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Measurement of the complete electromagnetic field of VLF transmitters

Summary: ‘
The actions of the new VLF routine recording equipment of the H.H.I. are des-

cribed. The' previous ’_records of field strength amplitude and phase on 16 kHz
have been extended by including observations on 60 kHz and observations of para~-
meters characterizing the elliptizity of the received horizontal magnetic vector.
In this way the transversal electric component of the field caused by the anisotro-
‘ pic' ionospheric reflection can be separated from the transversal magnetic com~

ponent. Examples of monthly observation reviews are given.

Messung des vollstindigen elektromagnetischen Feldes von Lingstwellensendern

Zusammenfassung:

Die Wirkungsweise des neuen Lingstwellen-MeSBplatzes des H. H.I. wird beschrie-
ben. Die Registrierungen von Feldstirke-Amplitude und Phase auf 16 kHé. werden
erweitert durch Einbeziehung einer weiteren MeBSfrequenz ( 60 kHz) und durch Be~
obachtung der Elliptizitit des horizontalen magnetischen Vektors. Der Zusammen-
hang zwischen den gemessenen Elliptizitits-Parametern und den TM und TE-Kom-~-
ponenten des empfangenen magnetischen Vektors wird dargestellt. Be1sp1ele monat-

" licher Ubersmhten iiber Reglstrlerungen werden mitgeteilt.
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1« Introduction

The Abteilung Hochfrequenztechnik of the Heinrich-Hertz=-
Institut, Berlin-Charlottenburg, has carried out contineous
observations of the field strength amplitude and ~phase of
‘the transmitter GBR"(16 kHz) since 1958 (Eppen and Heydt,
1959, Volland 1960). According to the state of technique
available at that time, the observations were stored vy ink
recorders providing a lot of régistration paper that fills .
‘the archives of the H.H,I. up to now. Only samples of this
material have been published, playing the role of illustra-
ting theoretical work on VLF propagation. For steady syste=
matic evaluation, e. g. determination of the diurnal varia-
tions of the reflection height and refle¢tion attenuation
(Volland, 1968, Frisius, 1966, 1970), neither the person-
nel nor the necessary technical auxiliary means were avai-
lable. The regular data exchange has therefore been restric-
ted up to day to regular messages of the solar flare effects
that could be read off from the records. (Ionosphérenberich-
te des Deutschen Wetterdienstes und der Arbeitsgemeinschaft
Ionosphidre). In this way, the requirements for steady -exchan-
ge of geophysical data are not very well satisfied. Therefore,
the development of a new VLF data system has been initiated
in 1967. To meet the interests of geophysicists and meteoro-
logists we have attempted to find a way of data presenting
that "

a) demonstrates the influence of the sun's zenith angle

on the observed parameters at first sight,

b) reduces the information abundance of normal ink re-
cords to such a degree that the diurnal field varia-
tions are sufficiently'described by a set of numerical
data appropriate for regular exchange and autométical
data processing. |
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Theoretical studies (Volland , 1968) indicate that the
electromagnetic field excited by a VLF trgnsmitter'invthe
earth-ionosphere wave guide provides more information on
the ionospheric reflection than the usual records of one or
two field quantities (e.g. amplitude and/or phase of the ver-
tical electric component). Additional recording of other com-
ponents may be expected to permit the determlnatlon of the
ionospheric conversion coefficients.-

It happened that in course of a preceding H.H.I.-Project,
the development of the Atmospherics-Analyzer (Heydt, 1967),
simple analog methods for direction finding and measuring the
ellipticity of {the horizontal magnetic field were developed,
These methods have been adapted to extend the former field
strength records to a "full wave" measurement of the received
electromagnetic field. Details of the technigue will be publiéhed
by a technical report (Raupach and Heydt, ih print). Here we
restrict ourselves to describe the quantities observed by the
H.H.I., and their graphical presentation, that is planned to
be‘published regularly over a period of two or three years, say.

2. Description of the observed parameters

All measurements are carried out by means of an antenna
System consisting in two crossed loops (area = 1 m2, number
of turns = 24) and a vertical whip ( length 4.5 m), mounted
on the roof of the 1nst1tute (elevatlon over ground ca. 45 m),
The measured quantlties are

1. Amplitude E of the vertical component of the electric

field vector, ' S

2., Phase P g of the same component, measured relatively

to the institute's frequency normal (Raupach, 1970),

These measurements continue the preceding observations of the
‘H.H.I. and are not further considered in this report.
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Deviation (¢ of the apparent bearing angle ‘¥ from
the direction of the great circle connecting the re-
ceiver's position -and GBR, S

Amplitude H of the magnetic component parallel to the
ground and perpendicular to the apparent bearing
direction,

‘Phase @ H'of the same component, neasured relatively
to the institufe's frequency normal,

Ratio between the smaller and the larger principal
axis of the oscillation ellipse of the horizontal mag-
netic vector (HPR = H - polarization - ratio).

The phase measurements are carried out on 16 kHz only (GBR),
all other measurements on 16 kHz and 60 kHz (MSF). Before
considering the observed quantities in more detail we show
an example of recordings taken in the summer 1974, The fluc-
tuations of the field strength amplitude and phase during
night, well known from the previous observations, are accom-
panied by variations of the apparent angle of arrival and of
the magnetic ellipticity ratio, especially on 60 kHz. During
daytime, no magnetic ellipse can be observed.(see Fig, 1)+

The physical discussion of these phenomena must be postponed
- %o later work. In the following section the relations between
the observed parameters and the transversal magnetic (TM) and
the transversal electric (TE) component of the magnetic vector
will be compiled. |

%. Analvysis of the magnetic field

For simplification, we neglect the eanth's curvature and
choose the transmitter's position as the origin of a carte-
sian coordinate system X and Y. The positive Y-axis points
to north, the X-axis to East. The angle between the X-axis
and the radius vector showing from the transmitter to the

receiver is @, The "true bearing angle" ‘¥

5 is the angle

between the positive Y-axis (= geographic North) and the
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radius vector showing in'opposite direction from the recei-
ver ‘to the transmitter: (see Fig. 2)

A (g.-ﬁ)-;-zr- B &P

In interest of generality'of the following considerations, we
assume the receiver's loop antennas to be oriented in such a
‘way that their normals coincide with the geographic West-East
and North-South directions (N.B.: We call briefly X- or Y-

' antenna that loop the normal of which coincides with the +%
or +Y axis respectively).

The receiver's position is chosen to be the origin of a
second cartesian coordinate system x and . Here, the y-axis
is parallel to the radi¥us vector transmitter-receiver and
coincides therefore with the propagation direction of the
wave passing the receiver. The x~y-system is rotated against the
X-Y-system in negative sense by the angle

T.g = % -m . 3  (1a)

The transformation is therefore

(X) cos( = - Ifj sin( ] - ﬂ)) X (2)
T K (--sin(i’0 - IT) COSC‘I”O - ) . (Y)

As further simplification we assume the distance between the
transmitter and the receiver to be so large that the received
field may be described by a combination of plane waves pro-
ceeding in the direction of wave normals parallel to the y-2~-
plane (z being the vertical coordinate). Thé grouﬁd conducti-
vity is assumed to be so large that tangenvial components of
the electric vector immediately above the- ground may be
‘neglected.
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3.4 Transversal magnetic -wave

Let us first consider the oversimplified case of a pu:e-"
TM wave excited by'a vertical dipole transmitter withoutvany
ionospheric reflection. Then the x-, y-, and z-directions
coincide with the positive reference directions for the mag-
netic vector, the wave normal and the electric vector respec-
tively. ‘ | ‘ ‘

‘The meaning of the coordinates'X,Y, x and y will now be:
changed: In the following, X and Y symbolize the voltages
excited by the magnetic vector in the X~ and Y- loop antennas,
Accordingly, x and y mean voltages that would be excited in
100p antennas with normals in x- and y-direction. In the case
of pure TM propagation we have (kH = antenna constant):

de » _

X = kH'a‘{;“ 3 y=0 ,

X = kg ggz- = Iy EEE cos(‘ig -*n?~ = =X cos(‘ig) (3)
aH, ; aH_ . | |

Y = kygg = kHa-,e—sin(\?o—‘Ir) = xsin(\:f/o)

For deriving a voltage that indicates the dlrection \i’ s the
voltage Y is phase shifted by 90° (the time dependence of all
voltages is assumed to be exp(jwt)). The phase shifted voltage
JY is added to or subtracted from X to give the new voltages

UI ::' X -.‘ jY = =X <COS(?O) + j Sin< \yo>) = =X e}cp(’é‘j)vo)

UiI =X 4+ JY = -x (cqs(‘fé) -J sin(‘ig)) = =X exp(fj‘EG)
The phase difference between UI and UII can easily be measured
by a phase detector and is twice the bearlng angle: ‘
Ur . '
T = exp(2 3 ) (5)
II L
Ia this way; the measurement of the bearing angle is reduced.’
- to a phase measurement appropriate for contineous observation.
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%,- Inclusion of a transversal electric field

The ionospheric reflection converts an incident TM wave
partially to a TE wave, This leads to a horizontal component of
the received magnetic vector parallel to the propagation di-
rection, In a x-y-antenna system the following voltages would
be induced: dEx

_ dg o
X = Kk y = k
H d% * H —%ld . (6)

We may assume that the amplitude of y is mostly (but not ge-
nerally) smaller than that of X, but the phase may vary arbi-
trarily. In the special case that the phase difference between
y and x is 90°, the two voltages describe an ellipse, the lar-
ger principal axis coinciding with the x-axis. To this special
case we relate the general case of an arbitrary phase difference
S writing as follows: l

X = xocos(mt), Y = yosin(wt + 8) (7a)
or in complex form |
x = xexp(iut)y 3 = -3y exm(ilut + 6)) (D)

. Both forms describe an ellipse the principal axes of which
are rotated against the axes of the x-y-system by the "bearing
error angle" A@ (see Fig. 3).

In close analogy to equ. (7) we write the antenna voltages
X and Y as follows

X = Xocos(wt + &x), Y = Ybsin(wt + SY) "% | (Ba)_
or in complex form | '

X = Xexp(ilut +65)), T = —Texp(ilus + 6p))  (&D)
The princibal axes of the ellipse are rotated against the axes
of the X-Y-system by the angle @ + /@ , and it will be shown
in the following that the “apparent bearing angle" |

W =g A8 = GE-F-A8) + )
is 1ndicated by our direction finding system.
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The coordinates relative to the prihcipal axis directions
of the "H-osc1llat10n ellipse" are f andbz .Their physical
sn.gm.f:.ca.nce is found analog to that of X, ¥, x, and y descri-
bed in the ‘preceeding section. They obey the e'l.lljpse equation

f e hE

where: a and b are the larger and the smaller principal axis
of the H-oscillation ellipse. In the ‘f W ~system, the oscilla-
tien of the I ~component is phase shifted agamst that of the

‘g-component by 90°: : ‘
¢ = a cos(ut + SH)’ h = b sin(wt + SH) - (11a)

" in complex form

¥ - e exmp(iut + $H>>' 1 = -gb (3t + 6))  (11b)

(Note that all phases a:r'e given here relative to that of the
TM part of the magnetic vector')

The larger axis a is always taken pos1t1ve, the smaller axis b,
' however, may assume negative values. The ‘sign” of b descra.bes_
the sense of the rotation of the magnetlc vector.

The voltages excited by the §~- and the K ~component of
tr: magnetic vector in the X~ and the Y-antenna are found
by a transformation analog to eq. (2):

(X\) ( cos(?—.zr) . sin(F - n’)) (E : o ..
A = ' ) ' (12a)
Y/ ‘-s.fi.n(..\}'./- n‘) cos(\F~ 1) VL |

“or in complex form, suppress:mg the time factor exp(awt)

( Xoexp(.jch)) (—cos(‘I’) ~s5in(NF) 8 , |
~3¥ exp(3by) sin( ¥) -co'scxz/)) (b) iRy SN
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The voltages U; and Uy, derived from X and the phase shif-
ted voltage JY as in the preceeding sectlon, are now (time
factor suppressed):

B = X-3I = ~(a-b) exp(I(E 85))

o - (13)
Up = Z+3X = -(a+b) exp(i(-"+ &)

The phase difference is equal to twice the apparent bearing
angle “’, By means of a phase detector it can easily be mea-
sured contineouélj. Furthermore, the amplitude of the ratio-
UI/UII which also is appropriate for being steadily recorded,
~is a unique function of the axis ratio b/a :
R az=D> 1 - b/a

b & = =
U lUIj[l

(14)

a+b 1 + b/a

: For a positive wvalue of b, Ty is less than unity, for ne- |
gative b it is greater . Thus, the sign of a logarith-
-mic indication of Ty immedigtely allows to see the semse of
rotation of the elliptically oscillating magnetlc vector.

Flnajly, the larger axis a can be measured by rectlfy;ng
the voltages Ui and UII and adding:

Ul + Ul = 2a - (15)

. If the positions of both, the transmitter and the receiver
are given, then the true bearing angle "2/ is known and there-
fore the bearing error angle /\@ can be found from the apparent
bearing angle ‘¥ (equ. 9). Therefore, the equations (13), (14),
and (15) provide a complete determination of the parameters

" . of the H-oscillation ellipse from the measured antenna volta-

ges X and Y,
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%3 Relations between the ellipse parameters and
the parameters of the TM and the TE field

36361 Separation of the TM and TE component

The ellipse parameters a, b, and /\@ are given by the mea-
- surement. We want to determine the amplitudes x, and y, and
the phase difference 8, '
The principal axis system (f ,ﬂ ) is rotated against the
x-y-system by the bearing error angle A@. Substituting A\F
instead of (¥~ m) in equ.(12a) and using the abbreviations

¢ = cos([&ﬂ) sy S = sin([ﬁﬁ)

we get the transformation

o

Xo [0 =S a ‘
( | S D I oI (16)
voexb)) \s ol (o] :
In the same way as equ. (13) and (14) we find
X = J X =Y exp(jS) .1 = Db/a '
. - Nk = exp(~2iA%) (17)
X+ 3x X + yoe@(jS) 1+ b/a <

Equating the upper row of equ. (16) we find the relation
between the phase H and the ellipse parameters:

SH = -arctan(g tg5(A\?)) : (18)

The amplitudes x. and Y, are related to a and b by

(o}

2 axe P2 5202, g2y ofa? 4 B2 (19)

~ From here

The phase difference § can be found by adding and subtrac-
ting the following products: '

(a2 ~12)CS+35ab
(a? - b2) CS~jab

7= 3 xy,exm(-36)
Ly = -3 xoyoexp(a‘g) .
Cnf ey - -2 x7.8in(8) =. 2 (a® %) ¢ s Lol
xF -2y = j2 xoyocos(g) = j2ab - (22)

g .. 8  B,.8
Xg + ¥, = .a +b (20)



Remembering that C S = 5 sin(2A@) we find

& e
pan(§) = - =22 gin(ang) S @)

a

‘The equations (20) and (22) form a set of equations for two
unknown of the type: ' '

u +tuy, = P, u’,]u2 = q : (24a)

with the solution . 5 : '
: - - ~ 24b
. u»],g ' % i'-\/-é q ( )

Inserting

- 22 ‘ |
p=a?+02, q=—3R o (22)(1 + san®(§))
cos<(0)

. 2
= 'a2b2 +i} (a2 - b2) sin2(2A¢)

2 - ‘ | - |
X 2 2 2 2
o = EE o B WTIEREART (25

3e43.2 Calculation of the ellipse parameters from
given TM and TE components.

For the application of theoretical field compubtations it is
interesting to predict the ellipticity and the bearing error
' angie from giwven Xor Tgs and 0. To this end we start from the
inverse transformation to equ. (16) : '

E a | c s\[| x, - :
( = ( \ exp(:igﬂ) = ( ' (_ \ - (26)
_ﬂ_, b , -S C JYOGXP(JS) - |

an add the prodgcts ' :
EF = -2 - 52) 05 + § x,7,(CCemn(-36) + SPexp(+36))

£ = -2 - 32) © 8 - § x,7,(CPoxp(+36) + Sexp(~36))
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Because on the other hand
E1* 2jav 0, R =-jad

the sum of the products vanishes, and we f£ind

2 2y - 2 _ &2
| -Fxo -y5)Cs + xoy031n(g) (cc -5°) = 0
inserting . o
2¢5 = sin(2A8) , 02-8% = cos(2AP)
leads to

ban(eAF) =~ min(dy (@D

For deriving a and b from x_, ¥y,, and § 4 we insert’in (24)

p = xg + yﬁ y a4=X% yocosz(s) = oyo(’l sin’ (S))
and find | | |
4 A, Aed g
e e e sin
b2 2 - 2 x= - 35 (28)

 3.%.3 Mapping of contours of constant ellipticity and
constant bearing error angle. _
A first inspection of equ., (7) leads to roughly scetching
AP and b/a as functions of § by the following remarkable
values of 03 '

Yo/ %< 1 o Vo/%o 71
§ AF b/a | NP . v/a
' g %'- -arctan(yo/xo)N _O ' —arctan(yo/xo) -0
(9 -450) (& =450)
0 0 | yo/xo_ Fo0° o xo/y° 
é{ +arctén(yo/xo) o . 4arctaﬁ(yo/xo)"_ "0
(< 459) (> 450)
o 0 =¥ /%, £90° - | | X,/7, |
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For g = i-gl, the ellipticity vanishgs and the bearing
error angle passes extreme values. If 0 is in the interval
between - g and +-§', the sense of rotation of the magnetic
vector is positive, otherwise negative.

+. Fox g = 0 or @, the ellipticity pasées extreme values, and
/\@ vanishes, if yo/ko,is less than unity. If yoﬁxo is greater
than unity, however, /A@ changes discontineously between + 90°
and - 90° when paSses O or r. For O« 8 <1, the bearing
error angle is positive, and negative for the remaining inter-
val. ' ' ‘

To survey the content of the equations (23), (25), (27),
and (28), the transformation between the ellipticity parame-
ters and the complex TM~TE-ratio is graphically presented by
figure\4. Here, contours of constant values of the observed

parameters b
/AP (in degrees) and vy = f;-:f%— (in aB)
’ a

have been plotted on & plane defined by the following axess

phase difference 8 between the TE and the
TM component of the magnetic vector, .
ratio y /x, between the amplitudes of the -
two components (in dB).

abscissa

ordinate

For calculating contours of conétant Ty we. start from the
equations (20) and (22) and combine them to

b Jo - -
‘ - ————Q—Ee,cos(g) v - (29)
142 1+23 |
2 2

The left hand side of this equation can be. expressed by the

measured ratio Ty 8s follows:

2b
h q"‘rU a .1-I'U e ' ’
B are .t o Y Ty T (30
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Thus, lines of constant Ty are given by the solution of
equ. (29):

§) [ cos(§
o, 2B 2 (31
o ; , _

This solution is real in the range
..90°<'-arccos(v)_§_'8;_¢, +arccos(v) L +90°, when r;<1 and v> 0
90°< arccos(v)< Ss.zn’ ~ arcos(v)< 270°, when y> 1y V<O o

The contours of constaat AP are found from equ. (27), rewri‘t_:-'
ten here as

an(2ZAP) = u = —— sin(§) @)
1 - - '

%o

The solution is
o sin(g) \/ sin(b)

P = e pe-paaei T-l-’l (32)

To enshure that the solution is positivé, the upper sign
of the root has to be chosen. Because of the ambiguity of
tan(2/\@), each contour corresponds to two values of /N\fd.
For y /x,< 1, /\@ is in the range between -45° and +45°,
for yo/xo > 1, AP is outside of this range. At the branch
points = O and = 1 , each /contour /@ = const
connects smoothly to a corresponding secﬁion of the
contour (AJ +1r/2) = const or (A\g - n'/2) = const re-
'Spec‘a:l.vely.
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4, Examples of monthly observation reviews

The following pages show examples of monthly observation
reviews that are plannéd‘to be communicated regularly for
~a limited period of two or three years, say. At the bottom
of each page, the frequency and the observed parameter are
indicated. For the graphical presentation, a format has been
chosen that enables- to visualize the influence of the sun's
zenith angle on.the observed parameters. To this end, strip
chart records are carried out with small time resolu~
tion (2 cm/hr) and low indicating sensitivity for the obser-
ved quantities., These records can be combined'without tim.
consuming copy work to monthly surveys. For.more detailed
studies of single,eventb of special interest, synchronous
‘records with higher sensitivity and time resolution (6 cm/hr)
are available. |

4.1 Individual time scale

For Studying the sunts influence it is uéefﬁl to super-
 impose upon the common GMT - time scale (horizontal in the
presentation) an individual time scale for everyAprqﬁégation
path emd every day of the'year. The propagation conditions
for pbopagation paths of about 1000 km length, may'approxi-f
mately be defined by the state of the lower ionosphere above
the path midpoint.'The ionospheric ionization during the day
is a function of the cosine of the sun's zenith angle ¥, .
Tha‘ihdividual time scale is therefore given by the instants
‘when at the reference point cos( A ) passes through the values
0.1y 0e2, +..and so on, The scale has been completed for the -
‘nighttime by the instants when cos( ) passes. through the cor-
responding negative values. As an illustration we notethat
“the cos(ﬁK_)-values ~0.,1 and -~0.2 correspond to heights of

the geometrical shadow above the ground'of gbout 30 agnd -

125 Xm respectively. ’ | :
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- 4,2 Indication scales

The amplitude H (relative to an arbitrarily chosen normal
level) and the ratio HPR are given in dB. The indication range |
between the basic lihes for the records of subsequent days
corresponds to %6 dB,

The direction of arrival @ (identical to the A@ of the
text) and the phase g are given in degrees. The indication
range is 560° for @E and 180° for (e '

The indication ranges are subdivided in 6 iatervals corre-
sponding to 6 dB, 30° or 60° respectively, and marked by tenuous
horizontal lines in the presentation. The zero line for HPR and
forte‘is in the middle of the indication range. A positive de-
flection of the @-track indicates a deviation of the apparent
angle of arrival towards south. ‘

5., Concluding remark

It should finally be mentioned that further development
is planned to replace the graphical presentation with sets
of numerical data appropriate for data exchange and automa-
tic processing. It is believed that considerable reductions
of the data abundance can be achieved without loss of essenti-
al information - at least for undisturbed days - when the
observations are restricted to average quantltles computed.
‘for the time intervals between the characteristic instants
of the individual time scale. This hypothesis, however, needs
substantiation by experienée.
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