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summary

For centuries Mars has been a topic of interest to scientists. Mars’s geology, atmosphere, and climate
history provides crucial insight into the evolution of planetary environments and into the understanding
of our own planet Earth. Over the years, numerous measurements have taken place at Mars. One
of these types of measurements were mutual radio occultation measurements between Mars Express
(MEX) and ExoMars Trace Gas Orbiter (TGO). When an occultation measurement with an incorrect
switch-on time was performed, a significant return signal arriving from the surface of Mars was observed.
This unexpected result opened up opportunities to look into the possibilities of using reflectometry
measurements between MEX and TGO to research the Martian (sub)surface. Thus, in 2025 European
Space Agency (ESA) started with so called bistatic radar experiments (with MEX transmitting and TGO
receiving) [41].

Nieuwenhuizen [35] conducted an initial investigation into the modeling of these bistatic measurements
and several recommendations were made for follow-up research. The aim of this thesis was to use
these recommendations to create an improved bistatic measurement model and compare this model
with measured data and the initial model of Nieuwenhuizen [35]. This thesis also investigated future
measurement opportunities and whether reflectometry techniques presently used with Earth remote
sensing, GNSS-Reflectometry (GNSS-R) [16], could be applied to Mars bistatic radar measurements.

A bistatic geometry search script was created to determine the Specular Point (SP) surface coordinates
(used in the bistatic measurement simulation) and to search for future measurement opportunities.
A large amount of measurement opportunities was found for June,July and August of 2026. These
opportunities were then ranked based on several (geometry) parameters, including whether any Region
of Interests (ROIs) were intersected and the first seven opportunities were shown in figure 5.4.

The new bistatic measurement simulation model (created in Python) made several improvements com-
pared to Nieuwenhuizen [35], including the utilization of the SPICE toolkit shape kernel files to be able
to use the full 128 pixel per degree resolution of the Mars Orbiter Laser Altimeter (MOLA) Digital Ele-
vation Model (DEM) of Mars. The model also incorporated the effects of the polarization of the MEX
and TGO antennas to better model the reflected power.

The increase in spatial resolution resulted in significant improvement compared to Nieuwenhuizen [35].
Moreover, the model almost always matches the general shape of the measured data (all be it with
less power/over a smaller power scale) and the majority of spikes/dips in power caused by geographic
features like craters are observable in the model. There are however certain features in the power data
that were not present in the model. These were mainly present when the incidence angle became small.
A possible explanation for this could be the missing transmitted Left Hand Circular Polarized (LHCP)
signal component from the MEX MelaCom antenna (for which no antenna pattern was available found
and thus was not modeled).

Several key parameters were also investigated in the model. It was found that the incidence angle
together with the antenna polarizations play an important role to achieve the best reflected signal power
due to the large dependence of the reflectivity on both of these parameters. Furthermore the pointing
of the two spacecraft also plays a key role for the reflected signal due to the (undesired) direct signal
component that can arise under certain pointing conditions. Moreover, it was found that pointing directly
towards the SP (instead of the nominal nadir-pointing attitude) was not a viable strategy to increase
the reflected power because it caused the direct power to be much higher than the reflected power,
removing any details from the reflected power signal. The permittivity sensitivity of the received signal
was also investigated. It was found to influence the reflected power in different ways depending on
whether the rr reflectivity or rl reflectivity was dominant. The sensitivity of the reflected power was
shown to be (just) above the noise floor for differences in relative permittivity of 2.0, but that this heavily
relied on the absolute reflected power of the measurement being significantly large enough. Finally, an
investigation of the optimal incidence angle was also performed. This yielded that when optimizing for

11
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maximum reflected power the optimal incidence angle for nadir pointing (pointing towards the planet
center) lied between 40 ° and 80 ° depending on the transmitter (TX) and receiver (RX) distances to the
SP. For SP pointing the optimal incidence angle for maximum reflected power was found to be 90°
regardless of the TX or RX distance to the SP. Optimal incidence angle investigations for minimizing
the direct power and maximizing the reflected to direct power ratio were also performed to investigate
the SP pointing direct power problem but these only showed that SP pointing with the current antenna
polarization configuration is not feasible.
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Introduction

1.1. Project Context, Motivation and Relevance

For centuries Mars has been a topic of interest to scientists. Mars’s geology, atmosphere, and climate
history provide crucial insight into the evolution of planetary environments and into the understanding
of our own planet Earth. The search for water on Mars is a central theme of research, being important
both for the possibility of the existence of life and for future human exploration of Mars. Thus there is a
huge variety of reasons why Mars is studied so intensively. Over the years, numerous measurements
have taken place at Mars, one of these being mutual radio occultation measurements.

During mutual radio occultation measurements at Ultra-high frequency (UHF), between Mars Express
(MEX) and the ExoMars Trace Gas Orbiter (TGO), a significant return signal arriving from the surface
of Mars was observed (partially due to an incorrect switch-on time of the instruments). This unexpected
result opened up opportunities to look into the possibilities of using reflectometry measurements be-
tween MEX and TGO to research the Martian (sub)surface, especially the water(-ice) content as the
used frequency has a penetration depth of about a meter below the surface. Thus, in 2025 the Euro-
pean Space Agency (ESA) has started so called bistatic radar experiments (with MEX transmitting and
TGO receiving) [41].

Nieuwenhuizen [35] conducted an initial investigation into the modeling of bistatic measurements be-
tween MEX and TGO and deriving (sub)surface water content. Several recommendations were made
for follow-up research, and one of the goals of this thesis is to follow these recommendations to create
an improved bistatic measurement model.

In addition to this, this thesis will also investigate whether reflectometry techniques presently used with
Earth remote sensing can be applied to Mars bistatic radar measurements. Specifically, the remote
sensing technique GNSS-Reflectometry (GNSS-R) will be explored. GNSS-R is a remote sensing tech-
nique that utilizes signals from Global Navigation Satellite Systems (GNSSs) reflected off the Earth’s
surface, with the primary purpose of GNSS-R being to extract valuable environmental data by analyzing
these reflected GNSS signals [16]. GNSS-R is being used in a wide variety of applications, including
monitoring ocean surface roughness, soil moisture, snow depth, vegetation growth, and even detect-
ing natural hazards [16]. GNSS-R measurements have now been employed for several years, where
a large number of satellite navigation signals, after reflection from the Earths surface (solid or liquid),
are being recorded by various lower orbiting spacecraft. Moreover ESA has launched a dedicated
spacecraft for this purpose in 2025 (Hydro-GNSS) [14], underlying the relevance of GNSS-R.

1.2. Research Questions and Objectives

This thesis aims to create an (improved) model to simulate bistatic reflectometry measurements be-
tween MEX and TGO (taking into account recommendations from Nieuwenhuizen [35]). The main
goal is to try to use the Mars Digital Elevation Model (DEM) created from Mars Orbiter Laser Altimeter
(MOLA) data at its full resolution (128 pixels per degree). Moreover this thesis will investigate the the-



1.3. Structure of the Thesis 2

oretical background of GNSS-R to potentially identify areas where GNSS-R principles can be applied
to bistatic measurements on Mars. It also aims to investigate optimal configurations for future bistatic
measurements based on simulation of MEX-TGO bistatic measurements.

In order to accomplish these goals, there are several research questions that this thesis aims to an-
swer. These questions are divided into two high-level questions, which outline the overarching themes,
investigated in this thesis. These high level research questions also come with several sub-questions
which are more specific questions that help to break down and address each main question in detail.

RQ 1: How can a set of Mars bistatic radar measurements between MEX and TGO be
modeled to use the (full resolution) Mars MOLA DEM?

* RQ 1.1: How do the modeled bistatic radar measurements of MEX-TGO compare to
the initial model created by Nieuwenhuizen [35] and the actual MEX-TGO measure-
ment data?

* RQ 1.2: Where can GNSS-R principles/techniques be applied to Mars bistatic radar
measurements?

RQ 2: What are key parameters for future measurements to obtain the optimal received
signal?

* RQ 2.1: How do (instrumentation/geometry) parameters like spacecraft pointing, an-
tenna polarization, permittivity, etc. influence the received signal?

* RQ 2.2: When are there suitable opportunities for bistatic measurements for 2026,
with MEX and TGO?

1.3. Structure of the Thesis

This thesis is structured as follows. Having defined the project context and the research goals/ques-
tions here in chapter 1, the theoretical background for this thesis is presented in chapter 2 by discussing
the key concepts that will be used in the bistatic measurement simulation and analysis of these simula-
tions. Chapter 3 explains the model used to search for bistatic measurement geometries and determine
their relevant geometry parameters (e.g. specular point coordinates). Then chapter 4 discusses the
bistatic measurement simulation model created to simulate MEX-TGO measurements. The results of
the performed MEX-TGO bistatic measurement simulations are presented and discussed in chapter 5.
Finally, the conclusions of this thesis are presented in chapter 6 together with recommendations for
future investigations.

The code for the bistatic geometry search and bistatic measurement simulation scripts is available on
the following public GitHub repository: https://github.com/nbeugel/MSc-thesis-Simulation-o
f-Reflectometry-Measurements—-between-MEX-and-ExoMarsTGO


https://github.com/nbeugel/MSc-thesis-Simulation-of-Reflectometry-Measurements-between-MEX-and-ExoMarsTGO
https://github.com/nbeugel/MSc-thesis-Simulation-of-Reflectometry-Measurements-between-MEX-and-ExoMarsTGO

Theoretical Background

This chapter presents the theoretical background on for this thesis. First the basics of GNSS-R as in-
vestigated in the literature study of this thesis will be discussed in section 2.1. Then the characterization
of surface properties and their influence on the reflected signal will be explored in section 2.2. Next the
Delay-Doppler Map (DDM) observable will be discussed in section 2.3. This is then followed by sec-
tion 2.4 where the modeling of the bistatic signal power will be explained and section 2.5 where relevant
scattering coefficient models are introduced. Lastly, the spatial resolution of bistatic measurements is
discussed in section 2.6.

2.1. Basics of GNSS-R

2.1.1. Working principle of GNSS-R

GNSS constellations are groups of satellites designed to provide position, velocity, and timing informa-
tion for use on Earth and, to some extent, in space [53]. These GNSS signals can be used for Earth
remote sensing. GNSS-Reflectometry (as the name implies) is a remote sensing technique that mea-
sures reflected signals (either from liquid or from solid surfaces) coming from GNSS satellites, which
are collected by a GNSS-R receiver (as well as sometimes the corresponding direct signals [26]). For
the purpose of this thesis, only spaceborne GNSS-R receivers (so bistatic radar systems) are relevant.
An example of a bistatic (GNSS-R) configuration can be seen in figure 2.1.
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Figure 2.1: Arbitrary bistatic antenna configuration. (Image source: [28])

GNSS-R can be used for measuring several environmental properties, such as soil moisture, snowl/ice
depth, vegetation, and sea level. So there are applications in many subjects [8]. For this thesis soil

3
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moisture detection is a particularly interesting application as the detection of water on Mars is an im-
portant topic in planetary sciences.

2.1.2. Specular point

For the bistatic radar measurement geometry, the specular point is an important location. The SP is the
surface’s exact location where the specular reflections take place (see again figure 2.1). Theoretically,
it is defined as the point where the incident angle and the reflection angle (sometimes called scattering
or emission angle) are equal in the plane that includes both transmitter and receiver, making the waves
coming from a single direction be reflected in another single direction as well [8].

2.1.3. Delay and Doppler shift

Two other useful parameters for a (GNSS-R) bistatic measurement are the delay and Doppler shift.
At any point on the surface p, the reflection path length is given by the distance from the transmitting
spacecraft to p plus the distance from the p to the receiving spacecraft:

o] = 77+ @
The signal path delay for a point p (assuming free-space propagation) is then:

,_[H]

t (2.2)

C
with ¢ being the speed of light in vacuum.
The Doppler frequency shift can be expressed as a function of the rate of change of the reflection path

length [23]:
V( dTpR\ 1(. Tp _, ok
= — —_ = — Vt — — Uy — 23
o A( dt ) A(t 75 bR 22

where ) is the transmitter signal wavelength; v; is the transmitter velocity vector; and v, is the receiver
velocity vector. Note that equation (2.3) assumes a body-fixed reference frame (surface points are
stationary for each time step).

2.1.4. GNSS-R receiver data acquisition techniques
There are two main GNSS-R techniques/architectures:

» conventional GNSS-R (cGNSS-R)
+ interferometric GNSS-R (iGNSS-R)

With cGNSS-R, the reflected signal s,.(¢) is correlated with a locally generated replica of the transmitted
signal a(t) (GNSS-R of course uses signals from GNSS satellites which use Pseudo-Random Noise
(PRN) codes) over a period equal to the coherent integration time T, (typically 1 ms). The amplitude of
the correlation Y can be written as shown in equation 2.4 [26, 53].

1 to+Te )
Y, fa) = 7 / sr(t)a*(t — 1)e 2IUetla)t gy (2.4)
c Jitg
where ¢ is the start time of the correlation, f. is the carrier frequency, x denotes the complex conjugate
operation, 7 is the delay and f, is the Doppler shift.

With iGNSS-R, the reflected signal s..(¢) is correlated with the received direct signal s,(¢) instead of a
locally generated replica (again over a period equal to the coherent integration time T,), see figure 2.2.
The amplitude of this correlation Y? can be written as shown in equation 2.5 [26, 53]:

) to+Te ]
Vi) =g [ st = e (2.5)
c 0
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Additionally, in order to improve the correlation amplitude (reduce the influence of thermal and speckle
noise), an incoherent average can be used (equation (2.6)) [53]:

=

1 mc
Ninc

(Y (, fa)l?) = Y (7, fa)l® (2.6)

i=1

where, N,,,. is the number of incoherent accumulations.

An illustration of the configuration of the two techniques is shown in figure 2.2. For the MEX-TGO
measurements no PRN code is used, so during this thesis the signal correlations were not utilized.

cGNSS-R

lonosphere receiver

Atmosphere

iGNSS-R
receiver

Figure 2.2: GNSS-R Measurement geometry. Left side cGNSS-R, Right side iGNSS-R (Image source [10])

2.2. Soil Surface Characterization

Because signals in bistatic measurements reflect off the surface, it is important to characterize the
surface in terms of its dielectric and geometrical properties. How much of the signal is reflected by
the soil is (for a large part) determined by by the Fresnel reflection coefficients, that depend on the
polarization of the incident wave and the dielectric properties of the soil. These will be explored in
subsection 2.2.1. However, there are other parameters that also influence the reflectivity/scattering.
For natural terrains, which are not perfectly flat, the roughness of the surface also plays an important
role in the scattering process and this will be discussed in subsection 2.2.2.

As the reflectivity (and therefore the received power) are dependent on the soil properties, it is important
to note what information can be extracted from bistatic measurements. In general soil is a mixture of
air, bulk soil, bound water, and free water. This means that the dielectric properties of the soil will
differ slightly based on the soil humidity level. A (semi-empirical) model based on a dielectric mixing
approach can therefore be used to approximate the water content inside the soil (if the soil composition
is known).

2.2.1. Fresnel Reflection Coefficients & reflectivity

For GNSS satellites (and also for the MEX MELACOM UHF radio), the transmitted signals are Right
Hand Circular Polarized (RHCP). RHCP signals can be interpreted as a linear combination of horizontal
and vertical polarization components (with a 90 degree phase offset).
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The Fresnel reflection coefficients for vertical and horizontal polarizations for plane waves incident from
medium 1 onto medium 2 with a non-magnetic interface (i.e. u,. = 1) are given by [24]:

cos(#;) — 1/ €, — sin®
Rpp = (2.7)
cos(0;) + 1/ €, — sin®

€rcos(6;) — 1/ €, — sin®
Ryy = (2.8)
€rcos(6;) + 1/ €, — sin®

where 0, is the incidence angle, ¢, = ¢,2/¢,1 With €,2 being the complex permittivity of medium 2 (the
soil) and ¢,; being the complex permittivity of medium 1 (the air).

The cross and co-polarization Fresnel coefficients for Left Hand Circular Polarized (LHCP) and RHCP
can then be written as [8]:

1
Rrr =RLr = 5(9“1vv —Rum) (2.9)

and

1
Rrr =RpL = i(mvv +Rew) (2.10)

With the Fresnel reflection coefficients, the reflectivity can be determined. The reflectivity (without the
influence of vegetation and surface roughness) is computed as the squared modulus of the (complex)
Fresnel reflection coefficient [25, 50], see equation (2.11).

pg — |9“‘pq|2 (2.11)

where the scattered and incident polarization are denoted by p and ¢ The reflectivity represents the ratio
of reflected to incident intensity and will be used in the Hagfors’ scattering model (which is discussed
in section 2.5.2).

The effects of varying permittivities and incidence angles on the reflectivity are shown in figure 2.3. Note
that this figure shows the elevation angle (reciprocal of incidence angle). The figure shows that for the
rl (left hand to right hand circular polarization) signal reflectivity a larger surface permittivity increases
the reflectivity and a smaller incidence angel (larger elevation angel) gives a higher reflectivity. For
the rr (right hand to right hand circular polarization) signal reflectivity this is reversed. A larger surface
permittivity decreases the reflectivity and a smaller incidence angel (larger elevation angel) gives a very
low reflectivity for rr. This is important to keep in mind as the co-polarizations of the MEX and TGO
antennas are both RHCP.

2.2.2. Surface Roughness

As stated earlier, the geometrical properties of the surface (i.e. the surface roughness) play an im-
portant role in the scattering process. For a perfectly smooth surface illuminated by a plane wave,
the energy is reflected solely into the specular direction with scattering amplitude equal to the Fresnel
reflection coefficients [11] (see figure 2.4 (a)). But as the surface roughness increases, the diffuse
(non-coherent) scattering component becomes more dominant and the scattered energy is reradiated
in many directions (figure 2.4 (b), (c) and (d)). This means the scattered energy in the specular direction
decreases as the surface gets rougher.

The precise characterization of natural terrain is a difficult task. Therefore, to model the scattering it
is common to approximate the surface elevation as a stationary stochastic process with a Gaussian
height distribution [11].
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Figure 2.3: Schematic diagram of reflectivity variation. In the (zoomed) boxes, the red and green arrows indicate the direction
of decreasing reflectivity (I') and decreasing relative permittivity (). The (size of the) black arrows highlight the total range of
variation in the signal range. (Image source: [50])
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Figure 2.4: Electromagnetic wave scattering from several different rough surfaces. (a) specular surface.; (b) slightly rough
surface; (c) medium rough surface; (d) rough surface. (Image source: [49])

2.3. Delay-Doppler Map observable

One of the main products of GNSS bistatic radar is the so-called Delay-Doppler Map (DDM) of the
scattered signal [53]. The DDM is a 2D map which shows the strength of the reflected signal as function
of the signal delay and signal Doppler shift. DDMs can provide information about the reflecting surface,
such as surface roughness, moisture content, and more [16]. The concept of delay-Doppler mapping
is shown in figure 2.5.

The DDMs can be modeled as the sum of both coherent and incoherent contributions [46, 4]:

(Y (7, f)?) = ([YN (7, fa)I?) + (Yo (7, fa)|?) (2.12)

2.3.1. DDM coherent component
The coherent component is defined for an incident signal with the scattered and incident polarization p
and ¢ [4]:

Pth)\2G7‘|X2(Ta fd)| T (9) (213)

ycoh : 2y
(Ypg (7. fa)|7) (47)2(Rt.sp + Rysp)? *

where P, is the transmitter power; G, is the transmitter gain; G, is the receiver antenna gain; R; ., is
the distance between the transmitter and the specular point; R, ,, is the distance between the receiver
and the specular point; ) is the transmitter signal wavelength; x? is the Woodward Ambiguity Function
(WAF) (see section 2.3.3) and I',,,(0) is the coherent reflectivity at the angle of incidence (¢), which is
defined in equation (2.14) [4, 29].
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y-Coordinate

x-Coordinate Delay

Figure 2.5: A concept of delay-Doppler mapping. The direction of flight is along the x-axis. (Image source: [53])

qu(e) = w‘mpq|2 = eXp(_Ri)‘mqu = exp(—(2koy COS(9)>2)|mpq|2 (2.14)

where 9, is the Fresnel reflection coefficient; and ) is the surface roughness loss, which accounts
for the loss of coherent power due to diffuse scattering. R, is the Rayleigh parameter (indication of
surface roughness relative to the signal wavelength), & is the transmitter signal wavenumber, and o,
is the Root Mean Square (RMS) surface height.

2.3.2. DDM incoherent component
A widely used model for the incoherent component of the DDM, derived from the Kirchoff Approximation
to Geometric Optics (KA-GO), can be written as a surface integral [52, 46]:

2 ‘}
(Ve “’t // ) ﬁ S (07,6 10) |00, (B)d°F (2.15)

where the variable of integration p is the positioning vector of the scattering point; P; is the transmitter
power; G; is the transmitter gain; G, is the receiver antenna gain; R;(7) is the distance between the
transmitter and point p; R.(7) is the distance between the receiver and point p; ) is the transmitter
signal wavelength; agq is the incoherent Normalized Bistatic Radar Cross Section; and x? is the WAF.
In literature this model for the incoherent component of the DDM is usually referred to as the Zavorotny-
Voronovich model [52].

To accelerate computation, equation (2.15) can be formulated as a 2D convolution [12, 31] which can
then be efficiently computed by a fast Fourier transform (FFT):

(Yoo (s Ja) ) = (7, fa) x 0 (7, fa) (2.16)

where the sigma matrix 3(, f4) contains the product of the surface integral without the WAF for a given
delay and Doppler shift.

2.3.3. Woodward Ambiguity Function

x2(87,0f) is known in radar terminology as the Woodward Ambiguity Function (WAF). The WAF is
essentially a function that describes how well a specific signal waveform can simultaneously distinguish
the distance and speed of a target.

x(67,0f) is defined as:

Te
1 / a(t)a* (t — 67)exp(—2mi(5f)) (2.17)
0

\(67.6f) = =

For a GNSS PRN code the WAF can be approximated by:
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WAF(:67,0f) = x*(7:67,0f) = A*(67)S*(9f) (2.18)

where A(d7) and S(df) are weighting functions in the delay and Doppler domain, respectively:

1 - lorl if |7] < 7
A(ST) = e - 2.19
(67) {0 if |7 > 7. ( )

where §7 is the difference of the selected delay 7 and the delay 7(77) of any point on the surface at 7.

T, .
S(6f) = Ti / exp(—27i(6f)) = Me*mﬁfﬂ = sinc(8 T, )e" ™0/ Te (2.20)

0 7T5fT
where § f is the difference of the selected Doppler shift f and the Doppler shift fp(7) of any point on
the surface at 3.

The ambiguity function within the power Delay Doppler Map expression selects the region of the glis-
tening zone that contributes to the power at a given delay = and Doppler shift f; bin, and masks out the
other surface points [30]. When the WAF is taken into account, the power value for each delay-Doppler
pixel becomes the weighted sum of the power scattered from the corresponding spatial area, plus that
from a number of adjacent areas. This spreading effect is caused by the WAF of pseudorandom GPS
sequences [6]. The spreading effect reduces for a narrower WAF, and an ideal ambiguity function
would be a 2-dimensional Dirac delta function x(7, ) = 6(7)d(f) (which would have no ambiguities at
all).

2.4. Modeling of bistatic signal power
2.4.1. Scattering/Reflected Power

As discussed earlier, an incident wave that reflects on a rough surface is partly reflected in the specular
direction and partly scattered in all directions. These are referred to as the coherent component and
the diffuse/incoherent scattering component respectively.

In general, the total scattering/reflected power measured by a bistatic radar receiver P, is composed
of a coherent and incoherent component: [9]:

Pr = Pt 4 pincoh (2.21)

where subscripts p and ¢ denote the scattered and incident polarization respectively, and szgh and
P;{)Imh are the power of the coherent and incoherent components.

The coherent power component can be written as [9]:

P.G )G,
(47)2(Rt,8p + RT’Sp)z
where P, is the transmitter power; G, is the transmitter gain; G, is the receiver antenna gain; R; s, is the
distance between the transmitter and the specular point; R, ., is the distance between the receiver and

the specular point; X is the transmitter signal wavelength; and I',,, () is the coherent surface reflectivity
at the angle of incidence (0)

oo = Tpg(6) (2.22)

The incoherent power component, assuming a bistatic scattering coefficient agq is given by the bistatic
radar equation [9, 11]:
P = L0 [[ B o (a7 2.23)

where the variable of integration p is the positioning vector of the scattering point; P, is the transmitter
power; G, is the transmitter gain; G, is the receiver antenna gain; R;(7) is the distance between the
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transmitter and point p; R,.(7) is the distance between the receiver and point p; ) is the transmitter
signal wavelength; and agq is the incoherent Normalized Bistatic Radar Cross Section.

The incoherent power near the specular point can be approximated by [2, 50]:

i P GG

h ~ ~ _ t tr
PZISJCO (T ~ 0, f ~ 0) - (47T)3R%R% quAeff (2'24)

where the effective area Ay is given by:
2 Glm 2
Aeff = ?GlzGly =T 2 (225)
1 2CRth
z = 2.26
h D, cos(9) \| B.(R; + R,) (2.26)
Giy =TG1, (2.27)
D

T = —* cos(f) (2.28)

D,

where c represents the speed of light, and B, represents the bandwidth of the transmitted signal; and
where D, and D, represent “divergence factors” caused by the planet’s curvature (see appendix A.1).

The total received power Pt pp over a given Delay-Doppler interval can be expressed as equation (2.29)

[7].

L M
Potop = Y, Y Poom(7i, fp.m) (2.29)

=1 m=—M

2.4.2. Direct Power

Besides the reflected signal, the total received signal also contains a direct signal component (see
again figure 2.2). Depending on the geometry of the specific measurement, this could be a significant
part of total received signal, so it's important to take it into consideration when trying to model the total
received power. According to the free space propagation model the direct signal power Pyt iS given
by equation (2.30) [25, 50].

B P,G,G . \?
Pdirect = 7(4#)2R§,.
where P; is the transmitter power; G, is the transmitter gain; G, is the receiver antenna gain; R;, is the
distance between the transmitter and the receiver; and X is the transmitter signal wavelength.

(2.30)

2.4.3. Noise Power
For the received signal the noise power also has to be considered. If it is assumed that there the
thermal noise is dominant, the noise power Py can be computed with equation (2.31).

Py = kgTnB (2.31)

where kg is the is the Boltzmann’s constant, B is the receiver bandwidth, and Ty is the receiver antenna
noise temperature.
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2.5. Bistatic scattering coefficient models

Computing the incoherent power/DDM contribution requires a model to compute the bistatic scattering
coefficient (bistatic radar cross section). These models are typically obtained by adopting different
approximations on the equations describing the interaction of the incident electromagnetic field with
a random surface [11]. There are several scattering models that are used to model the bistatic radar
coefficient in GNSS-R (with a short overview given in section 2.5.1). However, in planetary sciences
Hagfors’ law is often used, which will be discussed in section 2.5.2 and this is the scattering model that
will be used in this thesis.

2.5.1. Scattering models in GNSS-R

The most common models in literature for GNSS-R to obtain the scattering coefficients are the Kirchhoff
Approximation, under the Physical Optics (KA-PO) and Geometric Optics (KA-GO) solutions, the Small
Perturbation Method (SPM) and the Integral Equation Model (IEM) [11]. A quick overview of these
methods is given below:

+ KA-GO: Simplification of the Kirchhoff approximation where only those facets from the reflecting
surface that allow local specular reflection will contribute to the scattered field, thus excluding
local diffraction effects [15].

+ KA-PO: Compared to KA-GO, this approach not only considers the contribution of the scattered
fields over the well oriented surfaces, but also it considers the totality of contributions of the
scattering fields over the whole rough surface [8].

» SPM: It is based on formulating the scattering as a partial differential equation boundary value
problem and to find a solution in terms of plane waves that matches the surface boundary condi-
tions [22].

« [EM: This method can be viewed as an extension of the Kirchhoff method and the SPM, as it
reproduces the results of these methods for their appropriate limits [22].

2.5.2. Hagfors' Law

Another scattering model is the Hagfors’ model which is often used in planetary sciences as it provides
good agreement with a variety of observations [40]. As Hagfors’ law is an empirical model it describes
the total scattering cross section (so not only the incoherent part). So for the calculation of the reflected
power with Hagfors’ law, equation (2.23) is used. Another important thing to note about Hagfors’ law
is that it assumes an exponential height autocorrelation function, which is non-physical, meaning that
energy is not conserved [40, 45]. Hagfors’ law is described by equation (2.32) [20, 40].

C . _
Go.pq = 2= (cos'(3) + C'sin? (7))~ (2.32)

where p,,, is the reflectivity (as given by equation (2.11)), v is the facet tilt angle at the location of interest
required for specular reflection (also referred to as the ’required tilt angle’ in this thesis) [36] and the
width/roughness parameter C provides a measure of the angular extent of the backscattering lobe and
hence the roughness of the surface [40] and is typically interpreted as the inverse RMS surface slope
squared.

C = spms (2.33)

Hagfors’ law was originally derived for monostatic radar geometries. (So the required tilt angle would
just be the incidence angle). However monostatic scattering models can be modified so they also
can be applied to bistatic radar geometries (bistatic theorem) [19]. The functional form of monostatic
scattering models can be used in bistatic radar geometries by replacing the monostatic incidence angle
with the bistatic bisector angle (see figure 2.6). To account for the reflection coefficient dependence
on incidence angle, the bistatic scattering model equivalent takes the reflectivity at the incidence angle
Ppqe(0:) (Where for a monostatic radar geometry the reflectivity is taken at normal incidence p,,(0)) [19].
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(@) (b)

Figure 2.6: (a) Monostatic radar geometry, defined by the incidence angle ;. (b) Equivalent bistatic radar geometry. The
incidence and reflection angles, 6; and 0,. , define a bisector angle, 6,, that is equivalent to the monostatic incidence angle.
(Image source: [19])

2.6. Spatial resulution & Fresnel zones

If the surface geometry of the bistatic measurement is such that the Rayleigh parameter (R,) of the
rough surface is smaller than unity, then the specular reflection is dominant, and therefore, the spatial
resolution of the bistatic GNSS-R radar will be limited to the first Fresnel zone [53]. The first Fresnel
zone (assuming a flat surface) is given by an ellipse with semi-major axis ¢ and semi-minor axis b, see
equations (2.34a) and (2.34b) [21].

Rt,spRT,sp

b= | Am—"F—72— 2.34a
Rt,sp + Rr,sp ( )
b
a= (2.34b)
cos 0;

Diffuse, quasi-specular scattering is the more frequently occurring process when dealing with natural
surfaces. In this case, scattered radio waves arrive from the “glistening” zone, which is much larger
than the first Fresnel zone [53].



Bistatic geometry search

In this chapter the numerical model is discussed that was created to search and determine viable
bistatic measurement geometries and compute relevant quantities related to these geometries. First
of all section 3.1 discusses the requirements/constraints that need to be satisfied for a feasible bistatic
measurement geometry. Then, sections 3.2 and 3.3 present a description and the architecture of
the bistatic geometry search model respectively. Lastly, section 3.4 explains the process of how the
specular point for a bistatic geometry is acquired.

3.1. Requirements and constraints

There are several constraints that need to be satisfied for a measurement geometry to be considered
feasible. Due to the numerical nature of the model, the constraints have been implemented using
certain tolerances.

Requirements for the SP to have a valid bistatic measurement geometry:

REQ-BMG-1: The difference between the incidence angle and emission angle (of the found SP) shall
be less than 0.1°.

REQ-BMG-2: The angle between the SP surface normal and TX-SP-RX plane shall be less than 0.1°.

REQ-BMG-3: The SP should always be visible (unobstructed line of sight) for both the transmitter (TX)
and receiver (RX).

Besides these constraints, there are also several geometric requirements/constraints that were im-
posed to eliminate measurement opportunities which would result in an unreasonably low received
signal power level (and thus a poor Signal-to-Noise Ratio (SNR)).

REQ-BMG-4: The total signal path length (distance TX to SP + distance SP to RX) shall be less than
3500 km. This requirement ensures that the free-space path loss does not become too big, as it
scales with the distance squared

REQ-BMG-5: The incidence angle of the SP shall be between 30° and 85 °. This requirement ensures
reflectivity does not become too low. MEX and TGO transmit and receive RHCP signals and the
RHCP to RHCP Fresnel coefficient decreases significantly for small incidence angles. The upper
bound for the incidence angle is there to prevent undesired signal scattering, associated with
shallow measurement geometries. Low elevation angles (<5°), are discarded by most, if not all,
GNSS-R satellites for Earth [47].

Finally, a requirement on the minimum measurement duration has been set to ensure data quality and
scientific meaningful measurements.

REQ-BMG-6: The measurement duration shall be at least 1 minute.

13
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3.2. Model description

One of the research objectives was to investigate suitable opportunities for bistatic radar measure-
ments between MEX and TGO. Another objective was the modeling of bistatic radar measurements.
Both require information about the the time and location of feasible bistatic measurement geometries.
Therefore a numerical model for searching viable bistatic geometries and determining the specular
point position of these geometries was implemented in Python.

3.2.1. SPICE toolkit

The numerical model uses the Spacecraft, Planet, Instrument, “C-matrix”, Events (SPICE) toolkit, an in-
formation system which provides access and tools to interact with planetary and spacecraft ephemeris
and ancillary engineering information [1]. The SPICE toolkit can be used to compute many kinds of
observation geometry parameters, including the ephemerides, orientations, sizes, and shapes of plan-
ets, satellites, comets and asteroids [32]. As the numerical model is written in Python, the SpiceyPy
package [1], a Python wrapper for the SPICE toolkit was used.

SPICE data files are typically referred to as kernels. These kernels provide information for spacecraft
and target body trajectory (ephemeris), orientation and shape; instrument field-of-view size, shape and
orientation; specifications for reference frames; and tabulations of time system conversion coefficients
and more [33]. The kernels that were used for the bistatic geometry search model (as well as the
bistatic measurement simulation model which will be discussed in chapter 4) are listed in appendix C.
All the kernels can be downloaded from the ESA SPICE service File Transfer Protocol (FTP) server:
https://spiftp.esac.esa.int/data/SPICE/.

3.2.2. Operating modes

The model has two main operating modes. The first mode (SPICE window) is only concerned with
searching for viable bistatic measurement opportunities within a given time window, given certain con-
straints/requirements. This mode only returns a list of measurement opportunity intervals that were
found within a given time frame. The second mode (fixed step mode) is used to determine the specular
point planetocentric (latitude and longitude) coordinates for a (fixed step) list of times. This set of co-
ordinates, together with their associated times can then be used as input for the bistatic measurement
simulation model (which will be discussed in chapter 4).

3.3. Architecture

3.3.1. SPICE window mode architecture

In SPICE window mode the script uses a SPICE function to search for viable bistatic measurement
opportunities within a given time window. The SPICE function performs a Geometry Finder search on
a user defined boolean quantity. The SPICE Geometry Finder subsystem finds time windows (intervals)
over which user-specified geometric conditions are met [34].

In SPICE window mode the geometry search model needs several input parameters, these can be
separated into several categories:

— Time parameters: The user inputs a start and end time of the search window in either the
Coordinated Universal Time (UTC), Barycentric Dynamical Time (TDB) or
Ephemeris Time (ET) format; an aberration correction flag; time step size
used in the SPICE function for finding geometric events; Geometry Finder
convergence tolerance (sets the accuracy of the start and end times of
found measurement intervals).

— TX and RX parameters: This includes two instances of the Spacecraft class (one for the TX and
one for the RX), this is a custom class which houses information about the
spacecraft itself (name, SPICE spacecraft (S/C) frame name) and several
antenna parameters.

— Planet parameters: This includes the surface topography model (digital shape model) of the
planet to be used (this will either be an ellipsoid or a digital shape model
loaded by Digital Shape Kernel (DSK) files); an instance of the Planetary
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body class which is a custom class that houses the planet’s name, SPICE
body-fixed frame name and ellipsoid radii.

— Geometry parameters: This includes the TX, RX positions, velocities and orientations w.r.t. the
target body. These are indirectly set via the SPICE kernels, which are
loaded via three metakernels (General, TX,RX); SP geometry tolerances.

— Objective function & Optimization parameters: These are parameters related to the bistatic ge-
ometry objective function and the optimization method used to find a min-
imum for this objective function.

— Additional measurement opportunity constraints: (=Optional) Additional constraints on the to be
found measurement opportunities (max range sum, minimum measure-
ment time, incidence angle bounds, max off-boresight angles).

— Regions of interests:  (=Optional) A Regions of interests object (custom class) can be passed to
check if the found measurement intervals intersect any of the regions of
interests.

The model works as follows. The user search window start and end times are converted to the ET
format and used to create a SPICE confinement window. Then the SPICE Geometry Finder function is
called. This SPICE function uses a routine returning the boolean value corresponding to an ET. This
bistatic geometry evaluation routine returns true if a valid measurement geometry could be found and
false otherwise.

The bistatic geometry evaluation routine (function) works in the following way. First (for the given ET)
the TX and RX positions are calculated. Then an initial guess for the SP is computed. This initial
guess can then be used as starting point for the optimization algorithm. The optimization method
tries to minimize an objective function which checks the bistatic measurement geometry requirements
(incidence angle equal to emission angle and SP surface normal coplanar with TX-SP-RX plane), by
varying the latitude and longitude of the SP. Once the optimizer is finished, the bistatic measurement
geometry requirements of the found SP are checked and if the final optimization result is within the
given tolerances, the geometry is considered valid. If any optional measurement opportunity constraints
which relate to the geometry are supplied, these are also checked. The measurement opportunities
search has the following optional constraints that can be added. A maximum range sum (TX to SP
distance + RX to SP distance), a minimum measurement time, a minimum and maximum incidence
angle and maximum off-boresight angles for the TX and RX antennas. Then if all the tolerances and
constraints are satisfied, true is returned (plus relevant calculated data such as the found optimal SP
coordinates and incidence angle).

Once the SPICE Geometry Finder function is finished, it returns a list of time intervals where the bistatic
geometry requirements are satisfied. These time intervals (start and end times) are then written to a
JSON file. Finally if Regions of interests collection object is also passed as input, the time intervals are
checked whether they intersect any of the regions of interests. If they do, the regions that were inter-
sected are stored with the interval information in the JSON results file. An overview of the architecture
can be found in figure 3.1

3.3.2. Fixed step mode architecture

This mode works in a very similar way to the SPICE window mode. The input parameters are the same
as for the SPICE window search with the exception of the SPICE Geometry Finder specific parameters
(Geometry Finder convergence tolerance) and the optional regions of interests object which are omitted
in the fixed step mode. The main difference between the fixed step mode and the SPICE window
mode is that the fixed step mode does not use the SPICE Geometry Finder function to call the bistatic
geometry evaluation routine, but instead calls this routine directly for a set of ET times. This list of
ET times is computed based of the start and end times and a time step size. The bistatic geometry
evaluation routine then return the relevant data (SP latitude/longitude coordinates, incidence angle,
etc.) for every ET time and this data is then written to a JSON file. An overview of the architecture can
be found in figure 3.1.
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Figure 3.1: Diagram of the architecture of the bistatic geometry search script.

3.4. Specular point determination
In this section the process for finding the specular point location (coordinates) is explained.

3.4.1. Initial specular points estimation

To start the specular point determination, the optimization algorithm needs an initial guess for the spec-
ular point. A fast and accurate initial is important as it greatly influences whether and how fast the
optimization algorithm converges.

Initial estimations are commonly based on the subpoint of the receiver on the planet’s surface or the
weighted distance along the vector from the receiver to the transmitter and then scaled down to the
planet’s surface to get the initial specular point [39, 48, 51], as shown in figure 3.2. For this thesis the
second method was used.

First an estimated point S’ along RT should be found, then the subpoint S of S’ can be used as the
initial estimation of specular point. The precision of estimation obtained from this method depends on
the position of S’ [39]. As mentioned before, a way to determine S’ is by a weighted distance approach
[48]:

05" = OR + yRT (3.1)
RR//
" R T 52
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Figure 3.2: The geometry of initial specular points estimation. .S is the specular point; R and 7" denote the receiver and
transmitter; R’ and T’ are the orthographic poirlt_spn the&a}ngent plane to the sphere planet at S; S’ is the intersection of vector
OS and RT'. (Image source [39])

Then the initial specular point estimate is found by scaling S’ so that it lies on the surface.

This approach should work better than the midpoint approach from Nieuwenhuizen [35], who reported a
decrease in accuracy with increasing MEX altitude, as the weighted distance scaling takes into account
the TX (and RX) altitude.

3.4.2. Optimization

With an initial specular point guess available, this can be used as the starting point for finding the actual
SP. To achieve this an optimization algorithm was implemented. It works on the principle of minimizing
an objective function which for a supplied lattitude/longitude point gives a measure of how close the
selected point is to satisfying the bistatic measurement geometry requirements (incidence angle equal
to emission angle and SP surface normal coplanar with the TX-SP-RX plane). Note that internally the
longitude/latitude coordinates are first converted to 3D rectangular body-fixed frame coordinates (based
on the selected digital shape model) and these can then be used to compute the required angles (with
the help of SPICE functions). The optimization method then tries to minimize an objective function by
varying the latitude and longitude of the input point.

The optimization methods were implemented by using the SciPy optimize sub-package which provides
several methods for minimizing objective functions (see https://docs.scipy.org/doc/scipy/refer
ence/optimize.html#module-scipy.optimize).

The optimization would ideally try to minimize the difference between the incidence and emission an-
gles, with the coplanarity of the surface normal with the with TX-SP-RX plane as constraint. However
most optimization methods do not support (non-linear) constraints. Therefore the coplanarity constraint
is added to the objective function with a penalty function. The coplanarity constraint is mathematically
implemented as the dot product between the SP normal vector and the cross product of the SP to
TX and SP to RX. This should be 0 when coplanarity between the SP normal and TX-SP-RX plane is
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satisfied. The objective function f(Ap, pp) is given in equation (3.3).

TPTX X T'PRX |) (3.3)

f()\P7 SDP) = |9inc,P()\P7 SDP) - eem,P(APa <PP)| + penalty('m(APv QPP) —— — >
|7’P,Tx X TP,Rx|

where Ap, pp are the longitude and latitude of the point P under investigation, ;. p,0¢m.p are the
incidence and emission angles of P, and np ,7p1x,7prx are the surface normal vector at P and the
vectors pointing from P to the TX and RX respectively. For the penalty function two options are available,
a linear and a quadratic penalty function:

penalty(z) = p - max(0, z) (3.4a)

penalty(z) = p - max(0, x)? (3.4b)

where p is a scaling constant. For this thesis equation (3.4a) was used.

3.4.3. Digital shape model

For the calculation of (among other things) incidence/emission angles a digital shape model of the
target body (for this thesis Mars) is required. SPICE essentially allows for two types of shape models.
The first option is where the target body is represented by an ellipsoid. For the purpose of trying to find
measurement geometries, this is a good option as it means that there is only one specular point and
because an ellipsoid has a smooth surface the optimizer should in principle not get stuck in any local
minima. The model can also use DSK files, this will be discussed in more depth in section 4.2.7.



Measurement Simulation

The goal of the numerical bistatic measurement simulation model is the simulate the total received
power for a bistatic measurement. Although the model can be used for any two spacecraft at any
target body (as long as the relevant data is available in SPICE kernels), in this thesis the bistatic
measurements between MEX and TGO, with Mars as target body will be the main focus. As several
bistatic measurements between MEX and TGO have been performed during 2025, this enables a
direct comparison between modeled and measured power. This allows for validation of the model and
allows for comparing measurements with different operational parameters (e.g. pointing) and surface
parameters (e.g. permittivity).

The numerical model/simulator to simulate bistatic measurements between two spacecraft was (just
as the bistatic geometry search script) written in Python and uses the SPICE toolkit for most geometry
related computations. Firstthe model architecture is explained in section 4.1, then in section 4.2 several
sub-elements of the model are explained in more depth. Lastly, in section 4.3 the data readout process
for the MEX-TGO measurements is presented (which will be used to compare against the measurement
simulation model).

4.1. Model Architecture overview

The model needs several input parameters. Inputs to the model can be separated into the following
categories:

— Time parameters: This includes a list of measurement times (in ET format); and the aberra-
tion correction flag.

— TX and RX parameters: Thisincludes two instances of the Spacecraft class (one for the TX and one
for the RX), which houses information about the spacecraft itself (name,
S/C frame name) and the antenna parameters (antenna signal power and
frequency, noise temperature, as well as co-polarization (and if available
cross-polarization) patterns of the antenna).

— Planet parameters: This includes the surface permittivity model, the surface topography model
(digital shape model) of the planet and an instance of the Planetary body
class which houses the planet’s name, SPICE body-fixed frame name and
ellipsoid radii.

— Grid parameters: This includes the grid cell size, total grid size and the specular point longi-
tude/latitude coordinates (for every measurement time).

— Operational parameters: This includes the pointing modes to be assessed.

— Geometry parameters: This includes TX, RX positions, velocities and orientations w.r.t. the target
body. These are provided via the SPICE kernels, which are loaded via
three metakernels (General, TX, RX).

19
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Some important things to note: the model also has a scattering model parameter, however currently
only the Hagfors’ model is implemented; and the aberration correction flag is set to ’'None’ as the
aberration correction is assumed to have a negligible effect on the TX and RX positions compared to
the time step used in the simulations which is 1 second.

The simulator is set up as follows. After all the above inputs are given, the simulator first calculates the
TX and RX states and boresight vectors (for every selected pointing mode) in the planet (also called tar-
get body) body-fixed body-centered reference frame for the entire measurement time list (sequentially).
Then for multiple ET times in parallel (multiprocessing) the following process is performed:

First a simulation grid is generated (with the grid spacing and total number of grid cells/points based
off user input) with the specular point at the center of the grid. Then for all the grid points the required
parameters (like incidence and emission angles, distances to the S/Cs, bistatic radar cross-sections,
surface areas, gain values etc.) are calculated. With all the required grid cell parameters the reflected
power for every grid cell can then be determined using equation (2.23). After that, the direct power is
also calculated and the results (calculated grid cell parameters and power values) are returned.

The results for all the ET times, along with additional data like the input parameters and TX and RX
states and boresight vectors, are then saved to a HDF5 file (HDF5 was chosen because it lets you
store and compress large amounts of numerical data with fast 1/O processing). An overview of the
architecture can be found in figure 4.1
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Figure 4.1: Diagram of the architecture of the bistatic measurment simulation model/script.
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4.2. Model details

In section 4.1 a general overview of the architecture of the simulator was given. In this section several
elements of the simulator will be discussed in more detail. This includes the modeling of the TX and RX
antenna patterns, the latitude/longitude grid generation procedure, the used surface permittivity model,
the bistatic radar cross section calculation, the available pointing modes of the simulator, the digital
shape model used in the simulator and the modeling/calculation of the total received power.

4.2.1. Antenna patterns
In section 2.4 the modeling of bistatic signal power was discussed and the dependence on the TX and
RX gain could be seen. Thus the gain patterns of the TX and RX antennas need to be modeled.

The antenna gain decreases the further away from the boresight the signal is transmitted/received.
This is characterized by the radiation pattern of the antenna. The antenna patterns are modeled more
extensively compared to the model of Nieuwenhuizen [35]. There only the co-polarization (the desired
polarization of the antenna) was modeled. For MEX and TGO the co-polarization is Right Hand Circular
Polarized (RHCP) [41]. For the model of this thesis, the cross-polarization will be taken into consid-
eration as well. Unfortunately the there was no cross-polarization data available for MEX, so only the
cross-polarization of TGO will be considered (though the simulator is written in such a way that the
MEX cross-polarization could be added if the data were to be present).

The antenna pattern is simulated by a (user-defined) function which takes one input, the off-boresight
angle. Generally speaking, the radiation pattern is dependent on both azimuth and elevation angle,
however for simplicity, it is assumed that there is spherical symmetry in the radiation pattern and that
the influence of the azimuth angle is negligible (so the pattern represents an average of all azimuths).

4.2.2. Co- and cross-polarization patterns for MEX & TGO
The MelaCom antenna system of MEX has off-boresight gain for the co-polarization as tabulated in
table 4.1.

Table 4.1: MEX MelaCom co-polarization (RHCP) antenna gain pattern values (forward link; 437.1 MHz), retrieved from [42,

35].

Off-boresight Antenna
angle [°] gain [dB]

0 6.0

10 5.5

35 3.0

o0 —-2.0

65 —10.0

The linear scale gain function was then generated by performing a fit, using a Gaussian radiation pattern
(given in equation (4.1)), a good approximation for the shape of the MEX antenna pattern [41]. The
radiation pattern fit can be seen in figure 4.2.

Go,dB

2
G(6) =101~ exp(—ln(2)-( o ) ) @.1)

0348

For the Electra radios of TGO, its off-boresight gain for the co-polarization is tabulated in table 4.2. Here
the linear scale gain is once again generated by performing a fit, using a Gaussian radiation pattern
as can be seen in figure 4.3. Important to note here is that this antenna pattern is slightly different
compared to that of Nieuwenhuizen [35].
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Table 4.2:

Figure 4.2: Polar plot MEX MelaCom modeled co-polarization (RHCP) antenna gain pattern.

TGO FM2 antenna gain fit co-pol
o

— Gaussian
Available data
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180°

Figure 4.3: Polar plot TGO FM2 modeled co-polarization (RHCP) antenna gain pattern.

TGO FM2 co-polarization (RHCP) antenna gain pattern values (return link; 437.1 MHz), retrieved from [42].

Off-boresight | Antenna
angle [°] gain [dB]
0 6.1
10 5.9
20 5.6
30 5.2
40 3.8
50 2.1
60 0.8
70 —-1.3
80 —4.1
90 7.1
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The cross-polarization pattern for TGO was estimated from data from figure 4.4. Although the cross-
polarization is more heavily dependent on both azimuth and elevation angle than the co-polarization, a
rough average for multiple azimuth angles is taken and only a general off-boresight angle (so assuming
spherical symmetry) is used. Additionally, in figure 4.4 the null of the cross-polarization patterns is not
exactly at 0°, but for the simulated pattern a symmetric pattern with a null at 0° is used. This was
all done to keep the simulation simple and due to the poor quality of the available cross-polarization
data for TGO. For the cross-polarization fit, a ratio of polynomials type function of the form as given in
equation (4.2) was used for the linear scale gain (where 8 > 0 is the off-boresight angle and a, b, c,d
are the fitting parameters). This radiation pattern fit can be seen in figure 4.5. Note that this radiation
pattern only extends to about 150°, beyond this angle, the cross-polarization gain was set to 0 (=—cc
dB).
ab + bo?

G) = 1+ cl + do?

(4.2)
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Figure 4.4: UHF antenna copolar and crosspolar patterns on TGO Mock up. F1 = 401.6 MHz (Image source [43])



4.2. Model details 25

TGO FM2 antenna gain fit x-pol

© data points
x-pol gain fit

Gain [dB]

-150 -100 -50 [
off-boresight angle [deg]

Figure 4.5: TGO FM2 modeled cross-polarization (LHCP) antenna gain pattern.

4.2.3. Simulation grid generation

The simulation grid consists of a 2D longitude/latitude coordinate grid with grid cells (where the grid
cell center is used evaluation point for distance and angle calculations) along meridians and parallels
(lines of longitude and latitude). First the number of points along the lines of longitude and latitude n;,;
and n,,, is determined, based off the user input. The user gives a grid cell/element size (in meters)
and a total grid length (in meters). Then the number of points along the lines of longitude and latitude
is calculated such that n;,; times the grid cell/element size is equal to (or exceeds) the total grid length
(and the same for n,,,, of course). Note that the grid generation is done in such a way that the specular
point is always in the center of the grid (so n;,; and n;,,, are always odd numbers). Next, the spacing of
the grid is determined. This is done using the pyproj library, a Python interface to PROJ (cartographic
projections and coordinate transformations library) [38]. Pyproj has a function which given a single
initial point and azimuth, number of points (npts) and delimiter distance between two successive points,
returns a list of longitude/latitude pairs describing npts equally spaced intermediate points along the
geodesic between the initial and terminus point (essentially a function which solves direct geodesic
problem). Note that this function uses an ellipsoid shape. Along the meridian of the specular point
(azimuth of 0/180°), this function is called with the delimiter distance set to half the grid cell/elem size.
The delimiter distance is set to half the grid cell/elem size so that both the center, and upper and lower
boundaries coordinates can be determined for the grid cells along the meridian of the specular point.
Then the same thing is done along the parallel of the specular point (azimuth of 90/-90°). Finally the
center points and boundaries of the specular point meridian and parallel are combined into a grid using
the numpy.meshgrid function (both a grid of grid cell center points and a grid of grid cell boundaries is
created). The grid cell center points are then used in the simulator as evaluation point for the calculation
of grid cell parameters (e.g. distance to TX and RX, incidence and emission angles, grid cell normal
vectors, etc.) and the grid cell boundaries are used for the calculation of the surface area of each
grid cell. The advantage of using this procedure with grid points with equal distance spacing is that
this way every grid cell should roughly have the same surface area (as opposed to for example equal
latitude/longitude separation, where you would get significant different grid cell sizes the closer the
specular point is to the poles). That being said, even for the current grid generation process, the closer
the SP is to the poles, the larger the distortion in the area will be for grid cells further away from the SP
grid cell.

4.2.4. Surface permittivity model

Modeling the permittivity for the entire planet is a difficult task. The (apparent) permittivity is highly
dependent on the specific location on the planet (as it changes with surface composition). On top of
that, the apparent permittivity is influenced by the different near-surface layers, this effect is extremely
sensitive to the ratio between the signal wavelength and the layers’ thicknesses [17].

Unfortunately finding a global surface permittivity map of Mars, applicable to the MEX MelaCom an-
tenna frequency was not successful. Castaldo et al. [5] does present a global permittivity mapping



4.2. Model details 26

of Mars, which was derived from Mars SHAllow RADar sounder (SHARAD) radargrams. However,
SHARAD uses a different wavelength compared to MEX MelaCom and the uncertainty (standard devi-
ation) of the global permittivity map was quite high (plus there was no publicly available dataset, only
a figure/map of the results).

Nieuwenhuizen [35] used inferred permittivities based on Gamma-Ray Spectrometer (GRS) and Fine
Resolution Epithermal Neutron Detector (FREND) datasets, however these only gave a rough estimate,
lack polar coverage and use significant interpolation. Therefore, for the model in this work, a constant
value (for the whole planet) for ¢, was used for this numerical model (as well as the practical consid-
eration that it was quick and easy to implement). Unless there are large permittivity changes along
the measurement track, this permittivity model should be sufficient to do qualitative comparisons with
measurement data. as a deviating permittivity should roughly speaking only shift the reflectivity (and
therefore the power) up or down with a constant value (see also figure 2.3 again).

4.2.5. Bistatic radar cross section calculation

For the calculation of the incidence and emission angles of every grid cell a SPICE function is used.
The slope of the grid cell is calculated by taking the angle between the surface normal vector of the
selected shape model (MOLA 128 pixel per degree) and the normal vector that would be at the same
latitude/longitude coordinate of the grid cell for an triaxial ellipsoid shape model. For the C parameter
of the Hagfors’ model, for every grid cell a root-mean-square operation is performed on the selected
grid cell plus all the grid cells surrounding the selected grid cell. So for a selected grid cell not near any
edges the root-mean-square operation is done using 9 points. This is done because the C parameter
should represent a statistical average of the surface variation of an area, which means you need multi-
ple points. Ideally this would be done with a set of points inside the grid cell, but this would add a lot of
extra computations. The required tilt angle (for specular reflection) is calculated as the angle between
the surface normal and the bisector of the 77 and 73 vectors (which is the surface normal at the scat-
tering point needed for a perfect specular reflection) [18] (see again figure 2.6). Then (as explained in
section 2.5.2) the incidence angle is used as input angle for the reflectivity. With the required tilt angle
and C-parameter known, the o3, can be calculated (for both rr and Ir).

4.2.6. pointing modes

One of the goals of this thesis was to investigate how spacecraft pointing influence the received signal.
Therefore the simulator has the option to model the measurement for different pointing modes. The
pointing modes that were implemented are the following:

— Nadir pointing: In this mode the TX and RX spacecraft point their antenna boresight to-
wards the center of the target body (the center of the body-fixed body-
centered target body frame).

— SP pointing: In this mode the TX and RX spacecraft point their antenna boresight to-
wards the specular point throughout the entire measurement.

— SPICE kernel pointing: In this mode the simulator retrieves the orientation of the TX and RX space-
craft from SPICE Camera Kernel (CK) files.

The simulator allows for total received power computation for multiple pointing modes per simulations.
For most simulations, SPICE kernel pointing and SP pointing were used. SPICE kernel pointing for
comparison of the model with the MEX-TGO measurement data and SP pointing to investigate whether
this pointing mode could potentially increase the reflected power (and SNR) of a measurement.

4.2.7. Digital shape model

For the determination of surface roughness and incidence/emission angles a digital model of the shape
of the target body (in this case Mars) is needed. The simulator has two main options to model the shape.
It can be modeled as an triaxial ellipsoid or it can be modeled by SPICE DSK files. ESA has DSK files
available for the MOLA 128 pixel per degree topography model on their FTP server. So for most of the
simulations, the 128 pixel per degree MOLA topography model was used. Though the simulator is set
up in such a way that any shape model represented by DSK files can be used.

One of the big limitations of the model of Nieuwenhuizen was the low spatial resolution (typically 4 pixel
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per degree, maximum of 16 pixel per degree) which led to large oscillations in the simulated power [35].
So a big priority for this numerical model was to increase the spatial resolution. This was achieved
by using the DSK files instead of using Mission Experiment Gridded Data Record (MEGRD) data files.
This meant that dedicated SPICE functions could be used for conversion from (planetocentric) longi-
tude/latitude coordinates to surface points (expressed in a body-fixed body-centered target body frame),
the calculation of the surface normal vectors, and the calculation of the illumination angles (incidence
and emission angles) associated with these surface points. This allowed for a significant increase in
computational speed and therefore the resolution could be increased.

4.2.8. Total received power modeling

As stated earlier, the main goal of this simulator/numerical model is to model the received power. Sec-
tion 2.4 showed that the received power consists of the direct power and the scattering/reflected power.
For the direct power equation (2.30) is used. For the reflected power equation (2.23) is used (as
explained earlier the Hagfors’ model is an empirical model which means that there are no separate
coherent in incoherent components for the reflected power), where discretization occurs due to this
equation being evaluated for every individual grid cell. One of the recommendations of Nieuwenhuizen
[35] was to include polarization effects in the model. Although the recommendation there was to only
let RHCP signals contribute to the total received power, because both the co- and cross-polarization
patterns are modeled, in this model both the RHCP and LHCP received signals are modeled. So this
means that the final model result includes the RHCP and LHCP received direct power, and the RHCP
and LHCP received reflected power (for every grid cell). The total received power is then calculated as
the sum of these four elements. Though they are stored separately so an analysis can be done of the
relative contribution of RHCP vs LHCP polarization as well as reflected vs direct power. See figure 4.6
for a diagram showing all the different received power components.
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Figure 4.6: Polarization components of the bistatic measurement geometry signal power model where the TX emits both a
RHCP and a LHCP component. RHCP and LHCP are depicted by solid and dashed arrows respectively. The green arrows
represent the direct signal component, the blue and yellow arrows represent the signals originating from TX co- and
cross-polarization respectively.
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Both the direct and reflected power use the orientation of the TX and RX spacecraft to calculate the
off-boresight angles to get the correct gain values. This is done for every pointing mode (as a list of
pointing modes can be given as input). The distance are then a straightforward calculation based on
the TX, RX and grid point positions. The bistatic scattering coefficients (rr and Ir) are calculated as
explained in section 4.2.5 and the surface area of an individual grid cell is approximated by the surface
area of the grid cell on a biaxial ellipsoid, which is given by equation (4.3) [27]:

b? sin o 1 1+ esinpy sin ¢ 1 1+ esinp;
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where ¢ is the eccentricity of the ellipsoid, a and b are the semi-major and semi-minor axes of the
ellipsoid, ¢1, v2 are the bounding geodetic latitudes, and A1, \; are the bounding longitudes (in radians).
Then this area is also multiplied with a 1/ cos 6., term to compensate for any occurring slopes.

Finally the measurement is also checked for occultation. This is once again done with a already existing
SPICE function. If the planet blocks the line-of-sight between the TX and RX (occultation) the direct
and reflected power are set to 0. Additionally, if the incidence angle of a grid cell goes above 90 ° the
grid cell is also assumed to be occulted.

4.3. 1Q file data readout

As mentioned earlier, several bistatic measurements have been performed between MEX and TGO
during 2025. The results of these measurements are stored in 1Q files. This section will discuss the
data readout of these files and how the data is converted to power value in Watts.

Unfortunately, at the time of writing there was still no calibration data available for the MEX-TGO setup
that was used in these measurements (though calibration measurements are planned to happen in
March of 2026). Therefore, for the data readout the same procedure as described by Nieuwenhuizen
[35] is used (for a detailed explanation refer to her thesis). The relevant data is collected as Automatic
Gain Control (AGC) data, which is a parameter which is representative of the received signal power.
This AGC data needs to be retrieved from In-phase / Quadrature (1Q) files (sample records which are
downlinked by TGO). This consists of selecting the relevant bits from the IQ file to get the AGC data.
The AGC data is a number ranging from 0 to 255. This is then converted to based on the noise floor
power and a guess that every step in AGC count corresponds to a dB step size of 1 [35].



Results & Discussion

This chapter presents validation and model results for the bistatic geometry search numerical model
as described in chapter 3 and presents validation and model results for the bistatic measurement sim-
ulation model as described in chapter 4 for several measurements between MEX and TGO, along with
relevant discussion of these results. First the bistatic geometry search model results will be discussed
in section 5.1 and after that the results for the measurement simulation model are discussed in sec-
tion 5.2. Finally, section 5.3 will discuss an investigation into what would be an optimal incidence angle
for a bistatic measurement (for a simplified geometry).

5.1. Bistatic geometry search results

First in section 5.1.1 several validation results will be presented, and then in section 5.1.2 the results
for the future measurement opportunities search will be discussed.

5.1.1. BSR specular point ground track validation

To simulate the bistatic measurements, the (latitude/longitude) location of the specular point is required
for all the time stamps where the measurement shall be simulated. This process was explained in
chapter 3. There it was mentioned that for the SP search, either an ellipsoid shape model or a shape
model defined by DSK files could be used. For all the results in this thesis, the ellipsoid shape model
was used for finding the specular points.

The choice of using the ellipsoid shape model instead of the full Mars MOLA shape model has several
reasons. First of all, due to the non-smooth terrain the optimization algorithm could potentially get stuck
in a local minimum (or not converge at all). Additionally, with non-smooth terrain it is not guaranteed
that there is a single SP, there could be multiple points that satisfy the geometry requirements of a SP,
complicating the process. Finally, when SP searches were performed with the MOLA shape model,
the resulting SP track for the measurement was usually very noisy and there were often gaps in the
track where the optimization algorithm failed to converge, likely because at those periods any surface
normal vector deviated too much from the TX-SP-RX plane (due to the non-smooth terrain).

It is important to confirm that the SP geometry search process (with the ellipsoid model) is working
as expected. Therefore the bistatic geometry search process was validated by comparing it with the
minimum delay point and with the SP tracks found by Nieuwenhuizen [35].

SP vs simulator minimum delay point

One possible way to validate the bistatic geometry (specular point) is to look at the delay of the specular
point. For an ellipsoid shape model the specular point should be the point of minimum delay (=minimum
path length) [39]. So the distance between the computed specular point and the point of minimum delay
(for an ellipsoid shape model) should give a good measure of the accuracy of the bistatic geometry
search process.

Thus, for measurement Bi-Static Radar (BSR)-2.1 a simulation was performed using an ellipsoid shape

29
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model of Mars, with a 50 m by 50 m grid and grid cell size of 0.25m (by 0.25m). Then the distance
between the specular point and the minimum delay point was computed by solving the inverse geodesic
problem (which was handled by PyProj [38]). The results for this can be found in figure 5.1. With an
average distance of just above 0.5 m, the bistatic geometry search algorithm seems to be converging
to the point of minimum as expected. figure 5.2 is also included here to show an example the delay
contours of the simulation (for ¢ = 0s). These delay contours are elliptical of shape for an ellipsoid
shape model (as expected),
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Figure 5.1: Distance between SP found by geometry search and minimum delay point of simulation (grid cell size: 0.25 m, total
grid size: 50 m) for measurement BSR-2.1.
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Figure 5.2: Absolute delay contour plot of the simulation surface grid (grid cell size: 0.25 m, total grid size: 50 m, shape model:
ellipsoid) for measurement BSR-2.1 (at t = 0s).

SP comparison with Nieuwenhuizen SP

Another way to validate the geometry search algorithm is by comparing it to the results of Nieuwen-
huizen [35]. As Niewenhuizen also uses an ellipsoid shape model for determining the specular point,
the ground tracks of the SP for this thesis and that of Nieuwenhuizen should be the same. In figure 5.3
the latitude and longitudes of the SP track for measurement BSR-2.1 is shown. Besides two anoma-
lies in the latitude around ¢t = 125s and t = 550s, which appear to be deviations in the otherwise
smooth curve, the track of the SP of the geometry search of this thesis and the track determined by
Nieuwenhuizen [35] are in agreement.
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Figure 5.3: Latitude and longitude for SP for this thesis and Nieuwenhuizen [35] for measurement BSR-2.1.

5.1.2. Measurement opportunities search results

One of the recommendations of Nieuwenhuizen [35] was to look for a less computationally intensive
algorithm for deriving specular point geometry constraints. The current algorithm only takes a couple
of seconds to run (for an ellipsoid shape model), and is decoupled from the measurement simulation
script. This simplifies the simulation process because the specular point geometry search only has to be
performed once for each measurement and can then be reused if it is desired to run the measurement
simulation with a different set of parameters (e.g. changing the grid size, permittivity, etc.).

Besides using the bistatic geometry search model as part of the bistatic measurement simulation, it can
also be used standalone to search for future bistatic measurement opportunities. One of the limitations
in Nieuwenhuizen’s [35] search possibilities was that it lacked the ability to search for measurements
in specific target areas. Therefore in the measurement opportunities search model in this thesis, the
possibility was added to check which Region of Interests (ROIs) are intersected for a measurement op-
portunity interval. This allows for a (automated) selection of potential measurement opportunities. This
thesis uses the ROIs defined by Nieuwenhuizen [35] for its assessment. To aid the selection of the most
useful measurement opportunities a figure-of-merit/performance metric was defined to rank all the mea-
surement opportunities. This performance metric takes into account the amount of regions-of-interest
that are intersected during the measurement interval, the duration of the interval, the minimum and max-
imum range sum (TX to SP distance + RX to SP distance) during the interval, and the minimum and
maximum incidence angle during the interval. The performance metric is described by equation (5.1).

metric = 1 - 10* - # of intersected ROIs + 10 - interval duration [s]

o 92 min + ei.max . (51)
— 100 - |60° — ’f’[deg] — (range sum min [km] + range sum max [km])

A measurement opportunity search was then performed for June,July and August 2026 (with added
constraints as discussed in section 3.1) and the found opportunities were then ranked with this perfor-
mance metric. The results for the first seven measurements are shown in figure 5.4. Information about
these measurement opportunities can be found in table 5.1.

The first ranked measurement opportunity has a very long measurement duration (over 1400s) and low
minimum range sum which is why it's at the top. The second ranked opportunity actually intersects
both the Chryse Planitia and Valles Marineris regions which is why it also scored very high. The third
measurement opportunity also has a very long measurement duration (almost 1200s) and comes very
close to the north pole. This potential measurement could also be interesting to investigate the effect
that snowl/ice has on the reflected power.
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Figure 5.4: Global map of Mars with several future MEX-TGO bistatic measurement opportunities ground tracks with ROls
from [35] (background retrieved from [44]).

Table 5.1: Table with information about the first seven ranked measurement opportunities found between June and August

2026.
) incidence angle range sum
D Start time Measu.rement . ROIs bounds [°] bounds [km]
[TDB] duration [s] intersected _ _
min max min max
Meas. Opp. 0 | 2026 AUG 29 | 1423.125 | 'UtopiaPlanitia’| 59.0 | 84.6 | 1474.9 | 3499.6
17:04:29.531
Meas. Opp. 1 | 2026 AUG 06 502.5 ‘ChrysePlanitia’, 73.1 | 84.8 | 3127.5 | 3499.15
10:42:58.593 'Valles-
Marineris’
Meas. Opp. 2 | 2026 AUG 27 | 1186.875 | ’UtopiaPlanitia’| 54.9 | 85.0 | 1440.2 | 3156.2
16:08:00.468
Meas. Opp. 3 | 2026 JUL 19 868.125 ‘UtopiaPlanitia’ | 40.6 | 85.0 | 1071.3 | 3495.4
16:25:53.906
Meas. Opp. 4 | 2026 AUG 04 | 902.8125 | 'UtopiaPlanitia’| 51.5 | 85.0 | 1291.8 | 3495.6
23:32:47.343
Meas. Opp. 5 | 2026 JUL 16 841.875 ‘ChrysePlanitia’l 42.7 | 85.9 | 1248.4 | 3498.9
11:41:16.406
Meas. Opp. 6 | 2026 JUL 13 | 850.3125 | 'MFF’ 43.5 | 85.0 | 1557.1 | 3499.6
06:56:10.781
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5.2. Bistatic measurement simulation model results

As mentioned in the introduction, the MEX-TGO bistatic measurements were originally resulted from
occultation measurements between the two spacecraft where, due to an incorrect switch-on time, it
was discovered that there was also a power return from the surface. Following the same convention
as Nieuwenhuizen [35] these measurements are designated as BSR campaign 1. However, due to the
very low signal strength and little signal power variations, BSR-1.1 to 1.4 will not be discussed in this
thesis. After BSR campaign 1 two more measurements were done in March and April of 2025 (BSR
campaign 2) and Nieuwenhuizen proposed several new measurements (between July and December
2025) from which a selection was also chosen. table 5.2 summarizes all the bistatic measurements
between MEX and TGO (except BSR campaign 1) for which at the time of writing measurement data
was available. These measurements were all modeled with the bistatic measurement simulation model
and will be discussed in sections 5.2.3 and 5.2.4. But first several validation results of the model will
be presented.

Table 5.2: Table of measurement times and duration for BSR campaigns 2 to 8 retrieved from [35]

ID UTC Date | UTC Time Start | Duration [min]
BSR-2.1 | 20/03/2025 23:40:54 10
BSR-2.2 | 05/04/2025 16:56:04 10
BSR-3.1 | 17/07/2025 10:38:31 10
BSR-4.1 | 15/08/2025 19:39:12 20
BSR-5.1 | 22/09/2025 22:56:40 10
BSR-6.1 | 30/09/2025 19:33:20 10
BSR-6.2 | 07/10/2025 05:02:15 8
BSR-6.3 | 13/10/2025 00:38:36 19
BSR-6.4 | 15/10/2025 15:30:52 10
BSR-6.5 | 16/10/2025 05:21:53 20
BSR-7.1 | 01/11/2025 12:33:54 10
BSR-7.2 | 04/11/2025 03:21:58 10
BSR-7.3 | 09/11/2025 09:10:58 10
BSR-7.4 | 15/11/2025 04:49:32 10

5.2.1. Grid cell size effect on model

A first validation step of the bistatic measurement simulation was to investigate the grid cell size effect
on the model power. As the accuracy of the calculations within the model is driven by the accuracy
of the DEM, the expectation is that grid cell sizes below the Mars MOLA DEM (which is about 463 m
at the equator) will not lead to significant differences in model results. To validate this several simula-
tions (for a 50 km by 50 km grid) with different grid cell sizes were performed for measurement BSR-2.1.
The simulation with the smallest grid cell size (200 m by 200 m) was taken as the reference (assumed
to have the highest accuracy). The difference in power between the other simulations and the refer-
ence simulation then gives a measure of the error for the higher grid cell sizes. Therefore the relative
RMS error of the reflected power of the other grid cell sizes with respect to the reference power (RMS

Pre _Pre. re 1 1
—ep—reheel) can be seen in figure 5.5.

Figure 5.5 shows that the error decreases roughly linearly with grid cell size until around 400 m. Below
400 m the RMS error seems to level off as expected, with the remaining error attributed to discretization
noise. For most of the simulations however, a 800 m grid cell size was used to reduce the computation
time.
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Figure 5.5: Relative RMS error of reflected power for simulations with different grid cell sizes with respect to reference
simulation (grid cell size 200 m) for measurement BSR-2.1.

5.2.2. Grid size effect on model

The effect of the total grid size was also investigated. Several grid sizes were tested, including 100 km by
100 km, 200 km by 200 km and 300 km by 300 km grids. The one experimental simulation performed with
a 300 km by 300 km grid did not yield a significant different result compared to the 200 km by 200 km
grid simulation (in terms of received power). Therefore, to keep the computation times of a single
measurement reasonable, it was decided (for most measurements) to use a 200 km by 200 km grid.

5.2.3. Model comparison BSR 2.x%, 3.x, 4.x with measured data and Nieuwenhuizen

model

One of the main research questions was to compare the modeled measurements (specifically the re-
ceived power) with the initial model created by Nieuwenhuizen [35] and compare it with the measured
data from MEX-TGO bistatic measurements. First the results for the received power (using the space-
craft pointing attitudes that were used during the MEX-TGO bistatic measurements) for BSR campaigns
2,3 and 4 (BSR-2.1 till 4.1) will be discussed as they offer the possibility compare the current model to
the model of Nieuwenhuizen [35] and see if the improvements to the spatial resolution and switching
to the DSK files of the Mars MOLA shape model improved the results. As mentioned earlier,BSR-1.x
results will not be discussed as they had low signal strength and very little power variations across their
measurements, making it difficult to use for comparison.

Although a spatial resolution increase could be achieved compared to Nieuwenhuizen [35], to limit the
computation time the temporal resolution was kept at time steps of 1.0s. All simulations were done with
a relative permittivity of ¢, = 4.0, a grid size of 200 km by 200 km and a grid cell size of 800 m for the 10
minute measurements and 1600 m for the 20 minute measurements.

The noise temperature of the TGO RX antenna was retrieved from [41] to be 300 K and the noise
bandwidth is deduced from the sampling rate (32kHz). According to Svedhem [41] there should be
an anti-aliasing filter before the Analog-to-Digital Converter (ADC) and therefore the noise bandwidth
should be half the sampling rate, which gives a noise bandwidth of 16 kHz. These numbers are different
from the ones used by Nieuwenhuizen [35], so this means that the received power from the measured
data will be different. Additionally, a mistake in the reflected power equation of Nieuwenhuizen was
found, dividing by 47 squared instead of 47 cubed. So a correction factor of 1/47 has been applied to
the Nieuwenhuizen reflected power.
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BSR-2.1

In terms of features, in figure 5.6 it can clearly be seen that the model follows the measured data for
the large dip around ¢ = 150s. This dip is caused by the Louth crater [3] which is present near the SP
around that time. This can clearly be seen when looking at figure 5.7 which shows the terrain of the
simulation grid at ¢t = 150s. At the end of the measurement (between ¢ = 500 s and ¢t = 600 s) the model
also appears to follow the data, with a dip and then two peaks visible in the model as well as in the
measured data.

For this measurement the direct signal power is notably lower than the reflected power. So the behavior
observed in the total received power is primarily driven by the behavior of the reflected power.

When comparing to the model of Nieuwenhuizen, what stands out is the overall power level is much
higher for Nieuwenhuizen and the Nieuwenhuizen model has a large scale increase and then decrease
which is not present in either this thesis’ model or the data.
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Figure 5.6: Comparison of received power model results with measured data and Nieuwenhuizen [35] model for BSR-2.1.
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Figure 5.7: Terrain (altitude above ellipsoid) contour plot of the simulation surface grid for measurement BSR-2.1 (at ¢t = 150s)

BSR-2.2

In figure 5.8 the overall shape of the model seems to match of the data reasonably, but the model
appear dampened relative to data, with the model features occurring at a much smaller power scale.
For example the large scale increase and then decrease between ¢t = 300s and ¢ = 600s which can
clearly be seen in the data is barely visible in the model (though it can clearly be seen the modeled direct
power component). This is in striking contrast with the Nieuwenhuizen model where (when ignoring the
ripple effect) the large scale increase and then decrease is much larger. The model does also appear
to have similar fluctuations in power between ¢ = 350s and ¢ = 450, especially when comparing the
measured data to the total reflected power. However these effects are overpowered by a large direct
signal power, resulting in the total received power being very flat compared to the data.
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Figure 5.8: Comparison of received power model results with measured data and Nieuwenhuizen [35] model for BSR-2.2.
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BSR-3.1

For this measurement (figure 5.9) the model follows most of the shape of the data extremely well. From
t = Osuntil t = 4253, virtually every significant peak/dip in power can that can be seen in the data seems
to be present in the model. Only the large spike at the end of the measurement is not visible in the
model.

When comparing to Nieuwenhuizen, some similarities in the power fluctuations can definitely be ob-
served, but once again the absolute power of the Nieuwenhuizen model is much larger and its overall
ripple effect makes it difficult to see certain features.
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Figure 5.9: Comparison of received power model results with measured data and Nieuwenhuizen [35] model for BSR-3.1.

BSR-4.1

In figure 5.10 the overall (primarily flat) shape of the model matches the measured data quite well. What
is remarkable though is that the large bump/peak between ¢t = 200s and ¢t = 350 s does not appear in
the model, whereas several smaller features (for example several spikes before t = 200 s and between
t = 600s and ¢t = 900s) do appear in the model. Additionally, at the end of the measurement the times
when the power disappears for the model and drops to the noise floor for the measured data are the
same. This is due to occultation and indicates that the occultation check of the simulator appears to be
operating adequately.

Near the middle of the measurement, Nieuwenhuizen’s model power unexpectedly decreases signifi-
cantly. Also near the end of the measurement, Nieuwenhuizen’s model levels off due to its direct power
contribution, however compared to this model the direct power contribution of Nieuwenhuizen’s model
is a bit lower, which is surprising as the only source for this discrepancy could be either a difference
modeled distance (unlikely given that this model and Nieuwenhuizen’s model both use the same SPICE
kernels), or a difference in the antenna gain patterns or off-boresight angles. It is likely (in part) caused
by the difference in the receiver (TGO) co-polarization antenna gain pattern.
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Figure 5.10: Comparison of received power model results with measured data and Nieuwenhuizen [35] model for BSR-4.1.
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General observations

The first thing that stands out is that compared to the data and to Nieuwhuizen’s model the absolute
power seems to be consistently lower. Whether this is an underestimation of the power of the model is
difficult to say as there is no calibration data available yet to determine the actual absolute measured
power. Therefore it is more interesting to look at the general shape of the power curves and see if
features like peaks and valleys that occur in the measured data, also appear in the model.

Compared to Nieuwenhuizen’s model, the current model does not seems to suffer from periodic os-
cillations/ripple effects. Moreover, the current model also does not seem to have any kind of 'signal
mirroring effect’ that Nieuwenhuizen mentioned in her model (when using 4 pixel/deg resolution), and
the current model also doesn’t suffer from the very large difference between the minimum and maxi-
mum absolute power that can be seen in the model of Nieuwenhuizen. These are all very good signs,
suggesting that the increase in spatial resolution seems to have really improved the model results.

Generally speaking, the model shape matches the measured data very closely. The features in the
power signal are usually less severe for the model than for the measured data, but again, this can be
attributed to the uncertainty in the MEX-TGO power calibration. However the current model doesn’t
match the data in every place. When trying to find similarities between the regions that were modeled
less accurately (particularly looking at the large scale increase and then decrease between ¢ = 300s
and ¢t = 600 s for BSR-2.2, the end of BSR-3.1 and the large bump/peak between ¢t = 200s and ¢t = 350's
in BSR-4.1) it was noticed that all these deficiencies seems to happen when the incidence angle is on
the lower side (see the incidence angle plots in appendix B). So it could be that reflected power at low
incidence angles is underestimated by the model. Perhaps this is because the cross-polarization of
MEX is not included, but this is not certain.

5.2.4. Model comparison BSR 5.x%, 6.x, 7.x with measured data

More recent measurements (BSR campaigns 5,6 and 7) were also available. The results for the re-
ceived power (again using the spacecraft pointing attitudes that were used during the MEX-TGO bistatic
measurements) for these measurements are discussed below. Although these measurements were
not modeled by Nieuwenhuizen, a comparison with the measured data is still possible.

BSR-5.1

Again the model matches the general shape of the measured data really well. Especially the peak
around ¢t = 380s. This peak corresponds to when the SP is in the middle of a crater. Only the peak
around ¢t = 500s is not very pronounced (a bit more flattened compared to the measured data). Once
again the measured data has a higher power than the model. At the very beginning of the measure-
ment, it can once again be observed that the time when the spacecraft come out of occultation for the
model matches that of the data. However, there is a small difference between the signal power of the
measured signal during eclipse and the noise floor power. This is because the 'calibration’ of the noise
floor power is determined once and the same conversion factor is used for all the measurements. So
this seems to indicate that there is some drifting of the noise floor AGC value.
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Figure 5.11: Comparison of received power model results with measured data for BSR-5.1, zoomed in.
BSR-6.1

The model follows the general shape of the measured data reasonably. However, where the data has its
maximum power around ¢ = 350 s, the model only starts to drop in power just after ¢ = 400s. Secondly,
the large spikes in power for the data at t = 500s and just before ¢t = 600s are very dampened in the
model due to the large direct power. These spikes can clearly be seen though in the reflected power.
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Figure 5.12: Comparison of received power model results with measured data for BSR-6.1, zoomed in.
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BSR-6.2

The general shapes of the measured data and the model match once again very well. The only surpris-
ing thing in the model shape is the big dip around ¢ = 380s in the model power which does not occur
in the data. When looking at the terrain this dip appears to occur when the SP is on the edge/rim of a
crater. Also, the moment of coming out of occultation can once again clearly be seen to match.
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Figure 5.13: Comparison of received power model results with measured data for BSR-6.2, zoomed in.
BSR-6.3

Once again the general shapes seem to be a quite good match. Surprising is the relative ratio of certain
dips in the model compared to the data. In the model there is a large dip around ¢ = 500s and then
some smaller peaks/dips after that. In the data, the dip around ¢ = 500s is also present but much
smaller and the peaks/dips right after are much more erratic compared to the model. Occultation can
again be observed at the beginning and end for the data and model.
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Figure 5.14: Comparison of received power model results with measured data for BSR-6.3, zoomed in.
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BSR-6.4

The first two-thirds of the measurement, the reflected and direct power are well below the noise power.
This is likely due to a very large TX antenna off-boresight angle in the beginning of the measurement
(see figure B.9 in appendix B). Only in the last third of the measurement does the power start to rise.
The point when the power starts to rise happens roughly at the same time for the measured data and
the model. The model initially rises faster than the data, which is surprising as for all the previous
measurement the measured data power has consistently been higher than the model power. However,
then the model has a dip in power (¢ = 500 s) which cannot really be observed in the data. After that the
model follows the shape of the data quite well for the last 100 s of the measurement. When looking at
the terrain around ¢ = 500 s the specular point comes really close to a crater which could be the cause
of the dip. This dip is on the smaller side in terms of absolute power (the zoom makes it seem more
pronounced), which could be why it does not show up in the data.
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Figure 5.15: Comparison of received power model results with measured data for BSR-6.4, zoomed in.

BSR-6.5

In terms of general shape the model matches the measured data with in increase in power during the
middle of the measurement and follows the occultation at the end of the measurement. What is curious
is that there are several places where the data shows a peak but the model does not. Specifically the
peaks around t = 550s, t = 625s and ¢t = 675s. When looking at the topography around those times,
the peaks seem to occur when the specular point comes close to (the rim of) a crater. In the previous
measurements, passing a crater typically yielded a dip in power. A possible explanation for having
peaks instead of dips here could be that the increased roughness, steep slopes, and accumulation of
ejecta blocks at the crater rim create enhanced scattering which the Hagfors’ scattering model does
not take into account.
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Figure 5.16: Comparison of received power model results with measured data for BSR-6.5, zoomed in.
BSR-7.1

The general shape of the model matches the measured data with the exception of the large dip in power
in the measured data between ¢ = 275s and t = 425s. The terrain around that time looks actually

relatively flat, so it could be that the roughness (C' parameter of the Hagfors’ model) is overestimated
there.
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Figure 5.17: Comparison of received power model results with measured data for BSR-7.1, zoomed in.
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BSR-7.2
This measurement seems very similar to measurement BSR-6.4. Once gain for the first two-thirds of

the

measurement the reflected and direct power are below the noise threshold. This appears to be

also primarily caused by a very large TX antenna off-boresight angle (see figure B.12 in appendix B).
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Figure 5.18: Comparison of received power model results with measured data for BSR-7.2, zoomed in.
BSR-7.3

The general shape of the model matches the data except between ¢ = 300s and ¢ = 475s where the
measured data has a sudden increase (and then decrease) in power. However, smaller features that
are on top of this large scale power change can still be seen in the model.
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Figure 5.19: Comparison of received power model results with measured data for BSR-7.3, zoomed in.
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BSR-7.4

This measurement seems very similar to measurement BSR-3.1 in the sense that the model follows
most of the shape of the data extremely well and virtually every significant peak/dip in power in the data
seems to be present in the model. Only at the beginning does the model stay relatively flat where the
data shows some spikes, though this could just be a noisy signal.
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Figure 5.20: Comparison of received power model results with measured data for BSR-7.4, zoomed in.

General observations

Just as for BSR campaigns 2,3 and 4, the model results for BSR campaigns 5,6 and 7 overall seem
to match the measured data (in terms of shape) very closely. However, just as before, there are still
some places where there is a mismatch between the model and the measured data. The differences
at the very end of BSR-5.1, the very end of BSR-6.2, peaks during in the middle of measurement
BSR-6.5 and the mismatch betweent = 300s and t = 475s for BSR-7.3 all seem to occur when the
incidence angle is relatively low (below 45 °). So this could again be an indication that the reflected
power is underestimated for these low incidence angles. However for the mismatch between ¢ = 275s
and ¢t = 425 s for BSR-7.1 the opposite seems to happen. There, although the incidence angle is once
again relatively low, the measured power decreases instead of increases. This could of course also be
caused by something unrelated, but it is surprising to observe.

5.2.5. Signal polarization impact

One of the important improvements (compared to Nieuwenhuizen [35]) was the implementation of the
polarization dependence of the antenna patterns and the reflectivity. Therefore the decomposition of
the RHCP and LHCP reflected signals are shown for BSR-2.1 to BSR-4.1 in figures 5.21 to 5.24. The
polarization plots for the other measurements can be found in appendix B.

These polarization plots shows that the RHCP and LHCP components of the reflected power are usually
very similar in shape (suggesting that the topography is the driving factor of these power fluctuations)
and that the LHCP component comes very close to the RHCP component for lower incidence angles (in
terms of absolute power) but that for higher incidence angles the LHCP component drops off very hard
(as expected), which can be clearly seen for example near the end of measurement BSR-4.1 (there
the incidence angle steadily increase) as well as measurements BSR-6.3, BSR-6.5 and BSR-7.1 (see
appendix B).

What is interesting to see is that for BSR-3.1 the LHCP component is actually dominant, underlying the
importance of modeling both polarizations. Perhaps this could also partially explain why the model is
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consistently lower in power than the data as the MEX cross-polarization is not modeled (although this
is of course very uncertain given that the calibration of the AGC data is still not available).
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Figure 5.21: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-2.1.
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Figure 5.22: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-2.2.
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Figure 5.23: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-3.1.
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Figure 5.24: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-4.1.
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5.2.6. Specular point pointing

The initial hypothesis was that by pointing towards the specular point, the TX and RX gain would
increase for the reflected power. Actively pointing towards the specular point for an entire measurement
would require more resources from an operational standpoint (fuel consumption, maneuver planning,
etc.), so it's important to investigate if this would yield a significant better SNR.

The plots showing the power for specular point pointing for BSR-2.1 to BSR-4.1 are shown in fig-
ures 5.25 to 5.28. The plots for the other measurements can be found in appendix B.

What can be seen in virtually all the figures is that, although the reflected power is higher than in the
default (nadir) pointing case, the direct power is much higher than the reflected power, meaning that
any variations in reflected power are essentially overpowered by the direct signal. So here the SNR
is not driven by the noise power but by the direct power. This means that, for the current setup, using
specular pointing would actually give a worse SNR (as the reflected power is the desired signal) instead
of increasing it. These results came initially as a surprise but can be easily explained. When pointing
towards the specular point, the off-boresight angles for the direct power signal decrease compared to
conventional nadir-pointing considering geometries with medium/high incidence angles (in the limit of
an incidence angle of 90 ° the TX and RX would be directly pointing to each other). This apparently
increases the direct signal by such an amount that it becomes much larger than the reflected power.

This problem could be solved by using a LHCP transmitting antenna with a RHCP receiver antenna (or
the other way around). This solution works twofold. Firstly, measurements could take place at much
lower incidence angles (as the LHCP to RHCP Fresnel coefficient is higher for low incidence angles,
see again figure 2.3). When using specular pointing, this would decrease the direct power as the
off-boresight angle would be much greater. This is under the assumption that enough measurement
opportunities with low incidence angles exist. Secondly, by having different co-polarizations for the TX
and RX antennas the direct power will be much lower (because then one of the gain patterns will always
be the cross-polarization patterns which is much weaker).

Another possible solution would be to attempt to remove direct signal component by for example sub-
tracting the modeled direct power. However, given the limited knowledge of the detailed TGO antenna
pattern for the two polarizations, it is unlikely that this would succeed. One would likely just be left with
noise. For this approach to have a chance of working the resolution (in terms of power) should be much
smaller than the variations in the reflected power signal.
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Figure 5.25: Comparison of received power model results for specular point pointing with measured data and Nieuwenhuizen
[35] model for BSR-2.1.
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Figure 5.26: Comparison of received power model results for specular point pointing with measured data and Nieuwenhuizen
[35] model for BSR-2.2.
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Figure 5.27: Comparison of received power model results for specular point pointing with measured data and Nieuwenhuizen
[35] model for BSR-3.1.
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Figure 5.28: Comparison of received power model results for specular point pointing with measured data and Nieuwenhuizen
[35] model for BSR-4.1.



5.2. Bistatic measurement simulation model results 51

5.2.7. Permittivity effect on model

One of the research questions stipulated the investigation of the influence of simulation parameters
on the received signal. One important parameter in this regard is the surface permittivity. This is an
important parameter because detection of subsurface water ice as well as soil moisture retrieval often
mentioned in the studied GNSS-R literature all rely on changes in permittivity caused by the presence
of water (ice) in the surface. Therefore the capacity of the model to distinguish differences in power
caused by differences in permittivity is extremely important to assess the ability of the model to detect
subsurface water.

In section 2.2.1 the effect of incidence angle and permittivity on the reflectivity was discussed. On
the one hand rr reflectivity decreased for increasing permittivity but rl reflectivity increased for increas-
ing permittivity. As measurements have varying incidence angles and both LHCP and RHCP signal
reflections it is important to investigate the overall effect of changing the permittivity on the received
power.

First, results for measurement BSR-2.1 will be explored, which overall has a higher Ir than rr reflectivity
(see figure B.1 in appendix B). figure 5.29 shows the reflected power for three different relative per-
mittivities (e, = 4,6, 8). For nearly the entire measurement the simulation with the lowest permittivity
has the lowest reflected power and the highest permittivity has the highest power. This is as expected
because the Ir reflectivity is dominant for this measurement. In figure 5.30 the absolute differences in
reflected power for the three permittivities is shown. Here it is important to see if the difference is large
enough to be detected. In the middle of the measurement the differences in power rise above the noise
floor, so if the receiver antenna power resolution is high enough, these differences in permittivity could
be measurable. However at the beginning and end of the measurement the difference in power drops
below the noise floor, so this would not be measurable. So for relative permittivity differences of 2.0
the model indicates that it would be critical whether this difference is detectable or not, depending on
the resolution.
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Figure 5.29: Comparison of reflected power model results for several permittivities for BSR-2.1.
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Figure 5.30: Absolute difference in reflected power between model results for several permittivities for BSR-2.1.

Next, results for measurement BSR-7.4 will also be explored. BSR-7.4 has a rr reflectivity that is
generally (a little bit) higher than the Ir reflectivity (see figure B.14 in appendix B), so it will be interesting
to see if this will change the results.

figure 5.31 shows the reflected power for three different relative permittivities (e, = 4,8,12). It is not
very easy to see but the fact the rr reflectivity is now dominant indeed changed. At the beginning and at
the end of the measurement it appears now that the lowest permittivity has the heighest reflected signal.
In the middle of the measurement the middle reflectivity (¢, = 8) actually appears to be the strongest.
Perhaps because during the middle of the measurement the rr and Ir reflectivities are nearly equal.
When looking at the absolute differences in reflected power in figure 5.32, the results are unfortunately
not very encouraging. The differences in power are well below the noise floor, so not even a relative
permittivity difference of 8.0 would be detectable.

The difference of BSR-2.1 and BSR-7.4 for the absolute power difference is probably because the
reflected power for BSR-2.1 is much larger (almost 1 x 10~'°> W) compared to BSR-7.4 (just reaching
3 x 1076 W). So the absolute power of the measurement could be critical for the ability to differentiate
between different permittivities. Additionally, the difference in reflectivity for different permittivities is
usually larger for the Ir than for the rr reflectivity (see figure 2.3), so that likely also partially explains the
good results for BSR-2.1.

It is important to keep in mind that the differences in power here are due to a change in permittivity of
the entire grid. For the search for example water ice the area with different permittivity will of course
be localized to a certain area of the grid. Nevertheless, these results should give a general idea about
the behavior of the reflected power for different permittivities and what kind of permittivity differences
could potentially be differentiated with the current setup with MEX and TGO.
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Figure 5.31: Comparison of reflected power model results for several permittivities for BSR-7.4.
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5.2.8. Spatial resolution

In section 2.6 it was mentioned that if the surface roughness is low enough the power mainly comes from
the first Fresnel zone, but that natural surface typically have a much larger glistening zone. Thus it is
important to investigate the spatial resolution of the bistatic measurements. First, Delay-Doppler Maps
(DDMs) without WAF convolution of measurement BSR-2.1 at two different times will be investigated.
One att = 150 s when passing the Louth crater to see the effect of topographical features on the spatial
resolution, and one at ¢t = 300s (middle of the measurement) when the terrain is more flat. These
DDMs are shown in figures 5.33 and 5.34.

Theses figures both show a broad horseshoe shape associated with incoherent scattering. The apex
of the horseshoe (near the SP) is where the signal power is strongest, as expected. The arms of
the horseshoe extend along the axes of the DDM, representing the scattering from surrounding areas.
There can still be seen significant power coming from these surrounding areas (points further away
from the SP), but do note the non-linear color scale. It appears that the assumption that the power
mainly comes from the first Fresnel zone does not seem to apply for these simulations (at least for
BSR-2.1), but that the power seems to come from a much larger area. What can also be observed is
that the DDM for the Louth crater does not exhibit a very clear horseshoe shape, but especially near
the SP seems to be much 'noisier’. This is likely due to the topography of the crater causing grid cells
close to the SP to have relatively large differences in delay.

To confirm that the reflected power originates from a larger area, the reflected power plotted on the
surface grid will also be explored. These are shown in figures 5.35 and 5.36. It is indeed clear that
the power is coming from an area much larger than the first Fresnel zone (which is only in the order of
1km in size for measurement BSR-2.1.). In figure 5.35 the crater and its surrounding area can clearly
be seen. The crater edge seems to reflect very little power (which explains the drop in power seen at
t = 150s in the power of BSR-2.1) and the most power appears to come from the area surrounding
the crater. In figure 5.36 the majority of the power does seem to come from the area around the SP.
But even here, where there is a lot less topographic difference compared to the Louth crater, the area
where the power appears to originate from is in the order of tens of kilometers.

BSR-2.1 Sigma matrix (DDM without WAF convolution) of total reflected power
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Figure 5.33: DDM (without WAF convolution) for the reflected power for BSR-2.1 at ¢ = 150s. Delays and Doppler shifts are
expressed relative to those of the SP.
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Figure 5.35: Reflected power of the simulation surface grid for measurement BSR-2.1 at ¢t = 150s.
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Figure 5.36: Reflected power of the simulation surface grid for measurement BSR-2.1 at ¢ = 300s.

5.3. Optimal incidence angle

One of the research goals was to investigate key parameters for (future) measurements. An impor-
tant geometry parameter is the incidence angle of a measurement, as it has a high influence on the
reflectivity and thus the total received power. So it would be relevant to know the optimal incidence
angle for a measurement. To simplify this problem, it will be assumed that the planet is spherical and
that the bistatic geometry constraints are satisfied (so TX, RX, SP and SP normal vector are all in one
plane, essentially making it a 2D problem). Then for a given TX and RX distance to the SP (and planet
radius) all the relevant angles and distances can be calculated using the law of cosines. This can be
done for the case that the spacecraft are pointing towards the center of the planet and for the case
that they are pointing towards the SP. Note that the results are highly dependent on the TX and RX
antenna patterns. So any conclusions based on the results here can only be applied to measurements
with MEX and TGO.

There are several ways to define what is an ’optimal’ incidence angle. Firstly, an optimal incidence angle
which yields maximum reflected power will be considered. The results for this (for a set of TX to SP and
RX to SP distances) are shown in figure 5.37. For pointing towards the SP, all the distances resultin an
optimal incidence angle of 90 ° (it's a bit difficult to see in figure 5.37 as all the lines for target body center
are on top of each other). This is not surprising as MEX and TGO both have a RHCP co-polarization,
and going to 90 ® maximizes the rr reflectivity. For nadir pointing (TX and RX pointing towards the center
of the target body), the optimal incidence angle is actually dependent on the distances. It appears to be
approximately linearly dependent on both the TX to SP and RX to SP distance. The optimal incidence
angle is on the higher side which would make sense given the MEX and TGO co-polarizations. For
most measurements between MEX and TGO the distances to the SP typically change quite a lot during
a measurement. So searching measurement opportunities for one specific optimal incidence angle is
not viable, but these results do indicate that searching measurements with higher incidence angles
would be beneficial (for the reflected power).
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Figure 5.37: Optimal incidence angle (for a spherical planet) for maximum reflected power as function of the TX-SP distance
and RX-SP distance.

However, only looking the the reflected power is insufficient (especially for SP pointing). As was seen
earlier, pointing towards the specular point led to a very high direct power signal (for the measurement
geometries of the performed measurements). Therefore it could also be relevant to look which inci-
dence angles minimize the direct power. This is shown in figure 5.38. For SP pointing the optimal
incidence angle is 0° nearly everywhere, which makes sense as this means the antenna boresights
are essentially parallel (one antenna is pointed towards the back of the other antenna). The exception
seems to be a small bump just after the TX and RX distance to the SP are equal. This could be because
the antennas are so close that increasing the incidence angle, which increases the distance between
the antennas, has a stronger effect than the effect of the antennas pointing a little bit more towards
each other. For planet center pointing, this effect can be seen as well. When the distance between
the spacecraft becomes a dominant factor in the direct power, the optimal incidence angle jumps to a
much higher value, increasing the distance. But for any other distance (where the off-boresight angles
for the direct power are the dominant factor), the optimal incidence angle is 0 °.
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Figure 5.38: Optimal incidence angle (for a spherical planet) for minimum direct power as function of the TX-SP distance and
RX-SP distance.

Especially for SP pointing, there are conflicting goals. On the one hand, to maximize the reflected
power the incidence angle should be as high as possible. On the other hand to reduce the direct power
the incidence angle should be near 0°. A way to try to take into account both of these goals is to look
at the ratio of reflected power to direct power. So, the optimal incidence angle which maximizes the
ratio of reflected power to direct power can be investigated. This is show in figure 5.39.
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For most TX to SP and RX to SP distances, considering planet center pointing, the optimal incidence
angle remains between 40 ° and 60 °. However for very low and very high TX to SP distances, it seems
that a low incidence angle to keep the direct power low is more important than having high reflectivity.
Looking at SP pointing, a similar behavior to planet center pointing can be observed but at a more
extreme scale. For a low enough TX to SP distance the incidence angle is kept at nearly 0 °, prioritizing
the effect of the direct power. However for a high enough TX to SP distance, the reflected power is
the dominant factor with the incidence angle at nearly 90 °. And the switch between these two regimes
is extremely steep. This is bad news for any chance of using SP pointing under the current configu-
ration. In the very low incidence angle region, although the ratio of reflected to direct power might be
optimized, the absolute value of the reflected power will likely be very low. On the other hand, the high
incidence angle region only leaves measurements near occultation and even then it is unlikely that this
will increase the reflected power enough to surpass the direct power (for example at the end of mea-
surement BSR-4.1 when it is near occultation the direct power is still much higher than the reflected
power).
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Figure 5.39: Optimal incidence angle (for a spherical planet) for maximum reflected power to direct power ratio as function of
the TX-SP distance and RX-SP distance.



Conclusions & Recommendations

In this thesis, an improved model for the simulation of bistatic radar measurements between MEX and
TGO was created, along with a model to search and rank bistatic measurement opportunities. The
conclusions of this research are presented in section 6.1 and and recommendations for future work are
discussed in section 6.2.

6.1. Conclusions

The conclusions for this thesis will be discussed based on the research questions which were presented
in chapter 1.

6.1.1. RQl: How can a set of Mars bistatic radar measurements between MEX and

TGO be modeled to use the (full resolution) Mars MOLA DEM?

The bistatic measurements were modeled in Python with the help of the SPICE toolkit. To be able to use
the full spatial resolution (in a reasonable computation time) for the Mars 128 pixel per degree MOLA
DEM, dedicated SPICE DSK files of the MOLA DEM were used (provided by ESA on their FTP server).
This in comparison to Nieuwenhuizen [35] who used MEGRD data files. This meant that dedicated
SPICE functions could be used for conversion from (planetocentric) longitude/latitude coordinates to
rectangular surface point coordinates, the calculation of the surface normal vectors, and the calculation
of the illumination angles (incidence and emission angles) associated with these surface points. This
allowed for a significant increase in computational speed and therefore the full resolution could be used.
SPICE kernels were also used for ephemeris and attitude data for the MEX and TGO spacecraft (and
Mars). The model also incorporated the effects of the polarization of the MEX and TGO antennas to
better model the reflected power. A bistatic geometry search script was also created (also implementing
the SPICE toolkit) to determine the SP surface coordinates needed for the grid generation.

RQl.1: How do the modeled bistatic radar measurements of MEX-TGO compare to the initial
model created by Nieuwenhuizen [35] and the actual MEX-TGO measurement data?

Overall it can be concluded that the increase in spatial resolution significantly improved the accuracy
of the simulated measurements. The measurement simulation model showed significant improvement
compared to Nieuwenhuizen [35], as it did not show any sign of ripple/periodic oscillations or signal
mirroring effect seen in the model of Nieuwenhuizen. Moreover, the model almost always matches the
general shape of the measured data (all be it with less power/ over a smaller power scale) and many
spikes/dips in power caused by geographic features like craters are observable in the model. There
are however certain features in the power data that were not present in the model. These were mainly
present when the incidence angle became small. A possible explanation for this could be the missing
transmitted LHCP signal component from the MEX MelaCom antenna (for which no antenna pattern
was available found and thus is not modeled).
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RQ1.2: Where can GNSS-R principles/techniques be applied to Mars bistatic radar measurements?
Several principles of GNSS-R were used throughout the bistatic measurement model. First of all, the

delay doppler maps (all be it without the WAF convolution used for PRN coded signals) were imple-
mented to help visualize the type of scattering (coherent vs incoherent) and where the majority of the

reflected power is coming from. The effect of the polarization of the antennas on the reflectivity was also

an important principle that was implemented into the model. Also, the principle of detecting water/ice

based on permittivity changes was touched upon.

6.1.2. RQ2: What are key parameters for future measurements to obtain the opti-
mal received signal?

It was found that the incidence angle together with the antenna polarizations play an important role to

achieve the best reflected signal power due to the large dependence of the reflectivity on both of these

parameters. Furthermore the pointing of the two spacecraft also plays a key role for the reflected signal

due to the (undesired) direct signal component that can arise under certain pointing conditions.

RQ2.1: How do (instrumentation/geometry) parameters like spacecraft pointing, antenna polar-
ization, permittivity, etc. influence the received signal?

The antenna polarizations were found to be an important parameter in several ways. First of all, con-
sidering both the co- and cross-polarizations of the antennas was found to be of big importance as
the LHCP reflected power component can come very close (or even surpass) to the RHCP reflected
power component (in terms of absolute power) depending on the incidence angle. Furthermore, be-
cause MEX and TGO both have a RHCP co-polarization, the rr reflectivity highly influences the received
power. This also influences the behavior of the different pointing modes.

Pointing directly towards the SP (instead of the nominal nadir-pointing attitude) was investigated but it
was found that SP pointing is not a viable strategy to increase the reflected power because it caused
the direct power to be much higher than the reflected power, removing any details from the reflected
power signal. This is because when using SP pointing the spacecraft are automatically pointing more
towards each other and because MEX and TGO both have the same co-polarizations the gain for the
direct power is very high. For the default (nadir) pointing this was not found to be a problem due to the
higher off-boresight angles for the direct power in that case.

The permittivity sensitivity of the received signal was also investigated. It was found to influence the
reflected power in different ways depending on whether the rr reflectivity or rl reflectivity was dominant.
The sensitivity of the reflected power was shown to be (just) above the noise floor for differences in rel-
ative permittivity of 2.0, but that this heavily relied on the absolute reflected power of the measurement
being significantly large enough.

Finally, an investigation of the optimal incidence angle was also performed. This yielded that when
optimizing for maximum reflected power the optimal incidence angle for nadir pointing (pointing towards
the planet center) lied between 40 ° and 80 ° depending on the TX and RX distances to the SP. For SP
pointing it was found to be 90 ° regardless of the TX or RX distance to the SP. Optimal incidence angle
investigations for minimizing the direct power and maximizing the reflected to direct power ratio were
also performed to investigate the SP pointing direct power problem but these only showed that SP
pointing with the current antenna polarization configuration is not feasible.

RQ2.2: When are there suitable opportunities for bistatic measurements for 2026, with MEX and
TGO?

A large amount of measurement opportunities was found for June,July and August of 2026. These
opportunities were then ranked based on several (geometry) parameters, including the whether any
ROls were intersected and the first seven opportunities were shown in figure 5.4.
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6.2. Recommendations

Based on the work done in this thesis, there are several recommendations that can be made. These
are separated into recommendations for future work and recommendations for future bistatic radar
missions.

6.2.1. Recommendations for future work:
* Investigate GNSS-R techniques (DDM with PRN code, polarization ratio, etc.) in more detail and
investigate relevant hardware requirements.

 Verify power measurements to get an accurate value for the power in Watts for MEX and TGO
Already planned, once the calibration data for MEX and TGO becomes available it would be very
interesting to compare the absolute power of the measurement data and the model.

+ Validate the model with measured data from bistatic measurements at Earth/other planetary bod-
ies (Moon, Venus, ...) The model is in principle set up in such a way that it could easily be used
for different spacecraft at different planetary bodies (as long as the relevant data is available in
SPICE)

* Investigate bistatic measurement opportunities with other spacecraft at Mars.

Investigate different scattering models.
» Adding a more accurate permittivity model for Mars.

Include MEX cross-polarization in the model.
* Include azimuth dependence in antenna pattern modeling.

6.2.2. Recommendations for future bistatic reflectometry missions:
« Different co-polarizations for the TX and RX antennas. To reduce the direct power signal problem,
potentially allowing for SP pointing.

* Increase receiver signal resolution. Currently half of resolution is not used as it is below the noise
floor.
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Derivations

A.l. Divergence factors derivation

For a spherically curved planet surface, the first Fresnel zone is approximated by an ellipse with semi-
major and semi-minor axes F, and Fi, which can be calculated through a set of equations that also
introduce the D, and D, divergence factors [2]:

AR/ R,
Fi=,/ A1
1 Rt R (A1)

2R R

Dy = 4|1+ a 3oos(0) (A.2)

D, = WW@ A3
Qeff A

Fi, = %;S(@) (A.4)

Py = g (A.5)

Y

where aef is the planet’s radius of curvature at the specular point.
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Additional measurement simulation
figures

This appendix contains several additional measurement simulation figures. Appendix B.1 contains
figures with several model parameters, including TX and RX distances, reflectivity, incidence angles,
required tilt angle, off-boresight angles, C' parameter (Hagfors’ model) and topography scaling factor
(as defined by Nieuwenhuizen [35]). Appendix B.2 contains figures showing the RX antenna co- and
cross-polarization components of the reflected power.

B.1. Measurement simulation model parameters figures
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Several model parameters for BSR-2.2
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Several model parameters for BSR-4.1
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Several model parameters for BSR-5.1
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Several model parameters for BSR-6.3

1.0
4000 - — Resp > 11 - S
—— Rrsp E - r 60 4
—— Rtsp+Rrsp t : 0.51
Rer g n —
3000 7} I
- x FEN ) 50 1
g 0.0+ : ] ‘9:-.:@
Q Y _500 1000 $ wn —— SPICE_kernel_files (TX)
% 2000 1 time [s] gg 40 ~ -~ SPICE_kernel_files (RX)
2 £3,
° 3875 ©g
c 5 30 1
1000 - 82 50 1
22
c
TeB—= 20
0 500 1000 0 500 1000 0 500 1000
time [s] time [s] time [s]
= — sp — — sp >.,:.
] g - 104_ ;O-g 104- I
§5 10 g o8
o e o
@ o ]
g‘ ? 8 102 S_E 102
Vo o S — sp
oL ) , | J | 9 | , ,
0 500 1000 0 500 1000 0 500 1000
time [s] time [s] time [s]
Figure B.8: Several model parameter plots for BSR-6.3
Several model parameters for BSR-6.4
3500 — Res >
— Riw = 1001
3000 1 — Rusp+Rrsp Ba 0.51
— Ry Qn —
b o
£ 25001 < Lol 2% 80/
N Ot i i G —
‘E‘ 0 200 400 'g %
o 2000 1 time [s] 50
c 8=
g :&9 60 -
2 1500 = — | 6O
8% 75 A ©
g ? 501 —— SPICE_kernel_files (TX)
500 - = © ——- SPICE_kernel_files (RX)
0 200 400 0 200 400 0 200 400
time [s] time [s] time [s]
= 'a 201 — sp - >_;.
0 — 1041 %_49 1041
TS, € o o
.g o 10 © sc-»\;
52 8 102 g £ 10
Ve @] — sp 'Q © — sp
01 : , : | | 9 ! | |
0 200 400 0 200 400 0 200 400
time [s] time [s] time [s]

Figure B.9: Several model parameter plots for BSR-6.4



B.1. Measurement simulation model parameters figures

71

4000 1

distance [km]

1000 1

required tilt
angle [deg]

o

1800

1600 1

distance [km]

800 1

600 1

400 1

required tilt
angle [deq]

o

Several model parameters for BSR-6.5

3000

2000 1

N
o

=
o

1400 1

1200 1

1000 1

N
o

Ju
o

[e)]
o

Off-boresight
angle to SP [deg]

301

Topography
scaling factor [-]

— . 1.0j —
— Rrsp ET —r
—— Rtsp+Rrsp t: 0.5
Rer qi_Jm
&
0.0 1= f :
0 500 1000
time [s]
)
§§ 75 A
0]
9]
T 50
c C
£5 -
! ! 25+ ; ;
500 1000 0 500 1000
time [s] time [s]
— sp : 104_ — sp
S
O
8 102_
o
500 1000 0 500 1000
time [s] time [s]
Figure B.10: Several model parameter plots for BSR-6.5
Several model parameters for BSR-7.1
— Rtsp > — T
- —
—— Ry E_T Ir 55 |
— Risp+Rrsp £a 0.21
Rtr L —
“O—J o)) 50 7
ot QO
0.0 ; , | .
0O 200 400 600 w43
time [s] 50
2040
— 801 5,
sg °8 35
23 60 °
()
SO
o= 30 1
240
£5 —
T T T T T T T 25
200 400 600 0 200 400 600
time [s] time [s]
—=] =z —=] 3
£ 1041 St 10%
s &<
8 1021 g £ 1074
§) Qs
200 400 600 0 200 400 600
time [s] time [s]

Figure B.11: Several model parameter plots for BSR-7.1

Ul
o

iy
o

—— SPICE_kernel_files (TX)
——- SPICE_kernel_files (RX)

=
o
>

=
o
N

0 500 1000
time [s]

—

i

0 500 1000
time [s]

—— SPICE_kernel_files (TX) |
N ——- SPICE_kernel_files (RX) /

N

0 200 400 600
time [s]

0 200 400 600
time [s]



B.1. Measurement simulation model parameters figures

72

Several model parameters for BSR-7.2
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Figure B.12: Several model parameter plots for BSR-7.2
Several model parameters for BSR-7.3
— Ry —— SPICE_kernel_files (TX)
1600 - — R”Z %"_‘ 55 4 ——- SPICE_kernel_files (RX)
N Rt,sp"‘Rr,sp 8 l;l‘ 01 —_— T
1400 e 0 —r
% = 50
= [od = O
£ 1200 0.0, ! : 4 5z
o 0 209 400 600 g % 45
£ 1000 | time [s] So
(L] o]
g £ 2 40
0 ] - (@)
© 800 88 60 &
o= 351
v (%)
600 - o=
g 240
4001 = 301
0 200 400 600 0 200 400 600 0 200 400 600
time [s] time [s] time [s]
2= — s — 1051 — . — 5p
- g 101 — %_B 104
T0, 1S T3
29 © 103 o
S O o 10 3=y
T2 o 2 .c 102
Vo @) Lo
0 200 400 600 0 200 400 600 0 200 400 600
time [s] time [s] time [s]

Figure B.13: Several model parameter plots for BSR-7.3
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Figure B.14: Several model parameter plots for BSR-7.4
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B.2. Measurement simulation polarization figures
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Figure B.15: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-2.1
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Figure B.16: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-2.2
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BSR-3.1,
grid cell size:800.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.17: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-3.1
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griglscell size:1600.0m, total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.18: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-4.1
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BSR-5.1,
grid cell size:800.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.19: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-5.1

BSR-6.1,
grid cell size:800.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.20: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-6.1
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BSR-6.2,
grid cell size:800.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.21: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-6.2
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Figure B.22: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-6.3
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Figure B.23: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-6.4

BSR-6.5,
grid cell size:1600.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.24: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-6.5
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BSR-7.1,
grid cell size:800.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.25: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-7.1

BSR-7.2,
grid cell size:800.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.26: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-7.2
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BSR-7.3,

grid cell size:800.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.27: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-7.3

BSR-7.4,
grid cell size:800.0m,  total grid size: 200km x 200km,  pointing_mode:SPICE_kernel_files
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Figure B.28: Received power results for co-pol and x-pol receiver antenna polarizations for BSR-7.4



SPICE kernels

Here all the SPICE kernels used in the bistatic geometry search(/measurement planning) and bistatic
measurement simulation are listed. These kernels were downloaded from the ESA SPICE service FTP
server: https://spiftp.esac.esa.int/data/SPICE/. The kernels are divided into four categories:

» General_MetaKernel: Metakernel containing general planetary constants and ephemeris, time
conversion, and Mars ephemeris related kernels.

+ MEX_MetaKernel: Metakernel containing ephemeris and orientation related kernels for MEX.
» TGO_MetaKernel: Metakernel containing ephemeris and orientation related kernels for TGO.
* Tiled Mars MOLA DSK files: List of tiled Mars MOLA DSK files.

which can be found in appendices C.1 to C.4 respectively.

C.1. General_MetaKernel
This section lists the kernels loaded by the 'General_MetaKernel.tm’ file.

* Leap Second Kernels (LSKs):

— naif0012.tls Generic leapseconds kernel.
* Planetary Constants Kernels (PCKs):

— pck00011.tpc Generic Planetary Constants Kernel.
» Spacecraft and Planet Kernels (SPKs):
— ded42s.bsp Planetary ephemeris data for the Solar system.
— mar099s.bsp Mars Satellite Ephemeris, required for determination of the lo-

cation of Mars’ Center of Mass (499), which differs slightly from
Mars’ Barycenter (4).

* Frame Kernels (FKs):

— mars_mola_dem_463m_v00.tf Frame kernel containing surface name to ID code mappings
for the Mars 463M DEM USGS V2 Tiled DSK set.

C.2. MEX_MetaKernel

This section lists the kernels loaded by the 'MEX_MetaKernel.tm’ file.
» Spacecraft Clock Kernels (SCLKSs):

— MEX_251124 STEP.tsc MEX spacecraft clock constants
* FKs:
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C.3.

— MEX_V16.tf Frame kernel containing MEX specific frames.

CKs:

— ATNM_SGS_P170331235152_01936.bc Camera kernel containing MEX orientation/attitude

data.
SPKs:

x MEX s/c ephemeris data (predicted and reconstructed):
— ORMF_T19_240614_320101_01863.BSP
— ORMM_T19_250301000000_01903.BSP
— ORMM_T19_250401000000_01907.BSP
— ORMM_T19_250501000000_01912.BSP
— ORMM_T19_250601000000_01916.BSP
— ORMM_T19_250701000000_01920.BSP
— ORMM_T19_250801000000_01924.BSP
— ORMM_T19_250901000000_01930.BSP
— ORMM_T19_250601000000_01916.BSP
— ORMM_T19_251001000000_01934.BSP
— ORMM_T19_251101000000_01936.BSP
— ORMM_T19_251201000000_01936.BSP

TGO_MetaKernel

This section lists the kernels loaded by the 'TGO_MetaKernel.tm’ file.

SCLKs:
—em16_tgo fict 20180215.tsc

—em16_tgo_step_20251014.tsc

FKs:
— em16_tgo_v27.tf

CKs:
—em16_tgo_sc fsp 418 01_20220101_20260110_s20251014_v01.bc

SPKs:
x TGO s/c ephemeris data (predicted and reconstructed):
— em16_tgo_flp_011_01_20250203_20390104_v01.bsp
— em16_tgo_fsp_394_01_20250310_20250823_v01.bsp
— em16_tgo_fsp_401_01_20250428_ 20251011_v01.bsp
— em16_tgo_fsp_418 01_20250811_20260221_v01.bsp

TGO spacecraft clock con-
stants for a fictional clock

TGO spacecraft clock con-
stants

Frame kernel containing
TGO specific frames.

Camera kernel contain-
ing TGO orientation/at-
titude data.
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C.4. Tiled Mars MOLA DSK files

This section lists the kernels that make up the tiled Mars MOLA 128 pixel per degree digital shape
model.

* DSKs:

— mars_mola_dem_463m_xx_yy_v03.bds where xx and yy range from 01 to 32 (so in total
there are 1024 DSK files).
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