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Abstract—The vehicle-based radar named ELICAN has been
used in a context of mobile mapping. R-SALM algoritim allows
to simultaneously retrieve the trajectory of the vaicle and the
map of the environment. This article proposes a mabd to
correct the radar map distortions induced by localtopographic
effects. The a priori knowledge of the area topography is
provided by a digital elevation model. An orthorecification
process has been developed to correct the panoramiadar
images. By applying the method to the data obtainedn a course
with large variations in altitude it was shown thatthe corrected
panoramic radar images are contracted by the orthoectification
process. An orthorectified map is then built by meging the
panoramic images and finally the orthorectified trgectory is
compared to the non-orthorectified trajectory.
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I INTRODUCTION
This study focuses on data provided B IBAN radar[1].

The FELICAN radar is a terrestrial FMCW radar which can be

loaded at the top of a vehicle. Thanks to its netaantenna,
the system provides maps of the surrounding enmieom. It
appears that these maps can be distorted wherctjuésiion
takes place in hilly terrain.

Most of the time, a map translates a three-dimewasio
environment to a two-dimensional picture. The airh o
geocoding is to reconstruct the correct imagingngetoy so as
each image pixel is associated to its positionhendarth. For
each point of the environment, the sensor measheesadial
line of sight distance to each target. This is stent range
distance. Hence, 2D representations of these data e
affected by distortions due to topographic effectsr this
reason, the corresponding true horizontal distaedled
ground range distance or planimetric distance) tmashe
calculated. “Orthorectification” is a procedure tthamoves
distortions from the image, creating an “ortho-imagvith
features positioned as they would be in a planimetap [2].
Without orthorectification, scale is not constamtthe image

and accurate measurements of distance are impassib

Generally speaking, an “ortho-image” refers to aleri
photographs or satellite images. Neverthelessctimeept of
orthorectification can be extended to any 2D rens#esing
data in a 3D environment. Lot of papers tackleghestion of
distortions and terrain correction of radar imad@g4][5],

usually concerning aerial SAR data. The situati®rgieatly
different in our case. Indeed, our radar is appnaxely
situated at the ground altitude and scans the emvient in
the horizontal plane. Thus the effects caused ey lamnd
topography are different from those found on aeB&R
images.

After a brief description of theHRICAN radar system and
of the radar map building process, the article shbaw the
topography can affect the geometry of radar datasat
method is proposed to correct these effects in rotde
“orthorectify” the datasets.

1. RADAR MAP BUILDING

The FELICAN radar can be easily loaded onto different
mobile platforms (Fig. 1). This radar uses the Eeqy
Modulated Continuous Wave (FMCW) principle as dibsxt
in details in [1] and [6]. The radar range is 100with a
transmitted power about 50 mW (other technical
characteristics of BICAN radar are detailed in Table I).
Waves are emitted through an antenna (aperturee a2M@f
vertical, 5° horizontal) rotating in horizontal pk so that a
strip of ground perpendicular to the vehicle displaent
plane is illuminated.
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FELICAN radar system loaded on an tirain vehicle. /

Fig. 1.
trihedral reflector can be seen in the foreground.
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TABLE I. MAIN CHARACTERISTICS OFPELICAN RADAR « radiometric effects;

Transmitted power 50 mw + geometric effects.

Antenna gain 20 dB As reported in [5], rugged terrain changes the nae

Carrier frequency 24 GHz brightness values due to changes in the localestagt area
and changing scattering mechanisms due to diffarendent

Range 100 m angle. In this paper, we focus on mapping appbeatiwithout

Angular / Distance resolutién 5°/1m quantitative radiometric analysis, so radiometeicain effects
will not be detailed any more.

Accuracy (on canonical target) 2cm

Size / Weight 27 x 24 x 30 cm / 10 kg a)f ' ' ' ' T

20n a panoramic radar image.

A portion of the emitted wave is reflected back angs the
radar antenna. Following the FMCW radar theory, réwdar
target distance is computed from the beat frequ¢nkyThe

echoe of
radar reflector

PELICAN radarachieves a complete scan in one second. Al 4’:‘
image is built up from the successive angular scaosrded ™[ ' il
600 - i —
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A 360° radar scan in the horizontal plane leada flar
image built up from radar-target distances measuoseéFT
techniques at each step of antenna rotation irhtirezontal
plane. The distance and the angular resolutionhé polar

image are respectively about 1 m and 5°. At the ehé VER b

complete antenna scan, the intra-scan distortions th SIS 5

vehicle motion during antenna rotation are cormtaead the & N /I

speckle is filtered. The 1025 x 1025 pixel imagenpated is o} % g
» - ’

called “panoramic radar image” (Fig. 2a).

The global map is built gradually by associating or

successive panoramic radar images thanks to thSL/ARW , , ,
algorithm” [1]. The global radar map is computed
independently of the platform dynamics and of tlaelar
position on the vehicle. For th& panoramic radar image, this
approach includes two major steps:

e Map matching (performing a 3D cross-correlationo tw i : reflector
translations and one rotation) between theatar scan : AV
and the previously constructed map. The maximumo [
the correlation matrix gives an estimate of thearad FREass - e ‘ radar
inter-scan displacement and of the rotation. e - - gt | " i\ position

+ Global map updating, merging th& panoramic radar
image with the previously recorded map.

The global radar map is a gray-scale raster, witipatial
resolution of 20 cm. Considering successive intans
displacements and rotations, the relative radajediary
(named “R-SLAM trajectory”) is computed simultansbu

o
o |
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N
-
[to]
©

The global map is finally georeferenced either akirtg
advantage of GPS recording or by manual or autgemati
matching to an orthophotograph, as described in [8]

lll.  EFFECTS OF THE TOPOGRAPHY ON THE IMAGE 706500
GEOMETRY Fig. 2.  (a) Example of a 100 m range panoramic radar incegéered o

Considering the scale of the study (from few huddre tg%radﬁr%ositligagnd (b) the corresponding aneh® RGB orthophotogra|

. rtho® — )

meters to few kilometers), the curved geometry aftliEs (BD ortho )

surface is not taken into account. Moreover, theein

distortions due to the sensor characteristics areansidered. As for satellite SAR images [9][10], precise t@mra
geocoding requires aa priori knowledge of the surrounding

As mentioned in [5] and [9], the relief effects cae land topography and additional information abowt patform

divided in two main categories:
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displacement. In the case OfURCAN radar, geometric terrain
effects have two main consequences on the radar dat

< the change in the radar ground coverage;

» the distortion of the map due to the differenceneen
slant distance and the actual planimetric distance
ground range distance.

arrangements of targets. The land topography legds
overvalue the measured slant range distance Dritpadson
with the ground range planimetric distapggFig. 4).

Orthorectifying the panoramic radar images involves
finding for each radar echo the corresponding mosin real-
world reference coordinates. In this study, a Rigilevation
Model (DEM) is supposed to be available. The radar

Regarding ground coverage, the change is partlgular pqnoramic image, centered on the radar positionpith re-

appreciable when the acquisition plane remainszhotal
while the surrounding environment is sloped (Fig). 3n this
configuration, the distance of the intersectiothef radar beam
with the ground is increased on the downhill sided a
decreased on the uphill side. The incidence angla@lso
modified. On the contrary, when the acquisition nplais
parallel to the terrain slope, the ground coverage the angle
of incidence are quasi-similar to an acquisitionaofiat area
(Fig. 3b). Nevertheless, according to the patHersht terrain
configurations can appear at the same time depgnrafinthe
observation direction.

IV. MODELLING AND CORRECTING DISTORTIONS OF THE
RADAR MAP

Each panoramic radar image is initially acquirechatant
range image, that is to say each target is locatkadively to
the radar position. It appears that the topograbhiariations
affect the distance with which targets are dispiage a radar
scan in a specified direction. On sloped ground siant range
image is so affected by geometric distortions. Cioimg the

panoramic images to build the global radar map, th

deviations are added to one another and then threwery
difficult to quantify. Indeed, as the vehicle mofeswvard, the
line of sight of a given feature varies from onengamic
image to another. Therefore, each raw radar pariorianage
must be corrected separately to create an “orttibezt
panoramic image”.

a)

Fig. 3.
beam.

lllustration of relief effects on the ground cowgeaof the rade

A numerical model has been developedMatlab® to
show the distortions induced by the topography tndssess
the efficiency of the orthorectification processmS8lations
were performed with artificially computed reliefsdadifferent

oriented, like the DEM. The rotation angle of thigstf
panoramic image is deduced from the heading pasanuodt
the mobile platform. This heading parameter is coteg from
the trajectory measured by the GPS receiver. THewimg
panoramic images are oriented using the onboardnggter.
R(Xr,Yr,ZRr) is the radar position, measured by centimetric
GPS. A(4,Ya) is a pixel of the panoramic radar image.
(Xa,Ya,Za) are the corresponding real-world coordinates. D
refers to the slant range distance measured byatler. The
cell (xp,yp) is the position in the raw panoramic image. The
corresponding altitud&yem(Xp,Yp) is retrieved from the DEM.
The corresponding planimetric distangeis provided by (1):

D
" V1+[Zpem(xp.yD)~ZR)/DI?

Pa 1)

Thus, knowing the distance D to the radar posiigrthe
spatial resolution and the heading parameter, ¢a¢-world
coordinates (X,Y ) may be deduced fropp.

ground

DEM X

Z::’"(ley[)
Fig. 4.  Definition of the parameters used in the orthofieetiion
process.

V. GROUND-TRUTH VALIDATION

This method was implemented on a dataset colledtety
a 2.5 km section of a sloping road with a different altitude
of 160 m, between Romagnat and Opme (Auvergne,cEjan
Throughout the acquisition session, the radar jpwositvas
measured by &roFlex® 500 GPS receiver at the rate of one
position per second. After post-processing, theitipoing
accuracy is 1 cm horizontally and 1 cm verticallijhe
presented results have been georeferenced in RGF 93
Lambert 93, the French official coordinate systémsed on
GRS 80 ellipsoid. The DEM used in this study iseatract of
the BD Alti®, an altimetric database provided by I@\ench
National Geographic Institute). As its spatial la@son is 25
m, the BD Alti® extract has been beforehand int&afeal on
an oversampled grid of one meter resolution. Mietafihedral
radar reflectors (Fig. 1) have been erected onsthdy area
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and georeferenced so as to assess the efficienctheof
orthorectification.

Fig. 5 presents an example of the orthorectificapjococess
on a panoramic radar image. Fig. 5c is the difféaébetween
the raw panoramic radar image (Fig. 5a) and theocettified
panoramic radar image (Fig. 5b). The black areaespond
to areas where radar echoes have been deletedg dilmén
orthorectification process. In opposite, the whitgeas
correspond to the areas where these echoes appkamaa be
seen that the orthorectification process tendsotaract the
panoramic images. This shift can amount up to platement
of several pixels in azimuth direction. Some areésthe
panoramic radar image are not
orthorectification process. Indeed, where
differences are low, induced distortions are ndlgliég The
effects of the orthorectification process can bangfied by
using a georeferenced radar reflector.
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Fig. 5.  Comparison of (a) a raw panoramic radar image dndat
orthorectified panoramic radar image. The diffei@ntbetween (b) and (

is presented in (c). The black areas corresporadas where radar echoes
have been deleted after the orthorectification. Whize areasorrespond t
the areas where these echoes have appeared.

In the example depicted in Fig. 5, the radar rédfleecho
is shifted of 0.63 m. A geographical position oé treflector
can be estimated from its position on raw panoraragar
image and on orthorectified panoramic radar imageensure
that orthorectification improves the image geocgdithe
reflector’s positions computed from panoramic inagee
compared with its position measured by GPS. THkdhBows
the results of this comparison. GPS position is gheund-

truth reference. It can be seen that the positp®MS error
is lower on the orthorectified panoramic radar im#3.31 m
against 1.01 m on the raw panoramic image). Ofiictha
panoramic radar images have been orthorectifieely thre
associated by the R-SLAM algorithm so as to build a
orthorectified global radar map (Fig. 6).

TABLE II. QUANTIFICATION OF THE ORTHORECTIFICATION EFFECTS

affected by t
the heig

GPS position of
the radar
reflector

(Lambert 93)

Position of the radar
reflector on the raw
panoramic image
(Lambert 93)

Position of the radar
reflector on the
orthorectified panoramic
image (Lambert 93)

h‘h?: 706882.54 m
Y:6512666.21 m

X: 706882.20 m
Y:6512667.16 m
RMS error =1.01 m

X: 706882.40 m
Y: 6512666.56 m
RMS error =0.31'm

6514000

6513000

P

A 2 »v' TJ\\
.0 125250 m A

707000

Lambert 93 - RGF93
’ Radar reflector

eocooe R-SLAM trajectory

Fig. 6.  Global orthorectified radar map along a 2.5 km isecbf a
sloping road, between Romagnat and Opme (Auvefgragce).Along the
path, the difference in altitude is about 160 m.

As the panoramic radar images have been contraitted,
global radar map and the R-SLAM trajectory (sedisedl)
are also contracted by the orthorectification psscéit this
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point, the “raw R-SLAM trajectory” (computed fromom-
orthorectified panoramic images) must be distingedsfrom
the “orthorectified R-SLAM trajectory” (computed ofn
orthorectified panoramic images). The comparisoiween
the orthorectified and the raw R-SLAM trajector&sows a
gap in the computed positions. Fig. 7a shows th&igned
value of this gap along the trajectory. This gapreéases
gradually along the trajectory and errors accursuldt the
end of the 2.5 km route, the gap is 9.6 m (Fig- Yeithout
orthorectification, the error on the R-SLAM traject
increases as long as the road slopes upwards anvelnas.
Fig. 7b depicts the longitudinal elevation profié the road
(measured by the on-boarded GPS receiver). Thevalfithe
gap between the orthorectified R-SLAM trajectoryd athe
raw R-SLAM trajectory are correlated with the sloplethe
road.

a) 10 T T T
Gap between the orthorectified R-SLAM trajectory

8| and the raw R-SLAM trajectory

I~

6

gap (m)

4}

i 1 1
1000 1500 2000 2500

Cumulative distance (m)

b) 180 T T T T

Road elevation profile. (measured by GPS) 4

i i i
1000 1500 2000

Cumulative distance (m)

i
0 500 2500

Fig. 7. (a) Gaps between the orthorectifieGBAM trajectory and th
raw R-SLAM trajectory along the route. (b) Relatleagitudinal elevatiol
profile of the road measured by the on-boarded &e&ver.

VI. CONCLUSION

Topographical variations induce a gap between the

measured slant range distance and the planimestiende. In
cartographic applications, this gap must be coedbct

Considering the radar position in a DEM, it is pbkss to
retrieve the difference of altitude between thearaplosition
and every point of the environment scanned durihg t
rotation of the antenna. Planimetric distances #ras
computed and each panoramic radar
orthorectified. By improving the quality of the geferencing,
the orthorectification process improves the acauraf the
global radar map, and therefore that of the R-SLAM
trajectory.
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