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Abstract: A new direction finding technique (abbreviated as DF) for auroral
hiss emissions is introduced based on the measurement of time differences of
arrival of waves between three spaced observing stations. Two unmanned
observatories for VLF hiss were built at positions about 20 km south and east
from Syowa Station (geomagnetic lat. —69.6°), Antarctica. The VLF signals
observed at these two unmanned stations are sent in real time to Syowa Station
over 2 GHz wide-band telemetry systems. The arrival time differences of VLF
hiss signals between Syowa Station and each unmanned station are automatically
determined by cross-correlating the wave forms of the received signals. The
arrival directions of hiss emissions are determined by the tripartite observation
method. The accuracy of the whole system is about 10° in incident and azi-
muthal angles. A comparison of the results obtained with those of ground-
based auroral data has shown that the arrival directions of auroral hiss cor-
respond well to the bright aurora areas at the ionosphere level and that they
change rapidly in accordance with movements of the aurora.

1. Introduction

The direction finding technique (DF) of VLF emissions has been made in two
different ways: (a) DF by means of directive antennas and (b) measurements of
time differences of wave arrival at three spaced stations. ELLIS and CARTWRIGHT
(1959) first observed the arrival direction of mid-latitude VLF emissions using
the goniometer method. Though the goniometer DF method is useful for linearly
polarized waves propagated horizontally, auroral VLF hiss emissions which are
observed in the high-latitudes in close association with auroral displays, are pro-
pagated downwards with elliptical wave polarization. TANAKA et al. (1976) tried to
measure the direction of arrival of auroral VLF hiss at Syowa Station, using a DF
method based on the analysis of Lissajous figures of electric and magnetic fields
displayed on cathode ray tubes. The measuring accuracy of this DF method was
often decreased due to impulsive atmospherics, the peak intensity of which was
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usually larger by about an order of 2 in magnitude over that of auroral VLF hiss.
MAKITA (1979) observed the arrival direction of auroral VLF hiss at Syowa Station
using the algebraic computation method developed by TSURUDA and HAyasHI (1975).
The measuring accuracy of this DF depends sharply on the wave polarization as
well as on the incident angle.

We have developed a DF for auroral VLF hiss based on the measurement of
time differences of wave arrival, which is independent of the wave polarization
as well as of the waveform. The arrival time differences among the signals received
at the three spaced observing points are determined by computing the cross-cor-
relation among the wide band signals received, so that the interference of impulsive
atmospherics is reduced. The purpose of this paper is to describe the new DF
system and to emphasize the validity of this DF system. A comparison of the
results of direction of arrival of auroral hiss with the auroral data also is presented.

2. DF System

Fig. 1 shows the configuration of the three observing points and the block
diagram of the DF system. The three observing points are composed of the main
point (M) at Syowa Station on East Ongul Island, a satellite points (S,) at 30 m
above the sea level at Langhovde, and a second satellite point (S.) on an ice slope
of the Antarctic Continent at 430 m elevation above sea level. The distance be-
tween M and S, is 19.2 km, and that between M and S. is 18.2 km. The intersecting
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Fig. 1. DF system for auroral hiss based on the measurement of differences of time of arrival ;
configuration of the three observing points (M, S, and S,) and the block diagram of the
DF system.
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angle between the two base lines (M-S, and M-S,) is 80.0°. Auroral hiss signals
received by a loop antenna at each satellite unmanned station (S; and S,) are ampli-
fied by a wide band preamplifier (0.3-100 kHz) and transmitted by a 2 GHz wide-
band telemeter from each satellite station to Syowa Station.

2.1. Determination of wave arrival time differences

As the spectrum intensity of auroral hiss shows a maximum in a frequency
range of 5 to 20 kHz, the distances between Syowa Station (M) and each satellite
observing station (S, and S;) have been chosen to be about 20 km corresponding
to the average wavelength in this frequency range. Fig. 2 presents a schematic dia-
gram to show the method for determining the arrival time difference between hiss
signals received at the two points (M and S;). When the cross-correlation between
the waveforms observed at S, and those observed at M becomes the maximum by
taking the time-lag () as r=r,, the time-lag (z,) can be considered as the difference
between the arrival time of the two waves.
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Using the time differences 7, and ¢, of arrival of the waves between M and S,
and between M and S,, the azimuthal angle (§) and the incident angle (i) are found,
on the assumption that the arriving hiss waves can be approximated by a plane wave
model, by

To d
( tan §=-* ' cosec a—cot a
Ty d,
T,

s i=ecomoa () H(5) =25 % )oone
where 7, is the arrival time difference between M and S,, 7, that between M and S,,

¢ the light velocity, and a is the intersecting angle between the two base lines (M-S,
and M—Sz).
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2.2. Hiss receiver

The loop antenna at each observatory is triangular with two turns and its
dimensions are 8 m in height and 14 m base-length. These dimensions are the
minimum possible for detecting the auroral hiss of flux density of 10~!* W/m? (Hz).
The hiss signal induced in the loop antenna is amplified by a step-up transformer
with a high turn ratio and low noise pre-amplifier, and is fed to a level amplifier
which has an attenuator to adjust the signal intensity for the telemeter.

2.3. Telemetry system

The frequency spectrum of auroral hiss often extends beyond 100 kHz. A wide-
band telemeter with a carrier frequency of about 2 GHz was employed to transmit
and receive the wave signals of frequency bandwidth of 0.3-100 kHz. The trans-
mitting and receiving antennas adopted were paraboloidal with diameter 1.2 m
and gain 24.2dB. The performance characteristics of the transmitter-receiver is
shown in Table 1, and that of the overall telemetry system in Table 2.

Table 1. Characteristics of the transmitter-receiver (NEC TR-2G960).

1) Transmitter-receiver

Transmission frequency S;-M, 1989 MHz
S,-M, 1859 MHz
Modulation FM
Transmission frequency band 0.3-100 kHz
Frequency deviation 200 kHzrms

2) Transmitter

Power 0.3W

Frequency stability <48x107°
3) Receiver

Noise figure 7.5dB

Intermediate frequency 70 MHz

Frequency stability <45x10°%
4) Power consumption

Transmitter <4 W

Receiver <TW

24. Correlator

Two delay times r; and 7. are determined by the cross-correlation method
using three digital memories (IWATSU DM305) and a data processor IWATSU
SM1330). The three hiss signals observed at the three spaced stations are fed to
each digital memory, where the analogue signal is converted to digital and then
stored. The digitalized data are transferred to the data processor by clock pulses
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in the data processor. The program of cross-correlation calculates the differences
of time of arrival (z, and 7,) and the cross-correlation coefficients (¢:(z,) and ¢.(z,)).
These values are then averaged and converted to analogue, and recorded on a pen-
recorder. The performance characteristics of the digital memory (DM305) is de-
scribed in Table 3, and those of the data processor (SM330) in Table 4.

The delay times for the wave propagation through the telemeter system and

Table 2. Characteristics of transmission lines from the satellite points (Sy & S3?) to the receiving
point at Syowa Station.

1) TX output power 24.8 dBm ‘ 03 W

2) Propagation loss —127.5dB M-S; (18.9 km)
—124.5dB M-S, (18.5 km)
3) Feeder loss —2.0dB TX, 8D2W, Sm
—2.0dB RX, 8D2W, 5m
4) Antenna gain 24.2dB TX, 1.2 m¢, paraboloidal antenna
24.2dB RX, 1.2 m¢, paraboloidal antenna
5) Line loss —83.1dB M-S;, Q) +G)TX+RX)+@N(TX+RX)
—80.1dB M-S;, @)+G)TX+RX)+@)(TX+RX)
6) RX receiving power —58.3dBm M-S;, (1) +(5)
—55.3dBm M-S,, (1)+(5)
7) Receiver noise B —94.7 dBm B=15 MHz, NF 7.5 dB
"'8) Carrier to noise ratio 36.4 dB M-S;, (6)—(7)
(C/N) 39.4dB M-S,, (6)—(7)
9) Improvement factor of
signal to noise ratio 32.6dB FM improvement factor
(S/N)
10) S/N of the lines 69.0 dB M-S;, 8)+(9)
72.0dB M-S,, (8)+(9)

Table 3. Main characteristics of the digital memory (IWATSU DM 305).

Memory capacity 8 bits x 1024 words
Maximum conversion time 1 us/word

of A-D converter
Memory circuit MOS STATIC RAM
Input voltage range 401V — 450V
Input frequency band DC-250 kHz
Reading Automatic repeat
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Table 4. Main characteristics of the data processor IWATSU SM 1330).

Memory circuit Dynamic RAM, 16 bits X 12 kwords
Function Cross-correlation
Data acquisition time 5 usfword
Computation time, 256 words About 0.45 s (Measured)
512 words 0.83s ( ” )
1024 words 1.60s ( ” )
Output 2 channels Delay time (r; and 75)
2 channels Coefficient of the cross-correlation
(¢ and ¢)
Accuracy 3%
Resolution 1/4096, 12 bits

the cable between M and S, and between M and S, respectively must be compensated.
The necessary compensations are made with an accuracy of 1 us by means of the
pre-computation delay attached to the digital memory, where the compensation
times are determined observationally by the azimuthal angle of the known direction
of arrival for NAA (6=295.0). The estimated delay time is 26.8 us between M and
S; and 29.8 us between M and S, respectively.

2.5. Measuring accuracy of direction of arrival

The measuring accuracy of the DF depends mainly on the time resolution in
computing the cross-correlation. The maximum sampling speed of the digital
memory (DM305) is 1 us, which corresponds to a resolution of 3° in measuring
azimuthal and incident angles of noise-free signals. It is difficult, however, to

Fig. 3. Measuring accuracy of arrival directions for a time resolution of 3 us. The azimuthal
angle 0 is measured anti-clockwise from the X-axis and the incident angle i is repre-
sented as the radial distance.
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actually implement the time resolution of 1 us for the total system of the DF because
of noisy signals caused by the atmospherics as well as by other background radio
noises. The actual measuring accuracy was statistically deduced from the distri-
bution of the delay times of reception of NAA waves. Occurrence frequency
distribution of these delay times was approximately a normal distribution, with
a standard deviation of about 3 us. The estimated accuracy of the direction of
arrival calculated for a time resolution of 3 us is shown schematically in Fig. 3.
Between the central cross-hatched circle around the zenith (incident angle <20°)
and the hatched range near the horizon, the azimuthal and incident angles of the
arrival directions can be determined in the accuracy of 10°. For small incident
angles (<20°), the estimate of the measurement accuracy of the DF based on the
assumption of a plane wave is no longer valid and the measurement error of the DF
for a spherical wave will have to be considered.

3. Observed Results

Fig. 4 shows an example of results of auroral hiss observations at Syowa Station
on June 14, 1978; from the top to the bottom (a) the intensity of auroral hiss at
8 kHz recorded by means of a minimum level reading circuit (TANAKA, 1972), (b) the
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cross-correlation coefficients (¢,(z;) and ¢,(z.)) in the 5-8 kHz frequency band,
and (c) the estimated azimuthal and incident angles of auroral hiss. When auroral
hiss did not occur (22h17m-20m and 22h25m-28m), ¢,(z,) (cross-correlation between
M and S,) and ¢,(z.) (between M and S,) show sharp spikes due to intense atmo-
spherics, and in between fall to the zero level. When auroral hiss began to occur
at about 22h20m, the minimum level envelope of the cross-correlation coefficients
increases, almost parallel to the hiss activities. This characteristic of the present
DF-system may prove its validity. Based on the delay time data during the hiss
occurrences, the directions of arrival of the auroral hiss are determined and are
shown at the bottom of Fig. 4.

As illustrated in panel (a) of Fig. 4, the hiss event with a duration of five minutes
(from 22h20m to 25m) can be divided into six sub-events, according to the spike-type
enhancements in hiss intensity variation, as shown in the figure. It is found from
the results of panel (a) and panel (c) that the auroral hiss is propagated from localized
regions moving with time and that the sub-events of auroral hiss show nearly one-
to-one correspondence to certain localized sources. From the above results, the
present new DF can follow rapid motions of sources of auroral hiss, whence a
comparison of directions of the arrival of auroral hiss with observed auroral motions
becomes possible leading to physical interpretations. The directions of arrival
of auroral hiss are compared below with the all-sky photographs of aurora for
three hiss events.

3.1. 22h UT, July 4, 1978 (Fig. 5)

A spike-type auroral hiss event occurred at 22h46m simultaneously with a
sharp negative decrease of the geomagnetic H component. During the short period
of the auroral hiss of about 2 minutes duration, there appeared 4 spike-type enhance-
ments in the auroral hiss intensity (panel (a)). When the directions of arrival of
these 4 sub-events auroral hiss are compared with the auroral behavior illustrated
in all-sky photographs in panel (c), the following characteristics can be observed.

(1) The left hand all-sky auroral photograph (22h47m UT) of panel (c) shows
that the folding form auroral arcs were extending above the geomagnetic northern
(GN) horizon. The folding aurora was traveling from geomagnetic east (GE) to
west (GW). Corresponding to these intense auroral arcs, the auroral hiss was first
received at an incident angle of about 70° from GWNW direction, and then its
azimuthal angle changed from GWNW to GNNE.

(2) The aurora which brightened near the northern horizon suddenly expanded
towards the zenith at 22h48m. In association with the auroral motion, the auroral
hiss arrived at an incident angle of about 50° from GN direction, and then its di-
rections of arrival changed toward the GENE direction at an incident angle of
about 60°. Subsequently the intensity of auroral hiss abruptly decreased simul-
taneously with the wide expansion of bright aurora around the zenith, due to the
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heavy absorption of the hiss in the lower ionosphere ionized by precipitating auroral
particles. The decay of the auroral hiss intensity corresponded to the maximum
decrease of the geomagnetic // component.

3.2. 19h UT, June 26, 1978 (Fig. 6)

3 sub-events of auroral hiss each with a duration of about one minute occurred
subsequently during the maximum decrease of a small negative geomagnetic bay.
A comparison between arrival directions of these successive 3 sub-events of auroral
hiss and the auroral motion shows the following relationships.

(1) The all-sky photograph of aurora at 19h00mOOs shows ray-structured
auroras observed in the GS and GSSE directions. At that time, the auroral hiss
arrived from the corresponding regions of the ray-structured auroras; namely,
at an incident angle of about 80° and from the GS direction and at about 50° from
the GSSE direction.

(2) It is observed in the all-sky photographs at 19h00m00s and 02m00Os that
multi-band folding form auroras brightened near the GW horizon and then traveled
rapidly from GW towards GE. Corresponding to the auroral behavior, the auroral
hiss arrived from a localized region around the GW horizon. In the all-sky photo-
graph at 19h02mO00s, another auroral movement was observable in the GS. It
began to move from GS to GW in a meandering form with increasing activity.
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The auroral hiss came from the direction of the GS horizon in associated with this
auroral movement.

(3) As shown in the photograph at 19h03mS50s, the luminosity of the two
auroras along the GW and GS horizons remained considerably strong, though
their structures became obscure. The auroral hiss arrived from these localized
regions in the GW and GS.

3.3. 20-21h UT, June 26, 1978 (Fig. 7)

Relatively intense auroral hiss, about 10 minutes in duration, occurred during
a gradually decreasing phase of a large negative geomagnetic bay, as shown in panel
(a) of Fig. 7. During the hiss event, the auroral activity is variable in motion and
in structure. In order to compare the arrival directions with all-sky photographs
of aurora, the hiss event is divided into 9 sub-events with reference to the spike-type
variations of its intensity.

(1) Various types of aurora were observed in the all-sky photograph at
20h57m00s; multiple bands of auroras in GW direction, dispersive rays in GN
and a homogeneous band in GS horizon. Auroral hiss emissions came from the
two regions of active multi-bands and rayed auroras in GW and GN directions, but
not from the region of the occurrence of the homogeneous band.

(2) Intense auroral hiss emissions (No. 2 sub-event) arrived from the region
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near the horizon of GE direction, where two or three movements of folding auroras
were observed in the all-sky photograph at 20h59m00s.

(3) Asisclearly seen in the all-sky photographs at 21h00m30s, 01m40s, 03m00s
and 05m00s, a bright auroral band became active above the GS horizon at 21h00m30s,
and then it began to fold while rapidly moving eastwards. The auroral movement
lasted from 21h00m30s to 05Sm00s and the auroral band extended towards the zenith.
Corresponding to this auroral display, the direction of arrival of auroral hiss emis-
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sions (No. 3, 5, 7 and 9 sub-events) changed rapidly in accordance with the motion
of the bright aurora.

(4) During the period from 21h00m30s to 05mO0Os, diffuse rayed auroras
also became active in the northern part of the sky. Corresponding to these auroral

activities, auroral hiss emissions were received sccessively from the directions of
GW and GN (No. 4, 6 and 8 sub-events).

4. Summary

Based on the above three observed results, it may be concluded that the auroral
hiss emissions with a duration of about 10 minutes or so can be divided into several
sub-events with an average duration of about | minute with reference to the spike-
type enhancements in their intensity records. The direction of arrival of each
sub-event auroral hiss emission corresponds well to a localized active region of
simultaneous aurora. It is also found that the arrival directions of auroral VLF
hiss do not always coincide with the whole region of brightening aurora, but with
a special part of the aurora which rapidly changes in luminosity and motion.

OGuTI (1976) has analyzed real-time auroral records on a video tape obtained
with a highly sensitive TV camera at Syowa, and simultaneous records of VLF
waves on the sound track of the same video tape. He has identified the hiss emitting
from aurora by cross-correlation analysis between the temporal variations in lumino-
sity of auroral structures and the temporal variations of hiss intensities; the auroral
hiss is associated with specific characteristics of aurora, such as rapid brightening
and rapid motions, and it is not associated with quiet auroras which have no re-
markable motions nor changes in luminosity.

OGuUTI et al. (1979) have shown from results of simultaneous observations of
auroral hiss and aurora at Churchill, Canada with an algebraic DF system (TSURUDA
and HAvaAsHI, 1975) and an all-sky camera, that the auroral hiss emerges from a
newly born branch of the auroral arc. The three observational results mentioned
above have also confirmed the association of auroral hiss with active aurora, with
a higher accuracy.

5. Conclusion

A new direction finding system based on the measurement of arrival time
differences among three spaced stations has been developed for the study of auroral
VLF hiss. From the new DF data of auroral hiss compared to all-sky photographs
of aurora, it has been clearly found that the arrival direction of auroral VLF hiss
coincides with a local region of active aurora. Further analyses of the data will
provide valuable information for discussing the generation and propagation mecha-
nisms of auroral VLF hiss. In order to improve the accuracy and reliability of the
present DF system, the better design will be required, taking into consideration of



Arrival Direction of Auroral Hiss Emissions 51

the relation between the data-processing time and space and time resolution of
the movement of the direction of arrival of auroral hiss. An important observational
problem is that the instrument at the unmanned station must operate stably under
the severe meteorological circumstances in Antarctica.
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