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ABSTRACT

Whistlers and related very 1ow frequency radio signals are guided
in ducts of enhanced or reduced ionization along the geomagnetic lines
of force of the earth's magnetosphere. The signals convey information

* about the distribution of particles in the plasma through which they have

propagated and about the occurrence of wave-particle interactions in the
magnetosphere. Direction-finding on. such signals will aid‘in locafing
the ducts and measuring their temporal drifts, thus making an important
contribution: to. studies of‘magnetospheric convection. |

The signals, although narrowband in nature, exhibit wide frequency
excursions in the 1 to 10 kilohertz range. An innovative technique is
presented for tracking these frequency excursions in real time to produce
a filtered, quaéimonochromatic version of the signal. The vcitages in-
duced by the incident wave on two orthogonal loop antennas and a vertical
monopole antenrna are processed by this method. The filtered signals are
then cross-multiplied in a manner analogous to a Poynting vector calcula-
tion to obtain a continuous indication of the wave directidn of arrival.

The design, construction, and laboratory testing of a prototype
instrument are described. Field testing of the instrument was performed
at Stanford, California, and Roberval, Quebec, Canada. Operating at
fixed frequencies, the direction-finder produced accurate results on VLF
transmissions in the 10 to 20 kilohertz range from NAA, NPG, GBR, and
the Omega stations;} Well definéd~bééring~ihdi¢atibns were élscrbbtained :

for spherics at frequencies in the 1 to 10 ki]ohertz region Successful :

o frequenqy-tracking and direction-finding were demonstrated for a wide

: '?-variety of whist'lernmode signals. fncludmg whistlers. choms. and dis- '

‘f;jcrete emissions‘;;The,t°°h“1q“° was also succgssfully aﬂnlied to emfssionsw;“
- T TR _efiﬁifi ' Lo -




in the 2 to 7 kilohertz range Stimqlated by the VLF transmitter at
S1p1e Stat1on Antarctica. . N | A |
Direction of arrival indications on whistlers were consistent with
the duct positions predicted by frequency profile analysis. Evidence
~was also presented of temporal changes in the- di rection of arrival of
| s1gnals wh1ch may be an. 1nd1cat10n .of .duct drifts -
4Th1> instrument provides, for the first time, a continuous, -
-innediately readable record of the direction of_arriVaT of Qhﬁstlefemode
signals. It could also be'appiied to the automatic acquisiiionAof
whistler-mode signals and measurement of their umplitude and~frequénqy

variations.
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I. INTBRODUCTION

A. PURPOSE

The purpose of the research described herein is to develop apparatus

and techniques for making direction of arrival measurements on whistlers
and other very low frequéncy (VLF) signals in a field environment.
B. BACKGROUND

1. Signals of Interest

Whistlers are bursts of VLF electromagnetic energy which originate in
a lightning stroke and are guided along geomagnetic lines of force to the
opposite hemisphere. Their character is that of a sweeping oscillation
descending from the upper audio frequencies i.» the lower audio range in the
course of a second or two; the frequency yariation with time is a result of

the dispersivs propagation characteristics of the magretoplasma through

which the whistlers propagate. It is generaily agreed [Helliwell. 1965]

that the whistlers are guided in "ducts" of enhanced or reduced ionization
within the magnetosphere. The frequency-time profile of a whistler conveys
considerable information about particle densities in those regions of the
. magnetosphare through which the signal has passed. As a result, intensive
- soientific investigation has been underway since 1851, primarily consisting
of the recording of VLF activity, spectrum analysis of the recorded tapes, and

intarpretation of the profiles.
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While the frequency profile analysis ~an pred.ct the equatorial radius

of the duct, and hence the approximate msgnetic istitude of its endpoint
[Helliweil, 1965] » no longitudinal information hes been available other than
the crude inference that the duct exit point is within some 500 tc 1000 km
radius of the recording s;aﬁon . Studies of the important problem of temporal
drift of the duwts |e.g., Axford, 1869; Carpenter and Seely, 1975] , and
experiments to getect particles precipitated down into the atmosphere by the
passage 0: waves through the magvatosphere require a more accurate means of
locating the duct exii point. A s:ngle direction-finder determining the
azimuthal angle of arrival of the signal could, in conjunction with the mag-
netic latitude analysis, locate the ducts; alternatively, direction-finding
measurements at multiple, spaced stations could locate the ducts by triangula-
tion, providing further data on the accuracy of the profile analysis as a
predictor of the magnetic latitude of the duct exit point. These opportuniﬁes
provide the motivation for the present research.

In addition to whistlers, the VLF spectrum exhibits other unusal signals
which are less well-understood than whistlers and which are generally
classified as "VLF emissions™. Chorus and triggered emissions are prime
examples of these signals. Of particular current interest are the axtificially
stimulated emissions (ASE) produced by the 100 kW VLF transmitter operated
by Stanford University researchers at Siple Station, Antarctica [Helliwe’ll
end Katsufrakis, 1974] . These signals present an opportunity for investigation

beyond ihe realm of natural whistlers; the stimulus energy can be controlled



to enhance the effects under study and reduce other phenomena which mask
them. It is thevefore desirable that a whistler~-mode direction-finder be
cspable of operating on these signals alsc.

2. Classification of Direction Finding Techniques.

All direction-finders are specialized antenna and receiver systems
which determine the direction of arrival of en iﬁcident electromagnetic wave.
Classificaticas can be made according to which wave properties are measured
and according to how these measurements are processed to determine the
direction of arrival.

Coinsider o general plane wave pmpagéting in free space towerd a
direction-finder site as illustrated in Fig, 1.1. The azimuthal angle of
arrival is denoted by 6 and the elevation angle by p . The wave polarization
is described by an ellipse having an axis ratio R and & tilt angle o of the
major axis. Any arbitrary polarization can be described by these parameters;
note that IR| €1, and that R>0 corresponds to right-hand polarization, while
R<0 denctes left-hand polarization. (These geometrical coriventions are
similar to those employed by Bullough and Sagredo [197 3] and are convenient
both for visualization and for comparison of the new system with existing

tochniques.) The eleciric and magnetic fields of the wave are expressed as:

E = Re [E ot (CoB C & eIt {(~sln @ a

1 -stnaal)+jE

i ~-C08 O al )]

2 i

J.1)

. -1_ 8 wt . - " -]-_- j’.dt s ~ -
H = Re [nEle (s aa + sin o 8, )+)ﬂE2 {-sla & a, +cos @ a")J.

€D




y{EAST)

> x (NORTH)

Notes:
, A A A . . : . '
1. 8,8 ,8 are the un’. vectors in the wave coordinate systei;

FICURE 1.1

4 is the direction of progagation, & lies in the plane of
incideace, and &; is muiually perpendiculer to ‘a‘n and 3“ .
E, and B, ars scalar ¢aantities incicating the electric field
along the msajor and ~inor axes of the poiarization ellipse,
respectively .

R = EZ!EI.

R Is posltive Jor 1ight-hand polarization,

With the x and y axes aligned ~s shown, the +2 axis must point
downward to maintain a right-handed coordinate ssstem.

A CENERAL PLANE WAVE PROPANATING TOWARD A DIRECTION-
FINDER SITE.
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In accord with the vsual convention, we wﬂi dréxd -thée”"_t and Re[} symbols,
Also 'a_pplying'the reletion R=E2/ El’ the ﬁeldé_ can be éxpréssed as
E = E [(cos‘ @a -sina a2;) + IR ,_(?q_i;}. oz a,. ,'»"=°?5‘°! 3 1;)‘] ,

{1.2)

aa 1. A . w ) A ’ A
H =-E cos o + 8l : e ; .
piylcoedy vemady) « Mesinad, + cosady] .

Measurement of the complete vector electric and @gnetic fields at the
direction-finder site is sufficient to determine the direction of power flow
frqm Poynting's theorem. In theory, antennas could be constructed to in-
' ) Ez, Hx,_H ,» and H.z and cir_cuits could be employed

y y
to execute the multiplications and additions necessary to compute Px’ Py, and

dependently sense Ex, E

Pz ,» completely defining the propagation direction. Since the signal may
have propagated via several reflections between *the earth and ionosphere,
‘the elevation angle of arrival is of limited usefulness in locating the svurce.

Hence, ground based systems are often intentionally limited to the determin-

~ ation of azimuthal direction and only two or three field components are

measured . Direqtion-ﬁndars operating on the power-flow measurement
principle can utilize antenna systems which are small relative to the wave-
lengths involved and hence may be termed "small-aperture" direction-finders.
In contrast, "large-aperture™ direction finders utilize antenna arrays
which are appreciable in size relati{re to the signal wavelengths. One popular
type ig the "mterfgrqmeter" direction-finder, in which multiple.,. spaiially
aeparated antennas are employed. - Consider a system in which ant'ex_nnas are
ldc'ated at the origm’_of-th'e coordingte system of Fig. 1.1 and also at some

.
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r#dia‘l distance along the x, y, 'é:}d z axes. :anlg of the outlyi'rgg antennas.
vﬁll sense a wave phase R rélati_ve to the waire ph_asé at the origin, thgt
_ corresponds to the projection of thé fwaxfenormal véctor along that axis ,'
thereby defining the direction of propagatibn. Again, most practical ground
" based systems are limiteq to the measurement of x and y components, and
hence only the azimuthal arrival angle is determined.

The accuracy of the largé-aperture system is proportional to the
‘spacings used; the pérformance of the two types of direction-finders in the
presence of instrumental imperfections and noise is shown in Appendix A to
be comparable when the large-aperture system is constructed with entenna
spacings of \/2«. This principle is responéible for the practical preference
for large-aperture systems at the high-frequency band and above, where-
spacings larger than this are easily achieved, and for the predominance of
the small-aperture approach in the VLF range, where such sparings require
large amounts of real estate and the long distence transmission of phase data.

As stated earlier, direction-finder: can .Anso be classified according to
how the wave measurements are processed to determine the direction o_f
arrival, regardless of which wave measurements are made.

Consider the general system configurations in Fig. 1.2. Inthe “irst
system, (a), paralle! channels filter {he antenna signals and then a calcula-
tion is made in a non-linear processor to determine the direction of errival.
Contragt with this the second system, (b), in which the antenna signals are

first combined in some time-varying manner, passed through a single |

RTINS £ A AT
AR i
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DIRECTION-
4 - FINDING
' FILTER (| PROCESSOR |— DF ANGLE
| (NONLINEAR) |
L—"M FILTER
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Vo conse o  p FINDING OF ANGLE
COMBINER FILTER PROCESSOR | 7
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¢))

FIGURE 1.2  GENERAL CONFIGURATIONS FOR PROCESSING WAVE
MEASUREMENTS TO DETERMINE DIRECTION OF ARRIVAIL,

(a) Multichannel, parallel processing. (b) Single-channel sequential
processing. :
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mterin.g channe!, and then processed to calzulate the direction of arrival.
When the filtering operation requires human intervention, the broadband
unfiltered signals must be recorded, and in this case the single channel
system displays the advahtage of requiring only one recording channe! as
compared to the requirement for matched multiple channels in the parallel
system. However, signals of brief duration and signals exhibiting fading or
modulation at frequencies comparable to the time-varying combiner operating
frequency are prone to errors or complete loss of directional data in the single
channel approach. The great majority of work in VLF diréction-ﬁnding has
been based on examination by an analyst of the entire spectrum to locate the
signals of interest. Hence, the single-channel appro-ach , embodying the
rotating goniometer as the time-varying combiner, has predominated.

3. Prior Efforts in VLF Direction-Finding.

The earliest interest in direction-finding at VLF [Ockenden , 1954
Adcock and Clarke, 1947] was apparently motivated by a desire to locate
the sources of atmospherics (generated by lightning strokes) for meteor-
ological purposes. In the early systems, the voltages induced on a pair of
crossed loop antennas were applied through dual amplifiers to the deflection
plates of a cathode ray tube. Direction of arrival indication wés purely
visual and practically instantaneous. In the clessification framework
presented above, these systems would be described as sntdl—aperture
direction-finders using multi-channel parallel signal processing. The

polarization errors which can occur in such crossed loop small-aperture




systems when the incident wave is not purely vertically polarized were dis-
cussed by Horner [1954]. Using continuous wave signals from station GBR,
Homer [1957] also demonstrated that while daytime polarization errors were
low (less than 100) , the nighttime values ranged up to 400, being most
prominent at distances of about 300 km and less prevalent at shorter and
longer distances.

Specific attacks on the whistler direction-finding problem began in
1955 with Crary [1961] ,» and Watts {1959] who used a rotating goniometer to
combine the outputs of the crossed loops into a composite channel. These
systems followed the "single-channel" philosophy, with the goniometer serving
as the time-varying combiner, because it was necessary to record the entire
VLF spectrum. The broadband tape recordings were spectrum analyzed onto
paper or film, and then visually examined to locate the whistlers, determine
their "null pattern”, and compare the pattern with some reference to measure
the direction of arrival. Some whistlers exhibited nulls while others did not.
As a possible explanation, Wetts pointed out that downcoming cireularly
polarized signals would not display good nulls on such a system. Another -
justification for the absence ¢f nulls in "swishy" whistlers was that th_ey wowad
probsbly be composed of many elementary whistlers arriving from different
directions. Eilis [:1960] found incomplete nulls when measuring VLF noise
at 5 kHz and advanced a similar explanation: the source must be of wide
anguiar extent. The most recent efforts with the goniometer and crossed

loops have been published by Bullough and Sagredo [1973] . Thelr data show




wide variability in the measured direction even on a single whistler, but

when averaged over several whistlers judged from frequency profile

analysis to have the same path, the RMS deviation is on the order of -.u09 te
o

20" . This wide variability in the apparent direction was predicted in

Crary's [1961] propagation analyses, along with indications that averaging

-, the data over frequ: icy could achieve considerable reductions in the error.

',' Tracing the history of "large-aperture" systems at VLF, it appears
B

- | that the application of this technique for whistlers was first suggested by

Crombie [1955] who recommended spacings of 0.15x, which, interestingly,
compares closely with the spacing (\/2w) at which the large-aperture and
small-aperture techniques display comparable accuracy in the presence of
noise. The first report on an actual application of the technique is given by
Delloue [1960] » who used spaced loops and a radio relay link to transmit the
phase information. He rept;rted that the direction of arrival tended to "circle
about tho magnetic field line" and that the polarization varied rapidly. |
Another large - aperture system has been built by the National Bureau of
Standards at Brighton, Colorado, as described by Hefley et al. [1961] » with
claimed accuracy of under 10; however, it is adapted only for used with
atmospherics. The antennas are placed at the vertices of an equilateral

triangle with sides 4 miles in length and the signals are conveyed to the

central location by transmission lines.

Of particular interest in this research are the efforts in small-aperture,

multi-channel systems. Cousins [19'!2:] proposed a method for combining ihe

10




signals from crossed loops and a vertical antenna which would yield no
polarization error, provided the antenna responses were perfectly in agree-
ment with theory and the incoming signals was not purely vertically
polarized? He recorded the three antenna signals on a multi-channel tape
recorder, then digitized the spectra, and performed the filtering and pro-
cessing on a computer in an interactive mode with a human oberator. Tsuruda

and Hayashi [1974] have described and built a system using a similar

principle, but employing analog processing instead. These techniques are
characterized by the need for multichannel phase and amplitude matched
recording capability; human intervention is required to locate the frequency-
time profile of the signal and adjust the filtering to extract it before the
direction-finding processing is performed. |
C. APPROACH SELECTED

With the goal of this research being the development of apparatus
suitable for field usage, considerations of practicality entered the design at

an early stage. At very low frequencies, the small-aperturs antenna system

is rﬁuch more attractive than the large-aperture array with its attendant real
estate requirements and the difficulty involved in conVGyin'g the antenna
signals long distances to the processing site. In view of this consideration,
and the predominance of crossed loop antenna systems at existing VLF re-
ceiving sites, the small-aperture approach was chosen. The more fruitful

area for improvement was found to b. in overzoming the limiiation of existing

+ _ :
For a discussion of this point see Section 1I.C.5.
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VLF data gathering and signal processing techniques. Current methods
customarily employ either broadband recording of the entire spectrum with
subsequent examination of spectrum records by an analyst, or fixed frequency
narrowband reception. The latter method can capture only a fraction of the
typical whistler or artificially stimulated emission in the course of its wide
frequency variation with ﬁme. A visible gap between these techniques
exists: broadband analysis provides cnly rough indications of intensity as a
function of frequency; narrowband techniques produce detailed data on the
signal characteristica, but capture only a fraction of the desired signal. If
an instrument could be developed which would automatically detect and
filter a frequency-varying VLF signal from the background energy in real
time, this gap would be oridged. The following bienefits would be expected;

8. the multichannel processing technique of Fig. 1.2(a)
would become feasibi~, preducing a continuous record
of direction of arrival uncompromised by fading or signal
modulation, ana usable for signals of any durstion;

b. & greater amount of data about temporal and frequency-
dependent varlations in the apparent direction would be
produced, and improved accuracy due to averaging out of
errors over the entire signal profile would be expected;

c. automatic extraction of other signal parameters such as

frequency and amplitude would be made practical; and

12
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d. the burden on the human observer of searching and scaling

spectral records would be reduced.

With this motivation, a new approach to VLF signal data gathering was
conceived, following the block diagram of Fig. 1.3.
D. CONTRIBUTIONS OF THE PRESENT WORK

The most important contributions of this research are summarized as

follows:

1. A new and innovative technique for filtering and extracting
direction of arrival information from whistlers and other VLF
signals is proposed; the method is analyzed and compared to
alternative approaches in theory; a prototype inétrument
embodying the new technique is designed and constructedv
_rand deployed in an actual field environment. The praoticality,

efficiency , and utility of the approach under these congitions

are demonstrated.

2, The direction-finding data produced are of higher accuracy than
that from existing approaches, displaying less polarization error .

and no 180° ambiguity; the temporal resolution is continuous as -

compared to 10 or 25 sample-per-secend limitations of the

cotiventional goniometer. These advantages permit more detailed

direction of arrival studies of the substructure within whistler

R il
Kl

. events, including precursors and triggered emissions, as

- ! danonstrated in the chaserved data.

13
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3. Exemples . “amporal changes in the direction of arrival

of whistler-mcde signals are found which may indicate

drifting of m~gnetospheric ducts.

4. The firs. Zirection-finding on signals received via magneto-

spheric amplification from Siple Station, Antarctica, is

detwonstrated. Duct exit points indicated by the direction-finder

agres with those of whistlers received in the same time period.
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II. THEORY AND ANALYSIS

A. FREQUENCY-TRACKING OF VLF SIGNALS

The eopcepr of adjusting the frequency of a receiver or filter to foiiow
the frequency of a sigial nas been applied in other contexts; in particular,
the technology of phase-locked receivers for satellite signal reception is

highly advanced, as described by Gardner [1966] . All of these applications,

- however, involve tracking over a narrow fraquency range relative to the

signal frequency, whereas a whistler at VLF may sweep over a decade range
in frequency . To accommodate such an excursion, new concepts in the
design of the frequency-tracking circuitry must b~ introduced.

1. Tracking Loop Characteristics and Limitations.

Two configurations for achieving automatic tuning of a receiver or
filter, cpen-loop and closed-ioop, are illustrated in Fig. 2.1. When the
purpose of the filtering is to extract the signal from background noise and
interference, the open-loop approach is clearly unsuitable as the frequency
information would contain thiese undesirable elements and tracking would be
poor; open-loop operation is also more sensitive to small drifts in circuit
parameters. Thus, the logical choice is the closed-loop configuration, in
which the frequency information is extracted from the filtered signal and fed
back to control the tuning of the receiver. Furthermore, the most practical
way to achieve electrenic tuning of multiple ﬁitering' cha_nhels is to use fixed
filters and to instead translate the frequency of the incoming signals by an

electronically variable amount, using a voltage-controlled local oscillator

16




SIGNAL FILTERED
AND FILTER —» SIGNAL
BACKGROUND
: 8 TUNING
PREQUENGY CONTROL
DETECTOR
(a)
SIGNAL | FILTERED
AND >———— 3! FILTER _ bl
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CONTROL [ FREQUENCY |
DETECTOR ’
®)
FIGURE 2.1 CONFIGURATIONS FOR FREQUENCY TRACKING. (a) Open

1o0p.

(b) Closed loop.
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and mixers. Implementation of this technique is illustrated in Fig. 2.2,

A rigorous analysis of the operation of such circuitry is beyond the
realm of linear circuit theory, because of the presence of nonlinear elements:
mixers, voltage-controlled oscillators, limiters and frequency diseriminators.
However, by proper deﬁpition of the system variables and by restriction of
the range of operatio.n‘, a linear model can be produced. The voltage-
controlled oscillator and frequency discriminator can be modeled as linear,
_memoryless voltage-to-frequency and frequency—to-voltage'transducers . The
mixer, which generates sum and difference frequencies from its input signals,
can be represented as a frequency subtractor. (The sum frequency component
is not passed by the IF filter.) For the IF filter, the problem lies in deter-

" mining the response of the output frequency to changes in the input frequency .
Panter [1965] and Baghdady [1961} have performed analyses demonstrating
that an appropriate linear model for the "modulation transfer function" is pro-
vided by mathematically translating the ‘IF bandpass filter function into a
low-pass filter function centered at zero frequency. With the benefit of these
approximations, an analog to the system can be constructed as in Fig. 2.3.
Changes in the tuning frequency of the receiver are brought about
by the detected frequency error Af in the IF passband. The error which must
be tolerated to produce the necessary changes depends on the loop feedback
filter used. A pure, memoryless amplifier for feedback requires an error
proportional to the tuning offset needed (that is, the difference between the

‘signal frequency and the receiver quiescent tuning frequency). With a

-
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FIGURE 2.3 LINEAR MODEL OF FREQUENCY-TRACKING LOOP,
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- single integrator in the loop, the error is zexo for any canstant frequendy -
‘signals and proportional to 6f/ dt for ehangim;' frequeacies. With double
o Aiq_tegra_t‘ion., thggrrpxj is_propqgti_ona{ to dgf/ dtg? _agd 80 on; however, the
higher the order of integration, the siower the initial response of the loop _4
to the transients involved in acquiring a new signal. For whistlers, a sinéle
, integrator appears to be the optimum choice |
Let us now address the question of loop gain and stability The DC
gain constants around the loop may be lumped into a single factor K and

incorporated into the integrator gein, giving
H () = K/s N @.1)

as the LaPlace transform transfer function of the loop feedback filter. The
modulation transfer function for the IF filter depends on the exact shape of the
filter response; however, a good approximation for most practical circuits is

given by

2
(med/z)
' Hz(s) = (2.2)

2 2
8 + (BWrad/Z)s + (med/Z)

where me d is the bandwidth of the IF bandpass filter in radians per second.

This function exhibits a conjugate pole pair at the natural frequency (BW_ ./2),

rad
with damping ratio §. The response of the entire loop is then described by

the roots of the characteristic polynomial,

21
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ST B/ 8+ @ /D)8 KB /2) R
- Applying the Routh-Hurwitz stability criterion [Melsa and Schultz, 1969 , the -

loop response wiil be stable-if -

R < BW /0. R 2.4)

d

Allowing the custemary stability margin, a convenient value.for the gain is

K = (BWrad/Z)/w = BWHZ' (2.5)

(Hereafter, BWI will be taken to represent BWHz 3

F

In order to simplify the calculation of system response to various inputs,

it can be observed that the loop behavior is.dominated by the integrator pole

a. for a constant frequency input, the steady state error is zero;

at zero frequency; thus, although the complete loop transfer function must be
considered in determining stability , a modified loop model as shown in
Fig. 2.4 ie adequate for determining system response. Using K=BWIF' the
differential equation Hr the frequency error Af is given by
af difde - dat/a 2.6)
IF
%% from which we can conclude that:
ol

b. for a small step change in fraquency, the transient response

has a time constant of (1/BWIF);
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FIGURE 2.4  SIMPLIFIED SYSTEM RESPONSE MODEL.
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- c. Vfor a frequency famb input, the steady state é_rror -is Q,e_:_:afa‘nf o
-_dffdt | S T

and equal to (BWIF),and

d. the maximum rate of change in frequency, or fastest ramp vhich

can be tracked, is that for which | Af]= (BW,./2), in order that

* the signal remain within the IF passband. Therefore,
atal = Bwlsz e
max ) § . “r

2. Tracking in the Presence of Noise and Interference.

Let us postulate the addition of white noise to the signal. The noise
power spectral density shall be denoted by No , and the signal power by S.

Then the signal-to-noise ratio in the IF is,

~ S
(S/N)IF = TN BW (2.8)
o IF
Gardner [1966] has shown that passage of the signal and noise through an

amplitude limiter has a moderate enhancement effect on signal-to-noise ratio

as given by

1+ 2(S~iN)IF

My = SNy | ~grrEm @.9)
which. is well approximated by
(S/N)mM = 2(S/N)IF : - (2.10)

24




for all (S/ N)IF greater than (0 dB. Applying the limited signalfo the dis-
criminator, Panter [1965] has shown an analysis demonétrpting that the voltage

output of the discriminator will contain a mean-square fluctuating component

of

oF - | K ‘@'}ﬁ%&‘“ﬂwfxv’ @.11)
which, combining the limiter and discriminator, gives

2 2 0.82 Wl (2.12)

€ = - B
n “ My - F

The noise voliage may be equivalently expressed as representing a frequency

error due to noise, Afn. Since

Afn B en/KD !
the RMS value for Afn is given by,

| (Af‘;‘)nms - ——\](37—%-1;1}— BWyp . (2.13)
Thus, the frequency error is a zero mean, fluctuating component with an RMS
value approximately equal to the bandividth divided by the square root of the
signal-to-noise ratio.

At moderate to high signhal-to-noise ratios, the presence of such a
nouise component does not disrupt the basic tracking behavior of the receiver.
At low signal-to-noise ratios, however, the fluctuation nolse exceeds the

range of the linear approximations made in studying the loop behavior. A
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rigorous solution to the behavior of the loop under such oonditioné has not
been demonstrated; however, a number of workers have applied experimental,
simulative, and analytical techniques with the conclusion that a sharp
threshold exists near unity signal-to-noire ratio below which tracking is not
possible [Panter, 1965] o |
Let us now atudy instead the addition of a second, ccherent signal

within the IF passband. This interfering signal might be due to another
gource or it could be a component from the same origin whicix has propagated
via a different path. The frequencies of the desired and undesired signals are
denoted by f1 and f2 , respectively, and the power ratic as (S/ I)IF' Both
signals are passed by the IF filter and applied to the limiteﬁdiscriminator.
The effect of the limiter in this case has been shown by Baghdady [1961] to

be 8 moderate suppression of the weaker signal in the presence of the

stronger one, approximated by

2 .
- - _—.._.——.............1 -
(S/I)LIM = (S/I)IF [2 16D ‘I (2.14)
F
for (8/1) iF > 2, which in turn can be approximated as
S
(S/X)LIM 4 (S/I)IF. (2.15)

Applying this factor, the amplitude of the interfering signal relative to a
unit amplitude desired signal is
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at the input to the discriminator. The vecteral combination of these two
signals is illustrated in Fig. 2.5. The phase of the resultant of the two

signals is given by

i

1+ Al co8 21 (fz - fl)t

A sin2n(f, -£)¢ ]

-1
@R = 2wflt+rtan [

The interference term, represented by ths second part of the expression for

¢R’ can be expressed altemétively as a gerles, glving

. © 0t o, n )
0 = 2wf1t+n§1 CDT (AT (/n) sin 2L, )t

and, taking derivatives to convert phase into instentaneous irequehcy , We

have

® A

fR = f‘l + (i2 - fl) 2 _ (~1)n+1 (Al)n co8 2% (f_2 - fl)t - 2.7
n=1 » 7

Thus .'the cuiput of the 'frequency discriminator will contsin a steady

-component sorrectly representing the frequency of the strong signal fl. plus

a time—peﬂodic error component Afi due to the presence of the weaker inter-

fering signal. The character of Afi is illustrated in ¥ig. 2.6 [Panter. 1965] .

From the form of the expression for Afi. a summation of harmonic cosinusoids
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of fundamental frequency (fz-fl) » We can conclude that the time-averaged
frequency error, Afi » 18 zgro, Furthermore, for Ai less than i, the RMS
frequency emr,(Aii)RMS. is well approximated by (f2~f1)Ai/\f2 .

For values of Ai lsss than or equal to 1, the instantaneous
frequency error does not exceed the linear operating region of the discriminstor.
Filtering of the diseriminator output, therefore, will eliminate the zero-mean
fixctuating component Afi ,» and tracking behavior will not be impaired. For
Ai greater than 3, however, the excursions in Afi exceed the linear région
of the discriminator, and the time-aversged frequency output wiil be biased
50 that it lies somewhat closer to the interfering signal fregqueney. Thus, a
signal-to-interference ratic which produces Ai = } may be considere§ the
threshoid for successful tracking. In this threshold region, the approximations
in equations (2.14) and (2.18) do not hold. Based on Beghdady's [1961]
exact results, this threshold occurs for (S/ H!F =2.5dB,

The results of the preceding analyses may be summarized as follows:

a. the tracking technique requires & signal-to-noise power

ratio in the IF bandwidth of at least 0 dB;

b. white noise causes a fluctuating frequency error Afn of zero

BWIF
mean and RMS value m—m : .
IF

e, the tracking technique requires a signal-to-interference power

ratio in the IF bandwidtk of at least 2.5 dB; and

N

i £y ! ), '



d.  Coherent interference ot frequency f, ceuses an error in
tracking frequency fi’ denoted by Af,, of zero mean and RMS

i
fg-fl

value .
2.8: }?F—? ‘mIF

B. THE ANTENNA SYSTEM AND THE INCIDENT WAVE

1. Wave Fieids and Polarization

Consider the general incident wave described in Equation (1.2) and
Fig. 1.1. Transforming to the x,y,z ground coordinate system, the six

field components are

E = E, [ (~sln @ - jR cosa) (sin 8) + (cos @ - R sin &) (~sing cos 8) ]
Ey = E [(~sin @ ~ JR cosa) (~cos §) + (cos & - jR sina) (-sin g sin 6) ]
E = E [(cos @ - IR sin ¢y (~c08 8) ] (2.18)
HX = El/n [ (cos @ -jR sin @) (sin 8) + (sin & + jR cosw) (-sin g cos 6)

Hy = El/n [ (cos @ - jR sin @) (~cos 6) + (sina j—jB cos @) (-sin g sin §)
H = El/n [(sin @ + JR cos ) (-cos B)

If an antenna system were const.ructed consisting of three orthogonal electric
field sensors and, three orthogonal magnetic field sensors to measure the field
components, the instantaneous power flow in the wave could be calculated,
theoretically ; as the Poynting vector,

P

"

x = BH -EH

EH -EH
2 X Xz




Measuremerit of the eievation angle of arrival is of limited value because

of the presence of sarth- ionosphere reﬂections . To ﬁnd th,e azirm.thal 'angle
of arrival, only the first two components P and Py R need be determined
however, the equ_atibns still rei:guife»‘au'six» field éﬁmponehis té‘ be -r'méés'di'éﬂ
Practical direction-finders for f'g'r&uhc'_lébase&use omi_'t’ several of the antennas
' impiyixig‘ the assumption that the <"ni1itte‘d'ﬁel'_ctl' cotponents are small, E

Typically, a’system consisting of 'czr"bsé_e'cflodps anda Véftidél el_e'c;tﬂé '

_antenna will be employed, messuring E, Hx’ and ’I-iy . Then

P £ ~-EH
X zy
(2.20)
P # EH .
y zZ X

assuming either Hz is small, or both Ex and Ey are small; these conditions
are realized with a purely vertical polarization (in the traditionsl sense,

that is, electric field in the plane of incidence) for the wave. The success of
this system for direction-finding on ground-wave signals from vertically
polarized transmitters supports this assumption. -Wh'en ionospherically
reflecied waves are received, however, the polarization may not be’ purely
vertical; the esﬁ@;es of P and Py from the three fleld components are
incorrect, and the error is referred tc as polgrization efror. Working
backward from the cbserved polaﬁzation error on a signal transmitted wiih
vertical polarization fromla known direction of arrival, Horner [1957] found

that the received polarization for a 100~-km path duriné skywave conditions




Very few data are’ ava.ilable con f"' ming the mceiv 'polarization cf VLF -

4 _rs and emiesi ns.

o distance. In studying h.is plots however the gene’ral observation can b ‘

made that the polarization enipse will tend to have an axis ratio of about % ’ |

and that the handedness of the Whi_stlar' polariz_ation in the duct is»preserved__.l 7'_: o
The conclusion drawn is that the diregfion—ﬁnder designiselected should be -

one which produces :fhe mininium péssible polarization eri'or ~oir'er tl;xe ent{rg

range of received polarization. e

2.  Antenna Elements for Figld Component Measurements.

At very low fr_eq'uencie‘s; the imtef;nasf which can be 'p'rac'tically con-
structed for direction-firiding are elecfriéhlly‘véry small compared With the
wavelengths 'ithSlved; While the efficiency of such antennas may be low, the
radiation paiterns éf small dipoleé- and loop are theovetically perfect, When
used as ; recelving antenna, the small dipole is sensitive only to the

electric field along the dipole axis; the small loop is sensitive to the magnetic

fleld perpendicuihr to the plane of the ‘lo_qp o




A cons:derable. amount of contmversy has e:usted concerning the
| relative merits of leops and dipoles for VLF reception. ‘One ccnsideration is.

i_sensitivity oi the: receiving system which will depend on the effieiency with

which the antenna extracts energ'y from the incident vwave ‘and oouples it to
the preamplifier. Papers clarifying this controversy have been pubhshed by
| :';"'"-Wheeler [1846] .and Franks [1964] In theory the available power from ___1 _
" ".' A,_sman antenna loop qr dxpole of any size less than )\/ 2« » i8 the same for a
| gwen incidant wave power density In practice this amcunt of power is never
ex‘trac_ted due to the difﬁculty 'of p_rgﬁenting the antenna 'with a c_onj ugate-
matched load impedance and due to-'losses in the antenna and matching circuit
conductors. The‘ impedance of the small antenna is prihlarﬂy' reactive, with -

the radiation resistance repi'esenting only a small part o‘f the-«impedanée( A

useful figure of merit suégested by Wheeler is the qu&ntit?- p, where "

o - aan
ant.

o
t

which is the ratio c;f the radiation resistance to the antenﬁé x'egcténée: L is
_indicative of the antenna efﬁoiex_xcyr which can be ac_:hieya@ with:pra_\c_tical |
coupling tééhniques. In Figs_'.rz;'?'and. 2.8, the imp-edénce:; md efficiency
characteristics of small dipoles and loops a:a'a function of their _s_izé are

described. Mosf int_erestingly , the vame ofp is identical for bqth-amennas

when the dipole length is equal to the loop diameter. 7

Ancther consideration w‘xich has been advanced is the relative immunity
" to noise pickup of th_e_twor.types of anter_mas . "Noise pickup" may be of two

.34,
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types: Hivst, nearby spux-'ce'_s of noise m'éy:- ;:_:apac_itir;relycr- indﬁctiifély' an
'equple undgsire"d ‘energy inf_cs the anterina’; seooﬁd, tﬁeré'may'bé d.irect
collisions of charged particles with the antenna element. Practical
ekperi_ence indicates that the electric field antenna, or:'éipoié -, is more
severely affected by béth types of noise pickup. In partiéulanf, the author
has witnessed incidents in which a cloud passin_g.d‘h:éétly overhead caused
very highApotenti_als to develop across a vertical electric antenna's terminals;
causing arcing aqd rendering its output useless, while loop antennas at the
same location were unaffected. There are possibilities for controlling noise,
both by shielding of manmade sources and by providing weakly conducting
di_electric shields to reduce particle impingément. |

3. Antenna Axis Perturbations and Site Effects.

Tﬁe sensitive uxis of a dipole or loop may diffar from the in;ended
direction for mechanical or electrical reasons. Mechanical misa!ignment of
the antennas produces a pradictable change: the direction- fmding errors o
produced are analyzed in Section II. C 4. Eleetrieal causes of axis
'digturbmce are more subtle in nature. All conductors in the vicinit:} of the
anténnés respond to the mcid,éﬁt waves 8lgo, creating aegﬁ'ic and magndtic
- fields which é‘an-owple intﬁ the anténnas-capacuivéiy or ‘iﬂduéti\_réw. Any _
{mbalance in the oonsirucﬁon of the antenaas and ;ireampliﬂex‘s mdﬁc&a'
the immunity of the. amennu to sueh SiTRY patemials and currems .

Measurement of the incidem electric field presents partieular problems

due to the influence of the cables used to carry power to the antenna
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| preamplifiers or signals away from the antennas. The dipoles muﬁt be

perfectly balanced and the cables lad away orthog‘onauy , OF eLsa the potential
induced on the cable bundle by the incident wave will couple into the dipole :
causing a response to an undesired component (E in Fig. 2 9a) of the ﬁeld
For the vertical electrical dipole measuring Ez » this balance is almost impos-
ible to achieve in practice. Az illustrated in Fig. 2.9(a) the capacitgnce
between the lower dipole arm and g'r'o&nd will unavoidably be greater than
that between the upper arm and ground; as & result, the charge distribution
induced on the long feedline cable bundlé by the Ex field compbnent showr
will induce a greater potential on the upper arm than the lower arm, and the
difference will appear as a voltage across the dipole terminals. Another

‘approach is the "monopole” antenna deaivgn sl;own in Fig. 2.9(b). Since

the grounding procé‘ss is imperfect at beat, the imaging plax}e displays a
much lower resistance along the direction of the feedline than in other radial
directions; as a result the monopcle'é image is sk_eived and the equivalént
a:ds of the dipole is tilted, again making it Vsenait,hfe to Bx' "These two |
spproaeheé make up most Qxisting mﬁénna instauatiops’.for VLF observations
of electric flelds. .Alth_ough the inétanation illustrated in Fig. 2;9(0) woul;l
be expected to reduca the problem, practical considemtioma diat.a.te the

| desirability of a system which can operaxe with existxng antenna installations

Conaideration of the problems intmdueed by imperfee’: measurement of E

is given in Section II.C.S.




(a)

(c)

FIGURE’:Z .9 VERTICAL ELECTR!C ANTENNA APPROACHES AND PROBLEMS.

: : ~ (a) Bleveted vertical dipole. Unbalance due to presence of _
ground causes coupling to feedline potential, and sensitivity to B_. (b) Ground
bdsed monopole, Finite ground resistance causes lowest :*esistance path to -
exist nlong feedline shield, tilting dipole equivaleat exis, causing sensitivity
to E_. (c) Monopole with complete symmetry maintained in grounding and
neax’-ﬁy objects. Power lines will destroy symmetry . Sensitive only to Ez-
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One more source of error in the direction-finder is "site" error. These
errors are not really part of the instrumentation, as they represent )
deviations inv the direction of propagation of the wave, and even a theoretically
perfect direction-finder would be affected. One of the more familiar forms
of error is the coastal refraction effect, which is associated with the dis-
continuity between highly conducting seawater and pporly oond_uctiﬁg ground.
Kukes and Starik [1962] state that this form of error is less than 1° at
wavelengths greater than 3000 meters (100 kHz). Other possible sources
of error are inhomogeneities in the éarth conductivity and sloping ground.
Inasmuch as these errors are dependent on the site, the most appropriate
golution is to perform a calibration of the site using emﬁters &t known
bearing angles, determining thé measurement errors, and fitting a curve to
the errbr a8 & function of angle, |
. DIRECTION-FINDING SIGNAL PROCESSING

1.  Anaslysis of New Technique.

The new technique for determining direction of arrival from the signals
from the small-aperture antenna system consists of computing the time -
averaged Poynting vector components in the x- and y~d£recti(ms a.x re-

solving the direction of arrival. as the veverse' of the Poynting %

Stated mathemaﬁceny the Poynting vector eatimates are REs

tThe reversal is due_ to the fact the dix*eétion of arﬁval is teken Yo mean the
bearing to the signal source rather than the direction of signsl propagation.




~

Px = -EzHy Py = Esz' (2.22)

(where the symbol """ denotes an estimated quantity), and the time-averaged

values of the Poynting vectors are therefore

2 1 = 1o ¥
P 4[EH +E 3 ] Py= 4[EZHX+EHX] . (2.23)

From these estimates of the average power flow in the x- and y-directions,

the direction of arrival is the reverse of the Poynting vector, or’

0= /—px—_jpY : @28

This new technique differs from existing VLY direction—-finding methods
because x_lonlinear operations, that is, éross-muliipliéations between the
antenné signels, are performed, This js made pessible by the real time
multichanrel filtering acticn provided by the frequency-tracking loop;
without prefiltering, such nonlinear operntiqns would produce massive
in%ermpdulaﬁon between all the spectral components present, obsgcuring the
-desired information unless an extremely .high sig‘na’H&—noise ratio were

present.

*The use of the imaginary operator "j" here is not to be confused with its
usual application in the representation of sinusoidally time-varying quantities.
In equation (2.24), the complex quantity P - j? represents a vector in
space; the positive real axis coincides with the x wa'th) direction and the
positive imaginary axis lies along the y (east) direction. Complex notation
is a mathematically conveniont means for composing a vector from two

" orthogonal components; the angle of the vector re’ative to the reference axis
is given by taking the complex argument(<—). This representatio% is
superior to the conventional arctangent function which contains a 180
ambiguity and which cén only be used to represent angles over a 130" range

- unless a special note is made to exaniine the signs of the numerator and

~ denominater forining the argument of the function.
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The implementation of the signal processing technique will now be
discussed. Since all three input signals are mixed with a common local
cscillator signal, the phase and amplitude relationships of the signals are
preserved during the translation to the intermediate frequency. The IF
Since , us discussed in Section

voltages are denocted by V‘1 « V,,and V

2 3
I1.B.2, the efficiencies of comparably sized loops and dipoles are equal,
these voltages must be given by

Rt
V. = E V. = f\Hx V3 =*\HY (e gssumed) (2.25)

The oross-muitiplications and a.:gle resolution are performed in a novel

RO

SRR
SR KL,
.

X
%

mannel in the hardware. By applying the channel 1 (Ez) signal to an

_—
T

amplitude lixaitexf,- the phase information is extracted in binary form; the

binary iimiter output is then digitally multiplied with a binary "scanning"
sigmi before spplivation to eontrolling inversion gwitches in the two loop
signal channels. A discussion of the hardware in detail is reserved for
Section II; for purposes of anslysia, the process can be modeled as shown in
Fig. 2.10(a} and (b).7
The croas-multiplication operations in Fig. 2.10(a) yield the instan-
-k taneous Poynting vector estimates; low-pass flitering removes ihe twice~IF

- component. Thus, .

YThe effects of the amplitude limiter will be considered, however, when noise
- ov interference are present.
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FIGURE 2.10 MODEL OF EIGNAL PROCESSING PERFORMED 70 COMPUTE
THE DIRECTION OF ARRIVAL FROM THE WAVE MEASUREMENTS.
(a) Modiel of signal processing to cunipute the time-averaged Poynting veotor
*  components from the antenna signals. (b) Model of signal processing to
resolve the direction of arrival angle from ths time-averaged Poynting
vector components.
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np = 4[V,VE VY]

X 13 1
(2.26)
& .
T‘ = * *e .
Py AR Vz]

These voltages are then multiplied by the scanning signals as in Fig. 2.10(),

end summed to produce a signal of

~ w o~ t
V, = -NBe %" -InPe sean (2.27)

. jw t
This voltage is compured in phase to the scanning carrier e 8¢ Then .
A oot . . |
8 = /NP ej sean - inp ejwacant - J@ ot (2.28)
/ X 'y /e

which is equivalent to




thus, the desired relation of (2.24) has been implemented,

To demdnstrate the validity of the computétioms , lat us temporarily

assume an incident wave at angle 6, purely vertically polarized sc that o= 0

and R = 0. The fleld quantities in equations (2.18) now reduce to

and the IF voltages are

"

-E1 cos P _

i

Elln sing

.

it

-Ellr} cos @

= I:‘.1 sing

#

-E, 0089 ,

(2.29)

(2.30)




The cross-multiplications produce

. 2
n'?x = 3 E1 cosficosd
(2.31)
2 9 -
ﬂPy = % El cosf sing
and the angle resolution produces
[} iElz cosf (cosg+ § sing ), (2.32)
or
6= 0 (2.33)

The technique provides g unique, unambiguous indication of the direction

of arrival. The causes of error in 8 will now be investigated.

2. Errors Due to Noise and Interference.

‘The effects of internally generated noise in the equipment provide an
ultimate limization to the direction-finder sensitivity for weak signals. The
total nolse contributions in each channel may be lumped into an additive noise

voltage, denoted by nl(t) RS (t), and ns(t) for the three channels. These

three voltages are indapendent, originating in separate processes, but they




- ‘may ail be considered to have Gga}:éslian'_s_tp_tiaiigs , With gere mean, and L

. mantical mean-squared values: |

= S

?'.G.(t) = ;12&) = ns(t) = | .
_ —_— (2.38)
2 .. 2 o2 .2,

n, t). = . n, @) = n, (t) = - a*@)

To analyze the effects of these noisé vdltages , We can adopt a model for naifmw- 'A
- band noise'presentet_i by Panter [1965] cohiaixﬁng inde;iéndent Ggﬁésia‘n
components in duadrature at the center frequency of the band. The noise

~ voltages at the IF circuitry are thus represented by

Jow. .t 3wIFt

n(t) nc(t)e + jns ®)e - (2.35)

[}

'3

ot 7
where n, (t) and n (t) are slowly varying compared to e IF", and for which

-2 - 2
nc ) ns 3

it

iy, O @38

——na———

It is desirable to express n2 {t) in terms of the signal-to-noise power ratio in
the IF. To avoid ambiguity due to the fact that the signal vaﬁes with the
incident wave geometry , we will define (S/N)IF to be the'signal-to—noise ratio
which would exist oﬁ a comparable, bui nondirectional, receiirin’g gystem.

Then.

. jw, .t A
V = E (e assumed)

and the signal power is
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| IR
My = Elm'e
-an_d_'
e = E /2(S/N)IF RCEUTE

(Hereafter, the time-dependence of n , n,en will be imi)licit.) The IF

 voltages resulting from the combination of signal and noise can now be written

- = + i
o V1 Ez, x_‘cl ¥ M
'V2 = 'lex g, t j_nsz : : o (2.38)
V3 = *!Hy + ncz +]n83,

. (¢IF! aggumed for all quantities) |

and, for vertical polarization of the incident wave, (« = Oo. R =10), we have

Vi % TBpoosB tomg ting

V2 = E1 sing + neZ + jn82 (2.39)
. V_3 = -El‘cose thgt j_ns3
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At this point we must taken into ageount the fact that a limiter amplifier is |
included in channel 1. As discussed in Section I.A.32, the noise is reduced in

the presence of the signal when:(8/N),, > 1, according £o'the-formula of (2.10),
(S/N)LIM T 2(S/N)IF'

We must therefore modify n,, and n_, in V, by the factor 1/ N2, Proceeding

3

with the cross-multiplications of V1 with V_ and Vl with Vz; and the low-pass

 filtering, we derive

S 12 - | ED
?'I-Px - -3 A[Ei 008§ 008 -9 ~(1/ N2) I%:1 cosd n . \-Ei_uosp Boosee
B | O @.40)
5 . Lrmlospeme .
aB = 5 [-E," cospsinf +(1/\2) E, slnd n -E, cospn, ...

voo + (1/NB) ”c-1~”¢2 /N 0, ]

-

‘Resolving the direction of arrival using equation (2.24) ww}e have, after somd

6 = .}-'(Ezoosiﬁ;.-l—EAn”}(oo;G«*.m '
/2 |% N2 1Ty 0080+ Jeing) ...

1 o | {2.41)
| ) o1
v * ( T n‘?1 E1 €08 g) 8,3 ‘jncz’ *(72 By Bgs ",nsB)] .




Now, knowingthat'thé noise components are all Gaussian di-s‘fributiom , we can -

| express them each as the product of 1ndependent unit-—variance Gauasxan

ul
distribution, that is,

distributions, n_., LAY etc., and the root- mean-square of the desired

o p——

3
ncl(t) = ncl(t)' . nul(t)_ ., etc, |

Using this approach and equation (2.37), the angle5 can be expressed as

r {eas - R TR eié_ [0088 n.;;_ _
/ L\ SEL (8753)/ “\VEE7m) g';ff“"'" )(ﬂ 9 Jnus)...
| | " | 2.42)
‘e ( —j ) R
7 (E\F‘(sm) hus n“e]_

' 'I‘he vectors (n . ~in. a) and(n ud jn )are random in phase, and themfore .
‘we can trmsform them into two new vecmrs {n je —3n eje) and

' (n eje_, jn ta’a ) without ham Then the engle may again be rewritten.

Do Py

Al ) N G Ww -

., e B
e 4By (W)] o * Je’aL(?;*a%m* 2\/'2'{25@4))

(2.49)

¢ Tod
"\ 3Ee/N) ) %9 ]
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Expressing this aa

Ad® = Bd® 4 cJ"/2+0)

end dividing by B&'® (assuming B> 0) .

@By 8 o 1oy,
the angle error Ab= 6-0 is given by
A = / 1+ /B ™% = apetan (C/B)

or

n - o
u? + nui nu? nu4 nne

A6 = arctan | U_z:(ﬁﬁ) T _co8g {8/N)
-2n

n

u8

as N2 0y . D46 ¥ Pua
e

|t 378 comv®/® * TiNT com /%) )

(2.44)

(2.45)

(2.48)

(2.47)

. From this expression we can oee that the error has a zero mean. To deter-

mine the tms error, a computer simulation was performed using randorm

_nutﬁbei‘ generators shaped to have Gauasién distﬂbutioxis. These results are

shown in 'Fim'm 2.11. For high si_gna,l-;wnoiaqréﬁo conditions, the error

Amm be approximated by:
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a8 = ..._?.L‘l..__

VIE/N)

and therefore

, 1
RMS . IR

i

A9 (2.48)
We will now consider instead the effects of a second coherent signal
‘within the receiver passband. The ratio of the desired signal power to the

'interfering si'grxal power is denoted by (S/I), ., and the difference frequency

I’
between the two signals by f,. Whereas the azimuthal angle of arrival of the
desire,d signal is 0, the angle of arrivaliof the interference will be .e +0
. the glevetion angle of the dasired signal is B, &nd the elevation angle of the
interforing signal isf. : | |

The amplitude of the interfering signal can be calculated as:

B = B/ V@M, | (.49

, : _ jut o , :
and the signals in the IF are therefore given by (e ¥ assumed for all

‘quantities)




cos 31 jwdt
V1 = -E1 cos 8 -E1 —\[m— e
sin (9+%) jw dt 50
= 2.
V2 El_sine+E1 'T(gﬁ)::re ( )
cos (6+9d) jw dt
Vv =

3 --E1 co8 6 -El W— e .

At this point we must again take into account the presence of the limiter
amplifier included in the cross-multiplication circuitry. Incorporating the

S/N enhancement from equation (2.15) and performing the cross-multiplicstions,

we have
. v T g 2 " "gosw b
nP, = -3 tEl 008 g co8 97+ E, cos g cos (9+6d),:[(~§7f'§-;ﬂ
o 0os W .t 2
"'+El msﬁx""”'ﬁ("s?i)'”;;* E1 cosalcoar(ewd)...

2,51)

1
XY




ﬂ% _ 1 . 2 , 9 cos wdt
— ~y S - s -
y 2 y °° B sin 6 E1 cosp sln(9+6d) \’TSTITIF

2 cos w t 2
LR '-E o T =
: L 0SB sing 2MIF E1 cos g, sin (6+6,) ...

1
e )
%6 .l . {2.51 cont,)

/g

The resolution of these quantities into an estimated angle ® gives

co8 Wt cos W
0 dt

8 = 008§ + cos 5.\7?5_7_1%._] ¢? 4 [cos s e
' IF
33 .

-

{2.52)
_ 1 j(8+6y)
vookcoB g e e
i 2(b/I)IF
Exp:egeing this a8
26l® = pel® cel (8+64) | (2.58)

RE




cosg
3]
and dividing by lilej , (assuming «z—c-gs-a-é—ﬁ:)—- <1),

wmed @ ® o 1y omye’®d; (2.54)
thus, the angle error A8 = §~B, is given by
. 194
A6 = 1+ (C/B)e (2.5%)
or
- 7
cos ,31 cos “‘Jdt
46 = |+ | 2cosg S/D) =t TEh ejed (2.56)
cos ,3I eo8 wdt )
i 143 cos g J(S/1) ]

From this expression we can see that the error contains both a non-zero mean
Avalue and a perfodic variation at the difference fr'eduency N 4 The character
of A0 versus time {s illustrated in Fig. 2.12 for some representative
conditions. The mean ervor A0 and the RMS variation about the mean for
various conditions are plo&ed in Fig. 2.13.

Approximations cen also be made v ch provide a simpler indicf._\lion
of the effects of interferonce. For hizh signal-to-interference ratio

wnditioxis . tha ertor is well approximated by
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cos w t

cos g, d
86 = |Sas@m * wEm | 8% (2.57)
demonstrating that,
-cos B
— i
AS = 2 008  (8/D) 8in Qd (2. 58)
and
1
Abps = Nexchii | sin Gdl . (2.59)

3, Polarization Error

‘To this pcint in the analysis we have restricted the polarigation
of the incident wave to purcly vertical. When this condition is relaxed, the
estimates of the Poynting vector components ;)x and f’y buased only on
measurement of Ez: Hx‘ and Hy may be incorrect, and the computaed angle of
arrivel may contain an error known ag polarization error.

Lei a and R take on nonzero velues so that a general polarization is
permitted. The fields from equations (2.18) are measured by the antennas,

Joo et
and presented as IF voltages (e aasumed),
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V1 = E1 (cos @ - jR sin &) (~cos g)
V2 = Ei (cos a - jR sin ) (sin 8) + (sina + jR cos a) (-8in g cos 6)
Vg = E1 (cos @ - jR sin @) (-cog ) + (sin & + JR cos a) (=sin g sin @)

The cross-multiplications then yield

1 2 2 2 .2
npx = -3 El co8 8 [(cos a+R sin’) (cos §) ...

v.. + (1-E%) (cos @ 8in @) (sin § sin 8)]
(2. 60)

-npy = % E12 co3 8 '[(cosz « + R2 sinz @) (-sin 8) . .

oo ¥ (1-R2) (cos « sin @) (sin g cos 6)]

Resolving this into an angle 8 ,

; - Z[(cosz o + R sin’ O‘)]eje + [sing (Rz ~1) 008 o §in a | o6+ 7/2)

(2.61)
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and expressing this as

i8

Ae = Beje + Cej(9+ “/2)

we divide by Be 8 (8 # 6, providing a polarizaticn other than pure linear

horizontal is assumed),
@/m) @0 = 14 e/ oI/

or

A8 = /é+(C/B) ejw’z = arctan (C/B)

so the poiarizetion errer is given by

2 2 .2

2
A® = arctan [sm‘g & ) eos g alna] (2.62)
cos ¢+ R sin a

The polarization error as a function of R, B, end a is plotted in Fig. 2.14,
Fdr purposes of comparisbn » the polarization error of the goniometer system,

based on the analysis of Bullough and Sagredo [1973} , is plotted in

adjacent frames. The advantsge of the new technique is avidenced by lower

errors, especially for high elevation angles and polarizations near circular.
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4. Antenna Misalignment Errors.

In Section II.B.3 it was pointed out that the sensitive axes of
the antennas may differ from the desired directions. Consider a system of
antennas where the antennas measuring H_and Hy are misaligned, because
of mechanical or alectrical asymmetries, so that the sensitive axes are
perturbed. Keferring to Fig. 2.15, the projectioné of the misaligned axes on
the xy plane are displaced by angles 6§ and ¢ (in radians). Now the fields

measured by the antennas are in error, as follows:

H = H coa§+H sing
X X y

(2.63)

H = H cos€ - H sine .
y T HySos€ T Hyame

Substituting the actual fields from equations (2.18), andv assuming « = 0 and

R = 0 for simploity , the IF voltages will be given by

V1 == -El'_oos’s
v2 = El sin 8 cos & --E1 co6 6 '8in &
{2.64)
= - -E_ sin 8sln¢ . ~
V3 E,l cos Bcos € bl sin 8 £

The cross-mitiplications then yield,
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FIGURE 2.15 PLAN VIEW OF HORIZONTAL PLARNE SHOWING MISALIGNMENT
IN SENSITIVE AXES OF LOOP ANTENNAS
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3
"U’)
L]
1

-iElz (cosf cos8@ cose¢ + 2cosP sing sin¢)

-4

ﬂf’; iElz (-cosP sind cos § + cosf cosd sins)

Resolving the angle, and assuming § and ¢ are small, cosbd,cos ¢ =1,

8= /eje + gine 8in® ~ jsind coso . - (2.65)

Denote two new angles 4 and X as follows:

<
H

(¢+8)/2
(2.66)

>
it

(¢-8)/2

Note that \p is the rotation of the axis of symmetry of the antennas due to the

misalignment, and X is the misalignment of the y-axis antenna relative to the

new axis of symmetry. With these quantities,

8 = %39 +8ln (x+§) 8ln 8 + § sin (x~¢p) coa B

and using trigonometric identities,

~

6 = Ae + siny cos ;pje"je - sin d»‘ cos X jeje .




Since Y and X are sm_al}

) g = %36 o xellE=8) | ‘b o8 1/2) (2.67)

Expressing this as

as® = el

and dividing by &0

‘we can gee that for X and ¥ small,
88 = YcoosEE - b
or
A8 = - @ + xms}%@ ' (2,63)

The mean value corpesponds 1o the misalignment of the axis of symmetry.
The periodic (quadrantsi) esaponent has a pesk value corresponding to the
miselignment of the y-axis antenna relativeto me.axis of symmetry .

Now consider & mis.éﬁghmem of the loop antennas corresponding to

non-horizentality of the equivalent axes of the loops, as shown in Fig 2.186,
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TILT IN SENSITIVE AXES OF LOOP ANTENNAS.
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Let the tiit angles of the Hx and Hy loops be denoted by T, and Ty @in

radians). Then the Poynting vector estimates will again Le in error, as

P, = -E [Hycosr

x . - H_sin 73]

3
P = E [H_;_qosr ~stm-rz]

y Z 2

Assuming the tilts are small, and using the field quantities from equation

(2.29) for o= R = 0, the resolved angle is given by

- 19
8§ = % ~'r3+j'rz

or, equivalently,

A = Ty cos 8 - Tg sing . (2.69)

Finally, consider the alignment of the vertical antenna. In the new
direction-finding signal processing techhique presented herein, a small
error in the measurement of Ez does not produce any first-order effect on the
direction-finding error, since the mcosurement discrepancy simply appears
as a common factor in f’x and I';y. The polarization error characteristics will
be slightly modified but only in nature and not v overall magnitude. This
is fostunate, as it was pointed out in Section II.B.3 that the vertical electric
dipole i3 especially susceptible to axis perturbation. However,

techniques have buen proposed which depend critically on the vertical

ancenna performance, and this is the topic of the next section.
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. 5. Errors in "Quadrature Direction-Finders" Due to Antenna Axis

Perturbation

Cousins [1972} and Tsuruda and Hayashi [1974} é.mong others,
have proposed and/or implemented VLF direction-finder systems designed
to have zero polarization error. They are based on utilization of the locp
signal components which are in exact quadrature with the signal on the

vertical antenna, as opposed to the present system which uses the in-phase

component. Recalling the expressions for the IF voltages, they can be recast

as
V1 = E1 [A {--coB p)]
V2 = El A (sin @) + B (-sing cos §) ] (2.70)
v, T E [A (-cos §) + B (-slng sin @) ]
where:
A = cosa - JRsln«
' (2.71)
B = sina + jReosa

The B-components are not wanted in the in-phase technique. That portion of
B which ie in phase with A, that is, A * B, causes polarization error. By

contrast, in the quadrature technique, the A components are rejected by




shifting the V1 signal phase by 90° before the cross-multiplications. With
only the B components left, the angle is resolved in a different way.

Representing the operations mathematically,

; 1 * * ® *
o = /i - 1
2 ViV, + vy v, ]+ [V, vy + GV vy ] (2.72)
or 9
p * Ey
= /i{AB -A B] —; ©lnpgcosp (cos 6 + jsin 9) (2.73)
yielding
) £’ o
6 = — Rcesgainge
i1e]
8 = 8

The quadrature direction finder dispiays no polarization error according to
the formula shown. However. note that the quadrature direction finder
does not produce a direciional Indication for linear polarization (R = 0), or
if B= GO or 900; whereas the in-phase technique only fails if the polarization

is pure linear horizontal (R= 0 and o = 90° simultaneously), or if P= 80°.
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Now introduge a slight tilt in the sensitive axis of the vertical electric
antenns, by an angle v (in racians). The tilt will be assumed to be toward
the x-axis, _for simplicity , but the analysis is easily extended for general

titls. The erroneous field measurement is

Ez = Ez+TEx *

The measured voltage V1 is now

v, = E [A(cosp) + TB(-8in 6) + T4 (-sin g cos @) ]

The resolved angle is now modified by the addition of the extraneous

component, 8o that

2
N El i9 5
8’ = —E[Rcosﬁsin[je + TR gin Bcoseejs
(2.74)
... +TR (cos2 @ - sin? @) sin § o (6-7/2) .
The error under this condition, for v small, is given by
¢ . _.[2c08(2¢)sing 2.75
Ab T [ sin 23 . (2.75)
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The directional error is sinuacidal with azimuth, with the maximum
error occurring at azimuths perpendicular to the direction toward which the
antenna is tilted. The peak directional error in degrees per degree of axis
tilt is given by the ratio 48%/rsin6, which is plotted in Fig. 2.17. The
sensitivity of the system to vertical antenna orienta;ion and perturbation is

demonstrated by the high values of this ratic.
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FIGURE 2.17. DIRECTION OF ARRIVAL ERROR IN THE QUADRATURE
DIRECTION FINDER DUE TO A TILT IN THE EQUIVALENT

AXIS OF THE VERTICAL ELECTRIC ANTENNA, FOR VARIOUS VALUES OF

ELEVATION ANGLE AND POLARIZATION QF THE INCIDENT WAVE.
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Ul DESCRIPTION OF THE APPARATUS
“To demonstrate the feasibi_lity of. the new ap‘pro_ach io VLF directidn-'-_  -' |
finding and data gathering described in Fig. ‘1,_,'3, a pz;ototype instrument |
embodying the new principleé and techniques .pre‘sent_ed was design;éél and
constructed by the author at Stanford Electronics Laboz*atorie;.i- Inthis N
chapter, a deéeﬁption of the appai'atus at,- the block*é_iggrani -ievel,l VWi‘t_h;éome
insight into the more novel circuits, will bé provided. Detailed schematic
diagrams are presented in Appendix B.
A.  SYSTEM DESIGN

A diagram of the instrument emphasizing the functional blocks is
presented in Fig. 3.1.

The output voltaé’es from the antenna block contain the desired signal
in addition to the undesired energy in the remainder of the VLF spectrum.
The transllation and filtering block serves first to translate the input spectrum
8o that the desired sighal lies at the intermediate frequency (IF); then by
| passing the translated spectrum through the IF bandpass fiiter, a filtered
jw  t

version of the desired signal (Vle IF¥ ) is obtained. The filtered signals

from the three antenna elements are applied to the direction-finding processor
in which the estimated direction of arrival is resolved.

Turning to the lower part of the diagram, the parameter extraction
block makes measurements of the frequency error (Af), signal strength (88),
and signal-to-noise ratio (SNR) existing in the IF. Based on the latter two

quantities , the signal detection block makes a decision as to whether a
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desired signal is present. If an affirmative decigion is made, the
frequency tracking block is enabled. Under tl}is condition, the frequency
error information from the parameter extraction block is permitted to control
the tuning frequency of the receiver to accomplish frequency tracking of the
signal.

In the data display and reeording block , the directional data and
additional parameters of interest are made avallable for display and chart
recording. In addition, the analog voltagés are converted into a frequency-
modulation format and frequency-multiplexed into a single composite signai
which can be recorded on an ordinary audio tape. This approach facilitates
the storage and correlation of the data with the raw VLF spectrum from which
it was extracted.

B.  ANTENNA Si’STEM

The inatrumen_,trwas designed to operate with the existing antenna and
preamplifier systems at the Stanford, California, and Roberval, Quebec,
obaervling sites. The physical design of the antentia éystem is shown in
~ Fig. 3.2. The preamplifiers are designed so that the voltage outputs from
the loops and vertical antennas are equalrand in-phase for a given incident
signal (allowing for the directional patterns of the elements). These outputs

therefore correspond to Ez. on. and ﬂHy.
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PHYSICAL DESIGN OF THE ANTENNA S8YSTEM.

FIGURE 3.2
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C.  TRANSLATION AND FILTERING

The operations accomplished within the translation and filtering block
are illustrated in Fig. 3.3. The local oscillator signal is split and heterodyned -
against each of the preemplified antenna signals, generating sum and differ-
ence frequency components. When the local oscillator frequency is set
higher than the signal frequency by an amount exactly equal to the inter-
mediate frequency, the difference component falls in the passband of the IF
filters and the signal is passed.

The bandpass filtering is accomplished by active filter cireuits
[Tow R 1969] constructed from operational amplifiers. To provide a fasponse
with a flat top and steep skimts, two resonators are stagger-tuned to
frequencies just above the below the IF center frequency. The response
characteristic obtained is shown in Fig. 3.4. The selection of the IF filter
bandwidth was the result of a compromise between rejection of interference
and traecking capability for signals which change frequency rapidly.
According to the relationship derived in?quation (2.7 ), the 340 Hz band-
width selected permits tracking of frequency changes up to §7.8 kHz per
second.
D. DIRECTION-FINDING PROCESSING

The direction-finding technique has heen analyzed in Section iI.C.1.
The illustration of Fig. 2.10 provides a model for the processing operation,
but in practice the use of analog multipliers is avoided by applying the novel

implementation shown in Fig. 3.5. The IF signal from the vertical antenna
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SUM AND DIFFERENCE

PREAMPLIFIED FRE%UEtNCY. CZOI\EPONENTS FILTERED
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]wt y € IF
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nH_ —p» BANDPASS | —0p V2
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. IF
7 p| BANDPASS - V
y ' % FILTER 3
J(wWIF)t

e

LOCAL OSCILLATOR
INPUT

I"IGU.RE 3.3 OPERATIONS WITHIN THE TRANSLATION AND FILTERING
BLOCK.
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is applied to an amplitude limiter to convert it into a binary waveform
retaining only the phase information from the signal. Similarly, the multi-

phase oscillator produces binary waveforms corresponding in phase to the
]wscant szsc:tmt

sinusoids e and -je The multiplications can then be gerform

between the binary waveforms by using digital exclusive-or gates, and
multiplication of the binary waveform with the analog signals V2 and V 3

requires only an inverting/noninverting switch. Upon ba :dpass filtering

" of the combired outp it at the freqixency Qécan" thé lﬁ_ghe;‘ hérmo’nics

o ge,neratéé by the use of binary waveforms are removed and the summed

voltage cbrresponds_'to

Jw

*

3

* *
v = r ¥ - . scan .
5 [V, Vg + Vv -3V, V, o

_ N
g +J1J2)]e

jw 1
When the phase of this voltage i8 measured relative tc e scan , the angle

estimate is pmduced '

-

g /.f Ve 4V v vy
e o= (', + - ;o
. L‘ 1 Vg TV Vg BV VYV

£. PARAMETER EXTRACTION

The operational functions of the parameter exiraction block are shown

'in Fig. 3.6. The filtered IF signal from the vertigal anienna channel is

applisd to a frequency discriminator 10 measure the freé;{xency, grror Af, The

signal strength SS is determined by applying the same signal to'a logarithmié'
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ampiifier, detector, and low-pass filter. The use of a logarithmic amplifier
permits the detector to operate on signals over a 60 dB dynamic range.

The unfiltered VLF spectrum from the vertical antenna is applied to a
receiving subsystem identical to the local oscillator, mixer, and IF filter

used for the three primary channels. This receiving subsystem is

independently tuned, manually, to a region of the VLF spectrum where the
signals of interest are absent; broadband noise originating in spheric
activity , however, is present in this region. Thus, when this independent
channel is applied to a logarithmic emplifier, detector, and low-puss filter,

a measure of the noise amplitude is obtained. By subtracting this logarithmic
value from the logarithmic signal strength, <he logarithmic signal-to-noise
ratio is calculated.

F. SIGNAL PRESENCE DETECTION

The function of this block is to determitie whether a signal of interest

is present. Thresholds are set for signal strength SS and signal-to-noise
ratic SNh which must be exceeded to cause the transition from a no-signal
decision to a signal-present decision. The reverse process can be initiated
by a loss of signal strength or signal~to-noise'ratio, in addition to auxiliary
checks on the signal frequency and the time duration of the signal,

G.  FREQUENCY TRACKING

The frequency tracking block consists of an integrator with a pre-

“settable initial condition and with electronically switched integrate/hold modes.
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The input to the integrator is the frequency error information from the
pafameter extraction block. The output is a voltage which controis the
frequency of the receiver local oscillator. o |

In operation, the operator selects the initial éondition as a frequency
which the signal of interest is likely to pass through. When the signal first
__appears in the receiver p;issband. and is detected by the ﬁ@ﬂ presence -
detecﬁon block, the integrator is enabled. 'i‘hereafter, any offset between
the signal frequency and the center frequency of the receiver passband is
detected by the parameter extraction block and applied to the integrator to
correct the tuning frequency of the receiver. When the signal has terminated,
the integrator is reset to the initial condition frequency to await another
signal.
H.  DATA DISPLAY AND RECORDING

The direction-of-arrival data and signal parameters of interest
(frequency, signal strength, and signeal-to-noise ratio) are made availabler
for display on a panel meter, digital readout, or external analog chart
recorder. In addition, the frequency, direction-of-arrival, and either
signal strength or signal-to-noise ratio are converted to a frequency-
modulation format and combined into a single audio channel suitable for
recording on a track adjacent té the recording of the broadband VLF spectrum
which produced the data.

The tape data interface is diag'rammgd in Fig. 3.7. Thev local

oscillator is heterodyned against an oscillator operating at the IF frequency
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to produce a difference frequency component at the signal frequency. The
sum frequency component is removed by a low-pass filter. Thus, the
tracking frequency of the receiver is represented by a sine-wave at the
tracking frequency itself. The directional and signal strength data are
applied to voltage-controlled oscillators to generate frequency modulated
sine waves representing 8 and log S8. The directional data reside in the
10.4 to 17.6 kHz band and the signal strength data ere in the 18.0 to 19.2 kHz
region, Both of these signals can be combined with the frequency-indicating
signal, which is confined to the 0 to 10 kHz band, by a simple addition. The
resultant signal carries all the informetion in a 0 to 20 kHz bandwidth.

In Fig. 3.8, an example is presented showing a spectrum analysis of
the data channel adjacent to a spectrum anelysis of the raw VLF spectrum
from which the data were extracted. A useful method for applying the data
chaennet is also shown, in which the raw VLF gpectrum is mixed‘with the data
channel before spectrum analysis. The tracking of the whistler is evidenced
by the a;xperpoaltlon of the tracking frequency trace and the whistler trace.
For dét’ailed examination of the direction-finding and signal strength data,

a separate expanded analysis of the 10 to 20 Jh region of the data track can

be performed as will be demonstrated on the ﬁelﬁ data records in Section IV,
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FIGURE 3.8 UTILIZATION OF FM DATA CHANNEL. (a) Conventional

VLF spectrum analysis of a whistler received at Stanford.
(b) Spectrum analysis of the FM data channel produced during reception of
the whistler. Traces indicate, top to bottom, the relative signal strength,
direction of arrival, and frequency of the signal. (¢) Analysis of composite
audio formed by mixing the raw VLF data with the FM data track. Tracking
of the signel is evidenced by the superposition of the tracking frequency trac:
and the whistler trace. (d) Expanded version of (¢). This record also
shows the 100 Hz tone used to mark the event for rapid accesa at a later date.
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IV. EXPERIMENTAL OBSERVATIONS AND RESULTS

After initial testing of the prototype frequency-tracking direction--
finder in the laboratory, the equipment was installed first at Stanford,
California, and then at the Stanford-opersted observing site at Rbbervél,
Quebec, Canada. These testing programs are discussed herein according
to chronological order. The quality and degree of interest in the results
actually follows the reverse order; partly because the development of the
equipment was still in progress during the Staﬁford program, and §My
because of the greater abundance of VLF signals of interest at Roberval.

A. LABORATORY TESTING

1.  Frequency Tracking

After testing of the individual circuits and functional subsystems of

‘the [nstrument, a test was conceived to demenstrate the overail capabilities

of the frequency trwkmg function. An &niﬁcial whistler genex?atorvwas
construqted by conneetiné 8 discharging R-C circuit to a voltage-controiled
osclllator to produce & sine-wave sx;veeping from 10 kHe down to ze¢ro
frequency with an exponential profile resembling a whistler, The output of
this osciliator was mixéd with a ﬁhite«noise generator to simulate VLF back-
ground nedse. By restricting the noise bandwidth to 10 kHz with a low-pass
fiiter, a quantitative moasure of the noise power spectral density could be

made.
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With the whistler-and-noise simulator connected to the instrument and
the controls adjusted so that thie receiver would intercept the whistler at
9.2 kHz and track it down to 500 Hz, the spee& of the whistler and the level
of the noise were increased until the limits of the tracking capability were
resched. The initial frequency excursion rate of the whistler was 32 kHz per
second and the noise power spectral density was -32 dBm/Hz for this condition.
(The signal level was 0 dBm.) This corresponds to a signal-to-noise ratio
of -8 dB in the full 10 kHz VLF bandwidth, or +6.7 dB in the 340 Hz IF
bandwidth. Fig. 4.1 shows analog chart records produced during this
experiment demonstrating the tracking action and the correct measurement of
the signal-to~-noise ratio by the parameter extraction circuitry.

Further experimentation revealed that higher tracking rates and lower
signal~to~noisé ratios could be tolerasted once the instrument was locked onto
a signal, approaching the theoretical limits derived in Section II For
practical purposes, however, when an unknown signal must be scquired by
the iﬁstéument . the limits determined by the test are mo§e realistic.

To test the ability of the instrument to track whistler;s and other VLF
emissions {n an actual spectral environment, tape recordings from Vandenberg,
California; Eights Station, Antarctica: and Roberval, Quebec were played as
input to the equipment. Successful tracking was achieved on strong whistlers,
weak whisueis. nose whistiers, and magnetospherically propagated signais

from the transmitter at Siple Station, Antarctica received at Roberval. 8ince

a demonstration of the frequency-tracking capability is even more
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FIGURE 4.1 LABORATORY TRACKING TEST. (a) Frequency of
electronically simulsted whistler. Initial slope is ~32 kH=

per second. (b) Frequency of tracking receiver, showing capture of the

twhistler" at 8.2 kHz and successful tracking down to lower opersting

frequency limit. (c) Signal to noise ratio indicated by parameter extraction

cirquitry. The indication agrees well with the measured signal to noise

ratio of 6.7 dB.
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convincingly presented from actual real time fleld operations, which are
discussed in the following sections, the data records from these laboratory
experiments will not be reproduced here.

2. Direction-Finding .

The instrumental accuracy of the direction-finder was measured
using simulated directional signal inputs. Inverted and noninverted versions
of a sine-wave signal were generated by operationel ampliﬁers. The vertical
antenna (channel 1) input was connected to the noninverted signal. By
connecting the two loop inputs (channels 2 and 3) either to the noninverted
signal, the inverted signal, or ground, signal directions of arrival of 0,
+45°, £90°, £135° and 180° could be simulsted. The inatrumental errors for
these angles, measured over a 40 dB range of signal levels, are shown in

Table 4.1, Overall the RMS error for all the measurements was 1 .25°,

TABLE 4.1 INSTRUMENTAL ERRORS OF DIRECTION-FINDER.

[ssmuxaaed Angle  -136°  -90° 45° 0° +a5° +90° +135° 189°
Relative Sigral "
Level fnstrumenisl Error (Degreos)
(dB) - :
0 0.0 405 +0.5 0.5 +1.0 6.0 0.0  +1.0
-10 "+0.3 0.3 1.6 -0.5 +2.0 -0.6 -1.5 0.0
-20 0.6 -1.0 =0.5 -1.0 +1.0 -1.0 0.5 -0.%
-30 2.6 -1.4 06 -10 -1.5 -l,u +0.5 +1.0
-40 +0.6  +4.0 +0.5 -1.5 +1.0 -2,0 -2,0 -2,0
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Again, as in the case of the freq®ency-tre xking capability , the most

convincing demonstration of the direction-finding operation of the instrument

L )
is provided by the actual real-time records presented in the sections which

follow.

B. FIELD OBSERVATIONS AT STANFORD, CALIFORNIA

AP

The prototype frequency-tracking direction-finder was installed at the

‘..,....

Stanford VLF observing site and operated during the period from 28 March to
; ' 9 June 1875. Observations were made on subionospherically propagated VLF

transmitter signals and on whistlers.

1. Site Corrections

] As no survey data were avallsble for the antenna system at Stanford,
no corrections could be applied for antenna misalignment. Earlier work st
this gite by Cousi;; I{197’2] indicated site errors up to 5° ac:coéding to |
bearings taken on VLF stations. The position of the feedlines zunning from
the antennas to the equipment building had since been modified, however, so
no att'emf)t waa made to apply his data as a correction factor.

2. VLF Trensmitters

On 19 March 1873, bearings were taken on four VLF transmiiters.
Portions of the chart record showing the bearing indications for the stations
Gmaga/ﬁaﬁaii » Omega/Nerth Dakota, NPG, and NAA are presented in Fig. 4.2,
The bearing angles extracted from the Lh&l‘( are compared with the calenlated
great circle bearings of these stations in Table 4.2. The srrors may be

attributed mainly to site errors and antenae misalignment, and their magnitudes
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FIGURE 4.2 DIRECTION-FINDING ON VLF STATIONS RECEIVED AT

STANFORD. Chait data show direction of arrival and
relative signal strength. (&) JMEGA stutions in Hawaii and North Dakota
iransmitting in sequence on 1+.33 kHz, (b) NPG, 18.6 kHz. (c) NAA,
17.3 kHz. Results are given in Table 4.2.
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TABLE 4.2 DIRECTION'FINDING RESULYS ON VLF STATIONS RECEIVED

AT STANFORD,
indicated True
Station Frequency Location Bearing Bearing Error
OMEGA/H, 11,33 Hawsil 257.0°  252.8° 44,4
OMEGA/N. D. 11,23 N. Dakota 5.4° 55.6° +3.8°
NPG 15.60 Washington  1.7° 1.0° +0.7°
NAA 17.89 Maine 884" 62.0° +8.4°

are close to those of Cousins' results. For the signais from NAA and Omega/
North Dskota, polarization error may alse have been a factor, as sunset was
occurring along the path and this condition was shown by Horner i{1957] to

be conducive to such errors.

To further dexﬁonstrate the usefuiness of the instrument in direction-
finding studies of polarization error on the signals from VLF transmitters
continuous records of the bearings for several stations were made over
24-hour periods. In agreement with Horner's results, the daytime errors
were low, rising at sunset and varying cyclically through the night, and
falling off at sunrise. A particularly interesting example for station NPG
showing a dramatic change in the behavior of the polarization error just

before sunrise i3 presentad in Fig. 4.3.
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3.  Whistlers

The VLF observing gite at Stanford was unattended during the
whistler monitoring program. Human attention was limited to -one brief v_risit
every two days, at which time the oper'at_or could mount one new reel of tape -
(holding 1} hours of data) and change the eqﬁibment adjuéttmenté or select
a diffecent time pesiod for the next monitdrir#g'rhn . The actual recording ;vas

"triggered automatically by a clock to occur during an Aearly morning hour,
since that pe.iod was known to be favorable for whistler reception. These
conditions made it imperatijre that the operator h@#é imm:ediate data on the
resul’s of the previous run so that he coﬁld mtell_iggntly modify the equipment
adjustmente or the recorcding time period for the next run.

Te falidll this requ’rement, the signal presence detection capability of
the instrument was applicd wo cause & éen deflection on a chart' recorder
mnni‘né at a vexy élow speed. With this arrangement, the operétor could
scan an entire two-day period quickly to deterxﬁine if signala'wera Leing
trackad. it any occurred during the 1} hour teme recording Qeriod, they
could be located immediately and aurally reviewsd without listening to or

' 7 spectr\xﬁ ana_lyaing the entire t:pe. | |

A total of 18 recordiags were made, containing 27 hours of VLF data.

Eleven whistlers were found which *ve.e tracked by the equip-zheht , _mostv of

them in the latter part of the progran when the e;uipment settings had been
optimized. Two examples aré rshown in Fig. 4.4. While both beaﬁng

indications show cousiderable variability , the example of 9 May shows a
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FIGURE 4.4 WHISTLERS RECEIVED AT STANFORD. (a) VLF spectrum
showing whistler on 9 May 1975. (b) Spectrum analysis of
VLF mixed with FM data channel showing tracking of whistler frequency.
(¢) Signal strength and direction of arrival data for the whistler. Bearing
data show considerable variability but a predominance toward northeast to
east. (d), (), and (f) Similar records for a whistler on 11 May 76, showing
predominantly western bearing. Both examples show evidence of multiple
components which may be responsible for variability of bearing indication.
(Blanking of DF trace in the absence of a signel was not included at this time.)
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| general easterly direction, while the whistler of 11 _Mhy"disbﬁys generally -
west to southwest bearings. The vartability within each 'éxéiﬁplé' is_ :
attributable to muitip‘ida_ whistler j'écmponents; which are clearly demonstrated
by the rather diffuse apectral trace of thé whistlers. The’ pérfbﬁnance of
the direction-finder in the presence of multiple signals was discussed in
Section II.C.2, where it was shown that the average bearing would tend to
be that of the strongest signal component, with periodic variations about the
average having a magnitude dependent on the relative amplitude and bearing
angles of the interfering components, and with a periodic raie corresponding
to the difference frequency between the primary component and the interference
While specific components cannot be identified in the examples, the bearing

displays are consistent with such an explanation.

C. FIELD OBSERVATIONS AT ROBERVAL » QUEBEC

The prototype fregquency-tracking direction-finder was installed at
Roberval , Quebec and operated during the period from 24 June until the end
of August' 1875. Observations were made on VLF transmitters, natural VLF
activiy iﬁcluding whistlers, emissions, and chorus, and on artificially
stimulated emissions produced by thé signals from the Stanford-operated

tranamitter at Siple Station, Antarectica.
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1. Site Corrections

A survey of the mounting points for the loop a;xtennas revealed
their orientation to be toward magnetic north rather than true north. -
Accordingly , the analysis of misalignment effects presented in Section II.C .4
was applied based on the survey data. The quantities 6 = -19.62° and
¢ = -17.56° were obtained from the survey. From equation (2.88), the

measured direction-of-arrival o, contains an error,
A8 = 18.78° + 1.18° cos 26.

Solving for 6 in terms of 8,

@
"

8- 18.74° ~ 1.18% cos 3 (8- 18.74°).

~ The raw data records presented herein show the indicated bearing 9; in all
tabulated data and discussions of results, however, the corrected bearings
are used. | -

2. VLF Transmitters

Bearing data were teken on stations NPG, GBR, and four Omega

stations which could be received at Roberval. The chart records produced
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during these observations are shown in Fig. 4.5, with thé corrected bearings
and a comparison to the calculated great circle bearings given in Table 4,3.
Bearings on the VLF stations were found to be quite accurate and highly

repeatable from day to day.

TABLE 4.3 DIRECTION-FINDING RESULTS ON VLF STATIONS RECEIVED
AT ROBERVAL, QUEBEC. |

Indiogted Correoted True

Station = Frequency Locatlon  Bearing .- Bearing. Bearing “Error
GBR . 16,0 Englaod 743"  s6.0°  56.8° -0.8°
NPG  18.6. washington 307.5° 289,70  238.7° 41.0°
OMEGA/NOR  10.2 Norway . 53.4°  34.3°  343° 0.0°
OMEGA/TRI 10,2 Trinidsd  189.7°  169.0°  163.0° +6.8°
OMEGA/H. = 10.2  Hawall' 207.8° - 280.2°  281.%° -0.8°

OMEGA/N.D.  10.2 N, Dakota  286.2°  268.8°  273.1° ~4.5°

3, ‘Whiatla’rs and ()ther Natural Activity

Condit_ioné, for observations st Roberval were considerably more
favorable thais at Siéxxf‘ard. A grester abundatice of VLF activity was
availabie, and the :és_ite was gonstantly manned during regular daily operating
periods, pei*z’ﬂittmg‘the instrument to be adjusted to meet the changing signal

environment. In sddition, a general confirmation of diréction-ﬂndix’xg'rem;lts
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signal-to-noise ratio, and relative signal strength.
16.0 kHz. (b) NPG, 18.6 kHz.

given in Table 4.3.
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FIGURE 4.5 DIRECTION-FINDING ON VLF STATIONS RECEIVED AT

ROBERVAL. Chart data show direction of arrival, measured

{a) Station GBR on

(c) OMEGA stations in Norway , Tvinidad,
Hawaii, and North Dakota transmitting in sequence on 10.2 kHz. Results are
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was made posgsible by comparing the bearings with the indicated magnetic
latitude ~fthe signal paths based on whistler nose frequency analysis. For
the purposes of this comparison, a propagation model set up by Seely [1975]
predicting nose frequencies of 3.5 to 3.6 kHz at the 'Robervol latitude was
employed. Whiatlers with higher nose frequenciés would be expected to
show southerly béarings » While those with lower nose frequencies should
be found to the horth. Signals with comparable nose frequencies might
display any bearing, although if the bearing were near north or south the
signal would have to be nearly overhead; in this case oiher signs- might be
present, such as high polarization error, indicat_ing a high elevation angle
of arrival. For non-whistler signals believed to propagate in the same ducts
as whistlers, such as triggered emissions, the nose frequencies can be taken
from whistlers occurring in the same time period for the purposes of this |
comparison. | - | | | |

An example of nose whistlers and ,a'ssocistéd emissions is given in
Fig. 4.6. In many cases, the instrument was surprisingly successful in
tracking the ffequency of weak whistler compenents and emissions_; this is
demonstrated by the mixed record (b) in which components which were faint

in the VLF gpectrum are made clearly visible by the superposition of the

- tracker frequency trace. Within this record one can see cases of highly -

varwale bearings (1.0 second) and relaxively eonsistent bearings (5 5

seconds). These differences are attributable to mul:iple— _wréx_;s single-

| component reception. Later examples will illuminate this more clearly.
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FIGURE 4.6 NOSE WHISTLERS AND ASSOCIATED EMISSIONS. (a) VLF
spectrum analysis showing whistlers end associated smisstons.
(b) Spectrum anelysis of VLF mixed with tracking ‘requency trace '
~ demonstrating trecking of signais. (o) Signal strength and direction-of-
arrivsal date. The signals display a predominantly south-southwest bearing,
in agreement with the indication by the whistler nose frequencies (~4. 8 kMz)
that the paths are southward of Roberval .
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The consistent bearings indicate a south-southwest (corrected)direction,
in agreement with the nose frequencies at 4.3 kHz which indicate an exit
point south of Reberval.

In the next example, Fig. 4.7, taken one minute later on the same day,
a different perspective is provided. A 30-second time period is displayed to
demonstrate the consistent south-southwest (corrected) bearings indicated
for repested excitations of the same whistler ducts. Also visible on this
record are some strong spheric pairs (at 7 seconds and 13 seconds) which
caused the two-hop whistler pairs at 11 seconds and 17 seconds. Bearings
are indicated for these spherics also: south and then northwest for the
first pair; south and then northeast for the second pair. The very strong
whistler-associated emission at 27 seconds is the subject of the next example.

The VLI spectrum in Fg. 4.8(a) shows some weak whistler components
and-m intense emiasion triggered by one uf these. The i‘ntefmity of the
emission is also evident {rom the signal strength trace in (¢). In accordance
with the high signal-to-noise ratio which exists for such a strong stgnal, the
beéring indication is extremely steady. Tﬁe direction is identical to the
whistlefs of Pig. 4.7, evidence that the emission has propagated through
the same duct as the whistlers.

Several cases were observed in which the omissions associatad with
whistlers displsyed better coherency than the whistlers themselves. An

illuetration of this observation is presented in Fig. 4.9. The spectrum
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FIGURE 4.7 MULTIPLE WHISTLERS AND ASSQCIATED EMISSIONS .

(8) VLF gpectrum analysis showing repeated whistlers. The
causative spherics are also vislble. (b) Mixed VLF and frequency tracker
showing tracking of whistiers. (c) Signal strength and direction-of-arrival
data. BHearings are consistent beiween the repesated whistler excitations.
The bearings of the causative spherics are also displayed.
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FIGURE 4.3 WHISTLERS AND ASSOCIATED EMISSION. (a) VLF spectrum
analysis. (b) Mixed VLF spectrum and frequency tracking
trace showing instrument tracking emisgion and weaker whistier components.
(c) Signal strength trace demonstrates high intensity. Bearing indication is
extremely steady in accord with high signal-to-noise rstio existing.
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FIGURE 4.8 A DIFFUSE WHISTLER WITH STRONG PRECURSOR EMISSION.
(a) Spectrum analysis showing diffuseness of whistler.

: (1) Mixed VLE and tracking frequency record. Diffuse nature of whistler

causes *racker to follow oniy the general energy maximum. (&) Bearing

indications showing gradually changing bearings from southwest to south-

east on preoursor and extremely confused bearing on whistler.
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ansalysis in (a) snows & streng precursor emission and an extremely diffuse
multicormponent noce wiistier. The whistler was so diffuse that the frequency
trecker could only follow the general energy maximum of the spectrum; the
bearing indization in (2) is uccozdingly very confused. The precursor
displays better coherency. Its bearing indication shows Zess rapid variation,
aithough a pronounced variation with frequency is evident as the bearing
éﬁﬁs from southwest, through south, to a final reading near southeast. This
frequency variation may be considered evidence of polavization error, which
in turn suggest: a moderately high elevation angle of arrival. As a broader
data base is gathered, direction-finding studies may prove of value in
determining the origin and propagation y:ath of the less understeoc emissions
such as precursors.

VLF emissions not associated with whistlers were also observed at
Roberval. On 10 July 1975, a buildup of chorus activity occurred. Initially,
the instrument had been set up to menitor for whistlers at 3.3 kEz, In
Fig. 4.1%, two hook-type emissions associated with chorus are tracked, as
shown by the tracking frequency trace in (b), at 0 seconds and 4._5 seconds.
Bearing indications in (c) are steady and consistent, displaying a (corrected)
south-southwest direction. The operator then retuned the instrument to
monitor at 2 kHz, causing tracking to cccur on the chorus elements themselves
as shown in Fig. 4.11. The bearing indications changed to west-southwest
and displayed somewhat more variability , as one might expect from the

muitiplicity of components present in the chorus actlvity. Taken spproximately
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FIGURE 4.10 HOOK-TYPE EMISSIONS A8SOCIATED WITH CHORUS.

(a) Spectrum ansalysis showing chorus and associated hooks
at 0 and 4.5 seconds. (b) Mixed VLF and tracker record demonstrating
capture of hooks by frequency-trackar waiting at 3.3 kHz. (d) Bearing
indications showing steady south-southwest (corrected) direction for the
hooks.
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FIGURE 4.11 CHORUS. (a) VLF spectrum analysis. (b) Mixed VLF and
tracker record shows tracking of chorus when instrument

is adjusted to monitor at 2 kHz. ' (c) Bearing indications display predom-

inantly west-southwest directions. : : ‘ e
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twelve minutes later, the example shown in Fig. 4.12 shows a bearing trace

with a considerable amount of both rapid and slow varistions indiqative'qf- o

- polarization error. A possible explanation is a drift of the ducts carrying the

chorus to a nearly overhead location. _Drifts of this nature are _gf;intereSt -

in stti_dies of magnétdspheric conve&ion r‘!iéx-_itionediin Sefcticm 131 asa

A motivating factor for directt on~ﬁnding

A more detaﬁed example of ternporal varianons in the apparent angle
of arrival is provided by Fig. 4.13, in which three successive 40-second
samples taken 3 minutes apert on 28 July are displayed. In order to display

the signals and directional data compacfly ,» & single 0 to 20 kHz spectrum

“analysis of the VLF data mixed with the FM data channel is utilized. Sample

(a) at 1639 hours shows whistlers and emissions displaying southerly bearings.

In sample (b), the bearing data are frequently broken up due to the
instrumental scale discontinuity at due scmlth.'r At 1545 hours, in sample (c)',
the signals have changed character, displaying more diffusgness and a lower
whistler nose frequency; simultaneously , the bearing indications have moired

to a south-scutheast direction. Recalling from Figs. 4.6 and 4.7 the south-

1A scale discontinuity is unavoidable in representing a continuous angular
variable on a finite linear scale. For signals incident near the discontinuity
the indication may jump erratically between the extremes of the linear scale.
If the choice of south as the discontinuity proves inconvenient, the phase of
the vertical antennu signal can be reversed to reflect all angles through the
origin, placing the discontinuity at north i:.stead.
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4 sec

FIGURE 4.12° CHORUS. (a) VLF spectrum analysis. (b) Mixed record
showing tracking of chorus elements. (c¢) Bearing indications

show both slow and rapid variations suggestive of polarization error and a

high elevation angle of arrivai. Compared with Fig. 4.11, a drift from west

to overhead may be indicated.
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" -tions.

southwest bearings at 1530 hours, & possible picture of a northoast drift is

evident . Whiie ﬁzr*her analysis and 2 broader data base are reqiiired be'fore

direct oonﬁrmation of duct drift thesmes e&n be preaente&f..-' ese examples do

provide evidence of the usefulness mt‘ the dzrection-ﬁnde" uch investig‘a—

4. Artiﬁciany Stimulated Emissions fmm $jgle Station' Antarctica.

Roberval is located at the magnetically oom]\__::gete point to Siple
Station, Antarotica where Stanford University operates a 100 kW VLF
transmitter for ,arobing of the magrnetosnhere [Helliwell and Katsufrakis ,
1974} Signals transmitted at Siple stimulate emissions and display amplifica-
tion when received at Roberval. The operation of the prototype frequency-
trackirg direction- ﬁnder at Roberval coincided with a campaign of experimenta—
tion employing the Siple transmitter, and sig’nals fro_m Siple were observed on
several occasions. The programs tﬁansmitted included CW p_ulses , frequency
ramps, and frequency sawtooth sequences. |

A t};pical reception of frequency ramps ft"om Siple is illustrated in
Fig. 4.14. In (a), the VLF spectirum enelysis shows the repeated ramps
followed by a descending "staircase" sequence. Also visible are the idler
pulses used during key-up conditions to maiﬂteitl the load on the transmitter
but which are amplified much less than the ramps. The mixed VLF and
tracker record (b) demonstrates the successful tracking of the signal

frequency by the instrument, including the ramps and descending staircase.

118

."'(\OI(Y‘-‘B Y et s ey el g O A s S

e R e e L




: , ‘pesyIaAc ALreau Jonp

8 Eo.a ﬁbg 30 o13us cozwbwam Y31y v Aq pasneo J0a39 uonezlrsiod Jo aase38nsg uowBLIBA

- fousnbaxy suios 5«3 ¢ UOJIOBIIP POIDSIICO ISSMULIOU-LIOU B 938OTpUl puw.osind o3 asind

o ’ WoIj uawumwmacc 3IB SBUOLBSIPUI [BALLIZ-JO-UONOAII] (0) Iuswnaisur ayl £4q sreuldis jo

A wamx..cﬁ mmuaﬁwcoﬁwv paoosd Aousnbaay-3urosal pus JTA PIXIN (D *sousanbas o5BIITE}S
© # . Buppusosep pue sdurea Aousnbogy sfeidstp sisdpus wnipadg (¥) “SHIVJ

meﬁmmmoﬂmzwé VIiA .H¢>xmmo.m IV QEATADTE NOILV.LS TIdIS WOUd quzwum ¥1°9y FENDIA

ap09-0

1A 952011 S elenw L S m—v

119

N ha - g ey v ot Ty




The bearing trace in (c) shows a characteristic frequency-dependent
variation during the first part of each pulse which may indicate polarization
efror due to a relatively high‘ angle of arrival. The bearing‘signaturé repeats
for each successive pulse. The bearings on the staircase steps agree with
the bearing for the corresponding frequency within the ramps, although the
changes:are harder to. detect. due to the naisinesaof th_é' trace. From the
north togno'rthwes.t be@a_ﬁ_ﬁ’g" and the preserce of b&laﬁzmion erz_'or: an exit
point ne;ar éh‘e station and to the north would be inferred. This is cbnsistent
with analyses of nose whistlers from the same period, which éhow nose
frequencies of approximately 3.2 kHz.

Additional examples from the same date are provided in Figs. 4.15
and 4.16. In 4.15, an apparent short term change in the polaz_fization error
characteriétics occurs. At 1108:51, the whistler and Siple signal show the
same frequency-dependent bearing variations as in Fig. 4.14. At 1109:36,
howeirer. the bearing variation with frequency has changed in'\character.
This rapid change is consistent with the sensitivity of the polarization ellipse
to small changes in elevation angle as the multiple rays from the exit point to
the receiver shift relative to one another. The example of Fig. 4.18
illustrates the effect of muitipath versus single component reception conditions
on the bearing indication. In the example at 1108: 27, the spectrum analysis
at (a) displsys muitipath conditions oh the Siple ramp and nose ivf;istler.
The tracking frequen;ry trace in (b) shows & characteristic fuzziness in-

dicating low coherence. At (c) the directional indication, aithough indicating

120

R  TRD




RO 7 AUG 75

FIGURE 4.15  SIPLE SIGNALS SHOWING CHANGING POLARIZATION ERROR.

' (a) and (c) Spectrum analysis of VLF mixed with iracking
frequency indication for two ramps separated hy approximately one minute
(b) and (d) Direction-of-arrival data showing a distinct difference in the
bearing behavior through the ramp duration. A change m polarizstion
conditions may be inferred.
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FIGURE 4.18 SIPLE SIGNALS SHOWING EFFECTS OF MULTIPATH.

’ (a) Spectrutn analysis of Siple ramp and a nose whistler
displaying multipath conditions. (b) Tracking-frequency trace and VLF
mixed record showing successful tracking but neisy trace indicative of low
coherence. (c) Bearing Indications show a consistent average but
considerable rapid variation. The example of 1114 (d) shows less multipath.
(¢) Frequency trecking trace for latter part of ramp is sharply defined.

(f) Bearing indlcation is more consistent. ‘




a consistent average, is subject to a great deal of rapid periodic variation.
In contrast, the example at 1114: 22 shows less multipath in the spectrum
analysis (d), and a more clearly defined tracking frequency trace in (e}
for the lattern portion of the Siple ramp. The corresponding bearing
indication (f) shows less variability.

An even more extreme case of multipath is given in Fig. 4.17. The
bearing indication (c) is éxtremely confused exéept for brief instants at

2.0 seconds and 12.0 seconds. A study of the specirum (a) and the tracking

frequency record (b) shows that relatively coherent triggered emissions

ol

oS Vi ey

, carried the tracker frequency away from the multicomponent sawtooth signal

:ﬂ-it;v.:

from Siple at these times. The tracking frequency trace as recorded on a

chart recorder (b) shows a striking change from a fuzzy character to a clean

trace during thease emissions, indicating the higher degree of frequency
coherence for the emissions .
A glimpse at another application of the instrument i8 provided in

Fig. 4.18. In addition to the familiar quantities of direction-of-arrival (¢,

signal-to-noise ratlo (d). signal strength (e), and tracking frequency (03,
the real and imaginary parts of the ratio (-H_/H y) (which are also measured
by thé instrument) are shown &t (b) and {a). Noting thst the imaginary
part is negative and greater than the real pert during reception of the ramps

from 2iple, one can conclude that the polaﬁaathm is essentislly circular. The

handedness can also be ascertained from the sign of ux/ay; as (-H_/H y) is




0 4 AUG 75 1212:21 Ut

FIGURE ¢.17 SAWTOOTH SIGNAL FROM SIPLZ AND TRIGGRRED EMISSIONS.
_ . {2) VLF spectrum enslysis showing multipath reception of
Siple sawtooth. .(b) Trecking frequency chart record displays triggered
emissions tracked at 2.0 and 12.0 seconds. Trace character becomes sharper
indicating higher coherence for these emissions. (c) Bearing record is
extremely confused due to multipath,, with the exception of the two emissiocns.
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FIGURE 4.18 CHART RECORD INDICATING POLARIZATION OF REZEIVED
SIPLE RAMPS., (a) and (b) Measurements of the real and

imaginary parts of the retis (—Hx/H_ ) are recorded. (c) Bearing

signature shows ¢crnsiderable frequ%ucy variation indicative of high elevation

angle. (f) Frequency record showing tracking of ramps. The polarization

of these signals is essentlally right-haad circular as deduced from (a) and ().
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indicated as negative, Hx/ Hy must be positive; therefore, Hx leads Hy .
The polarization must be right hand circular (looking down at the receiving
| gite, in the direction of propagation). This agrees with Helliwell's [1965]
description of the polarization of whistler-mode waves. The indication of
circular polarization strongly suggests a high elevation angle of arrival and
a near-overhead duct. Again, this is in agreement with nose frequency

observations of 3.1 to 3.6 kHz on this date.
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V. CONCLUSIONS

A. SUMMARY OF RESULTS

A theory and technique for tracking the 'frequency of whistlers and
related VLF emissions and extracting direction-of-arrival data in real time
has been presented. A p;'ototype instrument embodying these innovations
has been designed and constructed, and tested both in the laboratory and
at field observing sites.

Labore.ory tests of the tracking capabiiity show that, with a 340 Hz
IF filter bandwidth, signals changing freqguency at up to 32 kHz/second can
be captured and tracked at signal-to-noise ratios as low as 6.7 dB. At
field observing sites, successful tracking was achieved for whistlers, both
above and below the nose frequency, and on a variety of emissions, chorus,
and Siple transmitter signal formats, in the presence of both manmade and

atmospheric noise.

Laboratory tests of the direction-finding capability show an
instrumental accuracy of 1.25° RMS. Field observations on several VLF
transmitth'x.g stations show repeatable, sccurate results, with the average
magnitude of the error being 2.90, most of which is attributable to site

error.

Direction-finding bearings were obtained on whistlers, spherics,
chorus, Siple signals, and related emissions. The behavior of the bearing

indications agrees with the theoretical prediction of system behavior in the
presence of noise, multipath, and polarization error. Under favorsble

conditions, repeated, consistent bearings were cbiained.
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The bearing results on those signals were consistent with the exit
point latitudes pred{cted from whistler nose frequency analysis, without
the necessity of invoking devistions of the ray path from the field line of the
duet.

Some of the data display a temporal change in the indicated Seari'ng

which may be indicative of a duct drift,

B. CONCLUSIONS

The new technique for VLF direction-finding presented herein filis
a gap in the range of techniques currently available or under development.
The directicnal data are of higher accuracy and temporal resolution than
those produced by the gonlometer technique. The instrument is of use against
a wider variety of signals and wave incidence conditions than the multi-
channel techniquer of Cousins [19 72] or Tsuruda and Hayashi [1974] .
Finally , the availability of the information in real time and with a minimum
of human analytical effort represents an advaatage over both of the other
methods. The practicality of the instrument has been demonstrated by the
success of the field ocbservation program. Thé frequency-tracking direction-

finder promises to yield data hitherto unavailable on the location of the ducts

which carry whistlers and related signals.




C.  FUTURE APPLICATICNS

A number of different opportunities for application of the insirument-
are gpparent, To further exploit the direction'—ﬁnding capability, it is |
recommended that a multistation network be employed. Twe stations would
permit location of sources by triangulation. Three of more stations would
provide a further check on the system aceuracy by examining the con-
vergence of the bearings to a single point.

The capability of the instrument for measuring the apparent polarization
of the incident wave, as illustrated in Fig. 4.18, could be further exploited.
If a perfect circularly polarized source is assumed at the base of the
_lonosphere, the polarization of the received signal can be used to indicate
the elevation angle to the source; the more nearly circular the polarization,
the higher the elevation angle.

Anocther mode of operation has been tested, in which the signals from
the three antenna elements are recorded on a three-channel tape recorder -
for later playback and processing by the frequency-tracking direction-finder.
This method requires excellent phase and amplitude response matching
between the recorder channels. However, the advantage is that only one
direction-finding instrument is required to analyze data from any number of
stations, Furthermore, more detailed analysis of signals is possible by
replaying the tape with different adjustments of the instrument. Preliminary

tests have shown this to be a feasible approach. The direction-finding

errors introduced are on the order of a few degrees for & properly




operating recorder; for an improperly aligned machine, the ervors may
reach § to 15 cieg’ree;s.

Apart from the direction-finding function the frequency-tracking
receiver has demonstrated useful capabilities in the unattended detection
and analysis of VLF activity. Unattended reception facilities «t remote
locations or on satsllites employing the frequency-tracking principle can

' benefit from the reduction in data bandwidth mede poasible by automatic
real-time extraction of frequency, amplitude, and signal-to~noise ratio
information.

A more immedisate application of the receiver is in the measurement of
the growth rate of the artificially stimulated emissions from the Siple signal.
Use of ordinary filtering techniques is hampered by the changing frequency
of the emissions; using the tracking receiver, a continuous record of the
amplitude of the emission cen be produced with other noise filtered out.
Preliminary experiments along this line have been carried out with success.
A minor redesign of the IF filters to reduce their bandwidth to 100 Hz would
optimize the instrument for this application; although the maximum trscking
rate capability would be reduced by a factor c;f ten, it would still be adequate

for the relatively slow frequency variations of the Siple signals.
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APPENDIX A. COMPARISON OF SMALL AND LARGE APERTURE .'

DIRECTION-FINDERS

Assume two model direction-finding syst- ;ns , one of the large-aperture
interferometric type and the other of the small-aperture type.

Tlie interferometric direction-finder cunsists of 'two pairs of antennas,
each pair forming a baseline of length s. The twc baselines aré' orthogonal .
The phase difference ¢ between the two _antennaé consiituting each baseline
is measured. If baseline 1 is oriented _aiong the north-south axis, and

baseline 2 is oriented east-west, then

]

0. (27/A)s cos 6

L

2n/x;8 8ln 6

i

%2

The small aperturs system consists of crossed loop antennas. The

amplitudes of the signcls from the iwo elements are given by

;}‘~
3]

:Acbse

Asin 8

P
3
2]

In the presence of rendom noise and measurement errors, the eifect €
on ¢ phese medsurement (in redisns) is comparable to the fractionsl effect

on ar ampltudy measurement. That is,

A¢ (radians) = QBA/A = ¢
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The noisy measurements produced by the two systems are therefore given

(2n/M) 8 cos 6 + € A1

©
o
'u

Acos8+ ¢ A

1

~ . .

(x/r) 8 sln 6 + ¢, '3.2 AginB+ ¢ A .,

uy

-©-
|4
1

2
The resolution of the angle of arrival from the sine and cosine camponents

measured is performed as

D>
¥

-~ A A '~ ' -
¢, + 10, 8= /A + A, .

Substituting the above quantities and rearranging,

19 js+‘1”‘z ej'é

- 16
° ¢ * /s

+
= c1+jea,

from which.it can be seen that the influence of the noise will be eomp_arable

when (Zr/A)s=1,0rs=A/27.
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APPENDIX B. CIRCUIT DIAGRAMS OF THE APPA RATUS
Schematic diaéréms of the circuitry used to implement the proto- |
type frequency-tracking direction-finder are presented herein. Fig. B.1

gives a block diagram of the apparatus showing the functions periormed

.on each circuit card an& the interrelat’onships between the cérds. The-_
actual schematics of the cards, PC1 through 25 and PC27, ave given in

Figs. B.2 through B.26. The backplane iviring of the card cages holding-

the circuit modules is diagrammed inB .2‘7'4and B.28. The wiring of the
control panels for the equipment is described by Figs. B.29 and B.30. A
further ingight into the operation .of the equipment is provided by the drawings

of the actual front panel controls, with explanations, in Figs.B.31 and B.32.

133




‘SNOLLONNA Q¥VD IIADHID DNIMOHS INIWNNISNT HHI JO KVYOVIA ¥OOTd  1'€ NEADLI

®
&

oA
3 .
1
b---d4
)
' J]
v [+—F4 3 1o
:
e !
JRY N =
“ 2
bi ;.B\b.ﬁs
AT
Fi- s )

%
L—-——- »e -‘-8‘5&4‘-—-—-—-—1

»

134




"104 ‘@VO 01 HdLSVIN 30 DILVINAHOS ¢ "9 34nHig

-1 Ndhl
SAYLIOA

T

|

OF2INT

AS!

%01 30N LITANY
IAVM  H05
FIGNVIML




3
"
A

"20d ‘QUVD LHHA-YIXIN 40 DILVIWIHOR

136

00c1

)
uor

1 ol




"€3d “d¥VO LYHA-HYHITIIE 41 30 OILVINHHDS ¥ E aynbila

137




"$0d ‘qQUVO NV YALIAIT A0 DILVINEHDS  §'€ ZYADIA

X0 LT

138

_SamSa
*or HOILT8

indino
][ o)
ASN3ES &0

o1




'S 0d ‘a¥Y0 HOLVNINIYOSIQ 40 DILVINEHOS  9°§ TU0OIL

A gt @
%«SW &

.i_.ouMu
ASI- (<

— &)

LRg
b""é‘ '
oot OIS
o3
j (=~
300§ ~t
ey st
%Y 260
~8 N
zeg@\ 1 .
+
P _.«&I . N - Sw&-z
%01 %E'Ce " NOILO3B
[ _%Q
s
fas %
25

IR




"90d ‘GEVO HOLVUDILNI 40 DILVIWIHOS  A'9 FUADIA

AGI O‘IH"C.@
T
T et ()

I0ALN0 3OVII0A- . &
VNG ADRCEHA %

®

+

140

INEN) 3HYLT0A
wysonud AF18;

B e g OIS ~




*L0d ‘qQ¥vO FASION-HILTIL 41 40 QILVIWHHOS 8 d 3¥NDIA




"80d ° aavo ,mmbwﬁm dWV DOT 40 DILVWHHOS 8§ HUNDI4

@)
3?,#111[.11!@

Anyg 207

3A150 201, , ;
HIVE BT 1982

NIVS HOIWF  yog

%001
NIV O-HEH

ASI~

FAINA 801
BIVO AT NI«




TR RS S AL VDU 30 ULLVINIHDS 01' 9 3unv1a

A% ASi$

ANdLNO )
. SSION
A ®
AAN—
4 2
. L ]
AAA,
%01

104100 55 (¥1)—




& 152326

o
X %
g b
AAA AE& p.........—-u-_-
A A2 Ah A 4 0
, 3 B §
f p b ) 8
¥ .
o - ¥
Q 3 e

iCK
OK

SCHEMATIC OF TRACK/RESET LOGIC CARD, PC10.

+15Y

FIGURE B.11

144




‘1104 ‘ @¥VD ¥HAANG YALIWOIINZLO4 30 OLLVWAHDS 21 g FUNO1A

cIivInedy Aci- & 4

Ll
e

145

a <
' -

2 72 edln Ty o SR, .. e

2 PO et e 2 i L s s o G prs r s o . .
% e 4 R e S L R O e e i S e s
o %A:.m & R By ot T L

- . K -~ - -.
t . - fogla,



"210d ‘Q¥VD JOIVISNVHL BIYA 40 DILVIWSHOS

£1°d JE0Hi1a

A .
oo0e oty
oe e A ¥¥2 | HE
4
%
iy Lo
oSNz

woivTmeo 2




‘104 ¢ CEVD HIXIW/OT HSION 46 OILVRIHOS ¥1°d JEODd

AGI4 - P Q0
u&.%xeg ©
e ®
: 4
208 Mnu&_
>2..AI|W|?.§\I||AU
Hwg'g

147

[
ASt~
280¥HE 1
* 998 ooR! Lot
Al g 941 T m&ﬂMﬁ@)
Lo oL
p Teli




*$10d ‘qUVO dWVHdEd 40 JILVINEHOS £1°d FUODId

148




"§10d ‘ QUVO MA ANV SN-HIXTA A0 DIIVWAHOS 91°d mmnmwwm




*(TYOLLNEAD 11Dd UGNV 8104
‘MA-YFLTI 31 ANV sN-HZ LTI 41 40 SILVINEHOS L1 ¢ 3¥andid

» +
i
: N0t %0 : 1 . ROWULIZS
o MOl | AG08 2
-
l%% Al
034 H0
ANYROSIH
AndinG

) Z NOLLOZS .




"810d ‘QUVD dWV DDV 40 DIIVWEHOE  81°€ FUNDIg _ | . f

031937133 SIVTYA ASt- @I

QILHTANL - LNdIRG
A3

».3&3
88:..!. .lc\..l.l.,..
J

. Milwug..eoo
] mﬂ

N!N._.

| 7 xond

Ny e

!
|
|
|
|
L

W“’!"l

Lm—-_n-w——.—-——s-q-—v—-‘

=4

&

OO |




*6I0d ‘QUVY YOLOFELAN SNONOYHIONAS J0 JLLVINEHDS §1°'9 38NDI4

152

>y

SiNdN: BALHAD
FEEINEIVOD ‘A
Andus IANED
RHLLCBAVED
2ewn) AAIHQ
ABIHEHR AN
it 2580
it 0 ]

YOO O

€

%2 T N ) \

(1) LNt LN T
. . @ LRl M3
X S1) SNt QILETANT SH

L) wman s g




!
*0204 "QHEVD HIAINA HOLOZLAG 0 DILVINHHOS 02°9d T40D13 '
ASi4 - Ao ()
SO HE €8 W ,
< ®
4ors
A%~ s A
g e ® N
- 1 10°
4558 A
. ASt+ POy
06 .
rsi-4 | po-p | 44 By | o3
» € 2ijl¥ € 2 1| 8 L 9 5% ¥ & 2 | L 9 S vs 21
108 10¢ 3V 840> 00 IViv0+ad
L g9 4@ 2 L € GO~Z..N_N_$n.ﬂ 2 3 G 1
AT N Jyngs =
R¥2S JasteaJ AN DAGI+ 3 A+
» () L0dN] —
. : ISNIS L0 .
N 3]
: i
i
sgi-d | G4 A.M , T By o
CAEE- I TEE A ) \.wnammng L 9 6 v £ 21 49 € ¥ 2T 1
0% 108 IV110209 IV HCYAD IVEI0PAD
th w.ﬁ.hﬂ ¢ € O 1 2 8lw G £ 0 12w 3 60 11 & 5w
¥ ¥ ] 3 y - ¥
Agi+ ASI+ AGI+ ASi+ ASl+
10 JAIWT  iRO ZAI¥0 |
NLVHGYNS TUNLTHCYND
AN
a4 | Peig | hcr-p | [hora : < s
S 21l & 21 lvwﬂnvﬁn_ ) ':“.‘“'_m.w.
108 108 08 tog 108 oz
cd%anw%u mwﬂaww%u MM%rn.m ]
. rlzL
ALYk AS w&lm.m S1 100 AnAQT+
BA  IALQ .
BEWAEH BRG] ino 100
b4 ‘334 ‘33Y
e s |

e — — ‘a

- e e mvmn o e a .o . .- - . -




*130d ‘QEVDO YOLOALId DNINNVOS 40 OILVIWIHOS T12°d 280D1d

104

(¥) ni 3700 VIS A3 A
@ N1 IAING NVIS M3

—@) M 2M130 KYSS SN AN
@ NI 3A14Q NVYOS SN

!
o

SLNdNI  ARI M3




2204 ‘a¥VD MIALIW ASVHL 40 DILVHEZHOS  &2' € YDA

POTENI

AgI-

A2l

oLz

156

L0ext
) AR '43H
a3V INGom-3SYHd

*01




*€20d ‘Q¥Vv) SHOLVTIIOSO Md A0 O1LVWHHOS £2° € FUNDIA

AG c||||.®

ASA~

156

LT PN

FIGD” A9

A W00

TFCLOA
¥ HYH)




"¥20d ‘QUVDO DIDOT LNFAT 40 CILVIWAHOS  $2°9 FUNDIS

‘i 1N4Ln0 +
INCL 12
* AN3A3 ~
. -
o]
-4
ni

A0t } , e

AOI




§¢0d ‘QUVD HMKWAS OIAdAV 40 JILVINAHOS  62°' € TUNADIL




"L20d ‘Q¥VO YA LNAOD XONANDHES 40 DILVNEHOS 92" € FENDI

[=r]
wy
i
—_— AG BN
indNi 19273S (3
234/ LINIAI . , -
TSy T3 ey 11
20¥L $OPd
€ € O ii 2t 61 » } S QA N £t
| - T
| e Ag
10N »umwu@
Av
g
- AS AS AS AS - oof :
m.wa Wl. Muﬂ ™ __wHL. __»Hl AG
i9% & 1 L9 8 v € 2 L 9 S ¥ € 2 L % S ¥ S T ! "
QErL Q8¢l 06blL 06pL i
26 0l 1l 21819 © 60l It 2 & g 50l 2giv e e avirE mowm aem
i 1. - T .
22 4 e ] . 1 e 1d :
A - -
T S T , ol Rl 6 7 9 : QW r v
wmet e, 2, B0 4d 330 s Puule B

asH (242 NO §¢ 01) HOLIINKOD AV WSIG/GI8-5F LIy




100 ‘SISSVHD GQHYD WIAIEOHYE DNIMDVHL 40 OILVWEHDS 177 € (DI

TINVD C3UTIIHS mwhﬁu_oznwn

giﬁsgt.g.iﬁq
ND U, WIRTH Nid SALOMZ0

ad zozos.a_sw.m—un;z Hid W%o.ﬁwn waa [ .h:
53108 g Ey
r MIIA VTR e 51 IXO0S QYYD 10~ DT~ : v Lpepe-]
13d 234 €0 2d SO 934 40d 3d 833 Ca 4 U3 o9 SEL
@ aC D~ © -0 - - © 0, D R O e O O {8
0 > ,
®- ® @ & ® -G @ @~ G+ £
O—O—O— ®©- © D OO © © & © ©— {&
—® @ —® ® &F—@® —® @]
® D€ | O Y®
ey 1o e © U e g ® —o{D (6@ ©o= 2
. j.@ : -t
@&
O—A®

?
0

é@f%%

K

T
I
]

?

!
@jyéw
888 8

?_9
®

}
!




'3D0 ‘SISSVHO QUVD ZAIEOHY 40 40 DILVWIHOS  82°g IENDIA

TI9v) 9IS SRANNO M

i X )
1IN0 3t QL LOTMCRILN T e ST S, !
. we: EqmupazRAV : P Z...«Wﬂ@ﬂ
. ) . ! !
243 M Sld O LIBCOAL Bic S PR
O L\, MIRAN g 530030 LY FRERPY ﬂ.%clawﬁ.w.
SN %4 H { M
Ll B e \N T TS'V..‘
, AN BYIY — SLINICS VS M- BT o s i oo |
{ [QUE——. .
) 0% | i s
i2d $10d 9159 3¢ 9104 6124 ) 120w 2230 72t vesu w4 woe ;| waze[
- i O e O R U S0 [ NP 7, A Lo 4L

E TRl i R0
@——G OO O D Dt o S} T o)

] @ : O ©OF B B e
& &4 : :

& @ D —@ w@@ B m_

@ ﬁln _ n : ey

i L@ e ) @,

(& } ,w .

@ s
<N

3 i T
L 3 o

[ { [ 3
ot r..:x...l..l;+t [ S 4
[T S

o e

;T Hw}.
@LZ
R amtd)
oy

161




"Idd “TANVA INOYA YIAIADTY DNIADVEL 30 DILLVIWEROS 82 '8 TEODLA

30-1;0#5285;m4§

IO 8 WGP Nid nwpgﬁ
TENYE SO MBA P K W SHOLIYOOT
UYMXOTASV NI KAOHS $IOMLHOD

(SO
-
Y,
2 : .
LLER LT 1415y o, xen )
g
AOOtT
NIYD RYHD 35 ~ B e
(HIBNYL) Ty 113330 " e fider?

e K

rod 1X3

b3

[S0= DLy,
[Py AR
L34S
.:.w

STOULNCD OO TMAIOS L

i62




*$dd ‘TENVd INOYA ¥BAIEDHY A0 40 DILVRAEHOS. 08°d FYNDIA

2720 MO Q¥ 04 LIIHMOOMILN .9(@
MO _u_ HEEATON M 53 L0MIG
TR #C MDA MY Te K SNO IO
FAVNIXDYATT NI HRCHS £ 08 LNCT
LIAON

—_——— s
WG SRY
P

| T :
=3 .- { o - RN
-1 * =1 ; oL TR R O )
E ! o i : . . : j RiL.
. | 3 Tk | S S S T ¢ from— &
SIS o i R i PN -
- ; A7E—
esman Tl ¥ =2s Bu) .=l -w.fu.m.@
al i ldes R * = S = : 3t
S i ! P o3
' SN SR Nt
_ : o, *. < i o *Il.qllb\u.m m
o L wedn e
w R e I 2
I L
e rw
. L B oy
* g .S g D
|t||®|||_ (d
HOLIMS 1OFTIS B
. — gt
<k e e
* — & L0 Gp——— &7 {1y wo iy ¥ ] sy A G e Ty (e
% = 1 o * - . R S ] 3
3 -+ 4 l@ll.ll|| 2.4 ® L M bt BT A S
o] Nz MY s e o !
. ,o . one
BA SH a3 . . o L e
. s BT o Lohean IR, i | U - W
%@I@ nvmlv i) g D@. ¥i .u..-\e..-\.. mu.w.ﬂn.&.\;i ) =3
SLAdN A g S oa qw..o At
-
2373 10 2T 2,88
hmwy/ o 3.,»5.»5» Pl cr e s
i} $ 2 ER I
d - LAY -
oo ‘L
. i -l
E AN -t
ﬁ Lo e e

ERTE 0 PR VC S T St




IENY LNOHS ZAATHOHY DORIMOVEI 40 WVHDVIA TVIH0LIId 1¢€°9 FMadid

A

ST UNS S8 CNHALICWED WML -C WD
ISANALAO SOTYNY 30, 7 NI € Ak G ¥ SO
L1TYTY NV WRD 2
YR Ve D1 300w aLEmyNs T 51 S AT e qury 8. ST c‘m
BINGING TYNDIEIV. Y HOLINOW CL GISN 78 B MR ML B T3 S mas TN B 2
407 WOrEH 7 WD WLIN SOV ADGONEA 0§ 3p Py ELTE R IUTANRL 7 ST WL e Wy
/ - /S = g _—
; .
® e O}, ol |0 ol 1o ,
£ T o H -
P i D
@ Q 3t 7 (s I d En|
>4 i =3  Ja— o3 e
3 vy, L iy A
© © 5]
o ss -
o} ,0 .l..\{éwu&l O
® © {‘V 15@» _ ®
- >3 i d B 4 3 3%
o= 23 . . wom 4
] (gl B |l i
m bs \
S10dAN0 m \\ \ BIDHLICD ) SMOEL \
7 /
\ Oy i / P i -
QO A DMLV 30 LIS () uoval it SR LSO S YOBSBID FLOMDG LTRUIN

ONDEYIL ¥ SO GIWETLETTH DB LA KRLHED T4 oLy e Es S10N W9 1XT
NOOLVD ACTEXYR AN WIFE PRI N Gty vei e DTN




TANVE LNOYA YEATHDTH

VLS LS L8
QY QL rumux Ay :4

THIAI M Grees Sooidva -

gu IR TN
FL00d «‘.thx

gD VIR ) ey

A¢ 40 WVEDVIQ TVIdOLOd A 4

Wt g
WHLZ ] LA WO 0

ITIe

I s

TR 7 z
MEGYEY

v % u.. Seav

$ 3 7

g . .#&.ws.aw :k

FHaDId

uwds S ﬁa VR, W
Lo 57 «a{.ﬂl S 37

Cad TUT DL

e »:kx\

NPT LNAAI —— O V3

T [X+]

@I.l AONIACTIS YA D M2 2053
auw. @i&fOx}lﬁWﬁv_ ——a M &£

MY ST AEE0 2383

Qw(a

\.. TATANY VLD Forr..

O MG Ere M
3

5@%@-1@3 - [Eed]]

RV L¥ Y . :; Mv& Oy
2 UER , ) 575
P p
\\
v a0y g AT i
;

o

L/
NE e
Ay

£ JOVR 2N e KT

oo DWIGHODRY MO G3IIL FHGL B T 0305074 79 avm R?.‘x:
PES AN T8 UW, NS LA WY WOLLISDG 103
ONINYLNOD TBIRIVD STWHDIS DIUCHORIS M2 YO 3333

10d1N0 gIxiN RS 3u¥ 3%'Y WO WIVG DUTTYNY §L23EE

et e s Roabenge i | raberee =

CLRIRQ UMY QAN

/
o T e kel S S /
aua?m : »3& .._. QLT .ﬁ
v RDLIEE TV

VA3 SHALY A ED NS
13 SEMT 6L O3
Rl DAV LY TS ]
BINLON BUweN

185




REFERENCES

Adcock, F and C. Clarke, The locstion of thunderstorms by radio
direction finding, J.1.E.E., 84, I, 118, 1247,

Axford, W. I., Magnetosplieric Convection, Rev. of Geophvs., 7, 421, 1969,

Baghdady, E. J., Lectures on Communication System Theory, McGraw-Hill,
Xew York, 1961.

Buliough, K. and J. L. Sagredo, VLF goniometer cbservations at Helley Bay,
Antarctica--I. The equipment and the messurement of signal bearing,
Planet. Space Sci., 21, &89, 1873.

Carpenter. D, L. and N, [, 8eely, Cross-L plasma drifts in the outer
plasmusphere; quite-time patterns and some substorm effects,
J. Geophys. Res., in press, 1975.

Cousins, M. D., Direction finding on whistlers and Pelated VLF signals,
Tech. Rept. No. 3432-2, Radivecience Lab., Stanford Electronics
Labs. . Stanford University, Stanford, Calif., 1§72.

Crary, J. H., Tha effect of the earth-ionosphere waveguide on whistlers,
Tech. Rept. No. 9, Radioscience Lab., Stanford Electronics Labs.,
Stanford University, Stanford, Calif., 1861,

Crombie, D. D., Measurement of the arrival angle<” "whistlera",
d. Geophys. Res., 60, 364, 1855.

Delloue, J., La determination de ls diraction d'srrivee et de la polarisation
des atinospheriques siffleurs, premere partie, J. Phys. Radium. §,
214, 1840,

Ellis, G. R. A., Directional observations of 5 Kc/s radiation frcm the earth's
outer atmosphere, J. Geophys. Res., 85, 833, 1860.

Franks, R. E., Summary of propagation conditions and of the efficiency of
electrically small antennas, Internal Report, Sylvania Elect. Dev.
Labs., Sylvanie Corp., 1964.

Gardner, F. M., Phaselock Techniques, Wiley and Sons, New York, 1868,




Hefley, G., R. F. Linfleld, and T. L. Davie, The Ephi system For VLF
direction finding, J. Res. NBS, 65C,43, 1961.

Helliwell, R. A., Whistlers and Related lonospheric Phenomena, Stanford
University Preas, Stanford, California, 1965.

Helliwell, R. A, aad J. P. Katsufrakis, VLY wave ‘njection into the
magnetosphere from Siple Station, Antarctica, J. Geophys. Res., 78,
2511, 1974.

Horner, F., The accuracy of the locstion of sources of atmospherics by
radio direction finding, Proc. I.E.E., 101, III, 383, 1654.

Horner, F., Very-low-frequency propagation and direction-finding,
Proc. 1.E.E., 104B, 73, 1957.

Kukes, [. S., and M. Y. Starik, Osnovy Radiopelengatsii (Principles of
Radio Direction Finding), Soviet P.blishing House, Moscow, 1662.

Melsa, J. L., and D. G. Schultz, Linear Control Systems,, McGraw-Hill,
New York, 1969.

Ockenden, C. V., Sferics, Meteorological Magazine, 83, 137, 1854.

Panter, P. F., Modulation, Noise, and Spectral Analysis, McGraw-Hill,
New York, 1965.

Seely, N., personal communication, November 1375,

Tow, J., A step-by-step active filter désign » IEEE Spestrum, 6, 64,
December 1969.

Tsuruda, K. and K. Hayashi, A new method for direction finding of
elliptically polarized VLF wnves, Report No. 509, Institute of Space
and Aero. Sci., University of Tokyo, Tokyo, 1974.

Watts, J. M., Direction findings on whistlers, J. Geophys., Res., 64.
2029, 1959.

Wheeler, H. A., Fundamental limitations of small antennas, Proc. IRE, 34,
1479, 1946.

167




SECURITY CLAIBIFICATION OF 1MI3 FALE [witen weee meeree ooy

. REPORT DOCUMENTATION PAGE BEFORE CORE e FORM
. T REBOAT RUMBER 2, GOVY ACCESSION MOJ 3. RECIPIENT'S CATALOG NUMBER
‘ 3456-2
4. YITLE {and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

A Frequency-Tracking Direction Finder Technical Report 1975

for Whistlers and Other Very Low Fraquency

8. PERFORMING ORG. REPORT NUMBER

S _

ignals — SEL-76-00]  ——

T. AUTHOR(s) 8. CONTRACT OR GRANTY NUMBER/S)

Nonr NOOO14-67-A-0112-0012
Mark Keith Leavitt ~

8. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
Radioscience Laboratory AREA & WORK UNIT NUMBERS
Stanford Electronics Labs.L///

Stanford Univ., Stanford, Ca.

1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
O0ffice of Naval Research Pecember 1975
Arlington, Va. 22217 13. NUMBER OF PAGES

178,

[ T3 ZONITORING AGENGY NAME & ADDRESS(H diiferent from Coatrolling Office) | 18. SECURITY CLASS. (of this report)
Office of Naval Research s s
Electronics Program Office unclassified

: 5 _ — ,
Arli ngton, Va. 22217 Sa. gggégsgagu_nnon CONNGRADING

5. OISTRIBUTION STATEMENT (of thie Repord)

approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENTY (af ths n.ben:cl";mcnd ta Bloak 20, 1 ditierent feoss Repost)

same

18. SUPPLERENYTARY NOTES

19. KEY WORDS /Continue oa reverso aide it necosomry and idoniily by Mock munber)
divection finder

very low frequency signais

whistlers

TAABSTRACT [Continus an revevss slds If necessary and ISeniify by block nussbet)

histlers and related very low frequency radio signals are guided in ducts of
enhan ed or reduced ionization along the geomagnetic lines of force of the
earth's magnetosphere. The signals convey information about the distribution
of particles in the plasma through which they have propagated and about the
occurrence of wave-particle interactions in the magnetospbere. Direction-
finding on such signals will aid in locating the ducts and measuring their
temporal drifts, thus making an important contribution to studies of magneto-~)
)
0

o)

DU (0", 1473 nomiow or 1 mov 8815 oesoLETE unclassified

SECURITY CLASSIFPICATION OF TH' PmGi (Whaen Dafe Entered)

e



unclassified
SECURITY CLASSIFICATICON OF THIS PAGE/Whes Data Rnaterss)

pheric convection. The signéﬁs, aithough narrowband in nature, exhibit wide
frequency excursions in the 1 to 10 kilohertz range. An innovative technique
is presented for tracking these frequency excursions in real time to produce

a filterred, quasimonochromatic version of the signal. The voltages induced
by the incident wave on two orthogonal loop antennas and a vertical moncpole
antenna are processed by this method. The filtered signals are then cruss-
multiplied in a manner analogous to & Peynting vector calculation to obtain a
continuous indication of the wave direction of arrival. The design, construc-
tion, and laboratory testing of a prototype instrument are described. Field
testing of the instrument was performed at Stanford, California, and Roberval,
Quebec, Canada, Operating at fixed frequencies, the direction-finder produced
accurate results on VLF transmissions in the 10 to 20 kilohertz range from
NAA, NPG, GBR, and the Omega stations.p Well defined bearing indications were
also obtained for spherics at frequenc@%: in the 1 tc 10 kilohertz region.
successful frequency-tracking and direction-finding were demonstrated for a
wide variety of whistler-mode signals, including whistlers, chorus, and dis-
crete emissions. The technique was also successfully applied to emissions in
the 2 to 7 kilohertz range stimulated by the VLF transmitter at Siple Station,
Antarctica. Direction of arrival indications on whistlers were consistent
with the duct positions predicted by frequency profile analysis. Evidence
was also presented of temporal changes in the direction of arrival of signals
which may be an indication of duct drifts. This instrument provides, for the
first time, a centirvous, immediately readable record of the direction of
arrival of whistler-mede signals. It could also be applied to the automatic
acquisition of whistler-mode signals and measurement of their awplitude and
frequency variations.

unclassified

SECURITY CLASSIFICATION OF THIS PAGE/Whan Dare Entersd)




Jan 19/
DISTRIBUTION LIST FOR ONR ELECTRONICS PROGRAM OFFICE

Director 1 copy
Advanced Research Projec*s Agency

Attn: Technical Library

1400 Wilson Bouwlevard

Arlington, Virginia 22209

Office of Naval Research 1 copy
Electronics Program Office (CGode 427)

800 North Quincy Street

Arlinghton, Virginia 22217

Office of Naval Research 6 copies
Code 105

800 North Quincy Street

Arlington, Virginia 22217

Naval Research Laboratory 6 coples
Department of the Navy

Attn: Code 2627

Washington, D, C. 20375

Office of the Director of Defense 1 copy
Research and Englneering

Infermation Office Library Branch

The Pentagon

Washington, D. C, 20301

U. S. Army Research Office 1 copy
Box CM, Duke Station
turham, North Carolina 27706

Defense Documentation Center 12 copies
Cameron Station
Alexandria, Virginla 22314

Director National Bureau of Standarde 1 copy
Attn: Technical Library :
Washington, D, C. 20234

Commanding Officer 1 copy
Office of Naval Research Branch Office

536 South Clark Street

Chicago, Tllinois 60605

Department of the Navy 1 copy
Office of Naval Research

Code 200

Arlington, Va. 22217




Distribution List for ONR ERectroffics Program Office

San Francisco Area Office 1 copy
Office of Naval Research .
50 Fell Street '

Sanr Francisce, California 4102

Air Force Office of Scientific Research -1 copy
Department of the Air Force
Washington, D, C. 20333

Commanding Officer 1 copy
Office of Naval Research Branch Office : o
1030 Eagt Green Street :

Pagadensa, California 91101

Commanding Officer Y copy
Office of Naval Research Branch Office

495 Summer Stréet

Boston, Massachusetts 02210

Director 1 copy
U, S, Army Engineering Research
and Development Laboratories
Fort Belvoir, Virginia 22060
Attn: Technical Documents Center

ODDR&E Advisory Group on Electron Devices 1 copy
201 Varick Street
New York, New York 10014

New York Area Office 1 copy
0ffice of Naval Resgearch

207 West 24th Street

New York, New York 1001l

Air Force Weapons Laboratory 1 copy
Technical Library

Kirtland Air Force Base

Albuquerque, New Mexico 87117

Air Force Avionics laboratory 1 copy
Air Force Systems Command

Technical Library

Wright-Patterson Air Force Base

Dayton, Ohio 45433




Distribulion List for ONR«Electsonics Program Office

Air Torce Cambridge Research Laboratory

L. G. Hanscom Field
Technical Library
Cambridgs, Massachusetts 02138

. Barry Diamond Laboratories

Technical Library

Comnecticut Avenue at Van Ness, N. W.
Washington, D. C. 20438

Naval Air Development Centsr
Attn: Technical Library
Johnsville

Warminster, Penunsylvania 13974

Naval Wespons Center
Technical Library (Code 753)
China Lake, California 93555

Naval Training Device Center
Technical Library
Orlando, Florida 22813

Naval Research laboratory
Underwater Sound Reference Division
Technical Library

P. 0. Box 8337

Orlando, Florida 32806

Navy Underwater Sound Laboratory
Technical Library

Fort Trumbull

New London, Connecticut 06320

Commandant, Marine Corps
Scientific Advisor (Code AX)
Washington, D. C. 20380

Naval Ordnance Station
Technical Library
Indian Head, Maryland 20640

Naval Ship Enginsering Center
Philadelphia Division

Technical Library

Philadelphis, Pemnsylvania 19112

copy

copy

copy

copy

copy

copy

copy

copy

COopy

COpy




Distribution List for ONR Mlectrchics Program Office

Haval Postgraduate School
Technical Librery (Code 0212)
Monterey, Californis 93940

Naval Missile Center
Technical Library (Code 5632.2)
‘Point Mugu, Galifornia 93010

Naval Ordnance-Station
Technical Librery
Louisville, Kentucky 40214

Naval Oceanographic Office
Technical Library (Code 1640)
Suitland, Marylend 20390

Naval Explosive Ordnance Disposal Facility
Technical Library
Indian Head, Maryland 20640

Naval Electronics Laboratory Center
Technical Library
San Diego, California 92152

Naval Undersea Warfare Center
Technical Library

3202 East Foothill Boulevard
Pagadena, California 91107

Naval Weapons ﬁabbratory
Technical Library
Dahlgren, Virginia 22448

Naval Ship Research and Development Center
Central Library (Code 142 and 143)
Washington, D, C. 20007

Naval Ordnance Laboratory White Oak
Technical Library
Silver Spring, Maryland 20910

Naval Avionics Facility
Technical Library
Indianapolis, Indiana 46218

1 cb_py-

.7 l copy
1 copy
-1 copy

‘.1 copy

1 copy

1 copy

-1 copy

1 copy

1 copy

1 copy




