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PREFACE

A tornado is a whirling wind accompanied by a funnel-shaped
cloud and is the most violent of all storms. The wind in its
vortex travels at a rate of 300 to 500 miles per hour. Tornadoes
have been a menace to (Oklahoma and 1ts neighboring states for
many years, |

An extensive research program is belng carried on by the
School of Electrical Engineering of the Oklahoma Institute of
Technology in an attempt to detect the formation of a tornado
before it reaches the ground. When the results of this project
are complete, they will be used to locate the formation of tornadoes,
and the information will be passed on to a tornado tracking station.
The purpose of this thesis is to develop a direction finder that
will indicate the direction from which sferics are arriving. This
direction finder is to be used in conjunction with equipment that

records the waveform characteristics of a sferic discharge.
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CHAPTER I
INTRODUCTION
Atmospheric disturbances are technically known as sferics.
For the past twenty-five or thirty years scientists have carried
on extensive research projects to determine the origin and charaec-
teristlcs of sferiec disturbances. Many theorles have been advanced
as a result of these studles, and several systems have been devised
to locate and track storms, .

(ne of the theories that has been pfépased is that the sferics
accompanying a tornado differ from those In an ordinary thunder-
storm, elther in thelr waveform characteristics or the length of
time for the discharge, or both,1#% This theory is being investi-
gated at the present time by the School of Electrical Lagineering
of the Oklahoma Institute of Technology.

To those who are familiar with the tornado situation in Okla-
homa and nelghboring states, it 1s not surprising that this subject
should be given extensive study by the Oklahoma Institute of Tech-
nology. A portion of an article published by the United States
Department of Commerce is quOﬁpd.s "In all the world no place is
more favorable for tornado formation than the relatively flat region

lying east of the Rocky Mountains in the United States."

1 miller, Carl William, A Progoseg_ gegnog of Id%ﬁigigg
» ) - — - - —
and Tracgggﬁ Master ol Sclence esis, lahoma Agri-
2

_ Tornadoes
cultural an ﬂaoﬁ%ﬁicai College, 1949.
Hutchison, J.S5., A Study of Tormnado lde;gigifgtiog, Master
of Science TheaL;, Oklahama Agricultural and Mechanic College, 1949.

S U.S. Weather Bureau, Tornadoes, Daily Weather Map for
June 15, 1949,



A chart In this same publication shows by states, the total
number of days in which one or more tornadoes were reported for
a period of sixty-eight years, from 1880 to 1947 inclusive. The
four states with the most tornado days were: Kansas 471, Texas 374,
Iowa 326, and Oklahoma 225.

Tornadoes are the most wviolent of all storms, having wind
velocities in thelr vortex ranging from §UO to 500 miles per hour.
Property damages have been as high as forty-three million dollars
in 1927, and fatalities in 1925 reached a high of 794.%

For eighteen months a superhetrodyne receiver, operating at
200,000 cycles per second, has been used by the Oklahoma Institute
of Technology, to detect the electrical discharges that accompany
atmospheric disturbances. The recelver output is applied to the
vertical deflecting plates of a cathode-ray oscilloscope and the
wavelforms produced on its screen are photographed. These wave-
form pilectures are studled in conjunction with the weather bureau
reports, so that waveforms that are known to have been from a
tornado can be compared with those known to have occurred during
a thunderstorm.

To help in this work an amplifier that has a flat frequency
response from 20 to 200,000 ecyecles per second 1s being built.

The antenna for this apparatus 1s a short vertical whip antenna
that has no directional characteristics. The amplifier will be
used for the same purpose as the superhetrodyne recelver previ-

ously mentioned. This method would be sufficient 1f there is but

4 1pia.



one atmospheric disturbance within the range of the amplifier at
a given time. However, suppose there are two storms within the
range of thils equipment simultaneously, one a tornado and the
other a thunderstorm. In this case the waveforms could be more
intelligently interpreted if it were known which waveforms came
from the tornado and which originated in the thunderstorm. The
purpose of this thesls is to develop a direction finder that will
indicate the direction from which each recorded waveform is arriv-
ing.

CHOICE OF ANTENNA SYSTEM

A sferic direction finder differs from the conventional
direction finder in that it must show direction instantaneously.
This property alone makes many types of antennas unsulted for
sferic direction finding. The reason for requlring instantaneous
direction finding is that sferics are of a very short duration,
usually less than one-half of one second.

Since we need to know the direction from which each recorded
waveform is arriving, antennas that have directional characteristics
but have to be rotated mechanically camnot be used. Two antenna
systems that are suited to our needs will be discussed briefly,

pointing out which is to be used and the reason for choosing it.

p ) Thg Loop Antenna

Hertz, in one of his experiments, rotated a small loop of
wire about its axis at a mean distance from an apparatus radiating
electromagnetic energy. The loop contained & small spark gap. At
certain positions a spark would pass across the gap, while at other
positions nearby, the spark was not produced. Thls experiment in-

dicated that the loop had directional characteristics.



In this brief discussion of the loop antenna 1t is sufficient
to say that the polar diagram of a loop with dimensions that are
small compared to the wavelength being received, is a figure eight,
where the maximum energy received 1s in the plane of the loop and
the minimum energy received is perpendicular to the plane of the
loop, as shown in figure 5.° The polar diagram of the loop will
be developed in detall in the theory section of this thesis. It
should be pointed out that this antenna has 180 degrees ambigulty,
that is, the e m.f 1induced into the antenna from a signal that
makes an angle of 60 degrees with the plane of the loop, is identi-
cal to one from the same signal at 180 plus 60 degrees.

If the electromagnetic wave that approaches the loop is verti-
cally polarized, the vertical members are active. However, if there
is a horizontal component perpendicular to the plane of incidence
of the wave, the horizontal members of the loop will respond and
there will be a resultant error in bearing. I1If the initlial wave
1s the predominate wave, the loop will give reasonably good readings
of bearing. This type of error is known as polarization error or
night effects
2« The Adcock System

An antenna that has two vertical members connected together
at the bottom i1s commonly called an Adcock antenna. If the hori-
" zontal member connecting the vertical antennas is properly balanced
or shielded, the error due to the horizontal component of the elec-
tric vector of an electromagnetic wave 1s less than that for a

comparable loop antennas

5 Keen, Re., Wireless Direction Finding, p. 72.




One of the main disadvantages of this antenna is that it
has the same sensitivity as a one turn loop. An excellent de-
scription of the Adcock antenna system 1s'givan by Keen.®

Se Summary of the Cholce of Antenna Systems

A balanced Adcock antenna has less error due to night effect
than the loop; however, the loop can be made more sensitive.
Making the assumption that the srror due to nlght effect is negli-
gible, the major consideration in choosing the antenna to be used
is its sensitivity. Because of this assumption the loop antenna
is chosen for the sferic direction finder.

Two loopsdesigned to be used with the U.S. Signal Corps
BC~453-G were available and are used in this sferic direection

finder,

® Ibid., p. 249.
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CHAPTER 11
THEORETICAL CONSIDERATIONS OF THE LOOP ANTENNA

BLOCK DIAGRAM OF EQUIPMENT
All sferic direction finders have three distinct parts, the
antenna, the gmplifier, and the bearing indicator. The antenna
must have a sensitivity that is a function of the direction from

which the electromagnetic wave is arriving,.

Unless the electromagnetic fileld lntensity 1s very strong
or the loop has many turns, the induced voltage in the antenna is
not great enough to actuate a bearing indicator. For this reason
an amplifier must be placed between the antenna and the bearing
indicator.

A bearing indicator must be used to show the direction from
which the sferics are arriving.

THE LOOP ANTENNA

The directlional characteristies of an antenna are best studied
by the use of a plane polar diagram, which can be obtained with a
transmitter used in conjuntion with a receiver. The current in
a receiving antenna 1s measured while rotating the antenna in the
field of a transmitter. The polar diagram of the receiving antenna
1s a polar plot of the measured currents versus the angle of ro-
tation of the antemna. The polar diagram of the antenna as a trans-
mitting antenna can be obtained by exchanging the roles of the
transmitter and receiver. .

The Rayleigh-Carson theorem relating the properties of trans-
mitting and recelving antennas states that "whatever properties an

antenna possesses as a transmitter or radiator are maintalned by



the same antenna when used as a receiver". In the mathematical
development of the polar diagram of a loop antenna, it is con-
sidered as a transmitting antenna.

1, The lathematical Development of the Field Ffattern

One method for determining the energy radiated from an antenna
is called the Poynting vector method. Witn this method the antenna
is assumed to be at the center of a very large sphere and the f[ield
produced over the surface of the sphere by the assumed current is
calculated. Under these circumstances the following assumptions
are juatified.l

l, Differences in radius vector to points on the antenna

have a negliglble effect on magnitudes,.

24 Diff&rances in direction of the radius to different

points on the antenna are negligible.

5., Fleld components decreasing faster than % are negligible

with respect to those decreasing as %,

4, For purposes of finding phase differences, in figure 2,

rtcos m is taken as the difference in the radius vector to

different points on the antenna.

In figure 2, @ is the radlator, i is a point on the surface
of the sphere where the field is beling studied, r' is the radius
to the radiating element.

The spherical notation illustrated in figure & will be used;
where r is the radius vector to a polnt K, the angle © is between
OM and the Z axis, and the angle ¢ 1s between the projection of

0il on the XY plane and the X axis. These parameters are the spheri-

% Ramo, Simon and Whinnery, John R., Fields and Waves in
Modern Radio, p. 454,
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cal coordinates of the pointIM. Their relations to rectangular
coordinates are expressed as follows,
x=2rsinocos g, y=r sin e, sin g, Z= r cos &
The mutuslly perpendicular vectors are 1l,, lg, lﬂ'
Notations that are used in this derivation are:
A = Vector magnetic potential
T = Current density

¥ = Velocity

V = Volume

w ® Angular velocity
iz A

k= ; Sw ou

N = Radlation vector

P = the Poynting vector
€ = Dpielectric constant

d.
n

Time
= Tntrinsic impedance of a dielectric

> B

= Wavelength
= rPermeabllity

=

In figure 2 the vector potential at the polnt M due to eurrent

in one element of the radiator g, is

n
0 1. edw(t=5")
A £ _.QWrﬁ av

From the preeceding assumptions it follows

o o~ Jkr Iﬁ cd'krt cos
471 r v
When ‘eos m = cos & cos &' - sin & sin &' cos (8 - g*)

where &, # and €'g' are the spherical coordinate angles of

M and q respectively. The integral is independent of r and



1L

and is a Tunctlon of the current, the antenna confliguration

= L

and of the direction in which the fleld is being calculated.

IT the integrsl 1s delined as the radistion vector I, then
- = _jtir! cosmn
. K < e
L = ﬂf g gyt
and Coan.
- . e"’jhr” ff}?
s T 47T
R L & G - -
} e - o T 1 N
= Iy By - Mo = 14 H,
ey r e ol - g Ny

The FPoynting vector P is defined as

ihere B = Flectric field strength
And : H T dagnetic Intenslty, snd mey be interpreted

ag the power-density [low per unit area. It can be shown

upon examination of E and d that ‘P has a time average value.?
W . LD 1 ol 2
JfJT = F =z EAI’ X N7 ( }116, - };352{ : )

This equation is indepsudént of r.

If the currentsin an antenna are circularly symmetrical about
an axis, this axzxis may be used as & reference for a Set of spherical
coordinates. The vechors i and N can have only a component in the

q directlon and the total time average power radlated is




1z

all the currents in the antenna are circularly symmetrical about
an axis »8 shown in figure 4. In this case

ar = I
2
and U4 has the same value Tor all values of &

Por - ;5 =z 0O

cos m = sin 6 cos g

ahd . g, . ' .
: W= T ]/' odkq sin @ cos @ cos gt g d g

0
2 Jkwg® I sin ©

=
B
i

Therefore 1t 1s evident thabt the fleld pattern varies as a

constant times the sin @, where ¢ = O is perpendicular at the plane

where ¢ = kT g® 1.

Plgure 5 shows the projection of the radiastion vee
on a plane passed through the sphere upon whose surface the field
isvbsing studled, at the angle £ = 0. ‘The angle ¢ is measured
with respeet to a plane that 18 orthogonal to the plane of the
loocp.

it is standard practice Lo use tiwe plane contalning the loop
as the reference to which the angle of Ladl&tl on from the antenna
is measured. An angle of 90 degrees must be added ©o the angle
used in the preceding derivation to mske the results coaply with
tiiis convention. Haking this change we have

Nﬁ = ( sin (4@ - 90)
= C cos 93

s

where 61, s shown in figure 5, 1a the angle between the new
1 E) 3 <
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reference plane and the radius along which Rﬁ 1s to be calculated.,
Figure 5 1s commonly called the figure eight or cosine diagram
of a loop antenna,
Upon expanding C we get
C= §krmg®i

but k= w/ue

then cew 27° £ q® I /ue
b " & 7 1

since & E?ﬁﬁg

and G = 2__713712—1 %

The area enclosed by the loop antenna is
A= qzﬂ',
where q is the radius of the loops Substituting A in place of

2

q in the expansion of C glves

C= 27A 1

.

The value of the radiation vector becomes

T
Hﬁth S AIG@IQJ‘.

]
L

The emf induced into a one turn loop used as a receiving
antenna can be shown to be

emf® = Eifiliiweéa'el

where e is.the field intensity in volts per meter, A is the area
of the loop in square meters, and.A is the wﬁvéiength of the electro=-
magnetic wave in meters.®

2e Graphical Development of the Field rattern

The graphical development of the field pattern of a loop

1

antenna wlll be made, the loop considered as the receiving antenna.

S Terman, Fredrick Fmmons, Radio Engineers Handbook, p. 813.




The plane of the loop is a vertical plane, and only vertically
polarized plane waves will be considered. For exauple, the

electric voctor of the electromagnetic wave has no horizontal

componsnt
Figure & is a vector plob of a plane wave. Skilling® shows
that the rate of flow of the elesctromagnetic energy is;
P= Exi,

where P is known as Poynling's vector. From The theory’of the

cross product, P 1s perpendlicular to the Diaae contaeining both

= frg 5 1] 3 - 43 ’ *

B and H.*Y By and ﬁz are the only compounents of an electromagnetic
£y

d

_ . .. . _ &
wave traveling in the x direction.

fd

The voltage induced in & loop anteansa hag the game value

hagd

b

tihe shape ol the loop is ymxacrical about an axis, and
the dimensions of ithe loop are small compared to thosgse of the wave-
length involved. |

A sguare loovn will be used In this graphical derivation of
he fileld pattern of a loop anterma.

Faraday noted that the voltage induced into a coll of wire
is proportional to the change in flux liﬂking the ecolil,

- -g—% x 1078 volis,

[
4

where e 1s the inducsd volbtage, £ is flux, and © is time. The

P

-

minus sign is from Lenz's law, “The dirvection of an induce

d
ig such as to tend to oppose the change iIn [lux-linkage whilch pro-

£

4 Skilling, Hugh Hildreth, Pundasentals of Iiegtric iaves,

pi - l;i)l”l;"hs‘
? rhillips, H.B., Vector Analysis, p. 10.
O ‘-‘:

Sarbacher, Robert 1. and Edson, Willlam A., Hyper and Ulbtra-

high Prequency Inginsering, p. G4.
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Wheh a loop is placed in the field of the electromagnetic
vave of figure 6 s0 thabt the plane of the loop 1s the XY plane,
fh@ magnétic vector is orthagwﬂal to the plane of tqe 1ooy. ‘The
-magnitude of the flux:in't%m immediate v101mity of the loop at a

given time is uniform, as shown in Ifigure 7, since the wavelengih
to be received i1s long compared to the dimensions of the 1oap;

4 loop antenna 1s rotated in the magnetic field of figure 7
and the effects on the flux linking the Ioop is,noted;  ?he Dpolar
diagran Qf the loop is a polar plot of the flux linkage versus the
angle of rovation of the anbtenna. It can be seen lmmediately that

s

maximum flux linkage occurs in posiltion A-A' where the plane of the

N

leoon is in the direction

Q
Las:]
[y
by
)
O

f the wave, and that when the
plane of the loop ls perpendicular to the direction the wave is
traveling, there is no flux linkage and comnseguently, no induced

voltage or sipnal receilved. This signifies that the loop has

!

S

g¢irectional characteristles. Foursother positions of tize 1§ap
are shown at intervals éf S0 degrees around the;circuﬂi, renece of
a clirele whose radius is OA. In the position D-D' there are no
flux lines through the loop, at E-Z' there are 16; at F-F! there
are 28; and J2 at At=A; at Bt«D there are 28; a% C'-U there are
16, and none at L'+D. For ocne-nalf of a revolution of thé loop
the flux'linkage, and hence the inauced voltagey start at ZEero,
increase t@,a.maxfmgm snd then decrease to zero. bur ébtae nexv

one-nall of s revblution the growth of flux linkage recommences

. '), reaches a maximun at A-A' and falls to zerc at D=-D'.
Altihwugn the same number of lines are linked in the C'=C and #'<EB
positions, the lines do nob pass through the loop in The same

direction as indicated by the arrows at C' and B'; tlw?&f@?é, the
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Using & negabive sign to indicate the change of direction
of current the resulits are tabulated as follows:
T e A 8 g g —
FOBIULON by 5t Bt | FaFY| A=A | BB [0t =C D1 =D B =B | P =P (A=At | BB | Cagr
of frame , b , '
Linkage | ¢ <16 | =28 | =32 |«28 |«15 0 [$16 |+28 [+32 |$28 |+18

2,

It 1s purely arbitrary which half Ras a negative sign.

> disgram of a loop antenma 1s shown in flgure 8,

7
[ny
@
g
©
)
2
et

using a series of padlal lines corresponding to the positions of

"‘*

the loop in Tigure 7, the lengths of which sve proportional to the
values glven in Chart I.

This snhows that the poinbts 2ll lie on the circunference of

s
@

two cirecles, ons for the positive linkage and one for the negative
linkage., The polar plot is the [igure eight or cosline diagram.

S« Crossed Loons

A sferic diresction finder mast give an Indication of besring
in all directions, This reguiremnent can be fulfilled by using
two loop antennas positioned so that thelir planes are orthogonal,

Two loops have to be used since s single loop will not give an in-

[ ]

dicatvion of bearing in a plane perpendicular to the plsne of the

loop. The vector gum of the two Tield pabtterns of the two loops

FaSl frn

is shown in figure ficiently separatoed

e

s providing the loops are sul
30 that there is no coupiing between Lhem.
Referring to the block diagram of figure 1, 1t 1s seen that

the output of esch loop is connechbed through an nglifler;te a
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cathode-ray tube.

Before urocg ding with the crossed-loops it will be necessary
to establish a few facts concerning the application of the cathode-~
ray tube as a bearing indlcator.

The electron beawm of a cathode-ray tube can be deflected with
an electrostatic or electrmagnetic fleld. A& catiode~ray tube that

employs electrostatic ceflection will be used in this difection
finder. A tube of this. type has two palrs of orthogonal deflection

plates. Figure 10 shows the convenbional position of twe tubej one

3

set of plates deflectsthe electron bean in a horizontal plane, and

the other sebt deflects the beam in a vertical planes The bean or

(

spot on the sereen of the tube will be deflected in the plus Y
direction wiien a direct voltage is applled between Vi and Vo 8o
that Vi 1s positive with respect to Vo. Reversing the polarity of

the voltage on Vy and Vo will cause the spot to move in the minus

M

direction. Similar statements can be made with reflerence %o Hy
and Ho. The spot will move in sccordance with both the vertical
and horizontal plates 1f the two volitages are applied simultaneous-

1ly. sose the two volbages are squal and of the proper value to

2

1

g
P’L i

give one ineh deflection in both the X and Y direections, and alsé
assume thet the spot is origlnally at the origin, 0, of the earitesian
coordinates. The resultant position of the spot will be:‘

J}észgg = Vi—;_z-z VE:= 1.414 inches,

r N
L = gre tan 1 = 459,

¥
i

o
i
k
o
e
5

The resultant equal 1.414 459; that 1s, the spot will be 1.414

inches from the origin along a line meking 2 459 angle with the

horizontal. Heversing the polarity of the applied voltages will



Vi

H,

o

Ve

FIG. 10




24

reverse the direction in which the spolb moves.

The electrom beam will trace a line along the ¥ axlis of the
gcreen cf,thé‘cathodewray tube 1T an alternating volfage is applied
to the vertiecal deflection plates. Similarly, the slect cron heam
wili trace aflihevélong the X axls if an alternating volbage is
applied‘te the horizontal deflection plates. The deflection of
the boam of a caﬁhoue—ray tube is proporuvional o instantaneous
voltage applied bo the deflection plates of tihe uume.v Thus the
is nﬁtn.of the llne traced on the screen of the cathode~ray tube
by an alternating voltage is proportional te the p@ak to pesk value
of the voltage applied to'iﬁs deflection glates{

”he instantaneocus values of an alternating valtaéei&aflect
the beam in a vauqedewvay tube in the same manner as a direct voltags
Qf the game uagnitudﬁ. dowever, the alterna im;_volbage'yét?aces

v

the path of the bean each cyecle and will make a trace on the screen

'

.

0f the eathode-vay tube while the direct voltage will only show

evidence of dLShla’ ng the spot on the screen: If an alternating

VOlta e is applied to both the vertical and horizontal defle

]

tion

plates the resultant defleecilon of the beam of the c&tioue-ray

“tube can be CalCdlaLGd, using lusbantansous v Aaes, by the same
method employed witl rect voltages. By re epresentin sﬂthe in-

stantaneous magnitude of the voltage applied to the vertical de-

=

lection )laﬁed a8 Iy and that applied to the norizontal
J

b

aaeflection

s.,4

plates as By, the magnlitude of the resultant deflection at a gi iven

instant is, -

and the angle of R with respect ©to the X axls is,
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4z gre tan gz

o

If the two volbages have equal magnitudes and are in time phase,

1

the resultant dellection will be a line egual In length to 14414

C-J“
e

mes the peak to peak magnitude of either voltage and the angle
between the line and X axis will be 45 degrees.

Considering the plane of loop 1, figure 95 ag the reference
from which € is meagureé, the voltage induced into leocop 1 from an
olcgtfoéawn ic wave 1is,

Iy = B cos @,

and the voltage induced into loop 2 from the same wave 1s,

where B is proporticnal to the strengith ol the electromagnstic

flelds Loop 1 is connected through en amplifler to the horizontal
plates of & cathode-ray tube. The voltage applied to the plates

or ﬁhe cathode~ray tube is,
B, 2 B Ap cos 9,
where Ay, 1s the amplificationlef the amplifier between the hori-
zontal plates of the cathode-ray bube and loop L. Similar state-
ments can be made concerning loop 2 and the vertical vlates of the
cathode-ray tube. The voltage applled to the vertical platea 1s,
By ® B Ay sin 6. |
Since the plabtes of the cathode-ray btube are orithogonai, the
magnitude of the resulbant line on the screen can be determined

by a simple rectangular parallelogram of forces.

-

Voetorially, this is, as shown Iin figure 11,

B in} v

it

52 4,° cos® 6 + B Ay° sin® o
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R L AR AV
It Ap T Ay = 4
then B = BA.
The dirsction of B wlth respect o By is tan a, but
T

£
e
=]

Ay 8in 8 o Ay pan g
Ay cos 8 i

e
=

tan a = ¥

i

es] Rv

tan & = “V ;

it

tan &

Comparing these results with the lnformation previously
doveloped on the eathode-ray tube glves

N =z tanma = tan & T tan £

and a = © = 4.

;This Illlustrates that the resultaunt line on the lece of the cathode~

o

raye tube ia & true indication of the direction from wilch the.

ele curomapn >tie wave 1s arriviag. it should be mentioned that a
line maﬁing,an angle of 48 d grees with the X-axls on the seope
culd indicate a wave ar iving from elther 45 or 220 degrees., This

shows that there could be 130 degree ambigulty in the interpretation

of the direction from whieh the wave is arriving. “his is not

considered s serious handicap dusc o the fact that only in very

few lnstances are twoe storms exactly 180 degrees Irom eacui other

with respect to the equipnent.

4. Irrors incountered 1in a Direction Finder

¥ight o“: ct is one of the most bothersome srror encountered
in the use of the loop aunbenna. It 1s caused by an electromagnetie
wave whose electric vector is not entirvely in the wvertlical plane

hat is, 1t has a horizontal component perpendicular to the vertical
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vlane; this component energizes the horizontal members of the

2

loope« Keen'! shows that the error due to nlght effect can be as
large as 90 degress. The wave fﬁ@nt of an electromagnetic wave
lsvtilted forward as it travels éver g surface that has low cone
ductivity. By the time the wave has traveled a few miles along

the earth's surface the eleetric vector may have a howlzuntal
component. Reflecection of a wave by the ionosphere may dause a
snift in the direction of the electrie vector resuliting in an error

£

fact, the name "night effeset” was given

by

in bearing indication. In
this type of error because the reflections are wmore prominent at
nilght than in the daytime.

Assuming the original electromagnetie wave 1s vertically
polarized, the evror in bearing will be small if the divect wave
iz the predominate wsve being received.

Attemplts have been made, with very litile sugcess, tc cancel
out thne error due to night effect in a laop.8 One method attempted
wasg to place a dipole entenna near the loop To cancel out the-(
effects of the horizontal component of the electric field, but ne
satisfactory resulis have been published, and this method 1s not
used commercially. The use of a balanced Adcock antenns greatly
redueces the evror due to nignt effect, but lts low sensitivity
makes it unsultable for & sferlc direction finder.

al IfTects

Brrors that are known as local effects are caused by trees,

&

hills, large buildings, especially those with large conducting

surfaces, power lines, telephone lines, rallroad tracks, and

Keen, R., {ireless Directlon Finding , Ppe. T5=T6.

o
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similar objects near the site of the direction finder. The ideal
site for a direction finder is at least one wavelength from such
objects, The antenna will be tuned at 50,000 cycles per second,
and this corresponds to a wavelength of 6000 meters. It is
practically impossible to find such an ildeal spot. It has been
suggested that these effects be interpreted in terms of the angle
they subtend at the antenna.? If the angle 1s four degrees, an
error of three to four degrees should be used. OSmith-Rose and
Barfield made tests near telephone lines and found that errors up
to 70 degrees were observed immediately under the telephone lines L0
These errors decreased rapldly as the aisvance from the lines was
increased, but was still a few degrees athlzo feet,

Direct w

Direct pieckup is obtaiﬁed_whcn voltages are induced into
component parts of the direection finder as well as in the antennae.
This error causes a shifting or broadening of the minimum and an
overall distortion of the cosine diagram giving results that may
resemble figure 12, In fact, all errors 1n a loop antenna can
produce a distortion of the cosine diagram of an ideal pattern, and
resulting in something similar to figure 12.

Direct pickup can be minimized by carefully shielding the
parts of the equipment. Both electrostatlc and magnetic shielding

are usually necessary
Yertical or Augemns Fffech
Figure 15 shows that the maximum induced voltage around the

loop is 90 degrees out of phase with the flux wave that induces

rxbidt’ De 525 :

10 Smith-Rose, R.L, afd Barfleld, H.H., "The Effect of Local
Cenditicag on Radio Direction-Finding Installations", Journal of
ltEtEi,_ Vel 61 (1922)’ 179.
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INDUCED VOLTHGE IN A LOOP
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n positions A and ¢ the volbage induced in either vertical

=i

member of the leop is maxlmum, bubt as tihey oppose each other around

the loop, the resultant induced volta (e} is zero. -Although the

vage
induced voltage in either leg of the loop 1s a minlmwum in position

o

B, the total voltage around the loop is a maximum.

»

5

Figure 14 illustrates a conventional circuit for connecting

the loop to a cathode follower. Without Cp and Cz in the circuit
there is an unbalance of impedance to ground from the ends of the
loop. The voltage at the termiﬁais of the loop csn never be equal
beéause of this unbalance of impedance to ground. The effect called
vertical or anterms effect causes the cosine diagram to shift 1is
minivums or to give indefinite minimums and a distorted ecosine
diagram similar to figure 12.

This effect is remedied by making the impedance {rom each

end of the loop to ground equal by adding Cp and Cz.
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FIG. 16

AMPLIFIER AND LOOP ANTENNA




jIT CONSIDERATIONS

Gircuit diagrams of the equipment sre shown on two sheets
for clarity. Figure 16 shows the power supplies and the cathd e=
ray tube, and figure 16, the circult of the loop and amplifier.
Since the two loops and amplifiers are identical, only ons dia-
gram will be used te represent the two channels.

Waveforms due to sferic discharges are ol a complex nature
containing freguencies as high as several megacyeles., These com-
plex waveformg cannot be used to indieate the direetion from which
they originate due to interference Ifrom commercial radlo slignals
sand similar types of interference. The loop and a single stage
of ampliification in the amplifler asre tuned to avold interference
from these signsals,

When a sferic waveform 1s applied to & parallel L-C circult,

the volitage taken from the circult will be a damped sinusold with

3

a freqguency equal to the resonant frequeney of the L-C circuit.

o )

The error due to interfering signals will be negligible providiag

O

the selectlvity of the tuned clrcuit is large enough or the reson-

t frequency is renote from the interfering signsls. A frequency

&
4
.

of 20,4000 cyeles per second was chosen for the resonant Irequency

.
v

o]

this direction finder.
THE LOOP CIRCUILT
The loops that are to be used in thils equipment are war
surplus components designed to work in conjuntion with the Army
BC-4355~G radio. compass.
The loop colls ars enclosed in a waterproof aluminﬁm shield

N



that is grounded, to eliminate slsctrostatic effects. The colls

are wound in such a way that they are electrically symmetrical

o

with respect to the snleld. This is done so that the capacity to
ground is symmetrical around the loops

The -loop is tuned to resonance atb 50, 00C eycles psr‘seaand 80
that the maximum signal can be taken from the loop at,ﬁhat'fréquency,
and the ef;eccs of interfering signals can be decFegsed;

THE Ab u’le’lb

Refersnce Lo the amplifier will be interzreted to mean elther

the vertlical or horlzontal amplifier unless epecific reference Ho

o

:thode Tollower,

one tuned amplifier, one resgigtance coupgled amplifier and a phase
inverter,

In the following discussion bthe symbols Lo be used are:

cance

ry = plate resist

7, = load resistance

@m = transconductance

, .

u = plificatiocn factor

A £ volbage gain '

&g = alternating voltage between the grid and cathode
ZL =  load impsdance
Coy & grid to plabe Gapacity B
Cop ® plate o cathode capaclty
Cgk = grid to cathwode capaciby

éi = altewnatlnf voltage b@tweeﬁ the control grid

and the meﬂﬁ

Ry = grid leak resistance



1., The Cathode Follower

The loop is comnected to the
follower, whieh is conventionally
again less than unity. The high

of a cathode follower mekes 1t
thie loop to the amplifier. A higy

amplifier through a cathode
spoken of as an amplifler having

2 Y

input lmpedancs an

an excellent elreuit for coupling

m

1o the loop is

necessary bo prevent loading of the tuned loowp.

in the cathode follower circult the load lmpedancs is placed
between cathode and ground; the plate of the tube is econnected to
alte WﬂﬂL ng ground, This differs from the conventional amplifler
in that this type of anplifier has its load lmpedance in the plate
eircuit, When the voltapge betwesen the grid and eathode of the
cathode follower ié made less negative, the plate current of the

Fitim o,

tube will increase. The increase

in plate current eauses the

voltage between the cathode and ground %o increass, and as a
result the cathode volvage follows the grid V@l%ag@.v This in-
dicatbes that the galn of thé stage can never be unlty or greater.
It can be shown that the gain of a cathode follower 1is
a= _WH 1
ry + Ry (u # 1)
With good design the gain of the csthode follower ean be made
greater than 0.9,
If a cathode follcwervhas a gain of 0.9 and g signal having

a pealr value of 10 wvolts iz applied between the contrel grid and

ground, the alternating voliage
hence, the voltage across the gri

Te man, Predriek Immons,

rom cathode to ground 1s 9 volts;

4 to cathode capacitance 1s one

Badio Bagineering, pe 208,

3

d high stability



(@]
£

volt. 4Applylng the ssme signal between the control grid and
ground of an amplifier with its cathode abt alternating ground
ltage across the grid to cathode capacltance is

Y

10 voltss The decrease in alternuting voltage between the cathode
and grid in the cathode follower, has the effect of reducing the

capacitance between these two elemenis by a factor cf (L = A),

..i.
where A= Br
- €3 s

and increasing the lmpedance of this capaclitance by the. factor

(1 iﬂA)g This makes this impedance high enaugﬂ 80 that normally

it ean be ne216cted when caleulating the. Input lmpedance of the
stage. In this discussion only the inpult resistance will be cone-
sidered. The input resistance of  the cathode follower used in this

equipment is equal to

Ry = Ha o,
LT e \
Ry + Rg

QnDL wr Teabure of the cathode follower 1s that the oubtput

impedance 1s very low cuapareu %o that of an amplifiers In bthis

gh
v
o

cireult this factor has very little significance, but will be
mentioned brieflys  The plate resistance.of a gathode follower

is equal to the plate resistance of the Tube mult¢glleﬁ by a

oo

' o 1 2 x4 <] 3 .
factor of SHe I Tae oubtput resistance of a cathode follower

TFT) v H
is the plate resigtance in parallel with the resistance from

cathode to ground.

e

A BJ5 trivde 18 wnsed in the carvhode follower circuit in this

> the published values of plate resistance for the

>

amplifier. Usain

s
C?

6d5, plate resistance is 7700 ohms and a u of 20, the output.re-

sxsn&nce of this eathode follower is,
“ lbid., p. 309.




40

(ubtput resistance = Re Yo
U+ 1
By + Tp
w f 1

“”‘I"O» ) - 7700 B Rl e

(367} {10620) = =g
Output resistance = (T67) + (10620 267 otma.

This shows that the output resistance of a cathede follower is
very much lower than bthat of an amplifier..

2. The Tuned Amplifier

The output of the cathode follower is applied to the input

of a tuned stage of amplification. The purpose of this stage is

I

to increase the selectlvity of the loop and to decrease the effeetbs
of interference from unwanbted signals.,
The gain of the stage is gilven by the relatlonship:

A= gm 4y,

wnere Zy, is the load impedance of the stage. The load impedance
al b

”

18 ag the parallel Impedance of the plate reslstence of the
tube, the impedance of the parallel resonant circult, and the grid

leak resistance of the following stage. The galn of the tuned

Trn

*gLifi 8,

A= &n W L Q B BY26

1+M..’L.9+;§_§»
gl

where Q 1s the g of the c@il. This gain was not realized in the
amplifier under disecussion. This was due par tlally 0 the fact
that the value of resistance and inductance used to calculate ¢
were thosge listed by the manufacturer and spgecifications were not

>

b

given as to bhow and at what fr eguency bthey were measured. The
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value of resistance of the coil that is listed by the manufacturer
is the direet current resistance, Since there is no available
@quipmsn% to measure the alternating current Pesistana@ at 50,000
cycles per second, the direct current fesistance Qf-thGVCOil was
used to calculate g« Placing the coll close to the chassis caused
ibs eflfective @ to be reduced. A gain of a@prozimately 400 was
realized for this stage with the half power poliunts at 7.5 KC
on each side of the mid-frequencies.

It is t0 be noted that because of its high transaéﬁdnctanc@,
a GACY tube was used in the cilrcult under discussion.

S« The Rosistance-Coupled Amnlifier

Yhe ocutput of the tuned stage of amplifilecation was connected
to the input of 2 resistance coupled amplifier stage. The gain
eontrol.was placed in the cathode circult of the awmplifier. A
different phase shift for each setiting of the gain control will
result if the gain control ls placed in a high impedance circuit.
The gain control in the cathode civecult eli&imateé having a differe-
ent vhase shift through the stege for sach seililng of the gain
control. A 200 ohm resistor was placed ln series with the galin
control to prevent the btube from ever operating without bias.

Phase shift is not a detriment in this amplifier. However,
the vertical and horizontal amplifiers mmst have the same over-all
phage shift in their circults. The plate load resistor was chosen
equal to the capaecitative reactance of the shunting eapacitance
at BO0 KC, and the coupling capacitor was chosen so that its re-
actance was small compared to the grid-leak resistor of the follow-

ing stage at k KC. Theoretically, there should be no appreciable

&



phase shift through the ampliflier at 50 LKC. lore gain ﬁhr@ugh
the stage couid have been reslized had the plate load resistor
been made larger, but some phase ghift would hsve been evident
with a larger plate load resistor.

The tube usged in this cireult 1s a G8K7, which was chosen
for this sbage of ampiifieaticn because of its remote cut-off
characteristic,

4, The Phase Inverter

Tie cutput of the resistance coﬁpled amplifiar'was conneched
to the input of a phase inverters A phase inverter of the float-
ing para-phase type was chosen because 1t 1s self-balancing, and
has some gain. The phase inverter was selected insteaé Of'a“trams~
former because it 18 better adapbted than a commerecial translormer
to the freguency used. |

In figure 17 the phase inverter and 1ts equivalent circult
is shﬂwh. The exeitation of Ty 1sg obtalned from the voltage
developed across R, by the unbelance of currents of Uy and T2
through Ry« The plate current of Ti dsvelops a voltage across Ry
that is coupled to the input of To. Coﬁsequ@ntly, the currsent of

T
&

Lo

causes a current through Ry that cancels out part of the voltage
developed across R, due to Tqp. It is this unbalanece of currcnts
that drives Toe In the ratio of

Bz 14 Pegt

it 1s to be nobed that if EZ&L. is much less than unity, the
g :
tubes will, for all practieal purposes, be balanced. This will

f21

be ‘true 1T
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and if the grid leak resistors of the following stages are egual.

It can be shown that the galn of T4 is approximately

« i Re
Al - ﬁ)l C .
Ha 4 fﬁ)l
and that the gain of To ig approximately
RG + Hpo
also that the ratio of
B2 o W
By N +

THE BREARING INDICATOR

A cathode~ray tube is used for Indicating the bearing, the
output of the phase inverter being connected to the deflecting
plates of this tube. 7The tube uged, a 2APl, has the four de-
Flecting plates brought out to pins on the base. The tube is
three foot cable. The cable 1is

connected to the amplifier by

r &
used so as to make it possible to place the cathode~ray tube ad-
jacent to the oselllosecope, which 1ls used (o take pictures of the
sferic waveforms. In"this>ﬁaj it is possible to get both traces
on the same ilm. .

Federal Telephons and Radio Corporation K-111 cable was

by

used to transfer the signal to the dellection plates. The cable

has two eonductors in individual insulating tubling with a shleld

around the bwo insulators. This type of cable was employed because

“ 4 o e CORSEE 2 ey e 3 2
iheeler, Myrom 35,, "An Analysis of Three Self-Balancing
thase Inverters', Proceedingsof IRE, Vol.d4, No.Z, (Feb. 1846}, &7.
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1ts low distribubed capacity and because the shield decreases
the interference between the two signals which are fed to the de-
flection ylates. The remalinder of the conmections was made through

uctoy cable, In the normal operatiag condition for the
cathode~ray tube, the blas 1s increased te the point where the
beam is just cut off. A pulse from the equipmenfjthat,acﬁuates
the camera and records the wavelforms of the sferics will develop
a voltage across Ry through (7 that is suffielent to allow a trace
tc be drawn on the screen of the cathode-ray tube. This is done
to prolong‘the life of" the cathode-ray tube and to simplify the
interpretation of the results.
THE POWER SUPPLIES

The equipment has both a low veltage power supply and a high
voltage power supply. The low volbtage power supply uses a HY3
tube comnected as a full wave rectifler across the secondary of

® 2 o~

T1 of figure 16. The Filter is a pi type condenser input filter

i

using twe 40 mierofarad condensers, and a swmoobthing choke. Across
the output condenser are four one megohm potentiometers used as
positioning controcls for thne deflection plates of the cathode-ray
tube. Due to the nature of the awplifier a regulated power supply
was‘not needad.Since mﬁAcritic&l amplifier stages are present in
the equlpment. ThevaW$r supply is used toc supply the powsr to
both amplifiers, and also the positioning voltage for the eathode~
ray tube, Positioning of thils type was used so that varying the
focus or intensity contrel for the cathode-ray btube would not
change the positioning of the trace om the screen of the tube,

It was necessary Lo wuse thls type of positioning due to the fact
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that in its normal state of operation, the electron beam of the
ea L wode~-ray btube will be cut off and will be triggered on by a
pulse Trom the waveform amplifier.

The purpose of the high voltage power supply i1s to supply
the voltages For the electrodes of the cathode-ray tube. It uses
a 2X2; Tigure 16, as a half wave.rectifier across the seeonéary
of T;; This power supply hasbboﬁh a positive and negative voltage
outént.; These two outputs ﬁeﬁe,necessary because of the type of
positioning used on the cathode-ray tube. The accelerating anode
and the derllecting plates should be approximately the same potential

‘for best operating conditions in the cathode-ray tube. The ilter
aoross tne positive volbvage ocubtput of this ?ower supply 18 a 0.5
microfarad, 5C0 volts working voltage, condenser, ano the filter
Tfor the negative voltage cutput 1s a condenser input pi fLilter
using two 0.1 microfarad, 2000 volts working voltage, condensers

and 500,000 ohm resistor. This type of filtering can be used

1

because very little current is drawn from the supply.



CHAﬁTER Iv
TESTS MADE ON THE DIRECTION FINDER

Preliminary tests were made on the direction finder by apply-
ing the signal from an oscillator to the eircuit components of the
equipment.

To determine the pgain of the vertical and horizontal ampli-~
fiers, the oubpubt of an oscillator was appllied between the con=
tol grid and ground of fthe cathode follower, and the alternating
voltage was measured at the deflection plates of thé cathode-ray

tube. The measured gain af gach auplifier was approximately one

million. The balance of the phase inverter wag determined by

applying a signal, having a glven magnitude, to its input and
measuring the output voltage of both tubes. The measured gain of

the driver was 60, and that of the inverter, 58. This indicates
a balance factor of approximately C.¥65H.

The ideal trace on the cathode-ray tube for lndicating bear-
ing was shown to be a straight line in the sectlon on crossged
loops. | |

The same alternating voltage was applied %o The input of each
amplifier and the trace observed on the screen of the cathode-ray

pure eight. This pabttern indieabted that the

[

tube was o small i

resonant circult was not tuned Lo the same freqm@ncril The frequen-

ey of the buned stage in the horizontal amplifier was adjusted
and a straight line was obtalined.

Further tests were made by dlscharging an 80 microfarad con-

Kessler, Wlllliam J. and Enowles, Harold L., "Direction
Finder for Locating Storms," Electronics XXI No. 5 (May 1948),
106-110,



denser at & distance of two feet from the erossed loops: The

patbtern traced

on the screen indicated thai tne crossed loops

are direction sensitive and the reading of bearing was approxi-

Figure 18

obtained at 0,

A pleture

the angle of incidence.
shows four btraces that indicate the readings
45, 90, and 135 degrees.

of the direction finder is showm in figure 19.

48
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SFERIC DIRECTION FINDER

Fé. 19



PARTS LIST
tnly parts for one of the amplifiers are listed since they
are lidentical.

Component Part Value of Component

C1,12,15,15,17,20,23,24,25

" 0.001 mfd, 600 VeDeS.

042’3 Onl mfd, 2006 V.i}tC-
Cq 0.5 mfd, 600 V.D.C.
Cs,6 40 mfd, 450 V.DeC.
Ci1 O+l mf'd, 600 V.D.Ca
Cllj: 18 21 B mfd, 15@ VaD&CD

3 LA }
Cig 0 « 50 mmfd, variable
Clggzg S0 Plid., =50 V
Ly 150 min; 100 ma
Lo Smoothling choke
Ry 620 ohm, % watt

10 K, 1 watt

1 megoim, 5 watt

200 ohm, & watt

i

'5,8,14

N 50 K. & watbt

15,10 60 K, 5 watt

Rg 21 50 K potenticmeter {carbon)

15 K, 1 watt

16 50 K, £ watt
Ry, ,
Reg 300 K, 1 watt
Rog oC K, & watt

100 ¥ potentiometer {carbon)



&2

Rog 250 K, 1 watt
st : 200 K, 1 watt
Rog 50 K, 1 watt
327,28, 29,30 1 megohm potentiom_etgr (carbon)
R55 10 K, 10 watt
Tl Power transformer
SB-GOH&&I‘Y 700 VeReMa Slr, 90 ma.
Filaments 6-5V., 3.5A., EVO,SAO
To Power transformer
Secondary 700V.R.M.8., 70 ma.
Filaments 6.3V, 2.5A. 20V, 84,
vy 5Y3
Vo 2X2
V3 2APL1
vy 6J5

Vs 6SK7
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CONCLUSIONS

[ 48]

Ssveral types of antennas coula have been employed in thils
sferic direction finder. However, the major factor considered in
choosing the antenna to be used was its sensitivity. A loop
antenna emplosinr many burns was the most sensitive antenna in-
vestigated and for this reason the loop was chosen as the di-
recvion sensitlve component for this sferic directlon finder.

Both the mathematical and graphlcal development of ﬁhe field
pattern of a loop antenna demonsirates that this pattern tskes
the form of a fipuare eight. In th@bpolar aiagrams of a loop sntenna

a

she direction of the plane of thz loo
3 Py

e

the maximum value is in
and the nminimuwn value is in a direction perpendicular tc the plane
of the antenna. |

The resultant field pattern of two croussed loops is the vector
Sum of thelr individual polar diagrams’, Flgure 9 is a polar plot
of the field pattern of a pair of crosséd loops.

A cathode-ray tube, employing electrostatic deflection 1s

a3 e

used as the bearing indleator for this sferic direction finder,

%.Jw

It was chosen because of 1lts instantansous response to voltages

d to the deflection plates.

o

appli

mis sferlic direction finder was developed and built to in-
dicate the direction from which sferic discharges were arriving.
Sufficient equlpment was not available to make eXtensive labora-
tory tests; however, the limlted tests that were made ilndicated
that the errors in the method of direction finding employed

small., The angle of incidence of the arriving signals could not
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be measured accurately because the distance from which the tests
were made was btoo shori. Had equipment been avallable to make
the tests from a distance of several yards, instead of three or

four feet, more accurate resulis could have been obtained.
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