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Motivation JPL
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Radar measurements of altitude and velocity are critical for planetary
landings

Simulation/modeling of landing radars is necessary because EDL
system cannot be tested in completely flight-like manner
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Unique Aspects of Landing Radars =PL
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« Landing radars are distinct from remote-sensing radars in many
respects:
— Must operate over ~3 orders of magnitude in range (meters to kilometers)

— Must operate over highly dynamic trajectory and attitude profiles (e.g.,
swinging on parachute)

— Dynamic range of signal power varies ~60 dB

— Field of view of antenna changes dramatically

« Landing radars typically vary their operating parameters (transmit
pulse width, pulse rate, etc.) autonomously based on their own
measurements of range

» Radar echoes from surface must be modeled regardless of radar
design (e.g., for both wide-beam Phoenix/InSight-style radar and
narrow-beam MSL/M2020-style radar)



Radar Modeling Approaches JPL
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« Different radar modeling approaches are suited to different purposes:

— Behavioral radar model can be used to assess sensitivities of GN&C/EDL
system to known radar characteristics

— High-fidelity simulations of radar measurement from first principles can
provide predictive capability for validating radar design

« High-fidelity simulations must include model for echoes from ground
surface

— Same surface model can be used in different simulations for different
radar hardware designs

Radar Model

Echo Simulator

. Aldabra (phx/rsim) for (Coherent Integration)

Phoenix and InSight i Dynamics Manager
* Sulcata for Surface Manager

MSL and M2020,

Terrain Map Reflectivity Map Speckle Data

Surface model




Surface Speckle JPL
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Radars typically make coherent
measurements (both magnitude
and phase of signal echoes)

Coherent echoes from ground are
subject to speckle or fading
— Ground surface can be modeled
as collection of randomly

distributed elemental scattering
elements

— Reflections from individual
scattering elements sometimes
add constructively and sometimes
add destructively

Speckle is due to randomness of
surface (not noise of radar), so
errors due to speckle cannot be
overcome with increased SNR

Speckle pattern from green laser pointer

Image source: https://commons.wikimedia.org/wiki/File:Laser_speckle.jpg, 5
license https://creativecommons.org/licenses/by/2.0/deed.en



Distributed vs. Point Targets
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Speckle Variations JPLU
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Speckle is determined by viewing
geometry; variations will depend on both
ground location and radar location

Radar

Beam footprint on ground

Echoes from given
ground location will
exhibit random amplitude
and phase if viewed from
different radar positions

Echoes from different
ground locations will
exhibit random amplitude
and phase if viewed from
fixed radar position
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Brute-Force Speckle Model Jpl_
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Radar <

Vehicle trajectory Large field of regard at high

altitudes necessitates wide area
Simulated fo be covered in simulation
ground surface

Beam footprint on ground 222

=
Touchdown _ _
location Small beam footprint at lower altitudes

necessitates fine target spacing on ground

« Common, brute-force speckle modeling approach is to simulate large
number of individual point scatterers on ground
— Excellent representation of fundamental mechanisms and speckle behavior
— Simple
— Computationally demanding:

« Fine target spacing needed for low altitudes over wide area needed for
high altitudes makes brute-force approach impractical for landing

scenarios

» Using different scenes for different parts of descent would introduce
discontinuities and potential artifacts in radar performance .




Total Radar Echo Jpl_
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» Total echo is sum of complex contributions from all cells, weighted by
terms of radar equation:

a(p) = C, Y by 840 eXp(—J4—ﬂpk))((ﬂ pi)

k Pk A
Total echo as r _
function of Range point-
range target response
Phase from
t [
Amplitude scaling term Complex :;aezst’:r oce
that captures constant or ante.nna pattern
slowly varying terms and inverse
(transmit power, etc.) 1 range term
Backscatter
Summation contribution 0
overallcells ofcell =————> b; = 5;1/A0}
indexed by k /
Normalized
speckle term Cell area Cell backscatter

from lookup table coefficient

(Isil?) =1



Coherent Facet Model JPL
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* Model surface as collection of coherent rectangular facets or cells

« Van Cittert-Zernike theorem implies that autocorrelation of speckle as function
of viewing angle is Fourier transform of cell shape (same idea behind INSAR
geometric or baseline decorrelation)

~ = Complex speckle field from Speckle autocorrelation
. 2 (l ’ f]) ground cell as function of function (for each dimension,
— 1 radar horizontal position normalized)
Radar 4 .
2 (l i ) 5
u=—"" 5
A
UT
0
Relative Time (Normalized)
R.(u,v) = sinc(u) sinc(v)
ound cell

f 2-D sinc function is Fourier transform
I of rectangular shape of ground cell
(assuming uniform illumination)

« Surface echo is linear combination of contributions from all cells, weighted by
backscatter, antenna pattern, range response, etc. 10



Speckle Lookup Model JPL
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Model speckle with lookup table of oversampled Gaussian random
values that wrap around at edges

Each cell has its own random seed into same lookup table

Wrapped indices in table for each cell are computed from look vector
to cell

/—‘\ ———————————————————————
\\ /
\
\
|
|
|
|
|
:
I
e O<———————————
|
Zero padded array of Oversampled complex /
independent complex values with proper v
Gaussian random autocorrelation 7
values
A —>
_2(-f) o _2(-f)
Repetition of cell speckle realizations from table wrapping does u = ) V= 1
not cause problems in practice because different cells wrap at

different rates, so total echo still behaves randomly
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Facet Geometry and Implementation JPL
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y
« For each facet, store i, 42 /

— Center location N0 | Az,

frr 7_,
— Vectors of facet edges; can compute area, £
incidence angle, and speckle indices Ay s
— Speckle array parameters Aka
Az b'e

— Backscatter power parameters

« If surface is not flat, facets may not be
perfectly rectangular

— Approximate with equivalent rectangles
when computing speckle indices
» Difference mainly affects sidelobes of

autocorrelation function, not width of main
lobe, so speckle still behaves as desired

» Equivalent rectangular facets may not give
continuous surface, but objective is to
model representative rather than exact
surface

— True surface will not really be faceted
anyway

fk: JL

fkh fk’I 1

/ II/’/”)/II ’
FFT /e
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Statistical Validation of Model SPL
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. . 1 . .

. Numerlcal al_JtocorreIatlon results ) Horiz Vel. Nadir Look
from simulation show expected S 0l 3 - = -El Rot, Nadir Look |}
behavior for canonical cases: 5 E == Vert Vel, 20 deg Look

: : : s A Vert Vel, Nadir Look
— Horizontal velocity, nadir look S 0.67
direction =
— Elevation rotation, nadir look 2 04
direction E
— Vertical velocity, 20° look direction &0
— Vertical velocity, nadir look direction 0
0
Radar:
\
\
\
\
\
Beam footprints: G — ;_,;_'3 R
Speckle decorrelates Speckle decorrelates Speckle decorrelation Speckle is bit
after radar moves half after radar rotates by distance equivalentto  more complicated

antenna width beamwidth InSAR critical baseline 13



Scene Resampling JPL
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—

Resample

Old cell

Four new cells

Speckle term provides independent
multiplicative factor for each cell, so override
speckle values from lookup table with special
transition values that are selected to make
sum of echoes from new cells match echo
from old cell when viewed from location of
radar at time of scene resampling

» Cell model is not necessarily more computationally efficient than
brute-force approach if reasonable number of targets is maintained

for each

« Advantage of cell model is that it allows for seamless resampling of

scene

— Resample to increase spatial density of targets as vehicle descends to
maintain proper number of targets per footprint

— Avoid discontinuities in speckle when resampling occurs
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Speckle Transition Approach JPL
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—

Resample

Old cell

Path through (u,v)
space for one cell

(ur,vy) for one cell

Four new cells

New cells after resampling will have
independent random seeds into
speckle lookup table

Scene resampling at time t occurs
at particular transition index (ur,vy)
that is different for each cell

Compute speckle override value st
for each new cell that gives smooth
speckle through resampling

Compute speckle for new cells as:

if ((u,v) is near (ur,vy)) [/ within correlation width

S=st Il use transition speckle value
else
s = s(u,v) Il from lookup table

Speckle override value may be

used again as path through (u,v)
space wraps, but it behaves like
any other random speckle value
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Speckle Transition Formulation  JPL
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N )

l 4
a(p) = C, E b, g(p—ik) exp(—j%pk))((p—pk) Total echo
k

t

bk — Sk\/AkO'Q Cell reflection term

Speckle term

M ‘ . 0 g(iAk) ? A
a(p) = C. Y sy = A0} [—] exp (—J—pk)x(p — Pr)
k N—

Pk A

‘ Echo from old scene hksk — hk’ S Echo from new scene
At transiion  (Pefore resampling) Zk Zk/ " (after resampling)

Choose transition speckle values to ST’ = STk’ + STk’
enforce equality at transition time T

Constructive term gives speckle
continuity at transition time

Destructive term gives zero contribution at transition
point but gives randomness away from transition time

16



Speckle Transition Values JP'—
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60—

| = with destructive term
- { = = =without destructive term

—

Resample

Relative Power (dB)
N
o

Old cell Four new cells

. DottedVines inbackground represent -
. variation in-expected power vs.-altitude

50 100 150 200
Altitude (m)

Simplest approach to ensure speckle continuity: compute sy for each new cell
so that new cell contribution is 1/n of old cell contribution

— Total echo is continuous at transition, but speckle between new cells becomes
correlated such that speckle statistics no longer behave properly after transition time

— Call this “constructive” speckle transition term
Must also include “destructive” speckle term

— Gives no net contribution when weighted by radar-equation terms (antenna gain,
range response, etc.) at transition time, so constructive term gives speckle continuity

— Gives extra randomness when different weighting of radar-equation terms is applied
after transition time

20
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Scene Resampling Example JP'—
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« Example complex echo from Sulcata simulation with velocity and
beam pointing straight down

— Scene is resampled to 1.5x finer cell spacing in each dimension at 0 on
horizontal axis

— Phase discontinuity due to scene transition is not discernible from other
phase variations (much less than 1°)

— Jumps every 50 pulses are due to discretization of echo into
(oversampled) range bins (echo moves between bins as range closes) 18



Model Limitations JPL
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« Limitations of model as currently implemented:
— Model is not polarimetric

— Model assumes homogeneous rough surface; does not handle
penetration, multiple scattering, Bragg scatter, etc.

— Does not handle shadowing
» Generalizations of model are possible

« Limitations have not impacted applicability of model in practice to
date for Phoenix, MSL, InSight, or M2020

19



Model Usage JPL
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 Surface model has been used in different simulations:

— Aldabra (phxIrsim) for Phoenix and InSight
« Model originally developed for Phoenix
» Software re-used for InSight with no significant changes

— Sulcata for MSL and Mars 2020

* Theoretical model for surface is common between Sulcata and Aldabra

« Software implementation of surface model reorganized for MSL to better
manage scenes with TDS beam geometry

« Software re-used for Mars 2020

» Typical Sulcata run time to reproduce real MSL landing:
— 0O(2 hours) on ~2016 MacBook Pro
— 0O(12 hours) on single node of ~2012 JPL galaxy or kelvin clusters

20



Comparisons to MSL Data Jpl_
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* Following slides compare Sulcata simulations to actual radar data from MSL
landing on Mars and MSL helicopter testing of EM radar unit
— Real radar measurements compared to “truth” from trajectory reconstruction to
compute errors for real radar data
— Truth trajectory used as input to Sulcata, then simulated radar measurements
compared to simulation truth to compute errors for Sulcata
« Simulations were not tuned to match real data except to use surface

reflectivity inferred from real radar data
21
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MSL EDL Trajectory JPL
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MSL EDL Range Error Comparison JPL
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Black lines represent TDS 99% requirements

Good general agreement between actual radar data and simulation;
outlier behavior slightly different (not unexpected)
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MSL EDL Velocity Error Comparison =L
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Black lines represent TDS 99% requirements

Good general agreement between actual radar data and simulation;
outlier behavior slightly different (not unexpected)
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MSL EDL Range Error Histograms
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MSL EDL Velocity Error Histograms
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Histograms show all valid
data from actual MSL
landing

Data are sorted by radar
transmit pulsewidth (as
proxy for different
regimes of operational
envelope)

Data from real FM unit
and Sulcata agree very
closely
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Field Test Velocity Error Histograms
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What’s Next? JPI_
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M2020 landing

Surface model is reasonably general and is applicable to different
types of radars, but we need to see what next landing radar looks

like...
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