
and ground wave working.l% The curves of Fig. 2 were also given to
compare the accuracy versus rznge performance of navigation systems
using the Loran principle and conventional radio direction finders. It
1s of interest to state that the case for the .accuracy of the radio
direction finder can be made corsiderably stronger by proper statistical
treatment of the bearing data. This will be made evident by the ex-
perimental evidence that follows.

By way of comparison with Pierce’s curves, a report prepared by the
Australian Air Force in 1942 gives experimental periormance figures on a
good high frequency, twin-channs! cathode-ray direction finder 17 The
results are summarized ir Fig. 3 and are considered typical of shorc-
time bearing accuracy that may be achieved by such systems.

Various proposals for the improvement in radio direction finder per
formance have been made from time to time. Pulse transmissions wersc
first used in direction-of-arrival measurements in this country by
Friis, Feldman, and Sharpless prior to 1934.17 Pulse techniques in
direction-of-arrival measurements were used by Eckersley and Smith
prior to 1932.1% This work was followed by papers and patents suggest-
ing the use of pulse transmissions to reduce bearing error -- the
general idea being that the first pulse to arrive would have come by
the most direct path and hence would be least susceptible to error.19-22
Runge patented the usc of an auxiliary antenna that was susceptible to
polarization and wave-interference fading effects to block the bearing

i5. J. A. Pierce. "Electronic Aids to 'ﬁug_txon," Advances in Electronics (New York:
Academic Press Inc., 1948), vel. I, pp. 425-451.

17. See reference no. 4.

12. T L. Ffé;rrley ard S. B. ':i;h. British Patent No. 3397524, Marconi Wireless Telegruph Co.,
Led., ’

19. T L. Eckersley, ¢ l‘.lx-xnutxon of Night Effect with a Pulse Transmitter,” WNarcomi Review
(1934) Vol. 46, pp. 12-16

20. Chireix, ''Radio Direction-¥indiag Arraagenent Free from Night Error)’ Rev. Gen. d’El.
(1935), Vol. 38, P. 208D.

21 H. Plendl, ‘“‘Direction Finding by Pulses. * Hochfrequenztechnik und Klectroskustik, (1937)
Vol. 50, pp. 37-41.

22. F. Johnske, ' E‘.,..xg-enc for Direction-Finding Free from Night Effect’, Hockfrequenztechaik
und Elecircakustik, (1941) Vzi. 38, p. 46.
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indication when the error was supposedly pronounced.2?3 Terman and
Pettit described a compensated-loop direction finder that could .be made
free of polarization under very restricted conditions .by proper ad-
justment.2%* These .are only a few of the many schemes that have been

proposed. Each has its potential merit but is only & pariial solution

at bast.

23. ¥ Duuge, ‘Direction Finding Free from Night Error,” Hochfrequenitechniz aund Electro-
akustik, (1543) vol. 60, p. 177.

24. !:' ‘E gsnan ailg J. M. Pettit, ‘“ The Compensated Loop Directicn Finder,” Proc. IRE, (1943)
ol. , P -
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3. APPLICATION OF PROBABILITY THEORY
'TO THE WAVE INTERFERENZE PROBLEM

3.1 Wave Interference Bearina Error Formula

It is possible to derive a wave interference bearing error for-
mula for a eiven radio direction finder provided sufficient assumptions
are made. As an exampie of this, consider an idealized uvwin-channel,
cathode-ray direction [inder incorporating a narrow .base crossed-Adcock
collector, where by idealized is meant freedom from all error other
than that under discussion. Let it be required to find the bearing
errcr under the condition that N signals of the same frequency, ond
each linearly polarized in its own plane of incidence, but of arbi-
trary amplitude, arbitrary time phase, arbitrary azimuth, and.arbitrary
elevation ar2 incident simultaneously upon the collecter. The ex-
pression for the bearing crror of the maior-axis of the ellipse seen
on the indicator screen can be shown to be:

Lh (s___llm ) Sin(¢, + v,) 7*‘ ‘&J) Sin(dy - )

N
ST Sin g2 Y sin 8, 2
! *L"n (= e-‘:) Cos(#,* y) 1 [ G ,) Cos{dy — Yp)

Sin 6 ' Sin 6y 2
fhn Grag)) Sint#, ¢ v,) Z:h,, (omg.) Sintdy = 1)

2

Z hy, ( _99) Cos(¢ ) + “__h an Cos(¢ - yn)

y he (s:" - ) Cos(dy * Yq) Z:n,, (“3—'—’-—"} Cos(dy, -

where h,, ¢, ﬁn, and v, are the amplitude, azizath. incidence, .and
time phase respectively of tne nth signal relative to the first signal.:
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In functional notation the wave interference error is
e = {(h,, ¢, 8n: Yo )

where the symbols correspond in the order given to the variables dis-
cussed in order above. Now this is a multivalued function in that € 1is
not unique for a given set of values evea ihough it 1s assumed that the
variables are compleieiy independent. Hence as it stands one has =n
interesting but rather useless formula since generally not enough 1is
known about propagation conditions at any oné time and place to cal-
culate the correspanding error. Particularly is this true in the radio
direction finding prcblem since the aim is to locate the origin of a
transmission, but in order to completely evaluate the wave interference
error one needs to know among other things the location in advance.

i1f one were in possession of sufficient stetistical data, say the
most probable values of h,, ¢, 6,, and y,, the most probable error
could be estimated. In fact if one were in possession of an error
function of y alone, the.: assuming that all time phases are equally
likely (the uniform probabilily distribution) a rooct-meen - square
error may be calculated. Thus given some e(y) then one can calculate
an expectaticin of the error and the square error as follows:

2/7\'.
Ele(y)] = ) %l
2%
Fre?(y)] - /5’ e’(y)dy
A1

Error curves that are functions of y alone have .been calculated .and will
be considered below.

3.2 Expectation .of Wave !nterference Error

The theory of probability provides a theorem for the expectation of
the mth moment of a function of several independent random variables

* fea SA R A (3 YRR L e,



when the separate proLubility densities are known, thus:

E(e™) = JI] weerfl [ e s ee-220) (ella)ie) - (2) -drdsdu--ds

By virtue of this theorem one may calculate a first moment of error or
mean error and also the second moment of error about the mean or vari-
ance. The mathematical evaluation of this integral is not an attrac-
tive task since the wave interference error function is quite iavolved.
However, a quantitative argument can be made for asserting that the
theoretical expectation of the bearing error due to wave interference is

zero - Consider .agairn the wave intarference bearin rmula given

earlier. One notes the occurrence of terms of the form

and/or % K, Sin x;.- If x 1s unifermly distributed, then for large N
all sums are small and in the limit as N -~ » all sums approach zero.
It then follows that the bearing error formula yields errors approaching
zero for large N. That the mean error should be zero is borne out :in
practical! direction finders, in fact radio direction firding practice is
s tacitly premised upon the statistical proposition that the mean vaiue
of the deviation of a large number of bearings is zero. On the other
hand the wariance i= not zero and an estimate of this value is of para-
mount 1mportance in evaluating the statistical performance of a radio
direction finder under wave intcrference conditions. Hence the problem

becomes one of somenow getting an estimate of the second moment of error.
3.3 Limiting Root-Mean-Square Deviation

Inspection of the wave intericrence error function given earlier
reveals that elevatinn angle enters in such a way as to reduce the
amplitude of an interfering ray. If onec assumes that the signal having
the lowest angle of elevation is the "desired" signal t“en the .amplitude

Sit
.of each interfering signai is reduced by the factor {§———§L) where 6;
1

1s the angle of incidence of the 1th interfering signal. If it 1s

further assumed for purpsses of analysis that all signals.arrive from

ME‘E’___M“M
S35l m T =



the same angle of elevation, the error function is simplificd to some
extent and the resulting error function is more pessimictic.

For the casze of two signals the wave interference error function
can then be shown to be

-t h Sin{(b,~ b1)+ (va—v4)] -t h Sinf(¢; ~ ¢1) = (v2 — 1)) B
+ tan

1+h Cosi(d’z - ¢1)+(Y2 = Y:.)] 1+h 038[(‘!’2 - ¢1) "(YQ - Yx)]]

£l

€ - 1/2/¢ tan

Error curves as functions of time phase difference for one selected
azimuthal separation and several amplitude ratios are given in Fig. 4.
t will be observed that the mean error relative to the stronger signal
1s zero when averaged over the complete interval for any given ¢ and h.
The rectangular (dashed) curves that correspond to h ratios of zero,
one, and 1nfinity form an enciosure that contains the majcrity of the
bearing error cases. Jn fact, 1f one uses the rectangular outline to
estimate the variance of the bearing error he will determine a number
which is greater than the actual variance in any case. The estimate of
an upper bound on the variance 1s a very simple calculation indeed
when based upon the rectangular outline.

Figure 5 1s an example of the limiting bearing error envelope
geometry for a two signal interference case having an azimuthal sep-
aration of ¢ degrees it can be shown that for h =~ 1 the variance
1s always less than 45¢ square degrees. This implies that the indicated
besrings are within ihe shaded portion. Further, 1f one can censor the
data so as to avoid the times of greatest bearing swing, the variance
can be made less than ¢/2 square degrees This censoring can be done
with ease in the case of two signels at least because there 1s a direct
correlation betweer amplitude and time phase difference.

Figure 6. shnws the square-root vf{ the limiting variance as a func-
tion of angular separation between two interfering signals; the great
reduction in limiting variance due to censoring i1s immediately evident.
The possibility of doing this practically as a means of reducing the
wave interference error effect 1s very attractive. It is of course made
use of to some extentin present day direction finding The censoring as-
pect will be considered later in more detail.

—
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The next logical case that arises is that of three or more inter-
fering signals. Horner has investigated the probable error under the
et ¢cf ~anditione where a random signal composed cof 2 lerge number n
of small amplitude signals .arriving from a narrow range of =2zimuth
inte~{eres with a desired signal.?5 It is showna that the probable .error,
i.e., the error for which the odds of it being exceeded .are one-to-one,
15 0.477/n times the maximum error caused by.a single interfering ray.
Now the maximum error caused by a single interf=ring ray is a simple
matter to compute. Henrce one has .here a first step in the solution
of the "direct" bearing error problem under conditions of multipath
arrival. Because the stated condition does occur quite frequertly in
direction finding, one could use the vn criterion as an estimator of
the probable rcot-mean-squere error for any specified number of inter-
ering signals.  However, 1n general n 1s not precisely known in advance,
hence one cannot justify any practical necessity £fcr greater precision

1n the estimsator.

Statistics imply the operations of sampling and reduction of
data to find characteristic numbers that will compactly describe the
underlying population. It is now appropriate to consider the ex-
perimental phase of the problem in which cevtain questions are put to
nature and answers are soight in thc measureable behavior of natural
phenomena. Out of th=se answers one cen decide whether or not his
theory 1s applicable and adequate, and 1f not, then find what further

extensions in theory are necessary to reconcile his experimentasl results.

25. F. Horner, ‘A Problem in the Summation of Simple Harmonic Functions of the Same Amplitude
and Frequency but of Random Phase,” Phil. Neg., Ser. 7, Vel, XXXVII, March (1946), 145-162.
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4. THE BEARING DATA RECORDER

4.1 The Sources of Available Data

The radio direction finder installation at the University of
Illinois Airport near Savcy, Illinois is =quipped to provide the
following:

1. Directional pair voltages at 455 kcs from the N-S and E-W
intermediate frequency amplifiers of the high irequency radio
direction finder.

2. Bearing ellipse data presentation on a 5-inch cathode-ray
tube screen.

3. A-scope presentation of the envelope of the received signal
on one trace of a 5-inch dual-beam cathode-ray tube screen:

the position of a variabie length gating pedestal that permits
selection of any portion of the A-scope presentation for
independent study.

Pt

Wave polarization ellipse data presentation on the screen of

a third 5-inch cathede-ray cube.

5. Phetographic recording of the four displays on 16mm film at
the rates of 1 and 5 frumes per second.

. Synchronization, varsable width-and-delay rectangular gating

and/or pedestal pulses frow “he electrical and photographic

recording equipment.

In addition <o -the above there was needed an equipment that would
efficiently sample the bearing and signal amplitude data at a more
rapid rate and present the datz irn a manner that is readily amenable to

statistical analysis in terms of the mean .and variance.

4.2 Conception .of the Prototype Computer

The first equipment that was proposed for the recordingof data
for statisticel analysts was called a mode-selective bearing error
classifier and counter. The proposal was to sample the directional
pair voltages at a 10 cycle per second rate, compute the bearing by
means of an analog devi-e and record the bearings on a set of selective,
electro-mechanical counters. The counter output would consist -of data
for the cumulative frequency distribution of the bearings, 1.e., each

counter would reccrd all bearings equal to, or less than, a predeter-
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mined angular distance from the great circle bearing of the trana-
mitter. The complete set of readings would represent the histogram of
the bearings over the period c¢f the count.

An equipment having the features proposed above was built by Mr.

V. E. Peckham end is described in his master’s thesis26. The equipment
operated satisfactorily under laboratory-imposed conditions. It was
never tried under field conditions because .of two limitaticns that soon
became apparent. The limitations were first, the inability of the
circuiiry to foilow the rapid amplitude fluctuations in the signal, and

ital error in the recorded

second, the occurrence of a scricus instrume
data due to phase shifts between the computer input voltages. This
. .

he bhearin

latter condition gives rise to ellipsing of

cathode-~ray direction finder.

4.3 Analysis and Reduction of Instrumentai Errur in the
Prototype Computer

The inability of the circuxts te follow rapid amplitude fluctu-
ations was circumvented by using direct coupling in ali of the elec-
tronic computing and processing circuitry. Small fluctuations in the
det= are still observed which can be traced to the effects of direct
coupling. However, this does not resuit in any serious instrumental
error 1n the modified computer as presently used.

Theoretical study of i he data treatment in the prototype computer
revealed that a very serious coatribution to the instrumental error
would occur due to phase shift between the computer inputs. The nature
of this error and the means for its reduction is given in Appendix B
and the results are summarized in Fig. 36. It is seer that for ‘signals
arriving from -azimuths that ‘are even integer multiples of 45 degrees,

the instrumental error is serious for even small amounts of ellips-

) 27 .
ing; say less than ten porcent. It 1s also seen that for those

signals that arrive from azimuths that are odd integer multiples of
45 degrees, the instrumental error is zero for any amount of ellipsing.
Also the crror due to ellipsing is not significant for evern moderate
amounts of ellipsing-+- say less than 20 percent, provided the fluctua-

26. Peckham, V.E. A Beoring Ez:c: Data Computer and Counier, Research Thesis submiited in
partial fulfillment of the requirements of ‘a Master's Degrsc, University of Illirois,
Urbana, "filinois, February 1953.

27. By percent of ellipsing is meant one hundred times the ratio of minor to major axis
of the ellipse.
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tion of the bearing 1s within t15 degrees of the most favorable azi-
muthal engle of arrival. The sclution to the error reduction problem
1s row immed:iately evident. There is needed a device that can effec-
vively shift the azimuth of the arriving signal to the nearestodd inte-
gt multiple of 45 degrecs. In practice the majority of the bearings
that can be determined have fluctuations well within the 115 degree
range and do not ellipse by more than 10-20%, hence the possession of a
bearing shifter would sclve ‘the problem.

In ggnnect1on with <he recording .of bearing deviations within %15
degrezs df the 45 degree reference, Appendix A demonstrates thet the
iogerithm of the tangent of the angle should be recorded since there
is an almost linear correspondence between angle and log tangent of the

4.4 The Design and Construction of the Modified Computer

The block diagram of Fig. 7 depicts the functional processes that
are performed by the present model of the analog computer. The two-
channel directional information is fed to the bearing shifter which
performs the transformations necessary to shift the apparent azimuth of
the signal as seen by the computer to the nearest sdd integer multiple
of 45 degrees. The signal is then sampled at a 25 cps rate, amplified,
detected, and fed to a pulse-amplitude stretching circuit. The pulses
are then base-clamped at zero by means of a d-c restorer, sent through
a logarithmic attenuator, amplified, and their difference taken in a
linear difference-bridge circuit. The final output is taken from a low
impedance cathode follower amplifier. The output is proportional to
the difference of the logarithms of ihe amplitudes of the directional
components and hence i1s propartional to the quotient of the ampli-
tude of the compoanents. It can be shown that the azimuthal angle of
arrival of the signal is just the arc tangent of this quotient. Hence
there 1: available at the output a voltage whose magnitude is pro-
portional to the bearing deviation from a preassigred reference.

The waveform eppearing at the output of the computer is not of
sufficient amplitude to operate the electro-mechanical counters. A
considerable amount of d-c amplification and further pulse processing
would be required to properly operate the hearing counters. However,

the outpui voltage i1s within the range of a DuMont type 279 dual-beam

.23..

! S AR e = - - -




"SNOTLINNS ¥31MdNOD ONTUVYIE SOTYNY ANV Y3L:dIHS ONIYY3IE JHL 40 WYHOVIC X009 L 3¥n9l4

C AN a6 ~t )
~ ~SBunvoig smv-z oL - . e induy
= |D4s@9ay
Y
Oova:.n&d _ocu__w.lE. 4 32_..0@
104Sapad
.I.o\ 2
: ] _ idg
: uay s | 1 || dwy thaS : ~
dwy |- $01) € as|nd Jvll L 18q pao9 IF _ asoyd )
- 1
_ 1 _l Qw09
—
¢bpuig ]
= : -—{ 3PPV e [
Wa |
— oLvo i
| oy |e] U2HIVL ] UIHINS J . e o 1duy ! wes | o
fl ‘601 as|ng P3j09 , asoyd
_ ! _ _
| |
J I "
_".hll Jaindwo) Buuoag Boouy et BYYS budsZ —

~24-




cathode-ray oscillegraph and the bearing display can be conveniently
photugraphed on = cantinuously moving 35 mm film. A Fairchild Oscille-
Record Camera 1s an ideal device for this latter purpose. Ccnsequently
a compromise was made in the method of data reccrding in that photo-
graphic recording replaced the original intention of digital recording.

There are several advantages to the data recording compromise and
at least one disadvantage. The totalizing character of the counters
is lost and must be paid for in the routine of visually scanning lorng
strips of 35 mm film. However, the film preserves the time-series
sequence of the data and hence permits differentiation between the long-
ard-short time fluctuations in the bearing deviations. Also correlatien
studies can be made in the case of photcgraphic records. In addition

one can sample at amuch greater rate than is possible with the mechani-

cal counters -~ the latter being limited to counting rates less than
ten per second. It seems necessary that any complete recording equip-
ment should incorporate both the totalizing feature of the counters

and the instantaneous cathode-ray tube display. The latter was con-

sidered sufficient for the dnta that were necded i1n this 1investigation.
4.5 Reduction of Systematic Errors in the Radio Direction Finder

The two channels of the cathode-ray direction finder were realigned
before each recording. However, it 1s very probable that there may
be small residual errors dve to unpalances existing in the system
after the realignment. Appendix C shows that these small residual
errors may be cleared from the recording systeir at the time the bhearing

shifter 1s used to set the zero reference bearing.

4.8 Characteristics of the Analog Computer

An :interucl calibrator was incerporated in the computer for test
purposes. However, the calibration for measurement purposes was made
on signals from a target transmitter placed at known azimuths. The
bearing shifter was usually adjustea so that the indicated zero refer-
ence hearing of the computer coincided with that integer azimuth near-
~st the great circle bearing of the transmissions being studied. The
calculated great circle bearingc =f the Columbus, Ohio and WWV Belts-
vilie tramsmissions are 88°47° and 92°49’ respectively.

The bearing sensitivity of the computer is very good with de-

viations of less than one-half a degree being readily discernable.
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In this respect the cumputer is better than the cathode-ray direction
finder. However, the bearing accuracy of any individual indicatiom is
probably not better than one-half degree. This latter is due in part
to slight time deviations in the characteristic of the logarithmic
attenuator and in part to the shifting of the operating points of the
direct coupled amplifiers with change in signal level. The shifting
operating point tends to alter slightly the amplifier zain in spite of
the negative feed back that is incorporated. On the other hand, the
bearing accuracy of the mean of a group of readings taken over a faw
minutes is considerably less than one-half degree, and comes about
because of the averaging process.

The dynamic range of signal amplitudes that can be processed is
approximately 24 db. This corresponds to a maximum-tc-minimum signal
ratio of 15:9 which in turn compares favorably with the dynamic range
of the cathode-ray direction finder at any fixed gain. When the bear-
ing ellipse on the cathode-ray direction finder is less than one-six-
teenth of its normal size a satisfactory bearing determination cannot
be made. Hence any bearing deflection that 1s readable on the cathode-
ray direction finder is wicthin the dynamic range of the computer.

In order to properly assess the indicated bearings it is necessary
to know that the s:gnal amplitude is within the dynam*c¢ range of the
computer. The adder circuit provides a voltage whose amplitude is
proportional to signal applied tc the computer. This voltage is dis-
played along with the corresponding bearing data on the screen of the
two-beam oscillcgraph used wich the photographic recorder. 1In additicn
to the assessment feature this voltage provides a means for correlating

bearing error with signal strength.
4.7 Recording of the Bearing and Ampiitude Data

A DuMont tyre 279 dual-beam cathode-ray oscillograph utilizing a
P-7 type screen was used for displaying the data  The P-7 type screen
has a long-persistence yeilow phosphior and a short-persistence blue
phosphor. A blue-sensitive but otherwise color hlind film was used to
record the instantaneous bhearing and ampiitude fluctuations.

Thc data were recorded on 100 foot rolls of positive film. The
Fairchild Oscilio-Record Camera, which was used for the recording, has

a continuously variable range of film speeds irem one inch per minute

-26-




to sixty inches per second. It was found that film speeds of 15 to 25
inches per winute gave reccrdings that made efficient use of the re-
cording medium yet retained sufficient detail to permit visual analysis
of the 1ndividual events without the usz of projection equipment.
Figure 8 1s an example of the recorded data. Each vearing sample
1s recorded in the main portion of the film as a small, rectangular,
white spot that is displaced above (North) or below (South; the ref-
erence zero trace. A sample 1s obtained every one-twenty-fifth of a

second and in the particular recording shown, each linear inch of film

represents a time interval of approximately three and one-half seconds.
The instantanecus signal amplitude is recorded near the lower zdge of
the film and the amplitude of the envelope is 2 measure of signal

intensity.

An interesting example of a periodic fluctuation in the bearing
is noted 1n the last 30-40 seconds and the bearing fluctuation near
the end of the last strip should be compared with Fig. 4. Evidently
an example of persistent wave interference error between two signals is
being indicated here -- the period of the fluctuation is approximately
five seconds. Bearing fluctuaticn due to polarization would be similar
to the symmetrical bearing swing observed near the end of the second
strip. ‘

The continuity of the bearing data is good; the isclated "outliers”
are usually due to atmospheric noise bursts and are discounted. How-
ever if one were to sample at a rate much less than was used here, say
one sample per second, he would lose the continuity of the data and
could not generaiiy differentiate so easily between representative bear-
ings and spurious responses. Similarly, little is gained by sampling
at a much more rapid rate. One would more completely define the bearing
behavior at the times of greatest change; however, this i1mprovement
is probably marginal since the definition given by the present sampling
rate 1s sufficient for the majority of cases.

A composite picture of information that is pertinent to the inter-
pretation of the A-scope display 1s afforded by Fig. ° Figure 9a
is a drawing of the rectified envelope of one complete cycle cf the
periodic waveform as transmitted {rom Columbus, Ohio. It consists of a
short pulse portion or spike foilowed byarelatively long, rectangular-

shaped pulse portien having sufficient delay to prevent inter-pulse

-927-
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a. Envelope of rectified pulss waveform as transmitted,
Second
First Resuitant Mode
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b. constructed envelope of rectified pulse wavefor: as received for the case
of two-mode propagation with 1000 micro-sec. delay between modes, ralatjve
amplitude ratio of 1.5, and i80Y relative phase difference.

c. pPhctograph of the envelops of rectified pulse waveform as received for the
case® of two-mode propagation with approximately 1000 micro-sec. delay
between modes, epproximate relative ampiitude of |.5, and approximately
zero degrees of relative phase differsnce,

d. Photograph cf the envelope of rectified pulse wavefoim as received for the
case of lw4o-mode propagation with approximately 1000 micro-sec. ielay
between mudes, approximate relative amplitude ratio of i.l1, and approxi-
mately 180° of relative phasa diffcronce.

FIGUKE 9 PERTINENT 7O THE INTERPRETATION CF THE A-SCOPE DISPLAY OF THE
RECTIFIED SICGNAL ENVELOPE AS TRANSMITTED AND AS RECEIVED
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interference. The particular waveform was chosen because i1t permits
the study of bearing performance of a radio direction finder under very
general conditiorns. Without going into the details it is possible, by
the use 2f such a waveform, to assess the relative performance of a
direction finder on instantaneous, coded, or continuous transmisSsSions.
The number of transmission modes, relative amplitudes of the signals as
received via the several transmission modes, relative time delays

between modes, and the relative time phase shifts between interfering

"modes may also be readily determined.

Figure 9b is a drawing of the rectified envelope of one cycle of
the complete waveform as received under a particular ° of wave inter-
ference conditirons. It should be compared with the . _tual photographs
that appear in the later portion of the figure.

Figures 9¢ and 9d are actual photographs of two different A-scope
displays of received signals. Double mocde transmissions are in svi-
dence and the delay between the first and second mode is approximately
1000 microseconds. The two short pulses give information concerning
the relative amplitudes of the signals transmitted by the two modes and
the relative time delay between modes. The long pulse portica gives
this same information and in additicn indicates the relative time phase
difference between the two modes. The first portion of the long pulse
18 proportional to the amplitude of the first ray or mode to arrive.
Upon the arrival of the second mode, the resultant portion of the leng
pulse may either increase or decrease depending upon the relative time
phase difference between the two modes. After the termination of the
first mode, only the second mode appears and this accounts for the
abrupt increase in ampiitude near the end of the long pulse portion.
The pass band of the receiver was not sufficient to accommodate the
significant spectrum of the short pulses. Consequently the pulse ampli-

tudes are smaller than their long-pulse counterparts.

Continuous visual monitoring of the A-scope display was made dur-
ing the ccurse of each bearing recording to observe the propagation con-
ditions thav were in evidence and to maintain the relsative position
of the beariug sanp.ing gate with respect to the propagation mode being
studied. l

22, Radio direction finders of the narrow base type inharently have low sensitivity and hence
must be designed to hav.: very limited bandwidth in order that the signal-:io-noise ratio
be tolerable. The lir.ted bandwidth parmits greater gain per stage of arplification by
+artue of the cons. at gain band-width product principle, but unfortunrtely for this
case, the concomitant frequency and delay distortion muut be accepted.
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5. THE RERUCED DATA

5.1 Method of Data Reduction

5.1.1 Data Recovery

The indicated bearing and signal amplitude data were recorded
on 35 millimeter film. In order to recover the data in a form that
1s convenient for statistical treatment a recd-out device similar
to a conventional film editor was constructed A strip of milli-
meter cross-sectionz]l paper was pasted on the base to provide a grad-
uated background for the transparent film. The data were read out
in terms of millimeter squares and the observer was instructed to
estimate the daia to the nearest balf square. The conversion from
squares to degrees was made by carefully measuring the bearing de-

i calibration portion of 2ach film strip and using this in-

-
{
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formation for the conversion. In the majority of cases, two degrees
of bearing deviation corresponded to 3/50 of an inch or 3/2 of a milli-
meter.

5.1.2 Sampling PracCédure

The procedure for sampling was affected by first scanning an
entire fi:lm to find those seciions that exhibited the greatest bLezar-
1ng fluctuation Samples were then taken from these sections --
the assumption being that the data so obtained would be indicative
of direction finder behavior under wave interference and/or polar-
ization conditions. The majocrity of the . amples were of approxi-
mately five minutes duration However, occasions would arise where
a burst of inter-station interference would obfuscats part of the data
and consequently a shorter length sample had to be accepted.

A single sample consisted of the mean of approximately 10 succes-
sive indiceted bearings, 1.e., the indicated beai‘ng avereged over
four-tenths of a second. Thirty-five consecutive samples were averaged
together to determine one point of data for plotting purposes.

5.1.3 Types of Reduced Data

Corresnonding to each point »~f bearing data a mean value, a
progressive or cumulative mean value, and a standard deviation were

calculated. The mean range of the bearing was studied ..r only a
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few periods since it did not vield the significance that is usually
attributed to it -- the reason for this will be discussed later. A
correiation coefficient between signal zmplitude and bearing error
was calculated for one period oi sampling. The results did not ap-
pear useful enough the justify the additional expense of calculating
a ccrrclation coefficient for each study. A censcred bearing study
was made for a few periods. The criterion for censoring was to select
"strong and steady bearings". In executing the censoring, the observer
was instructed to select bearings for those occasions where (1) the sig-
nal was greater than one-half its peak value, and {2) the rate of change
of bearing was zero. As 1n the case of the correlation study, there
was a noticeable improvement in the bearing accuracy that one cnnld
obtain but the improvement was not as significant as that due to aver-

aging over all bearings.

5.1.4 Vvefinition of Pertinent Symboils

The symbols that are defined below apply to the plotted curves of
reduced data.

B; is the mean value of thirty-five consecutive samples of indi-
cated bearing.

B, 1s the progressive or cumnlative mean for successive large
sampie means (N = 35) taken from the start of the period up
to and including the point in question. This is the quantity
that is of most interest in this investigation.

B. 1s the ceasored mean value of those samples in a consecutive
set of thirty-five that corresponds to the "strong and
steady" bearing criterion.

0 1s the standard deviation of a set of thirty-five successive
samples.

R 1s the mean range of thirty-five consecutive samples.

R/c is the ratio of the mean range to the standard deviation. For
samples of size 10 drawn from a normally distributed popula-
tion the mean range-to-sigma ratio should be 3.08.

A is the amplitude of the enve!ope of the vertical component of
the received signal.
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5.1.5 Pertinent Statistical Formulas

For each point of deta the mean was calculated from the fermula

n
= b .
B; - 5 B pere 0 < 2 35
n

The standard deviation was calcuiated frcm the fermula

ey ey
n n(n-1)

The correlation coefficient was calculated as

Expectaticn of (|B| A)

yl(Vhriance of |B|) (Variance of A)

where the expectation of (|B| A) was calculated as

11 |Bi! A

ebar Ll |

- A B
5.1.6 Removal af Residual 3ystematic Error

For each film a systematic error had to be estimated and frum this
the estimated grcat circie bearing line was entered on the curves of
reduced data for the pertinent film  The estimaticn consisted in cor-
recting for (1) the reference zero sett ng of the computer, (2) observer
error in the readout, and (3) a systemaiic error of approximately 40
minutes due io site calibration. There was a strong temptation (which
was resisted) to let the mean of the cumulative means detztrmine the
great circle bearing because this value appears to he very stable over
the periods that were studied. Considerably more data would be needed
to establish the correctness of such a practice, although the central-
limit theorem of statistics implies tlie trends tliat were observed.

The reduced data sre plotted in the section that fcllows. The
cumulative mean 1s probably the mecst interesting of the several charac-
teristic curves becaus= this value tends toward the true (great circle
bearing) mean except for lateral deviation effects.
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5.2 Curvees of Redyced Dats

The bearing recording studies were initisted on 28 July 1953. The
first film was exposed for purposes of gaining experience in calibrating
the film and finding the optimum recording speed, oscillograph beam
intensities, and camera aperture. Data-wise the film was considered a
"dry run". The bearings were subject to very little swinging and/or
fading at this time, hence were uninteresting frow the viewpoint of wave-
interference and/or poiarization effects on the direction of arrival of
radio waves. No reduction was made of the data recorded on film one.

Fourteen additional bearing recordings were made and certain sta
tistics have been calculated and plotted as the curves of reduced data
that foilow. The data reduction represents approximately 500 manhours
of read-out, calculation, and plotting.
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SUMMARY OF [NFORMATI|ON PERTINENT TO
THE DATA REDUCTION OF BEARING RECORDING
NUMBER TWO, SHOWN !N FiG. 10

Date.--30 July 1953

Film roll number.--Two

Approximate Time.--3:05 to 3:25 p.m. C.D.T.

Number of bearings per sample.--9

Number of bearings per point of data.--315

Elapsed time per point of data.--12.6. seconds

Bearing deviation calibraticn of film.--2° = 3/50 inch

Source of transmission.--Ohio State University, Columbus, OChio
€400 1L

quency. - -yscv KCps

Modulation.--Special pulsed waveform having 25 cps wave repetition fre-
quency

Pertinent remarks from field notebook and log.--

(1) Evidence of ordinary and extraordinary ray propagation was ex-
hibited during the coursa of the twenty-minute recording period.

(2) Strong signals for the most part -- ellipsing of the bearing
coincided with amplitude fading.

Remarks pertinent to the deta reduction.--

A. First study 1s for conditions prevailing at approximetely 3:05
p.m.

B. Second study 1s for conditions prevailing at approximately
3:20 p.m.
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SUMMARY OF INFORMATION PERTINENT TO
THE DATA REDUCTION OF BEARING RECORDING
. NUMBFR THREE, SHOWN IN FIG. 11

Date.--31 July 1953

Film roll number.--Three

Approximate time.--Ten - twelve a.m. C.D.T.
Number of bearings per sample.--9

Number of bearings per point of data.--315

Elapsed time per point of data.--12.6 seconds

}_- Bearing deviation calibration of film --2° = 3/50 inch

b Source of transmission.--0Ohio State University, Columbus, Chio
¥

:

- Cerrier fregueacy.- 6420 kcps

. Modulation.--Special pulsed waveform having a 25 cps waveform repe-
tition rate.

Pertinent remarks from field notebock and log.--

e (1) A ten-minute recording was made of bearing conditions prevailing
A at the beginning of the period, 10:00 to 10:15a.m. A second
2= ' ten-minute recording was made of bearing conditions prevailing
at the end of the period 11:45 to 11:55 a.m.

(2) Ordinary and extraordinary ray propagations were in evidence at
the beginning of the period with consequent ellipsing of the
bearing and fading of the signal.

(3) Bearing deviation was limited to approximately i one degree at
end of period with little evidence of multipath propagaticn.

Remarks pertinent to the reduced data.--
A. 5 3=minvie study from the period 10:00 to 10:15 «.m.
B. 6.7-minute study from the period 11:45 to 11:55 a.m.
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SUMMARY OF INFORMATION PERTINENT TO
THE DATA REDUCTION OF BEARING RECORDING
NUMBER FOUR, SHOWN IN Fi1G. 12

Date.--3 August 1952

Film roll nurber.--Four

Approximate time.--3 to 4 p.m. C.D.T.

Number of bearingzs per sample.--Y

Number of bearings per point of data.--315
Elapsed time per point of data.--12.6. seconds

S = /8N
LV AR LY

£ £3 lan =
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Source of transmissions.--Ohio State University, Columbus, Ohio
Carrier frequency.--6420 kcps.

Modulation.--Special pulsed =aveform having a 25 cps wavefarm repe-
tition frequency.

ertinent remarks from the fie notebock and iog.--
P t ks { he field boo! d !og

(1) The first half of the film recorded bearing conditions pre-
vailing during the pericd of 3:00 t> 3:1% p.m., and the second
half of the film recorded the bernring conditions during the
periad 3:45 to 4:00 p.m.

(2) The indicated bearing exhibited continuous fluctuaticn through-
out period with occasional ellipsing of the bearing and with
concurrent amplitude fading. Multipath propagation effects
were in evidence at the end of the period.

Remarks pertinent to the reduced data.--

A. Four minute study for bearing conditicns prevailing at .approxi-
mately 3:05 p.m.

B. Four minute study of bearing conditions prevailing at approxi-
mately 3:50 p.m.
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SUMMARY OF INFCRMAT.ON PERTINENT TC
THE DATA REDUCTION OF BrARING RECCRDING

(=S V3V 14

NUMBER FIVE. SHOWN IN FiC 13

Date.--4 August 1953

Film rcll number.--Five

Approximate time.--Three to tour p.m. C.D.T.

Number of bearings per sample.--30

Number of bearings per peint of data --1050

Elapsed time per puint of data.--42 seconds

Bearing deviation calibration of film --2° : 3/50 inch

Source of transmission.--Chic State University, Columbus, Ohio
Carrier frequency.--6420 kcps

LS ]

Modulation. --Special pulsed waveform having a 25 cps waveform repe-
tition frequency.

D¢rctinent remarks from thke field notebook and log. --

Two distinct modes of propagation were in evidence at the be-
ginning of the period with approximately 1200 microseconds of
delay between modes. After fifteen minutes the transmission
exhibited only an occasional trace of multipath. At the end

of the period the signal wcs weakening and the noise background
level was 1increasing.

Remarks pertinent to the reduced data

A. First study for 6.3 minute period aftcr the beginning of the re-
cording.

B. Second study for a2 5 6 minute periced beginning at aporoximately
3:15 p.m. C.D.T

C. Third study for a 7 0 minute periad just prior to the end of
the recording

o
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SUMMARY OF [NFORMATION PERTINENT TO
THE DATA REDUCTION OF BEARING RECORDING
NUMBER SiX, SHOWN IN FIG. 14

Date. --6. August 1953

Film roll number.--Six

Approximate time.--10:00 - 11:00 a.m. C.D.T.

Number of bearings per sample. - 10

Bearings per point of data.--350

Elapsed time per point of data.: - 14 seconds

Bearing desiation calibration of film.--2° - 3/50 iach

Source of transmission.--Ohio State University. Columbus, Ohio
Carrier frequency.--6420 keps

=4

frequency

Modulation. - -Special pulsed waveform having 25 cps wave repetition

Pertinent remarks from the field notebook and ‘og.: -

(1) Two mode multipath propagation was 1n evidence with swinging
and ellips ng of the bearing and fadirng of the signal amplitude.

Approximately five hundred micro-second delay was observed
between the modes.

(2) Three distinct modes occurred later with +10 degrees or more
of bearing fluctuation

(3) At end of transmission the later modes were still i1in evidence
but with reduced intensity.

Remarks pertinent to the data reducticn.

A. First sample commencing at approximately 10:00 a.m.

B. Second sample commencing a: approximately 10:.10 a.m.
C. third sample cowmencing at approximately 10 30 a.m.
D

Fourth sample commencing at approximately 11.40 a.m. with Triple-
mode multipath effects in evidence

o}

Fifth sample commencing at approximately 10.50 a.m.

Sixth sample commencing at approximately 11:00 «.m.
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SUMMARY OF INFORMAT!ON PERTIMENT TO THE
DATA REDUCTiON OF BEARING RFECORDiING
NUMBER SEVEN. SHOWN IN F!G. 15

Date. - 6. August 1953

Film ro)l number.--Seven

Approximate time. --3:00 - 4:00 p.m. C.D.T.

Number of bearings per sample ---11

Number of bearings per point o data.--385

Elapsed time per point of data.--15.4 seconds

dewi a calibration of i1im --2° - 4/50 1nch

] o
Raar:in eviatiocn

ing
Source of Transmission --Ohio State University, Columbus, Ohio
Carrier frequency.--6420 cps

Moduiation - -Speciai pulsed waveform having 25 cps wave repetition
frequency

Pertinent remarks from field notebouk and log -~

(1) At start of period the bearing fluctuation was very slow
with a pronounced lateral deviation to the sonth and wiih
singie mode propagation in evidence

(2) There was a gen:ral increase in noise and in bearing fluc-
tuation, swinging, and ellipsing as the hcur passed.

(3) At the eand of transmission there was evidence of ordinary
and cxtraordinary ray propagation with large bearing swings.

{4) This should be an interesting casez to analyze.
Remarks pertinent to the data reduction

A. First study commencing at approximately 3.00 p.m., exhibited
little swinging but pronounced lateral deviation to the
south

B Second study commencing at apprcximately 3:10 p.m. exhibited
lictle swinging an no evidence of lateral deviation

C. Third study commencing at approximately 3:20 p.m. exhibited
single wode transmission with noise level coming up and bearing
fluctuation increasing.

D. Fbu?th.study commencing at approximately 3:35 p.m exhibited
ellipsing »f the bearing with greater fluctuation of the bearing.

E. Fifth study commencing at aporoximately 3-45 p.m. showed evidence
of multipath error probably due to ordinary and extraordinary ray
interference

45
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SUMMARY OF INFORMATION PERTINENT TO THE
DATA REDUCT!ON OF BEARING RECORD ING
s NUMBER EiGHT, SHOWN IN FIG. 16

Date.--7 August 1952

Film roll number.--eight

Approximate time.--10:00 - 11.00 a.m. C.D.T.

Number of bearings per sample .11

Number of bearings per point of data 385

Elapsed time per point of data - -15.4 seconds

Bcasing deviation calibration of the film.--2°  3/50 inch
Source of transmission --Ohio State University. Columbus. Ohio
Carrier frequency - 6420 kcps

Modulation.- Special pulse waveform having 25 cps waveform repetition
irequency

Pertinent remarks from the field notebook ard log -

(1) At beginning of period multipath transmissions via two
distinet mndes separated approximately 500 microseconds
1n time were in evidence tle sccond mode had approximately
one-half the amplitude of the first mode  Occasional ex-
traordirary and ordinary ray propsgations were in evidence.

(2) By 10.20 a m only occasional traces of second mode were
noticed snd hearing fluctuation had decreased

Remarks pertinent to the data reduction. -

A  First study commencing at approximately 10:05 a.m during
time of multipath trarsmission

B. Second study commencing at approximately 10-25 a.m. during
time cf prcduminant singie mode transmission.

s
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SUMMARY OF (NFORMATION PERTINENT TC TiE
DATA REDUCTION OF BEARING RECOROING
NUMBER NiNE, SHOWN iN FiG. 17

Date.--7 August 1953

Film roll number.--Nine

Approxinate time.--3 - 4 p.m. C.D.T,

Number of bearings per sample.: .10

Number of bearings per poini of data.--350
Elapsed time per point of data.--14 seconds

Bearing deviation calibration film.--2% - 3/50 inch

Source of transmission.--Ohio State University. Columbus,

Carrier frequency. - 6420 kcps

Ohio

Mcduiation. --Speciul puise waveform having 25 cps waveform repetition

frequerncy

Pertinent remaiks from field notebook and log. --

A. First study commencing at 3:00 p.m. showed evidence of
lateral deviation to South with slow bearing fluctuation
but no visible evidence of multipath transmiscion.

B. Second study commencing at approximately 3-15 p.m. showed

no evidence of lateral deviation.

C. Third study commencing at approximately 3:30 p.m. showed

little change from previous condition.

D. Fourth study shows the effect of increasing noise level

on the fluctation of the bearing.
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SUMMARY OF INFORMATION PERTINENT TO THE
DATA REDUCTiON OF BEARING RECORDING
NUMBER TEN. SHOWN IN FiG. 18

Yate.--27 October 1953

Film roll number.--Ten

Approximate time. -2 - 3 p.m. C.S.T.

Number of bearings per sampie.--10

Number of bearings per point of data. 350

Elapsed time per point of data 14

caring deviation calibration of film --2°  3/50 inch

Source of transmission.: Ohio State Umiversity, Columbus. Ohice

Carrier frequency --6420 kcps

Modulation. - Sgecial pulse waveform having 25 cps waveiorm repetition

frequency

Pertinert remarks from the field notebook and lcg.

(1) The mode selective feature of recorder was made use of in

this study since two and three mode propagations were

1n evidence throughout the complete period of study. The
delay betwsen successive modes was approximately 500
microseconds

Hemarks pertinent to the data reduction

A.
B.
C.

Single mode conditions prevailing at appreximately 2:00 p.m.-
Single mode conditions prevailing at apprcximately 2:06. p.m.

Conditions prevailing at approximately 2:09 p.m. due to
interference between first two modes

Conditions prevailing at approximately 2:17 p.m. due to
interfererce between first two modes.

S

Conditions prevailling at approximately

:20 p.m. due to
single mode

Conditions prevailing at approximately 2:33 p.m. due to
wave 1nterference between two modes.

Conditions prevailing at approximately 2:37 p.m. due o
single mode, lateral deviation %o north in evidence.

Conditions prevailing at approximately 2:40 p.m.  due to
wave 1nterference between first two modes.

. Conditions prevailing at approximately 2:42 p.in. due to

wave 1nterference between first two modes.

Conditions prevailing at approximately 2:43 p.m due to
wave interference petween first three mocdes.
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SUMMARY OF INFORMATION PERTINENT TO
. THE DATA REDUCTION OF BEARING RECORDING
NUMBER EILLEVEN, SHOWN [N FiG. 19

Date.--28 October 1953

Film roll number.--Eleven

Approximate time --2 - 3 p.m. C.S.T.
Nunabar of bearings per sample. --10

Number of bearings per point of data.--350

Elapsed time per point of data.--14 seconds

Source of transmission.---WWV, Beltsville, Marvland
Carrier frequency.- 5000 kcps
Modulation.--400 cps tone periodically replaced by voice modulation.

Pertinent to the data reduction.--

A. Bearing condition prevailing at approximately 2:00 p.m.
: B. Bearing condition prevailing at approximately 2:10 p.m.

C. Bearing condition prevailing at approximately 2:20 p

D Bearing condition prevailing at approximately 2:25 p

E. Bearing condition prevailing at approximately 2.30 p

~83.
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SUuMMARY CF INFORMATION PERTINENT TO
THE DAT2 REDUCTION OF BEARING RECCRDING
NUMBER TWELVE, SHOWN IN Fi1G6. 20

Dete.--29 Cctober 1953

Film roll number.--Twelve

Approximate time.--2 - 3 p.m. C.S.T.
Number of Bearings per samgle. -10

Number of Bearings per point of dsta.-~-350
Elapsed time per point of data.--14

Bearing deviation calibration of film.--2° = 3/50 inch

Source of transmission.--Chio State University, Columbus, Ohio

Carrier frequency.--6420 kcps

Mcdulation --Special pulse waveform having 25 cps waveform repetition !
frequency .

Pertinent remzrks from the field nctebook and log.--

The mode selective feature of recorder was made use of in
this study since two and three mcde propagations were in
evidence throughcut the complete period of study. The
delay between successive modes was approximately 500
microseconds.

Remarks pertinent to the data reduction.--

A. Conditions nrevai due

no at annraximateiv 2:00
Ll =T o 5 B, ~

TR ELR2

1
ween first and second modes.

g
i3
(44
O

LT A awa DAl

i1
B. Conditions prevailing at approximately 2:04 p.m. due to
first mode alone.

C. Conditions prevailing at approximately 2:12 p.m. due to
interference between first and second modes.

D. Conditions prevailing at approximateiy 2:18 p.m. due to
first mode alocne.

E. Conditions prevailing at approximately 2:26. p.m. due to
interference between first and second modes. Lateral
deviation to south in evidence.

F. Conditions prevailing at approximately 2:34 p.m. due to
first mode alone. Increased noisc level resulted in more
rapid fluctuation of the bearing and greater deviation.

G. Conditions prevailing at approximateiy 2:37 p.m. due to
iuterference between first and second modes. Increased
noise level resuited in more rapid fluctuation of the
bearing and greater dev:ation.

=
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SUMMARY OF INFORMATION PERTINENT TO
THE DATA REDUCTION OF BEARING RECORDING
NUMBER THIRTEEN, SHOWN IN FIG. 21

Date.--12 February 1954

Film roll number.--Thirteen

Approximate time.--10:48 - 11:25 a.m. C.S.T.

Number of bearings per sample.--8

Number of bearings per point of data.--280

Elapsed time per point of data.--11.2 seconds

Bearing deviation calibration of film.--2° = 1/25 iach
Source of transmission.--WWV, Beltsville, Maryland
Carrier irequency.--5000 kcps

Modulation.--400 cps tone periodically displaced by voice modulation
Pertinent to the data reduction.--

A. Four and one-half minute sample of bearing condition
prevailing at approximately 10:50 a.m.

-57-
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SUMMARY OF

Date.--12 February 1954

Filn roll number.--Fourteen

INFORMATION PERTINENT TO
ATA REDUCTION OF BEARIMNG RECORDING

THE DAT

NUMBER FOURTEEN., SHOWN IN FiG. 22

Approximate time.--3:45 to 4:30 p.m. C.S.T.

Number of bearings per

Number cf bearings per

Elapsed time per point

sample. --9

point of data.--315

of data.--12.6. seconds

Bearing deviatioa calibration of film.--2° = 1/25 inch

Scurce of transmission.--WWy, Beltsviile, Maryland

Carrier frequency.--5000 keps

Modulation.--400 cps tone periodically displaced by voice medulation

Pertinent to the data reduction.--

A.

B.

Five minute sample
approximately 3:50

Five minute sampie

4:15 p.m.

Five minute sample
approximately 4:20

Five minu

approxima

te s
tely

MmN
=le g

4:

1
2

e O

of bearing conditions prevailing at
p.m.

of bearing conditions prevailing at

of bearing condizions prevailing at

o
3

conditions prevaliing at
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SUMMARY OF INFORMATION PERTINENT TO
THE DATA REDUCTION OF BEAR:NG RECORDING
NUMBER FIFTEEN, SHOWN IN FIG. 23

Lo,

Date.--12 February 1954

Film roll number.--Fifteen

Approximate time.--8:05 to 8:40 p.m. C.S.T.

Number of bearings per sample.--9

Number of bearings per point of data.--315

Elapsed rime per point of data.--12.6 seconds

Bearing deviation calibration of film.--2° = 1/25 inch

Source of transmissicn.--WWV, Beltsville, Maryland

Carrier frequency. -5000 kene
Modulation.--400 cps tone periodically displazed by voice modulation
Pertinent to the data reduction.--

A. Five minute samples of bearing conditions prevailing at
approximately 8:10 p.m,

B. Five minute sample of bearing conditions prevailing at

8:30 p.m.

B =
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6. ANALYSIS OF RESULTS

6.1 Discussion

In the summary evaluation of a large amount of data that is subject
to statistical analysis, one selects those statistins which appear
to be most useful to the purpose 2t hand. The data that are shown
in Section 5 were subject to several statistical analyses. Those
statistics that showed most promise of yielding pertinent information
were studied in considerably greater detail than those that indicated
little significan:ze. The discussion will be brief and general; where
1t 1s necessary to refer to a particular period of a particular study
tne bearing recording number and acsociated upper case letter will be
given in that order. As ar example, 9-B refers to the second sampling

period in bearing recording number nire.

6.!.! Mcan and Standard Deviation

Inspection of the irndicated bearing mean, B;, and the standard

,
deviation cf the indicated bearings, o, for any ;nd al. bearing re-
cordings and periods studied reveals that the behavior 1s typical of
small base radioc direction finders. The indicated bearing is in a
state of constant fluctuation, and the amount of fluctuation is measured
by the standard deviation. In genera. the indicated bearing fluctuates
sbout thc great circle bearing with a standard deviation that changes
from period to period and from day to day. Bearing recording 7 is =&
particularly interesting example of the behavior of the indicated mean
bearirg under conditions of changing standard deviztion. 1t happened
that during the time of the record:ing there was a gradaal increase in
the noise level and other wave interference effects over the course of
the observation period. The steady increase in the standard deviation
of the indicated bearing from approximately one-half degree at the out-
set to approximately 3 degrees at the end of the reccrding is immed:-
ately evident as 1s the corresponding fluctuation of the indicated
bearing mean 1tself. An even more interesting aspect of this parti-
cular study (neglecting a pronocunced lateral deviation effect at the
beginning) is the stebility of the progressive or cumulative mean of the
indicated bearing mean. In each of the five cases it is observed that
this value tends rather steadily to a valuc that is very close to the

estimated great circle bearing.

-63-
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The stability of the cumu'!stive mean is demonstraied in practically
everv case that was studied. The few exceptions can be attributed to
lateral deviation effects for the most part. What is being exhibited
here is an experimental verificetion of the implications of the cen
tral limit theorem of statistics. Thxrs 18 considered to be one of the
imporiant observaticns tlat can be drawn from the experimental data.

6 .2 The Mean Range

The .ican range has been used to estimate the standard devia-
tion. In fact W. Ross suggests its use ir connection with the sta-
tistical treatment of bearings. For samples of size 9 to 10 as used
here, the ratio of the mean range to the standard deviation should
be approximately 3 or slightly larger.2® However. very few of the cases
studied exhibit this ratio- the mean value is more neerly unity. Per-
tinent studies are zhown by 2B, 3-A 3-B 4-A. 4-B. and 10-A through
10-J. In leocking for the reason for the great discrepancy it was found
that consecutive samples taken over a period of 0.4 second each would
not permit the range to exhibit 1ts true extent Hence the evaluation

of rauge to sigma ratio was discontinued after a few studies.

6.1.3 Correlation Studies

To learn the extent of the i1mprovement in accuracy of the de-
termination of the direciion of arrival of radio waves that one can
expect from uvsing a single criterion tor the selection of “good" bear-
ings a correlation study was made between signal amplitude and in-
dicated mean bearing The only recorded s*udy was that of 2 B. In-
spection of the results shows that the mean correlation cocefficient
18 approximately 0.2 If the bearing error were due solely to simpie
wave interference phenomena this coefficient should approach 1.0
as a iimt Evidently there are other causes that are acting. Schemzs
that propose to improve the accuracy of a radio direction finder by
censoring bearings according to the large ampiitude signal criterion
should show some improvemant but the expense o{ the additional equip-
ment is probably not justified :if the coefficient of correlation 1is
generally as low as was the case here.

A set of criteria that may ke used is that of selecting only those
bearings that are strong and steady This implies that the amplitude

of the signal be large and that the rate of change of bearing deviation

29. F. E. Grubba and C. L. Weav:r. ' The Best Unbiased Estimate of Population Standard
Deviation Based on Group Ranges.* Journal American Statistical Ascnciation Vel 47,
1947. pp. 224-241.
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he zerc. These criteria were applied in several instances -- see B,
in 4-A, 5-A, 5-B, 5-C, 8-A, 8B, and 13-A. 1In ail of these instances
1t was noticed that the censored mean fluctuated in a manner not too
di{ferent from that of the indicated mean although the extent of the
fluctuation was reduced. One loses the continuity of the indicated
hearing mean by such devices and this may be psychologically urdesirable
in many instances. If one takes a cumulative average of the censored
mean value, he obtains an estimate that is reasonably close to the true
value as can be inferred from the above instances. This fact 1s also
illustrated by the encircled points in 6-A to 6-F 7-A to 7-F, aund 11-A
to 11-F. This procedure is probably most representative of what is done
in present day direction finding. However, it appears from these ex-
perimental results that the bearing that one obtains in this manner
1s not as gecod as could be obtained by complete averaging of all of the
indicated hearings

6.1.4 Mode Selection

Bearing recordings numbered 10 and 12 were carried out under
conditicns resembling ray selection techniques. The latter recording
1s more representative of whut may be expected tc happen. Cases 12-B,
and 12D azre for single mode propagation. In each case the indi-
cated mean bearing fluctuatinn 1s nct extensive and 1s centered on
the great circle kearing. Case 12 F 1s an example of single mode
bearing behavior when atmospheric noise 1s an additional error caucing
agent. Cases 12-A, 12-C, 12 E and 12-G are examples of two mode prop-
agation and hence show the effects of wave interference on the mean and
standard deviation of the indicated bearing  Attention is again in-
vited te the stabilicty of the cumuiative mean  Except for the case of
lateral deviaiion in 12 E, the time trend of this later mean i1s toward

the great circle bearing.

6.1.5 Effect of Distance

Bearing recordings numbered 11. 13, 14, and 15 are based upon
transmissions from WWV Beltsville. Maryland. All other recordings
are based upon transmissions from Columbus, Ohio. The former station
is approximately 1100 kilometers distant while the latter is approx

imately 450 kilometers. Thc more disiant transmissions appear to

165
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have greater stability of the cumulative mean and this observation
is not an unusual one because, as was shown in Section 2.2, lateral
deviation efifecis decrease with increesing distance. However, the
number of cases studied for the longer distance transmission path is
probably not great enough to warrant making any conclusive statements
in this respect.

6.i.6 Effect of Propagation Conditions

The bearing recordings numbered one to nine inclusive were obtained
at times of the day and year for which the occurrence of E and F ione-
spheric-layer reflections were most probable. This was dcne in order
to meximize the chances for the occurrence of wave interference effects
in the direction of arrival measurements. The Central Radio Prop-
gation Laboratory predictions were used for establishing the times
of most probable occurrence. The laboratory also records quality
figures for radio propagation and geomagnetic activity It 1is 1in-
structive to add that thc majority of the bearing recordings were
obtained at times wher the radio propagation conditions were described
as "fair to good "3% This bore cut what was qualitatively observed on
the cathode ray direction finder, 1.e.. the results that were obtained
were representative of what had been observed to happen on the =verage.

The bearing recordings numbered ten to fifteen inclusive were ob-

tained at times of the year when the occurrence of F layer reflections
]

44

one were most probable. However. in terms of the cumulative mean

bearing there is no significant difference from thz earlier studies
6.2 Inference

Because the cumulative mean of the indicated bearing mean ex-
hibited a stability about the great circle bearing that was not approach-
ed by any other statisiic considered here 1t was selacted as the best
characteristic number that can be used in determining the directiou
of arrival of radio waves by means of a small-base direction finder
system. An intcrval of time 1s necessary in which the cumulative mean
may be 2valuated To obtain a specific answer to the question. "How
iong does it take to get a good bearing?" histograms of the cumulative

mean of the indicated beering mean for all studies were plotted for

30. U. S. Department of Commerce, National Bureau of Standards, Radio Propagation Quality
Figures for July, August and October, 1953




i

“

5

il
=% 8

g;

e

4

ETN N

A
i3

i R

e ot e

e

ol
St

e ’L‘?*
e

intervals of 0.4 second, approximately 14 secernds, one minute, two

minutes, three minutes, and four minutes. The histograme are =zhown
in Figs. 24 and 25. The steady reduction in dispersion with time is
agaln in evidence. To summarize all of this information inte cne

compict set of curves, the cumulative frequency distributions have been
drawn on probability paper and the smoothed results are shown in Figs. 26-30.
The implication as to a proper method for getting a "good bearing"
1s now complete. One must first qualify what he considers to be a
"good bearing” in terms of a standard deviation; the time required
to obtain a cumulative mean bearing having the desired standard de-
viavion may then be determined from curves such as Figs. 26-30.

If the standard deviation versus time is plotted on log-log paper,
the slope of the smoothed curve is approximately minus one-half. Hence
it may be inferred that the standard deviztion 1s inversely proportional

to the square-root of the time -- a fact that is stated by the central

limit theorem of statistics (See Fig. 31)
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7. COMPARISONS AND IMPLIC:TICNS

It is interesting to compare the standard deviation figures ob-
tained in this investigation with pertinent results of other inves-
tigators.

Wilhelm Crone, a German scientist, investigated the limiting
accuracy of direction of arrival measursments over a North-South path
having a length of 1300 kilometers.3! He states an accuracy figure of
$0.8° for 70% of all bearings obtained at 6 mc/s. This figure can be
considered a conseivaiive estimate of the standard deviation if nor-
mality iz mesumed.

W. Ross, an English scientist, investigated the limiting accuracy
of direction of arrival measurements over a 920 kilemeter path.32 Where-
as Crone had used a two wavelength separaticn between the elements of
his coilector, (the KOMET), Ross used a spaced-loop system having a
loop spacing of 3 meters. The pertinent results of Ross compare very
favorably with those of Crone. Ross conciudes that both systems were
measuring the deviations ir the direction of arrival of radio waves.
The scurce of these desviations is the agency that iimits the short-time
accuracy of any radio directioy finder, whether it has a smsll or large
apcrtuie.

Gleason and Trexler, American sclentists at thc Naval Besearch
Laboratory, made some measurements of the'limiting accuracy of the

33 A standard deviation of 0.7 is

direction of arrival of radio waves.
quoted for the bearing error based upon all observations. The path
length was 1200 nautical miles and the frequency was 6.42 mc/s. The
equipment had an aperture of 1100 feet.

One implication that may be drawn from the above accuracy state-
ments 1s the fact that short-time bearings cf - ~dium distance, iono-
sphere-reflected transmissions in the 5-10 inc/s range exhibit a stand-
ard deviation of approximately 3/4 of a degree.

The results of the present investigation indicate that a two-to-
three mipute cumulative average of all Adcock bearings obtaired at a 235
bearing per second rate wiil exhibit comparable resuits.

31. Wilhelm Crone, Possibilities and Limitations of Direction Finding with Sky Waver. Paper
No. 4 of Depsrtment of Scientific and Industriec! Researck, Special Rsport No-. 21. en-
titled “Radio Direction-Finding and Navigational Aids®, (London: HMSO ).921). n 54.

W. Ross, Lateral Deviation nf Radio Waves R2flected at the Yonospher:. Specisl Report
No. 19 of the Department of Scientific and Industrial Research (Londoe: HMSC 1549).». 23.

ery

33. R. F. Gleason and J. H. Trexler, Jonospkeric Limitations in the [itimate dccuracy of
Direciisa Finding. NRL Memcrandum Report No. 51, Naval Rsscaich Laboratory, Weahington,
D. C., 1952. p. 1C. (OONFIDENTIAL)

(54
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The {our-minute cumulative average figrre of (.4° appears to be
“tuo good”. There are at least two reasons for this. It is reasonable
to expect that there will be scme averaging of the long-time lateral
deviation effects and this would contribute to a reduction of the
standard deviatior of the bearing with time. It is also logically
possiblc that the data are not completely representative of all of the

situations that may arise. (The study is continuing in order that the

Since time-averaging of the indicated bearings is sc important, it
1s necessary to specify this along with accuracy figures of any direc-
tion iinder - particularly if mearingful comparisons are to be made.
From time to time, so called figures-of-merit have been proposed for
radio directicn finder systems. Recently the standard deviation (or its
reciprocal) has come into common usage. Tt ic suggested that e factor
involving the standard deviation &nd the time of averaging would be =
better figure-of-merit (perhaps the reciprocal of the product of the
standard deviation and the averazing time).

in connection with long-tims averaging of the beesrings, statistical
tabies I and II have been prepared to show the minimum number of inde-
pendent bearings required to obtain & prescribed degree of confidence in
the bearing. The first table is the more pess:mistic because, as is well
known, the Tschebyscheff Ineguaiity 1s applicable to any random variable
that Liss finite population parameters. Either tabiz indicates that
considerably more data should be taken than is presently the case if
more accurute results are desired. In the past, the emphasis has
always been directed toward getting instantan<ous bearings. However,
the results of this invesiigation indicate that a smail-base system
can best do 1ts job when a sufficient avereging or integrating time
1s permitted. Evidently we have been trying to use a “long time con-
stant’ device to do the job of a ‘““shcrt time constant’ device.

The German Wullenweber 1s an example of a wide -hase sector-type
directicn finder that was conceived and built during World War II.
An experimental investigation of the system at Skisby, North Jutland,
Denmark by British scientists of "he ASRE yielded statistical accuracy
figures that were not better than those for an Adcock group of 3 or 4

34

direction finders. The standard deviation was found to be a function

34. A. H. Mugridge and P. G. Redgment, Jhe Wuilenweber, ihe theory, Design and Exrerimental
invesrigatvion of the Ex-Germsn ¥ide Aperture H. F. D. F. Wullenweber at Skisby, North

Jutland, Denmark. A.S.R.E. Monograph 806, A.S.R.E. Lythe Hill House, Hasiemere, Surrey,
September, 1949. pp. 50-53.  (RESTRICTED}
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MINIMUM NUMBER OF SAMPLE BEARINGS REQUIRED TO OBTAIN THE STATED
PROBABILYTY OF A SAMPLE MEAN WITHIN ONE DEGREE OF THE TRUE MEAN FOR

SEVERAL POPULATICH vARIANCES - TSCHESYSCHEFF INEQUALITY ASSUMED®+%

Bearing Probability
Population
Veriance 0.50 0.90 0.95 0,99
(1°)? 2 10 20 100
(2°)°* 8 40 80 400
(3°)° 18 90 180 900
(4°)° 32 160 320 1600
- (5°)° 50 250 | 500 2500

* Multiply tabular values by 4/9 to obtain the miniuuwm number of
bearings required if the cenditicns of ithe Cemp-Meidell Tusquality
are known to apply.

+ Multiply tabular values by four to find minimum number of
samples required to obtain the probability of a sample mean within
p q p y P

% 1/2° of the true mean.

t To the nearest integer.

b

: |

1.

L 3
2 o AN TR . P 5 TSR PRSI 5 MO S DT s ¥ VR Y. s PR T » Tt =~

SRR rR CUSIDL I RS (S —o T e SO B RITIRAE: G



) TABLE II

MINIMUM NUMBER OF SAMPLE BEARINGS REQUIRED TO OBTAIN THE STATED
PROBABILITY OF A SAMPLE MEAM WITHIN ONE DEGREE OF THE TRUE MEAN
FCR SEVERAL BEARING POPULATION VARIANCES - NORMAL LAW ASSUMED.*+

.
'.-—-za!dnm--.--nln-ﬂIIIIIIII‘I!IIIHEIIHII-HI

Bearing Probability
Population
Variance 0.50 0.90 0.65 0.99
(1% 1 3 4 7
(2°)? 2 11 16 27
(3°)* 4 24 35 60
(4°)° 1 43 52 186
. (5°)° 11 68 96 166

* To neaarest integer.
+ Multiply tabular values by 4 to find minimum number of

sample bearings required to obtain the probability of a sampie
mean wicvhi 1/2° of the true mean.
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of frequency, three degresz is the approximate value based on a se-
quence of suup bearings cbtained at 30 second intervals. The system
exhibited a ten-fold increase i1n sensitivity over the Adceck system, was
almost completely free of polarization error, and possessed very good
bearing stability. The bearing =tability suggests that if a small
amount ¢f time averaging had been made, a very significart reduction in
the standard deviation -ould have been observed. Because the acctive

elements of the array compriscd a base line of spproximaicly 70 meters,

P

e

it is very likely thet space averaging of the wave interferzncs errors
was not as complete as in the case of KOMET installation., However,
Trexler relates a claim made 1e German scientists to the effect that
high freguency transmitters op:rating in the United States were located
to within %15 miles of their true position.25 Trexler estimated the
bearing accuracy to be within 115 minutes.

A different viewpoint on the value of time averaging is presented
by Peat in a comparison of the performance of a bcaring recerder with
that of a human observer.3% The averaging time was restricted to one
minute. Data were taken at ten minute intervals. Peat found that the
recorder %as only slightly better than a human operator. It would be
of intere~t to know whether or not a longer averaging time, say 3 or 4
minutes, would make a marked difference in relative performance.

35. Trexler, j.h., Circularly Disposed Antenna Arrays, NRL Heport No. R-3213, p. 19, (Wash-
ington; Navel Research Laborstory, 1949, (OCONFIDENTIAL.)

36. J. D. Peat, “The Influence of the Human Eiuwent in Ci.cition Finding”. The MNarconi

Revies, No. 90, Vol. XI, 1648. p. 69.

-80-

A AT MO (T o 2ty M OPNRE D4




Ripimors T~

8. CONCLUSIORS

It has been shown froem theoretical considsrations that the eflects
of wave interference error in the two signal case can be reduced to zere
by averaging the error function over all possible time phases. An
argument was given to substantiate the same conclusion for the case of
N signals. Assuming that polarization error effects are random in
time, this latter error can also he reduced, in theory 2t least, by time
averaging.

It has been demonstrated experimentaliy that the dispersion of the
bearing error of a high quality, high frequency, twin-channel type
cathode-ray direction finder may be steadily decreased by averaging
for a sufficient period of time over all of the indicated bearings
that are obtained at a rate that is rapid enough to preserve the in-
stantaneous coatimuity of the indicated bearing. A two minute cumula-
tive average yleldsd a standard deviation of approximately 0.7 of a de-
gree, a thrce-minute average yielded a standard deviation of approxi-
mately 0.5 of a degree, and a four minute average yielded a siandard
deviation of approximately 0.4 degree. All of these values are less
than one would expect from lateral deviation effects alone. But since

the lateral deviation effects discussed earlier by Hoss were obtained

the results may be assumed to be approaching the ulrimace
determination of the direction of arrival of high frequency sky-reflected
waves. Evidently Lie long time average not only reduced wave interfer-
ence error ifects but also polarization effects.

Bearing error reduction schemes that are premised upon censoring
bearings according to a "strong" or "strong 2nd steady" criterion will
gcaerally reveal an improvement in the accuracy of a bearing deter-
minetion, but the improvement is not as sigrificant as that of the
cumulative bearing mean. '

Because the cumulative mean bearing deviation follows the normal
distribution law, Table I[ may be applied in predicting ithe number of
samples and the length of time required for sampiing.

-81-

- & e = T




APPENDIX A
A NOTE ON THE ELECTRICAL RECORDING OF ANGULAR DISPLACEMENTS

Consider the problem of recording an angular displacement that is
determined by the arc tang=nt of a voltage ratio. Figure 32 shows
the comparative plots on a linear scale of tangent ¢ and log tangent ¢
for 30 degrees of argument. If one needs to record deviation angles
within 115 degrees of a zero reference, it i3 evidently better to record
the voltage ratio directly since there is almost a straight line re-
lationship between deviation angle and ratio. On the oiher hand, if one
needs to record deviation angles within 115 degrees of a 45 degree ref-
erence it 1s better to record the logarithm of the voltage ratio since
there 13 almest a straight line relationship between deviation angle and
ratio. It 1s also significant to note that the tangent function in the
case of the former and the logarithm of the tangent function i1n the case
of the latter has a sign change at the reference value. Hence cne may
always infer whether or not the measured deviation is greater or less
than the reference value. This makes for considerable simplicity of
circuitry compared to recording deviaticn by the less desirable tech-
nique in each case.
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APPENDIX B
A NOTE ON BEARING ERROR DUE TO ELLIPSING

‘The pearing data thav are displayed upon the indicator of a twin-
channel cathode-ray direction fiander may appear ideally as straight
lines but more generally es ellipses. The ellipsing is due to the
effects of channel misphasing, wave polarization, and wave interierence.
In any event the major diagonal of the ellipse is generally assumed to
be the best estimate of the indicated bearing.

A compromise had to be made in ths circuitry that was used for com-
puting the bzaring data that were obtained 1a this investigation. It
was found convenient to record the inclination angle of the diagonal
of the rectangle that encicses the bearing ellipse as an estimate of the
indicated bearing. Because the above rectangle has 1ts sides parallel
to the X’ and Y' axis of the cathode-ray tube geometry, an iiastrumental
error will generally occur with the onset of ellipsing. Figure 33
exhibits the extremes in bearing error due to ellipsing. Figure 33a 1=
an example of a case of maximum error, Fig. 33b 1s an example of a case
of zero error, and between these two lie an infinity of cases.

If it were possible to orient the direction finder array or other-
wise iffect the bearing data s= that the apparent directicn of arrival
of the signal as seen by the computzr was in the neighborhood of 45
degrees or an odd integer multiple therecf, the ellipsing error would be
minimized. A quantitative expression for the instiumental error due to
ellipsing of the bearing as a function of the angle of arrival and
minor-to-major axis ratio will now be determined.

The expression for an ellipse having the geometry of Fig. 33a is
given by

2 "2 2 ] 2 2 3 5
b” X + a” Y = a b", where a and b are the major and minor
seni-axie, ¢ and — ¢ are the foci, and

a® — k® = 2.

(1)

Figure 34 shows the transformation gecmetry for the rotation of the

reference frame through an angle.p. The equations of tranazsformation
are

X' " XCos ¢ - Y Sin ¢ (2)

and Y' = X Sin ¢ +Y Cos ¢ (3)
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FIGURE 34 TRANSFORMATION OF COORDiNATES BY ROTATION OF AXES.
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Substituting squztions (2) and (3} into (1) there i1s obtained the trans-
formed equation

X?{a® Sin’p + b° Cos’¢] + XY [a° - b°] Sing Cosp + Y [a” Cos”d + b° Sin’¢} —="b" = 0
(4

Eguation (4) can be solved explicitly for X in torm
parameters by means of the gquadratic formula. Thus

2f Y and the other

14

4

-9Y (a® - b*) Sind Couwp ¢ /41’ {(a® - b?) Sin%p Cos’s
-4 (a® Cos’p + b~ Sin"®) -a’b°}a’ Sin’¢ - b° Cos’¢}

ey
.

2(a’® Sind + b’ Cos’¢) (5)

In a similar manner

—2X (a® - b®) Singp Cosp + /AX" (a® — b?) Sin’p Cos’¢
/ -4{X*(a” Cos® + b Sin’¢) -a’b’}a” Sin’® + b* Cos"¢}

2(a’ Sin“¢ + b° Cos’®)

(5)

In the computer circuitry, the magritude of chs maximum values of
X and Y are used to determine the angle of incliration of the diagonel
of the rectangie that encioses the ellipse. The immediate problem to Re
solved 1s that of finding the magnitude of the maximum values, X and Y.
Evidently X is reazl or imaginary depending upon the algebraic sign of
the expression under the radical, and the value of Y that makes the
2xpression under the radical zero is just the value of Y that determines
X. A similar argument applies to Y. The ressens for this can be
seen by cxamining Fig. 35. Equating the expressicns under the radicals
of (5) and (6) to zero and simplifying it can be shown that X is ob-
rained when

. a2 Sind + b2 Tos’e .
f -t 7 = (7)

i 2 . 4 ?jﬁ
Sin‘g + Cos*op
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A
and Y 1s obtained when

2 -~ 2 2 . 2
X = + a° Cos“® + b Sin" ¢ (8)
Sin®¢ + Cos’¢

Substitution of equations (7) and (8) iantv equaticn (5) and (6),
respectively, yields

an (a” -~ b') Sing Cos¢ )

{8in’p + cos’<p)»\A2 Sin’p + b? Cos?¢

and

>

(a* = b°) Sing Cosd

10)

(1
n
—~
>

(Sin’p + Cos’¢~/a® Cos’¢p + b® Sin’¢

The tangent of the angle of inclination nf the diageanl o7 tie en-
closing rectangle is given by

A 2
Y_ll a;hwrb Cos’® \.unw:(%) (11)
7
X Na® Cos’¢ + b* Sin’¢ 'Jl*(h-)t.anqﬁ
The expression for the ellipsing error may aow be written as
tan“ep + (h)
€ = arc [ ' (12)
"Jl*’(b-) tan’¢
It 1is ev1den that when ¢ - 45 or odd integer multiples therecf, the
error is zerc, &nd when ¢ = 0 or even muitiples of 45 degrees the error

L 2 . o
angle is arc tangent %) or arc tangent (%) depending upon the integer.
The family of curves shown in Fig. 36. has been calculated to shcw
1nstrumental crror due to ellipsing as a function of the angle of arri-
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val ¢, and the minor-to-major axis retiec. It iz seen that even for
small values of ellipsing corresponding to minor-to-major axis ratic of
say 0.1, the error may be greater than 5 degrees if the signal 1s
arriving from ¢ degrees or even integer multiples ~f 45 degrees. liow-
ever, 1f the signal is arriving from odd integer multiples of 45 degrees
there is no error, and the error does not increase appreciably for
moderate amounts of ellipsing provided that the angle of arrival is
within $15 degrees of the optimum angzle of arriva. .

An important observation tc e drawn from the above discussion
is that in radio direction finding techniques that utilize the ratio
of the magnitude of two voltages that are derivad from crthogonally
oriented differential antennas to determine the angle of arrival, it is
imperative that the collector be oriented so that the meun direction
of arrivel i the signal is from some odd integer multiple of 45 degrees
with respect to the plane of either differential antenne.
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APPENDIX C

A NOTE ON THE CORBECTION FGR BESIDUAL GAIN
UNBALANCES IN THE CWMPUTER INPUT CIRCUITS

The traneformation required to minimize the instrumental error of
the computer due to eilipsing of the bearing can be rewritten as

'QI = . - g
lqu mHlum¢ IEJ Sin¢
|E'vl = IEHI Sing + |£v| Cos ¢

where EH =K Sin 8, E = K Cos 9, K is a constant for the radio direc-
v
tion finder, and 6 is the angle ¢f arrival measured ccw from the 90

degree azimuth reference. Evidently the ratio |E’ i/|Etu|= Cot (8 — &)
and by properly selecting ¢, 6 ~ ¢ = (2n — I')n/4. A phese shifter
comprised of two properly interconnected goniometers cen provide the
apprcpriate value of ¢ for any given 6.

In any practical equipment it is not possible to maintain identical
gains 1n iwo channels for any extended period, hence in general

E
H

K{l - 8)Sin¢

E
v

K(1 +A)Cos ¢

where A is one-half the incremental unbalance in gain. The ratio of

|E’ |/|E'H| Cotf{8 — ¢), and it becomes necessarv to investigate the pos-
v

gsibility cf correcting for gair unbalence by setting in an additional

bearing shift of degrees. The ratio then becomes

E'v . Cos(8 - ¢ +6) + 8 Cos(8+ - 8)

lE'll  Sin(6 ~ @ + 8) + A Sin(B + ¢ - &)

Assuming that & is small ernough and that the product of 6§ and A is an
infinitesimal of highar order, the ratio simpiifies to

E'y| | Cos(8 = #) - 6 Sin(8 = ¢) + A Cos(d + &)

~

IEIHI Sin(8 — @) + 6 Co=(d - @) — A Sin{6 + &)
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New imposing the requirement that (6 — ¢) be an odd integer multiple of

45 degrees and that at balance the ratio be unity there is obtained for
the case (6 — ¢) = 45 degrees

e 1
RN N Y4 I 8.~ ®). 1

E'yl 4+ 6/VT - b Sin(6 + ¢)
from whach

4.
6% (vV2) [Cos (6 + ¢) + Sin (6 + $)]
or A% A Sin (6 + ¢ + %)

2

us it has been rhown that subject to certain assumptions it is possi-

o

le to set in a ¢ that will correct for an incremental gain unbalance
£
p Y

<]

28 in the =mplifiers of the computer input circuits. The practical
procedure for accomplishing this is to adjust the gains of the two

channels as closely as is possiblie in corder to meke A small, and then
use the bearing shifter to bring the system intc the balanced condition
of zero outpu! when the source of signal is a target transmitter placed

at reference zero bearing.
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