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Abstract

This paper presents results of an experimental veri®cation of our earlier suggested spectral-polarization method of
measuring the interference pattern velocity by analyzing three mutually orthogonal projections of the radio signal
®eld vector using a single receiving antenna. The measurements were made on an HF radio path about 100 km in

length, with a simultaneous monitoring of the ionospheric situation using an oblique-incidence sounding chirp±
ionosonde. In an e�ort to eliminate multipath e�ects, in the analysis we used nighttime intervals, for which a stable
one-mode re¯ected radio signal was observed. It is shown that the proposed method gives the mean values of the
azimuth and zenith angle which di�er by no more than 2 to 58 from calculated values. Mean values of the velocity

of travelling ionospheric disturbances (of order 50 m/s) and propagation directions (north-westward changing to
northward by the morning hours) obtained for these time intervals are consistent with existing published
data. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The drift velocity of ionospheric irregularities is

usually determined by measuring the velocity of the
interference pattern (IP) of the ionosphere-re¯ected
radio signal received at spaced receiving antennas (at
least three antennas). Earlier we suggested a method to

measure the displacement velocity of the IP by analyz-
ing three mutually orthogonal projections of the ®eld
vector of the radio signal using a single receive antenna

(Afraimovich and Palamartchouk, 1998). The ®rst
stage of analysis involves calculating complex Doppler

spectra of time variations in these projections. After
that, for each component of the spectra these data are
used to determine the angle-of-arrival spectra. When

coupled with data on Doppler shift this allows us to
estimate the velocity and direction of IP displacement.
In this paper which, basically is Part II of Afraimovich
and Palamartchouk (1998), we gave formulae to illus-

trate the proposed technology, as well as results of a
numerical simulation to demonstrate the possible prac-
tical implementation of the idea in the presence of

additive noise and interference of di�erent radio signal
modes.
In a pioneering paper (Morgan and Evans, 1951),

and in our paper (Afraimovich and Palamartchouk,
1998), this approach was considered under conditions
applicable to free space. They disregarded, however,
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the possible e�ects of the mutual in¯uence of the

antennas (projections of a three-component antenna),

as well as re¯ections of the radio wave from the under-

lying surface and surrounding objects. Unfortunately,

the in¯uence of these factors de®es virtually all

attempts to make an accurate theoretical numerical

estimation. Hence, it was exceptionally important to

test the performance of the method reported by

Morgan and Evans (1951) and by Afraimovich and

Palamartchouk (1998) in real conditions. Also, to elim-

inate multipath e�ects, we made an analysis of time

intervals for which a stable one-mode re¯ected radio

signal was observed. It should also be mentioned that

we are unaware of any publications where the methods

reported in Morgan and Evans (1951) and

Afraimovich and Palamartchouk (1998) were tested in

HF measurements.

The purpose of this study is to present the results of

an experimental veri®cation of the method from the

paper of Afraimovich and Palamartchouk (1998) on a

short-range HF radio path. We used angle-of-arrival

and Doppler shift time dependencies to determine the

velocity of a phase IP in the range of time intervals

characteristic for medium-scale travelling ionospheric

disturbances (TID) (periods of 30 to 60 min, and the

typical size of the order of 100 to 200 km).

As is well known, TIDs are of considerable interest

in ionospheric physics and as a factor limiting the ac-

curacy of existing radio engineering systems used in

navigation and radio interferometry. TIDs were treated

in numerous publications (see a review on atmospheric

gravity waves (AGW) and TIDs by Hocke and

Schlegel, 1996). Some experimental data on TID

dynamics were obtained by vertical- or weakly obli-

que-incidence sounding methods in the HF range using

the spaced-antenna reception arrangement with a short

baseline, substantially smaller than the typical size of

TIDs (Afraimovich et al., 1978; Afraimovich, 1982;

Jacobson and Carlos, 1989).

The correspondence between space-time character-

istics in the antenna array plane obtained through ver-

tical- or weakly oblique-incidence soundings and local

characteristics of ionospheric disturbances has been

discussed at length in many publications (see, for

example, Afraimovich, 1982; Jacobson and Carlos,

1989) and is therefore not taken up here. The most im-

portant conclusion in the cited papers is that, as in the

case of a much used model for the `mirror phase

screen' (P®ster, 1971; Afraimovich, 1982), phase dis-

turbances of the re¯ected radio signal recorded in ver-

tical- and oblique-incidence soundings are a faithful

representation of the horizontal part of the corre-

sponding local density disturbance and can be used in

experimental measurements of the TID azimuth and

velocity.

2. Determining the displacement velocity of the

interference pattern by measuring angles of arrival and

Doppler shift

Based on a relatively general example of ionospheric

vertical-incidence sounding we now consider the main
principles used in determining the velocity of IP displa-
cement in terms of a simple interference model

(Afraimovich, 1982) whose essential conclusions co-
incide with numerous existing methods of analyzing
data from coherent spaced-antenna reception (see, for

example, P®ster, 1971; Afraimovich et al., 1978;
Afraimovich, 1982).
A complex amplitude of the radio signal at a par-

ticular point on the Earth's surface with coordinates

x=y= 0 at time t may be represented as a discrete set
of s-modes (rays):

~A �x, y, t� �
Xn
s�1

rs exp� j�kPs � js�0��� �1�

where rs is amplitude, Ps is the phase path of the sig-

nal, k = 2p/l; l is the working frequency wavelength,
js (0) is the initial phase, and n is the number of
modes.

Let us consider the spatial properties of AÄ in the clo-
sely-spaced antenna approximation. It is also assumed
that in the case of small space-time increments the dis-
tances between receiving antennas are much smaller

than the typical spatial scale of a disturbance in the
antenna array plane and that the time interval Dt
between counts is much shorter than the disturbance

time scale; hence the in¯uence of second-order deriva-
tives can be neglected.
In this case the phase front of the signal s-com-

ponent can be considered ¯at and the coe�cient r can
be taken to be independent of the coordinates y
(measured in the northward direction) and x

(measured in the eastward direction), so that the signal
at the spaced antennas di�ers only by the phase delay
dependent on the coordinates of the antennas and on
time t:

kPs�x, y, t� � kx, sx� ky, syÿ o st

kx, s � k sin ys sin cs

ky, s � k sin ys cos cs �2�

where y is the elevation reckoned from the zenith, c is
the azimuth angle of arrival reckoned from the north-
ward direction to the East, and o is the Doppler shift.

The geometry of the experiment is schematically
shown in Fig. 1.
Then the velocity Vs and the propagation direction
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as of the phase front of the radio signal s-component

in the plane (x0y ) are determined by the values of the
angles of arrival and Doppler frequency (Afraimovich,
1982):

V�o s� � o s=2
����������������������
k2x, s � k2y, s

q

a�o s� � arctan�kx, s
�
ky, s� �3�

Well-known methods of spectral analysis of the com-
plex amplitude are used to resolve individual spectral
components and determine velocity parameters using
(3).

Measurements of Doppler frequencies using state-of-
the-art highly stabilized oscillators at the transmitting
and receiving ends of the radio path present no special

problems. Thus the solution of the formulated problem
is dictated by the accuracy with which it is possible to
determine the radio wave's angles of arrival using a

three-component antenna.

3. Determining angle of arrival from three mutually

orthogonal components of the ®eld vector

It was shown in an earlier paper (Morgan and
Evans, 1951) that in free space the complex amplitudes
of three mutually-orthogonal projections of the one-

mode regular signal ®eld determine parameters of the
polarization ellipse and the sense of rotation of the
polarization vector, as well as the angles of arrival c

and y (position of the wave front). The above par-
ameters compose a description of the full vector of a

plane radio wave and are related to the complex ampli-
tudes AÄx, AÄy, AÄz of ®eld projections by a system of
transcendental equations (the axis z is pointing

towards the zenith):

~Ax � Ax exp� jjx�

~Ay � Ay exp� jjy�

~Az � Az exp� jjz� �4�

Morgan and Evans (1951) developed a method to ana-
lyze and synthesize a three-component ®eld for the

one-mode signal. An extension of the method to the
case of a multimode radio signal was suggested in
Afraimovich and Palamartchouk (1998), implying a

spectral-polarization technique for analyzing the full
vector of the radio wave ®eld, based on complex
Doppler mode ®ltering. The essence of the method is
that in all algorithms for computing parameters of the

®eld's full vector using systems of equations for
mutually orthogonal projections of the ®eld, in lieu of
complex amplitudes of projections, complex amplitudes

of complex Doppler spectrum components of these
projections are used, that is, amplitude Sx (o ), Sy (o ),
Sz (o ) and phase Fx (o ), Fy (o ), Fz (o ) spectra, where

o is the angular frequency. These spectra are calcu-
lated for x-, y- and z-complex amplitudes of the output
signal from the corresponding mutually orthogonal

antennas using Fast Fourier Transform (FFT) algor-
ithms and suitable time and spectral windows.
Without going into a detailed description of the al-

gorithms (Afraimovich and Palamartchouk, 1998), we

write here formulae de®ning angles of arrival of a
plane wave in free space:

cot c�o � � sx�o � sin �Dxz�o ��
sy�o � sin �Dzy�o ��

tan 2 �o � �
S 2

x�o �S 2
z�o � sin 2 �Dxz�o ��

�S 2
z �o �S 2

y�o � sin 2 �Dzy�o ��
S 2

y�o �S 2
x�o � sin 2 �Dyx�o �� �5�

where Dyx�o� � jy�o� ÿ jx�o�, Dzy�o; � � jz�o� ÿ jy

�o�, Dxz�o� � jx�o� � ÿjz�o�. Not only does complex
Doppler ®ltering make it possible to separate the inter-

fering modes, but it also enhances the noise immunity
of measurements and hence the stability of the solution
of Eqs. (5).

Fig. 1. Frame of reference (x '0y ') of the three-component

antenna, and geographic coordinate system (x0y ). In the geo-

graphic coordinate system, the axes z, y, x are pointing, re-

spectively, to the zenith, to the North N, and to the East E.

c '; y '; c, and y are the azimuths and zenith angles of the

wave vector k in the above coordinate systems, and cj and yj
are the corresponding angular coordinates of j-projections of

the three-component antenna; j= 1, 2, 3. The ®gure also

shows the angular coordinates c3 and y3, corresponding to

the third projection of the three-component antenna.
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4. General description of the experiment and data

treatment

For an experimental veri®cation of the method, a

special-purpose facility was designed for measuring

and recording the complex amplitudes of three

mutually orthogonal projections of the full vector of

the radio wave ®eld. The measurements were made on

a path 113 km in length, with the geographical azi-

muth c0=648, by sounding with a continuous HF

radio signal at the sounding frequency f= 3.13 MHz.

The particular working frequency was determined

based on average data of oblique-incidence ionospheric

soundings to correspond to the middle point of the

path for the selected time interval. These measurements

were carried out every hour with the chirp±ionosonde

described in Brynko et al. (1988). Most data were

obtained for the nighttime when re¯ection was from

the ionospheric F2-region. To illustrate experimental

results, we selected a typical time interval, from 15:00

to 21:00 UT on 25 June 1997 (from 22:00 LT on 25

June to 04:00 LT on 26 June).

Fig. 2 presents the frequency dependencies of the

e�ective re¯ection height H( f ) of the HF radio signal

(ionograms) measured on 25 June 1997 from 15:00 to

18:00 UT with the chirp±ionosonde [(a) 15:01 UT; (b)

16:01 UT; (c) 17:01 UT; (d) 18:01 UT]. The vertical

bar shows the value of the sounding frequency. It is

evident from the ®gure that typically the ordinary

component of the re¯ected signal was recorded at the

selected sounding frequency, and corresponding values

of the e�ective height were determined for the selected

time interval in the range from 230 to 270 km.

It should be noted that in Fig. 2 the information

about the frequency dependence H( f ) of the single and

double signals is plotted without regard for the relative

amplitude of these signals; the double signals in these

measurements are an order of magnitude weaker.

Furthermore, despite the relative proximity of the

transmitter, we were also able to neglect the in¯uence

of the ground wave because its additional attenuation

was caused by the fact that between the reception facil-

ity and the transmitter there was a mountain range. In

the ®rst approximation, we can therefore conceive of

the measurements as being made for the one-ray (one-

mode) radio signal.

The recording system included (Fig. 3):

. antenna-feeder system (AFS);

. radio-engineering system (RES);

. hardware-computing system (HCS);

. exact time and frequency system (ETFS);

. personal computer IBM AT (PC).

Fig. 2. Chirp±ionosonde ionograms taken on 25 June 1997 from 15:01 to 18:01 UT [(a) 15:01 UT; (b) 16:01 UT; (c) 17:01 UT; (d)

18:01 UT]. The vertical bar shows the value of the sounding frequency of 3.13 MHz.
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Measurements at the facility with the necessary fre-

quency stability were secured by the ETFS consisting
of the time and frequency standard FS, the quartz syn-
chronometer QS, and the reference frequency oscillator

fref RFO. The accuracy of measurements was deter-
mined by the FS frequency instability and was of
order of 10ÿ11.
The AFS, consisting of three mutually orthogonal

magnetic antennas (X, Y, Z ) and the antenna switch
(AS), converted the electromagnetic wave energy to

electrical signals proportional to the projections of the
full vector of the wave ®eld. Phase calibration of the
AFS was done by feeding the calibration signal simul-
taneously to all cable inputs of the reception system

(instead of the signal from the antennas); phase correc-
tions, calculated for each of the working frequencies of
the range, were entered into the PC and were taken

into account in the processing.
We used special-purpose direction-®nder cavity mag-

netic antennas to receive signals only from the upper

hemisphere by screening secondary signals re¯ected
from the Earth's surface. Magnetic dipoles were

aligned along the axes of the antenna frame of refer-
ence in such a manner as shown in Fig. 1 by heavy

lines. The ®gure also shows the angular coordinates c3

and y3, corresponding to the third projection of the
three-component antenna.

A calculation of the expected zenith angle y0 for this
path using the data from the chirp±ionosonde based
on Martin's theorem from the familiar relationships

(Davies, 1969) showed that y0=10 to 128. Therefore,
the best choice from the point of view of the attenu-
ation of interference e�ects caused by re¯ection from

the Earth's surface and from surrounding objects was
such an orientation of the antennas' coordinate system
where the symmetry axis of the three-component
antenna was pointing to the zenith. Results presented

below were obtained for the values of yj=558;
c1=2408, and c2=1208, and c3=08.
The RES, consisting of the radio receiver (RR) and

the mixer (MIX), provided the main ampli®cation, ®l-
tering and double conversion of the received signal fre-
quency and the mixing of the signal of the second

intermediate frequency fif of the radio receiver with the
signal of the reference frequency fref. The RR was
tuned to the frequency f, above or below the signal fre-

quency of the radio station fs, so that the detuning fre-
quency Df was larger than the maximum expected
spectrum width of the carrier (1.5 to 2 Hz)
(Afraimovich, 1982). The beat signal at the frequency

Df from the detector output (D) and the direct-current
ampli®er (DCA), which is the signal of the last inter-
mediate frequency, was fed to the analogue-digital con-

verter (ADC) input. The PC was used in recording this
signal, controlling the antenna switch (AS) by means
of the output register (OREG), and in controlling the

RR ampli®cation using the digital-analogue converter
(DAC). To synchronize the process of recording and
controlling the signals from the synchronometer QS,
the interrupt signal former (ISF) and the synchronizer-

timer (ST) was employed.
At the ®rst stage of data processing, the series

obtained (4) were fast-Fourier transformed with the

length of a series of 512 counts, which corresponded to
the integration time of about 32 s and a frequency res-
olution of 0.03 Hz. The particular length of the series

was determined by the required time resolution of the
secondary data processing in order to determine the
TID propagation velocity (see below). Of course, this

led to a decrease in frequency resolution of the various
modes of the re¯ected signal. However, as has been
pointed out above, in the analysis we used time inter-
vals predominantly with a one-ray signal, so that this

impairment did not a�ect our ®nal results.
The series of amplitude Sx (o ), Sy (o ), Sz (o ) and

phase Fx (o ), Fy (o ), Fz (o ) spectra in the design of

the proposed algorithm are the results of data treat-
ment; further analysis of the signal, however, was car-

Fig. 3. Block-diagram of the measuring facility (explanations

are given in the text).
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ried out in the complex Fourier-domain. Depending on

the tackled problem, di�erent algorithms for secondary
processing of these series may be suggested. For our
chosen variant with a one-ray signal, it was best simply

to average the amplitude and the phase di�erence for
those spectral components whose amplitude was higher
than the speci®ed relative threshold E (in our case

E=0.9), followed by the determination of the angles of
arrival using formulae (5).

5. Measuring the angles of arrival using a three-

component antenna

At the left of Fig. 4, we present time dependencies
of the azimuth c '(t ) and zenith angle y '(t ) in the

antenna's frame of reference (a, b) and c(t ) and y(t )
in the geographical coordinate system (c, d) which
were measured on 25 June 1997 from 15:00 to 21:00

UT and smoothed with the 5-min time window.
Horizontal bars show the true value of the azimuth
c0=648 and the calculated value of the zenith angle

y0=118.
Angles of arrival are converted from the antenna's

frame of reference to the geographical coordinate sys-
tem, described in Section 1, in the following manner.

Let the antenna array be characterized by three pairs
of numbers (with consideration for the designations in
Fig. 1): (c1, y1), (c2, y2), (c3, y3), where y is the angle

between the zenith and the antenna direction, and c is
the azimuthal angle of the antenna projected onto the
geographic horizontal plane. Such a representation of

the antenna array geometry is redundant because the
angles between the antennas remain unchanged and
are p/2, but it is convenient for subsequent transform-

ations. Let also the absolute values of the antennas'
direction vectors be 1.
The geographical coordinates of the direction vector

aj of the antenna j then take the form:

ax, j � sin yj sin cj

ay, j � sin yj cos cj

az, j � cos yj �6�

In an analogous way, we characterize the direction to
the `source' of the received radio wave, which is equiv-
alent to the direction of the vector ÿk:
ÿkx � sin y sin c

ÿky � sin y cos c

ÿkz � cos y �7�
The projections of the vector ÿk onto the antennas'

direction vectors aj are then equal to their scalar pro-
ducts:

ÿka1 � ÿ�kx, ky, kz��ax, 1, ay, 1, az, 1� � sin y 0 sin c 0

ÿka2 � ÿ�kx, ky, kz��ax, 2, ay, 2, az, 2� � sin y 0 cos c 0

ÿka3 � ÿ�kx, ky, kz��ax, 3, ay, 3, az, 3� � cos c 0 �8�

Fig. 4. Time dependencies of the azimuth c '(t ) and zenith

angle y '(t ) in the antenna's frame of reference (a, b) and c(t )
and y(t ) in the geographic coordinate system (c, d) measured

on 25 June 1997 from 15:00 to 21:00 UT and smoothed with

a 5-min time window. Variations in space-time characteristics

of the phase derivatives, corresponding to these data and ®l-

tered in the range 30 to 60 min, and also variations in the azi-

muth and velocity modulus of IP displacement [(e) f 't (t ); (f)
f 'x (t ), line; f 'y (t ), dots; (g) a(t ); (h) v(t )]. The horizontal bar

on panels (c, d) shows values of the actual azimuth to the

transmitter (648) and of the zenith angle calculated based on

ionospheric sounding data from the chirp±ionosonde (118).
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where y ' and c ' are the direction angles of the vector
ÿk in the antenna's frame of reference.

On solving this system of equations, we obtain ex-
pressions for the angles of arrival of the radio wave in
the geographic coordinate system:

tan c � kx=ky

tan y �
����������������
k2x � k2y

q �
kz �9�

These results are correct for the magnetic part of the
electromagnetic ®eld of the radio wave.
For the selected time interval presented in Fig. 4, the

mean values and the root-mean-square deviation
(r.m.s.) of the azimuth c '(t ) in the antenna's frame of
reference were, respectively, 46.6 and 2.78 (panel a),

and those of the zenith angle y '(t ) were 62.3 and 2.38
(panel b). Upon conversion to the geographic coordi-
nate system by formulas (6)±(9) the corresponding
values for the azimuth were 70 and 148 (panel c), and

those for the zenith angle were 8.2 and 2.78 (panel d).
As can be made certain, the estimated mean value of

the zenith angle is less than the calculated value by no

more than by 2 to 38, and that the azimuth is larger
than the calculated value by 68. Considering the fact
that the accuracy of installation of the platform with a

three-component antenna with respect to the geo-
graphic coordinate system was only to a few degrees,
such a result may be regarded as quite a convincing

validation of the proposed method for determining the
angles of arrival.
In regard to angle-of-arrival variations whose ampli-

tude can be inferred from corresponding r.m.s. values,

they correlate quite well with published data obtained
on short-range HF paths using conventional methods
of angle-of-arrival measurement (Reynolds and

Morgan, 1975; Jones and Reynolds, 1975; Lyon, 1979;
Afraimovich, 1982; Afraimovich et al., 1985). It should
be noted that oscillations with typical periods between

10 min and 1 h are especially pronounced in angle-of-
arrival variations. It is commonly believed that these
oscillations are caused by medium-scale travelling
ionospheric disturbances, forming the basis for appro-

priate methods of monitoring these disturbances in
spaced-antenna reception with a small baseline (see,
for example, Reynolds and Morgan 1975; Jones and

Reynolds, 1975; Lyon 1979; Afraimovich, 1982;
Afraimovich et al., 1985; Jacobson and Carlos, 1989).
In this paper, we have also drawn on angle-of-arrival

measurements in conjunction with Doppler shift
measurements to determine the horizontal velocity
component of TIDs.

6. Determining the velocity of medium-scale travelling

ionospheric disturbances

We determine the travel velocity and direction of the
phase IP (phase front) in the horizontal plane in terms

of some model for this pattern, an adequate choice of
which is of critical importance. Space-time variations
in the radio signal phase Df(x, y, t ) at each given

instant of time t may be represented in the simplest
form as a phase front propagating without a change in
the form (no dispersion):

Df�x, y, t� � F�tÿ x=vx ÿ y=vy� �10�

where vx and vy are the velocity of the phase front tra-
velling along the axes x and y, respectively.

It should be noted, however, that in real situations
an ideal model (10) is not realized in a pure form. This
is because acoustic-gravity waves that cause TIDs pro-

pagate in the atmosphere in the form of a dispersed
wave packet with a ®nite value of the angular spec-
trum width. But to a ®rst approximation, for short

averaging times comparable with the period of ®ltered
variations in the signal phase, the phase IP may be
thought of as travelling without a substantial change
in its form.

In this paper, we employ a statistical angle-of-arrival
and Doppler method (SADM) for determining charac-
teristics of the TID dynamics based on measuring the

spatial derivatives f 'x (t ) and f 'y (t ) proportional to the
values of direction angles of arrival of sounding radio
signals, and the time derivative f 't (t ) proportional to

the frequency Doppler shift of these signals, which was
described in detail in some publications (Afraimovich
et al., 1997; Afraimovich, 1998):

f 0t�t� � O�t�=2

f 0x�t� � k sin y�t� sin c�t�

f 0y�t� � k sin y�t� cos c�t� �11�

The factor 2 is included here, which is valid for the

variant of vertical- or weakly oblique-incidence sound-
ing (Afraimovich, 1982). It should also be noted that
in the case of oblique-incidence soundings correspond-
ing series of phase derivatives must be centred on their

mean values in order to eliminate the in¯uence of the
orientation of the radio sounding path. In the present
case we took this factor into account in band ®ltering

of the initial series in the selected range of 30 to 60 min
periods (see below).
SADM makes it possible to establish the azimuth

a(t ) of the IP wave vector (normal to the phase front)
in the range 0 to 3608, as well as to determine the vel-
ocity modulus v(t ) at each instant of time by formulae:
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Wy�t� � f 0y�t�=f 0t�t� �jW j cos a

Wx�t� � f 0x�t�=f 0t�t� �jW j sin a

v�t� �jW jÿ1� �W 2
x�t� �W 2

y�t��ÿ1=2 �12�

Time dependencies of the velocity v(t ) and azimuth
a(t ) obtained from (12) can then be used to construct,
for the selected time interval, the distribution functions
of the azimuth P(a ) and velocity P(v ). In the case of

the ideal IP (10) the transformations (12) give a time-
constant value of the azimuth and velocity, while the
distribution functions P(a ) and P(v ) have well-de®ned

maxima at these values. In real situations, these distri-
butions are broadened, which is due primarily to dis-
persive changes in the spectrum of the TIDs as they

propagate in the atmosphere.
By analyzing the time dependence a(t ) and the dis-

tribution P(a ), it is possible to estimate the azimuth of

the predominant propagation of TIDs. If such a direc-
tion does exist, then the pattern may be thought of as
travelling without a change in the form, and the mean
velocity of its displacement can be determined either

from the velocity distribution P(v ) or by a direct aver-
aging of instantaneous values of v(t ). One can select
di�erent existence criteria for a distinct propagation

direction; however, it would be most natural to esti-
mate the azimuth r.m.s. a. If r.m.s. exceeds 908, then
there is no point in arguing for a directional displace-

ment of the interference pattern. If, however, r.m.s. a
is markedly less than 908, one can argue that the pat-
tern travels mainly in the direction of the mean value

of the azimuth. For the purposes of this study, the
values of phase derivatives were determined from
angle-of-arrival and Doppler measurements by for-
mulas (11) and were ®ltered in the range of 30 to

60 min periods characteristic for medium-scale TIDs.
It is possible to determine the horizontal velocity

component of TIDs using the algorithm of (12) both

from angle-of-arrival measurements in the geographic
coordinate system, as well as in the antenna's frame of
reference, followed by a conversion to the geographic

coordinate system using formulas (6)±(9), only of the
mean values of the azimuth a and velocity v for the
selected time interval. The second variant proved to be
more advantageous as it permitted us to minimize the

in¯uence of errors arising in the conversion to the geo-
graphical coordinate system, by (6)±(9), of each of the
instantaneous values of angles of arrival determined in

the antenna's frame of reference.
Fig. 4 presents time dependencies of space-time

characteristics of phase derivatives in the antenna's

frame of reference, and of the values of a(t ) and v(t ),
inferred from formulae (12) and (6)±(9), which corre-
spond to variations in the zenith angle y '(t ) and azi-

muth c '(t ) given in this ®gure (left) in the antenna's
frame of reference [(e) f 't (t ); (f) f 'x (t ) line; f 'y (t ), dots;
(g) a(t ); (h) v(t )].
For the selected time interval shown in Fig. 4(g, h),

the mean values and r.m.s. of the azimuth a(t ) of the

phase IP travelling in the plane (x0y ) of the geo-
graphic coordinate system were, respectively, 326 and
368, and those of the velocity v(t ) 43 and 44 m/s. A

relatively large spread in displacement velocities and
directions on Fig. 4(g, h) is caused primarily by the
discrepancy between the experimentally observed IP

and the ideal model of the phase front that is displaced
without changing its shape (formula 10).
Since r.m.s. of the azimuth (368) are markedly less

than 908, based on the above reasoning we can argue

that in the course of the selected nighttime interval the
interference pattern was mainly displaced with the
average velocity of about 43 m/s in the north-western

direction and changed to northward by the morning
hours. This result correlates quite well with existing
models for the generation and propagation of TIDs

(see a review by Hocke and Schlegel, 1996), as well as
with currently available (but, unfortunately, few in
number) published data of nighttime measurements

obtained through vertical- or oblique-incidence iono-
spheric soundings using spaced-antenna reception with
a long baseline comparable with the TID size (Munro,
1958; Morton and Essex, 1978; Bowman, 1981;

Drobzhev et al., 1988; Hocke and Schlegel, 1996).

7. Conclusions

The results presented in this work suggest the fol-
lowing conclusions:

1. The proposed method gives stable mean values of

the azimuth and zenith angle of arrival which di�er
from calculated values by no more than 2 to 58.

2. The mean velocities of travelling ionospheric dis-

turbances (of about 50 m/s) and propagation direc-
tions (north-westward changing to northward by the
morning hours), obtained for these time intervals,

are consistent with existing published data.
3. The use of the proposed method can improve the

spatial resolution in remote sensing from such
mobile platforms as ships at sea and satellites (also

in the case of topside soundings), as well as in the
con®guration of classical spaced-antenna reception
but with the use of three-component receive anten-

nas. This last variant combines two independent
methods for measuring angles of arrival, which
a�ords a substantial improvement to the reliability

of the measurements and provides new information
about, for example, the curvature of the interference
pattern front.
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Our intention in this paper is to demonstrate exper-
imentally the fundamental possibility of measuring

angles of arrival and the displacement velocity of the
phase IP without invoking the space-diversity recep-
tion. In this case we were able to assess the validity

of angle-of-arrival measurements only on the basis of
the data on the radio path geometry. As far as the
measurements of the phase IP displacement velocity

are concerned, we con®ned ourselves solely to the
comparison with published data. In accordance with
the chief objective of our work, we restricted our

analysis to the one-mode signal only, because analyz-
ing the applicability of the method under multi-mode
propagation conditions is a separate independent pro-
blem.

Unfortunately, for technical reasons and due to ex-
perimental conditions, the amount of experimental ma-
terial suitable for processing was quite small, so it was

not possible for us to obtain the necessary data for
evaluating the performance of the technique under
di�erent geophysical conditions, as well as under

multi-mode propagation conditions. We understand
that such a comparison is insu�cient for an adequate
assessment of the attainable accuracy and reliability of

the results.
Because of our limited resources, we were also

unable to carry out experiments aimed at a `direct'
comparison of related experiments using our

suggested method and existing classic facilities (HF
direction ®nders, Dynasondes, etc.). At some future
date it will be necessary to conduct a series of com-

prehensive experiments using, among other things,
movable platforms.
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