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Abstract
In bistatic radar observations, reflected echoes from the surface of a target planet can be analyzed to infer its surface statistics 
and near-surface constituents. In this work, a preliminary inspection of two X-band bistatic radar observations gathered by 
the Cassini spacecraft about Titan’s polar regions is presented. Profiles of relative dielectric constant and root-mean-square 
(rms) surface slope are provided as outputs of the analysis, discussed, and compared with the present knowledge of Titan 
geomorphology. For the assessment of the rms slope, proportional to the spectral broadening of reflected echoes, a basic fit-
ting procedure was applied to the received spectra using a Gaussian template, to later evaluate the full-width half-maximum 
of the fitting curve. The dielectric constant was computed from the power ratio between orthogonally circularly polarized 
components of signal reflections from Titan. Dielectric constant estimates are, on average, consistent with the expected mate-
rials covering the dry surfaces of the planet, while slightly low values were found over the seas. The rms slopes are generally 
low compared to past bistatic observations of other targets. Titan’s north polar seas are revealed to feature an unprecedented 
smoothness, with 0.01◦ of slope as an upper bound. Similar values were inferred for isolated spots in the southern pole, 
hinting at the possible presence of basins filled with liquid hydrocarbons. The main issues with the analysis are emphasized 
throughout the document, and some ideas for future work are presented in the conclusions.
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1 Introduction

Bistatic radar (BSR) experiments have been employed for 
years to remotely probe planetary surfaces, complement-
ing Earth-based and orbiter-based monostatic observations. 
When a radio signal is sent to a target planet and reflected 
from its surface, terrain’s features with scales proportional 
to radar wavelengths interact with it. A proper processing 
of the scattered echoes can provide information about root-
mean-square (rms) slope ( � ), near-surface relative dielectric 
constant ( � ) and density ( � ) of the target [1]. Measurements 
have been inferred about the Moon, Mars [2], Venus [3], 
smaller bodies like asteroid Vesta [4] and comet 67P/CG, by 
means of this radio science probing technique.

The advantage of a bistatic geometry, compared to a mon-
ostatic radar, is that the spatial separation between trans-
mitter and receiver can be exploited to characterize target’s 
scattering properties in a more complete way than looking at 
pure backscattering, with the additional help of the reception 
performance of a modern ground-based facility [1]. On the 
other hand, Earth-based observations are usually restricted 
to equatorial bands of target planets, while the vicinity of a 
flying probe to the target planet makes it possible to observe 
space objects at a variety of latitudes and longitudes [2].

Originally implemented as downlink “experiments of 
opportunities”, the first satisfying results of bistatic radar 
experiments probing planetary surfaces led to a more 
planned out employment of this technology in various 
missions [1]. During its science phase, the Cassini orbiter 
pointed its High-Gain Antenna (HGA) to the surface of the 
largest moon of Saturn, Titan, and used its Radio Science 
Subsystem to perform 13 downlink near-forward quasi-
specular bistatic observations of the planet, in three avail-
able frequency bands: S-band, X-band and Ka-band (Fig. 2). 
Deep Space Network (DSN) stations were employed as 
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Earth-based receivers to collect echoes from the target 
planet. These remote observations were scheduled to illumi-
nate a variety of Titan’s morphological terrains, from equa-
torial seas of organic sand, to the oceans of liquid hydro-
carbons occupying the majority of the planet’s North Pole.

In this work, a preliminary analysis of a subset of the 
available Cassini bistatic radar data is performed. The evolu-
tion of rms surface slope and dielectric constant along dif-
ferent specular point ground tracks is computed, discussed 
and compared with results gathered by ground-based [5] and 
Cassini RADAR [6] observations of Titan. The absence of 
any published analysis of Cassini bistatic radar data makes 
the outputs of this research unique.

In Sect. 2, the problem of surface scattering is briefly 
introduced, with a focus on those aspects that are useful to 
explain the bistatic radar experiment (Sect. 3). A detailed 
description of the procedures followed to carry out the anal-
ysis is provided in Sects. 4, 5, 6 and 7, while Sect. 8 shows 
inferred results for two bistatic observations of Titan’s polar 
regions.

2  Fundamentals of Surface Scattering

The interaction between the illuminated portion of a planet’s 
surface and a transmitted signal is governed by very com-
plex phenomena. Electrical properties of the ground, like the 
dielectric constant, describe quantitatively how a fraction of 
the incoming signal may be absorbed by the planet, while 
the reflection is driven by the induction of various scattering 
behaviors by the surface statistics [7].

If an incoming signal is modeled as a beam of rays, and 
the illuminated surface is discretized into unitary elements 
dS, the scattering process can be inspected at each unit sur-
face, and the total reflection can be thought as the integral 
of contributions from all the illuminated unitary elements.

Figure 1 shows a point-wise surface scattering scenario. 
At a given point over the surface ( �,�,� ), depending on the 
terrain’s properties, for a precise incoming orientation of the 
signal ( ̂�′ ), the power will be partially scattered in the specu-
lar direction ( ̂� ), partially diffused more uniformly “forward” 
or “backward” (respectively orange and green arrows in 
Fig. 1) with respect to the local reflection point, and partially 
absorbed. Of this three dimensional scattered power field, what 
is received by the receiver depends on its position ( �̂′ ). The 
specific radar cross section �0 expresses the power reception 
as a function of reflection point over the surface, incoming and 
reception directions [1]:

The total echo power coming from a surface element can be 
described as:

where Pt is the transmitted power, Gt and Gr are transmitting 
and receiving gains, and � is the radar wavelength [1].

The local radar cross section of a planet is usually written 
combining general laws for different scattering components. 
The main ones with planet’s surfaces are quasi-specular scat-
tering, associated with isotropic and homogeneous smooth 
regions, and proportional to the surface height distribution; 
diffuse scattering due to more fractured or rocky terrains, and 
sub-surface, or volume scattering, which is abundant in icy 
targets [1]. The generic radar cross section for a planet’s sur-
face can be written as

(1)𝜎0(�, �, �, �̂
�, �̂�)

(2)dPr =
PtGt

4�|��|2 �0
�2Gr
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Fig. 1  Model of local bistatic 
reflection. �̂′ and �̂′ denote 
respectively transmitter and 
receiver directions, while �

i
 and 

�
r
 are incidence and reflection 

angle. For �
i
= �

r
 , the scattering 

is said to be specular ( ̂�′ red 
line). For �

a
= 0 , we talk about 

forward scattering. Orange 
and green arrows are shown as 
examples of scattering in vari-
ous directions
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Titan makes no exception to this [7, 8]. In [5], many obser-
vations of Titan with the ground-based Arecibo observatory 
and Green Bank Telescope are analyzed, revealing how ech-
oes from the moon of Saturn are dominated by specular and 
diffuse scattering components. Whether the latter is mainly 
due to multiple subsurface scattering or superficial wave-
length-scale structures, depends on the illuminated region, 
and can not be stated definitively [7].

3  Bistatic Radar Experiment

Despite the recent interest that the uplink and crosslink 
bistatic configurations are arousing, downlink geometries 
have been employed so far for planetary surface probing, 
with very few exceptions [1, 9]. From the wave propaga-
tion point of view, all the configurations are equivalent, but 
the higher sampling rates and more powerful computational 
units available in a ground-based facility make the downlink 
one simpler to implement, despite the promising higher sen-
sitivity of uplink experiments [10].

Figure 2 depicts the geometry of a generic downlink 
bistatic experiment carried out by Cassini. The radio link 
of the observation consists of an unmodulated radio sig-
nal, sent with right-sense circular polarization (RCP), that 
reaches Earth through a scattered path (Carom path in 
Fig. 2) made of two segments separated by a specular point 
(s in Fig. 2). After the reflection, two orthogonally left-sense 

and right-sense circularly polarized components (LCP and 
RCP) of the signal leaves Titan. A side-lobe “direct path” 
from the probe may reach the ground as well, and it would 
be affected by a Doppler shift different from the one of the 
scattered path [11].

As explained in Sect. 2, electrical properties and rough-
ness of the surface determine the three dimensional scatter-
ing of signal power, while the bistatic experiment geometry, 
constrained by the relative positions of Titan, Cassini, Earth 
and by Cassini’s antenna orientation, defines which fraction 
of the reflected echoes will reach the receiver. Referencing 
again to Fig. 2, when a radio link lying on a single plane has 
incidence ( �i ) and reflection ( �r ) angles almost equal too 
each other, the observation is said to be quasi-specular and 
near-forward.

Fjeldbo provided the theoretical foundation of the quasi-
specular bistatic experiment to probe planetary surfaces in 
[12], applying a physical optics model to analyze the scat-
tering process from a moderately rough surface: the Kirchoff 
Approximation (KA). If (1) homogeneous and isotropic, (2) 
with a radius of curvature greater than the radio wavelength 
� , (3) a correlation length larger than the wavelength and 4) 
negligible subsurface scattering, the reflecting surface can 
be modeled with a facet-based grid of large scale tiles ( ≫ 𝜆 
in size) behaving as infinite planes, and the major contri-
bution to the echoes arises from specular forward reflec-
tions from these mirror-like surface facets [1]. Each facet 
is tilted with respect to the planet’s mean surface, and has 

Fig. 2  Cassini downlink bistatic 
experiment geometry. The trans-
mitted signal is right circularly 
polarized (RCP). Its reflection, 
made of orthogonally polarized 
components (RCP, LCP), lies 
on the same plane as the incom-
ing signal (near-forward), and 
�
i
≈ �

r
 (quasi-specular)
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an horizontal scale of dimensions between few tens to few 
hundreds of radar wavelengths, with an effective size being 
on the order of 200� [13]. A precise determination of the 
horizontal scales to which estimates of surface properties 
apply, and conditions under which the Fjeldbo model breaks 
down or need corrections, remain an active field of research 
today [10]. Echoes are then affected by how many facets are 
tilted in the right direction for a specular reflection towards 
the receiver, and on the surface dielectric constant, respon-
sible for the incoming power distribution among absorption, 
reflection and polarization. Since the rms surface slope is the 
adirectional average tilting of these large scale tiles over the 
the reflecting surface, it should be understandable, at least 
in principle, how rms surface slope and dielectric constant 
affect the received echoes.

Fjeldbo’s results, used here to analyze Cassini bistatic radar 
data, were derived under the assumptions of small incidence 
angles ( 𝜃i < 60◦ ) and full illumination of the planet’s surface 
[12]. The validity of his model for larger incidence angles has 
been proven, at least for the Moon, and here, as Simpson and 
Tyler did in their preliminary analysis of the Viking bistatic 
radar data for Mars [14], the model is assumed to work despite 
larger incidence angles. The application of Fjeldbo’s model to 
orbiter-based observations where the antenna footprint illu-
minates a limited region of the planet is not new. In practice, 
there is an effective scattering region around the specular point 
which is responsible for most of the quasi-specular echo and 
is proportional to the rms surface slope [10]. A rough surface 
enlarges this area, and, if the illuminated region is too narrow, 
the broadening estimates will mimic the antenna pattern rather 

than the scattering processes of the surface [1]. In these scenar-
ios, a bistatic radar observation is said to be “beam-limited”, 
and some corrections should be applied. This problem was not 
an issue during the bistatic observations analyzed here because 
of the general smoothness of illuminated terrains.

3.1  Surface Roughness

While the spacecraft, the receiving antenna and the target 
planet itself are moving, the fraction of the signal travelling 
via the specular point undergoes a Doppler shift:

where �′ and �′ are receiver and transmitter positions with 
respect to the specular point. Different illuminated scattering 
locations around the specular point are responsible for power 
contributions differently shifted in frequency. This results in 
a spectral broadening of the echo signal. The power spec-
trum of the echo has a bell shape whose central peak cor-
responds to the downlink carrier frequency shifted by the 
Doppler at the specular point [1] (Fig. 3).

In the meantime, the side-lobe direct signal is Doppler 
shifted as well:

and a second isolated peak may become visible in the spec-
trum. If the differential Doppler shift between direct and 

(4)fs = −
1

�

d

dt
{|��| + |��|}

(5)fd =
1

�

d

dt
{|� − �|}

Fig. 3  Example of normalized 
power spectral density of echoes 
received during the bistatic 
ingress observation of flyby 
T27. Cassini HGA boresight 
intersection with Titan’s surface 
and observation time are 
labelled. The spectrum peak is 
centered close to zero thanks to 
the accurate tracking of the sky 
frequency by the Radio Science 
Receiver. The two vertical lines 
denote an interval four times the 
half-maximum full-width of the 
Gaussian template fitting the 
spectrum
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scattered path |fd − fs| is large, which is likely for fast space-
crafts, huge target bodies and incidence angles far from 90◦ , 
direct peak and broadened echo portion of the spectrum may 
be far away from each other [15]. This is the case for Cassini, 
where the differential Doppler is in the order of hundreds of 
kHz, and this is the reason why the direct side-lobe does not 
appear inside the 16 kHz reception bandwidth selected for 
the following analysis.

For a planetary surface with a Gaussian height distribu-
tion, the half-power bandwidth (B) of the echo spectrum can 
be related to the rms surface slope by the following formula:

where � is the rms surface slope in radians, Vs is the specular 
point velocity across the planet surface, and � is the specu-
lar angle [1]. Incidence angle and velocity of the specular 
point are quantities related to the geometry of the problem, 
and the rms slope can be extracted from the echoes’ spectra 
through Eq. (6).

The concept of rms surface slope drives the quasi-specular 
reflection process, and describes the average adirectional tilt-
ing of smooth facets with an effective size of around 200� 
in which the illuminated surface can be discretized [14]. The 
presence of diffuse and subsurface scattering due to surface 
features equal or smaller than the radar wavelength [16] is 
not consistent with the KA model, but may characterize ech-
oes from the surface of Titan [7]. To be consistent with the 
theoretical foundation of the approach followed here, signal 
contributions from different scattering mechanisms should be 
separated, so that the broadening fed to Eq. (6) results from 
specular scattering only. Ideas involving the computation of 
the coherency matrix of the orthogonally polarized compo-
nents of the reflections to distinguish between diffuse and 
specular echoes have been proposed [2, 17], but the issue is 
not tackled in this first-order analysis.

3.2  Dielectric Constant

A polarized incident signal that reaches a planar inter-
face between free space and a planetary surface generates 
a reflected wave made of two components polarized in two 
orthogonal ways. The amplitude of the two polarized parts of 
the scattered signal is described by the Fresnel voltage reflec-
tion coefficients, which are related to the dielectric constant ( � ) 
of the scattering surface and to the specular angle ( � ) of the 
bistatic geometry [1]. For a linear polarization we have

(6)B = 4
√
ln 2(Vs

�

�
) cos �

(7)RHH =
cos � −

√
� − sin �2

cos � +
√
� − sin �2

Cassini transmitted circularly polarized signals with a right-
sense circular polarization. Fresnel coefficients for circularly 
polarized waves are the following:

where RSC is the voltage reflection coefficient for the same 
sense circular polarization as the one of the transmitted sig-
nal (RCP). ROC means opposite sense circular polarization 
(LCP) [11].

To compute the surface dielectric constant, it is possi-
ble to work separately on the two polarizations measuring 
the orthogonally polarized echo powers, and going for the 
computation of the surface reflectivity �(�) , but it is easier 
to work on the ratio between RCP and LCP echoes’ strength.

Once the power ratio is measured, by solving the system 
of equations from (7) to (11), the dielectric constant of the 
surface material can be assessed. As for the rms slope, dif-
fuse components of the echoes should be removed from the 
computation of the polarized reflected power, but this was 
not taken into account [2].

Table 1 provides a list of materials that are likely to 
be found on Titan, and their expected relative dielectric 
constants.

For any of them, the incidence angle that brings the power 
ratio between circularly polarized components to unity is the 
Brewster angle. For incidence angles close to 90◦ , power 
ratios get very large, and a lower signal-to-noise ratio for 
the weaker polarized component increases the unreliability 

(8)RVV =
� cos � −

√
� − sin �2

� cos � +
√
� − sin �2

(9)RSC =
(RVV + RHH)

2

(10)ROC =
(RVV − RHH)

2

(11)
PSC

POC

=
PRCP

PLCP

=
�SC

�OC
=

|RSC|2
|ROC|2

Table 1  Dielectric constant and loss tangent of possible materials of 
Titan’s surface [18]

Material Dielectric constant Loss tangent

Liquid hydrocarbons 1.6–1.9 < 10
−5

Solid hydrocarbons 2.0–2.4 ∼ 10
−4

CO
2
 ice 2.2 < 0.005

Water ice 3.1 2 ∗ 10
−5

Water-ammonia ice 4.5 0.01
Organic heteropolymers 4.5–5.5 < 10

−5

Meteoric material 8.6 0.9



64 G. Brighi 

1 3

of the total reflected power computation [2]. The Brewster 
angles of various materials on Titan lie in the range 51–65◦ 
[19], and observations at incidence angles out of this win-
dow may produce deceptive dielectric constant values.

If the surface material is conducting, its dielectric con-
stant is a complex number. This opens up to a set of electri-
cal properties of a material, like conductivity, penetration 
depth and loss tangent tan � , which is the ratio between 
imaginary and real part of � [2], that could enrich the cur-
rent understanding of Titan’s surface and sub-surface. In 
[20], Paillou measured dielectric constant, loss tangent and 
penetration depth through Ku-band observations of Titan’s 
surface materials, reproducing them in a lab. His results are 
consistent with Table 1, but he expanded on those taking the 
materials conductivity into account. Inferred imaginary parts 
are in the order of 10−3 . Two types of compacted tholins are 
exceptions, with values in the order of 10−2 . These two are 
highly conductive materials with low backscatter [20].

For this work, Titan’s materials are assumed slightly lossy 
dielectric, with a real dielectric constant. Conductivity and 
penetration depths are not computed. This choice is moti-
vated by the preliminary role played by this data analysis.

4  Geometry of the Experiment

Cassini performed bistatic radar observations during 13 
Titan’s flybys, sometimes in conjunction with radio science 
occultation experiments. The spacecraft HGA illuminated 
equatorial, mid-latitude and polar regions of the saturnian 
satellite with right circularly polarized signals transmitted 
in three frequency bands (table 2). For each observation, the 
trajectory and antenna pointing of Cassini around the flyby 
of interest, as well as the positions of Titan and receiving 
DSN stations, were modeled with the help of the SPICE 
toolkit, distributed by the NASA Navigation and Ancillary 
Information Facility (NAIF).

The theoretical specular point location is unique and 
fixed, as soon as the transmitter, receiver, barycenter and 
shape of Titan are defined. The numerical routine to locate 
it is explained in detail in Appendix 1. Incidence angle and 

specular point velocity were computed as well for later 
processing.

During bistatic observations, the spacecraft is continu-
ously maneuvered to point its antenna to the theoretical 
specular point. The consequences of bad pointing may be 
a reduction of power received on Earth, or a changing in 
the portion of illuminated surface. Values of pointing error 
are always more than ten times smaller than the half-power 
half-beamwidth of the antenna, at least in S- and X- bands. 
This level of error is expected to have a small effect, and it 
is not considered in the following [14].

5  Signal Processing

For this analysis, the X-band signals were chosen because 
of their highest signal-to-noise ratio. S-band has the larg-
est half-power beamwidth, and this makes the physical 
interpretation of Titan’s terrains properties harder, because 
inferred surface properties are averaged over a larger total 
illuminated surface. The Ka-band has the lowest half-power 
beamwidth, hence increasing the chance of beam-limitation.

Signals from Cassini, in different bands and polarizations, 
were down converted and digitized by different Radio Sci-
ence Receivers inside the DSN complexes. Raw data are col-
lected with sampling frequency of 16 kHz as sequences of 
complex samples made of an in-phase (I) component and of 
a quadrature (Q) component. For the processing of raw data 
the periodogram technique was used. The power spectral 
density of short subsets of 4096 samples (0.256 s of integra-
tion time) was computed, and a combination of time and fre-
quency averaging was later performed to reduce the variance 
of the spectral estimation. The count time is the final time 
resolution of the spectra. For example, an integration time 
of 0.256 s, combined with a time averaging over 240 spectra, 
produces a final array of spectra with count time 61.44 s. 
Averaging comes with the price of a resolution loss, which 
is not desirable. With a low time resolution, characterizing 
a limited illuminated region of Titan becomes harder, since 
features of a broader area are averaged in a single output. For 
smooth surfaces, the broadening may be very narrow, and 
an overestimation of the actual roughness may occur if the 
half-power bandwidth is in the order of a single frequency 
bin [14]. The best trade-off between coherent and incoherent 
integration was found taking these issues into account, and 
targeting a high signal-to-noise ratio.

6  Inference of Surface rms Slope

Once the spectra are processed, the inference of the rms sur-
face slope requires an estimation of the spectral broadening. 
Each power spectral density was fit with a proper template, 

Table 2  Cassini Radio Science Subsystem operating frequency val-
ues. The half-power beamwidth is the angular opening of the antenna 
main lobe where the radiated power goes below 3dB [21]

Band Uplink [GHz] Downlink [GHz] HP Beamidth

S N/A 2.298 2.125
X 7.175 8.425 0.635
Ka 34.316 32.028 0.167
Ku 13.776 13.800 N/A
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and the full-width half-maximum of the fitting curve was 
extracted. A Gaussian template was chosen for mathematical 
convenience, since past experience suggests that echo shapes 
usually deviate somewhat from the Gaussian, but for a first-
order analysis Gaussian fitting can be considered satisfactory 
[14, 22, 23].

The main weaknesses of the fitting performance of a 
Gaussian curve are shown in Fig. 4: low tails near the base 
of a spectrum, very narrow and high peaks and asymmetrical 
echoes from heterogeneous surfaces [14]. A strong and sharp 
peak at the center of the spectrum has been quite of a recur-
ring feature in the inspected bistatic radar observations, due 
to the presence of stable bodies of liquid hydrocarbons in the 
northern pole of Titan, responsible for an almost negligible 
spectral broadening, low rms slopes and strong reflection 
amplitudes.

In general, a spectrum with a strong and sharp peak sur-
rounded by a lower and broader base is explained with the 
presence of a smooth inclusion within a moderately rough 
reflecting area [14]. For Titan, such an echo may arise from 
liquid bodies surrounded by rougher shores falling inside the 
illuminated and the effective area. The lack of a proper sepa-
ration between diffuse and quasi-specular echoes introduces 
an ambiguity about the lower tails of the spectrum, that may 
be part of the diffuse scattering from fractures and boulders 
or specular echoes from rougher regions, like rims or shores.

As shown in the 3rd and 4th plot of Fig. 4, the incred-
ibly narrow peaks from Titan’s Maria represented unprec-
edented spectra to be fitted among echoes from planetary 
surfaces. The Gaussian fit failed to go for the actual peak 
for the majority of echoes from liquid bodies, making the 
surface roughness of the large seas undetectable. To study 

Fig. 4  Example of Gaussian fit performance on Titan’s echoes. Sig-
nals have been normalized by the noise baseline, and the noise ped-
estal was removed. (1) Overall good fitting performance, but the 
asymmetry at the base of the spectrum is not fitted. (2) Example of 

good fit of echoes from moderately rough surfaces. (3) Poor fitting 
curve missing the lower tails of a strong central spike. (4) Example of 
Gaussian curve missing a very strong a narrow peak when applied to 
echoes from Kraken Mare
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the sea-related flybys, the fitting function was weighted at 
the peak, forcing the Gaussian curve to pass through it.

Since surface roughness does not depend on the polar-
ized component in analysis, the same value of rms slope 
should be obtained from the analysis of both the LCP and 
the RCP components of the reflected echoes. In practice, the 
two orthogonal portions of the signal had different signal-
to-noise ratios because of the high values of incidence angle 
of observation [2]. Hence, it was convenient to work on the 
stronger right circularly polarized component only, to fit the 
spectrum, estimate the half-power bandwidth and compute 
the rms surface slope. This is not the first time this approach 
is used to estimate surface roughness from orthogonally 
polarized signal components of different strength [24].

7  Inference of Dielectric Constant

For the computation of surface dielectric constant � , the 
power ratio between RCP and LCP reflected components 
must be fed to the nonlinear system of equations from (7) 
to (11). For each polarization, the reflected power was com-
puted as a difference between received power and noise 
power, both evaluated within a “useful” integration band-
width. We summed the power spectral density samples 
within the useful bandwidth times the frequency bin for the 
received power, while the noise power was computed as the 
product between noise density baseline N0 and useful inte-
gration bandwidth.

For the noise baseline estimation, an average of the 
behavior of the power spectral density over a series of bands 
of growing width from 1 to 3 kHz, step of 50 Hz, and cen-
tered at ±4 kHz was performed (Fig. 5). Later, the different 
noise baseline estimates were averaged again, and eventu-
ally left and right-hand side estimates of N0 were averaged 
to obtain a single, robust value of uncalibrated noise power 
density.

The useful integration bandwidth was chosen according 
to [14]. A band centered at the Gaussian peak fp was defined 
as fp ± 2Δf  , with Δf  half-power bandwidth of the RCP spec-
trum successfully fitted with the Gaussian template (Fig. 5). 
The only constrain to this was that the band could not be 
shorter than 15 or larger than 150 frequency bins [14]. When 
the Gaussian fit was unsuccessful, even for the stronger RCP 
component, we considered the reflection to be too noisy to 
estimate the dielectric constant.

What reaches the ground is amplified by the open-loop 
receivers before processing, and the amplification could be 
different for the two polarizations [25]. To avoid overestima-
tion or underestimation of the ratio between orthogonally 
polarized reflected powers, due to different amplifying gains, 
an absolute amplitude calibration of the recorded digital 
samples is required. The system noise temperature Tsys has 
to be measured throughout the observation, to later compute 
the amplification gain between actual noise power density 
N0 = kTsys , where k is the Boltzmann constant, and the noise 
baseline of the signal at the receiver output, which is ampli-
fied. In principle, measurements of system noise temperature 

Fig. 5  Uncalibrated spectrum of 
a signal received during flyby 
T27. The bands for noise base-
line estimation are highlighted 
in orange, while the red portion 
spans over the useful band for 
reflected power computation. 
The estimated noise density 
baseline is highlighted with an 
horizontal dashed black line
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can be gathered from the analysis of pre-calibration, post-
calibration and mini-calibrations performed during Titan’s 
flyby [26, 27]. For this first-order work, it was assumed 
that the noise temperature was the same for LCP and RCP 
received components, hence performing a relative calibra-
tion between polarizations.

8  Result of Data Analysis

8.1  Flyby T101: Titan’s Northern Seas

Flyby T101 is the first ever scenario of bistatic reflections 
from two of the polar seas of Titan: Ligeia and Kraken 
Mare. Inspected signals are X-band LCP and RCP compo-
nents of echoes received by the 70-meter antenna DSS-43 
in Canberra.

The ground track of the specular point during the bistatic 
egress observation of flyby T101 is shown on the left in 
Fig. 6, where it can be seen how the HGA footprint illu-
minates two main types of terrain. The plot of the signal 
peak-to-noise ratio, provided on the right in Fig. 6, shows 
a clear difference in the scattering behavior of dry lands 
versus stable liquid bodies. After Ligeia shores, which are 
close to location 2 in Fig. 6, the antenna footprint covers a 
dry region, and the peak-to-noise ratio drops fast before and 
after Moray Sinus: an estuary located at the northern end of 
Kraken Mare [28].

In Fig. 6, the half-power beamwidth footprints, which can 
be considered average illuminated areas [1], are highlighted 
over Titan around the four numbered locations of interest. 

Within such large regions, what effectively characterizes 
the shape of the echoes, are the effective areas surround-
ing the specular point, introduced in section 6 and function 
of surface roughness. Over the incredibly smooth seas, the 
effective reflecting regions are of sizes from few tens of km2 
up to few hundreds of km2 towards the end of the observa-
tion. Each punctual output of surface roughness and rela-
tive dielectric constant is extracted from a single spectrum 
averaging the properties of what’s covered by the effective 
area around the moving specular point within a count time 
(Fig. 7). Such a small effective area of reflection justifies 
why, despite the large antenna footprint illuminating both 
liquid and dry surfaces at the same time, the peak-to-noise 
ratio is very sensitive to the specular point position (Fig. 6).

In Fig. 8, spectra of received echoes in both polarizations 
from the four locations highlighted in Fig. 6 are presented. 
Each spectrum is made of 4096 bins of 3.90625 Hz, and 
results from a choice of 0.256 s of integration time and time 
averaging between 240 spectra, for a total time resolution of 
approximately one spectrum per minute.

Echoes from locations 1 and 4 are consistent with Titan’s 
seas being highly reflective and smooth. The slightly broader 
echoes from location 1 could descend from Fjeldbo equa-
tion, inverted and written below.

For a given rms slope, the broadening grows with the 
product of specular point velocity and cosine of the inci-
dent angle. Throughout this bistatic egress observation, the 

(12)� =
B�

4
√
ln 2(Vs cos �)

Fig. 6  Left: Specular point track of the bistatic egress phase of 
flyby T101 spanning over the northern pole of Titan. Four locations 
of interest are labelled for further discussion. The footprint of the 
X-band half-power beamwidth is drawn, and it enlarges from ≈40,000 

to ≈200,000 km2 as Cassini flies away from Titan. Right: Uncali-
brated signal peak-to-noise ratio during the observation for X-band 
LCP and RCP components. The four points highlighted on the left are 
labelled here as well



68 G. Brighi 

1 3

specular point slows down over the surface of Titan more 
than the cosine of the incidence angle grows, and this justi-
fies a reduction of the inferred broadening. The decreasing 
strength of reflection is due to the growing altitude of the 
spacecraft over Titan’s surface.

Point 2 in Fig. 8 shows echoes from the shores of Ligeia 
Mare. There is still a patch of smooth and liquid surface 
around the specular point, but a barely visible plateau of dif-
fusive echoes appears at the base of the peak. Ligeia shores 
may be smooth but covered by boulders and rocks, or heavily 
fractured, and not responsible for a quasi-specular reflection.

The effective illuminated patch of terrain at location 3 
should be completely dry, and the broadening is the larg-
est of the entire observation. It is hard to confidently state 
whether these dry echoes are diffusive or very weak quasi-
specular ones.

8.1.1  Roughness

Figure 9 shows the rms surface slope profile throughout the 
observation. From a relative standpoint, Ligeia Mare appears 
rougher than Kraken Mare. The spectral broadening found 
for liquid bodies is very close to the size of a single fre-
quency bin, which could imply a broadening overestima-
tion due to the low frequency resolution of the processed 
spectra. In [14], Simpson suggests that rms values from 
Viking inspection of Mars surface could be considered reli-
able when the echo width is approximately equal to at least 
7 frequency bins. Hence, it would be correct to consider the 
values of surface slope proposed here as upper bounds.

The roughest patch of terrain seems to be location 3 in 
Fig. 6, with � = 0.35◦ , which is a very low value compared 
to measurements gathered for other dry planetary surfaces, 
like Mars [14] or the Moon [24]. Yet, slopes as low as 0.3◦ 
were found also from Arecibo observations of Titan [5].

We found the seas to be extremely smooth, which is 
consistent with [29], with � ≈ 0.017◦ − 0.035◦ for Ligeia 
Mare and � ≈ 0.040◦ − 0.1◦ for Kraken Mare. Computed 
values should be considered upper bounds, and they are 
almost two orders of magnitude lower than Grima’s results 
from RADAR data analysis [6], who estimated Ligeia and 
Kraken Mare roughnesses around 1.1◦ − 1.7◦ and 1.6◦ − 2.4◦ 
respectively. As mentioned in [6], Stephan’s analysis of 
2009 VIMS observations produced values of 0.15◦ as upper 
bounds for Kraken’s surface roughness, suggesting a com-
pletely smooth surface with no waves [30]. Grima’s observa-
tions were carried out during the same time window of flyby 
T101, and bistatic radar data agrees with RADAR observa-
tions on the fact that Ligeia Mare is, on average, smoother 
than Kraken Mare [6].

Bistatic radar experiments carried out over Earth’s seas 
yielded rms slopes of 0.03◦ with winds of 5 m/s [31, 32]. 
Entering the northern spring of Titan, winds of 0.4 − 0.7 m/s 
are expected to ripple Titan’s seas, leading to the possible 
formation of capillary waves, as explained by Hayes in [33]. 
The rms slope shown in Fig. 9 is not perfectly uniform, but 
has an oscillating trend consistent with the one of the peak-
to-noise ratio. This could be the result of the illumination of 
patches of liquid surface of variable roughness, which could 
be interpreted as waves.

Fig. 7  Detail of the effective 
area size for a portion of Ligeia 
Mare close to location 1 from 
Fig. 6. A trail of white markers 
draws a specular point track 
with 2.048 s of resolution. The 
white ellipses are the respec-
tive effective areas along the 
track. The red markers coincide 
with the yellow dots from the 
specular point track of Fig. 6, 
resolution equal to the process-
ing count time: 61.44 s. Each 
value of rms slope or dielectric 
constant, which is associated to 
a reflecting region centered at 
each red dot, averages what hap-
pens in the set of effective areas 
grouped by a curly bracket
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8.1.2  Dielectric Constants

Values of dielectric constant are shown in Fig. 10. The 
reflected power computation works over very thin integra-
tion bandwidths, and may remove autonomously a portion 
of diffusive reflection, if present. The general scattering of 
the dots, especially over Kraken Mare, is most likely related 
to the low resolution in frequency of the spectra. Since the 
broadening is almost equal to the frequency bin, the reflected 
power computation results from the sum of very few points 
of the spectrum (3–4). This makes the computation very 
sensitive to the behavior of each individual sample, which 
is driven by the noisiness of the signal. We are confident 
that a reduction in the frequency bin size will reduce the 
scattering.

Liquid bodies on Titan are believed to be a dominant 
mixture of ethane ( � ≈ 2.0 ) and methane ( � ≈ 1.73 ), with 
possible traces of soluble nitrogen ( � ≈ 1.5 ) [6]. The aver-
age values of dielectric constant throughout the observations 
are � = 1.43 for Ligeia and � = 1.48 for Kraken, which are 
low compared to the expected results for liquid hydrocar-
bons. The reason behind this bias could be the lack of a 
proper absolute calibration of the orthogonally polarized 
components.

8.2  Flyby T27: Southern Pole of Titan

The bistatic ingress phase of flyby T27 spans over a por-
tion of the southern pole of Titan. This time, the specular 
point ground track (Fig. 11) does not touch any stable liquid 

Fig. 8  X-band LCP and RCP components of echoes from locations 
1, 2, 3 and 4 highlighted in Fig. 6 received at station DSS-43. Each 
spectrum is normalized over the noise baseline, and displaced hori-
zontally and vertically for clarity purpose. The peak position over 
the frequency domain of the two polarizations should be the same. 

The LCP peak is displaced, while the RCP peak is in its true position, 
which is around − 750 Hz because of the failure of Cassini’s Ultra 
Stable Oscillator. The Cassini’s HGA boresight intersection with 
Titan’s surface for each couple of spectra is also highlighted
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Fig. 9  Surface rms slope in 
degrees against time, latitude 
and longitude of the antenna 
boresight intersection with 
Titan’s surface. Values of 
surface roughness are inferred 
from the RCP component of the 
echoes

Fig. 10  Dielectric constants and 
incidence angles of observa-
tion against time and longitude 
of Cassini’s HGA boresight 
intersection with Titan’s sur-
face. Typical dielectric constant 
values for liquid hydrocarbons 
are recalled in the legend
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body, and illumination of dry terrains only is expected. It is 
also true that Titan’s South pole should be covered by small 
basins sometimes filled by liquid hydrocarbons [34].

For this bistatic observation, X-band signals received at 
DSS-14, Goldstone, were chosen to carry out the analysis, 
and signal processing was performed again with 0.256 s of 
integration time, averaging over 120 spectra and frequency 
bins of 3.90625 Hz. Echoes’ spectra are available each 30.72 
s, and the ones received from the locations highlighted along 
the specular point track in Fig. 11 are shown in Fig. 12. 
Analogous considerations to T101 should be made for T27 
about effective areas shaping received echoes. This time rms 
slopes are higher than the seas’ ones. Still, beam-limitation 
should not be an issue, since the illuminated areas are always 
larger than the effective ones, in general smaller than 20,000 
km2.

Locations 1 and 3 are particularly interesting, since their 
spectra are reminiscent of northern pole reflections from 
Titan’s seas. Echoes are in both cases narrow and strong in 
amplitude, but with a larger broadened base with an asym-
metrical shape. The presence of a broad base is a sign of 
rougher terrain around a highly smooth and reflecting patch 
of land that produces such a slim central spike. A reasonable 
guess could be that Cassini’s HGA boresight, in locations 1 
and 3, is illuminating the liquid surface of basins filled with 
liquid hydrocarbons.

Location 2 is the roughest patch of land of the observa-
tion, and its echoes have a quasi-specular appearance, dif-
ferently from what happens at point 4. In location 4, the 
roughness is close to the one inferred for location 2, but the 
spectrum has the typical signature of diffuse scattering, with 
no specular reflection. Moving northern along the specular 
point ground track, the situation does not improve, and an 
increasingly broader diffuse scattering seems to dominate 
echoes, hinting at a fractured or dissected surface far from 
the gently undulating model. Another possible reason for 
this loss of quasi-specular reflection, could be the incidence 
angle increasing towards 90◦ , and the potential effect of 
shadowing [35].

8.2.1  Roughness

A plot of the inferred rms surface slope each 30.72 s shows 
low values of roughness for the southern pole track covered 
by Cassini’s boresight during this observation (Fig. 13). 
Values oscillate from 0.9◦ down to 0.5◦ , to rise again up to 
1.38◦ and fall back to 0.5◦ before the loss of quasi-specular 
reflections. The growing values of rms slope towards the 
end of the observation are due to the fitting of the weak and 
broad diffusive echoes by the Gaussian curve, which means 
that we should not consider them to be meaningful. From 
point 4, the quasi-specular bistatic observation is not suitable 
anymore to probe the planetary surface.

Locations 1 and 3 have rms slopes in the order of 
0.1◦ − 0.15◦ , which is a familiar result, and reinforces the 
interpretation of echoes from these regions to be echoes 
from stable liquid bodies. Of the two, the basin in location 3 
may be larger, because of the three consecutive low values 
of rms slope.

8.2.2  Dielectric Constant

Figure  14 shows dielectric constant values scattering 
between solid hydrocarbons and water ice, which are the 
most abundant materials over Titan’s surface [34]. The pro-
file found is quite smooth and does not show relevant dis-
continuities, which is a promising fact. Inferred numbers 
suggest an higher presence of water ice between locations 2 
and 3 compared for example with the chunk of land before 
location 2, where solid hydrocarbons seems more present. 
Interestingly enough, around location 3, we have few esti-
mates below � = 2.0 , hinting at the presence of liquid hydro-
carbons within the illuminated region. It is not the case for 
location 1, and the reason could be the smaller size of the 
first basin, occupying only a small portion of the illuminated 
area.

Large incidence angles, responsible for very weak LCP 
components, do not set up an ideal framework for surface 
electrical properties computation. We do not consider the 

Fig. 11  Specular point track of the bistatic ingress phase of flyby T27 
spanning over the southern pole of Titan. Four locations of interest 
are labelled for further discussion. The X-band half-power beamwidth 
footprint is shown, and it shrinks from ≈80,000 to ≈40,000 km2
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values of dielectric constant inferred towards the end of the 
observation to be meaningful, since the scattered power is 
not related to quasi-specular echoes anymore, and shadow-
ing may come into play.

9  Conclusions and future work

The initial goal of this work was to approach from scratch a 
radio science experiment with a few related literature data, 
trying to understand its basic principles, and then to apply 
them to the analysis of bistatic data collected by the Cassini 
spacecraft during Titan’s flybys.

What is shown here is just a portion of data, related to 
Titan’s polar regions, out of the total data set inspected so 
far. Other flybys have been studied but are not reported in 

this document. Here, a good example of both quantitative 
and qualitative considerations built upon bistatic radar data 
about the surface of the largest satellite of Saturn is pre-
sented. Because of the lack of any publication about the 
same set of data, we have been careful in highlighting both 
promising and critical aspects of our results. A large effort 
was spent to provide reasonable explanations, when possi-
ble, to the presented outputs, based on both the comparison 
with different reports about bistatic radar and personal criti-
cal judgement.

Titan’s wide polar seas of liquid hydrocarbons showed a 
perfectly mirror-like behavior, with unprecedented values of 
rms slope upper limited by 0.01◦ , and the very strong ampli-
tude of the narrow spikes of their echoes required “ad hoc” 
corrections to the basic fit template technique proposed by 
Simpson and Tyler in [14]. For dry lands, generally smooth 

Fig. 12  X-band LCP and RCP components of echoes received at 
station DSS-14 from locations 1, 2, 3 and 4 highlighted in Fig.  6. 
Each spectrum is normalized over the noise baseline, and displaced 

horizontally and vertically for clarity purpose. The peaks of the two 
polarizations are actually at the same frequency value
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Fig. 13  Surface rms slope in 
degrees against time, latitude 
and longitude of the antenna 
boresight intersection with 
Titan’s surface. Values of 
surface roughness are inferred 
from the RCP component of the 
echoes

Fig. 14  Dielectric constant 
estimates and incidence angles 
of observation against time 
and longitude of Cassini’s 
HGA boresight intersection 
with Titan’s surface. Ranges 
of dielectric constant for dry 
materials expected to be over 
Titan’s surface are listed in the 
legend. The four positions of 
interest along the specular point 
track are highlighted
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profiles have been found, and some patches of terrain did not 
exhibit any quasi-specular reflection towards Earth, because 
of the inapplicability of the quasi-specular model or the high 
values of incidence angle. To further validate the computed 
values of rms surface slope, problems of beam-limitation, dif-
fuse scattering removal, and estimation of the broadening due 
to the fast shift of the specular point should be dealt with. In 
the near future, we plan to increase the frequency resolution 
of reflections from Titan’s seas to characterize their rough-
ness more accurately. In addition to this, a future comparison 
between results in different bands, considering S- and Ka- 
bands alongside the X-band, may provide insightful informa-
tion for a better understanding of Titan’s surface [17]. Once a 
larger set of data is confidently analyzed, inferred roughness 
profiles over longitude and latitude of the planet may be used 
to locate nominally smooth sites for future landers and rovers.

Dielectric constants were, on average, a bit low for the 
northern pole, probably because of the lack of a proper 
absolute calibration. A frequency resolution increase should 
improve the scattering of the outputs for Titan’s liquid sur-
faces, and this is a check we would like to implement as soon 
as possible. Observations of the southern pole produced 
relative dielectric constants consistent with the expected 
numbers, with a promising smoothness of the output profile 
highlighting longitudinal and latitudinal differences in solid, 
liquid hydrocarbons and water ice distribution. In the near 
future, the absolute calibration of the received signals is of 
prior importance to improve our results.

What has been carried out was built upon preliminary 
assumptions, basic techniques and qualitative considera-
tions about the main issues of the field (beam limitation, 
antenna pointing, validity of the model for grazing angles, 
and so on). Additional work is required to develop further 
the preliminary results assessed here, confirming or discard-
ing them. As a matter of fact, now a first-order reference 
about Cassini bistatic radar data is available.

At the current state of the art, bistatic radar works as a 
valuable source of complementary data for the validation 
of, and comparison with, measurements gathered by other 
instruments, especially considering the potential of inspect-
ing the scattering properties of the surface from a more ver-
satile perspective than monostatic radars and Earth-based 
observations. Yet, the outputs of this experiment are affected 
by various uncertainties, that nowadays pose limitations to 
the role that this instrument could play as a standalone tool 
for the a-priori inference of planetary surface properties.

Appendix A Specular Point computation

The model of Titan shape we used is a triaxial ellipsoid, with 
principal axes of a = 2575.124 km, b = 2574.746 km and 
c = 2574.414 km [36]. The specular point � = (x, y, z) , 

expressed in a body-fixed frame rotating with Titan and 
aligned with the three axes of its ellipsoid (IAU_TITAN), 
was computed solving a nonlinear system of equations based 
on geometric considerations. Given that � and � are respec-
tively Earth and Cassini positions in IAU_TITAN, �(�) is 
the unit vector normal to the ellipsoid of Titan at point � , 
and ̂LoS =

�−�

‖�−�‖ is the line of sight from Cassini to the Earth.
The nonlinear system of equations that we solved to find 

the specular point is the following:

Each equation of the system is a geometric constraint about 
the specular point. Equation (13) requires � to belong to the 
ellipsoid of Titan, Eq. (14) requires � to be part of the plane 
containing the transmitter � , the receiver � , and the local 
normal �(�) , while Eq. (15) satisfies the specular condition 
of incidence angle equal to angle of reflection.

The initial guess for the resolution of the system is the 
intersection between the surface of Titan and the bisector 
between � and � . The specular point is later converted in 
rectangular coordinates: longitude, latitude and radius in 
IAU_TITAN.

The quality of the estimate is eventually checked compar-
ing the direction of a specularly reflected ray scattered by 
the guessed specular point with the line of sight between 
guessed specular point and receiver. The angular separation 
between the two vectors is quantified, and plotted against 
time to spot outliers in the numerical routine. No outlier has 
been observed, and the rms of the angular separation is in 
the order of 10−4 degrees.
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