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Abstract—Global navigation satellite systems (GNSS) are
widely used for localization on Earth, but are not available on
other planets, so that robotic planetary exploration missions need
to use alternative methods for localization. This paper presents a
wireless localization network (WLN) for estimating the 3D posi-
tion and 3D orientation of a mobile robot. It consists of at least one
reference 24 GHz radar node with known pose, and a mobile node
on the robot. The reference nodes can determine the distance and
both spatial angles to the mobile robot (thus locating it in 3D) using
round-trip time of flight measurements and digital beamforming.
We use an extended Kalman filter (EKF) to fuse these results with
the readings from the mobile node, and an inclinometer to deter-
mine the complete 6D pose of the mobile robot. Measurements in
a realistic scenario prove the feasibility of the proposed concept.
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1. INTRODUCTION

While global navigation satellite systems (GNSS) are widely
used for localization on Earth, such systems are absent on other
planets, so that robotic planetary exploration missions cannot
rely on them for localization. An overview of currently em-
ployed alternatives based on relative sensors such as wheel en-
coders or visual odometry is given in [1]. The inherent drawback
of such techniques is error accumulation, which leads to deteri-
oration of the localization result as the mobile robot moves.

A typical exploration scenario includes the mapping of a
crater wall by driving around it and taking a series of images as
described in [1]. The images are combined to an integrated map
and points of interest (POI) for closer study are identified in the
map after the localization errors have been (manually) compen-
sated. The mobile robot then returns to the POI locations for in-
vestigation. However, it can only accurately drive back to a POI
if both the mobile robot and the target location are known.

We present a wireless localization network (WLN) for 6D
pose estimation of mobile robots using sparse infrastructure. It
consists of at least one reference node installed at the test site
and another node on the mobile robot as depicted in Fig. 1. The
WLN can improve and speed up the process of mapping and
target finding in planetary exploration missions. It can also be
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Fig. 1. The rover SherpaTT with WLN in the DFKI space exploration hall in
Bremen, Germany.

used in terrestrial applications in places where GNSS is not
available (e.g. indoors) or when higher accuracy or 3D
orientation is required in a specified area.

II. APPLICATION SCENARIO

A. Application

The WLN is developed with the scope of the TransTerrA
project [2]. The application scenario comprises multiple mobile
robots cooperating in a mission on the lunar south pole. An ex-
ploration rover (SherpaTT, Fig. 1) is envisioned for wide range
exploration of the area. It will take soil samples, carry modular
payload items and so-called BaseCamps that serve as communi-
cation relays and sample container depots. A smaller and more
agile rover is used as a shuttle to pick up deployed samples and
transport them to the landing site for further inspection or trans-
fer into a return stage to Earth. Additionally, the shuttle can
transport battery modules in order to extend the runtime of the
exploration rover. The mission scenario includes several rendez-
vous between exploration rover, shuttle, and BaseCamps. The
WLN can be used to improve the localization of the mobile and
immobile systems.



B. Expandable Rover for Planetary Applications

The experiments presented in this paper are based on an
early integration study of the exploration rover SherpaTT. Sher-
paTT is a hybrid wheeled-leg rover with an active suspension
system composed of four limbs with a wheel mounted at the end
of each limb. A total of 20 active degrees of freedom (DoF) al-
low the robot to adapt to rough terrain while at the same time
maintaining a desired body height and/or attitude of the central
body. The robot will be equipped with a manipulator in the final
integration stage. This will allow it to handle modular payloads
that can be transported to four payload bays situated around the
manipulator. SherpaTT will cooperate with the second mobile
robot, Coyote III, in the final mission scenario [2]. The radar
node is mounted on top of the central body for the experiments.
More details on the system design of SherpaTT are availa-
ble in [3].

III. SENSORS

The WLN consists of two or more radar nodes. Each node is
a single input multiple output (SIMO) frequency-modulated
continuous-wave (FMCW) secondary radar with a center fre-
quency of 24.125 GHz and a bandwidth of 250 MHz. The dis-
tance between two nodes is determined by the round-trip time of
flight (RTOF) measurement principle using FMCW ramps, as
described in [4]. Each device has 1 Tx and 8 Rx channels suita-
ble for digital beamforming. All nodes have identical hardware,
but run different software; they are equipped with different an-
tenna arrays depending on their role in the network. A descrip-
tion of the previous hardware generation based on the same prin-
ciples can be found in [5]. Our proposed WLN has the advantage
of higher reliability and lower infrastructure cost over state-of-
the-art wireless local positioning techniques based on
TDOA / TOA / RTOF [6], since only a single measurement by
a single reference node is needed for localizing the target in 3D.

A. Reference Node with Planar Antenna Array

The reference nodes are equipped with sparse planar antenna
arrays. Each array comprises 8 patch antennas in an optimized
2D arrangement, which enables both azimuth and elevation an-
gles of arrival of the received signal to be estimated. The array
has a sidelobe level (SLL) of —3.7 dB, and a main beam width
(MBW) of approximately 10° at broadside direction; its aperture
size is 70x47 mm. We connect the array to the radar node and
apply a calibration procedure as described in [7]. We found the
unambiguous measurement range to be more than +45° in both
azimuth and elevation angles using the delay-and-sum beam-
former in a series of measurements in an office-building foyer.
We can estimate the 3D position of the mobile node relative to
a reference node by combining the measured angles with the
measured distance.

B. Mobile Node with Ring Antenna Array

The reference nodes are situated around the installation site
and need to only cover the area in front of them, i.e., in a £45°
in azimuth and elevation, while the mobile node can be moved
and rotated freely in the measurement site. Therefore, it needs a
360° range in azimuth and +45° range in elevation for complete
coverage in every position of interest. We developed and built a
ring antenna array to fulfill this requirement. It consists of 8 Rx
patch antennas placed on the walls of an octagonal prism and a

Fig.2. 8-clement ring antenna array with omnidirectional coverage in
azimuth.

Tx antenna with omnidirectional coverage in azimuth (see Fig.
2). The line-of-sight signal from the target is always received by
at least three patch antennas over the complete azimuth range
with this arrangement. The setup cannot make any elevation an-
gle measurements, however.

The model for the peak of the Fourier transform of the
mixed-down signal S, in channel n=1...8 is

S, =A4,-exp(d, +4.,), M

where A4, is the signal amplitude [7]. The phase term ¢, de-
scribes the phase difference in every channel due to the spatial
distribution of the antennas. The term ¢, is an error term, which
should be removed by calibration.

Given the specific array structure, we use a combination of
amplitude-comparison monopulse (AM) and phase-comparison
monopulse (PM) techniques to estimate the azimuth angle from
the signal in (1). We use AM similar to [8] in a first step to get a
rough estimate @a, am of the real azimuth angle ¢,,. The received
amplitudes 4, are normed to the maximum received amplitude
by

A =4, /max{4}. 2)

We then search through the complete azimuth range
Pazn=—180°...179° to find the minimum of the cost function

R(@azh):

8 —
R((paz,h) = z' An - An,h ((paz,h) |’
n=l1

. 3)
(oaz,AM = arg min {R((paz,h )} .
Pazh
The hypothesis for the amplitude A4, is
An,h ((oaz,h) = RP(Wrap((oaz,ant,n - ¢az,h ))7 (4)



—_

o
)

<
'S

Normed Cost Function
(dimensionless)
(=}
(=2}

<
[®)

-150 -100 -50 0 50 100 150
Azimuth Angle (°)

(AM)

Fig. 3. Amplitude
pseudospectra.

monopulse and phase monopulse (PM)

where @azan» 1S the orientation of antenna n in the array
reference frame (cf. Fig. 2). The function “RP” returns the
normed amplitude from the antenna radiation pattern
corresponding to the angle in its argument. It can also be
implemented as a lookup table (LUT) if no analytical
expression is available. It simplifies to the cosine function in
our case of a patch antenna and variation of the azimuth angle
only. The “wrap”-function constrains its argument to the range
[-7, ). The pseudospectrum of the amplitude monopulse
applied to a real measurement is shown in orange in Fig. 3.

The result g.,am is a stable but coarse estimate. It is useful
for identifying the 3 signals S,, containing useful phase infor-
mation, since the remaining channels would typically receive
only noise or multipath reflections. The signals S, are then used
for PM (delay-and-sum beamforming). The corresponding
matched filter H, with the wave vector k(@.,, $.1) are defined as

Hn((paz’ '961) = eXp(—jkT ((paz’lgel) .rRx,n)’

cos@,, cos Y,

2 Q)

k(¢az > "gel) = 7” -| sin ®,, COS '9el

sing,

The term rrx, is the 3D position of antenna # in the array refer-
ence frame, and 1 is the signal wavelength. The searched azi-
muth angle @a,pmis at the maximum of the cost function
I(@azh, Je1n) over the interval [@aam — A@, Pazam + Ap]:

3 A
I(waz,h > l9el.h) = z Sn . Hn (q)az,h > l9el,h) >
n=1 (6)
Porpm = AE max{/ ((/’az,h > ’gel,h )}

Pz et

The search range Ag should be chosen carefully — if it is too
small, one could miss the peak in the phase monopulse pseudo-
spectrum; if it is too large, one might erroneously detect a high
side lobe as the correct result. The resulting pseudospectrum for
9ein = 0° is shown in blue in Fig. 3. We can search over .1 as
well, as shown in (6). This allows us to estimate the azimuth an-
gle more accurately (despite not being able to measure the ele-
vation angle reliably), since the antenna arrangement is two-di-
mensional when looked at from 9. # 0°.
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Fig. 4. Azimuth angle measurement result in anechoic chamber for a
measurement range of —35° to 50° in azimuth and —40° to 40° in elevation.

The result of a measurement campaign in an anechoic cham-
ber is shown in Fig. 4. One radar node was static and the node
with the ring antenna array was rotated in both azimuth direction
in the range —35° to 50° and in elevation direction in the range
—40° to 40°. We estimate that the RMSE for the azimuth meas-
urement compared to an optical reference is 1.9°.

C. Inclinometer

Only the azimuth angle can be measured using the ring an-
tenna array in Fig. 2. We deploy a Posital Fraba ACS-080 incli-
nometer as well to determine the complete 3D orientation of the
mobile robot. It has two axes with specified measurement range
of £80°, 0.01° resolution and 0.1° accuracy.

IV. EXTENDED KALMAN FILTER

We use an extended Kalman filter (EKF) to fuse the results
of the three sensor types (reference node, mobile node, and in-
clinometer) [9]. We deliberately refrain from the usage of odom-
etry, so that the proposed solution is generically applicable for
all kinds of vehicles (e.g., legged robots).

We define the state vector g as
H=[Pyy, vy, O, 0,7 (7

with the 3D position pyy, = [x y z], the 3D translational velocity
Vxyz = [Vx Vy V2], the 3D orientation 6,p, = [a f y] and the 3D ro-
tational velocity @qp, = [w, wp w,]. All values are defined rela-
tive to a static reference frame, which will be denoted as the
global frame. The z-axis of the global frame is aligned with grav-
ity. The filter is initialized with a random position pyy, and ori-
entation @5, and a very high uncertainty ¢. The measurements
from the reference nodes have the form Aer = [d @az $e1], With the
distance d, azimuth angle ¢,, and elevation angle . in the
known radar reference frame. Using simple geometric consider-
ations, Ay is transformed to the global frame to get Arerglo, 1.€. it
is converted from measurement space to state space. The meas-
urement matrix H which is the Jacobian of Arergo W.r.t. x is thus
trivial to calculate. In order to correctly fuse the measurement
uncertainty @, it needs to be transformed to state space using the
transformation matrix G, where G is the Jacobian of A.f w.r.t. x.
The corresponding update of the discrete-time extended Kalman
filter is then given by
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Fig. 5. Measured trajectory in DFKI space exploration hall (top view).

S=Ho,H +GOG" K =¢ H'S™", ®)
M, =m +K(z-7),0,.,=(I-KH)o,,

with the time step index k. The measurement vector (the ex-

pected measurement vector) is given by z = Arerglo (Z = Pxyz)-

The inclinometer output consists of the angles xa, and yan be-
tween the inclinometer x- and y-axis, respectively, and the xy-
plane of the global frame. We convert these angles to the pitch
and roll angles /8 and y in the global frame using geometric trans-
formations. We can estimate the yaw angle o in the global frame
from the geometry based on an estimate of § and y and an azi-
muth angle measurement ¢,, from the mobile node. We perform
the conversion of the corresponding measurement uncertainty to
state space numerically since the analytical solution contains
very long equations. The measurements can then be fused in a
manner similar to (8). We implement the EKF propagation step
by a simple motion model using the velocities defined in (7). A
more in-depth description of the EKF is outside the scope of this

paper.
V. MEASUREMENT RESULTS

The 6D EKF result of a test in the scenario from Fig. 1 is
depicted in Fig. 5. The black dots denote the 3D position and the
black lines the 3D orientation of the mobile robot. We moved
the robot in one plane in a triangle-like trajectory while keeping
its orientation approximately constant. This result demonstrates
the very good overall WLN reliability and accuracy. The 3D po-
sition RMSE was determined to 13.8 cm and the maximum error
was 37.1 cm compared to a high-precision optical tachymeter.
We tested the system in a 3D scenario as well: we conducted this
second measurement campaign with four reference nodes at
Friedrich-Alexander-University ~ Erlangen-Niirnberg (FAU)
where the mobile robot started on a table, moved down a ramp
and drove around it as shown in Fig. 6. The resulting 3D position
RMSE was 16.8 cm and the maximum error 46.8 cm. Unfortu-
nately, no reference was available for the orientation. Nonethe-
less, the results show that the orientation is also qualitatively
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Fig. 6. Measured trajectory at Friedrich-Alexander-University Erlangen-
Niirnberg (FAU) (3D view).

correct and stable. The worse accuracy in the second scenario is
most likely due to robot positional variations in 3D, multipath
reflections at the ramp and higher robot velocity, since the radar
measurement rate was very limited in the prototypes used.

VI. CONCLUSION

We present a wireless localization network for 6D pose esti-
mation of a mobile robot. We successfully verified system accu-
racy and reliability in two measurement scenarios. Hence, we
believe the system can be used to improve localization in space
exploration as well as in terrestrial applications. A higher meas-
urement rate could further enhance the system performance and
an increase in channel count could improve localization accu-
racy.
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