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Abstract—Goniopolarimetric techniques (also known as
“Direction-Finding”) are making use of either electric or mag-
netic component measurements to deduce the observed electro-
magnetic wave parameters: its flux density, polarization state and
direction of k-vector. Radio receivers such as Cassini/RPWS/HFR
or STEREO/Waves provide goniopolarimetric measurements and
thus allow the scientists to obtain rich data products that lead
to high level science results. However, in some cases, these
measurements cannot resolve specific ambiguities: (a) when close
to the source it is not possible to derive the sense of propagation;
(b) when close to the wave mode cutoff, the transverse propa-
gation assumption (necessary with electric measurements) is not
valid any more. Future radio receivers will include simultaneous
electric and magnetic component measurements. We explore
here how this instrumental setup provides enough additional
information to get correct and accurate results in the two
problematic situations presented above.

Index Terms—Radioastronomy, Goniopolarimetry / Radioas-
tronomie, Goniopolarimétrie

I. INTRODUCTION

Space based radio observatories are necessary to observe
radio waves with frequencies below 10 MHz because of the
Earth ionospheric cutoff, but the constraints on space-borne
instrumentation are drastically limiting the capabilities of
these observatories (especially in terms of angular resolution)
compared to their ground-based brothers. As discussed in [?],
“Goniopolarimetry” (also referred to as “Direction Finding”
in the literature) is a using spectral power measurements to
retrieve the waves parameters. These techniques use electric
(resp. magnetic) sensors that are short dipoles (resp. search
coils) with small dimensions (usually a few m for electrical

antennae and a few 10’s of cm for search coils) compared to
the observed wavelengths.

The two main factors used to select which component (elec-
tric or magnetic) of the wave is measured, are the following: (i)
sensitive electric sensors in the radio range are easier to build
than magnetic ones; (ii) the plasma quasi-thermal noise and
the impact noise dominate the electric components of local
waves in the low frequency range. Hence, magnetic search
coils have been developed to observe plasma waves, whereas
electric antennae are used in the radio range. There have been
electric and magnetic observations in the early exploration of
the terrestrial Auroral Kilometric Radiation (AKR) with the
IMP-6 spacecraft (see Fig. 2 of [1]). These observations at
178 kHz showed the electromagnetic nature of AKR. Thanks
to recent technology developments [2], low noise sensitive
preamplifiers for magnetic sensors are now available, which
allows their use in the radio range up to a few 10’s of MHz.

II. GONIOPOLARIMETRY

The angular resolution of space based radio sensors is
intrinsically very poor. However, the wave parameters (di-
rection of wave vector, polarization degree and flux) can
be recovered using goniopolarimetry (GP) [?]. GP has been
successfully used on Cassini/RPWS [3] data observing SKR
(Saturn Kilometric radiation), see e.g., [4], [5], [6], [7].

As shown on Fig. 2 of [8], the receiving pattern of an
antenna (i.e., the gain of the antenna, depending on the direc-
tion of arrival of the observed wave) changes with the sensor
length to wave length ratio. For wavelengths much larger than
the antenna length, the receiving pattern of an electric (or
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Fig. 1. Simplified Goniopolarimetric measurement. Two crossed electric
dipoles (blue and red) with their associated antenna pattern. Comparing the
measured power induced by a wave coming in the direction of the dashed line
will provide wave direction of arrival. Real GP instrumentation includes cross-
correlation of signals measured on each antenna, and thus provides phasing
measurements that permit the reconstruction of the polarization state of the
wave.

magnetic) sensor is that of a perfect electric dipole (or loop).
This wavelength range is called the quasi-static range (or short
antenna range) and is defined as: λ � L where L is the
size (length or diameter) of the sensor. GP techniques have
been developed for measurements in the quasi-static range.
The instantaneous voltage induced by an electromagnetic wave
passing around an electric dipole (in its quasi-static range) is:

V (t) = A.E(t) (1)

where A is the effective antenna vector, and E is the
electric field of the wave. Because of telemetry constraints,
the instantaneous waveform of the sensed voltages are not
recorded at radio frequencies. Conversely, we store auto- and
cross-correlations of signals measured on several sensors with
different orientations. Using the fact that the Fourier transform
of a correlation is a spectral power density (Wiener-Khinchin
theorem), we obtain the spectral power Pij as follows:

Pij(f) =
〈
Vi(f)V ∗j (f)

〉
= 〈(Ai.E)(Aj .E)∗〉 (2)

where 〈· · · 〉 means averaging on a time larger than the wave
period, and the i and j subscripts refer to two antennae. In
case i = j, the measurement is an auto-correlation (i.e., the
power) of the signal sensed on the antenna, whereas when
i 6= j, it is a cross-correlation of the signals on two antennae.
This cross-correlation contains phase information that is used
to retrieve the wave parameters.

Figure 1 shows a simplified goniopolarimetric set-up with
two orthogonal electric dipoles. From this figure, we can see
that the ratio of the power measured on each antenna can
lead to the determination of the wave direction of arrival.
This simplified figure realistically illustrates the case of an
unpolarized wave, propagating in the plane formed by the
antennae and in a non-magnetized vacuum. In a general way,
GP inversions use auto- and cross-correlations to retrieve the
polarization degree, the polarization plane and the intensity

of the electric field component E. When assuming transverse
propagation (k.E = 0), we can easily obtain the direction of
the wave vector k.

A. Spectral matrix

Several GP inversions have been developed, depending on
the type of measurement, and on the number of simultaneously
measured components. When all components are available, or
in a theoretical case, the spectral matrix formalism (see [9]
and references therein) is well adapted.

In the three dimensional space, the spectral matrix (or
coherence matrix) of the electric component of a radio wave
is defined as follows:

SEE =
1

2Z0

〈
E(t).E(t)H

〉
(3)

with Z0 the impedance of free space, and H indicating the her-
mitian transform (conjugate transposed). With this formalism,
the measurements matrix PEE writes PEE = A.SEE .AH

where the matrix A is composed of the three effective antenna
vectors. The GP analysis consists here in inverting PEE ,
knowing A. When the measurements are made on three
antennae (with effective directions not restricted in a plane,
and at best mutually orthogonal), it is possible to simply invert
the system. The measurement matrix PEE is a 3×3 matrix
containing the nine Pij measurements on the three electric
antennae. If the antennae directions are not all in the same
plane, the matrix A is invertible, and we obtain:

SEE = (AH)−1.PEE .(A)−1 (4)

There are only 6 independent measurements among the
nine values of matrix P: three Pii autocorrelations, and three
Pij cross-correlations. This is simply deduced from the fact
that P∗ij = Pji. Hence, an ideal three channel GP radio
receiver records 6 measurements instantaneously. These 6
measurements are in reality stored as 9 real values because
the cross-correlations are complex numbers, and are each
represented by two real numbers.

B. Goniopolarimetry Limitations

The three main limitations of GP measurements and inver-
sions: (i) assuming transverse propagation is needed to infer
the wave vector direction with solely electric measurements;
(ii) when measuring only the electric (or magnetic) field
components, we get the direction of the wave vector, but
not its sense; (iii) the Poynting vector provides a direction of
propagation of energy (i.e., the ray path), it can not be directly
inferred from GP measurements, and can be different of the
direction of the wave vector. Another limitation of GP (not
studied here) is the point source (or plane waves) assumption.

III. PROPAGATION MODES

In the frame of the magneto-ionic theory (see, e.g., [10],
[11]), free-space electromagnetic waves propagates in a cold
and magnetized plasma on two characteristic modes: the L-
O and R-X modes, which stand respectively for left-handed
ordinary and right-handed extraordinary modes. There are two
other trapped modes: the Whistler-mode and the Z-mode,
which correspond respectively to L-O and R-X modes. In this
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study, we only study free space propagating modes, but the
same study can be undertaken for the trapped modes.

The propagation modes are the solutions of the dispersion
equation that relates the wave pulsation ω to its wave vector
k. This relationship is in general given in the form of the
refractive index n(ω), which is equal to ck/ω by definition,
where k is a function of ω. However, the determination of the
wave vector direction is only part of the analysis. The direction
of propagation of the energy (i.e., the direction of arrival of the
ray) is given by the mean Poynting vector 〈Π〉. Determining
the direction of 〈Π〉 is thus essential for goniopolarimetric
analyses in regions where n 6= 1. When n = 1, 〈Π〉 is aligned
with k.

In a general case, the electromagnetic waves are propagating
obliquely with the ambient magnetic field. The dispersion
equation is then given by the Appleton-Hartree equation [12].

IV. COUPLED ELECTRIC AND MAGNETIC MEASUREMENTS

A. Electromagnetic Spectral Matrix

The spectral matrix M(E, cB) is defined as follows:

MEB =
[
SEE SEB

SBE SBB

]
(5)

with SEE defined as in Eq. (3), and SEB = c/2Z0

〈
E.BH

〉
,

SBE = c/2Z0

〈
B.EH

〉
, SBB = c2/2Z0

〈
B.BH

〉
. We see

that SBE = SH
EB . Hence, only one of these two matrices

can be retained. We choose to keep SEB , for the following
developments. The components of the Poynting vector are
given by the off-diagonal elements of SEB .

B. Sense of propagation

It is possible to obtain the upper-left 3×3 matrix (SEE) with
classical GP techniques, by inverting the corresponding PEE

measurement matrix. In case we have one supplementary axis
(one magnetic in case of three electric, or one electric in case
of three magnetic), and measure the cross-correlation between
one electric and one magnetic sensor, we get only one column
of SEB . A simple analysis shows that comparing the sign of its
values to that of SEE provides the sense of propagation of the
wave. This solution requires only four sensors coupled with
a four-channel radio receiver computing the full set of auto-
and cross-correlations (i.e., 4 autocorrelations and 6 cross-
correlations, stored into 16 real values).

C. Near cut-off propagation

When close to the wave’s propagation cut-off surface, the
refractive index goes down to zero. The radio wave’s propaga-
tion is thus strongly influenced by the local plasma conditions.
We assume that the wave is propagating in a cold magnetized
plasma, which is homogeneous at the wavelength scale. In the
general case, if the local magnetic field direction and strength,
as well as the local plasma density are known, it is possible
to compute the angle θ between the wave vector and the
local magnetic field direction for electric measurements (even
in case of a non-tranverse propagation). The GP inversion
provides the orientation of the electric field polarization plane.
The magnetic component is in a plane perpendicular to the
wave vector, and the single magnetic component measurement

allows to constrain the magnetic field polarization ellipse.
Then the Poynting vector direction determination is straight-
forward. In the case of an unknown or poorly determined
plasma density, it is still unclear whether it is possible to invert
the system and retrieve the wave vector sense and direction,
as well as the Poynting vector direction.

V. CONCLUSION

This paper presents the gain of an additional magnetic
component to a classical three axis electric radio receiver
system. The instrumental setup is planned for the future
JUICE/RPWI (Jupiter Icy Moon Explorer/Radio and Plasma
Wave Instrument). During the last phases of that mission, the
spacecraft will fly very close to Ganymede, in its ionosphere,
where the radio waves emitted by Jupiter will be strongly
refracted. This requires the correct determination of the wave
and Poynting vectors in order to either either local plasma
properties or the wave properties outside Ganymede’s iono-
sphere.
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