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Abstract—An Impulse-Radio Ultra-Wideband (IR-UWB) cavity-
backed slot antenna covering the [5.9803; 6.9989] GHz frequency band
of the IEEE 802.15.4a-2011 standard is designed and implemented in air-
filled substrate-integrated-waveguide (AFSIW) technology for localization
applications with an accuracy of at least 3 cm. By relying on both
frequency- and time-domain optimization, the antenna achieves excellent
IR-UWB characteristics. In free-space conditions, an impedance band-
width of 1.92 GHz (or 29.4%), a total efficiency higher than 89%, a
front-to-back-ratio of at least 12.1 dB and a gain higher than 6.3 dBi are
measured in the frequency domain. Furthermore, a system fidelity factor
larger than 98% and a relative group delay smaller than 100 ps are
measured in the time domain within the 3dB-beamwidth of the antenna.
As a result, the measured time-of-arrival of a transmitted Gaussian
pulse, for different angles of arrival, exhibits variations smaller than
100 ps, corresponding to a maximum distance estimation error of 3 cm.
Additionally, the antenna is validated in a real-life worst-case deployment
scenario, showing that its characteristics remain stable in a large variety
of deployment scenarios. Finally, the difference in frequency-domain and
time-domain performance is studied between the antenna implemented
in AFSIW and in dielectric-filled SIW (DFSIW) technology. We conclude
that DFSIW technology is less suitable for the envisaged precision IR-
UWB localization application.

Index Terms—Cavity-backed slot antenna, air-filled substrate-
integrated-waveguide, impulse-radio ultra-wideband, high efficiency,
indoor localization.

I. INTRODUCTION

The impulse-radio ultra-wideband (IR-UWB) technology is one
of the most promising solutions for accurate localization in indoor
and in obstructed or difficult outdoor environments. Exploiting
(sub)nanosecond duration pulses yields supreme position accuracy
and ensures excellent resilience against narrowband interference and
multipath effects [1], [2]. The latter adverse propagation characteris-
tics are typically encountered in dense and heterogeneous Internet-of-
Things (I0T) environments, in applications such as indoor localization
[3], healthcare [4]-[8] and low-power UWB communication [9], [10].

However, the ultra-wide bandwidth of such a short pulse implies
different radiowave propagation characteristics as compared to nar-
rowband systems. Therefore, substantially different antenna topolo-
gies are required [11], exhibiting both excellent frequency- and time-
domain characteristics. Moreover, UWB antenna design for practical
systems should focus on guaranteeing the desired performance in
the envisaged deployment scenarios, rather than being optimized
in a stand-alone free-space set-up [12], [13]. On the one hand, a
plethora of IR-UWB antennas are found in current literature [11],
[14], [15]. These antennas exhibit suitable form factors [16] and
excellent ultra-wideband characteristics. However, all these antennas
were validated in stand-alone free-space conditions. They are easily
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detuned by objects in their direct proximity. On the other hand, [12]
and [17] have proposed innovative UWB textile cavity-backed slot
antennas in dielectric filled substrate-integrated-waveguide (DFSIW)
technology that guarantee highly-efficient and robust performance
in the frequency domain, even in the challenging IoT environment.
As such, the cavity-backed slot antenna topology implemented in
a dielectric substrate forms a suitable foundation to achieve the
desired performance characteristics. However, the latter designs were
not optimized nor validated for IR-UWB applications. Hence, to
guarantee precise and robust ranging, the proposed antenna should
be optimized and validated for system-oriented time-domain metrics,
to account for the effect of the antenna design on the global UWB
channel.

In this article, a highly-efficient IR-UWB coupled half-mode
cavity-backed slot antenna in a stacked air-filled substrate-integrated-
waveguide (AFSIW) technology is reported. In order to obtain the
required antenna characteristics, the antenna, based on a cavity-
backed slot antenna topology, is implemented using the coupled half-
mode technique [18]. Furthermore, to achieve the high performance
demands, as required for the precision IR-UWB localization, the
antenna is realized in AFSIW technology. Through optimization
in both the frequency and the time domain, the proposed antenna
exhibits outstanding IR-UWB characteristics in its 3dB-beamwidth,
such as a very high system fidelity factor and a minimal relative
group delay. As a result, pulse distortion is minimized and time-
of-arrival variations comply with the requirements for precision IR-
UWB localization. For validation purposes, the antenna is also mea-
sured in a realistic hostile environment to guarantee robust ranging
performance. Furthermore, the proposed antenna is suitable for mass
production industrial applications owing to its low-cost fabrication
process and its topology, which allows for seamless integration with
the active IR-UWB electronics.

Due to the low fabrication cost and high efficiency, AFSIW
technology has become a novel up-and-coming trend in microwave
and millimeter wave applications [19]-[29]. Various AFSIW designs
and fabrication methodologies have been proposed in literature. [19]—
[23] have proposed numerous AFSIW filters, phase shifters and
transitions implemented in multilayer PCB technology. Soldering
paste is applied between the different milled and copper plated
layers to preclude radiation leakage. Another fabrication technology
is applied in [24], where an AFSIW slotted G-band horn antenna is
micromachined. In [25], a 15 GHz highly-efficient AFSIW H-plane
horn antenna is reported, constructed by stacking several layers of
copper plated FR4 substrates. A -10 dB impedance bandwidth of
250 MHz is achieved, with a total efficiency of 89.1% at 15 GHz.
In [26], a 11.75 GHz AFSIW resonant slot array is described. This
design is fabricated by milling the contours of the waveguide in the
dielectric substrate, after which traditional additive processes are used
to metallize the milled recess. A -15 dB impedance bandwidth of 100
MHz is obtained. Finally, two AFSIW UWB antennas are reported
in [27], [28]. In [27], a highly-efficient 30.5 GHz UWB AFSIW slot



array antenna is described, achieving a -10 dB impedance bandwidth
of 2.64 GHz. In [28] a highly-efficient Ka-band UWB AFSIW
antipodal linearly tapered slot antenna is reported, achieving a -10
dB impedance bandwidth of 14 GHz. Although both studies compare
the performance of the AFSIW design to its DFSIW counterpart
in the frequency domain, they are not optimized nor validated for
time-domain characteristics. Hence, their use in precision IR-UWB
localization applications is not recommended without further analysis.

The remainder of this paper is organized as follows. Section II
outlines the antenna design process, describing the antenna specifi-
cations, the antenna topology and its operation principle, elaborating
on the implementation technology and specifying the final antenna
dimensions. In Section III, the AFSIW technology is compared to
its DFESIW counterpart by means of simulations. The comparison
is based on the antenna form factor, bandwidth performance and
radiation efficiency. Finally, the simulation and measurement results
for the proposed antenna are reported in Section IV. Both frequency-
domain and time-domain results are discussed.

II. COUPLED HALF-MODE AFSIW CAVITY-BACKED SLOT
IR-UWB ANTENNA

A. Antenna design specifications

The proposed IR-UWB antenna is designed in compliance with
the IEEE 802.15.4a-2011 standard [30]. In this work, the design is
optimized for operation in the [5.9803; 6.9989] GHz frequency band,
covering channels 5 and 7 of the IEEE 802.15.4a-2011 standard. A
magnitude of the reflection coefficient with respect to 502, |S11(f)|,
below -10 dB and a total antenna efficiency of more than 85% is
imposed in the entire specified frequency band.

When considering UWB antennas, time-domain effects cannot
be neglected [31]. A plethora of time-domain parameters has been
proposed in literature [11], but, in particular the magnitude of the
relative group delay and the system fidelity factor are of importance
for IR-UWB localization. The magnitude of the relative group delay
[32] is considered over the frequency range of interest and is defined
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with w and ¢ the angular frequency and phase, respectively. The
system fidelity factor [33] is defined by
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with 21 (¢) and z2(t) the input and output pulse, respectively. Further-
more, considering the envisaged application of sub-3cm accurate IR-
UWRB localization, the accuracy of the estimated distance is chosen
as an additional system-oriented figure-of-merit. In order to minimize
ranging errors to a maximum of 3 cm, the magnitude of the relative
group delay |74, (f, 6, ¢)| must be smaller than 100 ps and the system
fidelity factor (SFF) should be higher than 98% for all orientations
within the 3dB-beamwidth of the antenna [34].

Finally, antenna design for IR-UWB localization applications im-
poses certain requirements to guarantee robust performance and high
efficiency in realistic deployment scenarios. To minimize platform
and proximity effects in actual operating conditions, high shielding of
the fields in undesired directions is imposed. Therefore, the radiation
pattern should be tailored to the envisaged application. Furthermore,
for seamless and inconspicuous integration of the IR-UWB antenna,
a compact low-profile antenna design is necessary whilst maintaining
a high efficiency.
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B. Antenna topology
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Fig. 1. Example of a conventional cavity-backed slot antenna topology.

In order to satisfy the design specifications, we rely on a cavity-
backed slot antenna topology [35], as illustrated in Fig. 1, for our
novel IR-UWB antenna design. It consists of a hollow metallic cavity,
through which electromagnetic waves only radiate via a slot in the
top metal plane. The solid metal walls confine the electromagnetic
fields to the air cavity and ensure that electromagnetic radiation only
originates from the slot. Thereby, the antenna mainly radiates in the
hemisphere along the positive z-axis. Undesired (backside) radiation
is minimized, yielding a very high front-to-back ratio (FTBR).
Moreover, the topology is well-known for its very high radiation
efficiency [36]. Hence, such topologies demonstrate great potential, as
they provide stable characteristics when installed in or onto different
everyday objects and when exploited as an integration platform for
additional electronic hardware [37]. Despite these excellent features,
conventional cavity-backed slot antennas mainly exhibit narrowband
behavior, due to excitation of only one resonant cavity mode [38].
To enhance the bandwidth performance of the antenna, we leverage a
coupled half-mode air-filled substrate-integrated-waveguide (AFSIW)
cavity-backed slot antenna topology.

C. Operation principle

An ultra-wide -10-dB impedance bandwidth is obtained by ju-
diciously combining two half-mode cavity-backed slot antennas,
resonating at distinct frequencies, into one single-footprint antenna
topology. The three-step design procedure is shown in Fig. 2. Two
rectangular resonating cavities, operating at their fundamental TE110-
mode, form the starting point of the design process. Cavity A
resonates at frequency fr.s1, while cavity B resonates at frequency
fres2. Because of the symmetric field distribution of the TEqj10-
mode inside these rectangular cavities, their horizontal geometric
symmetry plane (Fig. 2(a)) behaves as a virtual magnetic wall.
Hence, in a first step, their size can be reduced by a factor two
by cutting away the lower half of the cavity along this symmetry
plane, without significant loss in antenna performance [39], [40]. A
small ground plane extension is kept to direct radiation towards the
positive z-direction. Now, both half-mode cavities radiate via leakage
through the open side walls, which yields efficient antenna operation.
These cavities are then brought together into one antenna topology
(Fig. 2(b)), in such a way that the virtual magnetic walls of both
half-mode cavities face each other, with a spacing Dap between
them. By removing the dielectric substrate inside the antenna, the
resulting antenna forms a coupled half-mode AFSIW cavity-backed
slot antenna (Fig. 2(c)).

To minimize backside radiation, as potentially generated by slots
that are part of a grounded coplanar waveguide (GCPW) feed or
aperture coupled feed [41], the half-mode cavity B is excited by
means of a coaxial probe feed. Via the open side walls, the fields
in half-mode cavity B couple into half-mode cavity A. The coupling
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Fig. 2. Design evolution of coupled half-mode cavity-backed slot antenna.

between both half-mode cavities, controlled by the spacing D 4 (Fig.
2(c)) between them, introduces mode splitting [42]. As a result, the
resonance frequencies of the TEj19-mode in the half-mode cavities
shift from frcs1 and fres2 t0 fres1 and fr..o, respectively. Thus,
by carefully selecting Dap and both resonance frequencies fresi
and fres2, the impedance bandwidth is considerably enlarged by
overlapping the -10-dB impedance bandwidth of both half-mode
cavity resonances at f.s, and freso.

D. Fabrication technology
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2-layer PCB (Antenna
cavity side walls)
Round edge
plating X

Alignment holes

Front Cover

Antenna feed
Electrical contact area
> 4-layer PCB (Antenna feed

plane and active electronic circuits)

Alignment Pins
(provided at antenna

=,

Fig. 3. Implementation of the cavity-backed slot antenna in standard PCB
technology, with integrated IR-UWB circuitry. The copper plated surfaces of
the antenna are indicated in dark yellow.

In this work, the coupled half-mode AFSIW cavity-backed slot
antenna is realized using standard PCB manufacturing techniques
in low-cost PCB substrates, as depicted in Fig. 3. The side walls
of the air-filled cavity are created by milling a rectangular hole

in a standard FR4 substrate [43], after which the milled sides are
metalized using rounded edge plating. By relying on multiple similar
FR4 substrates and/or by applying different thicknesses for each
separate 2-layer PCB, a wide variety of cavity thicknesses can be
obtained. Next, the feed and slot plane of the AFSIW cavity-backed
slot antenna are implemented on two distinct standard PCB substrates.
The antenna slot plane is implemented on a standard two-layer
high-frequency laminate, such as Rogers RO4350b [44], while the
antenna feed plane can be shared with the PCB on which the antenna
circuitry is implemented. The latter minimizes the length of the
RF connection between UWB transceiver and IR-UWB antenna. It
also prevents antenna radiation from coupling into the active UWB
transceiver circuitry. In order to guarantee sufficient electrical contact
and to provide correct alignment between the subsequent PCB layers,
alignment pins are used to tighten the boards.

E. Antenna dimensions

For the coupled half-mode AFSIW cavity-backed slot antenna, the
fundamental resonant frequencies of each half-mode cavity are given

by
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with L, the length (Fig. 2(c)) of half-mode cavity A or B [45].
In order to cover the frequency band [5.9803;6.9989] GHz, the
initial resonant frequencies of the lower and upper resonant cavity
are chosen to be 5.0 GHz and 8.5 GHz respectively. After frequency
domain optimization in CST Design Studio for the parameters fres1,
fres2, Lfeea and D 4, an optimal impedance bandwidth is achieved
for an fres1 and freso of 5.172 GHz and 8.529 GHz, respectively.
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Fig. 4. Impedance bandwidth and mean system fidelity factor, ugprp, for

varying slot widths D s p.

A sensitivity analysis revealed that the slot width D 4p has a sig-
nificant influence on the antenna performance in both the frequency
domain and the time domain. Fig. 4 shows the -10 dB impedance
bandwidth and mean system fidelity factor, psrr, averaged over
the angles of interest, for a varying slot width Dap. On the one
hand, it can be seen that an increase in slot width gives rise to a
decrease in impedance bandwidth. On the other hand, the usrr
is maximized by setting the slot width Dap to an intermediate
value. Evidently, the slot width Dsp is an important parameter in
both frequency-domain and time-domain optimization. Therefore, a
multi-objective optimization is performed for the parameters Dap
and Ljeeq, finding the optimal point on the Pareto front, yielding
the highest mean system fidelity factor for an acceptable impedance
bandwidth. Furthermore, the system fidelity factor may not drop
below the threshold value of 98% for all angles of interest in both
channels 5 and 7, yielding an optimal slot width D4 of 5.3 mm.
The final antenna dimensions are given in table I. Fig. 5(a) shows a
prototype of the optimized AFSIW cavity-backed slot antenna. This



TABLE I
ANTENNA DIMENSIONS FOR THE ANTENNA PROTOTYPES IMPLEMENTED
IN AFSIW AND DFSIW TECHNOLOGY.

Parameter | AFSIW antenna [mm] | DFSIW antenna [mm]
Weavity 41.66 30.00
Lp 9.70 6.58
Ly 20.20 10.39
Heqvity 3.17 4.00
Dyp 5.30 4.20
Lyced 14.90 6.39

design requires two 1.55-mm-thick FR4 PCB boards to form the
copper-plated antenna side walls. An electrical contact area width
of 6.00 mm was selected, as indicated in Fig. 3 and Fig. 5(a),
to guarantee sufficient electrical contact between subsequent PCB-
layers. Furthermore, the air gap between subsequent layers, shown in
Fig. 5(b), is smaller than 10um. Simulations have shown that this gap
size does not reduce the antenna performance. After assembly, the
total antenna height equals 3.20 mm, because of the high-frequency
RO4350b laminates on the top and bottom wall of the antenna.
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Fig. 5. Prototype of AFSIW cavity-backed slot antenna: top view (a) and
side view (b).

III. AFSIW VERSUS DFSIW

For comparison, also a half-mode cavity-backed slot antenna
in DFSIW technology has been designed and optimized to cover
the specified frequency band of operation. The DFSIW antenna’s
simulation model is constructed by stacking four layers of Rogers
4350 (¢, = 3.66, hsy, = 1.0mm), and by applying vias with 2.00
mm diameter spaced at 3.50 mm from each other.

A. Form factor

As can be seen from table I, the dimensions of the AFSIW cavity
are slightly larger than those of its DFSIW counterparts. On the one
hand, the dimensions of the AFSIW cavity increase when reducing
the dielectric constant of the substrate to one. On the other hand, the
use of solid walls reduces the size of the AFSIW cavity compared to
its DFSIW equivalent. The amount of reduction in size by the latter
depends on the diameter of the vias used in the DFSIW and their
spacing.

B. Bandwidth

The use of AFSIW technology, in which the dielectric substrate
inside the cavity is replaced by air, induces three effects related to
the antenna bandwidth performance: a decrease in electrical cavity
height, being the height with respect to the wavelength, an increase
of the Q-factor of both half-mode cavities and a decrease in Q of the
aperture between the two half-mode cavities, mimicking the virtual
magnetic wall. These effects are discussed into more depth in the
remainder of this section.
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Fig. 6. Comparison between AFSIW and DFSIW cavity-backed slot antennas,
based on simulation of the antennas in Table I: (a) Influence of cavity height on
impedance bandwidth and total antenna efficiency. (b) Reflection coefficient
w.r.t. 50€2. (c) Total antenna efficiency.
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The decrease of the electrical cavity height is a result of the
increase of the effective wavelength A.jr. Inherently, this lower



proportionate cavity height reduces the antenna impedance band-
width, as specified in [38]. This effect can also be seen in Fig.
6(a), showing the relation between the fractional cavity height,
Hcavity, frac = Heavity/Ao, With Ao the free-space wavelength of
the center frequency, and the maximum impedance bandwidth, for
both the AFSIW and DFSIW technology. Furthermore, removing the
dielectric substrate inside the half-mode cavities eliminates substrate
losses, results in a higher unloaded Q and a smaller impedance
bandwidth. Finally, we consider the influence of the aperture on
the antenna impedance bandwidth. As stated in [46], a decrease in
permittivity of the substrate underneath the aperture causes a decrease
of the aperture Q. Simulations with dielectric-filled half-mode cavities
and an air-filled aperture have shown that the increase in bandwidth,
induced by the decrease in aperture Q, is substantially greater than
the decrease in bandwidth caused by the two former effects. Taking
into account all effects, the impedance bandwidth is greatly enhanced
by implementing the coupled half-mode cavity-backed slot antenna
in AFSIW technology, as observed in Fig. 6(b).

C. Radiation efficiency

The AFSIW technology also yields a substantial improvement in
radiation efficiency, compared to its DFSIW counterpart. This effect
can be attributed to the following facts: a lack of dielectric losses, a
reduction in ohmic losses owing to reduced surface roughness, and
the absence of side wall leakage. By removing the lossy substrates,
present in standard manufacturing technology, and by replacing them
by air, the dielectric losses are minimized. Furthermore, [29] shows
that, in case of DFSIW, the inner surface roughness of the copper
foil has to be taken into account, whereas for AFSIW the outer
surface roughness must be considered. As the outer surface roughness
of the copper foil is smaller than the inner surface roughness,
ohmic losses are reduced by implementing the antenna in AFSIW
technology. Moreover, as seen in Fig. 6(a), choosing a larger cavity
height, by stacking multiple sidewall layers on top of each other,
reduces ohmic losses even further [47]. Finally, by using solid side
walls, no electromagnetic energy can leak through the via walls used
in conventional DFSIW technology, thereby significantly reducing
losses and radiation in undesired directions.

Considering these improvements, the use of AFSIW technology
yields a vast increase in radiation efficiency. This hypothesis is
confirmed by simulation results, depicted in Fig. 6(c), showing that
the DFSIW antenna reaches a maximum total efficiency of 95.36% at
6.10 GHz, whereas its AFSIW counterpart exhibits a total simulated
efficiency higher than 97.0% in the complete [5.80; 7.40] GHz band.
Taking into account the frequency-domain limitations of the DFSIW
implementation of the antenna, and because the four-layer DFSIW
antenna is not poolable, leading to excessive production costs, the
fabrication of a DFSIW prototype is not pursued. However, the
relevant additional simulation results of the DFSIW antenna will be
given in the following section.

IV. SIMULATION AND MEASUREMENT RESULTS
A. Frequency-domain antenna parameters

First, the antenna was measured stand-alone in an anechoic
chamber. Fig. 7 shows that the simulated and measured reflection
coefficients are in good agreement. Good impedance matching with
respect to Zp = bH0Q from 5.58 GHz to 7.50 GHz can be
observed, yielding a -10 dB impedance bandwidth of 1.92 GHz
or 29.4%. Impedance matching in the [5.9803;6.9989] GHz band
is guaranteed by implementing frequency margins of at least 300
MHz, to account for inaccuracies in the fabrication and alignment
process. Fig. 8 depicts the simulated and measured total antenna

efficiency, determined through the directivity/gain method [48]. It
demonstrates that the total antenna efficiency is always higher than
the required 85%, indicating highly efficient antenna operation. The
slight discrepancy between simulation and measurement results is
due to the measurement accuracy. Nonetheless, a good agreement
between simulations and measurements is obtained.
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Fig. 7. Reflection coefficients w.r.t. 50  of the [5.60; 7.50] GHz-band cou-
pled half-mode AFSIW cavity-backed slot antenna, under different operating
conditions.
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Fig. 8. Measured and simulated total antenna efficiency of the AFSIW cavity-
backed slot antenna that operates in the [5.60; 7.50] GHz-band, as a function
of frequency.

Fig. 9 shows the simulated and measured co- and cross-polarization
radiation patterns in the azimuth (xz-plane) and elevation plane (yz-
plane) of the antenna, as depicted in Fig. 2(c), at the lower, center,
and upper frequency of UWB channel 7. A very good agreement
between measurements and simulations is observed. This proves
that our optimized design provides a gain radiation pattern that
hardly changes over the desired UWB channels, thereby minimiz-
ing direction-specific distortion of UWB waveforms. The excellent
antenna performance in the frequency domain is also demonstrated
in Table II. Table II depicts the simulated and measured antenna gains
along broadside, the FTBR, the total antenna efficiency and the 3dB-
beamwidth in the azimuth and elevation plane at the three frequencies
under study per UWB channel.

In addition, the antenna was measured in an anechoic chamber
when mounted on a copper plate (with maximal dimensions of
35x35 cm due to weight limitations of the positioner) to mimic
the worst-case deployment scenario (a perfectly conducting wall or
ceiling serving as antenna platform). Fig. 7 and Fig. 9 prove that,
even under such a worst-case deployment scenario, the antenna’s
impedance matching and radiation performance hardly changes. As
a result, the total antenna efficiency also barely changes under the
latter conditions. Hence, the proposed antenna provides robust, highly
efficient performance in realistic deployment scenarios.
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Fig. 9. Measured and simulated radiation pattern [dBi] in UWB channel 7:
at 5.980 GHz in the azimuth (a) and elevation plane (b), at 6.490 GHz in the
azimuth (c) and elevation plane (d), and at 6.999 GHz in the azimuth (e) and
elevation plane (f).

TABLE 11
SIMULATED AND MEASURED FREQUENCY-DOMAIN CHARACTERISTICS.
(A) SIMULATION, (B) FREE-SPACE MEASUREMENT.

Frequency [GHz] 5.980 6.490 6.999
(@ (b (@ () (@ (b
Gain [dBi] 6.9 6.9 6.8 6.3 6.9 6.6
FTBR [dB] 136 13.1 | 151 13.1 | 16.0 12.1
Antenna efficiency [%] | 99.2 94.0 | 973 89.0 | 98.0 92.0

3 dB-beamwidth [°]

Azimuth plane 61 55 61 65 60 60
Elevation plane 95 105 97 110 101 110

B. Time-domain antenna parameters

As stated in [31], it is imperative to consider the time-domain
characteristics when designing UWB antennas. In this respect, the
antenna should be analyzed in a complete transmit-receive antenna
system. To this end, the coupled half-mode AFSIW cavity-backed
slot antenna is used in a specific system configuration, depicted in

Fig. 10, which is then measured in an anechoic chamber. To mitigate
pulse distortion due to higher-order mode excitation in the coaxial
measurement cables [49], high-performance coaxial measurement
cables with single-mode operation up to at least 26.5 GHz were
used. Furthermore, measurements are carried out in the frequency
domain by performing a frequency sweep from 2 GHz to 9 GHz.
In this way, the spectral content of the pulse contains no higher-
order mode components after conversion to the time domain. In
the setup, our coupled half-mode AFSIW or DFSIW cavity-backed
slot antenna serves both as a transmit and receive antenna. In both
simulations and measurements, the distance between both antennas,
d, is 5.12 m. In order to analyze the relative group delay, the system
fidelity factor (SFF) and the time-of-arrival (ToA) variations in the
azimuth and elevation plane, the receive antenna is rotated around
its x-axis (¢r> = 0°) and y-axis (¢r» = 90°), respectively. Remark
that the transmit antenna always transmits along broadside, implying
Oz = 0°.

rotéiting X antenna
¢, =0°or ¢, =90°

fixed tx antenna
0,=0°

Fig. 10. System configuration for simulations and measurements with a fixed
transmit (tx) antenna and rotating receive (rx) antenna.

The time-domain characterization of the antenna relies on Gaussian
pulses, obtained by taking the inverse discrete Fourier transform of
its Gaussian spectrum [50], defined by
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with 4 = feenter and 0 = \/%. The parameters fcenter and BW
correspond to the center frequency and bandwidth of the relevant
UWB channels, here channels 5 (u = 6489.6 MHz, 0 = 116.3 MHz)
and 7 (4 = 6489.6 MHz, o0 = 252.0 MHz), in the IEEE 802.15.4a-
2011 standard. The pulse shapes and their positive envelope for
channel 5 and 7 are depicted in Fig. 11(a) and 11(b), respectively.
Each pulse is cut off after the pulse amplitude drops by 50 dB below
its maximum value.
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Fig. 11. Pulse shapes and their positive envelope used for time domain

characterization of the antenna. (a) Channel 5. (b) Channel 7.

Fig. 12 shows the simulated and measured SFF for channels 5
and 7. When applying the 98% SFF criterion, it is found that the
antenna meets the requirements in their respective 3dB-beamwidth,



as specified in Table II, indicated by the gray area in Fig. 12. Again,
a very good agreement between measurements and simulations is
observed. As a result, the antenna hardly introduces any pulse
distortion for the Gaussian pulses in channels 5 and 7, within its 3dB-
beamwidth. Furthermore, Fig. 12 also depicts the SFF for the antenna
implemented in DFSIW technology. For channel 5, the DFSIW
antenna complies with the 98% SFF criterion. However, for channel
7 the DFSIW antenna does not comply with the 98% SFF criterion
and, hence, AFSIW technology is favored for IR-UWB localization
applications.

90°
100 60° 100,

95mmraas
0T 30° 90
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-90°
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Fig. 12. SFF for the channels’ 5 and 7 pulse shape in the azimuth (a) and
elevation plane (b).

Fig. 13 and Fig. 14 depict the simulated and measured magnitude
of the relative group delay, |74,-|, for the center and outer angle of
arrival of the 3dB-beamwidth in the azimuth and elevation plane,
respectively. Due to phase noise introduced by the measurement
cables, a slight discrepancy can be observed between measurements
and simulations. Nonetheless, we see that the antenna remains
compliant with the 100 ps limitation in terms of the magnitude
of the relative group delay. Both figures also depict |74,| for the
antenna implemented in DFSIW technology. First of all, it is clear that
the AFSIW antenna outperforms its DFSIW counterpart regarding
the relative group delay. Furthermore, the DFSIW antenna does not
comply to the 100 ps limitation in the entire frequency band of
operation, and is, therefore, less suitable for IR-UWB localization
applications than its ASFIW counterpart.

0.5 ;e
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Fig. 13. |7g,| for the coupled half-mode AFSIW and DFSIW cavity-backed
slot antenna system, in the azimuth plane.

In order to verify the potential of our AFSIW antenna in precise
IR-UWB ranging applications, the envelope time-of-arrival (ToA) is
calculated as the time where the received pulse envelope has its
maximal amplitude:

troa = argmax |Vig () + jH{ Vi ()}, 5)

~0=0°, ¢ =90° (Simulated)

0.4 H=6=45° ¢ =90° (Simulated)

_ =0 =0° ¢ =90° (Measured) f
é 0.3 [l 0 = 45°, ¢ = 90° (Measured) £
* ~0=0° ¢=90° (DFSIW)
=0 =45° ¢ =90° (DFSIW)

5.6 5.8 6 6.2 6.4 6.6 6.8 7
Frequency [GHz]

Fig. 14. |74, for the coupled half-mode AFSIW and DFSIW cavity-backed
slot antenna system, in the elevation plane.

with V;.-(t) the received voltage and # the Hilbert transform. Fig.
15 and 16 show the simulated received voltage, as a function of time
and orientation, for channels 5 and 7, respectively. The simulated
and measured ToA, indicated by the solid and dashed blue line,
respectively, are in good agreement. ToA variations smaller than
100 ps can be observed inside the 3dB-beamwidth of the antenna,
indicating that the coupled half-mode AFSIW cavity-backed slot
antenna is suitable for precise ranging applications.

Received Pulse Envelope Amplitude [V]

0
0[°]
@

Fig. 15. Simulated and measured ToA for the coupled half-mode AFSIW
cavity-backed slot antenna system, for the channel 5 pulse shape, in the
azimuth (a) and elevation plane (b).
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Fig. 16. Simulated and measured ToA for the coupled half-mode AFSIW
cavity-backed slot antenna system, for the channel 7 pulse shape, in the
azimuth (a) and elevation plane (b).

Finally, the complete system is verified in its application scenario
by calculating the distance between transmit and receive antenna
from the simulated and measured time-difference-of-arrival (TDoA),
which is obtained by subtracting the peak time of the input pulse
envelope from ¢7,4. The estimated distance between both antennas,
as a function of the angle of arrival, is depicted in Fig. 17, for
channels 5 and 7. Note that noise in the measured ToA gives rise



to a small difference between the simulated and measured distance.
However, both measured and simulated results yield an accuracy
better than 3 cm for both channels 5 and 7 in the 3dB-beamwidth of
the antenna, confirming that the coupled half-mode AFSIW cavity-
backed slot antenna is suitable for precise ranging applications.
Lastly, the estimated distance between the DFSIW antennas is given
in Fig. 17. Although the required accuracy is achieved for both the
AFSIW and DFSIW antenna within their respective 3dB-beamwidth,
the ripple in the estimated distance is larger in the latter case.
Hence, the AFSIW enables more accurate ranging capabilities, and
is, therefore, favored for precision IR-UWB localization applications.
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Fig. 17. Calculated distance based on simulated and measured TDoA for
channels 5 and 7, in the azimuth (a) and elevation plane (b).

The excellent antenna performance in the time domain is also seen
in Table III. Table III shows the simulated and measured minimal SFF
within the antenna’s 3dB-beamwidth, the maximum magnitude of the
relative group delay and the maximum variation of the ToA within
the antenna’s 3dB-beamwidth.

TABLE III
SIMULATED AND MEASURED TIME-DOMAIN CHARACTERISTICS WITHIN
THE ANTENNA 3DB-BEAMWIDTH. (A) SIMULATION, (B) FREE-SPACE

MEASUREMENT.
SFFmin [%] ‘Tg,r,maxl [pS] AToAmax [pS]
(a) (b) (@) (b) (a) (b)
Azimuth plane
Channel 5 99.25  99.28 40 30
57.0 110.9
Channel 7 98.69 98.42 10 20
Elevation plane
Channel 5 99.07  99.19 60 30
44.7 102.5
Channel 7 98.73  98.03 60 20

V. CONCLUSION

A highly-efficient IR-UWB cavity-backed slot antenna imple-
mented in stacked AFSIW technology was proposed. The design was
optimized for precise localization applications operating within the
IEEE 802.15.4a-2011 standard, more specifically for the channels 5
and 7, by relying on extensive frequency-domain and time-domain
analysis of the antenna’s characteristics.

Measurements in an anechoic chamber were performed to validate
the antenna in free-space conditions in both the frequency and
time domain. A very good agreement between frequency-domain
simulations and measurements in terms of impedance matching and
radiation performance is observed. The ultra-wide bandwidth of 1.92
GHz (29.4%) ensures coverage of both channels 5 and 7, with
a maximal measured gain of 6.9 dBi and a minimal measured

antenna efficiency of 89%. Furthermore, the antenna is validated
in a worst-case deployment scenario. The results prove a stable
antenna performance in the latter condition. Likewise, a very good
agreement between time-domain simulation and measurement results
is observed. A minimal SFF of 99.19% and 98.03% is measured
for channel 5 and 7, respectively. The measured magnitude of the
relative group delay remains lower than 100 ps in almost the complete
[5.60; 7.00] GHz frequency band. As a result, the estimated distance
is accurate up to at least 3 cm.

Furthermore, the difference in performance between the AFSIW
and DFSIW technology is studied. Simulations have shown that the
use of AFSIW introduces three effects: an increase in form factor,
a vast increase in impedance bandwidth and an increase in radiation
efficiency. Time-domain simulations have indicated that the DFSIW is
less suited for IR-UWB purposes than its AFSIW counterpart, owing
to a lesser SFF and a relative group delay which is not compliant
to the 100 ps criterion. In addition to its secondary performance
characteristics, the fabrication cost of the DFSIW antenna is much
higher than its AFSIW counterpart, because of the expensive high-
frequency laminates and the non poolability of the four-layer buildup.
Other low-permittivity, low-loss and low-cost high-frequency antenna
foam laminates have been considered as well, such as FoamClad RF
100 [51]. Although these laminates allow for similar performance
characteristics as the AFSIW technology, they are less suited mass
production purposes and do not allow for integration of active
IR-UWB electronics. Hence, the antenna implemented in AFSIW
technology is favored for precision IR-UWB localization applications.

In conclusion, the simulations and measurements demonstrated that
the antenna provides excellent IR-UWB characteristics, even in a
worst-case deployment scenario. Furthermore, it is apparent that the
antenna implemented in AFSIW technology outperforms its DFSIW
counterpart. Hence, to achieve the required accuracy of 3 cm for
localization applications the AFSIW antenna is recommended.
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