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Abstract—A planar sectoral antenna is presented, optimized
for highly precise Impulse-Radio Ultra-Wideband (IR-UWB)
indoor localization with minimal range estimation biasing. By
judiciously combining two planar inverted-F antenna (PIFA)
elements into one footprint, a large half-power beamwidth
(HPBW) is obtained in the [3.2448 — 4.7424] GHz band, thereby
covering channels 1 to 4 of the IEEE 802.15.4a-2011 standard.
Through system-level optimization, the system fidelity factor
(SFF) is maximized for a minimal value of at least 90% within
its entire HPBW, while minimizing the orientation-specific range
estimation biasing down to 10 mm. To validate the antenna
performance, measurements have been performed in both the
frequency and time domain, showing a HPBW larger than 120° in
the complete frequency-band of operation and an SFF larger than
90% and range biasing lower than 4 mm within the antenna’s
HPBW.

Index Terms—IR-UWB, Air-Filled Substrate-Integrated-
Waveguide, High Efficiency, Sectoral Antenna, Range Biasing

I. INTRODUCTION

ITH the rapid advent of Industry 4.0 in high-tech
Windustrial environments, tangible research results on
state-of-the-art sensor systems are of major importance to
facilitate a steady transition into this new industrial revolution.
A great example can be found in the domain of indoor
localization, demonstrating major advantages in different sec-
tors and on different scales [1], [2]. Here, Impulse-Radio
Ultra-Wideband (IR-UWB) localization systems yield superior
accuracy, attributed to their resilience against narrowband in-
terference and detrimental multipath effects [3]. Furthermore,
because of the development of low-cost and accurate IR-UWB
localization sensor platforms [4], IR-UWB indoor localization
has become a driving force for innovation in many applications
in healthcare [5], robot navigation [6], [7], etc. However,
with IR-UWB localization systems entering the stage of mass
production, new research challenges associated with the inte-
gration of IR-UWB antennas in practical indoor localization
systems emerge to ensure cm-level-precision accuracy to a
large number of users in the harsh and challenging Industry
4.0 environment [8], [9].

The use of sub-nanosecond pulses in IR-UWB localization
systems imposes a substantially different antenna design pro-
cedure when compared to narrowband technology. As stated
n [10], [11], both the frequency-domain and system-level
performance of the antenna should be optimized, where the
latter focuses primarily on the pulse distortion introduced by
the antenna system. However, recent studies have demon-
strated that not only pulse distortion, but also the orientation-

dependent time delay introduced by the antenna should be
investigated at a system level [12]-[15]. These delays were
investigated in [12], [13], [15] through time-domain mea-
surements, showing an antenna-induced orientation-dependent
range estimation bias up to 30 cm. In [14], the influence
of this range estimation bias was studied for angle-of-arrival
estimation. Furthermore, [16]-[19] report that certain IR-
UWB hardware platforms exhibit a correlation between range
estimation bias and received power, thereby requiring minimal
antenna gain variation within the targeted field of view.

In this work, a planar sectoral coupled Planar Inverted-F
Antenna (PIFA) for IR-UWB localization is proposed, opera-
tional in the [3.2448 — 4.7424] GHz band, thereby covering
channels 1 through 4 of the IEEE 802.15.4a-2011 standard
[20]. Inspired by the topology in [21] and by means of a rigor-
ous analysis and optimization process, both in the frequency-
domain and on a system level, a large HPBW and minimal
range estimation biasing within that HPBW is obtained. The
antenna performance is validated by both frequency- and time-
domain measurements, thereby confirming the potential of the
proposed antenna for IR-UWB indoor localization systems.

A plethora of antennas for IR-UWB localization have been
extensively analyzed in literature, both with omnidirectional
[22]-[24] and hemispherical [25]-[28] radiation properties.
Analyzing the frequency domain radiation characteristics of
[22]-[24], it is apparent that an omnidirectional antenna is not
suited as a sector antenna. To mitigate interference in sec-
torized network topologies, several omnidirectional antennas
were equipped with a reflector to shape the radiation pattern
towards the targeted cell area [25], [26]. However, this ap-
proach creates highly directive antennas and may cause strong
variations in the radiation pattern as a function of frequency.
In [27], a hemispherical antenna is presented, achieving a
HPBW larger than 90° and showing a fidelity factor of 80% in
broadside. Unfortunately, a gain as low as -15 dBi is reported,
rendering it unsuitable for the envisioned application scenario.
In terms of time-domain characteristics, most research imposes
a design requirement of a system fidelity factor (SFF) higher
than 50%, as defined in [10]. However, the state-of-the-art
IR-UWB antennas easily reach a measured SFF higher than
80% [22]-[24], [27]. In [26], [28], SFFs up to 91% and 95%
are reported, respectively. Furthermore, a ranging estimation
bias of 50 mm is reported in [28], showing that a high
system fidelity factor does not necessarily result in a low
ranging estimation bias and that specific system-level time-
domain optimization is required to optimize this parameter.
Alternatively, in terms of narrowband topologies, magnetic
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dipoles, as analyzed in [21], provide highly beneficial ra-
diation properties for sectorized antenna arrays. Despite the
favorable radiation characteristics, the impedance bandwidth
of 2% is not sufficient for IR-UWB applications. However,
by adopting an air-substrate PIFA topology and leveraging
mode-bifurcation, ultra-wideband operation is achieved. Fur-
thermore, a time-domain optimization is performed utilizing an
in-house modular full-wave/circuit co-optimization framework
[29] to maximize the system fidelity factor and minimize the
range estimation bias.

The remainder of this letter is organised as follows. In
Section II, both the frequency- and time-domain antenna
design requirements are discussed. Section III elaborates on
the antenna topology, its operation principle and summarizes
the final antenna specifications. Next, Section IV provides an
overview of both the frequency- and time-domain simulation
and measurement results. Finally, a conclusion is presented in
Section V.

II. DESIGN REQUIREMENTS

A sectoral IR-UWB anchor antenna is designed for IR-
UWB localization applications in the [3.2448 — 4.7424] GHz
frequency band. Thereby, the antenna covers channels 1 to
4 of the IEEE 802.15.4a-2011 standard, frequently adopted
in academic and commercial localization applications [30]-
[33]. In the following, all design requirements in the frequency
domain are imposed over the entire specified frequency band.

to 50 €2, should remain below -10 dB. Furthermore, a total an-
tenna efficiency above 85% is targeted to maximize range and
minimize power consumption. Finally, in order to comfortably
provide a 360° coverage in a three-element sectorized antenna
array, while minimizing inter-antenna interference, a HPBW
of 120° in the azimuth plane and a front-to-back-ratio (FTBR)
larger than 10 dB is imposed on the unit antenna element.

As mentioned in [10], [11], time-domain optimization is
imperative to achieve robust and excellent system performance
in IR-UWB localization applications. Special care is devoted
to minimizing pulse distortion and orientation-specific range
estimation biasing errors, introduced by the antenna system.
The pulse distortion is characterized the system fidelity factor
(SFF), defined by [10]

t
" +t)d
SFF = max S(T)x(T Jdr ) (D

\/fto (t det x2(7)dr

with s(¢) and z(t) the input and output pulse, respectively.
The algorithm used to estimate the range and, hence, the
orientation-specific biasing error, d.s; (6, @), is defined by

dest (07 ¢) = (tmaw (07 ¢) — tmax (07 0)) c, (2)

where t,,4, is the time delay that maximizes the SFF for
a certain orientation (0, $) and c is the speed of light. As
such, for a given antenna system, the output pulse needs to
be calculated for each orientation of the antenna under test
(AUT). To guarantee high-precision localization with minimal
orientation-specific biasing errors, both an SFF higher than
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Figure 1. Design process of the coupled PIFA IR-UWB antenna: Single
PIFA (a), coupled PIFA (b), ground plane extension (c) and exploded view of
the prototype (d). The parameter sweeps are obtained with the final antenna
dimensions, specified in Table I, unless stated otherwise.

90% and a distance estimation biasing error, |des¢|, lower than
10 mm are imposed.

III. SECTORAL COUPLED PLANAR INVERTED-F
ANTENNA: TOPOLOGY AND OPERATION PRINCIPLE

A. Ultra-Wideband Half-Power Beamwidth Optimization

A suitable antenna topology with favorable inherent radia-
tion properties is required and needs to be tailored to satisfy the
aforementioned design requirements. A promising candidate
is the microstrip patch antenna, because of its low profile,
wide HPBW and large FTBR [34]-[38]. In addition, [39]
demonstrates that the HPBW can be further enhanced by
cutting the patch in half along its E-plane and shorting the
patch along this cut. Although the mode profile inside the
resulting planar inverted-F antenna is identical to half of the
TMOI-mode in the original patch, the radiation characteristics
have slightly changed. By only retaining half of the TMOI1-
mode, the contribution of both sidewalls to the radiation
pattern increases substantially and, as a result, the HPBW
enlarges compared to a patch antenna [39].
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Evidently, the PIFA exhibits advantageous radiation prop-
erties and, as such, is selected as the starting point for this
design. However, despite the potential of the PIFA, its inherent
narrowband behaviour remains a major drawback for IR-
UWB applications. To resolve this issue, a technique called
mode-bifurcation [11] is exploited. The resulting coupled
PIFA antenna topology, its design flow and implementation
is illustrated in Fig. 1, depicting both the top and side views
in each step, as well as the effect of antenna dimensions on
the relevant antenna characteristics.

Initially, as depicted in Fig. 1(a), a single PIFA element,
fed by a coaxial feed, is impedance-matched to 50 €2 at a
frequency f; = 4 GHz. By optimizing the width (Wppa),
length (Lppa,;) and feed position (Lgeq = 10.5 mm) of
the PIFA, the antenna exhibits a resonance at 4 GHz. Next,
a second identical PIFA element is added to the antenna
footprint, as shown in Fig. 1(b). The addition of the second
PIFA element induces mode-bifurcation, resulting in two dis-
tinct resonant peaks, f.; and f,, with f,; < f; < f;5. The
frequencies f;; and f;, and, hence, the impedance bandwidth
are controlled by varying the amount of coupling between both
PIFA elements. By carefully choosing the PIFA height (Hpyga ),
the gap between both PIFA elements (L) and their respective
resonant frequencies, controlled by Lprra | and Lpiga 2, the shift
in resonant frequencies can be adjusted to realize a reflection
coefficient, |S; 1|, below —10dB in the complete frequency
band of operation. Note that the second PIFA element is not
fed directly and is only excited by proximity coupling with
the first PIFA element. Additionally, remark that varying L,
changes the total antenna length since we keep the values of
Lprraa and Lprrao fixed during the process. Finally, as
illustrated by Fig. 1(c), a ground plane extension is added
to tailor the radiation pattern to the intended deployment
scenario. Tuning Wy allows to optimize for a HPBW in the
azimuth plane (xz-plane) of 120°, while maintaining a FTBR
larger than 10 dB.

B. Coupled Planar Inverted-F Antenna and Time-Domain
Performance

In addition to the conventional frequency-domain optimiza-
tion, a system-oriented time-domain optimization is required
to guarantee robust and accurate performance for IR-UWB
localization applications. This optimization is performed based
on a pulse defined by [20]

o cos(L.5mt/T,) + sin(0.5mt/Tp)

) 2t/ T,
77\/27,, 1—(2t/T,)?

with fo = 4.25 GHz the pulse carrier frequency and 7}, = 0.92
ns the pulse duration, thereby covering channels 1 through 4.
The pulse is transmitted by a coupled half-mode cavity backed
slot antenna, developed in [40], and is received by the antenna
under test (AUT) presented in this work. Finally, an in-house
modular full-wave/circuit co-optimization framework [29] is
utilized to obtain the required time-domain simulation results.

On the one hand, an extensive parameter analysis revealed
that the SFF and, hence, the pulse distortion, is predominantly
affected by the mode-bifurcation. On the other hand, the

s(t) = cos(2m fot » (3)

Table 1
FINAL ANTENNA DIMENSIONS (AND FABRICATION TOLERANCES).

Dimension | Value [mm] | Dimension | Value [mm]
Wrira 30.0 (£0.5) Lreed 18.7 (£0.1)
Lpira 1 20.1 (£0.5) Lgap 5.0 (£0.5)
Lpiran 12.4 (£0.5) Wext 30.0 (£0.5)
Hpipa 3.55 (£0.1) tmetal 1.0

AUT's orientation-dependent pulse distortion and the range
estimation biasing error are primarily influenced by the ground
plane extension. Therefore, two subsequent multi-objective
optimization procedures, as defined in [11], are performed.
First, a set of Pareto optimal solutions is found that minimize
the pulse distortion by maximizing the SFF, while preserving
the required frequency-domain properties. To this end, the
resonance frequencies of the PIFA elements and their coupling
are optimized by adjusting Lpipa,i, Lpra2 and Lg,. Next, by
sizing the ground plane extension (W), a second set of Pareto
optimal solutions is obtained that maximize the orientation-
specific SFF while minimizing the range estimation biasing
error within the antenna’s HPBW in the azimuth plane.

C. Fabrication and Final Prototype

Finally, the antenna performance is demonstrated by man-
ufacturing a prototype out of brass sheets, with a thickness of
1.0mm, using a combination of CNC milling and shearing,
exhibiting fabrication tolerances of £0.1 mm and +0.5 mm,
respectively. Nevertheless, other non-ferrous metals, such as
copper or aluminum, could also be applied for the antenna
production. Furthermore, diverse metalworking techniques,
such as, laser cutting or metal bending, can be adopted
without deteriorating the antenna performance. To assemble
the different antenna parts without corrupting the antenna
performance, standard M3 nylon screws and bolts are used.

The final antenna dimensions are optimized using the CST
Microwave Solver. They are summarized in Table I, detailing
the dimensions after optimization and the expected tolerances.
An exploded view of the final antenna prototype is depicted
in Fig. 1(d).

IV. SIMULATION AND MEASUREMENT RESULTS
A. Frequency-domain results

The frequency-domain performance of the antenna is mea-
sured in an anechoic chamber, using a Keysight N5242a
PNA-X network analyzer and a NSI-MI spherical near-field
scanner. Fig. 2, depicting the reflection coefficient |S11| with
respect to Zy = 50(2, shows a good agreement between the
measurement results of two prototypes and simulations. An
—10dB impedance bandwidth of 1.5 GHz is obtained around
4 GHz, yielding a fractional bandwidth of 37.5%. Furthermore,
results of an extensive parameter sweep have been added to
Fig. 2, indicated by the gray area, to demonstrate robustness
against fabrication tolerances and material variations. Fig. 3
shows a good agreement between the simulated and measured
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Figure 2. Simulated and measured reflection coefficient |S11| w.r.t. 50 Q of
the final antenna (black lines) and parameter sweeps (grey area) to assess

fabrication tolerances.
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Figure 3. Simulated (solid) and measured (dashed) antenna gain [dBi] in the
azimuth plane (black) and elevation plane (gray) at 3.5, 4.0 and 4.5 GHz.

gain pattern in the azimuth (xz-plane) and elevation plane (yz-
plane) at 3.5 GHz, 4.0 GHz and 4.5 GHz, reporting a boresight
gain of 4.73dBi, 4.66dBi and 6.04dBi, respectively. An
HPBW larger than 120° in the azimuth plane, indicated by
the gray boxes, can be observed at each frequency, while
maintaining an FTBR higher than 10dB and a mean cross-
polarization discrimination within that HPBW of 44.8dB,
38.6dB and 39.0dB at 3.5GHz, 4.0GHz and 4.5 GHz,
respectively. Furthermore, note that special care is required
when integrating this antenna into a three-element sectorized
antenna array to preserve its radiation properties. Finally,
a total antenna efficiency of 98.8%, 85.1% and 99.1% is
measured at 3.5 GHz, 4.0 GHz and 4.5 GHz, respectively.

B. Time-domain results

To characterize the time-domain system performance, the
measurement setup depicted in Fig. 4 is used. The antenna
system consists of a fixed antenna, fully characterized in [11],
and the current antenna which acts as the rotating AUT.

To compensate for any undesired pulse distortion introduced
by the measurement setup, all measurements are calibrated

T s(t)
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Figure 4. Measurement setup for the time-domain measurements in free-space
conditions.
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Figure 5. Simulated and measured system fidelity factor [%] (left) and

orientation-specific ranging bias [mm] (right) in the azimuth plane.

by characterizing the time-domain performance of the mea-
surement setup (by implementing a wired through-connection
without antennas) and pre-distorting the generated input pulse
accordingly. The resulting time-domain results are presented in
Fig. 5. A good agreement between the simulated and measured
SFF can be observed, showing an SFF over 90% within the
complete HPBW of the azimuth plane. Furthermore, both
simulations and measurements of the ranging bias agree very
well, proving a ranging bias below 4 mm within the complete
HPBW of the azimuth plane. Moreover, an SFF above 95%
and ranging bias below 8 mm are measured in the elevation
plane for 6 = [—90°;90°].

V. CONCLUSION

In this letter, a planar sectoral antenna is presented, opti-
mized for highly precise IR-UWB indoor localization with
minimal range estimation biasing. The antenna exhibits a
reflection coefficient below -10 dB for the frequency range
[3.2448 — 4.7424] GHz. A HPBW above 120° is reported for
all frequencies within the frequency band of operation. Finally,
an SFF higher than 90% and a ranging bias lower than 4 mm
are measured within the HPBW of the azimuth plane. As a
result, the proposed antenna is especially suited as an anchor
antenna for highly accurate IR-UWB localization systems.
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