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Abstract—This article suggests using a spectral polarization method for measuring the velocity of dis-
placement of the interference pattern by analyzing three mutually orthogonal projections of the radio
signal field vector using a single receiving antenna. The initial stage of analysis involves calculating complex
Doppler spectra of time variations of these projections. Thereupon, for each spectrum component, these
data are used to determine angle of arrival spectra. In conjunction with data on Doppler frequency shifts,
this procedure makes it possible to estimate the velocity and direction of interference pattern displacement.
We give the equations to illustrate the proposed technology and simulation results, showing that it is
essentially possible to realize this idea. © 1998 Published by Elsevier Science Ltd

INTRODUCTION

The preponderance of data on ionospheric dynamics
was obtained from ground-level measurements of spa-
tio-temporal characteristics of the interference pattern
(phase and amplitude) of the ionospherically reflected
radio signal at vertical or slightly-oblique incidence in
the LF, MF and HF ranges, or at the transionospheric
propagation from discrete radio sources or satellite-
borne transmitters in the VHF range. The problem of
the match between interference pattern parameters
and corresponding electron density irregularities at a
certain height in the ionosphere are typically solved
in terms of a suitable ‘phase screen’ model, and we
shall not take it up here.

Such measurements were always made with spa-
tially separated receiving antennas, beginning with the
simplest version of three antennas in the pioneering
article by Mitra (1949) and ending with large multi-
antenna amplitude matrices (Brownlie et al., 1973) or
phased antenna arrays and radio astronomical inter-
ferometers (Jacobson et al., 1991, 1995).

The disadvantage of the conventional method was
the persistent need to ensure the required spatial aper-
ture, which limited the possibility of determining
characteristics of the motion when a large spatial sep-
aration between the antennas was to be used. More-
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over, this led to a serious limitation on the possibility
of studying space-time characteristics of the reflecting
surface in the case of remote soundings from moving
platforms (aircraft and satellites).

The proposed technique can also improve the spa-
tial resolution when carrying out remote sounding
operations from moving platforms. This idea seems
to have been pioneered in a monograph (Afraimovich,
1982) but has not yet received an appropriate devel-
opment. Of course, we are by no means of the opinion
that the proposed technique is capable to supplant the
conventional method; in cotrast, it may be useful as a
substantial adjunct to it. The objective of this article
is to demonstrate that it is in principle possible to
measure interference pattern velocity characteristics
of the radio signal at the terrestrial surface level with-
out recourse to a conventional spaced-antenna
method. A description of the hardware and software
system, and also data of an experimental testing of
the method in comparison with angle-of-arrival
measurements using a standard HF direction-finder,
are currently being generalized and will be reported
elsewhere.

DETERMINING THE INTERFERENCE PATTERN
VELOCITY FOR SPACED-ANTENNA RECEPTION

We start by considering a reasonably general exam-
ple of vertical-incidence soundings, and the main prin-
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ciples of interference pattern velocity determination
in terms of a simple interference model (Afraimovich,
1982). The major implications of this model are con-
sistent with numerous existing methods of data analy-
sis for coherent spaced antenna reception (see, for
example, Pfister (1971); Afraimovich et al. (1978);
Jacobson and Carlos (1989)).

A complex amplitude of the radio signal at a given
point of the terrestrial surface with the coordinates
x = y = O atthe time ¢ may be represented as a discrete
set of s-modes (rays),

A@xy,n = ; r.exp(i(k P+ ¢,(0))) M

where r, is the amplitude, P, is the signal phase path,
k = 2m/4; Ais the wavelength, ¢,(0) is the initial phase,
and » is the number of modes. Consider the spatial
properties of A in the approximation of closely spaced
antenna reception. In this case it is assumed that the
distance between the receiving antennas d, and d, are
much smaller than the typical spatial scale of a dis-
turbance in the antenna array plane, and that the time
interval At between the counts is much smaller than
the disturbance time scale, so that the influence of
second derivatives may be neglected.

In this case the phase front of the signal s-com-
ponent may be consi’ered to be plane and the
coefficient 7, to be independent of the coordinate x
(directed northward) and y (directed westward), so
that the signal on the spaced antennas differs only by
the phase delay dependent on the antenna location
and the time 7.

kP:(xayat) = kx.sx+ ky.sy —
k., = ksinf;cosy;
k,, = ksin0,siny; )

where 6 is the elevation reckoned from the zenith, ¥
is the azimuthal angle of arrival measured from the
northward direction in the westward direction (see
Fig. 1), and w is the frequency Doppler shift.

The velocity ¥V, and the direction ¥, of the phase
front of the radio signal s-component are then deter-
mined by values of the angles of arrival and of the
Doppler frequency;

V(o) = 0,2k +k, 3)
Y(w,) = arctan (k, Jk.)

Corresponding, widely-known methods of spectral
analysis of the complex amplitude are in use to resolve
individual spectrum components and to determine
velocity parameters using (3) (see, for example, Pfister
(1971); Afraimovich et al. (1978); Jacobson and Carlos

Fig. 1. Experimental geometry. The direction of incidence of

the radio wave with the wave number > is specified by the

angle of elevation § measured from the z-axis, and by the

azimuth ¢ measured from the y-axis toward the x-axis. The

field vector 2 describes a spiral whose form is determined
by the wave polarization parameters.

(1989)). Amplitude variations of the reflected mul-
timode signal are formed by interference of all com-
ponents in (1); a detailed analysis is performed by
Afraimovich (1982) and other authors;

[P = 3 X r,r,cos(kA, P+ A, p(0))
q s

kA, P(xy,0) = A, kx+A, ky—A, ot
A, k.= sinf,cosy,—sinf cosy,
A, Kk, = sinf,siny,—sin§;sin
A = 0, @

The velocity V,, and direction y,, of the partial
amplitude front displacement is determined by differ-
ences of the angles of arrival and Doppler frequencies
of the (g,s)-components of signal;

v - A,
2/ (B k) (B
W, = arctan (A, .k /A, k) )

Thus, a most general version of determining the
interference pattern velocity for coherent reception is
based, in one way or another, upon separating the
spectrum components of the complex signal, with a
subsequent determination of Doppler frequencies and
angles of arrival of the spectrum components;

0, = Ag, /At
k.= Ao, /d,
k, = Ao,,/d, 6

where Ag,, Ap,, Ap,, are the phase differences, and
d., d, are the bases of spacing in the corresponding
variables when the receiving antennas are located at
the corners of a right angle triangle. Actually there
exists a plethora of methods for determining the inter-
ference pattern velocity and direction, not necessarily
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involving a preliminary calculation of Doppler fre-
quencies and angles of arrival of the signal; all of
them, however, may be brought to a form that is
adopted in this article.

DETERMINING THE INTERFERENCE PATTERN
VELOCITY WITHOUT RECOURSE TO SPATIAL
SEPARATION

Morgan and Evans (1951) showed that in free space
the complex amplitudes of three mutually orthogonal
projections of a single mode regular signal field deter-
mine parameters of the ellipse of polarization and the
direction of rotation of the polarization vector, as well
as the angles of arrival { and 6 (the orientation of the
wavefront). The previous-listed parameters constitute
a description of a full field vector of a plane radio
wave and are related to complex amplitudes of the
field projections by a system of transcedental equa-
tions (the z-axis pointing to the zenith).

A, = A.exp(e,)
A, = A,exp(jo,)
A, = A.exp(jo,) (N

Without going into a description of the algorithms
caused by Morgan and Evans (1951), we shall give
only formulas defining the angles of arrival of a plane
wave in free space;

tany = A, sin(@.— @.)/4, sin(¢.— ,)
- AiAf Sin2(¢x - (Pz) + AfAi Sinz(q)z — (Py)

tan’f = 8
AzALsin’ (@, —@.) ®

The principle of angle of arrival determination from
the measurements, made at a single point, of three
projections of the electric or magnetic fields of the
wave is well known and is used in VLF radiation
research; Calvert er al. (1995) suggest that such tech-
nology should be used for magnetospheric soundings.

Of course, it is highly tempting to exploit the possi-
bility of determining parameters of a full field vector,
especially the angles of arrival and the interference
pattern velocity, using a single antenna. However,
formulae (8) can be used directly in a data treatment
only for a strictly regular single mode signal. External
noise and signal scattering contribute to an increase
of the error of measurement, and the multimode
approach with similar values of mode amplitudes
causes irreversible interference distortions, which
imposes a drastic limitation on the use of this method
in research and applied radio engineering. The res-
olution of this issue involves mode separation;
research systems typically use pulsed ionospheric

soundings, which on some occasions lead to successful
mode separation. However, such a procedure is
unsuitable for the continuous or modulated radio sig-
nal of broadcasting stations in the LF, MF, and HF
ranges.

This problem is resolved in large part by a method
for analyzing a full field vector of the radio wave based
on complex Doppler filtering of modes as suggested
by Afraimovich et al. (1979). This method, in essence,
implies that all algorithms for calculating parameters
of a full field vector using a system of equations with
respect to mutually orthogonal projections utilize,
instead of the complex amplitudes of projections,
complex amplitudes of the components of a complex
Doppler spectrum of these projections, i.e. the ampli-
tude S.(w), S)(w), S.(w), and phase ¥ (w), D (w),
O, (w), spectra, where  is the angular frequency.
These spectra are calculated for x, y, z—the complex
amplitudes of the signal from the output of cor-
responding mutually orthogonal antennas using Fast
Fourier Transform (FFT) algorithms and appropriate
time or spectral windows.

Thus, in equation (8), we suggest that the complex
amplitudes of the components of a complex Doppler
spectrum of three projections of the field, rather than
individual measured values of 4,, 4,, and A4,, should
be considered. In much the same way, the angle of
arrival spectrum is calculated; for conditions of free
space, these spectra take the form;

tan y(w)
= S(w)sin(A(w))/S(w)sin(A,(w))
tan?0(w)
_ SHw)SHw)sin*(A.(@)) + SHw) Sy (w)sin’(A,,(@))
SH@)SYw)sin*(A,(@))

)

where Ayx () = (py(w) ~ o), Az_v(m) =
q’z(w)'_(py(w)a sz(w) = (px(w)—(pz(m)’ I'CSpCCtiVCly.

Complex Doppler filtering makes it possible not
only to separate interfering modes but also to ensure
a high noise immunity of measurements and, as a
consequence, a high stability of the solution of the
transcedental equations. Algorithms of the method
should be used only upon checking Doppler filters for
residual interference (Afraimovich, 1982). Obtaining
an angle of arrival spectrum is of significance in its
own right; in terms of our proposed method, resulting
values of Y(w) and B(w) are used to reconstruct the
spatial characteristics of the interference pattern by
invoking equation (2) with the purpose of obtaining
the spectra k(w) and k(w).

Several avenues for analysis may then be chosen. A
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most general procedure involves reconstructing the
space-time pattern of A(x,y,f) by synthesizing the
interference pattern using equation (1) and equation
(4). The interference pattern reconstructed in such a
way can then be handled using any one of the existing
methods of analysis, also with the objective of recon-
structing the form of the space-time correlation func-
tion.

Thus, the solution of the problem formulated is
governed by the accuracy with which the radio wave
angles of arrival can be determined by using a three
component antenna.

NOISE AND INTERFERENCE EFFECTS ON THE
RECONSTRUCTION OF ANGLES OF ARRIVAL
(SIMULATION)

Obviously there exists a host of factors which can
hinder the feasibility of this method. Primarily they
include noise and intermodal interference. In an
attempt to investigate the influence of these factors,
we analyzed the potentialities of the method through
the use of a computer simulation. Possible systematic
errors in determining angles of arrival, caused by the
mutual influence of the antennas and the surrounding
medium, are not treated in this article.

The first stage of simulation involved obtaining ser-
ies of instantaneous counts of projections (7) of the
electromagnetic wave 7 -field vector onto three mutu-
ally perpendicular antennas (see Fig. 1). This was done
by calculating the scalar product of the > -field vector
with unit vectors along the axes OX, OY and OZ, or,
in more general cases, by arbitrary unit vectors. The
2 -field vector was calculated for each instant of time
based on the specified (for each particular run) ampli-
tude and angle of arrival of the radio wave, and on
the ratio of the semi-axes of the polarization ellipse
and their orientation in space. The results reported
below were all obtained for a circularly polarized sig-
nal with a clockwise sense. A generator of pseudo-
random numbers was also used to simulate the noise
whose amplitude also changed.

In the second stage, the resulting series were sub-
jected to a direct Fourier transform. After that, angles
of arrival were calculated by formula (9) for each
of the spectral components of amplitude S(w) and
difference-phase A(w) spectra. Figure 2 presents exam-
ples of simulated amplitude S(f) and phase-difference
A(f) spectra of the two-mode signal simulated for one
of projections.

The results presented below were all obtained for
the components whose amplitude was above the speci-
fied threshold € = 0.1. All model calculations were
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Fig. 2. Examples of simulated amplitude S(f) (top) and
phase-difference A(f) (bottom) spectra of the two-mode sig-
nal simulated for one of projections. A series of 2048 points,
with the signal frequency f= w/2n = 1 Hz and the count
frequency 10 Hz, was used. Mode separation in frequency
Af = Aw/2n. Dashed lines show the thresholds ¢ which in
this case constitute 0.1 of the maximum harmonic amplitude,
below which it is assumed that S(f) = 0. (a, Af = 0.007 Hz;

b, Af = 0.05Hz).

performed with series 1024 = 2'%, 2048 = 2" and
4096 = 2'? points long for the sake of convenience
when applying a Fast Fourier Transform. The differ-
ence in lengths of the series is responsible for a differ-
ence in the spectral line width. In actual practice, it is
appropriate to reduce the line width to a minimum,
which would require increasing the data accumulation
time; yet it should not exceed the typical non-
stationarity period which is about 300s for the HF
range.

Figure 3 presents results derived by analyzing the
reconstruction accuracy of angles of arrival on the
basis of the above transforms for different values of
the signal/noise ratio. Research results are shown in
one octant only. Formulas (9) define uniquely the
angle ¥, and the angle 6 is defined only in the range
0°-90°, with its sign left indefinite. The solutions of
equation (9), lying in different octants, have the same
behaviour. In practice, for measuring angles of arrival
and for reconstructing the form of the interference
pattern, it is always sufficient to determine # but not
its sign.

Calculations were carried out with a series with
4096 points in each, with the useful signal frequency of
1 Hz, under the assumption that the count frequency is
10Hz. The root-mean-square angular diameter of a
circle on a sphere Ax (6,§), to which the caiculated
points correspond, was used as the parameter to esti-
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Fig. 3. Results derived by analyzing the accuracy of angle of

arrival determination depending on the Signal/Noise (S/N)

ratio. The value of Ax(8,y) is shown by different shadings in

accordance with the halif-tone scale at the side. (a, S/N = 2.0;
b, §/N = 1.0; ¢, S/N = 0.66; d, S/N = 0.5).

mate the accuracy. The centre of the circle lies at
the point whose angular coordinates 6 and  were
specified as the origin.

If the noise amplitude is zero, the angles are recon-
structed within the accuracy of the computer com-
putations. When the noise level increases, unreliable
regions of the octant are beginning to emerge as 6 and
¥ approach 90°, and further also when ¥ tends to 0°.
In this case the diameter of the spot of spread A« (6,¥)
reaches 10°. In most of the octant, however, when S/N
is no worse than 1.0, Ax (6,1) does not exceed 0.5°.

Figure 4 presents the results of analysis of the recon-
struction accuracy of angles of arrival on the basis of
the above transforms for the case of the interference of
two modes, with specified values of Doppler frequency
and angles of arrival, and the ratio S/N = 5.0. Series
with 1024 points were used, with 1 Hz signal frequency
and with 10Hz count frequency. Under such
conditions, the spectral line width is 0.021 Hz.

In the absence of frequency separation, both modes
merge into one, and the reconstructed direction (Fig.
4(a)) lies midway between the two specified directions.
With a separation by Af = 0.01 Hz, the interference
effect is very large-phase and amplitude relationships
undergo such changes that the reconstructed angles
of arrival do not lie within the octant under con-
sideration (this case is not shown in Fig. 4). However,
such a small frequency spread with a large angular
spread (tens of degrees) is actually rare. But with a
frequency separation of the modes comparable with
the spectral line width, the modes are resolved quite
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Fig. 4. Results derived by analyzing the accuracy of angle of

arrival determination in the presence of two modes of ident-

ical amplitude and the frequency difference Af. Crosses show

the specified directions (6 = 15°, y = 15°) and (0 = 75°,

¥ = 75°; heavy dots show the reconstructed directions). (a,

Af=00Hz, b, Af=002Hz ¢, Af=003Hz d,
Af=0.05Hz.) .

confidently (Fig. 4(b)). With a further increase in fre-
quency spread (Fig. 4(c) and 4(d)), the quality of mode
separation is improved.

CONCLUSIONS
The results suggest the following conclusions:

1. the accuracy of angle-of-arrival determination
using the proposed method depends on values of 8
and  specified (in most of the angular range these
are about 1°-with the signal/noise ratio no worse
than 1.0);

2. there exist sectors of angles, in which the method
does not warrant a reasonable accuracy; however,
they are not large (a few degrees), and in practice
the receiving antenna can always be oriented so
that such a situation is avoided, because the width
of the angular spectrum does not usually exceed
10°;

3. Doppler separation makes it possible to determine
arrival directions of modes separated in frequency
by about the natural spectral line width, to an
accuracy better than 10°; with an increase in the
frequency spread to a value larger than the line
width by a factor of 2-3, the interference ceases to
play a marked role.
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