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Goniopolarimetry (GP — a more adapted name for Direction-Finding) allows to retrieve the
wave parameters from a set of measurements. The wave parameters consist of two angles
(0,0) defining the k-vector, and the 4 Stokes parameters defining the intensity (S) linear
polarization (U,Q) and circular polarization (V), thus a total of 6 parameters to be determined.
Each measurement performed by a receiver connected to an antenna (monopole or dipole at
low frequencies) can be expressed as a function of the waves parameters through an equation.

A given receiver can perform instantaneously one or several measurements :

- the simplest case is a total flux receiver connected to one antenna, which performs one
measurement (equivalent to a simple autocorrelation of the antenna signal), and
provides thus a single equation allowing only to derive a rough approximation of the
wave intensity S ; this is the case for the present JUNO-WAVES experiment.

- a more elaborate receiver with 2 inputs connected each to one antenna can provide
instantaneously 4 measurements - the autocorrelation Aj of each antenna signal, and
the real and imaginary part of their complex cross-correlation Cj; — providing thus a
system of 4 equations combining wave parameters ; such a system is given below ;
this is the case for the proposed JUNO-WAVES-RAR experiment [see Ladreiter et al.,
1995 ; Cecconi and Zarka, 2005 ; and references therein].
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where 4;, 6; and ¢; are the effective length, colatitude and azimuth or antenna i (which must be
first calibrated by rheometry [Rucker et al., 1996], wire-grid modelling [Fischer et al., 2001],
and/or observations of a reference radio source [Vogl et al., 2004]).

Let us call N, the number of instantaneous measurements (or equations) provided by the
receiver and N, the number of wave parameter (or unknowns) to be determined from the
measurements. Obviously, a unique solution may exist only if Ne>N,. This is not true in the
general case (e.g. Ny=6 versus N.=4 with a 2 channel correlation receiver).

Various methods have been devised to overcome this limitation :

(1) assume that some wave parameters are known a priori (e.g. the source direction 6,¢,
and/or the absence of linear polarization with U=Q=0) in order to reduce N, and solve the
system (1-4) for the remaining parameters ;

(2) perform (quasi-)simultaneous measurements with several pairs of antennas : for example,
Cassini/RPWS has 3 monopoles antennas (u,v,w) which can be used as 2 pairs of antennas



( (u,w) and (v,w) ) connected alternatively to a 2-input receiver [Gurnett et al., 2004]. This
system provides instantaneously a set of 4 independent measurements (e.g. Ay, Aww, Cuw s
Cuw'), and quasi-instantaneously — within the time of an electronic switch and another
integration, i.e. a few 10’s of msec — a set of N.=7 independent measurements (Ayu, Ayy,
Aww, Cuw's Cuw's Cww, Cuw'). A 3-input receiver would provide truly instantaneous
measurements, but at a too high resource cost.

(3) perform a series of measurements with one pair of antennas on a spinning spacecraft, at
several (N) measurements per spin, and consider this series as simultaneous measurements
of the same emission. One thus gets N.=Nx4 independent equations. This technique was
applied by the Ulysses/URAP experiment, with an analog synthesis of C;," and Ci,' as the
sum in phase (Sp) and in quadrature (Sqo) of the signals from the 2 antennas [e.g. Ladreiter
et al., 1994]. It will be used with direct digital computation of measurements (1-4) for the
proposed JUNO-WAVES-RAR experiment.

Method (1) imposes severe assumptions on the wave parameters. Method (2) assumes that the
wave parameters remain constant over the duration of a pair of consecutive measurements at
the same frequency (e.g. 25 to 325 msec with Cassini/RPWS). Method (3) assumes that the
wave parameters remain constant over at least a fraction of the spacecraft spin period (12 sec
for Ulysses). The latter assumption is far from granted for planetary emissions which are
known to be very sporadic [Ladreiter et al., 1994 ; Zarka, 1998 ; and references therein]. It
will be even less justified for JUNO, whose spin period is expected to be 20-30 sec. If wave
parameters do vary significantly during the spin, then GP results are wrong.

However, it is now known that for Jovian low-frequency radio emissions, all wave parameters
do not fluctuate with the same timescale, the most variable parameter being the intensity (S),
and the least variable the polarization (U,Q,V) [Dulk et al., 1992, 1994]. We propose thus a
new inversion of GP measurements on a slowly spinning spacecraft as JUNO, assuming that a
subset of wave parameters only remain constant during the spacecraft spin.

If we assume that U, Q, and V remain constant over several seconds during which N sets of 2-
antenna measurements are recorded, but let S, 0, and ¢ vary from one measurement to the
next, then we get N.=Nx4 independent equations to derive N,=Nx3 + 3 parameters. N>N,
implies N>3. Thus it will be possible to invert each group of 3 consecutive sets of
measurements with different antenna-source geometries to derive reliable wave parameters. If
JUNO-WAVES-RAR performs 8 sets of measurements at each frequency per spacecraft spin,
then 3 consecutive sets correspond to relative antenna configurations of 0, 45 and 90°, well
adapted to GP inversion. The assumption on wave parameters is simply a polarization stable
over Y4 spin, i.e. 5 to 7.5 sec, which is very reasonable.

One may of course reanalyze the same series of GP measurements by varying the triplets
considered together (i.e. (1-2-3), (4-5-6), (7-8-9), ... and then (2-3-4), (5-6-7)... etc.), by
varying the assumptions on wave parameters (U and Q only constant ; or U, Q, V, 6, and ¢
constant) and thus the number of consecutive measurement sets inverted together (from 1 to 8
or more). The resolution of a given system of N. equations with N, unknown can be done by
any method (analytical inversion, least squares fit, singular value decomposition...).

The underlying assumptions to the above discussion is that the parameters 4; 6; and ¢;
characterizing the electrical antennas are well-known (through rheometry [Rucker et al.,
1996], wire-grid modelling [Fischer et al., 2001], and/or observations of a reference radio
source [Vogl et al., 2004]), and that the antennas are more-or-less assimilable to short dipoles,



i.e. presenting a marked minimum along a given direction in space, which is thus the direction
of the electric antenna equivalent to the antenna+spacecraft system.

Note also that one set of instantaneous measurements (1-4) will actually correspond to an
integration time of 20-80 msec with JUNO-WAVES-RAR. This represent 0.24° to 1.44° of
spacecraft spin during the measurements, i.e. it is negligible for short integrations (20 msec),
and may be corrected in real-time inside the instrument for longer integrations (80 msec).

Source direction (8,¢) should be retrieved with an accuracy <2°, and Stokes parameters with a
relative accuracy <10%.

References

Cecconi, B., and P. Zarka, Direction finding and antenna calibration through analytical
inversion of radio measurements performed using a system of two or three electric
dipole antennas on a three-axis stabilized spacecraft, Radio Sci., 40, (RS3003
http://dx.doi.org/10.1029/2004RS003070), 2005.

Dulk, G. A., Y. Leblanc, and A. Lecacheux, The complete polarization state of Io-related
radio storms from Jupiter: A statistical study, Astron. Astrophys., 253, 292-306, 1992.

Dulk, G. A., A. Lecacheux, and Y. Leblanc, The complete polarization state of a storm of
millisecond bursts from Jupiter, Astron. Astrophys., 286, 683-700, 1994.

Fischer, G., et al., Wire-grid modeling of Cassini spacecraft for the determination of effective
length vectors of the RPWS antennas, in Planetary Radio Emissions V, edited by H. O.
Rucker, M.-L. Kaiser, and Y. Leblanc, pp. 347— 356. Austrian Acad. of Sci. Press,
Vienna, 2001.

Gurnett, D. A., et al., The Cassini Radio and Plasma Wave Investigation, Space Sci. Rev.,
114, 395-463, 2004.

Ladreiter, H. P., P. Zarka, and A. Lecacheux, Direction-finding study of Jovian Hectometric
and broadband Kilometric radio emissions : evidence for their auroral origin, Planet.
Space Sci., 42, 919-931, 1994.

Ladreiter, H. P., et al., Analysis of electromagnetic wave direction-finding performed by
spaceborne antennas using singular value decomposition techniques, Radio Science, 30,
1699-1712, 1995.

Rucker, H. O., W. Macher, R. Manning, and H. P. Ladreiter, Cassini model rheometry, Radio
Sci., 31, 1299- 1311, 1996.

Vogl, D. F., et al., Calibration of Cassini-RPWS Antenna System for Direction-Finding and
Polarization Measurements, J. Geophys. Res., 109, A09S17,
doi:10.1029/2003JA010261, 2004.

Zarka, P., Auroral radio emissions at the outer planets : observations and theories, J. Geophys.
Res., 103, 20159-20194, 1998.



