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Abstract— Urban freight distribution via inland waterways
is an important way to boost the quality of life in major
urban areas with dense water networks. Cost-effective au-
tonomous pallet shuttle barges (PSBs) are key to accelerate
the shift from road-based transport to inland waterways.
Yet, the urban settings impede reliable centimeter-level lo-
calization at critical waterway sections. In this article, we
propose a time-domain-optimized antenna array to provide
high-precision 3D localization in these complex environ-
ments with minimal shore-side infrastructure by exploiting
impulse-radio ultra-wideband (IR-UWB) technology. To en-
able joint distance and 2D angle-of-arrival (AoA) estimation,
we present a novel IR-UWB antenna element that covers
channels 5 and 7 of the IEEE 802.15.4z standard, serving
as a building block for scalable multi-antenna systems.
By leveraging the air-filled substrate-integrated-waveguide
technology and adopting a multi-objective system-level
optimization strategy, excellent performance is reconciled
with a compact footprint and cost-effective fabrication. The
3D positioning accuracy of a 2x2 array is evaluated in
stand-alone conditions and when installed on a metal plate
mimicking a PSB’s metal hull, showing that all distance
errors and 97 % of angular errors remain below 2cm and

2x2 UWSB antenna array for joint distance and
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5°, respectively. Finally, three anchor nodes, each consisting of a 1 x4 array connected to a Pozyx hardware platform, are
installed on a vessel navigating in a narrow canal below a bridge in Ghent. With only one shore-side UWB beacon node
deployed, 96 % of AoA estimation errors remain below 10°, while the distance error remains below 10 cm, proving good

installed performance in harsh urban shipping environments.

Index Terms— Air-filled substrate-integrated-waveguide (AFSIW), angle-of-arrival (AoA), cavity-backed slot antenna,
impulse-radio ultra-wideband (IR-UWB), localization, time-domain optimization, urban shipping.

[. INTRODUCTION

DVANCED intelligent transport systems (ITSs) are vital
to optimize mobility in the Smart City of the future
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[1]. They can make transport safer [2], more efficient and
more sustainable [3] by applying the rapid advancement in
information and wireless communication technologies to all
modes of passenger and freight transport [4], [5]. In cities
with dense water networks, there has been a strong focus on
moving the last-mile logistics (LML) to local waterways to
ensure higher-volume cargo flows to end consumers, while
boosting the quality of life in the city center by lowering road
congestions and reducing greenhouse gas emissions [6], [7].
To accelerate this modal shift, cost-effective autonomous pallet
shuttle barges (PSBs) are of key importance [8].

Over the last few years, significant research efforts have
accelerated the development of autonomous surface vehicles
(ASVs) [9], such as the improvement of motion-control and
path-planning algorithms focusing on safety and environmen-
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tal dynamics in maritime scenarios [10], collision-avoidance
navigation systems [11] and coordinated control methods for
fleets of ASVs [12]. However, current ASVs rely heavily
on expensive sensor setups, combining real-time kinematic
global navigation satellite system (RTK-GNSS) data with data
obtained from inertial measurement/navigation systems, high-
end 360° electro-optical, infrared or thermal cameras and
radio detection and ranging (RADAR) [13] or light detection
and ranging (LIDAR) hardware [14]-[16], to ensure reliable
autonomous navigation in maritime and harbor settings.

While for larger vessels, the sensor cost is negligible com-
pared to the cost of the ship itself, it impedes the economic
viability of smaller PSBs, hindering their large-scale roll-out
[8], [17]. Moreover, GNSS-based positioning in urban envi-
ronments is greatly challenged by notorious multipath effects
and non-line-of-sight conditions [18], due to bridges and high-
rise buildings [19]. In particular, for narrow inland waterways
in an urban setting and for harbors, which are highly dynamic
environments, this can result in navigation failure at critical
locations [20], such as blind spots (turns, forks, bridges),
loading/unloading docks and locks [16], [21]. Additionally,
to enable self-docking and self-(un)loading, docks and locks
require centimeter-precision 3D positioning of the vessel to
also accurately determine its height with respect to the shore
[20]-[22].

To provide reliable and high-accuracy 3D position infor-
mation in these complex scenarios in a cost-effective way,
an impulse-radio ultra-wideband (IR-UWB) system can be
deployed at the critical waterway sections, while the vessel can
rely on standard GNSS-based navigation during the remaining,
and largest part, of its trajectory. IR-UWB has emerged
as the prime candidate for localization systems deployed
in GNSS-denied environments, mostly in indoor positioning
systems [23], [24], but more recently also in outdoor settings
[20], [25], [26], owing to its high (centimeter-level) accuracy
and resilience against multipath and narrowband interference.
Furthermore, it allows for coexistence with other wireless
technologies, a major advantage in combined localization,
communication and sensing platforms, such as autonomous
vessels [20], [23]. However, UWB localization systems typi-
cally use single-antenna devices and leverage either time-of-
arrival (ToA) estimation, two-way-ranging (TWR), or time-
difference-of-arrival (TDoA) estimation schemes [27]-[29] for
robust and accurate positioning, requiring several (cabled)
anchor nodes at fixed infrastructure locations. For urban
shipping, such an approach would lead to an excessive amount
of shore-side infrastructure.

By adopting multi-antenna UWB nodes, the number of
infrastructure nodes and the associated installation cost can
be significantly reduced, while further improving localization
accuracy by leveraging the phases and/or arrival times at each
of the antenna elements to implement joint distance and angle-
of-arrival (AoA) estimation [24], [30], [31]. The surge in pop-
ularity of multi-antenna nodes is evidenced by the abundance
of UWB AoA or hybrid ToA/AoA localization algorithms
[32]-[34] proposed in recent years. The phase-difference-of-
arrival (PDoA) technique [35]-[38] is of particular interest
owing to its (computational) simplicity and scalability to larger

multi-antenna nodes, while still providing accurate angular
information.

In contrast to the rapid development of localization al-
gorithms exploiting multi-antenna nodes, dedicated multi-
antenna IR-UWB systems for joint distance and 2D AoA
estimation are scarcely available. This is because it is ex-
tremely challenging to achieve a large bandwidth in a low-
profile and compact antenna footprint, as needed to realize
planar \/2-spaced antenna arrays with low mutual coupling
and hemispherical radiation for unambiguous 2D PDoA-based
AoA estimation [35]. In addition, their design is further
complicated as IR-UWB applications require thorough antenna
optimization in the frequency and time domain, both at ele-
ment and system level, to minimize orientation-specific pulse
distortion, group delay variation and phase center variation
[39]-[42]. Moreover, for mass deployment in challenging
environments [23], [43], [44], such as integration in the hull
of (autonomous) vessels, the multi-antenna IR-UWB hardware
should be compatible with standard manufacturing technolo-
gies and facilitate compact integration with ICs and active
electronics, to reduce overall system cost and size. At the same
time, the antenna elements should exhibit maximal robustness
against their environment and integration platform, which, on
vessels, consists predominantly of metal. This is of major
importance, as undesired electromagnetic coupling with the
integration platform, such as a human body or vessel [45],
[46], causes antenna detuning, radiation pattern deformation
and severely reduced localization accuracy [40].

A. Related Work

To the best of the author’s knowledge, there are no
compact, robust and scalable UWB antenna arrays found
in literature that are tailored towards IR-UWB applications
that require joint distance and 2D AoA estimation. Current
multi-antenna UWB localization systems often leverage bulky
arrays, constructed based on conventional UWB antennas,
such as horn [47], [48] or Vivaldi-like [49]-[51] antennas,
and are optimized and evaluated in terms of their system-
level time-domain performance [48], [50] or grating lobe
suppression [50], [S1]. However, they are interconnected by
long coaxial cables, leading to complex, bulky and stationary
systems, impeding their scalability. Recently, IR-UWB ICs
and corresponding multi-antenna PCB evaluation boards have
been developed, both commercially [34]-[36], [52] and in
scientific publications [37], [53]. These PCBs provide com-
pact integration with planar UWB arrays, but the number
of antenna elements is fixed and limited due to side-by-side
electronics integration, not only hindering upscaling to larger
2D UWB arrays, but also leading to large system footprints.
Furthermore, as indicated in comparison Table V (Section I'V-
E), these systems often adopt ceramic chip antennas [37], [38],
[53], known for their suboptimal antenna performance.

When dissecting the state-of-the-art on UWB antenna de-
sign, on the one hand several scalable UWB antenna arrays
are encountered [54]-[56]. However, the modular all-metal
array presented in [54] exhibits a height larger than A\/2, while
tightly coupled arrays [55], [56] require an intricate feeding
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network. Moreover, none are optimized in the time domain
or at system level. On the other hand, a plethora of time-
domain-optimized planar and cost-effective PCB-based UWB
monopole or dipole antennas have been proposed [57]-[59], as
well as PCB-based UWB arrays [60], [61]. Yet, these are very
sensitive to their integration platform, making them unsuitable
for the harsh urban shipping environments. Moreover, their
omnidirectional radiation leads to position ambiguity.
Dielectric resonator antennas (DRAs) offer a wide band-
width in a compact footprint and allow for direct integration
of active electronics behind their ground plane, paving the
way for compact and scalable arrays [62], [63]. However,
none of these arrays have been optimized in the time domain.
Moreover, the very few DRA elements that report their time-
domain performance [64], [65], suffer from excessive pulse
distortion, indicated by a fidelity factor of only 80 %.
Finally, cavity-backed antennas feature high isolation from
their integration platform and facilitate integration in arrays
with low mutual coupling [66], [67], but typically at the
expense of a narrow bandwidth or large footprint [67]. Re-
cently, the air-filled substrate-integrated-waveguide (AFSIW)
technology has been established as a key technology to
satisfy all these conflicting demands [68]-[70]. It enables
the realization of highly efficient IR-UWB cavity-backed slot
antennas in low-cost PCB technology that facilitate active
electronics integration and exhibit excellent time-domain per-
formance [71]. Yet, their footprint is too large for \/2-spaced
arrays, prohibiting the realization of 2D multi-antenna nodes as
needed for 3D positioning in loading docks and locks. Table IV
(Section IV-E) compares these state-of-the-art antenna designs,
based on a number of relevant IR-UWB characteristics.

B. Contributions

In this article, we enable joint distance and 2D AoA
localization of autonomous vessels in complex urban scenarios
with minimal shore-side infrastructure by first proposing a
novel IR-UWB antenna element as a building block for
cost-effective, high-performance and scalable planar multi-
antenna IR-UWB systems. A quarter-mode (QM) AFSIW
cavity-backed slot antenna is equipped with a guard trace
and a capacitively coupled feed to realize a compact, yet
wideband and highly efficient antenna element that maintains
its performance when installed on a wide variety of installation
platforms, such as a vessel’s metal hull and a metal cargo
crane. A multi-objective system-level optimization process,
based on time-domain figures-of-merit, is adopted to yield a
stable radiation pattern over a broad angular and frequency
range with minimal pulse distortion, phase fluctuations and
range bias. In-depth analysis of different array configurations
shows that the modular antenna element maintains perfor-
mance when embedded in 1D and 2D antenna arrays with a
scalable number of antennas owing to its high isolation. Fur-
thermore, the proposed topology is compatible with standard
low-cost PCB fabrication techniques and facilitates compact
integration with active IR-UWB electronics. To showcase its
potential in localization and sensing applications, the antenna
is extensively validated in the frequency and time domain.

In a second step, a 2x2 antenna array is manufactured
and experimentally validated. A prototype is exploited as
multi-antenna node to demonstrate joint distance and 2D
Ao0A estimation in stand-alone conditions and when the array
is installed on a metal plate to mimic performance when
deployed on a vessel’s hull, highlighting the robustness of the
array against integration platform effects. This also proves that
the proposed antenna is suited for the realization of planar
2D multi-antenna systems, thereby paving the way for 3D
positioning in loading docks and locks with minimal shore-
side infrastructure.

In a third and final step, three 1x4 antenna array prototypes
are each connected to an IR-UWB hardware platform, consist-
ing of four synchronized UWB transceivers, and integrated in
a waterproof housing. Next, these UWB positioning nodes are
deployed on a vessel to demonstrate performance in complex
real-life urban shipping applications. Despite only one shore-
side UWB beacon node being deployed, these measurements
show that 96 % of AoA errors remain below 10° while guar-
anteeing a distance estimation error below 10 cm, indicating
robust performance in these challenging environments. Note
that the proposed antennas are exploited in our previous work
[72] and [73], where a UWB positioning node containing the
1x4 antenna array is employed for machine learning-based
Ao0A estimation in noisy and multipath conditions, but neither
the topology, nor its multi-objective system-level optimiza-
tion, nor its performance in urban shipping environments is
discussed in those contributions.

The remainder of this article is organized as follows.
Section II details the antenna optimization process, describing
its specifications, design evolution and multi-objective opti-
mization process. In Section III, the antenna performance,
when embedded as an element in arrays of different size, is
analyzed through simulations and the manufacturing process
is described. Section IV discusses the measurements of the
antenna element and the 2x2 array in both the frequency and
time domain. An evaluation of the array’s distance and 2D
AoA estimation performance is also included. Furthermore,
the estimation performance of the UWB positioning nodes,
incorporating a 1x4 array and deployed on a vessel, is
illustrated. Finally, conclusions are drawn in Section V.

[I. QUARTER-MODE AFSIW CAVITY-BACKED IR-UWB
ANTENNA

A. Design Requirements for Joint Distance and 2D AoA
Estimation

A robust, compact and high-performance antenna that is
fully compatible with standard manufacturing techniques, is
designed for operation in the [5.9803 GHz; 6.9989 GHz] fre-
quency band, covering UWB channels 5 and 7 of the IEEE
802.15.4z standard [74], [75]. In this band, the return loss,
with respect to a 50 {2 impedance, is targeted to exceed 10dB,
which requires a fractional impedance bandwidth (FBW) of
at least 15.7%. For accurate and unambiguous distance and
AoA estimation with a planar array, a hemispherical radia-
tion pattern is required, with minimal gain fluctuations as a
function of elevation and azimuth angle and over the entire
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frequency range. Therefore, a half-power beamwidth (HPBW)
of at least 100° and a front-to-back-ratio (FTBR) larger than
10dB are imposed over the entire targeted frequency band. A
high antenna efficiency of at least 90 % is pursued.

When optimizing the system-level and time-domain perfor-
mance, three figures-of-merit are specified: the relative group
delay variation (GDV), the system fidelity factor (SFF) and the
distance estimation error (DEE). For the GDV [39], considered
over the frequency band [wg; wy,], we impose that

¥/ Ty (w)dw

GDV = —
max Ty (w) R~

< 100ps,

(M
with 7,4 (w) the group delay. For the SFF [76], characterizing
the correlation between an input pulse u(t) applied to an an-
tenna link and its corresponding output pulse v(t), considered
over the interval [tg; t,], we require that

ftton u(T)v(t + 7)dr

SFF = max - >98%. (2)
\/fto" u2(r)dr fto" v2(T)dr
Finally, we desire for the DEE [42],
DEE = |tmax(67 (b) - tmax(oy 0)| -c < 3cm, 3)

where c is the speed of light and ¢,,,x (6, ¢) is the orientation-
dependent time-of-arrival of a UWB pulse that maximizes the
SFF in a certain direction (6, ¢). These criteria are enforced in
both UWB channels 5 and 7 and in the HPBW of the antenna.
Moreover, all aforementioned figures-of-merit should exhibit
excellent immunity to platform effects.

Finally, to guarantee compatibility with state-of-the-art
PDoA-based AoA estimation algorithms, when seamlessly
incorporating the antenna in both 1D and 2D array configu-
rations, a maximum inter-element distance of \/2 is imposed
[35]. For correct operation in the entire targeted frequency
range, this free-space wavelength A = Ay, should correspond
to the highest frequency of operation fi,,x, being 6.9989 GHz.
Therefore, to support state-of-the-art 2D AoA estimation algo-
rithms, the antenna must fit in a 21.4 mm x 21.4 mm footprint
and the mutual coupling between any two antenna elements
should remain below —15dB.

B. Compact, Robust and Wideband Antenna Element

To meet this extensive set of stringent design requirements,
a novel antenna topology is proposed: a capacitively-coupled-
fed guard-trace-based QM-AFSIW cavity-backed slot antenna.
Fig. 1 illustrates how a large and narrowband AFSIW cavity
can be transformed into this innovative topology that enables
scalable IR-UWB antenna arrays supporting joint distance
and 2D AoA estimation. The topology consists of a radiating
L-shaped slot and a QM-AFSIW cavity with guard trace,
implemented through metal edge-plating in a low-cost PCB.
The antenna is fed by a coaxial probe, of which the outer
conductor is connected to the cavity’s bottom conductive layer.
Its inner conductor is connected to a metal annular ring on top
of the cavity to capacitively couple with the top conductive
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Fig. 1: Schematic overview of the proposed antenna topology
and its design evolution, with annotated design parameters.
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layer of the cavity, in which a clearance hole is created. The
flowchart in Fig. 2 depicts the optimization strategy, linking
all optimization steps to the design steps in Fig. 1. It focuses
on the optimization goal introduced in each step and includes
all relevant design parameters. Note that each goal remains
valid in the subsequent optimization steps.

As depicted in Fig. 1, an AFSIW cavity, designed such
that its TE;jo-mode resonates at a center frequency of f, =
6.4896 GHz, corresponding to the center frequency of UWB
channels 5 and 7, serves as the fundamental building block
for the proposed design. By applying the quarter-mode minia-
turization technique [77] in Step 1, a QM-AFSIW cavity is
obtained with a fOOth'iIlt of only L’QMSIW X W’QMSIW =
16.3mm x 16.3mm. While the cavity’s footprint is reduced
by a factor 4, radiation through its open sidewalls decreases
its ability to shield electromagnetic fields, making the antenna
performance vulnerable to integration platform effects and the
topology unsuitable for incorporation in compact arrays.

To improve the cavity’s self-shielding and to allow radiation
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Fig. 2: Flowchart summarizing the optimization strategy.

through the antenna cavity’s top plane, a guard trace along
the open sidewalls is included in the second design step
(Fig. 1). While this seems to cause a significant size increase
[77], the capacitive loading effect of the guard trace on the
cavity enables a reduction of the antenna size to below the
targeted footprint. Based on full-wave simulations in CST
Microwave Studio’s frequency-domain solver, (Step 2, Fig.
2), the optimal guard trace position is determined, yielding a
final antenna footprint of only L.,y X Wepy = 19 mm X 19 mm
(0.44 \pin % 0.44 Apin), including the radiating slot. By includ-
ing the guard trace, the original QM-AFSIW cavity footprint
L omsiw X W’ omsiw has been reduced by a factor 1.73, yielding
LQMSIW X WQMSIW = 12.4mm x 12.4mm. Because of the
shielding capabilities of the resulting QM-AFSIW cavity with
guard trace, low mutual coupling can be guaranteed when
embedding the element in a compact array and undesired back
radiation is minimized, resulting in a high FTBR.

To excite the TE|jp-mode in the QM-AFSIW-based topol-
ogy with minimal back radiation, a coaxial feed is adopted.
To ensure broadband impedance matching within the compact
footprint, the height of the antenna cavity h¢,, can be increased
to lower its Q-factor. Yet, for larger cavity heights, an in-
creased coaxial probe feed length is accompanied by a larger
feed inductance, making proper impedance matching difficult.
This effect can be observed in Fig. 3, depicting the achievable

FBW of the antenna element as a function of the cavity height
hcay. The achievable bandwidth is the maximal bandwidth that
can be reached without considering any other optimization
criterion. It is obtained by tuning the coaxial probe position
dfecq and the LQMSIW = WQMSIW dimension, while the antenna
footprint remains fixed at Le,y X Wepy = 19mm x 19 mm.
The blue curve shows that the bandwidth improvement indeed
saturates for larger cavity heights and that the targeted FBW
of 15.7% cannot be reached.

To counteract the feed probe’s inductance and enhance the
impedance bandwidth, the feeding mechanism is adapted to
capacitively couple the feed probe to the antenna cavity [78].
This corresponds to the third design step in Figs. 1 and 2. In
particular, a clearance hole is created in the top metal layer
of the antenna cavity. Instead of directly connecting the inner
conductor of the coaxial probe to this layer, it is connected to
an annular ring, located at a distance of hgy, = 0.25 mm above
this layer and aligned with the clearance hole. The capacitive
coupling between the annular ring and the top cavity layer
compensates for the additional inductance introduced by the
longer coaxial probe. By adjusting the annular ring radius Rying
and clearance hole radius Rye, the magnitude of the antenna’s
input impedance is modified to ensure broadband impedance
matching.

I I I I I
40 |{ —e— With capacitive coupling mechanism

—A— Without capacitive coupling mechanism

e e .

0 I I | I | ! L
1.6 2.4 32 4.0 48 5.6 6.4

Cavity height h,, (mm)

Fig. 3: Fractional impedance bandwidth (FBW) vs. cavity height
hcav With and without the capacitive coupling mechanism.

To prove the effectiveness of the capacitively coupled feed,
Fig. 3 also shows the achievable FBW of the antenna for
different cavity heights when the coupling mechanism is
implemented. The depicted results are obtained by judiciously
tuning the Ryng and Ry parameters as well as the dfeeq
and Lomsiw dimensions. The antenna footprint dimensions
remain fixed. It can be observed that the bandwidth is now
significantly enlarged by increasing hc,y. With the mechanism
implemented, the achievable FBW can easily exceed 30 %.
Note that a cavity height of hg,y > 4.0mm is necessary to
achieve broadband matching over the targeted [5.9803 GHz;
6.9989 GHz] frequency band. In this third optimization step
(Fig. 2), suitable values for hg,, and the associated parameter
values for Lomsiw, dfeeds Rring and Ryre are determined through
full-wave simulations. The symmetry of the proposed topology
with respect to the ¢ = 45°-plane leads to a linearly polarized
antenna with its co-polarization and cross-polarization axis
along the ¢ = 45°- and ¢ = 135°-plane, respectively.
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C. System-Oriented and Time-Domain-Based Design
Approach

Guaranteeing excellent localization accuracy requires out-
standing antenna performance in both the frequency and time
domain, and at the system level. Therefore, a dedicated in-
house optimization framework [71] is exploited to evaluate
the system-level time-domain figures-of-merit put forward in
Section II-A. The framework simulates a free-space antenna
link, consisting of the proposed antenna element at both
transmit and receive sides, with a distance of 1 m separating
both antennas. It evaluates the SFF, the GDV and the DEE
for different angles of departure and arrival in the positive
hemisphere (z > 0, Fig. 1) of the transmit and receive antenna,
respectively. To do this, it relies on full-wave simulations of
the individual antennas and applies an upconverted root raised
cosine (RRC) pulse to the antenna link to assess the introduced
pulse distortion. Specifically, the reference RRC pulses 7 (t)
for UWB transmitters in UWB channels 5 and 7 are applied, as
defined in [74]. These normalized pulse amplitudes modulate
a carrier sine wave, (1 + r(t))sin(2nf.t), after which their
amplitude is normalized again.

First, the framework is applied to analyze the time-domain
performance of the antenna element. Therefore, the SFF and
GDV of the bandwidth-optimized designs, whose FBW is
shown in Fig. 3, are determined. The results are depicted in
Fig. 4a, showing the worst-case SFF and GDV in the HPBW
of the antenna. It can be observed that the SFF and GDV
criteria are not met after merely optimizing the antenna to
cover the targeted frequency band in the desired footprint.
This can be attributed to angular and frequency-dependent
variations in both magnitude and phase of the radiation pattern,
for which the antenna element has not yet been optimized.
Hence, an additional multi-objective optimization step in both
the frequency and time domain is required. Therefore, an
extensive parameter study is executed to determine which
design parameters influence antenna performance with respect
to the considered figures-of-merit. Based on these results, a
two-step multi-objective antenna optimization process (Step
4, Fig. 2) is performed using the in-house optimization
framework to improve the antenna’s system-level performance
while retaining broadband matching, compact footprint, high
efficiency and self-shielding. First, in substep 4.a, the optimal
values for heay, Lomsiw and dgeq are determined, focusing on
the SFF and DEE criteria. Next, in substep 4.b, the Ry and
Riing parameters are modified to satisfy the GDV requirement.
The trade-offs that were considered during this optimization
process are illustrated in Fig. 4, depicting the antenna’s worst-
case SFF and GDV within its HPBW.

Substep 4.a of the multi-objective optimization strategy
considers he,y, Lomsiw and deeq (Fig. 2). The results in Fig.
3 and Fig. 4a show that, while h.,, > 4.0mm is neces-
sary to achieve the targeted bandwidth, larger cavity heights
(heay > 5.6mm) lead to quickly deteriorating time-domain
performance. Additionally, the parameter study shows that
enlarging Wyo; (decreasing Lomsiw) O dfeeq can considerably
increase the SFF. However, in the compact antenna footprint
(fixed to Leay X Wey = 19mm x 19mm), this inevitably
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Fig. 4: Multi-objective antenna optimization process: (a) system
fidelity factor (SFF) and relative group delay variation (GDV)
of bandwidth-optimized designs for different cavity heights (b)
SFF vs. center frequency fc trade-off with selected optimization
result (green dot) (c) Pareto-curve (full black line) and Pareto-
optimal solution (green dot) illustrating the GDV vs. FBW trade-
off by tuning the capacitive coupling mechanism. All curves show
worst-case values over the antenna’s half-power beamwidth.

leads to an upward shift of the operating frequency band.
This is illustrated in Fig. 4b. It shows a set of f.-SFF
pairs, obtained by sweeping the Lomsiw and dreeq parameters
simultaneously, while keeping the antenna footprint and slot
length Lg¢ constant. Increasing dgq generally increases the
SFF. However, the Lomsiw dimension is also crucial to satisfy
the SFF criterion: while for larger Lowmsiw-values this criterion
cannot be met, smaller values cause the operating frequency to
shift upwards and outside of the targeted frequency band. By
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simultaneously considering heay, Lomsiw and dgeq in substep
4.a and optimizing for high SFF and low DEE over the
targeted HPBW, a stable radiation pattern is obtained over the
operating frequency band, leading to a highly efficient antenna
element with a nearly frequency-independent hemispherical
radiation pattern with large HPBW and FTBR in the required
footprint. This optimization step results in final values of
Lomsiw = 12.4mm, dgeq = 8.9mm and hg,y = 4.8 mm. The
corresponding optimization results are indicated in Figs. 4a
and 4b (green dot).

In substep 4.b (Fig. 2), the capacitive coupling mechanism
is optimized further to tune the phase of the antenna’s input
impedance to minimize the GDV of the antenna. Hence, the
capacitive coupling mechanism, controlled by Rpgle and Ryipg,
is not only exploited to enhance the antenna bandwidth, but
also to minimize its GDV. The ensuing trade-off between
meeting the GDV constraint and covering the targeted fre-
quency band is illustrated in Fig. 4c. It shows several FBW-
GDV pairs, generated by simultaneously sweeping the Rying
and Ry, parameters, while keeping the cavity size, slot length
and previously optimized hcay, Lomsiw and dgeeq parameters
constant. In general terms, increasing Ry, increases both
bandwidth and GDV. Increasing Ry, enhances the bandwidth,
while simultaneously reducing the GDV, provided that Ry is
properly adjusted to prevent the GDV from sharply increasing.
The resulting Pareto-front is also depicted in Fig. 4c, together
with the Pareto-optimal solution. Selecting this solution results
in the final antenna dimensions, yielding high bandwidth and
large HPBW while satisfying the requirements for the system-
level time-domain characteristics. The final dimensions for the
optimized antenna element are shown in Table I.

TABLE I:

FINAL VALUES OF THE ANTENNA DESIGN PARAMETERS.

Parameter Dimension (mm) \ Parameter Dimension (mm)
L 25 Rprobe 0.65
W 25 Riing 1.5
Leay 19 Rpole 2.1
Weay 19 Reonn 2.2
Lyiot 19 heay 4.8
Wilot 6.6 hsub 0.25
Lomsiw 12.4 dfeed 8.9
Waomsiw 124 gwall 3

1

the distance and AoA estimation more robust against element-
level measurement errors, such as missing measurements or
significant outliers.

However, embedding an antenna element into an array
configuration typically affects its performance [79]. Hence, it
is advantageous if the antenna element is modular and does not
require reoptimization when it is integrated into arrays. There-
fore, the performance of the proposed antenna is analyzed
through additional simulations while it is embedded in a 2x2
and 3x3 antenna array. The inter-element distance is fixed
to 21.4mm. This allows for PDoA-based AoA estimation,
while the 2.4 mm spacing between adjacent antenna cavities
provides sufficient mechanical stability during the fabrication
and assembly process.

Table II compares the relevant simulated frequency- and
time-domain figures-of-merit for the antenna element in stand-
alone conditions and when embedded in either a 2x2 or a 3x3
array. Note that it lists the worst performing array element for
every frequency-domain figure-of-merit. It can be observed
that the impedance bandwidth of the antenna element remains
approximately the same. The FBW of all array elements
lies between 21.1% and 24.1% and every element remains
matched in at least the 5.83 GHz—7.07 GHz range. Hence, the
proposed antenna element covers the targeted frequency band
when embedded in either array. The mutual coupling between
any two elements in the 2x2 array remains below —16.3 dB.
For the 3x3 array, the coupling between the inner element and
its neighboring elements at its slot sides is slightly higher, but
still remains below —14.5 dB.

The element’s stand-alone radiation pattern exhibits a peak
gain of 4.7dBi, with a HPBW ranging from —50° to 55°,
slightly exceeding the targeted value of 100°. The embedded
radiation patterns of the antenna element, obtained by exciting
it while terminating the other array elements by a 50
impedance, are expected to be slightly deformed with respect
to the stand-alone pattern, due to mutual coupling and the
larger ground plane size of the arrays. Specifically considering
the 3x3 array, simulations show that the inner element is the

TABLE II:

PERFORMANCE COMPARISON OF A STAND-ALONE ANTENNA ELEMENT
AND AN ANTENNA ELEMENT EMBEDDED IN A 2X2 AND 3X3 ARRAY.
(WORST-CASE VALUES OVER THE ANTENNA’S HPBW, AVERAGE 1 AND
STANDARD DEVIATION ¢ OVER ALL ELEMENTS.)

[1l. ANTENNA ARRAYS FOR JOINT DISTANCE AND AOA
LOCALIZATION

A. Planar, Scalable IR-UWB Antenna Array

To arrive at highly precise IR-UWB localization systems,
suitable for the adoption in harsh urban shipping environments
requiring 3D positioning, such as loading docks and locks,
a planar and 2D scalable IR-UWB antenna array is highly
desired. It has been proven that a larger number of antenna ele-
ments can significantly increase AoA estimation accuracy [32],
[33]. Furthermore, additional array elements allow for extra
redundancy in challenging localization environments, making

Array

Figure-of-merit Single element 2x2 3x3
FBW (%) 19.7 21.1 22.1
Mut. coup. (6.5 GHz) (dB) - -16.3 -14.5
Peak gain (6.5 GHz) (dBi) 4.7 4.9 43
Channel 7 w (o)
SEF (%) 98.1 98.3 (0.3) 98.1 (0.4)
GDV (ps) 95 94 (6) 93 (20)
DEE (mm) 4 12 (3) 15 (6)
Channel 5 w (o)
SFF (%) 99.5 99.5 (0.1) 99.4 (0.1)
GDV (ps) 40 36 (3) 43 (17)
DEE (mm) 5 12 (3) 15 (6)
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most directive, with a peak gain of 5.0dBi, a HPBW of 90°
and a FTBR of 13dB. One of the edge elements yields the
smallest peak gain of 4.3dBi. In conclusion, the embedded
antenna element exhibits a wide HPBW and large FTBR, with
a peak gain that remains quasi constant, even when embedded
in an array configuration.

The small variations in the embedded radiation patterns,
with respect to that of the stand-alone antenna element,
inevitably lead to small deviations for the imposed time-
domain figures-of-merit. To analyze the antenna performance
in this regard, Fig. 5 compares the angle-dependent time-
domain simulation results for UWB channel 7 of the inner
and an outer element of the 3x3 array with the stand-alone
element. Note that for the 2x2 array, every element can be
considered an outer element. Within the antenna’s HPBW,
considered to range from —50° to 50°, the SFF remains above
98 % in all considered scenarios. Moreover, the GDV remains
below 100 ps and the DEE below 30 mm.

Table II provides a more complete overview by listing
the time-domain figures-of-merit for the stand-alone antenna
element and the 2x2 and 3x3 array elements. In particular,
it reports the worst-case values over the antenna’s HPBW for
UWB channels 5 and 7. For the array elements, the average
1 and standard deviation o of these worst-case values are
reported, considered over all elements in the respective array.
The results show that all imposed design requirements in both
channels are met. The largest standard deviation is observed
for the GDV of the 3x3 array. In this array, the two corner
elements on the main array diagonal exhibit a GDV that
deviates from the mean, but it does stay below 85 ps for UWB
channel 5. The slight increase in GDV can be attributed to
diffraction along both array edges. In conclusion, based on
the simulation results, the proposed antenna element retains its
performance when embedded in array configurations. Owing
to its inherent self-shielding, it can be readily incorporated
without reoptimization in scalable 1D and 2D arrays support-
ing joint distance and AoA estimation.

B. Manufacturing Process of the Realized Prototypes

Multiple prototypes of the single antenna element, a 2x2
array and a 1x4 array have been realized. A 2x2 array
topology is selected to showcase 2D AoA estimation, while
keeping all measurements in Section IV manageable. A 1x4
array is selected for the adoption in the UWB positioning
nodes that are deployed on a vessel. A major advantage of
the AFSIW technology is its straightforward realization in
widely-available PCB technology [69]-[71]. This allows for
a cost-effective manufacturing process using common PCB
manufacturing techniques and low-cost materials. The top and
bottom views of a realized antenna prototype, as well as the
corresponding PCB layer stack-up, are shown in Fig. 6a. A
picture of a realized 2x2 and 1x4 array prototype is depicted
in Fig. 6b and Fig. 6¢, respectively.

Three 1.55 mm-thick FR-4 substrates are used to implement
the metallic sidewalls of the antenna cavity. Therefore, a
square cavity is milled out in these PCB layers, which are then
gold-plated on all sides by round-edge plating. A 0.25 mm-
thick two-layer Rogers RO4350b laminate (¢, = 3.66 and

XZ-plane YZ-plane

SFF (%)
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- = = Inner array element
Outer array element

@
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- = = Inner array element
Outer array element

—90°
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©

Fig. 5: Simulated time-domain performance (UWB channel
7) of a stand-alone antenna element and an inner and outer
embedded element in a 3x3 array: (a) SFF, (b) GDV and (c)
DEE.

tand = 0.0037) is applied as top and bottom substrate. The
bottom metal layer of the top Rogers high-frequency laminate
implements the top metal layer of the cavity, containing the
L-shaped slot and a clearance hole for the inner conductor of
the feed probe. Its top metal layer realizes the annular ring,
implementing the capacitive coupling. The top metal layer
of the bottom Rogers high-frequency laminate implements
the bottom metal layer of the cavity. Its bottom metal layer
contains a solder platform that is connected to its top layer by
via rows. This solder platform facilitates the assembly of the
coaxial feed, for which a straight SMA square flange mount
coaxial connector by Multicomp is used. The outer conductor
of the coaxial feed is soldered to the solder platform and its
inner conductor to the annular ring on the top Rogers laminate.
In future work, the bottom Rogers RO4350b laminate can
be reused to compactly integrate active components, such as
a UWB transceiver and microcontroller, reducing intercon-
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nection losses and system footprint to the bare minimum,
thereby paving the way for compact and high-performance
active multi-antenna UWB positioning nodes.

For mechanical stability, the outside edges of the realized
prototypes are 3mm wide. The 2.4mm spacing between
the cavity walls of adjacent antenna elements in the array
prototype, made possible by the compactness of the individual
antenna element, provides mechanical stability in between
the cavities. This also leads to a large electrical contact
area between the stacked PCB layers. To guarantee sufficient
electrical contact and correct alignment of the different PCB
layers composing the antenna, brass M1 screws are used.
They are placed along the edges of the prototypes and in
between the elements, such that every cavity is surrounded
by screws as depicted in Fig 6. Full-wave simulations in-

Soldered annular ring Top Rogers RO4350b laminate

Gold-plated FR-4 substrate

Bottom Rogers
ROA4350b laminate

L-shaped slot MI screws Coaxial connector

(a)
46.4 mm s
" - - -
ré .« -\
Element | Element 2 \
> =1 o .\
e L .
Element 3 - Element 4 “

©

Fig. 6: Manufactured prototypes: (a) antenna element, (b) 2x2
array and (c) 1x4 array.

dicate negligible influence of the screws on the antenna’s
performance. Taking the outside edges of the prototypes into
account, the total dimensions of a single-element prototype
equal 25 mm x25 mmx5.15 mm, while the 2x2 and 1 x4 array
prototype’s dimensions equal 46.4 mm x 46.4 mm x 5.15 mm
and 89.2mm x 25mm x 5.15 mm, respectively.

IV. EXPERIMENTAL VALIDATION
A. Performance of the Single Antenna Element

First, the frequency-domain performance of the stand-alone
single antenna element is verified in an anechoic chamber,
using a Keysight N5242a PNA-X network analyzer and an
NSI-MI spherical near-field scanner. Then, its performance is
evaluated in worst-case deployment scenarios by deploying it
directly on a 35 cm x 35 cm copper plate. The metal plate sim-
ulates a vessel’s metal hull, generating severe integration plat-
form effects. Fig. 7 depicts the measured reflection coefficient
of two prototypes, in stand-alone conditions, together with
the free-space stand-alone simulations. Note that the measured
bandwidth is slightly smaller than expected from simulations.
This can be attributed to small deviations in the manufacturing
and assembly process. Nevertheless, both prototypes cover
the targeted frequency band, resulting in an FBW of 17.6 %,
compared to 19.7% in simulations. Moreover, both realized
prototypes show little deviation with respect to each other,
indicating good manufacturing reproducibility. Fig. 7 also
shows that the antenna’s reflection coefficient and bandwidth
remain almost invariable when the antenna is mounted on a
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Fig. 7: Measured and simulated reflection coefficient of the
single-element prototypes in different deployment scenarios.
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Fig. 8: Measured and simulated radiation pattern of the single-
element prototype, at 6.5 GHz, with and without copper plate.
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copper plate. This indicates robust and platform-independent
performance, validating the self-shielding characteristics of the
proposed antenna topology.

Fig. 8 depicts the measured radiation patterns of the antenna
at 6.5 GHz in stand-alone conditions and when deployed on
a copper plate. The radiation patterns are measured in both
the XZ- and YZ-plane, as defined in Fig. 1. A very good
agreement between measurements and simulations in stand-
alone conditions is obtained. When the antenna is deployed
on a copper plate, the radiation pattern becomes slightly
more directive and exhibits small sidelobes, which are directly
caused by diffraction at the copper plate edges. However,
although some deformation is present in the radiation pattern,
it is still very similar to the stand-alone pattern. The measured
peak gain equals 5.5 dBi, compared to 4.8 dBi in stand-alone
conditions. Radiation pattern measurements have also been
executed at 6 GHz and 7 GHz. Table III (top) lists the ob-
tained results at these frequencies and at 6.5 GHz, comparing
them to the corresponding simulated values. The selected
frequencies represent the start, center and stop frequency of
the targeted UWB channel 7 frequency band, respectively.
The results show little deviation between the measurements
and simulations or when considering different frequencies. A
measured peak gain higher than 4.5dBi, with a HPBW of
100° and an efficiency > 91 %, is obtained over the entire
frequency band. The radiation patterns at 6 GHz and 7 GHz
are also evaluated when the antenna is deployed on a copper
plate. Similar to the observations in stand-alone conditions,
the radiation pattern remains stable over the entire targeted
frequency range, indicating good performance with respect to
integration platform effects in the harsh deployment scenarios
encountered on vessels in urban shipping applications. Similar
results are also obtained at 6.25 GHz and 6.75 GHz, the start
and stop frequencies of the UWB channel 5 frequency band.

System-level measurements have been conducted to validate
the antenna element’s time-domain performance. An antenna
link, set up between both developed prototypes, is character-
ized in an anechoic chamber. By measuring the appropriate
S-parameters, using the Keysight N5242a PNA-X network
analyzer, the transfer function of this link is determined.

TABLE IlI:
FREQUENCY- AND TIME-DOMAIN CHARACTERISTICS OF THE SINGLE-
ELEMENT PROTOTYPE IN FREE-SPACE STAND-ALONE CONDITIONS.

6.0 GHz 6.5 GHz 7.0 GHz
Frequency
Sim. Meas. Sim. Meas. Sim. Meas.
Peak gain (dBi) 4.7 5.0 4.7 4.8 43 4.5
FTBR (dB) 11.1 - 10.9 - 10.5 -
Total eff. (%) 94 92 97 98 93 91
HPBW XZ (°) 105 100 105 100 105 100
HPBW YZ (°) 105 100 105 100 105 100
UWB channel Channel 5 Channel 7
Sim Meas. Sim. Meas.
SFF (%) 99.5 99.7 98.1 98.8
GDV (ps) 40 54 95 93
DEE (mm) 5 14 4 13
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Fig. 9: Time-domain performance (measurements and simula-
tions) of the single antenna: (a) SFF, (b) GDV and (c) DEE.

Subsequently, the GDV, SFF and DEE are obtained according
to (1) — (3). Similar to the simulations performed in the
optimization framework, the upconverted RRC pulse specified
in Section II-C is applied to determine the SFF and DEE.
The angle-dependent results for UWB channel 7 are depicted
in Fig. 9. Table III (bottom) summarizes the measurement
results for UWB channels 5 and 7 and compares them to
the simulated values. Note that the worst-case values within
the antenna’s HPBW are listed. A good agreement between
measurements and simulations is obtained and the targeted
specifications are met in the HPBW of the antenna. Hence,
the proposed antenna shows solid phase stability and minimal
pulse distortion and ranging estimation bias, making it suitable
for IR-UWB applications.

B. Frequency-Domain Performance of the 2x 2 Array

The 2x2 array prototype is also validated in an anechoic
chamber in stand-alone conditions. Fig. 10 shows the mea-
sured reflection coefficient of the four antenna elements,
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Fig. 10: Measured S-parameters of the 2x2 antenna array.

demonstrating proper matching over the entire targeted fre-
quency band. The FBW of the four elements lies between
19.4% and 21.0%, compared to 21.1 % and 23.2% in sim-
ulations. The measured mutual coupling between any two
elements is also shown in Fig. 10. It does not exceed —16 dB,
highlighting that the proposed antenna element provides low
mutual coupling when embedded in an array, paving the way
for straightforward integration in high-performance, scalable
2D arrays and compact practical systems. Fig. 11 shows the
measured and simulated radiation patterns of the 2x2 array’s
elements at 6.5 GHz. Again, there is excellent agreement
between measurements and simulations. The measured peak
gain of the elements ranges between 5.0dBi and 6.0dBi,
compared to 4.9 dBi and 5.4 dBi in simulations.

C. Joint Distance and 2D AoA Estimation Performance
in a Lab-Based Scenario

To validate the joint distance and AoA estimation perfor-
mance of the 2x2 array, a dedicated measurement setup is
devised, as shown in Fig. 12. An antenna link is established
consisting of a single-element prototype and an array proto-
type, operating as the tag and anchor antenna, respectively. The
tag antenna is attached to a robot arm that provides controlled
and submillimeter-level accurate movement in a plane parallel
to the YZ-plane, as defined in Fig. 12. The anchor is installed
on a 3D-printed mount, which also fixates the RF cables to
ensure minimal cable displacement. To determine the position
of the tag, based on distance and 2D AoA estimation, the
four channels between the single-element tag and the four-
element anchor are measured using the Keysight N5242a
PNA-X network analyzer. Because this network analyzer is
limited to 4-port measurements, an RF switch [80] is used
to select the appropriate anchor element. The measurement
setup is fully automated and care is taken to perform separate
calibration steps for every state of the RF switch, which are
automatically reloaded every time a different anchor element
is selected.

Measurements are conducted to evaluate the distance and
AoA estimation accuracy of the anchor array in stand-alone
conditions and when it is directly deployed on a copper plate,
to mimic the integration platform effects introduced by the
hull of a vessel. The tag is placed at a distance of Ax =
40cm from the anchor and moved along a grid of 16x11
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Fig. 11: Measured and simulated radiation patterns of the 2x2
antenna array.
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Fig. 12: Dedicated measurement setup for joint distance and
2D angle-of-arrival (AoA) estimation validation.

positions, resulting in 176 measurement points. A fixed step
of 2 cm is adopted between grid points for which the azimuth
or elevation angle remains below 45°. For larger angles, the
grid step is increased to 4 cm. This fixed grid is shown in Fig.
13, according to the coordinate system defined in Fig. 12. By
moving the tag along this grid, the distance d;, between tag
and anchor, and the azimuth ¢ and elevation 6 angles-of-arrival
of the signal received at the anchor are varied, according to

dia = V&2 +y% + 22 “4)
¢ = arctan (Q) Q)
T

0 = arctan (ﬁ) (6)

In this way, distances ranging from 40 cm to 100 cm, azimuth
angles from 0° to 63° and elevation angles from 0° to 45° are
considered. Note that # is defined such that the azimuth plane
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(XY-plane) corresponds to 8 = 0°.

Based on the measured transfer functions, both a distance
estimate and a 2D AoA estimate are computed. Since the
purpose of this article is to highlight the joint distance and
2D AoA estimation capabilities of the antenna array and not
the positioning algorithm, we demonstrate the array’s potential
to provide accurate estimates for both quantities separately.
The distance is estimated by using a ToA approach for each
of the four tag-anchor channels, using the upconverted RRC
pulse as described in Section II-C. The final distance estimate
is calculated by averaging the four initial estimates. 2D AoA
estimation is performed by applying the MUSIC algorithm
[73], [81]. A post-processing calibration step is applied to the
resulting distance and 2D AoA estimates to account for initial
misalignment by comparing nine of the measurement points
to their ground truth values.

The estimation results are depicted in Fig. 13, on top of
the grid, parallel to the YZ-plane, along which the tag is
moved (ground truth). For several points on this grid, the
estimated grid points are shown and explicitly compared to
the ground truth points. Note that not all estimates are shown
to not overload the figure. The estimated grid points are
computed based on the estimated distance d;, and azimuth ¢
and elevation 6 angles-of-arrival, using (4) — (6). A very good
agreement is obtained between all estimated grid positions
and their ground truth, both with an anchor in stand-alone
conditions and deployed on a copper plate.

A more detailed overview of the estimation errors of the
separate distance and angle estimates is depicted in Fig. 14.
Fig. 14a shows the cumulative distribution function (CDF) of
the distance errors for all 176 estimates. Fig. 14b and Fig. 14c
show the CDFs of the corresponding estimation errors for the
azimuth and elevation angle, respectively, covering a field-of-
view of [0°, 63°] in the azimuth plane and [0°, 45°] in the
elevation plane. It can be observed that 97 % of the distance
errors remain below 1cm in magnitude when measuring in
stand-alone conditions. Moreover, no angular estimation error
exceeds 5° in magnitude. Fig. 14 also shows the estimation
errors obtained when the anchor is mounted on the copper
plate. Two cases are considered. In the first experiment, the
measurements with the anchor mounted on the copper plate
are recalibrated for this deployment scenario. Now, 95 % of
distance errors remain below 1cm in magnitude and 97 %
of angle estimation errors remain below 5° in magnitude.
In the second experiment, the post-processing calibration and
error coefficients for stand-alone conditions are applied to the
measurements involving the copper plate. A slight increase
in estimation errors is to be expected, yet all distance errors
remain below 2cm in magnitude, and 98 % of the azimuth
errors and 80 % of the elevation errors remain below 5° in
magnitude. This proves that, even in this worst-case scenario,
a one-time anchor calibration is sufficient owing to the self-
shielding characteristics of the proposed antenna array, which
is highly desired in practical use cases. Measurements have
also been performed in the three other quadrants. Similar re-
sults were obtained, confirming the estimation accuracy of the
proposed 2x2 array over a wide field-of-view. In conclusion,
these measurements show that the proposed 2 x2 antenna array

40 A €
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® 2x2 array stand-alone

2x2 array on copper plate X 40
z
0
80 o \ 20
2X72
40 20 o amay © z (cm)
y (cm)

Fig. 13: Joint distance and 2D AoA estimation results: estimated
grid positions in different measurement conditions (stand-alone
array and array on copper plate), compared to the ground truth.
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Fig. 14: Joint distance and AoA estimation errors in stand-
alone conditions and with the anchor mounted on a copper plate:
cumulative distribution functions (CDFs) of (a) distance errors,
(b) azimuth angle errors and (c) elevation angle errors.

can be utilized as a multi-antenna anchor supporting accurate
distance and 2D AoA estimation in both stand-alone conditions
and when deployed on a copper plate.

D. Joint Distance and AoA Estimation Performance on a
Vessel

A final measurement campaign is conducted to illustrate the
joint distance and AoA estimation capabilities of the UWB
multi-antenna system on a real-life vessel in an urban water-
way setting with a limited amount of shore-side infrastructure.
In this experiment, the vessel is navigating in a narrow canal
in the city center of Ghent, Belgium, under a bridge, along
a straight line parallel to the shore at a distance ds = 5.45m
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with a constant velocity v = 0.76ms ™!, as shown in Fig. 15a.

The vessel is equipped with an RTK-GNSS system, which
can provide decimeter-level to centimeter-level accurate local-
ization in ideal circumstances, depending on the base station
locations and adopted post-processing methods [82], [83],
and three IR-UWB anchor nodes, shown in detail in Fig.
15b. Each node consists of a 1x4 array prototype, with
grounded co-planar waveguide (GCPW) feed lines, that is
connected via vertical-mount SMA connectors and 90° SMA
transition pieces to an IR-UWB hardware platform developed
by Pozyx [84], containing four synchronized Qorvo DW1000
ICs [35]. A 1x4 array is selected because of its straightforward
integration with the four-element hardware platform and the
redundancy provided by the extra array elements. Leveraging
a four-element array provides six possible antenna pairs for

Vertical-mount SMA connectors

- -
GCPW feed lines -

e ¢ 4 & @ e @ =

| X4 antenna array fs

Ed e-mount
connectors

UWSB positioning node in lab

UWSB positioning node on vessel

(b)

Fig. 15: Measurement campaign for distance and AoA estima-
tion on a vessel: (a) three anchor nodes, deployed on the metal
railing of the vessel, and (b) a detailed depiction of a UWB anchor
node, consisting of a Pozyx hardware platform and a GCPW-fed
1x4 array. Each anchor node computes an AoA estimate for the
azimuth angle ¢ (only indicated for anchor node 2), while the
vessel is moving under a bridge.

the computation of an AoA estimate, guaranteeing robustness
against missing UWB frames and minimizing measurement
errors. These three anchor nodes are placed in a waterproof
housing and mounted on the metal railing of the vessel. On
the shore side, a low-power low-complexity battery-powered
UWB beacon node with a single antenna is deployed and
transmitting UWB signals in channel 5. Based on these signals,
the three anchor nodes each provide an AoA estimate for
the azimuth angle ¢ using the PDoA algorithm. Based on
these AoA estimates, the distance from the vessel to the
shore ds and the velocity of the vessel v is estimated in a
subsequent step. By adopting this approach, the localization
system’s complexity is mainly incorporated on the vessel, and
shore-side infrastructure is limited to small, low-cost and low-
power UWB beacon nodes. While the current UWB beacon
node is battery-powered, energy-harvesting components can be
included to minimize maintenance cost and support fast cable-
free deployment of the localization system in new areas.
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Fig. 16: Comparison of measured azimuth AoA estimates and
the real azimuth angles-of-arrival on a moving vessel, for each
of the three anchor nodes.

Fig. 16 shows the estimated azimuth angles (between —65°
and 65°) for each of the three anchor nodes during the time
interval in which the vessel is moving past the shore-side
node. These are compared to the real azimuth angles-of-arrival,
calculated by taking into account the vessel’s trajectory and
considering the known relative locations of the anchor nodes
on the vessel. The ground truth for the vessel’s trajectory is
based on RTK-GNSS data. For that part of the trajectory where
the vessel is navigating under the bridge and the RTK-GNSS
system is unreliable, the ground truth is derived through dead-
reckoning, assisted by logging the velocity and the heading of
the vessel during the experiment. A good agreement is ob-
served between the estimated and the calculated real azimuth
angles. The maximum deviations for anchor one, two and three
are 6.0°, 11.5° and 7.5°, respectively. In total, 96 % of AoA er-
rors remain below 10°, and 83 % of errors remain below 5°. In
the time interval where all three AoA estimates are available,
the distance ds and velocity v are estimated to be 5.40 m and
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0.78 ms~1, respectively. Hence, these results illustrate that the
antenna element and array support accurate distance and AoA
estimation, even in the challenging conditions encountered in
urban shipping applications. Remark that while we only used
one shore-side UWB beacon node in this setup, more beacon
nodes can be deployed depending on the scenario and the
required localization accuracy.

E. Comparison with State-of-the-Art

Table IV compares the proposed antenna to different state-
of-the-art antenna elements and arrays, previously discussed
in Section I-A, based on size, and frequency- and time-
domain figures-of-merit. The proposed antenna exhibits best-
in-class performance in terms of total efficiency 7 (incor-
porating radiation and matching losses), while providing a
compact antenna footprint. Its excellent system-level time-
domain performance is highlighted by a very high SFF and
low GDV. Not listed in the table are its constant radiation
pattern over the entire frequency range, large field-of-view
(HPBW), low mutual coupling and low DEE. Furthermore,
the cavity-backed antenna elements exhibit high robustness
against integration platform effects and neighboring antenna
elements and facilitate integration of active electronics on the
backside of the cavity, minimizing the total system footprint.

TABLE IV:

STATE-OF-THE-ART ANTENNA COMPARISON
Ref.  Footprint [A3] FBW [%] 1 [%] SFF [%] GDV |[ps]
[61]  0.54x0.54x0.03 133 > 63 - <1000
[65]  0.98x0.98x0.37 116 - > 70 <70
[63]  0.84x0.84x0.25 42.0 - - -
[71]  0.91x0.76x0.09 29.4 > 89 > 98 <110
This  0.41x0.41x0.11 17.6 > 91 > 98.8 <93

The measured impedance bandwidth is lower when com-
pared to the state-of-the-art antennas in Table IV. However,
these other works mainly focus on achieving a large band-
width. In this article, the optimal trade-off is obtained between
providing the bandwidth to cover channels 5 and 7 of the IEEE
802.15.4z standard, on the one hand, and introducing minimal
orientation-specific pulse distortion after deployment in the
actual application, on the other hand. Fig. 3 indicates that the
proposed topology can reach a fractional bandwidth of over
30 % in a small footprint, but at the cost of significantly larger
pulse distortion. The adopted optimization process yields an
antenna that covers the necessary frequency range, while
featuring excellent time-domain performance, which is the
most critical requirement for accurate positioning. Compared
to the PCB-based monopole antennas and DRAs, the proposed
antenna sacrifices some bandwidth, while still fully covering
channels 5 and 7, to guarantee robustness, high efficiency
and minimal orientation-specific pulse distortion after being
installed on its operational platform. Compared to the air-filled
cavity-backed antenna, presented in [71], the proposed antenna
sacrifices some bandwidth to obtain a more compact antenna
element that fits in A/2-spaced arrays.

Providing a straightforward and fair comparison in terms
of AoA estimation performance is difficult. A large variety
of chipsets, hardware platforms and antenna elements are
used, but, more importantly, AoA estimates are computed
differently throughout literature. Moreover, experiments are
conducted in a wide range of scenarios and environments.
In this article, the PDoA algorithm is adopted, which does
not require significant post-processing, focusing on the raw
performance of the proposed antenna (array). In contrast, most
other works propose more elaborate and power-consuming
algorithms to obtain accurate results. This is also done in
our previous work [73] through machine learning techniques.
Therefore, the summary presented in Table V focuses on
the adopted chipsets and antenna topologies. It is clear that,
typically, PCB-based and ceramic chip antennas are utilized in
state-of-the-art UWB-based localization systems. Some works
[36], [53] specifically state that better results can be obtained
by using high-performance antennas. Yet, even though they
exhibit several beneficial characteristics, in current literature,
no AFSIW cavity-backed antenna element has been proposed
yet for 2D AoA estimation systems.

TABLE V:

STATE-OF-THE-ART LOCALIZATION SYSTEMS COMPARISON

Ref. IC Antenna topology AoA error [°] (pctl.)
[34] Qorvo DW1000 PCB-based patch 8.25 (90™)

[35] Qorvo DW1000  PCB-based monopole <10

[36] NXP SR150 Ceramic chip > 10

[37] Qorvo DW3000 Ceramic chip 2.4 (50t

[38] Qorvo DW1000 Ceramic chip <20

[52] Qorvo DW1000 PCB-based patch <10

[53] Qorvo DW1000 Ceramic chip 4.15 (90

This  Qorvo DW1000

petl.: percentile
*: our previous work (machine learning-based AoA estimation)

AFSIW cavity-backed < 5/ 2.8 (99™) [73]*

V. CONCLUSION

In this article, we have proposed a time-domain-optimized
antenna array for joint distance and 2D angle-of-arrival (AoA)
estimation based on the impulse-radio ultra-wideband (IR-
UWB) technology to provide high-precision 3-dimensional
(3D) localization of autonomous pallet shuttle barges (PSBs)
in global navigation satellite system (GNSS)-denied crit-
ical waterway sections with minimal shore-side infras-
tructure. A three-step approach was adopted. First, we
proposed a capacitively-coupled-fed guard-trace-based QM-
AFSIW cavity-backed slot antenna. The quarter-mode minia-
turization technique with guard trace inclusion and capaci-
tively coupled feed provide an antenna element with wide
bandwidth in a compact footprint that guarantees stable per-
formance in the challenging urban shipping environments.
A multi-objective system-level optimization process, focusing
on frequency- and time-domain criteria, tailored the antenna
towards IR-UWB-based joint distance and 2D AoA estima-
tion. During the optimization process, the capacitive coupling
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mechanism was exploited to simultaneously tune the magni-
tude of the antenna’s input impedance for wideband matching
and its phase to achieve low group delay variation. Extensive
simulations indicated that the antenna retains its performance
when embedded in scalable, planar 2D arrays. Frequency-
and time-domain antenna measurements, with the antenna
in free-space stand-alone conditions and when the antenna
was mounted on a copper plate (mimicking the metal hull
of a PSB), proved its stable performance when subjected to
integration platform effects. Secondly, an extensive dedicated
joint distance and 2D AoA estimation measurement campaign
using a 2x2 array prototype was conducted, again in free-
space stand-alone conditions and when the array was mounted
on a copper plate. All distance errors stayed below 2 cm and all
angular errors remained below 5° in stand-alone conditions.
Finally, 1x4 array prototypes were incorporated in IR-UWB
positioning nodes for deployment on a vessel. The results
proved that the proposed antenna element is scalable to arrays
in both dimensions, while exhibiting minimum susceptibility
to its surroundings, such as neighboring elements and integra-
tion platforms. Additional localization experiments over large
distances and in more complex environments may be included
in future work. In conclusion, the proposed antenna element
is excellently suited for adoption in multi-antenna IR-UWB
localization systems to ensure reliable and high-accuracy 3D
localization of a PSB in critical waterway sections, while
relying on standard GNSS-based navigation during the largest
part of its trajectory. This marks an important step towards the
realization of more cost-effective autonomous PSBs, essential
to accelerate the modal shift from conventional road-based
transport to inland waterways.
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