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VLF Pulse Propagation in the Magnetosphere
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Abstract—Pulse distortion is important in controlled experiments on
very low frequency (VLF) wave particle interaction (WPI) processes in the
magnetosphere. Whistler-mode (WM) propagation of RF pulses through a
homogeneous magnetoplasma as well as through a duct in the mag-
netosphere has been investigated by wsing the fast Fourier transform
technique. This technique can be applied in both homogeneous and slowly
varying media. As far as we know this is the first time that the distortion of a
VLF pulse propagating in the magnetosphere has been calculated. In a

"homogeneous medium at frequencies below fy/4 (fy is the electron
gyrofrequency) the high frequency components arrive prior to the main
body of the pulse while the low frequency components lag behind. This
sequence is reversed when the carrier frequency exceeds fy/4. The
distortion increases as the frequency departs from fy/4. In the mag-
netosphere it is found that the frequency of minimum distortion is the
‘‘nose’’ frequency fy, as expected. When the carrier frequency is below fy
the high frequency components of a pulse always arrive first at the equator
and the distortions increase as the carrier frequency departs from fy.
Above fjy, on the other hand, there is always a location along the path where
the pulse distortion is minimum. It is also found that the stretching of the
front end of a pulse is large enough (~ 30 ms for a pulse at 4 kHz traveling
through a duct at 4 Rg) to require compensatory pre- and postprocessing of
signals in certain wave-injection experiments. An equalizer to compensate
for the phase distortion introduced by the medium has been designed.
Computer simulation results show that when the preprocessed signals
arrive at the interaction region they have the prescribed waveforms. By the
same principle the propagation distortion developed between the
interaction region and the receiving site can also be removed.

I. INTRODUCTION

ULSE PROPAGATION in a dispersive medium has been

widely discussed in the literature [1]-[6]. However, as far
as we know, the present paper is the first to treat the distor-
tion of a very low frequency (VLF) pulse propagating in an
inhomogeneous medium, the magnetosphere.

Recently investigations on wave-particle and wave-wave
interactions have been carried out experimentally by injecting
VLF pulses into the magnetosphere [7]. As illustrated in Fig.
1, a VLF pulse injected from a 21.2-km dipole antenna at
Siple, Antarctica, propagates in the whistler mode (WM)
along a field-aligned duct of enhanced ionization. Through
cyclotron resonance the VLF waves interact with high energy
electrons streaming in the opposite direction. Near the equa-
torial region this interaction becomes especially strong, often
causing the signal to be amplified and emissions to be trig-
gered at frequencies other than those of the input signals.
These signals then may interact with one another through
these high energy electrons. Energy coupling among the sig-
nals and suppression of signal growth are commonly observed.
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Fig. 1. Sketch showing propagation of transmitter signals between
Siple Station and Roberval. Signals injected from Siple travel along
a field-aligned duct of enhanced ionization. The signals interact with
high energy electrons traveling in the opposite direction in an in-
teraction region near the equator (after [13]).

After the interaction the signals travel through the remainder
of the duct and arrive at the Siple conjugate near Roberval,
Quebec.

The dynamic spectrum in Fig. 2 shows an example of wave
amplification and emission trigge.ring. The blackness and trace
width both increase with the wave intensity. A 2-s pulse at 3
kHz is injected into the magnetosphere and arrives at Roberval
at + = 0. It is observed that the pulse is amplified and triggers
two emissions: one at about 200 ms after the beginning of the
pulse and the other at the end of the triggering wave.

It is generally believed that the amplification and the trig-
gering mechanisms are due to cyclotron resonance between
energetic electrons and VLF waves, but there is as yet no gen-
eral agreement on the detailed mechanisms. VLF wave-injec-
tion experiments carried out between Siple and Roverval are
providing new data on these phenomena.

In traveling between transmitter and receiver, the signals
must traverse a dispersive path both before and after arriving
at the equatorial interaction region. Without knowing how the
signals are distored by dispersion, we may draw incorrect con-
clusions about the interaction mechanism. Therefore it is es-
sential to study the problem of VLF pulse propagation in the
magnetosphere.

In this paper we calculate the pulse distortion as a function
of carrier frequency. Then we show how to compensate for
the distortion so that the signal will have a prescribed wave-
form at a given location along the path.

Our method of simulating VLF pulse propagation in a
magnetoplasma is similar to that used by Seylor ez al [6].We
use the fast Fourier transform (FFT) technigue to decompose
a pulse train into its Fourier components, allowing each com-
ponent to propagate through the medium separately. At each
point of interest we sum all components by taking the inverse
Fourier transform to obtain the amplitude versus time of the
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Fig. 2. Frequency-time spectrogram showing typical examples of

amplification and triggering of WM waves.

distorted pulses. This method requires only a knowledge of
the phase delays and a simple modificatsgpn of the amplitudes
of these frequency components. In a lossless but spatially
slowly varying medium the amplitude modification is a local
effect [3].

We are interested in the propagation of a whistler-mode
(WM) pulse along a duct in the magnetosphere. By using a
well-developed model for electron concentrations along a
duct {81 and by assuming a dipole model for the geomag-
netic field, the phase velocity v, at every point along the path
for each frequency component in a whistler mode can be cal-
culated from the dispersion relationship [9]

c2 fp 2

—— (1)
Upz f(f_fH)

where f, and fy are the plasma frequency and the gyrofre-
quency, respectively. The phase delay can then be obtained
from

2 ds
? o U

We have assumed that the spatial variation is so small that the
phase velocity is constant within a wavelength.

In the next section we describe the method of study in de-
tail. In Section III WM pulse propagation in a homogeneous
magnetoplasma is analyzed. Some effects of dispersion on a
WM wave can be seen easily. It is observed that the distortion
of a pulse depends on its carrier frequency. In Section IV the
problem of pulse propagation along a duct in the magneto-
sphere is analyzed. The pulse shape is monitored at six lo-
cations along the path. The results show how to choose the
carrier frequency such that at a particular location along the
path the pulse envelope shows a minimum distortion. Discus-
sions and conclusions are presented in Sections IV and V,
respectively.

II. METHOD OF STUDY

The basic scheme of simulating VLF pulse propagation in a
lossless and linear magnetoplasma is to decompose a pulse into
its Fourier components via FFT and then to allow each fre-
quency component to pass through the dispersive medium
separately. Because of the dispersion, the phase retardation at
a point of interest is not linearly proportional to the frequencies
of the components. As a result of this nonlinear phase retarda-
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tion the temporal shape of the pulse, which can be obtained
by summing all components via the inverse Fourier transform,
is altered. In addition to the nonlinear phase retardation, there
is a change in the relative amplitudes of the components of a
pulse which propagates in an inhomogeneous dispersive
medium. In a slowly varying medium this change is a local
effect; it is discussed in Section IV.

In a dispersive medium the phase velocity varies with fre-
quency and can be found through the dispersion relationship
for the medium. The amplitude and phase components of a
pulse in the frequency domain, after traveling from Z =0 to
Z =74, can be written as

Am(f: Z1)=Am(f3 O)m(f,zl) (33)

dz
Up(f: Z)

21
Apn(f,21) = 4pu(f, 0) — / 2nf (3b)
0

where A4,,(f, z) and Ay, (f, z) are, respectively, the amplitude
and the phase of the frequency components at f when the
pulse is located at z. v, (f, z) is the corresponding phase veloc-
ity of the frequency component at f and m(Jf, z) is the ampli-
tude modulation function. In a slowly varying medium m(f, z,)
depends only on the refractive index at z;. In a homogeneous
medium it is unity.
It is seen that the phase retardation

21
/ 2af{dz/v,(f, 2))
0

is not a linear function of frequency in general. The spectrum
at z = z9 can be expressed as

Z1 dz
A(f, z21)=m(f, z0)A(, O)exp<—i/0 2T{fvp(f,z)>' “

The corresponding signal in the time domain is the inverse
transform of (4) given by

a(t,z1) = f m(f, z1)A(f, 0)

2f f | R )
e i2nfir — e— s
P [ ( o Ui/ Z))}

Recalling that A(f, 0) is the spectrum of the input pulse
and that v,(f, z) can easily be obtained from the dispersion re-
lation, we can obtain a(#, z{) numerically by taking advantage
of the available fast Fourier transform technique (FFT) algo-
rithm. For the detailed calculation the reader is referred to
[10].

Because of the discrete nature of the FFT we are physically
monitoring a pulse train instead of a single pulse. The period
of this pulse train is fixed in our simulation at 512 ms. There-
fore, by monitoring the signals at every station for oniy 512
ms, we obtain all of the necessary information regarding dis-
tortion of the pulse. Similarly, the bandwidth of the signal is
assumed to be less than 1 kHz. For a square pulse with a dura-
tion greater than 10 ms the energy in the 1-kHz bandwidth
centered on the carrier frequency is more than 98 percent of
its total energy.
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III. PROPAGATION IN A HOMOGENEOUS MODEL

Simulation of WM pulses propagating longitudinally is car-
ried out in 2 homogeneous model with a plasma density of 400
electrons per cubic centimeter and a gyrofrequency of 13 kHz
for various carrier frequencies. These values are appropriate to
the equatorial region near 4Ry in the magnetosphere. The re-
sults have been translated down in frequency so that the car-
rier frequency of the input pulse is always displayed at 500
Hz. The actual carrier frequency may be several kilohertz.

According to the whistler theory [9] the group velocity can
be written as

e f1/2(fH _f)3l2

v (6)
o fpr

The group velocity versus frequency is sketched in Fig. 3. The

maximum group velocity occurs at f = fz; /4 and is given by

_Y2T tu
8

= . (7
I

Um ax

In the model the maximum group velocity occurs at f =
3.25 kHz, the so-called “nose” frequency, and has a value of
14073 km/s. Fig. 4 shows the dispersion of six 20-ms pulses
at different frequencies over a fixed path of length 25 000
km. The square pulses were injected into the magnetoplasma
at —1.526 s. The carrier frequencies are 4.25, 3.75, 3.25,
2.75, 2.25, and 1.75 kHz. At the nose frequency, 3.25 kHz,
the pulse propagates at a maximum group velocity and ex-
hibits the least distortion.

In the simulation we use phase velocities to calculate the
phase retardations for all frequency components. We have not
used the concept of group velocity. However, our simulation
result shows the centerl of an RF pulse indeed propagates
with the group velocity (within a measurement error of less
than one percent).

Using the first detectable part of the pulse as a reference,
the arrival time may be shorter than the ‘“group delay time”
by as much as a few pulsewidths. For example, the arrival time
of the first part of the distorted pulse in the lowest panel in
Fig. 4 is ~1.846 s while the group delay time is found with the
aid of (6) to be 1.953 s. Thus there is a time discrepancy of
about 100 ms. On the other hand, the arrival time of the
“center’’ is measured to be 1.955 ms. The discrepancy here is
less than one percent.

The timing of the first detectable part of the pulse is related
to the choice of the bandwidth in the simulation. Had a larger
bandwidth, say 3 kHz, been employed the first detectable part
of the pulse at 1.75 kHz in Fig. 4 would be the component at
the nose frequency. There are no other componemts arriving
earlier than the nose frequency component in the whistler
mode.

It is important to realize that the group velocity evaluated
at the carrier frequency can predict the arrival time of the
“center,” not the leading edge of the pulse. This statement
applies at frequencies not too close to either the gyrofrequency
or zero frequency, where the phase velocity is zero. In the
model we use here, the valid frequencies of the carrier of a

1 The center of a distorted pulse is defined as the center of the in-
terval within which the signal exceeds 30 percent of the peak value.
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Fig. 3. Group velocity versus frequency of a WM signal propagating in
a homogeneous magnetoplasma in which f,, = 180 kHz and fzr =13
kHz.
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Fig. 4. Propagation of six 20-ms pulses at 1.75, 2.25, 2.75, 3.25,
3.75, and 4.25 kHz through homogeneous magnetoplasma over a

25 000-km. Pulses were injected at —1.526 s. Stairstep jumps in
the plots are due to the finite resolution of the Calcomp. plotter.

pulse longer than 10 ms range from about 500 Hz to 12.5 kHz.
Other important features depicted in Fig. 4 are as follows.

1) The distortion of a pulse depends on its carrier fre-
quency; the further away from the nose frequency, the
more the distortion. It is generally true that the distor-
tion is larger below the nose frequency than above.

2) When the carrier is above the nose frequency, the low
frequency components arrive before the main wave
packet, and the high frequency components arrive behind
the packet. When the carrier is below the nose frequency,
this sequence is reversed.

IV. PULSE PROPAGATION IN THE MAGNETOSPHERE

In general, a wave propagating in an inhomogeneous disper-
sive medium changes both in its amplitude and in its phase. We
assume the magnetosphere at VLF to be a spatially, slowly
varying, and lossless medium, so that the Wentzel-Kramer-
Brillouin (WKB) approximation will apply. The amplitudes of
the £ and H fields then vary as n—%/2 and n1/2 respectively,
so that the Poynting vector | £ X H | remains constant, where
n is the refractive index [5]. It is clear that the amplitudes of
E and H depend only on the local refractive index n, not on
the propagation path.
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The refractive indices at various frequencies at a particular
location of observation have been normalized locally so that
the refractive index at the carrier frequency is unity in calcu-
lating differential amplitude changes. The absolute amplitudes
are lost in the normalization process, but the ratios between
the various components are preserved.

It will be shown later that the differential change in ampli-
tudes of the frequency components in the magnetosphere has
very little effect on the distortion of a pulse. The major con-
tribution to the distortion comes from the nonlinear phase re-
tardation in the frequency components.

The key to the solution is to calculate the phase delay time
for each frequency component. The phase velocity of any fre-
quency component at a location where the gyrofrequency and
plasma frequency are specified is given by (1).

A diffusive equilibrium (DE) model [8] is used to describe
the distribution of electrons in the magnetosphere in the simu-
lation, with the equatorial density assumed to be 400 elec-
trons/cm3 while a dipole magnetic field is used to model the
geomagnetic field. In this model the gyrofrequency at every
point is given once the equatorial distance of a duct is known.

Using (1) the phase delay time at z = z4 is given by

) /zl dz ®)
s, =
(f 21 0 vp(f: Z)

The distorted pulse at the “monitoring station™ at z = z¢ is
obtained by modifying the amplitude and phase of each fre-
quency component according to the refractive index and the
phase delay at z; and then adding all the components to-
gether by taking the inverse Fourier transform via the FFT.

The sketch in Fig. 5 shows the locations of the six moni-
toring stations along a duct that rises to four earth radii
(4Rg). Pulses are injected into the magnetosphere at loca-
tion 1 at the rate of one pulse every 512 ms. The arc length
from location 1 to location 6 is about 30 000 km.

The distortion of a pulse as it propagates from location 1 to
location 6 is shown in Fig. 5. A 10-ms pulse at 5065 kHz is
injected at the 10th ms at location 1. As it propagates along
the duct its shape changes. The high frequency components
appear to reach the first five monitoring stations prior to the
main body of the wave packet, while the low frequency com-
ponents lag behind. It should be pointed out that the pulse
shown in locations 14 is the one injected at the 10th ms at
location 1 and it arrives at locations 5 and 6 after the 512th
ms. The pulse shown in locations 5 and 6 is actually the one
injected into the magnetosphere at —502 ms from location 1.

It is interesting to see that the distortion is minimum at the
equator (location 6) at this particular frequency and that the
travel time from location 1 to the equator is about 942 ms.
According to Park’s result [8] the one-hop minimum group
delay for a whistler propagating at 4Ry in the same model
magnetosphere occurs at about 5063 Hz (nose frequency) and
is approximately 1.88 s. Traveling from one end of the duct
to the equator requires half of the one-hop time, assuming
that the duct is symmetrical about the equator. There is
very little discrepancy between our result (343 ms) and Park’s
(940 ms). In his study group velocities were employed to
calculate the group delays for whistlers.

It should be pointed out that before the pulse arrives at
location 5, the high frequency components arrive at the
monitoring stations first, and the low frequency components
lag behind. In the region between locations 5 and 6 the low
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Fig. 5. Propagation of 10-ms pulses at 5.065 kHz through a duct at
4R in a DE-1 model magnetosphere. Pulses are monitored at six
stations from 1000 km above earth to the equator.

frequency components speed up and the high frequency com-
ponents slow down. The result is that the pulse shows mini-
mun distortion at the equator. Thus it is not generally true
that the longer the pulse travels the more the distortion.

Pulses injected at other carrier frequencies f, show differ-
ent distortions. Examples of 10-ms pulses at 7.075 and 3.065
are illustrated in Figs. 6 and 7, respectively. It can be seen that
the delay time from location 1 to the equator is indeed a mini-
mum for the pulse at 5.065 kHz.

When f, is greater than the nose frequency (f,,), the low
frequency components arrive at the equator prior to the main
wave packet and the high frequency components lag behind.
There is always a location at which the distortion is minimum,
as illustrated by the waveform at location 5 in Fig. 6. The ar-
rival sequence of high and low frequency components at lo-
cation 4 is the reverse of that of location 6.

When f, < f,,s the high frequency components arrive at the
equator first and the low frequency components last. The
greater the difference between the carrier frequency and f,,
the greater the distortion.

V. DISCUSSION

In addition to the “‘slowly varying” assumption employed
in the simulation of pulses propagating along a duct in the
magnetosphere, we have assumed that all frequency compo-
nets propagate strictly parallel to ‘a geomagnetic field line.
Exact longitudinal propagation seems unlikely to occur. In
fact, various frequency components follow different snake-
like paths inside a duct. However, in light of the theory of
whistler propagation in ducts [1] this assumption appears to
be reasonable at wave frequencies below half the local gyro-
frequency. On the other hand, exact ray tracing for all fre-
quency components inside a duct can, in principle, be in-
cluded in the simulation if necessary.

A duct can trap WM waves just as an optical fiber can
confine optical beams. The cross-sectional area of a duct is
not uniform and is assumed to vary inversely with the local
geomagnetic flux density. Therefore, the wave intensity
should reach a minimum on the equator since the largest
“illumination area” occurs there. Since there is no differ-
ential amplitude change among the frequency components in a
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Fig. 6. Propagation of 10-ms pulses at 7.065 kHz through a duct at

4R in model magnetosphere.
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Fig. 7. Propagation of 10-ms pulses at 3.065 kHz through a duct at

4R, in model magnetosphere. .

particular location due to the change in the cross section of a
duct, it does not affect the pulse shape. Hence, it is not in-
cluded in the simulation.

As noted in Section IV the amplitudes of £ and H are con-
trolled entirely by the local parameters of the medium. As we
mentioned before, normalization has been performed so that
n(f.) equals unity in calculating the wave amplitudes at a
particular location. The absolute wave amplitudes are lost in
the normalization process. A true amplitude can be obtained
by scaling the pulse amplitudes up or down by a factor of
v/n(f,) while the shapes remain the same.

The contribution to the pulse distortion of the differential
amplitude changes in the WKB approximation is small in com-
parison with that from the cumulative phase retardations. A
10-ms pulse at 3.065 Hz propagating along a duct at 4R has
been simulated for two cases: one with and one without the
differential amplitude changes. The results (not shown) show
that the difference is negligible. This is because most energy
(about 90 percent) of a 10-ms pulse is contained between f, +
100 Hz. Even at the equator, where the maximum dispersion
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occurs, the amplitude corrections introduced by the WKB ap-
proximation within this 200-Hz bandwidth are always less
than 0.5 percent. In general, if the pulse is not too short (say,
>5 ms) and the carrier frequency is far from the local gyro-
frequency and greater than, say 500 Hz, the amplitude correc-
tions can be neglected.

Knowing how a pulse is distorted by dispersion in the mag-
netosphere is essential in interpreting the observed data of
many VLF wave experiments. An important feature of a dis-
torted pulse is that it has been stretched in the front in such
a way that it exhibits “exponential growth™ at the receiving
site. For example, in one wave-injection experiment [12]
phase alternating signals at 6.6 kHz were injected into the
magnetosphere to investigate the effect on wave-particle in-
teractions (WPI) of the phase reversal. The data show a large
decrease in signal intensity whenever the phase of the trigger-
ing wave was reversed. The duration of this decrease was
roughly 55 ms (measured from [12, fig. 3]), more than ten
times longer than the antenna current response time. Koons
et al. [12] concluded that the recovery in amplitude was due
to temporal amplification of the signal in the magnetosphere.
The apparent ‘“‘growth rate’ was about 260 dB/s, which was
significantly higher than those commonly observed [7]. The
growth time (~33 ms) was much shorter than that obtained
from other experiments. Furthermore, there was no other
evidence of amplification or triggering of emissions at that
period. These facts suggest that the apparent “growth” might
actually be caused by dispersion in the cold background
plasma.

A phase-reversing signal consists of several sections of RF
pulses with the same carrier frequency. Any two successive
pulses are 180° out of phase. As the phase-reversing signal
propagates in the magnetosphere the front and rear ends of
each section will be distorted and stretched. Therefore inter-
ference between the tail end of one pulse and the front end of
the next can be expected, resulting in amplitude fading.

We have simulated a phase-reversing signal at 6.6 kHz
traveling through a duct at 3.1Rg, having an equatorial plasma
density of 1000 electrons/cm3. These parameters are chosen
to fit the nose frequency and minimum delay time reported
by Koons ez al. [11]. The result is shown in Fig. 8. The phase
is reversed at ¢t = 0 on a 100 ms pulse injected at —50 ms at
location 1. As the pulse propagates along the duct a ““gap” is
developed near the time of phase alternation. When it reaches
the equator the gap is about 10 ms wide. We expect that the
gap would be about 20 ms wide when it reaches the conjugate
point of location 1. By considering the finite antenna current
response time (~3.3 ms) and the finite time constant as-
sociated with the analyzers, we suggest that the gap could ap-
pear to be 30 to 40 ms long, consistent with the observa-
tions [12]. Under these circumstances we conclude that prop-
agation distortion is an acceptable alternative explanation of
the apparent growth effect observed in the Koons et al, ex-
periment.

Another important result from these studies is that the
stretching of a pulse is large enough by the time a VLF pulse
arrives at the interaction region to significantly alter the de-
tails of the nonlinear WPI processes. For example, a pulse
at 4 kHz propagating from an altitude of 1000 km up to the
equator along a duct at 4Rg may be stretched about 30 ms
in the front. A scheme for compensating for this dispersion
effect is shown in Fig. 9. A phase equalizer A,(¢) is a device
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Fig. 8. Propagation through a duct at 3.1Rg of a 100-ms pulse at
6.6 kHz with a phase discontinuity at ¢ = 0. Stairstep jumps in
amplitude plots are due to the finite resolutions of the Calcomp.
plotter. It is noted that the wave amplitude at location 2 appears to
be smaller. This is because of the lack of sufficient samples (we have
four samples in a cycle) to produce a full range of oscillations in
these amplitude plots. However, the main features of the waveforms

at these monitor stations can still be seen clearly.
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Fig. 9. (a) Block diagram representing configuration of VLF wave in-
jection experimentation between Siple and Roberval. (b) Block dia-
gram illustrating how equalizers are fitted into experimentation.
Preprocessor compensates for distortions developed in linear path
between transmitter and interaction region. Postprocessor equalizes
phase distortion introduced by dispersive path between equatorial
interaction region and receiving site.

that compensates for propagation distortion so that the
phase change (in the frequency domain) will become linearly
proportional to f. Linearization of the phase variation restores
the signal shape in the time domain. Equalization can be per-
formed ecither at the transmitter, at the receiver, or both. We
have designed such a device using the tapped delay line tech-
nique. Computer stimulation shows that such a device can
completely compensate for the distortion.

The experiment of phase alternations can conceivably be
carried out in the future by “preprocessing’ the injected sig-
nal so that when a phase reversing signal reaches the interac-
tion region the phase of the signal will appear to have been
reversed instantaneously.
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Fig. 10. IHustration of how a preprocessed phase-reversing signal be-
comes desired waveform when it arrives at the equator. On left are
same waveforms shown in the six monitor stations in Fig. 8. Group
delays are subtracted from time scale so that waveforms at the six
stations are aligned with one another. A gap is developed near the
time of phase reversal when the signal arrives at the equator (loca-
tion 6). On right are preprocessed phase reversal signals. When the
signal arrives at the equator it becomes the prescribed waveform
with an instant phase reversal at ¢ = 0.

Fig. 10 illustrates a phase-reversing signal and a preproc-
essed phase-reversing signal propagating along a duct at 3.1R.
On the left are the same waveforms shown at the six monitor
stations in Fig. 8. We have removed the time delay for the pur-
pose of illustrating the development of the *“‘gap.”” On the right
are the waveforms of a preprocessed signal at 6.6 kHz at the
six monitor stations along the duct at 3.1Rp. The preproc-
essed signal is injected at location 1. As it arrives at the equa-
tor (location 6) it becomes the desired waveform, with an in-
stant phase-reversal at 1 = 0.

An equalizer can also be implemented for use at the re-
ceiver to compensate for the distortion between the inter-
action region and the receiving site.

VI. CONCLUSION

Among the results of the study of pulse propagation in the
magnetosphere are the following.

1) By properly choosing the carrier frequency of injected
pulses the propagation effects can be minimized. The
optimum frequency is the ‘“‘nose frequency” (as meas-
ured at the equator).

2) In designing wave-injection experiments for the study of
WPI processes in the future, such as the phase-reversal
experiments, we should include pre- and postprocessing
filters at both the transmitter and receiver to remove the
distortion due to dispersion.
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