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1. Introduction

Mars is characterized by the absence of an intrinsic magnetic field like the Earth, but the presence
of local crustal magnetic fields can produce an interaction with the ionosphere producing negative
effects on the radar signal propagation. Taking into account the lonosphere Density profiles
available in Mars’s literature [1]. and the observations of Mars from the Mars Global Surveyor
(henceforth MGS), the purpose of this report is the evaluation of the magnetic fields impact on
MARSIS and SHARAD signals.

The result of this report should be used in Operations Planning in order to select the optimum
operative mode.

2. Mars magnetic fields

Mars have no appreciable global intrinsic magnetic fields, but the MGS has established that the
planet has strong (up to 1600 nT) local magnetic fields(see fig. 1, 2,3, 4), probably related to
properties in the martian crust [2].

The magnetic field lines of this crustal fields are closed in the lower ionosphere and the associated
magnetic perturbations are detected also in the upper ionosphere.

Flux densities with strength exceeding 200 nT were measured at heights of 400 Km above the
surface, but in some regions this influence arrive up to 700 Km.

In the above described scenario, the long wavelength and linearly polarized radar, MARSIS , could
fly above a zone where the effects of both the magnetic field and the electron density in the
ionosphere, in the worst case could combine.

In fact when the magnetic field is absent, wave propagation through the ionosphere is affected by
the electron density of the plasma and the collision frequency between the electrons and ions. The
interaction of this two factors altered the refractive index of the medium in an isotropic fashion and
as a result the radio waves are slowed and attenuated. The introduction of the magnetic field in this
system yields an alteration of the refractive index no more in an isotropic fashion and the result
depend on the local magnetic field vector.

In general, when a linearly polarised wave propagates through the ionosphere, apart from possible
attenuation of the wave, two major effects take place:

e The signal propagation is perpendicular (i.e. transverse) to the magnetic field. In this case
the linear polarization becomes elliptical polarization and it is possible for the wave to
become 100% circularly polarized.

« The signal propagation is along (i.e. longitudinal propagation) to the magnetic field. The
plane of rotation is rotated. This is the Faraday rotation. Some ellipticity can also be
introduced into a linearly polarized wave propagating along the magnetic field lines, under
conditions of high ionospheric absorption..

The two cases are considered separately.
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3. Propagation perpendicular to the magnetic field lines.

When the propagation occurs at right angles to the magnetic field, the E-field vector of the incident
plane polarized wave can be considered as the superposition of two linearly polarized waves (see
fig. 5), one with the E-field parallel to the magnetic field and the other with the E-field at right
angles to the magnetic field. These waves are essentially the ordinary (ord_w), and the
extraordinary (ex_w), components for propagation transverse to the magnetic field.

For the ordinary wave, the E-field accelerates electrons parallel to the magnetic field, which means
that the magnetic field has no influence - a magnetic field only imposes a force on charged particles
moving perpendicular to the field.

For the extraordinary wave, the E-field of the incident radiation accelerates the free electrons
normal to the magnetic field, which then exerts a force on the electrons and so modifies the
electronic motion. This causes the ionospheric refractive index for the extraordinary wave to be
different from that of the ordinary wave, and also to vary according to the magnetic field.

The different refractive indices of the two component waves, meaning different propagation
velocities, causes a progressive phase shift between the two components. If this phase shift becomes
90 degrees, then the initial 100% linearly polarized wave have been turned into a 100% circularly
polarized wave.

The ionosphere can also introduced a different attenuation for the two component waves and then
the initial linearly polarized wave could become an elliptically polarized wave. (We have an
elliptically polarized wave when the amplitudes of the two components differ and the phase shift is

®=0+2m.)

1.1 MARSIS implications.

The absorption of ionosphere to the sounding wave with magnetic fields is calculated following:
N(z)-v(2)
w+o,) +0°(2)

1)  A=4610"° j ( dz (dB)
where N(z) is the electron density in m3, (z) is the electron-neutral collision frequency, w is the
angular frequency of the sounding wave, and ax is the angular gyrofrequency corresponding to the
vertical component of the magnetic field, and + means there are two branches of wave in the
magnetic field, z is the altitude.

From [3] and [4] we know also that, since oc << w, the ionospheric absorption due to the magnetic
field is too low to have noticeable effect. Then there is not a differential absorption between the
ordinary and the extraordinary waves and an eventual phase shift would not yield elliptical
polarization.
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In conclusion for MARSIS the elliptical polarization is not a problem.

1.2 SHARAD implications.

Since the operative frequency of SHARAD (fo = 15 + 25 MHZz) it is higher than MARSIS (fo =5
MHz in Band IV), the elliptical polarization is not a problem for SHARAD too.

3 Propagation along to the magnetic field lines.

3.1FARADAY ROTATION

In Operations Planning the Martian magnetic field may require consideration in as far it causes
faraday rotation of the radar signal. If the rotation is near 90 degrees fadings of the signal results.

In this section an estimate for the expected Faraday rotation angle for linearly polarized radio waves
propagating in the Martian ionosphere will be provided. These calculations take advantage of
recent vector magnetic field measurements by Mars Global Surveyor (MGS) to provide an overall
impact on Marsis and Sharad operations.

The Faraday rotation angle is directly dependent on the normal magnetic field and local electron
density. The rotation angle in radians is given by (MKS units).
Below we expose two different approaches with the same final result.

For a linearly polarized wave propagating along the magnetic field lines in the ionosphere, it is
convenient to consider the wave as the sum of two circularly polarized waves (see fig. 6), one
LHCP (Left Hand Circularly Polarized) and the other RHCP (Right Hand Circularly Polarized). The
combination equal amplitude LHCP and RHCP waves is a 100% linearly polarized wave. The
relative phase difference between the RHCP and LHCP components determines the position
angle of the E-field of the linearly polarized wave after the summation. A difference in
refractive index, or velocity of propagation, for the RHCP and LHCP components will lead to a
gradual rotation of the linearly polarized E-field vector. This is just normal Faraday Rotation.

For a circularly polarized wave, the refractive index of the medium with the presence of the
magnetic field can be expressed as:

2
2) n’=1- P =1

Assuming f, <f we have:
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3 n@=l f(f =1 (f(f f

The cyclotron frequency of an electron moving in a magnetic field is related to the strength of the
magnetic field and is given by:

Je = 1.6 102 C, electron charge
me = 9.1 103! Kg , electron mass
Bn = magnetic field normal to the motion of the electron

Note that the Faraday rotation angle does not depend on the collision frequency since v << f.
The one-way polarization angle rotation rate can be written as:

n,(z)-n_(z2)) S okZ T

d¥v k(
A c

5
) dz

where Kk is the wave number and c is the light speed in the vacuum.
The total polarization angle rotation can be calculated by integrating the above equation over the
propagation length.

6) P

r\)|7\-

[(n,(2)=n_(2))dz

1@ 1 1 Y 1 1 1 )
noon@mn @)= [f—fc f+fcj+8 2 ((f—fc)z (f+fc)2]:

1, 1 f,(2)
:F[f @+ fzj

The Faraday rotation angle directly depends on the normal magnetic field and local electron density
(or quadratic dependence on the plasma frequency fp ). Since the magnetic field is locally stable, the
main source of variation in the Faraday rotation angle is the solar zenith angle at the time of
observation.

From 6) we have:
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8 =

i }nj(z)dz}

o[ 7 (8.98)
(898) Zune(z)du s

le

f—{jf (2)dz

h
9  ¥=2.36-10* B—gjne(z)dz =2.36-10*. B—g~ TEC
f24 f

where integral is along the ray path, and 'Bn'" is the normal magnetic field magnitude.

The Faraday rotation angle is given by :

h
10) \P=2.36-104%J'Bcos¢9~se0(p~ne(z)dz
0

where integral is along the ray path.

B = normal magnetic field magnitude

0 = angle between B and signal k-vector
¢ = angle between k-vector and vertical
For Marsis and Sharad we have ¢=0.

Assume that B cos 0 can be replaced by a mean value < B cos 6> ; this will possibly produce an
upper estimate of the rotation. Now we have for 6 = 90°

h
11) ¥ ~2.36-10° %"f“]ne(z)dz ~2.36.10* “2%9> 10 5 56 10" ?n TEC
0
Assuming for TEC the following expression:
h
12)  TEC=[n,(z)dz
0
with:
z—-h, ? z-h, :
13) N, (2)=n, . -exp| 2- . , z2h, Electron Density



Date 01/01//2010

Y|
“D!L Issue 1
“ Revision 0
\ Page 8 of 28

fp.max = maximum plasma frequency;
b = shape factor;
ho =0, beginning of the ionosphere layer, this value is necessary because the TEC integration

interval start from O up to h (height of S/C);

3.2 MARSIS implications.

Then we have for example:

TEC=4.39-10" for f,=1.8MHz, f _ =1MHz, b=20Km;
TEC=1.1-10" for  f,=1.8MHz, f . =1MHz, b=50Km;
TEC=1.1.10" for f,=18MHz, f _ =5MHz, b=20Km;

TEC=2.74-10" for f,=1.8MHz, f =5MHz, b=50Km;

p,max

Now as we can see in fig. 1 the Mars normal magnetic field strength is less of 50 nT for the major
part of the planet. A more accurate estimation [2] show that the magnetic field is noticeably lower
in the northern hemisphere where 80% of the measurements were below 20 nT in comparison to 60
nT for the southern hemisphere.

It must be pointed out that the values given in MAG/ER are valid at 400 km from the Mars surface.
It has to be expected that the maximum value of magnetic field will be within 300 km and 50 km
where it can overcome the values on figure 1 (where Br = By ). Then in the present calculation the
magnetic field strength has been assumed as a value from 50 nT up to 1000 nT.

Remembering that the attenuation due to the signal polarization rotation is:

15) A=201log,, (cos(¥))
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we can see in fig. 7, 8, 9, 10, 11 the behaviors of the Faraday rotation angle and the relative
attenuation for some representative values of the magnetic field strength ( B= 50, 200, 500, 1000
nT) and also the negative influence of higher plasma frequencies.

In conclusion the use of the lowest band would seem possible only for higher solar zenith angles
(night time) and areas with weak magnetic fields, but also with higher bands could be some
problems, if there were combinations of high plasma frequency and/or strong magnetic fields .

3.3 SHARAD implications.

Using the same formulas 9), 11) and 15) we can estimate the impact of the Farady Rotation on
SHARAD.

How shown in figg.12a,b,c,d for night-side operations with the maximum value of plasma
frequency (fp,max = 1 MHz), there is no problem at all, also for normal magnetic field values very
high.

Moreover figg. 13, 14 show that in day-side operations, the combination of the maximum plasma
frequency (fp,max = 4 - 5 MHz) and a magnetic field strength B, > 500 nT will lead to heavy
attenuations.

In conclusion, even if for day-side operations, the magnetic fields represents a serious constraint
also for SHARAD.

Note: If one of the circularly polarized component terms is attenuated more than the other, then the
sum of the RHCP and LHCP terms will no longer give pure 100% linear polarization. In other
words, differential absorption between the LHCP and RHCP waves could introduce ellipticity into
the polarization of the wave, but from [3] and [4] we know also that, since wc << , the ionospheric
absorption difference between the two wave branches is too low to have noticeable effect.
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