      Short-Range Millimeter-Wave Radar Perception in

                                                                                                          a Polar Environment

                                                                           Alex Foessel, Sachin Chheda and Dimitrios Apostolopoulos

                                                                                                 Robotics Institute, Carnegie Mellon University

Pittsburgh, PA 15213-3890

                                                                                                                {afoessel, chheda, da1v}@ri.cmu.edu

Abstract˘ A utonomous vehicle operations in Antarctica challenge

robotic perception. Flying ice and snow, changing illumination

due to low sun angles and lack of contrast degrade stereo and

laser sensing. Millimeter-wave radar offers remarkable advan-

tages as a robotic perception modality because it is not as sensi-

tive to the aforementioned conditions. Experiments with

millimeter-wave radar in an Antarctic environment show mini-

mal degradation of millimeter-wave sensing capabilities under

blowing-snow conditions, as well as backscatter obtained from

polar-terrain surfaces at grazing angles and detection of obsta-

cles commonly found in polar areas. This paper presents issues

relevant to short-range radar perception for a mobile robot in an

Antarctic environment. The article describes the experiments

and data-analysis procedures, and draws conclusions on the util-

ity of millimeter-wave radar as a robotic sensor for obstacle

avoidance and navigation in polar settings.

Keywords˘ Millimeter-wave radar, millimeter-wave imaging,

radar scattering, mobile robots, robot sensing.

                                                              I. I
                                                                      N T R O D U C T I O N

      A uton omou s veh icle oper ations in A ntarctica p ose a ch al-

lenge to robotic perception. F lying ice and snow, changing light

con ditio ns and  lack o f con trast co mpro mise st ereo an d laser

senso rs ab oa rd  mob ile  ro bo ts. M illi meter - wav e r ada r o ffer s

remarkable advantages as a mobile-r obot sensor because it is

no t as se nsi ti ve  to  t he  af o re men ti on ed  co n di ti on s. O b st acl e

avoidance and navigation can succeed under compromised vis-

ibility through the use of range data acquired by a scanning mil-

limeter-wave radar.

      Short-range radar-sensing issues motivated an experimental

agenda w ith three facets. The first part of the study addresses

perception of terrain and obstacles through blowing snow  and

ice, with the intention of estimating sensing noise introduced by

the weather phenomena. The second part deals with the neces-

sary conditions for backscatter at grazing from common types

of polar terrain: blue ice, and soft and hard snow. The emphasis

here is on the range of angles that enable polar-surface percep-

tion with millimeter waves. The third segment focuses on mil-

limeter-wave short-range sensing and relates the footprint size

at grazing angles with the beam model predictions.

      In November 1998, a short-range millimeter-wave scanning

r ad ar  w as  d ep l o ye d  a t P at r io t  H i l ls,  We st  A n ta r ct i ca . F ie ld

experiments demonstrated that millimeter-w ave radar has the

potential to provide reliable sensing for a mobile robot. Ice and

snow surface perception is feasible because of millimeter-wave

terrain backscatter at grazing angles. Obstacle detection occurs

under all visibility conditions. Sensing noise increases slightly

in b lo win g sn ow, b ut n o sen si ng i mpair men t du e to weat her

conditions was detected.

This paper presents related research and issues pertaining to

the use of millimeter-wave radar for short-range sensing, field

deployment and experiment description. The article also pre-

sents data analysis and conclusions on the utility of millimeter-

wave radar as a robotic sensor for obstacle avoidance and nav-

igation in polar settings.

A. Robotic Perception in a Polar Environment

A ntarctic weather  p resents clear- sky days and cloudy days

that obscure contrast as w ell as days with white-out condition

with null surface visibility due to blowing snow and ice. Ant-

arctic-terrain surfaces consist of blue-ice fields and areas with

soft and hard snow. The blue-ice fields and snow-covered areas

contain obstacles such assnow pits and mounds as well as rocks,

tents and vehicles. Continuous autonomous operations require

sensing of these terrain types and obstacles under all conditions

of visibility, often including those of blowing snow. These con-

ditions provide the impetus for the investigation and testing of

sensing mod alities that can w ithstand  t he An tarctic env iron -

ment. Vandapel et al. deployed stereo cameras and laser rangers

in the same polar region [1]. Preliminary conclusions indicate

that stereo vision performed poorly on cloudy days because of

lack ofcontrast. Blowing snowlimited the lasersensorsbecause

snowflakes reflected the laser beam resulting in erroneous dis-

tance measurements. The field party had similar problems that

limited theresearchers´operation and exploration tasksbecause

of impaired terrain perception [2].

B. The Sensor

M illimeter-wave radar has been used extensively for appli-

cations that require fine angular resolution with a limited anten-

n a  s i z e .  T h i s  i n v e s t i g a t i o n  u s e d  a  m e c h a n i c a l l y  s c a n n e d

mil lim ete r- w av e r ad ar  de sig ned  f o r o b stac le a vo id an ce a nd

road navigation in heavy-dust conditions.

T he  sen so r  is a b i stat ic  7 7- G H z F M CW  mil li met er - w av e

radar. The wavelength is . The beamwidth is 2° in ele-

vation and 1° in azimuth. The bistatic-antenna pair scans hor-

izon tally  acro ss th e angu lar r ang e of 6 4°. S imul taneo usly in

in ter va ls o f 1 ° in azim uth , sw it che s seq uen ti ally  sel ect fo ur

stacked-beam positions covering a total elevation range of 8°.

One scanning cycle˙or radar frame˙covers a 64° by 8° area

of the scene. The control interface allows for acquisition of con-

secutive scans.

A stand with a vertical-tilt axis allows the sensor to be aimed

at diff er ent elev atio n or depression angles. F igure 1 pr esents

side and front views of the sensor on the stand. The circle in the

upper left corner is the window for a video camera that provides

visual images for later use in comparison of the radar images.

l 4 m m
=

Fig. 1. Front (a) and side (b) views of the sensor. The pictures show

the sensor at a depression angle adequate for terrain-surface sensing.

      The sensor reports the amplitude of echoes at ranges between

1 and 64 m. The signal sampling provides amplitude measure-

ments every 0.5 m. The sensor resolves range of targets sepa-

rated by at least 1.5 m. Accuracy of the radar with appropiate

processing is better than 0.25 m. Look-up compensation tables

provide frequency stability for low-temperature operations.

                          II. S
                                      H O R T

                                                      -R
                                                            A N G E

                                                                             R
                                                                                  A D A R

                                                                                                  -S
                                                                                                        E N S I N G

 I
S S U E S

      Radar sensing results in a range estimation calculated by the

measurement of the time of flight for a transmitted radar signal

from the radarantenna to the target and back. This process stems

from wave propagation through the media and reflection on or

scattering by the target back to the sensor. The range of interest

for the mobile-robot application is from 1 to 100 m. The sensor

used in this investigation limits the experiments to a maximum

of 64 m.

A. Atmospheric Attenuation of Propagated Energy

      A tmo sph er ic a nd  we ath er atte nu atio n of  mil limet er- w av e

radar issignificant for long-range sensing. The dry environment

ha s a c lea r- ai r att en ua tio n  of  t he  o rd er  o f 0.2  t o 0.4  d B/ km ,

which has no effect on the range of interest. Flying snow and ice

can cause an increase in attenuation. The size of snow  and ice

cr y st a ls  i s c o mp a r ab l e t o  t h e mi ll i me te r  w a v el e n g th ;  t h es e

forms of precipitation can attenuate or introduce noise into the

ran ge  measu reme nts. S ev er al au th or s hav e in vest iga ted and

modeled snowattenuation. Models of the snow crystalsas hexa-

gon s allow  the derivatio n of th e ab sor ption  an d scatter ing of

millimeter waves in [3] and [4]. An experimental equation in [6]

and [7] for calculation of the attenuation factor is

 . (1)

      T h i s  e q u a t i o n  f o r  w a v e l e n g t h   a n d  r a t e  o f  s n o w  R

(expressed in mm/h) gives values in the range of 0.2 to 1.0 dB/

km. Similar to the case ofclear-air attenuation, the equation pre-

dicts almost no effect of flying snow  on millimeter-wave range

estimation.

B. Antenna-Radiation Pattern and Pencil Beam

      For robot perception, an accurate range map of the environ-

ment can be constructed through the scanning of a pencil beam .

This is an antenna pattern with a single, narrow lobe. Millime-

ter-w ave radar pr ovides a pencil beam with a relatively small

antenna aperture. The beamwidth is proportional to the wave-

length and is inversely proportional to the antenna aperture. A

co nstan t an ten na a per tur e sh apes n ar ro we r b eams at sh or ter

wavelengths:

 . (2)

Eq u atio n ( 2)  r elat es th e be amw idt h f un cti on  of  th e w ave -

length and the antenna aperture. At 77 GHz, a wavelength of 4

mm, a 1°
beam results from a 230-mm antenna aperture. A  nar-

rower beam produces more accurate terrain maps and obstacle

detection. H owever, an tenna size is limited by robot size and

room av ailability. The lo be str uctur e of the antenna radiation

pattern outside the mainlobe consists of a number of sidelobes.

Sidelobes result in a fraction of the radiated energy illuminating

areas other than those in the desired mainlobe directions and in

receipt of reflected energy from undesired directions. When the

attenuation of sidelobes is poor, targets in directions other than

those of the mainlobe appear in the radar signal. This particular

radar provides a sidelobe attenuation of 15 dB below the main-

lobe level.

C. Near/Far-Field Effect

Most radar applications sense targets in the antenna far-field

region where the radiated power density varies inversely with

th e  sq ua r e o f  t he  d is tan c e a nd  in  w h ic h th e an te n na  p at te rn

remains constant for each angle. The beginning of the far-field

region occurs at a distance R

min

 for which

 . (3)

Equation (3) results in  for the radar used in this

study. Slow operations and actuator-related robot tasks require

short-range sensing. Therefore, sensor targets often fall within

the near-field region where the antenna pattern is range-depen-

dent. Earlier work with millimeter-wave radar for robotic per-

ception shows deformation of the beam in near-field conditions

[8 ]. A ddit ional ly, b istatic rad ars such as th e one u sed  in th is

study introduce parallax distortionscloseto the pairofantennas.

Near-field and parallax effects do not prevent sensing close to

the radar, but suggest complex beam geometries and more dif-

ficulty in data interpretation.

D. Grazing Angle and Backscattering

Mobile-robot perception requires terrain perception for map-

ping and path planning. Sensors are usually directed at the front

of the vehicle for obstacle avoidance as the vehicle moves for-

ward . The sen sor -location height is limited by the maximum

mast h eig ht or  oth er  ro bo t- desig n c on st rai nts. The sca nn ing

pencil beam intersects the ground at near-grazing angles with

potential specular reflection. S pecular  reflection may impede

range measurement for grazing angles. Figure 2 represents the

pencil beam hitting the terrain surface at a grazing angle. The

origin of the beam at the center of the bistatic antenna pair is O .

The proximal and distal bordersofthe footprint areailluminated

by the divergence beam are A  and B , respectively. The height of

the beam origin with respect to the terrain level is h . The slant

range from the beam origin to the intersection of the beam axis

and the terrain is R .

                                  (a) Front View (b) Side View

                                                    Stand Stand

                                                                 Antenna

                                                                 Cover

   Camera

   Window

                               k

                                   s n o w

                                                           0.00349 R

                                                                                      1.6

                                                                        l

                                                                             4

                                                           ---------------------------

                                                                                                     0.00224 R

                                                                                                                l

                                                                                                     ---------------------+
                                                   =

                                                                                                        l
q 1.02
l

D

---×
=

R

m i n

D

2

l

-----
=

R

m i n

13.6 m

»

                              Fig. 2. Scheme of a pencil beam (beamwidth ) sensing terrain at

                              grazing angle . The footprint is defined by the proximal border (A)

                              and the distal border (B) . The sensor-depression angle is .

                                    Scattering and specularity at grazing angles have been inves-

                              tigated extensively  o n sea, gr ound  an d sn ow surf aces. These

                              investigations produced models that predict reflection based on

                              the terrain characteristics and the wavelength. A snow-scatter-

                              ing  stu dy  tha t app ear s in Ref eren ces [ 9]  and  [ 10]  p resen ts a

                              model for snow-surface scattering and experimental data at 35,

                              95 and 135 GH z. The study concluded that dry-snow roughness

                              has no effect on the scattering. At 35 GHz, moisture content and

                              roughness affect scattering. The same research group examined

                              95-GHz scattering at near-grazing incidence for a variety of ter-

                              rain surfaces, validating the Rayleigh criteria that defines scat-

                              t e r  c o n d i t i o n s [ 11 ] .  I f   i s t h e  r o o t - m e a n - s q u a r e  su r f a c e

                              roughness,  is the grazing angle and  is the wavelength, then

                              a surface is not rough when

 . (4)

                                    W hen the relation is satisfied, the surface scatters the beam˙

                              thus providing reliable perception. If the condition is not satis-

                              fied, it could mean that the reflection is specular with no return

                              to the radar for range estimation. Figure 7 shows a blue-ice field,

                              a common surface type for Antarctic-robot tasks. Although the

                              ice is smooth, the wind carves shapes that should provide scat-

                              ter.

                              E. Grazing Angle and Footprint Shape

                                    Grazing angles stretch the pencil-beam footprint. This results

                              in range-echo spread. Figure 2 illustrates the grazing angle and

                              footprint. Figure 3 shows the corresponding echo spread. This

                              scheme assumes that backscatter exists and that the footprint is

                              w i th i n  f ar - f i e l d  c o n d it i o n s,  w h ic h  g i v e  t h e  b e a m a co n i c al

                              shape. The footprint is the major axis of an ellipse with longi-

                              tude determined by a slant range to the surface R with graz-

                              i n g  a n g l e   a n d  w i t h  b e a m w i d t h  .  F o r  p e n c i l  b e a m s  t h e

                              footprint length can be approximated as

 . (5)

                                    T h e  w i d t h  o f  t h e  e c h o  s p r e ad  i n  t h e  r ad a r  si g n al  S

e c h o
i s

                                                            , different from the footprint length on the surface. A

                              theoretical value for S

                                                                                           echo

                                                                                                       results from

 . (6)

The signal returned fr om sensing at g razin g angles has th e

shape shown in Figure 3. The ratio between the amplitude of the

echo and the noise level in the proximity of the echo provides a

measure of the returned-energy strength.

Fig. 3. Expected signal from grazing-angle perception. The echo

spread S

echo

 is a function of the grazing angle, the beamw idth and

the slant range from the sensor to the surface. The signal level is S .

The noise level is N . The ratio S/N  represents the strength of the echo.

A graph of the simulated footprint profile of a pencil beam (as

represented in Figure 2) appears in Figure 4. This figure graphs

the surface-echo spread calculated from Equation (6) and cor-

responds to S

echo

 as illustrated in Figure 3.

Fig. 4. Predicted footprint profile for a conical beam model over flat

and level terrain (beamwidth 2°).

III. S
E N S I N G

 U
N D E R

 C
O N D I T I O N S

O F

 B
L O W I N G

 S
N O W

Radar-d ata acqu isitio n f or th is ex per iment occur red in two

sessions: one with a clear-air atmosphere and the second under

severe blowing-snowconditions.The clear-air-atmosphereses-

sion provided a reference for the inherent sensing noise in per-

f e c t  v i s i b i l i t y.  T h e  s e n si n g  c o m p a r i s o n  d e m o n st r a t e d  t h e

ex p ect ed  p ot en tia l o f  r ad ar  to  p r ov i de  ro b us t se nsi ng  i n th e

harshest polar weather.

The radar was deployed in a horizontal area and was pointed

in a fixed direction. The scene had a clear area of snow as w ell

as a tent, a wooden box, a snowmobile and small objects scat-

tered around the area (Figure 5).

The sensor acquired frames of the scene at a beam-depression

angle of 7°. The beam-depression angle and a sensor height of

1.6 m result in a slant range of 13.1 m from the center of the foot-

print on the surface. Equation (5) indicates a footprint length of

~3.8 m.

F igure 6 shows a bidimensional intensity graph of the radar

data for one beam across the horizontal scanning angular range.

The ho rizo ntal axis represents th e hor izontal scanning angle.

The vertical axis represents the slant range from the sensor. The

dark gray areas represent the intensity of the obstacles echoes,

light gray indicates absence of backscatter and black indicates

saturation or the maximum value of received energy. It is pos-

sible to observe echoes of the obstacles in Figure 5, which are

represented by dark areas in F igure 6.

                                                                                        A

B

a

                                                                           q
h

R

                                                           O

Footprint

                                                                           a ’

q

                                                                  a

a ’

                                                                                                 d h

                                                              a l

                                                                                              d h a
                                                                                                      sin
l

8

--

                                                                                                                    £

                                             A B

                                                             a q

                                                                                             A B

                                                                                                                   R q

×

a
                                                                                                                   sin

                                                                                                                  ---------
                                                                                                           =

                                O B O A˘

                                                              S

                                                                  e c h o

                                                                                                      h

                                                                                                     a

                                                                                                                q

                                                                                                                2

                                                                                                                --
                                                                                                           ˘

                                                                                                  è ø

                                                                                                  æ ö

                                                                                         sin

                                                                                        ------------------------
h

a
q

2

--
+

è ø
æ ö

sin

-----------------------˘
                                                                                 =

S

echo

Range

Amplitude

S

N

0 2 4 6 8 10 12 14

0

5

10

15

E c ho S pread (m )

Cone-S haped B eam  M odel

3 5 7 9 11 1513 17

Beam Depression Angle (°)

                              Fig. 5. View of the back of the radar as it points to the reference

                              scene. This picture was taken under medium intensity of blowing

                              snow. The targets become invisible when heavy blowing-snow con-

                              ditions develop. The sensor acquired data under conditions of heavy

                              blowing snow and under clear-air conditions.

                              Fig. 6. A selected radar-data fram e showing the intensity of the re-

                              turned energy with respect to range and horizontal angle. The dark ar-

                              eas indicate the stronger echoes corresponding to obstacles. The

                              graph is in polar coordinates and the objects appear distorted due to

                              the projection in the rectangular grid.

                                    Radar data fr om the selected beam position  w as divided in

                              two setsoffive framesforanalysis. The first corresponded to the

                              data acquired on the clear-air day. The second set contained data

                              acquired under blowing-snow conditions. A visual inspection

                              of all radar frames indicated that all the objects were present in

                              each frame. One immediate conclusion is that˙with this radar

                              and within ranges of 40 m or less˙all objects of interest appear

                              in the frames, and obstacle detection is possible. The w eather

                              condition does notprevent the detection of the objects in the area

                              of interest.

                                    S ome r adar -d ata fr ames cont ained  noi se n ot r elated  to th e

                              weather. The origin of the noise in those frames was thought to

                              be inherent to the radar or other sources not related to the weath-

                              er. Those frames were discarded as useless for statistical anal-

                              ysis. The no ise ( weath er r elated)  contain ed in  the remain ing
frames of the tw o sets w as measu red. The analysis resu lts in

Table I compare noise values for both weather conditions.

T he col um n M ax . S T D (ma xi mum  stan d ard  d ev iat io n)  in

Table I ind icates th e max imu m v ariation  in the values of  th e

amplitudes for all five frames. In other words, the location with

the energy value that changed the most in the five frames taken

u n d e r  b l o w i n g - s n o w  c o n d i t i o n s  h a s  a  s t a n d a r d  d e v i a t i o n

approximately 10% greater than the location that had the most

variation in clear-air conditions. As a reference, the Max. Aver-

age column indicates the maximum average of the energy val-

ues of the frame set. The table values and the frame observations

indicate that blowing-snow slightly increases noise compared

to clear-air conditions but does not prevent detection of com-

mon obstacles.

IV. B
A C K S C A T T E R

 F
R O M

 P
O L A R

 T
E R R A I N

A T

 G
R A Z I N G

A
N G L E S

The backscatter test examines the en ergy  r eflected back at

different grazing angles on blue ice, soft (fresh) snow  and hard

(packed) snow. A flat and level area was selected on soft-snow,

hard-snow and blue-ice fields. The sensor acquired data in three

sessions under clear air, one session for each type of terrain. In

each session, the sensor acquired data at seven beam-depression

angles from 3° to 17° in increments of 2°. The beam-depression

is equal to the grazing angle because the surfacesareflat and lev-

el.

Fig. 7. Blue-ice field, a common terrain type in Antarctica. It contains

reliefs carved by the wind. The small holes or ^ice cups~ are approxi-

mately 10 cm in diameter and 5-cm deep with smooth contours. Even

though the ice surface can appear specular, the ice cups provide relief

for backscatter at low grazing angles.

S oft snow and hard snow are surface types found in environ-

ments ot her th an p olar  o nes. Blu e-ice sur faces ar e uniq ue to

polar regions such as Antarctica. Blue-ice surface is solid ice,

and it contains reliefs carved by the wind. The small holes or

^ice cups~ are approximately 10 cm in diameter and 5-cm deep

w it h smo ot h co nt ou r s. E ve n t h ou g h t h e i ce s ur f ace  ap p ear s

specular, the ice cups provide relief for backscatter at low-graz-

Stand

Dome Tent

                                         Snowmobiles

                                                                       Radar

                                                                                                                 Wooden Box

                                                                                                      Horizontal Angle (°)

Slant Range (m)

                                                             ˘30 ˘10

                                                                              ˘20 0 10 30

20

                                                   50

                                                   40

                                                   30

                                                   20

                                                   10

                                                      0

Dome Tent

                                                                       Snowmobiles

Wooden Box

                                                                                    Battery

Tent

T A B L E  I

S
T A T I S T I C A L

 A
N A L Y S I S

O F

 N
O I S E

 I
N T R O D U C E D

B Y

 B
L O W I N G

 S
N O W

Weather Condition Max. Average Max. STD

Clear Air 409 45.75

Blowing Snow 422 50.75

Ice Cups

                              ing angles. Figure 7 shows a picture of the P atriot Hills blue-ice

                              field.

                                    The existence and strength of the backscatter echo is estimat-

                              ed fro m the plo ts, identif ying the echo and its value over  th e

                              noise in its proximity. Figure 8 presents raw radar data with the

                              energy returned by the blue-ice surface. Each plot has seven sig-

                              nals superimposed that provide an estimation of the repeatabil-

                              ity of the measurement. Each signal corresponds to one beam,

                              and  t he diff erence in dicat es th e inh erent  n oise in  radar  mea-

                              surements.

                              Fig. 8. Comparison of the backscattered-energy amplitude versus

                              slant range for increasing beam-depression angles. The eight plots

                              correspond to the beam-depression angles 3°˘17° in steps of 2°. The

                              outline of a vertical rectangle in each graph highlights the surface

                              echo (except the first that does not show echo).

                                    All graphs show that at slant ranges of 30 m and farther the

                              signal contains a pattern that does not relate to the depression

                              angle. This pattern is internal noise in the equipment, and it does

                              no t  co mp r o mi se e ch o es i n  sh o rt er  r a ng es  o r str o n g sig n al s.

                              Ho wev er, this no ise patter n can  hide t he echo  fo r th e low est

                              grazing angle. This experimental data indicates the existence of

                              backscatter  for  gr azing an gles of  5 ° or  mo re. Becau se o f th e

                              in ter na l sen sor  n oi se, th e d ata  do es n ot  pr o vi de evi den ce of

                              absence  of backscatter at grazing angles lower than 5°.

                                    Similar plots from the sessions on soft snow and hard snow

                              allow estimation of the signal-to-noise ratio, or signal strength

                              for each type of terrain. Figure 9 presents the experimental echo

                              strength for the backscatter at grazing. In all cases, there is no

                              signal at a depression equal or less than 3°. The noise pattern in

                              the radar can explain the absence of echo for low grazing.

Fig. 9. Signal-to-noise ratio for the surface-backscatter echo versus

grazing angle. Each plot represents the relative strength of the signal

returned by the surface at each beam-depression angle.

The Rayleigh criteria applied to millimeter w aves at 77 GHz

appears in Figure 10. The graph indicates a height deviation of

approximately 10 mm fora grazing angle of 3°. The height devi-

ation for blue ice is of the order of 30 mm. Additionally, earlier

work in [9] and [10] indicated that the grazing angle does not

affect backscatter in dry snow, such as that found in Antarctica.

This evidence confirms that the lack of echo at grazing angles

of 3° is explained by noise in the radar that hides weak signals

and is not the result of specular reflections.

Fig. 10. Rayleigh criteria: height deviation required for backscatter of

millimeter waves at 77 GHz (4 mm). The dashed line indicates the

height deviation required for backscatter at grazing angle of 3°.

The experimental data shows that the relief of soft and hard

snow, as well as the relief of blue ice scatter millimeter waves

at low  grazing angles. The scatter at grazing enables look-for-

ward robot sensing based in millimeter-wave radar.

V. S
H O R T

-R
A N G E

 S
E N S I N G

 F
O O T P R I N T

 A
N A L Y S I S

This section compares the theoretical footprint size and the

exp er imen tal r esult s based  on  th e same d ata o f th e p rev iou s

experiment: backscatter on polar ter rain at grazing. Figure 11

plots the experimental values for the slant range based on the

proximal and distal sides of the footprint as well as the width of

the footprint echo, which corresponds to  S

echo

.

The cone-shaped beam model (shown in Figure 4)failsto pre-

dict the width of the footprint echo, especially at short ranges.

Possible causes include the following: a different beam model

due to incorrect beamwidth, near-field effect, and nonlevel or

nonflat terrain. However, instances of nonflat terrain or incor-

rect beamwidth will result in errors at farther ranges. The errors

                                             0 10 20 30 40 50

                                          0

                                       50

                                    100

0 10 20 30 40 50

0

50

100

                                             0 10 20 30 40 50

                                          0

                                       50

                                    100

0 10 20 30 40 50

0

50

100

                                             0 10 20 30 40 50

                                          0

                                       50

                                    100

0 10 20 30 40 50

0

50

100

                                             0 10 20 30 40 50

                                          0

                                       50

                                    100

0 10 20 30 40 50

0

50

100

                                                     Amplitude of Backscatter at Different Grazing Angles

Signal AmplitudeSignal AmplitudeSignal AmplitudeSignal AmplitudeSignal AmplitudeSignal AmplitudeSignal AmplitudeSignal Amplitude

                                                            Slant Range (m) Slant Range (m)

                                                            Slant Range (m) Slant Range (m)

                                                             Slant Range (m) Slant Range (m)

                                                            Slant Range (m) Slant Range (m)

                                                                                      Grazing

                                                                                      Angle 3°

Grazing

Angle 5°

                                                                                      Grazing

                                                                                      Angle 7°

Grazing

Angle 9°

                                                                                      Grazing

                                                                                      Angle 11°

Grazing

Angle 13°

                                                                                      Grazing

                                                                                      Angle 15°

Grazing

Angle 17°

2 4 6 8 10 12 14 16

5

10

15

20

S/N

Soft  Snow

Hard Snow

Blue Ice

S/N for Surface-Backscatter Echo

Depression Beam Angle (°)

1

3 5 7 9 11 1 3 1 5 1 7

No signal

5 10 15 20

0

5

10

15

20

Grazing Angle (°)

Height Deviation (m)

3 5 7 9 11 1 3 1 5 1 7 1 9

Rayleigh Criteria: Roughness for Backscatter at 77 GHz

                              in sho rter slan t rang es ar e thou gh t to be r elated to  n ear- field

                              effect.

                              Fig. 11. Experimental footprint profiles for three surface types: blue

                              ice, hard snow and soft snow. The echo spread is constant for depres-

                              sion angles greater than 9°.

                                    An alternate beam model based on the results presented in [8]

                              was implemented to simulate the near-field effect. This model

                              represents the beam as a cylinder of the antenna diameter that

                              ext end s f ro m th e an ten na f ace to t he far /n ear  fi eld  dist ance .

                              From there, it follows the same shape as the cone-shape beam

                              model. Figure 12 presents a scheme of the cylinder-cone model

                              (a) and the simulated footprint-echo spread (b). The simulated

                              footprint results in a constant width for the footprint echo sim-

                              ilar to the experimental data.

                              Fig. 12. Beam profile with cylinder representation of near field. The

                              length of the cylinder is calculated in Equation (3), .

                                    The alternate model performed better than the common cone-

                              shap ed b eam mod el at p red ictin g th e sur face- ech o spr ead at

                              short ranges. The consider ation of near-field effect improved

                              the interpretation of short range data. This result suggests that

                              beam models that consider near -field effect are necessary for

                              r o b o ti c  s en si n g  o f  c lo s e o b j ec t s b a se d  o n  mi l l im et e r - w a v e

                              radar.

VI. C
O N C L U S I O N

This paper presents the analysis and results of experiments

conducted with a short-range millimeter- wave radar on polar

terr ain. The an alysis of  t he fiel d data sho ws that  mi llimeter-

wave radarfunctions adequately in compromised visibility con-

d it io n s. P r ese n ce  o f  b lo w i n g sn ow  sl ig h tl y  i nc r ea ses sce n e

noise but does not prevent sensing of obstacles. Ice and snow

surfaces provide enough reflection for detection and backscat-

ter from the polar surfaces is obtained at grazing angles as low

as 5°. There is evidence that scatter at lower angles exists but is

hidden by the sensor noise. Differences betw een the expected

footprint and the experimental values are explained with near-

field effect. Consideration of near-f ield effect improves radar

data interpretation and prediction. Radar sensing exhibits better

rel iabi lity  th an laser  an d ster eo u nd er so me con di tion s, th us

making this sensing modality a good candidate for robotic per-

ception.

A
C K N O W L E D G M E N T S

Th e au thor s th ank the Ro botic A ntarct ic M eteor ite S earch

Program for the support and funding of this research. This pro-

gram was funded by the Telerobotics P rogram NAG 5-7707 of

NA SÁ s Office of Space S cience, Ad van ced Techno lo gy and

Mission Studies Division. The authors value the logistical sup-

por t prov ided at Patri ot Hills, A ntarctica, by th e C hilean Air

Force and Chilean Antarctic Institute.

R
E F E R E N C E S

[1] N. Vandapel, S. Moorehead, W. Whittaker, R. Chatila and R.

Murrieta-Cid, ^Preliminary Results on the Use of Stereo, Color

Cam eras and Laser Sensors in Antarctica,~ Proceedings of the

International Symposium on Experim ental Robotics , 1999.

[2] Unpublished field-team reports on environmental conditions

during January and Novem ber of 1998 in Patriot Hills, Antarc-

tica, Robotic Antarctic Meteorite Search Program .

[3] P. Chylek, J. Zhan and R. Pinnich, ^Absorption and Scattering

of Microwaves by Falling Snow,~ International Journal of

Infrared and Millimeter Waves,  vol. 14, no. 11, 1993.

[4] A. Osharin, ^Millim eter-Wave Scattering by Dry Snow Crys-

tals,~ Radiophysics and Quantum Electronics, vol. 37, no. 11,

1994.

[5] E. Vinyaikin, M. Zinicheva and A. Naum ov, ^Attenuation and

Phase Variation of Millimeter and Centimeter Radio Waves in a

Medium Consisting of Dry and Wet Dust Particles,~ Radio-

physics and Quantum Electronics, vol. 37, no. 11, 1994.

[6] T. Frey, ^The Effects of the Atmosphere and Weather on the

Perform ance of a mm-Wave Communication Link,~ Applied

Microwave & Wireless Magazine, vol. 11, no. 2, February

1999.

[7] N. Currie and C. Brown, Principles and Applications of Milli-

meter-Wave Radar  (Artech House Inc., Boston, 1987).

[8] M. Lange and J. Detlefsen, ^94 GHz Three-Dimensional Imag-

ing Radar Sensor for Autonom ous Vehicles,~ IEEE Transac-

tions on Microwave Theory and Techniques  vol. 39, no. 5,

1991.

[9] Y. Kuga, F. Ulaby, T. Haddock and R. Deroo, ^Millim eter-

wave radar scattering from snow: 1. Radiative transfer model,~

Radio Science , vol. 26, no. 2, 1991.

[10] F. Ulaby, T. Haddock, R. Austin and Y. Kuga, ^Millim eter-

wave radar scattering from snow: 2. Comparison of theory with

experim ental observations,~ Radio Science , vol. 26, no. 2,

1991.

[11] F. Ulaby, A. Nashashibi, A. El-Rouby, E. Li, R. De Roo, K.

Sarabandi, R. Wellman and H. Wallace, ^95-GHz Scattering by

Terrain at Near-Grazing Incidence,~ IEEE Transactions on

Antennas and Propagation , vol. 46, no. 1, January 1998.

                                                             1 2 3 4 5 6 7 8

                                                          0

                                                          5

                                                       10

                                                       15

E c ho S pread (m)

S oft S now

Hard Snow

B lue Ice

                                                              3 5 7 9 11 1 5
1 3 1 7

                                                                                      Beam Depression Angle (°)

                                                                Experimental Values of Footprint Echo Spread

                                                                        for Three Polar Terrain-Surface Types

                                                          0 2 4 6 8 10 12 14

                                                        0

                                                        5

                                                     10

                                                     15

Slant Range (m)

                                                                                                    Cone-Shaped Beam Model

                                                                                                    Cylinder-Cone-Shaped Beam Model

                                                                            R
                                                                                m in

                                                             Cylindrical-Conical Beam Model

                                (a)

                                (b)

                                                                   3 5 7 9 11 1 3 1 5

                                                                                            Beam Depression Angle (°)

                                                             Theoretical Footprint Profile: Near/Far Field Model

Echo Spread (m)

R
m i n

13.6 m

»