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Abstract—Ultra-wideband wireless positioning technologies
based on IEEE 802.15.4a have gained attention for various use
cases requiring highly precise localization. In this paper an
ultra-wideband based approach is proposed and validated for a
vehicular use case requiring highly precise local positioning in a
dedicated parking lot. For efficient power transfer in wireless
charging of electric vehicles scenarios, an accurate alignment
of the coils of vehicle and ground is essential. The specific
challenge addressed in this paper is that the proposed approach
achieves the required lateral accuracy with only two ground-
based anchor nodes in combination with one vehicle-based node.
For the in-depth validation of the proposed system concept, two
experiments are performed: the first one is conducted with an
electric vehicle representing a real park-to-charge-case, whereas
the second experiment is executed in a controlled environment
to allow for further alignment error analysis. The experiments
show, that an error lower than 10 cm can be achieved.
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I. INTRODUCTION AND RELATED WORK

The resulting shortcoming from the limited capacity of its
battery and hence the short reachable range leaves the electric
vehicle unable to actually compete with the classical fuel-
based counterparts. Wireless power transfer (WPT) is widely
considered as a promising solution towards enabling charging
without any user interaction. This approach is based on the
wireless energy transfer via the primary coil in the charging
system, and the secondary coil in the electric vehicle (EV).

The success of this process relies on the achievable transfer
efficiency, which is limited by the distance and the alignment
between the coils [1].

In order to achieve sufficient coupling efficiency n > 90%,
the coils need to be arranged above each other with a misalign-
ment of roughly five percent of the vehicle’s width [2]. Meeting
this requirement is barely achieved by manual driving, and the
Global Navigation Satellite System (GNSS) receivers can not
deliver such performance, this leads to the need for a local
high precision alignment system.

In contrast to many other received signal strength based
approaches in wireless positioning, ultra-wideband (UWB)
systems are capable of accurate time of arrival (TOA) mea-
surements. Due to regulatory decisions and the definition
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Fig. 1. [Illustration of the parking scenario for inductive charging. Note: the

set of anchors used for positioning is defined by the chosen parking lot.

of IEEE 802.15.4a [3], new complementary metal-oxide-
semiconductor (CMOS) based UWB systems are seen as the
basis of future wireless positioning [4].

Extensive research went into the theoretical limits of a
UWB ranging and positioning accuracy, which promises an
accuracy in the millimeter range [5]. However, practical sys-
tems [6] and [7], relying on recent developments in integrated
hardware, are achieving accuracies in the sub 10 cm range. As
shown in [8], the high bandwidth provides the ability to resolve
multipath propagation, which makes it a viable candidate for
parking scenarios especially in the urban environment. The
combination of UWB ranging with sensor fusion for indoors
automated guided vehicles is presented in [9]. An augmen-
tation system to improve GNSS based results is proposed in
[10].

In this paper, a UWB positioning system is untilized as an
accurate solution [6], suitable for outdoor as well as indoor
scenarios, due to its low energy consumption and the small
size of its comprising modules, which makes the upgrade of
any park place without notable extra costs easily possible.

Besides the accurate TOA estimation, the used low-cost
modules are also easily integrated and used for scenarios
requiring high data-rate multi-purpose Vehicle to Infrastructure
(V2I) or Vehicle to Vehicle (V2V) communication. Those
properties will insure a widespread adoption of the UWB
transceivers in the vehicular industry.
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A comparable system to the one used in this work is
proposed in [11], which covers the issue of autonomous vehicle
guidance in GPS-denied environments. This system uses up to
12 anchors and implements a position-velocity based Kalman
filter, achieving position accuracies in the sub 30 cm range.
However, an experimental evaluation of UWB in the precision
parking context, with a minimal set of anchors, to the best of
the authors knowledge, has not been conducted.

The park-to-charge test environment is realised as depicted
in Fig. 1. Here, the round time of flight (RTOF) is measured
and the distance from the tag within the EV to the active
ranging anchors is calculated.

An extended Kalman filter (EKF) is used to improve the
UWB system’s overall accuracy in comparison to raw data
positioning. The evaluation of the experiments shows that
the alignment error can be kept below 10 cm with a 95 %
probability.

Furthermore, to allow for related research and result com-
parision, the raw ranging readings used for the experiments
are published in [12].

II. HIGH PRECISION POSITIONING

In the following a detailed desciption of the proposed
methodologies applied is given. The communication in form
of the high precision clock error eliminating ranging protocol
is discussed. Based on the rangings obtained from message
exchange, the positioning and mutlipath rejection methods are
explained.

A. Ranging Protocol

In order to be independent from any external service
or connection, the modules should be capable of dynami-
cally communicating their position and status to any vehicle.
Therefore, our approach defines a basic protocol for parking
slot registration and ranging, this is depicted in Fig. 2. The
tag is initializing the communication with a txInit message.
If anchors are in range, they will respond with a txStatus
message, indicating their current Extended Unique Identifier
(EUI), position and neighbouring slot information. Once a
free slot with two corresponding anchors has been found,
the positioning phase is initiated. The tag starts sequential
Symmetric Double-Sided Two-Way Ranging (SDS-TWR) [13]
with each anchor by sending targeted rxPoll messages. The
polling is answered by the anchors with an a priori known
delay tgpon; within txResp message. To eliminate the local
clock drift, a third fxFinal message is sent by the tag after
taresp. Since both delays are a priori known, the measured
round trip times ;01 and t,...4, are sufficient to calculate the
signal propagation time ¢, as shown in (1). This enables the
i*" anchor to calculate the estimated range r;. In a fourth and
last message txReport, the anchor reports r; to the tag.
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Fig. 2. State machines of the proposed protocol, enabling communication
between anchor and tag. The upper part is handling discovery and registration,
the lower part implements SDS-TWR.

B. Positioning Methods

The constellation shown in Fig. 1, is the minimal set
required for positioning in two-dimensional plane. Several
aspects of the proposed scenario are exploited to ensure
positioning with two anchors. It is assumed, that both the
height of the anchors h; and the height of the tag h; are known.
Hence, the range in the two-dimensional plane is calculated by

ri = \/d? + (hy — h;)? )

Where d; is the measured range in the three-dimensional plane.
For self-localization, the tag is sequentially ranging with the
anchors, obtaining the measured ranges r; to each anchor
i. Since each range is measured with an error e;, the true
geometrical distance p; is unknown. The euclidean distance p;
of the position of the i*" anchor (z;,y;) to the tag’s position
(z¢,y:) is defined by (3).

ri = pitep = \/(Ii—xt)2+($i—yt)2+6i 3)

Usually, an overdefined set of equations is used for po-
sitioning. In the special case of this work, the position may
be calculated in a closed form algorithm. A circle intersection
is sufficient to obtain two possible solutions for the vehicle
position. To improve the results an EKF similar to [14] is
implemented to exploit the Gaussian distribution of the ranging
measurements. In this specific constellation the Jacobian of the
measurements Hj, is calculated by equation (4)
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Fig. 3. Positioning error gain £z dependent on the position of the vehicle. A
lower £y yields for better positioning capabilities. Note the difference between
vertical and horizontal error gain {x and &y-.

Where p; . is the euclidean distance of the estimated
position at step k to the anchor .

Although vehicles are often modeled with Constant Turn
Rate and Velocity (CTRV) [15], or even more complex state
models, this work utilises a more generalized approach, namely
a Position-Velocity (PV) one, due to inavailability of the
turn rate and the velocity sensors. The PV model is suitable
for the position based filtering, its state vector is defined as

.o
z, = [y T 9
C. Constellation Quality

One of the most important aspects in wireless positioning is
the geometry of the anchor distribution. In Time-Difference-of-
Arrvial (TDOA) based satellite systems, the ability to position
at a certain point in this constellation is described by the
Dilution of Precision (DOP) [16]. This concept is an indicator
for the error gain depending on the satellite constellation. Since
the ranging with UWB systems is TOA based, this concept is
adopted slightly modified in this work. The covariance matrix
Q). is calculated as given in equation (5) with the help of the
aforementioned Jacobian of measurements H .

- -1
Q.= (HH.) )
The diagonal elements of @, are the variances o2 and 05.

The value of interest for this scenario is the horizontal error
gain £y which is calculated by equation (6).

Ex =02 EY:\/:; €n =\[oz+0o, (6)

In Fig. 3, the scenario constellation listed in Tab. I is
evaluated in terms of positioning capability. Depending on the

TABLE 1. ANCHOR POSITIONS

EUI x[m] y[m] z[m]

DECA020000000002 1.20 0.00 0.38
DECA020000000003  -1.20 0.03 0.38

Y Anchor Nodes

Fig. 4. Experimental setup in the realistic environment. The lower front of
the EV was equipped with an UWB tag. A typical parking procedure was
performed. Note the small footprint of the parking slot installation.

vehicle’s position, the error gain along the x-axis is given by
& x. The error gain along the y-axis by &y and the combined
horizontal error gain by &;.

D. Multipath Rejection

Due to the high temporal resolution of UWB, the channel
impulse response (CIR) of the received signals may be eval-
uated at the receiver. The correlation of the received signal
with the reference pulse [3] allows not only for accurate TOA
estimation by detection of the first path, but may also be used
to gain information of the channel itself. The used transceiver
allows access to a register holding those correlation results.
The power of the first detected path Py, is compared to the
accumulated power over the CIR P.;,.

¢ ppldB] = PppldBm] — Peir[dBm] (7

Since reflected signals hold less power and more ambiguity
than signals received from the direct path, a metric ¢yp,
indicating potential non-line-of-sight (NLOS) conditions is
introduced in equation (7) to differentiate and reject measure-
ments with potentially erroneous values. The resulting metric
may be used in two ways. A simple threshold based rejection
is the safest way to ensure NLOS signals are ignored. This
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Fig. 5. Experimental results of the realistic parking procedure. Note the

change in the variation of the raw, unfiltered positioning results as the EV is
approaching the parking slot.



Vehicle on Traqk

Anchor Nodes

Fig. 6. Experimental setup illustrating the controlled environment. A track
with a length of 8.5m was precisely aligned with a self-nivelling 3D line laser.

comes with the cost of loosing rangings needed for positioning,
leading to a decreasing temporal resolution. Next to rejection
of samples, a weighting scheme similar to [17] may be used
to weight the ranges with the propability of being NLOS. This
allows for graceful system degradation.

III. EXPERIMENTAL EVALUATION

To evaluate the performance of the UWB positioning
system, two different experiments are conducted. In the first
experiment a typical real parking procedure is executed to
qualitatively analyze the system performance.

A parking slot is equipped with the UWB anchor nodes.
Since the anchors only communicate with the tag, as described
in II-A, no extra communication link is needed. This leads to
the small system footprint visible in Fig. 4.

The resulting positions of the parking maneuver are de-
picted in Fig. 5.

It is clearly visible, that the unfiltered parking trajectory
is strongly dependend on the distance to the parking slot, this
is due to the constellation dependend parameter £ ;; explained
in II-C. However, the results close to the parking slot and
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Fig. 7. Time series of the controlled environment experiment. Depicted is
the EKF state in position p = [z,y] and velocity p = [&,y]. Note the
development of the error gain £y, £y and .
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Fig. 8. Experimental results of the track based parking experiment. Depicted
are the EKF positionial state and the raw positioning results. Note the different
scaling of the x and y axis.

especially on the parking slot itself show little variation which
indicate small errors. Since the vehicle is not movable in a
reference movement and due to the lack of an outdoor refer-
ence system, a second experiment is conducted to quantitavely
assess the alignment accuracy.

In order to analyze and quantify the alignment error in the
parking process, the vehicle needs to be moved on a defined
track, shown in Fig. 6 illustrating the set up of the second
experiment resembling parking in a straight way.

A motorized vehicle runs in a controlled manner along
a line-laser calibrated track. For statistical confidence, this
process was repeated several times. To provide reproducable
results, the raw data is published [12]. A time series of
this experiment is shown in Fig. 7. The EKF state vector
x, = [v y & y]T is shown over the experiment
execution time. The positionial components = and y as well
as the estimated speeds z and y are depicted. Due to the
controlled movement the position on the track y increases
linearily. Therefore, the speed along the track y is nearly
constant at 02m/s between ¢ = 20 s and ¢ = 80 s. Due to
the change in position, the error gain &y increases over time,
when &y decreases. Since &;; is the upper bound of £ and
&y it has a minimum at ¢ = 23 s where £ y and &, intersect.

The results are shown in Fig. 8. Since the true position on
the x-axis is known, the alignment error y is given through
the z-coordinate. It is visible that the raw positioning accuracy
calulated as proposed in II follows an envelope given through
& x. Also, the results of all the repetitions follow a similar
trajectory. This correlation indicates systematic errors to be
accounted for by a calibration or other compensation methods.
The range around y = 1 m shows the least variation in
the alignment error. Obviously, this is directly linked to the
minimum in the error gain £y discussed in II-C.

The cumulative distribution ®(x) of the absolute alignment
error x in the alignment phase is illustrated in Fig. 9. It should
be noted, that for comparable error analysis the beginning

TABLE II. ERROR QUANTILES FOR THE ALIGNMENT ERROR Y.
Q(B0%)  Q(75%)  Q(90%)  Q(95%)  Q(99%)
(m] [m] [m] (m] [m]
EKF 0.024 0.046 0.070 0.081 0.095
raw 0.031 0.057 0.097 0.127 0.184
improv. |  29% 23% 38% 57% 93%
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Fig.9. Cumulative distribution ®(x) of the absolute alignment error x in nine
experiments. Note the improvement of the EKF over the raw positioning. The
exemplary [1] relative power transmission efficiency (RPTE) of 7, is giving
an indicator for the efficiency achievable dependent on x.

and the end of the experiment is removed, similar to the
presentation in Fig. 7. Quantiles are used to quantify the
probability of an error below a certain value, see Tab. I
Evidently the EKF is improving the results compared to the
raw position calculation in all cases. Since the scenario requires
a high reliability, the Q(95%) quantiles are analyzed. With a
probability of 95 %, the error is under 15 cm for the position
calculated via raw positioning. For the EKF filtered position,
the error is significantly reduced to under 10 cm. To assess this
accuracy in the context of wireless power transfer, the relative
power transmission efficiency (RPTE) of a pratical system 7,
[1], is evaluated over the achieved alignment error. For EKF
based positioning the relative power transmission efficiency
is . > 95%, whereas for raw positioning 7, > 90%. The
accuracy of the proposed UWB positioning system is therefore
enabling high efficiency wireless power transfer, necessary for
high power automotive applications.

IV. CONCLUSION AND FUTURE WORK

This paper introduces a UWB based positioning sys-

tem for precision parking. This system utilizes highly inte-
grated 802.15.4a RF hardware and a minimal set of anchors.
Futhrmore, an upgrade of the existing parking slots requires
no massive changes, due to the low-cost small sized modules
comprising the proposed system. A metric for the positioning
capabilities was introduced for the specific TWR based setup.
Two independent experiments were conducted for qualitative
and quantitative evaluation. An alignment accuracy of under
10 cm is achieved on the parking slot in 95 % of the cases. The
overall system capabilities were shown to be more than suffi-
cient for precision coil alignment of automotive grade wireless
power transfer, allowing for relative transfer efficiencies of
N > 90%.
Future work will use NLOS metric based weighting, diverse
sensors and therefore a more elaborate vehicle model, allowing
for better position filtering and robustness. The raw experimen-
tal datasets are provided alongside this work.
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