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Determining polarization parameters and angles of
arrival of HF radio signals using three
mutually orthogonal antennas
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Abstract. This paper presents results of an experimental verification of our earlier
suggested spectral-polarization method of measuring the polarization parameters
and angles of arrival of HF electromagnetic waves 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 polarization parameters and angle-of-arrival
spectra. The measurements were made on a HF radio path about 100 km in
length, with simultaneous monitoring of the ionospheric situation using the oblique-
incidence sounding chirp-ionosonde. In an effort to eliminate multipath effects, in
the analysis we used nighttime intervals, for which a stable one-mode reflected radio
signal was observed. It is shown that the proposed method gives mean values of
the azimuth and zenith angle which differ by no more than 2°-5° from calculated
values. Results of an experimental verification of the suggested technique are in

agreement with published data obtained by classic methods.

1. Introduction

Of great interest in the context of obtaining in-
formation about ionospheric conditions, as well
as of improving the effectiveness of exploitation
of a radio system’s energy potential, is the de-
velopment of diagnostic tools based on measur-
ing the full field vector of the radio wave (an-
gle of arrival, and polarization parameters of
the electromagnetic wave (EMW)). Morgan and
Evans [1951] described a method to determine
the full EMW field vector from monostatic mea-
surements of the received radio signal ampli-
tudes and phases based on using three mutu-
ally orthogonal antennas. This technique makes
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possible a substantial reduction in size of the an-
tenna array aperture required to determine the
EMW angles of arrival. Furthermore, it elimi-
nates errors of measurement of polarization pa-
rameters caused by an arbitrary (in the gen-
eral case) orientation of the wave front with re-
spect to the aperture plane of the antenna ar-
ray. A practical implementation of the method
is used in VLF radio sounding of the magneto-
sphere [Calvert et al., 1995].

An experimental verification of the method on
HF radio paths is therefore of utmost impor-
tance, but these authors are unaware of such
work. The objective of this paper is to suggest
a convenient (for numerical calculation) method
to determine polarization parameters and angles
of arrival of the EMW front based on measure-
ments at one point of three mutually orthogonal
projections of the field vector, and to present
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data of an experimental verification of the tech-
nique on a short HF radio path.

In section 2, we offer a brief description of the
method of measuring full field vector parame-
ters using three mutually orthogonal antennas,
basically following the initial method described
in a pioneer paper [Morgan and Evans, 1951].
Section 3 gives a description of the experimental
and data processing configuration, and section 4
presents results of an experimental verification
of the method on a short HF radio path.

2. Determining Parameters of the
Polarization and Angles of Arrival
From Three Mutually Orthogonal
Components of the Field Vector

Morgan and Evans [1951] solved the problem
of determining parameters of the polarization
ellipse (a is the semi-major axis, r is the ra-
tio of the semiaxes of the incident wave, and (3
is the rotation angle of the ellipse’s semi-major
axis) and the orientation angles of a normal to
the plane of the wave front (zenithal 6, and az-
imuthal ¢) from the known amplitudes (E1, Es,
FE3) and phases (71, 72, 3) of three mutually or-
thogonal projections (components) of the field
vector (e, ez, €3)

e1 = Eisin(wt +7)
eg = By sin(wt + 72) (1)
e3 = Ejsin(wt + v3)

where w is the circular frequency and ¢ is the
time. Morgan and Evans [1951] suggested that
parameters of the polarization be determined
graphically from nomograms, which gives no
way of employing this technique in numerical
calculations. An algorithm that is free from such
limitations is considered below.

We use rectangular coordinate systems [Mor-
gan and Evans, 1951], in which we will seek the
solution of the problem (Figure 1). The 123 co-
ordinate system has axes O1, 02, and O3. The
zOy coordinate system is specified in the plane
of the wave front of the incident wave (the axis
Ovy is determined by the intersection of the plane
passing through the axis O3 and a normal to the
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Figure 1. Geometry of the solution of the problem
of determining polarization parameters. The coordi-
nate systems 123, zOy, and z'Oy’ are plotted. The
arrival direction of the wave front is specified by the
zenith angle § (measured from the axis O3) and the
azimuth ¢ (measured from the axis O1 toward axis
02), the rotation angle of the major semiaxis of the
polarization ellipse 8;, (measured from the axis Ox).

wave front, with the plane of the wave front, and
the axis Oz is orthogonal to Oy and parallel to
the plane 102). The 'Oy’ coordinate system is
formed by the axes Oz', Oy’ (by the projection
of the axes Oz, Oy onto the plane 102).

The arrival direction of the wave front is spec-
ified by the zenith angle § (measured from the
axis 03) and the azimuth ¢ (measured from the
axis O1 toward axis 02).

First we determine the angle of arrival of the
wave as described by Morgan and Evans [1951]:

By sin(y; — v3)

tan @ = —LSMY1 7 73)

AP = Eysin(ys — 72) @)
9— E'%Eg Sinz(’h —3) + E§E22 sin2(73 —72)

tan?
E3Ef sin®(y, — 1)

Further, using the relationships from Kana-
reikin et al. [1966], we determine the semiaxes
ratio 712 and the rotation angle B;2 of the semi-
major axis of the wave’s polarization ellipse pro-
jected onto the plane 102. Figure 2 illustrates
the situation in this plane.



AFRAIMOVICH ET AL.: DETERMINING POLARIZATION PARAMETERS

Figure 2. Geometrical relationships when deter-
mining the rotation angle By, of the projection of
the polarization ellipse of the incident electromag-
netic wave in the plane z'Oy’ relative to the axis
Oz'. (12 is rotation angle of the projection of the
major semiaxis of the polarization ellipse onto the
plane 102 relative to the axis O1.

2E1 E5 cos(11 — 72)
E} - E3

B2 = % arctan

T2 =
[(Ef sin® B2 + E2 cos? Bi1a—
Ey E5 sin 2By cos(m1 — 72))/
(Ef cos? Brg + E2 sin? Bio+
E1E5sin 20615 cos(y1 — 72))]

(3)
1/2

Hence the parameters (12 and ri2 model ob-
servations from a conventional polarimeter with
two mutually perpendicular antennas. An anal-
ysis of the geometry of Figures 1 and 2 reveals
that ﬁm'y’ = B2 — (¢ +90°), 5m'y’ = 693:!/7 and
E,=Ey.

An inverse transformation of the projection
parameters of the wave’s polarization ellipse
onto the plane z'Ovy' into the amplitudes and
phase difference of the mutually orthogonal field
components in this same plane is performed by
[Morgan and Evans, 1951]

1219
E; =ao \/cos2 B+ r2sin? 3
Ey = a12y/sin’ B + r2 cos? B (4)
5xlyl =71 — Y2 = arctan (F_—;%)Ls‘m

where a ajy is the semimajor axis of the pro-
jection of the polarization ellipse, which plays
the role of a scale factor; its absolute value is
unimportant.

Therefore, on substituting a3 for az, and 3
for By, in (4), we obtain set (Eg, By, and dg1y1)
instead of set (E;, F2, and §;2). Alternatively,
from geometrical considerations, E, = E3sin6.
Thus we have obtained the amplitudes (Eg, Ey)
and phase difference (0y) of the mutually or-
thogonal projections of the field vector in the
plane of the wave front.

Substituting F,, Ey, and &, into (4) gives the
expressions for the polarization ellipse parame-
ters in the plane of the wave front:

_1 2FE.FE, cos iy,
By 5 arctan ———2—1—2—3E$ o

Tay =
[(E% sin? 8 + Eg cos? B—
E.E, sin2( cos 6_%,) /
(Ef: cos? B + EZ sin® B+
E,E, sin2f3 cos 5my>] 2

(5)

It is along this pathway that by using suitably
chosen coordinate systems and equations (2)—(5)
it is possible to solve the problem of determining
the parameters of the polarization ellipse in the
plane of the EMW wave front from three mutu-
ally orthogonal components of the field vector.

Morgan and Evans [1951] developed a method
to analyze and synthesize a three-component
field for the one-mode signal. An extension of
the method from Morgan and Evans [1951] to
the case of a multimode radio signal was sug-
gested by Afraimovich [1982] and Afraimovich
and Palamartchouk [1998], implying a spectral-
polarization technique for analyzing the full vec-
tor of the radio wave field, based on complex
Doppler mode filtering. The essence of the
method is that in all algorithms for computing
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parameters (2)-(5) of the field’s full vector us-
ing systems of equations for mutually orthogonal
projections of the field, in lieu of complex ampli-
tudes of projections (e, ez, e3), complex ampli-
tudes of complex Doppler spectrum components
of these projections are used, that is, amplitude
Sl(Q), SZ(Q), 53(9) and phase @1(9), @2(9),
®3(02) spectra, where w is the circular frequency
of spectrum components:

Ey () = 51(9)
Ey(Q) = S2(Q)
E3(Q2) = S3(92)

711(Q) = 21(Q)
72(02) = 25(Q2)  (6)
73(2) = @3(Q2)

These spectra are calculated for complex ampli-
tudes of the output signal from corresponding
mutually orthogonal antennas using fast Fourier
transform (FFT) algorithms and suitable time
and spectral windows. Not only does complex
Doppler filtering make it possible to separate the
interfering modes, but it also enhances noise im-
munity of measurements and hence the stability
of the solution of (2)—(5).

In actual practice, EMW angles of arrival and
polarization parameters are determined in the
presence of noise. The method proposed, how-
ever, does not permit the noise influence upon
the accuracy of measurement of these parame-
ters to be taken into account in analytical form.
Therefore a numerical simulation was carried
out in order to estimate the noise influence upon
the reconstruction accuracy of the full field vec-
tor [Afraimovich and Palamartchouk, 1998].
This was done in the following way: first we
generated series of simultaneous counts of the
field vector projections e;(t), ez(t), es(t) of the
EMW arriving from a given direction within one
octant. Thereupon these series were subjected
to a direct Fourier transform. Next we calcu-
lated for each of the spectral components the
full field vector parameters by (2)—(5).

The rms of reconstructed parameters was
taken to be the measurement accuracy index.
Thus, by estimating the effectivenes of measur-
ing polarization parameters and angles of arrival
of the EMW at different noise levels, it has been
shown that in the greater part of the octant,
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with the signal-to-noise ratio not worse than 1.0,
the errors of determining the angles of arrival
(0 and ¢), the axes ratio 7 of the polarization
ellipse, and the rotation angle 3 of ellipse’s semi-
axis do not exceed 0.5°, 0.08, and 8°, respec-
tively.

3. General Description of the
Experiment, and Data Pretreatment

For an experimental verification of the
method, a special-purpose facility was installed
at the Institute of Solar-Terrestrial Physics re-
search range near Irkutsk (52°N, 104°E), Russia,
which is designed for measuring and recording
complex amplitudes of three mutually orthog-
onal projections of the full vector of the radio
wave field. The measurements were made on a
path 113 km in length, with the geographical
azimuth 64°, by sounding with a continuous HF
radio signal at the sounding frequency f = 3.13
MHz.

The particular working frequency was de-
termined based on average data of oblique-
incidence ionospheric sounding to correspond to
the middle point of the path for selected time in-
terval. These measurements were carried out ev-
ery hour with the chirp-ionosonde described by
Brynko et al. [1988]. Most data were obtained
for the nighttime, when reflection was from the
ionospheric F region. To illustrate experimen-
tal results, we selected a typical time interval,
from 1500 to 2200 UT on June 25, 1997 (from
2200 LT on June 25 to 0500 LT on June 26).

Figure 3 presents frequency dependences of
the effective reflection height H(f) of the HF
radio signal (ionograms) measured on June 25,
1997, from 1501 to 1601 UT with the chirp-
ionosonde. The vertical bars show the value of
the sounding frequency.

It should be noted that in Figure 3 the infor-
mation about the frequency dependence H(f)
of first- and second-multiplicity signals is plot-
ted by black and grey points, in order to show
that second-multiplicity signals in these mea-
surements are an order of magnitude weaker.
Furthermore, despite the relative proximity of
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Chirp-ionosonde ionograms taken on June 25; 1997, (a) at 1501 UT;

(b) at 1601 UT. Vertical bars show the value of the sounding frequency of 3.13 MHz.

the transmitter, we were also able to neglect
the influence of the ground wave because its
additional attenuation was caused by a moun-
tain range between the reception facility and the
transmitter. In the first approximation, we can
therefore conceive of the measurements as being
made for the one-ray (one-mode) radio signal.
It is evident from Figure 3 that the ordinary
component of the reflected signal was typically
recorded at the selected sounding frequency, and
corresponding values of the effective height were
determined for the selected time interval in the
range from 230 to 270 km.

The antenna-feeder system, consisting of three
mutually orthogonal magnetic antennas (1, 2,
and 3) and the antenna switch, converted the
electromagnetic wave energy to electrical signals
proportional to projections of the full vector of
the wave field. Phase calibration of the antenna-
feeder system was done by feeding the calibra-
tion signal simultaneously to all cable inputs of
the reception system (instead of the signal from
the antennas); phase corrections, calculated for
each of the working frequencies of the range,
were entered into a personal computer and were
taken into account in the processing.

We used special-purpose direction-finder cav-
ity magnetic antennas to receive signals only
from the upper hemisphere by screening sec-
ondary signals reflected from the terrestrial sur-
face. Magnetic dipoles were aligned along the

axes of the antenna frame of reference (sys-
tem 123) in such a manner as shown in Figure 4
by bold line segments. In the geographical coor-
dinate system (system X0Y), the axes Z,Y, X
are pointing to the zenith, to the north N, and to
the east F, respectively; k is the wave vector in
the above coordinate systems. The arrival direc-
tion of the wave front is specified by the zenith

Figure 4. Frame of reference (system 123) of the
three-component antenna, and geographical coordi-
nate system (X0Y'). In the geographical coordinate
system, the axes Z, Y, and X are pointing to the
zenith, to the north N, and to the east E, respec-
tively. Here k is the wave vector in the above co-
ordinate systems; 9’ and 6’ are corresponding an-
gular coordinates of all the projections of the three-
component antenna. The figure also shows the angu-
lar coordinates 15 and 65, corresponding to the third
projection of the three-component antenna.
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angle 6’ (measured from the axis OZ) and the
azimuth 1’ (measured from the axis OY toward
axis OX). Figure 4 also shows the angular co-
ordinates 15 and 63, corresponding to the third
projection of the three-component antenna.

A calculation of the expected zenith angle 6;
for this path using the data from the chirp-
ionosonde based on Martin’s theorem from the
familiar relationships [Davies, 1969] showed
that 6 = 10°-12°. Therefore the best choice
from the point of view of the attenuation of in-
terference effects caused by reflection from the
terrestrial surface and from surrounding objects
was an orientation of the antennas’ coordinate
system where the symmetry axis of the three-
component antenna was pointing to zenith. Re-
sults presented below were obtained for the same
values of ' = 55°; 9] = 240°, ¥, = 120°, and
v =0

At the first stage of data processing, the se-
ries obtained (equation (1)) 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 resolution
of 0.03 Hz. The particular length of the series
was determined by the required time resolution
of a secondary data processing in order to de-
termine the angles of arrival and polarization
parameters. Of course, this led to a decrease in
frequency resolution of the various modes of the
reflected signal. However, as has been pointed
out above, in the analysis we used time intervals
predominantly with a one-ray signal, so that this
impairment did not affect our final results.

The series of amplitude S1(€2), S2(£2), S3(f2)
and phase ®1(Q), ®2(Q), ®3(2) spectra in the
design of the proposed algorithm are results of
a data pretreatment; a further analysis of the
signal, however, was carried out in a complex
Fourier domain. Depending on the tackled prob-
lem, different algorithms for a secondary pro-
cessing of these series may be suggested. For our
chosen variant with a one-ray signal, it was best
to simply average the amplitude and the phase
difference for those spectral components whose
amplitude was higher than the specified relative
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threshold € (in our case, ¢ = 0.9), followed by
the determination of the angles of arrival and of
the polarization parameters using (2)—(5).

Then angles of arrival ¢ and 6 and the rotation
angle of the ellipse axes (12 are converted from
the antenna’s frame (system 123) of reference
to the geographical coordinate system (X0Y),
using the familiar formulae of rotation of the
Cartesian coordinate system. New notations of
this parameters are v, ¢’, and 3.

4. Measuring Parameters of the
Polarization and Angles of Arrival
Using a Three-Component Antenna

In Figure 5, we present time dependencies
(Figures 5a and 5b) and histograms (Figures be
and 5f) of the azimuth ¢'(¢) and zenith an-
gle 0'(t) in the geographical coordinate system
which were measured on June 25, 1997, from
1500 to 2200 UT and smoothed with the 5-min
time window. Horizontal bars show the true
value of the azimuth ) = 64° and the calcu-
lated value of the zenith angle 6 = 11°.

For the selected time interval presented in Fig-
ure 5, the mean values and the rms of the az-
imuth '(t) in the geographical coordinate sys-
tem were 70° and 14°, respectively, (Figure 5a),
and those of the zenith angle ¢'(t) were 8.2° and
2.7°, respectively, (Figure 5b).

As can be made certain, the estimated mean
value of the zenith angle is less than the cal-
culated value by no more than 2°-3° and that
of the azimuth is larger than the calculated
value by 6°. Considering the fact that the ac-
curacy of installation of the platform with a
three-component antenna with respect to the
geographical coordinate system did not exceed
a few degrees, such a result may be regarded
as a quite convincing validation of the proposed
method for determining angles of arrival.

In regard to angle-of-arrival variations whose
amplitude can be inferred from corresponding
rms values, they correlate quite well with pub-
lished data obtained on short-range HF paths
using conventional methods of angle-of-arrival
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(a and b) Time dependences and (e and f) histograms of the azimuth ' (t)

and zenith angle 8'(¢) in the geographical coordinate system measured on June 25, 1997,
from 1500 UT to 2200 UT and smoothed with the 5-min time window. Horizontal bars on
Figures 5a and 5d show values of the actual azimuth to the transmitter (64°) and of the
zenith angle (11°), calculated based on ionospheric sounding data from the chirp-ionosonde.
The figure shows (c and d) time dependences and (g and h) histograms of the measured
ratios of the ellipse axes r and of the rotation angle of the ellipse axes 3’ in the geographical
coordinate system (X0Y). The difference between §'(t) and v averages 86°. The line
in Figure 5g represents the histogram of the measured ratios of the ellipse axes at 5-MHz
frequency made on a 100-km-long path using a conventional polarimeter [Afraimovich et

al., 1988).

measurement  [Reynolds and Morgan, 1975;
Jones and Reynolds, 1975; Walton and Bailey,
1976; Lyon, 1979; Afraimovich, 1982; Tedd et
al., 1984; Afraimovich et al., 1985].

It should be noted that oscillations with typ-
ical periods between 10 min and 1 hour are
especially pronounced in angle-of-arrival varia-
tions. It is commonly believed that these os-
cillations are caused by medium-scale traveling
ionospheric disturbances, forming the basis for
appropriate methods of monitoring these dis-
turbances in spaced antenna reception with a
small baseline [see, for example, Reynolds and
Morgan, 1975; Jones and Reynolds, 1975; Wal-
ton and Bailey, 1976; Lyon, 1979; Afraimovich,
1982; Tedd et al., 1984; Afraimovich et al.,
1985].

Results of measurements of the polarization
ellipse parameters for a similar time interval are
also presented in Figure 5. The figure shows
time dependences of the measured ratios of the
ellipse axes r(t) (Figure 5c) and of the rota-
tion angle of the ellipse axes 3'(t) (Figure 5d)
in the geographical coordinate system (X0Y),
and histograms of these parameters (Figures 5g
and 5h). The mean values and the rms of the ra-
tio r of the polarization ellipse axes are 0.74 and
0.12, respectively, and those of the rotation an-
gle B’ of the polarization ellipse are 150° and 4°.
The line in Figure 5g represents the histogram
of the measured ratios r of the ellipse axes at
5-MHz frequency made on a 100-km-long path
using a conventional polarimeter [Afraimovich
et al., 1988], which is similar in its form to the
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histogram for the case of three-component mea-
surements. About 0.5 of the measured values of
the ellipse semiaxes ratio are in the range 0.75-
0.9 in both experiments.

Measurements of the sign of rotation of the
polarization vector showed that for the selected
time interval the relative number of runs with
clockwise rotation (the ordinary component) is
no less than 0.98, which is in quite good agree-
ment with results of ionogram analysis (Fig-
ure 3).

Thus an almost circularly polarized signal was
recorded in the present case. As would be ex-
pected for this situation, the rotation angle 8’ of
the principal axis of the polarization ellipse in a
geographical coordinate system was determined
not so much by the value of this quantity in the
plane of the wave front as by the azimuth of
the radio path, and it differed from the value of
¥’ by 90°. Indeed, the difference between f'(t)
and ) averages 86° for our experiment, which
approaches the expected value.

5. Conclusions

Experimental results have shown that the pro-
posed method gives stable mean values of the
azimuth and of the zenith angle different from
calculated values by no more than 2°-6°, and
angle-of-arrival and polarization parameter vari-
ations are consistent with published data for
short-range HF radio paths, based on classical
methods of measuring these parameters.

In this case we were able to assess the valid-
ity of angle-of-arrival measurements only on the

basis of the data on the radio path geometry. .

Because of our limited resources, we were also
unable to carry out experiments aimed at a “di-
rect” comparison of related experiments using
our suggested method and existing classic facili-
ties (HF direction finders, arrays, etc.). At some
future date, it is necessary to conduct a series of
comprehensive experiments using, among other
things, movable platforms.

In accordance with the chief objective of our
work, we restricted our analysis to the one-mode
signal only, because analyzing the applicabil-
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ity of the method under multimode propagation
conditions is a separate independent problem.

Unfortunately, for technical reasons and be-
cause of experimental conditions, the amount
of experimental material suitable for process-
ing was quite small, so it was not possible for
us to obtain the necessary data for evaluating
the performance of the technique under different
geophysical conditions, as well as under multi-
mode propagation conditions. We understand
that such a comparison is insufficient for an ade-
quate assessment of the attainable accuracy and
reliability of results.

The use of the proposed method can improve
spatial resolution in remote sensing from such
mobile platforms as sea ships and satellites (also
in the case of topside soundings), as well as in
the configuration of classical spaced antenna re-
ception but with the use of three-component re-
ceiving antennas. This last variant combines two
independent methods for measuring angles of ar-
rival, which affords a substantial improvement
to the reliability of measurements and provides
new information about, for example, the curva-
ture of the interference pattern front.
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