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Abstract: Over the past few years, the Internet of Things paradigm has brought renewed significant
interest to indoor positioning, tracking, and localization topics, principally since real-time locating
technology allows a reference node to infer the position of tagged target nodes, creating the opportu-
nity for millions of object-to-object awareness applications. This study first presents an overview of
positioning localization techniques and discusses the use of ultra-wide bandwidth technology for
complex environment monitoring, followed by consideration of the error sources that are present in
line-of-sight (LOS) and non-line-of-sight (NLOS) scenarios between a reader and a tag. A technical
review of the available industrial and commercial UWB real-time locating transceivers (RTLSs) is
presented, with a focus on the frontend antennas that are integrated in these systems to establish the
needed wireless communication for positioning. Then, the different characteristics of these antennas
are summarized and discussed, along with their impact on the localization performance in terms
of the reading range, position information accuracy, object-orientation-independent localization,
and multipath mitigation. Solutions are suggested to achieve antenna-based improvements to the
performance of RTLSs.

Keywords: ultrawide bandwidth (UWB); real-time locating systems (RTLSs); localization; antennas;
polarization; positioning

1. Introduction

Research concerning the positioning and localization field has soared in popularity
since the 1970s when the US Department of Defense (DoD) decided to design and launch
a positioning service with global coverage and continuous-time availability, the Global
Positioning System (GPS) [1]. This was first limited to military use only and was then,
a decade later, expanded for civil users. This popularity is particularly related to space-
based positioning performed by global navigation satellite systems (GNSSs), such as GPS,
Galileo, Glonass, and BeiDou, involving a constellation of satellites fixed on Earth-centered
orbital planes. However, satellites perform poorly when position information is sought in
harsh environment areas for propagation, typically indoor situations (e.g., inside buildings,
mines, etc.), where multipath signals reflected from objects and obstacles obscure localiza-
tion of the desired signal. To provide reliable positioning indoors, many terrestrial-based
wireless communication systems have been explored and equipped to perform indoor local-
ization [2]. These include localization through WiFi and Bluetooth technologies [3], which
are widely available nowadays in almost any connected mobile device [4,5], or through
radio frequency identification (RFID) [6] by subtly adjusting its architecture so that the
position information of an object, in addition to its identification [7], can be provided. How-
ever, as these technologies were not initially designed to specifically provide localization
services, most of them tend to be limited in important respects, such as accuracy, space
coverage, and the reading range at which objects can still be detected. To tackle these
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issues, ultrawide bandwidth (UWB) technology was introduced in radio transceivers [8]
and evolved with IEEE standards [9,10]. These were then referred to as real-time locating
systems (RTLSs), which are able to achieve consistent centimeter-level accuracy in the
positioning of objects indoors because of their high level of robustness against parasitic
multipath components [11].

RTLSs performing time-based localization with UWB technology have subsequently
been deployed in many applications, such as the monitoring of equipment and staff in
healthcare [12-14], monitoring of vehicles [15,16] and secure access with UWB-based car
keys [17], monitoring in underground mines [18-20], monitoring in robotics [21], moni-
toring of long-range wide area network (LoRaWAN) sensors [22], and the monitoring of
athletic performance data in sports [23-25].

Although UWB technology has the benefits of fine temporal resolution characteristics,
there are challenges in deploying this technology in locating systems. These challenges
can be divided into two categories. The first is that UWB is still considered a growing
technology compared to its counterparts WiFi and Bluetooth, which are considered standard
technologies and are now present in most wireless communication systems. This means
that deploying UWB architectures usually involves more effort, tends to be more costly,
and the UWB radio solutions generated by different manufacturers are not interoperable.
Second, the challenge in localization consists in the fact that, although measurements of
time-of-light UWB signals yield precise location estimates, this precision is still prone to
error arising from sources that are exterior to the system itself. These error sources are
due to the environment in which the reader and tags are placed—the more complex this
environment is, the more multipath reflections can obscure the desired signals. Moreover,
the multipath problem is present even in line-of-sight (LOS) scenarios. In non-line-of-sight
(NLOS) situations, the presence of obstacles between the reader and the tag is an additive
problem which introduces error biases into the location information. Other challenges
occur due to the system electronics, such as the presence of clock drifts between the reader
and the tag transceivers, with the difference in antenna delays tending to affect the quality
of the localization system.

The purpose of this work is to investigate how antennas can influence an RTLS’s
localization performance through a practical approach. This work has the following
key purposes:

*  To present a technical review of commercially available industrial UWB radio chips
and their evaluation boards, and to provide a summary of the frontend antennas
employed or integrated in such systems.

¢ To discuss the error sources that can affect radio propagation of the UWB signal
between a reader and a tag in different scenarios, including line-of-sight (LOS) and
non-line-of-sight (NLOS). These error sources affect the detection of the desired UWB
signal from which the distance is computed for ranging.

¢ To discuss the influence of antennas and their characteristics (such as the gain, ori-
entations, and radiation patterns) on the localization and ranging performed by an
RTLS, particularly the influence on the reading range, on the location accuracy, and the
influence on the detection of the tag without prior knowledge of its orientation. In this
discussion, the influence of the received power on the range and on the accuracy is
also highlighted for different scenarios, including LOS and NLOS.

*  To address these issues, to propose recommended antenna-focused solutions for each
discussed case.

The remainder of this article is organized as follows: Section 2 is an overview of
the error sources in time-based localization for both LOS and NLOS scenarios. Section 3
presents a technical review of contemporary industrial UWB radio transceivers and RTLSs
from different manufacturers, followed by discussion and summary of the antennas em-
ployed in each system. Section 4 discusses and details the influence of antennas on UWB
localization performance and distance estimates in terms of the reading range, accuracy,
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and tag-orientation dependent detectability, and highlights solutions for improvement.
Finally, the conclusions are presented in Section 5.

2. Indoor Localization

Localization of objects starts with inferring the distance between two nodes; this
process is called “ranging”. After that, obtaining the space coordinates of one of these
nodes is possible using methods like triangulation, or by combining the distance measured
with an angle-of-arrival measurement.

2.1. Localization Techniques

First, to perform ranging, there are many techniques which rely on the characteristics of
the signals exchanged between a reader and a tag. The most commonly used techniques are
the received signal strength-based ranging (RSS-based) or time-based ranging techniques
(Figure 1).
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Figure 1. Indoor localization techniques: RSS-based ranging and time-based ranging (one-way,
two-way, and TDoA).

2.1.1. Received Signal Strength-Based Ranging (RSS)

This technique analyses the strength of the signal received at the reader side [26,27].
The strength of the signal is inversely proportional to the distance, that is, the stronger the
signal, the farther away the object is. The distance estimate is retrieved from the signal
power strength measure using an a priori existing propagation model [11], the simplest
being a model of the propagation of signals in free space. Another example is the two-path
model which considers the direct path and the reflection from the ground path. The more
paths the model contains, the more accurate the distance estimate will be. However,
for the model to contain the most paths possible, knowledge of the specific environment
where localization needs to be performed is necessary. Thus, this ranging technique is
more complicated to implement if high accuracy of the distance estimates is needed [26].
Furthermore, the strength of the propagating signal is very sensitive to environmental
factors, such as obstacles (partial or complete blockage of the reader and tag’s line-of-sight
(LoS)), multipath reflections, and interferences with other existing signals, as low received
signal power could indicate that the tag is far away from the reader but could also indicate
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that the direct propagation path is blocked by an obstacle. While these factors make RSS-
based ranging less reliable for applications requiring highly accurate position information,
this technique is easier to implement as it typically does not require additional electronics
in the chain of the usual radio propagation systems; moreover, it can operate with different
technologies (Bluetooth, Wi-Fi, RFID,) as long as a wireless connection is implemented.

2.1.2. Time-Based Ranging

This technique exploits time measurements to infer the distance information between a
reader and a tag [11]. This time is referred to as the “time-of-flight” (ToF) or “time-of-arrival”
(ToA) T = %, where d is the unknown distance and c is the speed of light (3 x 10% m/s).
Time-based ranging exists in many forms [28,29], including one-way ranging, two-way
ranging, the time-difference-of-arrival (TDoA), and the angle-of-arrival (AoA), each of
which is described below.

*  One-way ranging: This method requires the internal clocks of the reader and the tag
to be perfectly synchronized. The tag sends a packet to the reader containing the
information on time instant t1, which is the instant at which the tag sent this message.
The reader receives this information at instant t,, and is, thus, able to compute the ToF
T = tp — t1. This method may seem quicker; however, clock differences exist even in
identical electronics modules, which can induce errors in the time measurements and,
thus, degrade the estimation accuracy.

*  Two-way ranging: In this method, the constraint of clock synchronization between
the reader and tag is avoided as the time measurement will be mainly performed by
the reader. Here, the time measured is the round-trip time (RTT). For this, the reader
transmits a request (or interrogation) packet to the tag, to which the latter replies by
an acknowledgment packet after a response delay time 7;. The RTT is then computed
as RTT = 275 + 1y, with RTT known, as it is the time duration it took from the time
instant the first signal was sent to the time the reply signal arrived to the reader; tau,
is known as it is most often specified by the manufacturer.

¢  Time-difference-of-arrival ranging (TDoA): This method requires multiple readers,
which are usually synchronized through a wired network connection. A tag broadcasts
a signal, which is received by the readers at different time instants depending on their
position. The readers share with each other these times of arrival and compute the
differences between them (TDoA). To compute the position of the tag with space
coordinates, at least three readers and two TDoA measurements are required. Each
TDoA measurement is interpreted geometrically as a hyperbola formed by a set of
points to determine the tag position coordinates.

*  Angle-of-arrival localization (AoA): This method involves angle measurements and
allows not only ranging (distance estimation with ToA), but also localization (coordi-
nates estimation) of a target. In contrast to the triangulation method which requires at
least three readers, it is possible to combine a ToA measurement method with AoA
measurements to estimate the coordinates. The arrival angle can be determined from
the TDoA between signals received by two or more antenna elements of a single
reader. For a two-radiating-element antenna array spaced by s, the TDoA depends on
the AoA, as described by the equation below [30]:

s .
Taiff = - sin(¢) 1
where ¢ is the AoA, 77 is the TDoA, and c is the speed of light.

2.2. Error Sources in Distance Estimation with Time-Based Technique

The accuracy of the distance or position information is the most important characteris-
tic and metric of locating systems, more so in indoor localization. This accuracy depends
on the quality of the time measurements realized. Many factors can degrade this quality
and lead to unreliable measurements and, thus, to their unreliable interpretation when
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computing the distance estimates. Furthermore, the principal measurement in time-based
ranging is the measure of the arrival time of the direct path (first path) signal between the
reader and the tag. While the direct path in most cases exists, there can be cases where
though it does exist, it is in a non-line-of-sight scenario, for example, if the view between the
reader and tag is obstructed (or blocked) by any obstacle (object, walls, etc.). There is also
the case where the direct path signal may not arrive at all, and the first arriving signal will
be a reflection from one of the objects present in the environment. Indeed, the measurement
is considered ideal and most accurate if the first arriving path is a line-of-sight signal, that
is, the signal travels in a straight line through a medium with constant known relative
permittivity, such as in air.

The possible error sources in time measurements can be divided into three categories as
follows: the error sources present in LOS-scenarios, the error sources present in NLOS sce-
narios, and the error sources present in both LOS and NLOS scenarios, as described below.

2.2.1. Line-of-Sight Scenario (LOS) Specific Error Sources

In this case, no blockage is present in the direct path between the reader and tag.
The first and fastest arriving signal will be the direct path signal and the reflections from
walls and objects arrive later (as they travel longer paths). This is the case where the
measurement will be the most accurate.

2.2.2. Non-Line-of-Sight Scenario (NLOS) Specific Error Sources

In the case where there is blockage between the reader and tag, the first arriving path
may be either the direct path signal after traveling through different mediums (non-constant
relative permittivity) or a reflection signal from an object. The faster signal is the one that
will arrive first and this depends on the permittivities encountered by the signal while
traveling, and how far the reflecting object is. In both cases, the error will be “excess delay”,
which is an added positive bias in the time measured (and, thus, in the distance estimate).
In the case, of the signal being a reflection signal, the distance traveled is naturally longer
and, thus, produces a higher time of arrival value. In the case of a direct path signal being
obstructed in its way by an obstacle, it is the speed that is reduced. Indeed, the speed of
electromagnetic waves traveling in a homogenous material is reduced by /e, compared to
the speed of light c. The delay At introduced by a material of thickness d,, and permittivity
€y is given by [11]:

AT = (e —1) — (2)

Recent measurement campaigns in indoor environments have demonstrated that the
mean of the ranging error (distance bias) caused by a material blockage is of the order of
the thickness of the obstacle.

2.2.3. Error Sources in Both LOS and NLOS

In all scenarios, LOS or NLOS, if ranging is performed in cluttered complex environ-
ments, signal reflections will be present, that is there will be a “multipath effect”. If ranging
is performed with narrowband technologies (e.g., Bluetooth, Wi-Fi, RFID), multipath com-
ponents (signals arriving via different propagation paths) combine at the reader side. These
signals can usually not be resolved. Their combination results in constructive or destructive
interference, which makes the detection of the direct path signal difficult. Furthermore,
in cases of complete blockage, multipath signals are the only signals detected. The problem
itself is not that of one reflection (as this only introduces a positive bias as explained pre-
viously) but is that the combination of the signals changes its original form which makes
its recognition at the reader side impossible [31]. For this reason, UWB technology is
preferred in indoor locations because of its fine time resolution compared to narrowband
technologies, enabling resolving of signals from each other to recognize the correct ranging
signal. The advantages of UWB for ranging are described in detail in the next section. Other
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sources of errors include co-channel interference, which is caused by coexisting wireless
systems sharing the same radio band.

3. UWB Localization from an Industry Point of View

In the earliest stages of development of real-time locating systems (RTLSs), the tech-
nologies started from exploitation of ultra-sound, sonar (in radar domains), laser from
optics (such as telemeters), and vision technologies (such as in the robotics domain) [27,28].
However, recently, the trend in approaching tracking and localization problems has been to
use standard, low cost, and already deployed technologies. Consequently, in the following,
we focus only on technologies that are based on radio signal exchange.

Moreover, indoor environments are very challenging; thus, multiple technologies have
been proposed to cope with the constraints they impose. Over the years, indoor localization
has been studied and performed using several technologies, each conforming to different
standards and radio frequencies. These technologies are heterogenous and notably include
Wi-Fi, Bluetooth, Radio-frequency IDentification (RFID), and near-field communications
(NFC). Although, these wireless communication standards have been designed for other
purposes and were not intended for localization and ranging purposes, this did not prevent
their exploitation for positioning at the cost of some localization performance limitations,
such as shorter range, low or average accuracy, and low detectability coverage. However,
since the emergence of UWB technology for specific use in ranging, UWB-based radio
chips were subsequently produced ready for deployment in localization and positioning,
that is for measurement of the reader-to-object distance and the direction angle of one or
several objects. In this section, a review of the existing UWB radio chips and their RTLSs
infrastructures (evaluation boards) is presented, and then a comparison of the antennas
employed in such systems is provided.

3.1. Overview of Industry Available UWB Chips and Their Evaluation Boards

Table 1 presents a summary of the UWB radio chips available in the industrial market
and that are aimed at customers who wish to localize objects inside any indoor environment.
The UWB spectrum frequencies these chips operate on and the localization techniques they
allow are summarized.

Table 1. Summary of the UWB radio chips available in the industry, their frequencies, and localiza-
tion techniques.

Manufacturer UWB Chip Freq Channel Localization Technique
Qorvo DW1000 [32] 1,2,3,4,5 Two-way ranging or TDoA
Qorvo DW3000 [33] 5,9 Two-way ranging or TDoA

Two-way ranging, TDoA,
Apple U1 [34] 59 or AoA
NXP SR150 [35]/SR040 [36] 5,9 Two-way ranging, TDoA,
or AoA
. Two-way ranging, TDoA,
Sunway SW UWB chip [37] 59 or AGA
STMicroelectronics MODI1 [38] 1,2,3,4 Two-way ranging or TDoA

In the following, the majority of the listed UWB chips and their characteristics are
discussed in detail, notably their antenna types and aimed performances.

3.1.1. Qorvo DWM1000 Chip

The DWM1000 module from American company Qorvo (Greensboro, NC, USA) is
based on the DW1000 ultra-wideband (UWB) transceiver IC, which is an IEEE 802.15.4a
UWB implementation. It integrates an antenna, all RF circuitry, power management, and
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clock circuitry in one module. It can be used in two-way ranging or TDOA location
systems to locate assets to a precision of 10 cm and supports data rates of up to 6.8 Mbps.
The module costs around USD 20 and is available for purchase on the company’s website.

The antenna used in the module is the dielectric chip antenna (ACS5200HFAUWB [39])
manufactured by South Korean company Partron (Hwaseong, South Korea), which is a
chip antenna covering UWB bands from 3.2 GHz to 7.2 GHz. The DWM1000, DWM3000
modules, and antenna are shown in Figure 2. The antenna characteristics are summarized
in Table 2.

(a)

Figure 2. Company Qorvo’s UWB chips: (a) DWM1000 UWB chip [32], (b) DWM3000 UWB chip [33],
(c) frontend monopole ceramic pcb UWB antenna [39].

Table 2. Characteristics of the UWB monopole antenna integrated in the Qorvo DWM1000
transceiver [39].

Parameter Value
Type Non-ground-mounting-type monopole ceramic
antenna
Peak gain (azimuth) 4.16 dBi at 6.2 GHz
Average gain (azimuth) —1.10 dBi at 6.2 GHz
Dimensions 8.0mm x 6.0 mm x 1.2 mm
Polarization Linear
Matching impedance 50 Q)

When designing the PCB onto which DWM1000 will be soldered, the proximity of
the DWM100 on-board ceramic monopole antenna to metal and other non-RF transparent
materials needs to be considered carefully. Two suggested placement schemes are shown
in Figure 3. For the best RF performance, Qorvo advices that the ground copper should be
flooded in all areas of the application board, except in the areas marked “Keep-Out Area”
in the figure, where there should be no metal either side, above or below, such as batteries.

4 4

Keep:

e Keep-
Out Area

Out Area

Application Board Application Board

Figure 3. DWM1000 application board “Keep-out Area” for UWB antenna integration [32].

The antenna radiation pattern was measured in an anechoic chamber for three planes
and the results were reported by Qorvo [32] (Figure 4). The vertically polarised field (Theta)
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is associated with the azimuth plane (XZ) and the horizontally polarised field (Phi) is
associated with the elevation planes (YZ) and (XY).

P
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Figure 4. Module DWM1000’s antenna radiation pattern characteristics [32]: (a) on azimuth plane
(plane XZ), (b) on elevation plane 1 (plane YZ), (c) on elevation plane 2 (plane XY).

Figure 4, shows that the monopole antenna has a dipole-like omnidirectional radiation
pattern in the XZ plane (Figure 4a), which is beneficial for large coverage for tag detectability
in localization. However, it shows that if placed horizontally (plane YZ or plane XY in
Figure 4b,c), the radiation pattern is not completely circular and contains nulls in some
directions. This means that the module is intended to be positioned vertically upright when
used in an RTLS system to avoid power limitations and location inaccuracies.
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e  DWMI1000 evaluation boards:

DWM1000 can be directly connected to an Arduino board to perform ranging. How-
ever, the latest version of the module, called DWM3000 [33], is intended to be used with
Qorvo’s DWMB3000EVB evaluation board [40] (Figure 5a), which is an Arduino form factor
compatible shield designed for the evaluation of the DWM3000 module for use in a scalable
real-time location system. It costs around USD 30. Another evaluation board for both
the DWM1000 and DWM3000 is the ESP32 UWB board [41] from Chinese manufacturer
MakerFabs (Shenzhen, China). In the latter, the module is integrated on the same pcb as
the microcontroller. It has two versions: the board UWB-ESP32 (Figure 5b), which costs
around USD 35, and the board UWB-ESP32-Pro (Figure 5c), which additionally includes an
OLED display for the location information, and costs around USD 51.
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Figure 5. Evaluation boards for Qorvo’s DWM1000 and DWM3000 modules: (a) Qorvo Arduino
shield for DWM3000 [40], (b) ESP32 all-in-one evaluation board for UWB tracking [41], (c) ESP32-Pro
(with display) all-in-one evaluation board for UWB tracking [41].

3.1.2. STMicroelectronics’ MOD1 Chip

Similarly to the DWM1000 and DWM3000 modules, the UWB MOD1 module is a
surface mount module for UWB high precision (Figure 6a) developed by a French company
previously called BeSpoon, which is now part of STMicroelectronics. It was designed for
use in warehousing and logistics in companies, personal navigation devices, security and
building controls, robotics, wearable sensors, healthcare maintenance, virtual reality (VR),
and gaming. It supports two-way ranging and achieves precisions of down to 10 cm; it has
data rates of up to 2 Mb/s.

The module has an embedded API for firmware operation and updates and master—
slave mode selection. The MOD1 module itself does not include an antenna and is only
available when integrated in its evaluation kit (Figure 6b), which is described below.
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(a) (b)

Figure 6. STMicroelectronics: (a) UWB module MOD1 [38], (b) B-UWB-MEKT1 application board for
MOD1 module with external antenna [42].

. MOD1 evaluation board:

The MODI1 chip is only available for purchase when integrated in the evaluation board
B-UWB-MEK1 by STMicroelectronics (Figure 6b) [42], which is equipped with an STM32
microcontroller. It can be used as a fixed or mobile device. The use of from four to up to
sixty boards is possible to prototype a location system. It is only available for purchase
on demand.

The MEK1 evaluation kit contains two identical UWB antennas of type 3D monopole.
Its characteristics are summarized in Table 3.

Table 3. Characteristics of the UWB 3D monopole antenna of the STMicroelectronics B-UWB-MEK1
evaluation board [42].

Parameter Value
Frequency 2-4.77 GHz
S11 —8dB
Gain 2 dBi
Radiation Omnidirectional
Polarization Linear (Vertical)
Beamwidth (—6 dB) 360° (azimuth) / 80° (elevation)
Impedance 500
Dimensions 44 mm x 67 mm X 62 mm

Additionally, the radiation patterns of the monopole antenna are shown in Figure 7
for both the azimuth and elevation planes, and for all the center frequencies for the UWB
channels: 1 (orange line), 2 (purple line), and 3 (green line), all illustrated with reference
to—1 dBi of gain (black line).

Since the commercial antenna is linearly polarized (vertical polarization), it has E-
plane (elevation) and H-plane radiations (azimuth). The commercial antenna for channel 2
has omnidirectional radiation along 360° with a gain of 2 dBi.
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Figure 7. MEK1 UWB antenna radiation pattern characteristics on the azimuth and elevation
planes [43].

3.1.3. UWB Chips Interoperable with Apple’s U1 Chip for Interactions

Apple announced the availability of UWB modules and development kits for interac-
tion with its U1 chip. The modules are from either companies: American company Qorvo
or Dutch company NXP Semiconductors (Eindhoven, TheNetherlands). First, Qorvo’s
module DWM3000 which was previously described is compatible for interaction with the
U1 chip. Second, development kits that contain the Trimension chip from the company
NXP (the SR040 or SR150 chips) can be used by third party device developers. Since the
DWMB3000 architecture is similar to the DWM1000 described before, we focus here on
the NXP-based kits. These kits are commercialized by NXP’s partners including Sunway
Communications, Murata, and Mobile Knowledge. They are approved by Apple® for
the purpose of evaluating UWB-enabled accessories that leverage Apple’s nearby interac-
tion framework in order to interact with Apple products that include the U1 chip. These
modules and evaluation boards are listed below.

e  Sunway Communications’s SW-EVK-2 board based on NXP SR150 chip:

Chinese company Sunway Communications developed a FiRa [44] and an IEEE
802.15.4z UWB compliant wireless transceiver module [37] (Figure 8a) based on NXP’s
SR150 chip [35]. It enables the location of objects in RTLSs to a secure range precision of
10 cm and an angle precision of 3 degrees. It involves the integration of the SR150 SoC,
antenna interface support, power management, and clock control, which simplifies design
integration with minimal RF design required (external antenna). The module costs around
USD 24.

It supports TWR, TDoA, or phase-difference of arrival (PDoA) for the AoA scheme
in a variety of applications, such as industrial, healthcare, smart home, smart retail RTLS,
secure hands-free payment, and automotive access.

The module supports UWB channels 5, 6, 8, and 9 (frequency range from 6.24 to
8.24 GHz) and enables support for a 3 x 1 element antenna array with JSC type an-
tenna connectors. The evaluation board for this module and its antenna array are illustrated
in Figure 8b,c respectively.
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Figure 8. Sunway Communications equipment: (a) UWB module based on NXP’s SR150 chip for
ranging and direction finding [37], (b) application board SW-EVK-2 with UWB antennas [45], (c) UWB
pcb dual patch antenna [46] for the SW-EVK-2 application board.

The Sunway UWB Evaluation Kit (Sunway UWB EVK-2) [45] is composed of two
Sunway UWB boards in an anchor-tag configuration to allow locating the module operating
as a tag and to build and evaluate an RTLS. This board is mounted on an NXP QN9090
board for operation. The Sunway kit contains two boards and costs around USD 1115.

The characteristics of the antenna array [46] used in the evaluation kit are summarized
in Table 4.

Table 4. Characteristics of the UWB dual patch antenna [46] of the Sunway evaluation board [45].

Parameter Value
Antenna type 2 x 1 dual pcb patch UWB antenna
Frequency UWB channel 5 (6.25-6.75 GHz)
Reflection coefficient <—10dB
Peak gain 5.92 dBi
Beam width (3 dB) 120°
Impedance 50 O
Polarization Circular (at channel center frequency)
Antenna connectors 2 JSC-male with cables
Dimensions 51 mm x 40 mm x 2.0 mm

From the information above, it is important to note that the Sunway module (Figure 8a) [37]
accommodates all UWB channels 5, 6, 8, and 9. However, the Sunway dual antenna (Figure 8c)
is only designed to accommodate UWB channel 5; thus, if this antenna is used in the evaluation
kit, ranging may only be performed on channel 5.

At the time of writing of this article, the radiation pattern characteristic plot of the
antenna had not been published by Sunway.

3.1.4. Murata’s Type2BP-EVK Board Based on NXP SR150 Chip

The development kit Type2BP by Japanese company Murata, Kyoto, Japan (Figure 9a—
represent the top, bottom and perspective views of the board) [47] based on NXP’s chip
SR150 enables a wide range of IoT devices to perform localization tasks or to create a setup
with multiple UWB anchors. The kit is based on Murata’s Type2BP [48] ultra-small UWB
module, which includes clock, filters, and peripheral components, as well as NXP’s QN9090
Bluetooth LE solution and a USB-UART conversion IC. The kit costs around 135$. The Type-
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2BP can be controlled through QN9090 with power being supplied via a UWB cable or from
the COM port of a PC. The kit integrates an on-board 3-element patch UWB antenna array.

Type2BP

(SR150) MCU Reset FIDIFT230XQ [

Future extension option

Micro USB
Connector

NXP QN9090 MCU

Board rev Bluetooth antenna
(a)

8] mm

UWB

C
antenna 32 mm ©

Figure 9. Murata UWB Trimension™ SR150-based application board Type2BP EVK [47] with UWB
antenna: (a) top view, (b) bottom view, (c) perspective view.

In addition to the TYPE2BP module (Figure 10a) which is employed in the Murata kit
and based on the NXP SR150 chip, the company also developed another module called
TYPE2DK (Figure 10b), which is instead based on the NXP SR040 module. There are also
UWB modules which are based on the NXP UWB chipset. Both modules integrate the
NXP UWB chipset, filters, clock, and peripheral components. These modules are ideally
suited for general IoT devices, where TYPE2BP [48] is suited for the reader role and the
TYPE2DK [49] is more suited for the tag role.

(b)

Figure 10. Murata UWB NXP-based modules: (a) Type2BP (built upon the SR150 module),
(b) Type2DK (built upon the SR40 module).

For further details, the Murata TYPE2BP module is compliant with IEEE802.15.4z
HRP PHY. It supports TWR, TDoA, and the 2D and 3D AoA schemes. It supports UWB
channels 5 and 9, and data rates of 6.81 Mbps, 7.8 Mbps, 27.24 Mbps, and 31.2 Mbps. Its
characteristics are summarized in Table 5.

Table 5. Characteristics of Murata Type2BP module (based on NXP SR150).

Parameter Value
Module type surface mount
Frequency UWB channel 5 and 9
Dimensions 6.6 mm x 5.8 mm x 1.2 mm

Antenna integration no
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In contrast to the TYPE2BP module, the Type2DK module [49] based on NXP’s SR40
is an all-in-one UWB + Bluetooth LE combo module, which integrates NXP QN9090
Bluetooth® LE + MCU chipset and on-board antennas for UWB and Bluetooth. This
module can be used as a standalone tag, which operates by coin-cell battery. It can also
be used with the Murata Type2BP evaluation kit described previously to perform ranging
tests. Other characteristics of the module are summarized in Table 6.

Table 6. Characteristics of Murata Type2DK module (based on NXP SR040).

Parameter Value
Module type surface mount
Frequency UWB channel 5 and 9
Dimensions 19.6 mm x 18.2 mm x 2.3 mm

Antenna integration UWB and Bluetooth LE

To conclude regarding the Murata modules, the Type2BP module does not contain any
antenna. It contains the support (only) of 3 UWB antennas, which in the evaluation kit are
the elements of a 3-patch-type element antenna array UWB. The Murata Type2DK has on-
board integrated antennas, one for Bluetooth LE and the other one for UWB, of the printed
monopole type. Other specifications of the antennas are provided by the manufacturer
upon purchase.

3.2. Summary of the Antennas Present in Industrial UWB Chips and Evaluation Board

To conclude the technical review of UWB real-time located systems, with a focus on
antennas, Tables 7 and 8 present a summary of the UWB modules, their evaluation boards,
and antennas. Table 7 highlights if the UWB chip itself or its available evaluation boards
integrate an antenna or not. Table 8 summarizes the characteristics of the UWB antennas
integrated with each UWB chip or evaluation board.

Table 7. Summary of the industrial UWB chips, their evaluation boards, and their antenna integration.

Manufacturer UWB Module Antenna Integration EV Boards EV Board Antenna
DWMB3000EVB
Qorvo/DecaWave DWM1000 or Integrated ceramic Arduino Shield or antenna already
DWM3000 monopole Makerfabs” ESP32 included in module
board
STMicroelec. MOD1 none MEK1 SMA-
connected antenna
Murata Type2BP-EVK ~ Murata 3 element pcb
and Sunway SW-EVK-2 antenna array and
NXP SR150 none (works with separate Sunway 3 element pcb
NXP MCU) antenna array with CP
NXP SR40 integrated pcb Murata Type2DK-EVK no additional

monopole
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Table 8. Summary of the UWB antenna characteristics of the industrial UWB chips and/or their

evaluation boards.
UWB Module or Antenna Type Frequency (GHz) Gain (dBi) Radiation Polarization
Ev. Board
Qorvo DWM1000 pcb ceramic 3.2-7.2 416 Omnidirectional Linear
monopole antenna
STMicroelec MEKT 3D monopole 2-477 2 Omnidirectional Linear
ev. board antenna
Murata
Type2BP-EVK 3 patch element . o e ks .
(based on NXP peb antenna array Ch5 and Ch9 not published 180° directional Linear
SR150 module)
Sunway EVK-2 ev.
board (based on 3 patch element o 1o 4 .
NXP SR150 pcb anterna array 6.25-6.75 GHz 592 180° directional Circular
module)
Murata Type2DK b monopole
module (based on P antenng Ch5 and Ch9 not published Omnidirectional Linear
NXP SR40 module)

4. Discussion of the Antenna Influence on Localization Performance

The attempt to range and localize objects with electronic devices comprising trans-
mit and receive antennas, especially in time-based schemes which mostly employ UWB
technology, is a sensitive process as the final result depends greatly on the nature of the
captured signal at the antenna stage. Thus, frontend design must be meticulous to detect
the most correct signal, that is, the shortest path signal, which leads to computation of the
distance estimate that is closest to the real distance. The shortest path signal can be the
direct path or the first arriving reflection in the case of complete blockage between the
reader and tag. Consequently, the type of antennas used at both the reader and tag matter
significantly in the sense that they can either improve or degrade the distance estimation
depending on their characteristics, such as the type of antenna, gain, polarization, radiation
pattern, etc. In the following, we discuss the influence antenna characteristics can have on
the quality of ranging results.

4.1. Influence on the Localization Range

The range of a wireless communication system is directly related to the received power
at the receiver side, in this case, at the reader side. This applies in all schemes, not just in
received-signal strength (RSS)-based localization systems, but also in time-based systems,
such as UWB transceivers. Indeed, as the received power decreases with increased distance
between the reader and tag, it determines the limit distance at which the transceiver can no
longer detect the signal from the tag and, thus, can no longer perform ranging.

Industrial manufacturers of UWB transceivers sometimes publish the measured per-
formance of their UWB chips and evaluation boards, such as Murata for example. The per-
formance in terms of the reading range of their NXP SR150 chip-based TYPE2BP evaluation
kit was measured and reported. Figure 11 presents Murata’s measurement setup and
environment, using two TYPE2BP boards integrating transmit and receive antennas. The
reported results on achieved range are presented in Table 9.
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Figure 11. Range measurement setup from Murata Type2BP evaluation board [47].

Table 9. Range measurement results from Murata Type2BP evaluation board [47].

EVK (Responder) EVK (Initiator) Max Ranging Distance
0° 0° Around 50 m
0° 90° 26 m
0° 180° 25m
90° 90° 10m
90° 180° 9m
180° 180° 45m

This measurement is aimed to infer the maximum possible reading range at which the
tag can be detected. Two Type2BP EVK are connected in a controller (reader) and controlee
(tag) configuration to check whether long ranging is possible. While doing this, the results
are reported with several conditions as stated by the manufacturer. These conditions
correspond to the different possible antenna orientations of the reader and tag relative to
each other. The reported ranges are summarized in the table below.

The evaluation kit uses patch-type antennas with a theoretical 180° directional radi-
ation, and with linear polarization. Consequently, the best case scenario is the condition
0° orientation for the responder and 0° orientation for the initiator, which is reported to
achieve a maximum reading range of 50 m. Linear polarization affects the other cases in
the received power as cross-polarization (0°-90°, 90°-180°) induces power loss [50,51].
Moreover, even in cases where there is no cross-polarization, the radiation pattern also
affects the detectability, especially at longer distances, in cases where the antennas are not
facing each other (such as in 0°-180°, 90°-90° and 180°-180°).

For this reason, a solution would be to design omnidirectional reader and tag antennas
to ensure that the transceivers do not miss each other in the search phase and discovery
process during two-way ranging, no matter how they are placed relative to each other.
However, the antenna used will depend on where and how the product is going to be used.
For example, in a wearable tag where the orientation is not known, an omnidirectional
antenna is probably the most reliable [52], whereas in a fixed anchor, it may be more
efficient to use a 180° radiation pattern if the anchor is fixed to a wall or surface to help
shield the antenna from the surface and to prevent performance loss.

These observations show the significant effect of the transmit and receive antennas
on the performance of the RTLS in terms of the range, especially in LOS scenarios. If
we consider an NLOS scenario, with an obstacle between the reader and tag, the direct
path will arrive later than expected because of the obstacle medium’s relative permittivity.
This will add a positive bias to the ranging estimate. The worst case scenario is if the
direct path is lost entirely because of significant power loss. Similarly, the signal could be
cancelled if the direct path is mixed with an out-of-phase short multipath. In either case,
the transceiver fails to find the true direct first path and will lock onto the next detectable
shortest multipath signal [53], and the resulting distance estimate will be longer than the
true distance. To tackle these problems, Qorvo [53] suggests system-based adjustments,
such as algorithms to recognize whether the timestamp returned by the transceiver is in
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fact a timestamp of a multipath signal or not. A similar approach was proposed in [54].
Moreover, an antenna-based solution would be the design of higher gain antennas that
would allow for a large link margin and prevent power loss [55]. Additionally, a reduction
in multipath signals could be achieved by desiging both the reader and the tag antennas to
have circular polarization of the same sense [50]. This would enable filtering to some extent
of multipath signals coming from a reflection on metal objects, which would decrease the
chance of combination of a multipath signal with the direct path at the receiver side.

4.2. Influence on the Tag Orientation Dependence

From the previous Table 9, the worst case scenario is when the responder and the
initiator antennas are in a 180°-180° orientation configuration relatively to each other.
It can be seen that the maximum distance at which the responder is detected is 4.5 m,
which means that further from this distance not only is ranging impossible but its presence
cannot be detected. Taking into account the application of UWB transceivers, these are
mainly intended for use in indoor environments with several mobile objects. Unlike, for
example, RFID tracing or Bluetooth tracing, a range of 4.5 m is too low for UWB deployment
areas (hospitals, airports, construction mines, etc.). Furthermore, in such areas, tags and
objects are mobile and their orientation cannot be manually adjusted to face the reader’s
antenna nor to match its vertical or horizontal polarization. For this reason, solutions
such as circular polarization of the reader antennas [50,55] are advised to mitigate cross-
polarization-induced power loss, even while the tag’s polarization may be kept linear for
design simplicity.

4.3. Influence on the Accuracy

After assessing the reading range, the performance in terms of the accuracy of the
ranging estimates of the NXP SR150 chip-based TYPE2BP evaluation kit was similarly
measured and reported. Figure 12 presents Murata’s measurement setup and environment
using two TYPE2BP boards.

Top View s ] e

Sample-A 200 202
Sample-B 200 196
dl |-
e | Ll
Sample-C 199 201
Distance = 2m Average 199.6 199.6
Condition Result

Figure 12. Accuracy measurement from Murata Type2BP evaluation board [47].

For this measurement, the condition of the antennas is that they are placed facing each
other. In most cases, the conclusions drawn on accuracy are statistical or based on many
measured samples by ranging and comparing to the real distance. The table shows that
three samples, A, B, and C, of ranging were taken at both channel 5 (centered at 6.49 GHz)
and channel 9 (centered at 7.9 GHz) and were finally averaged to one value at the end
(the values are reported in cm).

Taking into account the real distance of 2 m and the reported average detected distance
at both channels of 1.99 m, an accuracy of 99 % was obtained, which is most likely to have
been due to the fine temporal resolution of the UWB signal itself and the placement of
the antennas in complete line-of-sight without any blockage nor reflecting objects and at a
distance of only 2 m. These observations show that, in fact, the theoretical UWB accuracy
level (that is around 30 cm) can be achieved; however, only in adjusted conditions, as seen
in the previous cases.
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Indeed, the accuracy can be affected by factors such as the antenna orientations
and multipath reflections. First, the antenna orientation effect occurs as the group delay
varies not only with the frequency [56] but also with the direction angles (azimuth and
elevation) [57]. For example, in [58], two DWM1000 (Qorvo) transceivers, including their
Partron Dielectric Chip antennas, were placed 1.7 m apart. One antenna was then rotated
around its x-axis (Figure 13a), then around its z-axis (Figure 13b), while range measurements
were taken. The distance estimate error e = ||r|| — z;ange Was calculated and plotted with
respect to the angles. It was found that errors between 10 cm and 40 cm occurred depending
on the angles  and a formed after rotating the antenna.

(a) (b)

Figure 13. Assessment of the effect of antenna orientation on the ranging accuracy with Qorvo
DWM1000 transceivers [58]: (a) rotation of the antenna on its x-axis, (b) rotation of the antenna on its
Z-axis.

Thus, an antenna rotated on one of its axes will delay the signal differently depend-
ing on the direction and, thus, depending on the radiation pattern gain. Furthermore,
because this delay is used to calculate the time-of-flight (ToF) in two-way ranging, a slight
difference between the input delay given to the module and the actual delay will engender
different ToF and distance estimates, and, thus, affect the accuracy. For example, Qorvo
recommends in an application note [52] for their DWM1000 module to maintain an antenna
delay inferior to 100 ps compared to the delay of the useful orientation of the antenna
to reduce inaccuracies. For a UWB channel of bandwidth 500 MHz (pulse width 2 ns),
a 100 ps delay would translate into a maximum error of 6 cm in the distance estimate
for propagation in free space at the speed of light. Nevertheless, a conclusion on the effect
of the antenna orientation would be that omnidirectional antennas with stable gain in all
directions of the radiation pattern would yield less variations in the antenna delay even if
the antenna is rotated and, thus, are recommended to avoid orientation-induced errors.

Second, concerning the multipath effect, the accuracy depends heavily on the environ-
ment, and for practical applications, these environments cannot be reliably predicted. This
calls for the design of antennas which are robust to reflections and multipaths. For this
reason, a solution was proposed in our previous work [50], which consists in mitigating
multipath signals with circular polarization filtering. This method requires both the reader
and tag antenna to have circular polarization of the same sense (either right-hand or left-
hand), which would enable filtering out of reflections on metal as these will switch the CP
sense in the middle of the path before arrival.

5. Conclusions

This article presented a study of UWB locating systems by first highlighting the error
sources in indoor environments that can affect time-based localization. Then, a technical
review of the currently available industrial UWB chips and real-time locating systems
used for object monitoring in indoor scenarios and complex environments was presented.
Furthermore, the antennas employed in the listed systems and their characteristics were
highlighted and summarized. A discussion on the influence of frontend antennas of
UWB transceivers on the localization quality in terms of reading range, accuracy, and
object-orientation-independent detectability was provided and solutions were suggested.
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Abbreviations

The following abbreviations are used in this manuscript:

RTLS  Real-Time Locating System
UWB  Ultra-Wide Bandwidth
TWR Two-Way Ranging

TDoA  Time Difference of Arrival
AoA Angle of Arrival

LOS Line Of Sight

NLOS Non Line Of Sight
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