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1. Is the area illuminated by the HGA statistically specular?

• Obtain a model of the HGA footprint as the surface intersection of a mesh antenna beam model 
and mesh comet model (X-band HGA main lobe half-width @3dB = 0.48 deg).

• Divide the footprint in triangular facets (independent from model resolution)

• For each facet of the footprint, obtain centroid coordinates and surface normal vector
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Objectives of the Rosetta Radio Science investigations included determining the
dielectric properties, small-scale roughness, and rotational state of the nucleus of
comet 67P/Churyumov-Gerasimenko (67P/C-G) from bistatic radar (BSR)
measurements. The radio transmitter and high gain antenna (HGA) on the
spacecraft beamed right circularly polarized (RCP) radio signals at two
wavelengths - 3.6 cm (X-Band) and 13 cm (S-Band) - toward the nucleus surface.
Parts of the impinging radiation was then scattered toward a ground station of the
DSN on Earth, where it was received and recorded coherently in both RCP and left
circular polarization (LCP). Between late September and mid-December 2014, six
BSR experiments were conducted successfully at 67P/CG. In-phase and
quadrature samples were collected at sampling rates of 25 KHz and 1 KHz.

• Given Tx and Rx locations, calculate 

𝜶𝒊, 𝜶𝐫, 𝜶𝐚 for each centroid and for the

HGA boresight direction

• Calculate mean angles for  for overall 
footprint

Geometric Analysis
2. Are there single specular points/regions within the footprint?

• For each facet centroid, check specular conditions:

a) Co-planarity:  𝑉𝑝 = 𝐧 ∙ (𝐭 × 𝐫) ≈ 0

b) Law of reflection: 𝛼𝑖 = 𝛼𝑟 →  𝒕𝒏 =  𝒏𝒓

Theoretical specular reflection points

Parallelepiped volume 𝑉𝑝

3. What is the theoretical frequency response of the illuminated area?

• Differential Doppler Direct Signal – Echo Signal:      Δ𝑓 = 𝑓𝑑 − 𝑓𝑠

• Spectral dispersion of the 
echo signal:

𝐵 =
4 𝑙𝑛2𝑣𝑠𝑝Ϛ

𝜆
cos 𝜃

(Simpson, 1993)

Date doy DSN 𝚫𝐟 (𝐇𝐳) 𝐁 (𝑯𝒛) Ϛ (𝒅𝒆𝒈) 𝜶𝒊 (𝒅𝒆𝒈)

SEP 29 271 DSS-14 1.40-1.73 0.16 13.12 55.44

OCT 11 283 DSS-14 5.65-6.04 0.47 17.00 49.21

OCT 12 284 DSS-14 1.11-3.76 0.72 18.59 58.69

NOV 22 326 DSS-14 1.73-2.09 0.51 17.36 51.81

NOV 29 333 DSS-14 0.79-3.52 0.24 32.65 41.37

DEC 14 348 DSS-43 0.95-1.27 1.10 21.21 48.78

Tab. 2: Expected values for the differential Doppler frequency shift Δf between direct signal and echo, echo
spectral dispersion 𝐵, surface RMS slope 𝜁, and specular reflection angle 𝛼𝑖.

Fig. 4: Expected surface incidence (orange dots) and reflection (black dots) angles for the high-gain antenna (HGA)
boresight direction. The mean and standard deviation (1𝜎) of the same angles, computed for the half-power HGA
beamwidth footprint on the surface of the comet, are represented as background gray areas. A facet grid of 1 deg in
azimuth and 0.05 deg in off-boresight angle were used to represent the footprint topography at each epoch.

HGA beam

Mesh comet model

HGA -3dB footprint

Fig. 3: Schematic representation of the numerical procedure to obtain the antenna footprint
reflection geometry at a particular epoch. The footprint is divided in triangular facets, which are
the result of interpolating surface slopes of smaller facets of available comet shape models.

Fig. 6: Predicted locations (continuous lines) and updated locations (crosses) of the specular reflection points on the comet surface.
Predicted locations were computed during experiment planning on a triaxial ellipsoid. Update locations are computed on the latest
available facet shape model (Preusker et al., 2017). Represented datasets are for doy 271, doy 284, doy 326, and doy 348.

Fig. 5: Schematic of the reflection geometry
vectors: surface to transmitter 𝒕 , surface to
receiver 𝒓 and surface normal 𝒏 at the location
of the specular point.

1. Spectral estimation scheme

Based on the geometric analysis, BSR echo signals from the surface of 67P/C-G
are expected: (a) spectrally adjacent to the direct signal (from a fraction of a
Hz to few Hz), (b) weak in amplitude (overlapping in frequency with additional
clutter noise from non-specular regions), and (c) narrow band (spread roughly
over 1 Hz). It is hence necessary to adapt conventional BSR processing
schemes to the specific observation geometry at the comet.

The specular point traversed slowly on the comet surface 0.52 ± 0.3 𝑚/𝑠 during
the measurements. The spacecraft travelled at a comparable rate relative to the
comet 1.88 ± 0.85 𝑚/𝑠. Both the direct and echo signals drifted very slow gently

in frequency over time. A significantly large signal integration time window can
be employed to reduce noise variance in the data. Integration windows up to 10
min in duration (~1.5 mHz spectral resolution) have been used for this work.

We selected a moving window average procedure, also known as the non-
parametric Welch’s periodogram (See e.g., Kay, 1988). This approach
reduces the bias of the estimate by overlapping consecutive averaging windows.
This procedure has been successfully applied for the computation of
uncalibrated spectral echo power from the surface of 67P/C-G.

2. ROS BSR signal processing pipeline

In the datasets collected for the Rosetta RSI BSR experiments, echo signal tones are visible in the X-
RCP and X-LCP channels on both, 1KHz and 25 KHz logs. The diagram below depicts the proposed
processing pipeline to reconstruct echo signal power from the surface of comet 67P/C-G. The data
presented here corresponds to the 25 KHz records for doy 333 in 2014. These measurements were
conducted over the north neck region of the comet, close to the body spin axis. For these dataset, the
geometry analysis indicated potential specular reflection points at an angle of ~41 𝑑𝑒𝑔.

The BSR experiment timeline proposed by (Simpson et al., 2011) includes pre-calibration and post-
calibration procedures to evaluate the system noise temperature on each data channel. This
procedure involves various phases during which the behaviour of the system is recorded under
different loads. Using these recordings, a power conversion factor can be obtained to calibrate the
echo signal power in post processing.

Experiment phase Acronym

Ambient load AMB

Ambient load + noise 
diode

AMB + ND

DSN in sky pointing SKY

Spacecraft carrier 
tracking

BCAL

DSN in planetary 
pointing. The system 
noise temperature can be 
determined at this point.

MINICAL

Bi-static radar 
observations of the 
surface

BSR

Tab. 1: BSR experiment measurement phases.

Fig. 2: (Top) Averaged spectral power of the 1KHz X-
RCP and X-LCP complex voltage samples as function
of time. Power variations are indicative of the various
experiment calibration phases.
(Bottom) Noise floor calibration factors for X-RCP and
X-LCP channels. Factors are reconstructed from the
system noise temperature during pre-cal and post-cal
data, and through comparison with the uncalibrated
noise floor during surface observation.
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Fig. 7: Schematic of the average periodogram estimation technique with overlapping sliding window.

(1) Estimate uncalibrated power spectra (Welch’s procedure)

Echo signal

The amplitude axis has been zoomed
in for better presentation of the echo 
signal spectra. 

Direct signal

The frequency axis is limited to (-20, 15) Hz in all 
plots for better presentation. The actual
bandwidth of the dataset is 25 kHz.

(2) Apply autoregressive smoothening filter

(6) Compute power ratios: RCP / LCP

(3) Estimate noise floor pedestal
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Windows for noise average

(4) Suppress direct signal and calibrate power spectra

(5) Compute echo signal power over 1 Hz bandwidth

X-RCP to X-LCP power ratios on doy 333 average to 1.37 ±
0.33 . For a specular reflection angle 𝛼𝑖 ≈ 41 𝑑𝑒𝑔 , the
computed ratios yield a non-physical dielectric constant
(ε < 1). It is believed that a partial specular reflection is

occluded by additional clutter echoes close to the Brewster
limit, hence the strong RCP component. A more accurate
physical reflection model is therefore necessary. (7) Constrain dielectric constant

Fig. 1: Dielectric constant as function of incidence angle for various RCP
to LCP power ratios (Simpson et al., 2011).

For a specular reflection point illuminated
under an incidence angle 𝛼 smaller than the

Brewster limit of the surface material, the ratio
of the reflected power in the same incident
polarization 𝜌𝑅 to opposite polarization 𝜌𝐿

yields a parametric relation to the surface
dielectric constant 𝜀.

𝜌𝑅 = 0.25 𝑅𝑣 + 𝑅𝐻
2

𝜌𝐿 = 0.25 𝑅𝑣 − 𝑅𝐻
2

𝑅𝐻 =
cos 𝛼 − 𝜀 − sin2 𝛼

cos 𝛼 + 𝜀 − sin2 𝛼

𝑅𝑉 =
𝜀 cos 𝛼 − 𝜀 − sin2 𝛼

𝜀 cos 𝛼 + 𝜀 − sin2 𝛼
(Simpson et al., 2011)

Unpublished work. Please consult authors for more information.
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