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Abstract: Long-Range Wide-Area Networks (LoRaWAN) allow the transmission of data via radio
link from sensors, which are potentially isolated or difficult to access, to gateways and servers that
are connected to cellular networks for data processing, exchange, or relay, with low transmission
power. This concept employs Long-Range (LoRa) modulation and has led to the emergence of many
applications for the monitoring and tracking of objects. However, due to its characteristic of a low
data rate for low-power communication, the transmission of information with LoRa technology is
not suitable for the fast real-time monitoring of data. Additionally, due to its narrow bandwidth, an
attempt to perform localization through the LoRa modulation technique will result in very limited
accuracy because of its inability to resolve multipath problems. Thus, in this paper, we propose a
multi-standard Ultra-Wide Bandwidth (UWB) and LoRa end-device that is capable of measuring
location with high accuracy using UWB technology and then transmitting the location information
through LoRa method to gateways and the Internet of Things Network. The results of measurements
in indoor and outdoor scenarios show a UWB localization accuracy that is of sub-meter level, being
between 10 and 33 cm, and a UWB range of 124 m in Line-of-Sight (LOS) and 55 m in Non-Line-of-
Sight (NLOS) applications, respectively.

Keywords: localization; positioning; LoRa; LoRaWAN; Ultra-Wide Bandwidth; reader; tag; antennas;
circular polarization; high accuracy; long range

1. Introduction

The connectivity of objects to gateways using the LoRaWAN protocol has allowed
the emergence of many monitoring applications, such as intelligent resource management,
predictive maintenance, supply and stock tracking, object and animal tracking and personal
medical monitoring [1]. This suggests infinite monitoring possibilities depending on the
physical variable detected via the sensor. Besides these monitored variables, it is often
necessary for gateways to monitor the location of the sensor itself [2], especially if it is
integrated into a mobile object or tag, for example, if this latter feature is moving inside
an indoor environment. The task of localizing a mobile sensor could be challenging for
the LoRa working scheme, as this type of communication was not originally optimized
for such an application [3], especially if the localization is required to be of high accuracy
or expected to accommodate both indoor and outdoor scenarios. In contrast, the main
advantage of LoRa communication in LoORaWAN networks is that the sensing information
can be transmitted along long ranges in the order of kilometers, typically ranging from 5 km
in urban areas up to 15 km in remote areas, from the sensor to the gateways [4,5]. Indeed,
the LoRa technique is used to ensure deep-in communication among a large number
of devices that have low power requirements and collect and transmit small amounts
of data [5,6]. Furthermore, LoORaWAN networks have a high capacity and can handle
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millions of messages from thousands of gateways. However, despite these advantages,
this technology is still not suitable for gateways to locate mobile sensors precisely and as
often as is necessary [7]. Indeed, to ensure the low consumption of power, LoRa sensors
send data with low packet rate [8,9], that is, typically one or two packets are sent per
day. This is not suitable if the object monitored is mobile in its environment and requires
real-time monitoring, or at least partial real-time monitoring, which cannot be achieved
with the relatively low data rate of the LoRa technique. Furthermore, if the monitored object
needs to be located with high accuracy and/or if it were in an indoor environment, we
would require radio communications with wide frequency bandwidths to resolve multipath
problems [10]; however, this is not the case for narrowband LoRa communications, which
have bandwidths of a few MHz.

Conversely, Ultra-Wide Bandwidth (UWB) is the pervasive technology nowadays
when it comes to locating objects or tracking assets or any type of targets, especially
those in complex indoor environments, such as inside buildings, industrial infrastructures,
hospitals, airports, construction sites [11,12], etc. It is effectively used in time-based ranging
and localization techniques such as one-way or two-way ranging with Time-of-Flight
(ToF) and Time-Difference of Arrival (TDoA) [13]. It allows high-accuracy distance and
position estimates, notably due to the transmission of the ranging information along
a large frequency bandwidth of 500 MHz or more between a reader and a target. Its
constraint is that it is considered a short-range communication technology despite having
reading ranges of typically 100 to 200 m in Line-of-Sight applications [14], which are mostly
enough for indoor use cases but cannot adapt in networks deployed in highly remote
outdoor areas, where objects can be spaced with more than those distances, i.e., such as in
LoRaWAN networks.

Thus, in this work, we propose combining both LoRa and UWB technologies as
complementary Internet of Things (IoT) schemes into one transceiver board to exploit
both of their principal features. This combination enables LoRa gateways to locate the
sensors that belong to it if they are mobile in their environment, with the high-accuracy
and real-time availability of their position information. It also allows for UWB targets to
be located at long-range data links such as those of LoRa links. This solution consists of
employing UWB technology in the mobile target LoRa sensor to allow LoRaWAN gateways
to track it in real time with high accuracy. The result is a multi-standard UWB-LoRa
transceiver, which can work as a sensor-tag or a reader depending on where it is placed in
the communication chain. For this reason, we propose equipping the mobile LoRa sensor
with UWB technology (LoRa-UWB sensor-tag) and placing the proposed UWB-LoRa reader
device as an intermediate node between the target object and the gateway. The reader
receives the location information from the sensor-tag in real time through UWB ranging
with ToF and sends it to the gateway through LoRa signals.

The remainder of this paper is organized as follows: Section 2 describes the related
work in the context of the localization with LoRa technology Section 3 first describes the
overall UWB-LoRa localization system before describing the design and structure of the
proposed UWB-LoRa transceiver, and the last subsection focuses on the design of the
antenna structure that is included in the transceiver. Section 4 presents the characterization
results of both antennas from their reflection coefficient to their radiated patterns, followed
by Section 5, in which the achieved localization of the transceiver is discussed and charac-
terized by the UWB localization range and accuracy between the sensor-tag and the reader,
as well as the location information transmission from the reader to the network. Finally,
Section 6 concludes on the paper contributions and results.

2. Related Work

Previous research has realized localization attempts via LoRa technology, mostly using
the Time Difference of Arrival (TDoA) method [7,15,16], which requires at least three
gateways to infer the location of the object. For example, in [16], a number of sets of
messages sent via the target sensor were used to calculate the TDoAs of these messages
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and perform location estimation at the gateway level, the authors assessed the efficiency of
the performance of the localization and the results indicated that the localization error was
greatly affected by the noise of the received timestamps at the base stations. In [17], a similar
procedure was followed to implement a LoORaWAN tracking system that was capable of
exploiting transmitted packages to calculate the current position, and using LoRa signals
and applying a multilateration algorithm on the timestamps received at the gateways,
the results demonstrated that it can be feasible to locate a device in a static spot with an
accuracy of around 100 m, though this accuracy is not good enough for indoor scenarios.

The reason that the times of arrival were not precise enough is the combination of
undesired multipath signals at the receiving gateways, with these signals being due to the
environment and unavoidable, especially because LoRa signals” widths in time (~142 ns for
the 863-870 MHz channel) are not narrow enough for the multipath to be distinguished
from the desired path signal. In addition to problems related to low accuracy, the previously
cited studies all employed three or more gateways to infer the positions of the sensors via
the TDoA method, which represents another constraint, as the already deployed LoORaWAN
networks do not always geographically provide this condition.

Other studies employed the ToF method to measure the distance between one gateway
and the object [2]; however, the server can only calculate this distance based on the packet
metadata provided by the gateway, and these metadata are only sent with low data rates,
which make real-time monitoring difficult to achieve. Furthermore, in [18], researchers
proposed a ToF-based localization method using a fingerprint map to handle the accuracy
issues and reduce the localization error caused by the noise and multipath; however,
the fingerprinting method depends on the environment and needs to be updated for the
location estimation to work accordingly, which makes it effort and time consuming.

Other methods include the using Received Signal Strength Indicator (RSSI) to infer
the distance. For example, in [19], researchers measured the RSSI in an indoor environment
with a short distance under both LOS and NLOS conditions, and the results showed the
occurrence of power loss by the received signal, despite the short distances of measure-
ment, and these losses were more important in the NLOS conditions compared to those
observed in the LOS conditions. In [20], the authors investigated the accuracy of LoRa
positioning using RSSI measured at the gateways, and, in realistic conditions where the
power attenuation caused by the radio link was not known, the work reported accuracy
errors of up to 588 m. Another recent work [21] proposed an extensive position estimation
algorithm to minimize the posteriori RSSI error for multi-anchor cooperative estimation
scenarios, and the results showed that the location can be estimated with an accuracy less
than 7 m; however, this system was only tested in an outdoor scenario, which tends to be
less challenging than indoor scenarios. Indeed, localization via the RSSI method is based
on signal power, which makes it very sensitive to multipath, and cannot provide high
accuracy information, as the correlation between the received power and the distance is
significantly influenced by the environment, which means that it cannot reliably infer the
target’s location information [22,23].

In this paper, the low-accuracy localization problem and the need for multiple gate-
ways or extensive algorithms to improve accuracy are overcome by integrating UWB
technology into the LoRa sensor; furthermore, real-time localization is enabled thanks to
the UWB’s high data rate and ability to detect tags whenever necessary, as judged by the
gateways. In this work, we propose a LoRa-UWB transceiver that can be used as both a
sensor-tag and an intermediate reader between the sensor-tag and gateway, and this study
mainly focuses on the localization rather than the sensing function of the LoRa sensor-tag.
The advantage of the proposed solution is that the localization of the mobile sensor-tag is
performed before sending anything to the gateways (the distance between the sensor-tag
and the UWB-LoRa reader is computed at the reader node). This allows the comparison of
the received location information to the previous information, and we only send the data
to the gateway if they are different. Location via LoRa would first require directly sending
the data packet containing the time of the flight, then calculating the distance. In addition,



Electronics 2023, 12, 4487

40f18

LoRa

antenna™””’
UWB-LoRa ¥
Sensor-tag
(this work)

the possible inconvenience of the proposed solution mainly consists of determining how
flexible the application is toward the ability to add the reader node between the sensor-tag
and the gateway.

3. UWB-LoRa Localization Method

This section first describes the transmission chain of the UWB-LoRa localization
scheme, then describing the structure of the UWB-LoRa transceiver (reader and sensor-tag)
and its contents from modules to the required integrated UWB and LoRa antennas.

3.1. LoRa-UWB Sensing and Ranging Approach

Figure 1 shows the working transmission chain related to the context in which the
LoRa-UWRB transceiver is set to operate. As an example, the chain consists of several LoRa
sensors deployed in different locations that communicate with a LoRaWAN gateway, as
conventionally performed. In addition to these tags, a UWB-equipped LoRa sensor-tag is
placed and can directly communicate with either the gateway to transmit sensing data, or
an UWB-LoRa reader device to perform two-way ranging, obtain the Time-of-Flight (ToF)
at the reader node and compute the distance between the two measures. The reader then
sends the ranging information to the gateway through LoRa signals. Since the gateway
is knowledgeable a priori of the reader’s location, it can determine the location of the
sensor-tag and monitor its movement in the environment.
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Figure 1. Communication chain structure from the sensor tags to the network and gateways.

Figure 2 presents the working organigram of the system and the roles of each node
in more detail. It consists of the LoRa gateway, a sensor-tag and a UWB-LoRa reader that
acts as an intermediate node between the two features. In this setting, the gateway is
required to determine the location of the sensor-tag, especially if this location is moving in
its environment.

Following the ranging principle and using UWB technology, the reader sends an
interrogation signal to the sensor-tag, to which the tag replies via an acknowledgment
signal. Through the measure of ToF of these signals, the reader obtains the ranging estimate
d, , which is the distance between the sensor-tag and itself. Although all these steps have
been realized through the UWB protocol, the reader then enters a decision phase: whether
or not to send the obtained location estimate to the LoRa gateway. The decision is taken
after comparing the actual distance value to the previous one in an a priori stocked manner.
The reader will only send the location of the sensor to the gateway if this sensor has moved
and changed location since the last measure. A Microcontroller Unit (MCU) ensures the
communication between the reader’s UWB and the LoRa modules. If the new distance
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estimate d,, is not different from d,,_1, it is ignored, and the interrogation is again sent
to the sensor-tag. If it is different, it means that the tag has moved and its location has
changed. In this case, the estimate is sent to the LoRa module and automatically sent from
this module to the LoRa gateway through LoRa antennas, and d;, is stocked by replacing
dy,—1 for the next loop iterations.
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Figure 2. Organigram of the working localization system highlighting the role of each node.

The main advantages of the presented localization technique are as follows:

e  The accuracy of the localization is of UWB-level accuracy, which is approximately 15 to
20 cm and in some cases even less. This accuracy cannot be achieved using standard
LoRa localization schemes, as LoRa is a narrowband communication technology. At
the receiving stage of the broadband time domain signal, it is difficult to precisely
determine the arrival time compared to UWB narrow time pulses.

e  The ability to achieve the real-time property of the localization thanks to UWB while
still consuming as little power as possible. Real-time localization with LoRa-only
systems is not possible, as, in this case, the LoRa module needs to send the received
packet from the tag to the gateway. This packet contains the time of flight, which
makes it necessary to estimate the location at the gateway side each time; without
knowing if the tag has moved or not, this continuous packet transmission would
consume more power, which is against the LoRa principle.

e UWB and LoRa based systems are mostly active (battery powered) in the proposed
system, as the UWB battery powers both the UWB and LoRa modules. As LoRa’s
power consumption is very low, another power unit is not necessary.

3.2. Design of the LoRa-UWB Transceiver

The designed UWB-LoRa transceiver is a multi-standard device capable of achieving
the high-accuracy and long-range UWB localization of objects and sending the location
information to LoRa gateways. Its main purpose is to act either as a sensor-tag or a reader
intermediate node between the sensor-tag and the gateway. It performs the localization of
the tag and informs the gateway in case this latter has moved in space.

The reader is composed of an UWB module (from STMicroelectronics [24]) and a
LoRa module, which communicate through an MCU unit. Hence, the reader has an UWB
antenna for RF communication with any UWB module and a LoRa antenna for the RF
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(a)

communication with the LoRa gateways. The UWB module and the antennas of the reader
and tag’s working frequency channel is the UWB channel 2, which starts at 3.75 GHz and
ends at 4.25 GHz. The LoRa module and antennas work in the 863 to 868 MHz band, which
represents the Europe frequency channel for LoRa communications, and it is part of the
unlicensed Industrial, Scientific and Medical (ISM) bands.

As illustrated in Figure 3, the reader board consists of a upper layer and a bottom layer
separated by an air gap. The upper layer consists of the radiating elements of the UWB
and LoRa antennas placed on the same FR4 substrate. In contrast, the bottom layer consists
of the ground plane and the LoRa module on one side, while on the other side, an FR4
substrate with a branch-line coupler enabling the UWB circular polarization of the UWB
antenna is placed, and at a distance from it, the MCU and UWB module are integrated.

UWB patch LoRa PIFA
antenna antenna
N
‘A@“ Air :[ h LoRa module
R “‘o‘t;\\\\c\l"‘\ B— f
VO ot .
— \c\\&&ﬁ“‘ Coupler MCU UWB module

(b)

Figure 3. Structure of the UWB-LoRa transceiver: (a) perspective view; (b) side view. Structure
composed of two layers: an electronics bottom layer and an antenna upper layer, connected through
signal vias.

Circular polarization was privileged for the UWB antenna, as it is more advantageous
due to it yielding better localization information and ranges compared to linear polarization;
its advantages are described in detail in our previous works [14,25]. The common air
gap between the two antennas serves as the air gap for standard PIFA (Planar Inverted
F-Antenna) design and simultaneously represents the necessary gap between the substrate
and ground, which guarantees a 500 MHz bandwidth for the UWB probe-fed patch antenna.

Concerning the electronic part of the transceiver, the system complexity has been kept
at a low level during the design process. The main components are the power supply
unit, the MCU, the LoRa module and the UWB module. The first three are mandatory and
equivalent to any LoRa/LoRaWAN end-devices available on the market, and the circuit
connections between them are accordingly made to the conventional systems. In addition,
the required connections for the UWB module were realized following the same model and
firmware derived from the STMicroelectronics UWB MEKT1 localization board [20]. Finally,
the UWB module is connected to the MCU, which is also connected to the LoRa module.

Furthermore, the commercial cost of the LoRa module and MCU prevalent is low
(within 10 USD), and with the recent announcement of the STM32WL microcontroller from
STMicroelectronics, the foreseeable cost will be even lower thanks to the integration of the
LoRa Module into the same die of the microcontroller. In contrast, the costs of the UWB
modules currently vary depending on their integration boards. In this work, the module
was provided as samples and are only commercialized with the MEK1 board; however,
other UWB modules are available at a relatively low price (within 25 USD), such as modules
from Decawave. To conclude, the proposed concept of UWB-LoRa localization can be
applied and remains feasible, regardless of the types of the LoRa or UWB modules chosen.
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3.3. Antenna Structure Design

The structure is composed of two antennas (Figure 4): a wideband patch antenna
operating at the UWB channel from 3.75 to 4.25 GHz and a PIFA antenna operating at
the LoRa channel from 863 to 870 MHz. The design and simulation were realized using
CST Microwave software (https:/ /www.3ds.com/products-services/simulia/products/
cst-studio-suite/), where only the antenna parts of the board were simulated, and the
electronics modules positions were considered by leaving the necessary space for their
integration, which occurs later in the fabrication process.

Top of the bottom-layer
(Ground plane)

(a2)

Figure 4. Antenna structure design consisting of a UWB patch antenna and a LoRa PIFA antenna:
(a1) top of the upper layer of the board; (b1) bottom of the upper layer of the board; (a2) top of the
bottom layer of the board; (b2) bottom of the bottom layer of the board.

As the transceiver has two substrates, the radiating elements of both the UWB and
LoRa antennas are placed on the upper layer substrate. The bottom layer contains other
antenna elements: the ground plane shared by both antennas; the shorting pin of the LoRa
antenna, which extends until the ground plane; the feed vias; and the branch-line coupler
of the UWB antenna placed on the back surface of the bottom substrate. Both substrates
used are of the FR4 type and have a 0.8 mm thickness.

The UWB antenna design and optimization procedure is detailed in [26], and it is a
probe-fed wideband patch using capacitive feeding from a small conductor printed next to
the radiating element. Since it is also designed to have circular polarization, two orthogonal
capacitive elements are designed. These two small rectangular elements are fed with vias
originating from the coupler outputs placed at the bottom layer. The dimensions of the
UWB antenna (Figure 4) are as follows: the substrate length and width are, respectively,
Ls = 69 mm and W;s = 43 mm. The patch dimensions are L, = W), = 23 mm, designed via
a standard method to work at a center frequency of 4 GHz. Each capacitive element’s length
and width are I, = 10 mm and w, = 1.5 mm, respectively, and the distance separating
it from the radiating element is 4 = 2 mm. Finally, the classical branch-line coupler is
designed to operate at the same center frequency of 4 GHz, from which its dimensions
are derived.

The LoRa antenna is a slotted PIFA antenna. The slot starts from the feed point and
extends to help decrease the resonating frequency to the desired LoRa channel frequencies.
The external dimension of the antenna (Figure 4) is L = 14.5 mm, and its width is the same
as the substrate width (Ws = 43 mm). The slot width is 2.5 mm, and its length dimensions
are ly = 10 mm, I, = 24.5 mm, I3 = 8 mm and /4 = 15 mm. The feed and short points are
separated by a distance of 2.5 mm. All antenna dimensions are summarized in Table 1.
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Table 1. Summary of the physical dimensions of the antennas.

UWB Antenna Dimensions LoRa Antenna Dimensions
Substrate length L 69 mm Conductor length L 14.5 mm
Substrate width W; 43 mm Conductor width W 43 mm

Patch length and width L,, W), 23 mm Slot length Iy 10 mm
Capacitive element length I, 10 mm Slot length I, 24.5 mm
Capacitive element width w, 1.5 mm Slot length I3 8 mm

Capacitive element separation from the patch 4 2 mm Slot length I 15 mm
Coupler dimension a 10 mm Slot width wg 2.5 mm
Coupler dimension b 5.7 mm Separation bejcweer.l feed 2.4 mm
and shorting pin
Coupler dimension ¢ 2.87 mm Air gap (distance from 7 mm

ground plane)

As both antennas share the same ground plane, the air gap between this factor and the
upper layer substrate is an optimized distance of 7 mm. The optimization of this distance
to accommodate both antennas is highly important, as it significantly affects the patch
bandwidth and the PIFA antenna’s resonance performance.

4. Results

A prototype of the UWB-LoRa transceiver was realized and is presented in Figure 5.
The upper and bottom layers were realized separately and then assembled via the soldering
of the feed connections from the coupler outputs to the capacitive small patches next to the
radiating element for the UWB antenna, as well as the feed and shorting connections from
the ground plane to the upper layer PIFA element. The transceiver board was powered by
a small external battery, and both antennas’ inputs (LoRa and UWB) were powered by a
signal coming from their respective modules, as shown in Figure 3.

= UNIVERSIT =

oC
9=z
m<
2%
4% + COTE DAZUR
CcC—

I1m

(b)

Figure 5. Prototype of the UWB-LoRa transceiver board: (a) the upper layer of the board containing

the radiating elements; (b) bottom layer of the board containing the MCU, the modules and the
branch-line coupler.

4.1. Antenna Measurements
4.1.1. Impedance Matching

To measure the impedance matching of the antennas before testing the board, UFL-
type connections were designed a priori at both inputs of the branch-line coupler (which
represent the two input ports of the UWB antenna), and UFL-to-SMA cables were used for
measurements using a Vector Network Analyzer (VNA), as illustrated in Figures 5 and 6.
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Figure 6. Board assembly and measurements: (a) prototyping using foam to separate the layers and
UFL connectors at the coupler inputs; (b) stand-alone antenna matching measurement set up, using
a SMA connector for the LoRa antenna and UFL-to-SMA cables from the coupler inputs for UNB
antenna characterization.

The SMA side of the cable connected to one of the coupler’s inputs (the isolated input
port) is then loaded via a 50 (2 match. In the case of the LoRa antenna, it can be seen that its
feed was directly connected to an SMA connector for the measurements (Figure 5). Foam
with the same dielectric constant as air was also used between the two layers of the board
to facilitate the assembly of the board.

Figure 7 presents the simulated and measured reflection coefficient of the PIFA antenna.
Our results show a shift in frequency between the simulation and measurement. This shift
is due to the slot of length I4, which was removed by covering it with copper tape in
the fabricated prototype, as shown in Figures 5a and 6b. In fact, the simulated result
with the slot I; shows that the antenna resonated at the desired frequencies; however,
after the prototyping, it was observed that /; lowered the resonance frequency below
850 MHz, which is why it was covered. A slight difference in bandwidth is also observed,
which is due to the reflection coefficient being higher after adjusting the frequency, which
led to the dampening of the bandwidth. Finally, the measured result shows that the
antenna’s impedance is matched at —10 dB from around 845 to 875 MHz, which includes
the desired LoRa channel (863 to 868 MHz) for LoRaWAN communication with the sensors
and gateways.

Rellection coelflicient 833, dB

1 — = = Simulated $33
] —pa— Measured 533

750 800 850 900 950
Frequency, MHz

Figure 7. Reflection coefficient of the LoRa PIFA antenna.
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The simulated and measured reflection coefficient of the UWB antenna is illustrated in
Figure 8. This coefficient was measured separately, via two measurements, for both ports
corresponding to the two inputs of the branch-line coupler by alternating the isolation
load between the two inputs. In both cases, one of the ports must be isolated with a 50 ()
load. The advantage of choosing which port is the input to the antenna is that the sense
of the circular polarization can be chosen, that is, left or right circular polarization can
be obtained. The ability to choose the polarization sense implies that the antenna can be
integrated into different systems regardless of polarization specifications, such as in cases
where, for example, the reader and tag antennas are required to have a specific polarization
sense or the polarization of a reader (or tag) antenna is required to match the polarization
of a tag (or reader) antenna.

Rellection coellicient, dB

y; — — — — Simulated 511
—-24 \\ ’ —~ — — — Simulated 522 |+
\ /"- —&— Measured 522
=26 \\ 7 —=— Measured 811 |7
| 1 1 1 /s 1 1 1 1 I
3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5

Frequency, GHz

Figure 8. Reflection coefficients of the UWB patch antennas for both ports of the coupler (S11 and S22).

A comparison between the simulation and measurement shows that the impedance
matching of the antenna via simulation presents better results, as it ranges between —20 and
—28 dB, compared to —12 and —18 dB in the measurement. This difference is due to
factors such as the possible difference in air gap during the assembly process, which can
have a significant effect on the bandwidth and impedance matching; another factor is the
electronics modules and circuits, which were not simulated with the antenna design. Finally,
regardless of the port chosen, our results show that the antenna’s measured reflection
coefficient is matched at —10 dB (from ~3.55 GHz to ~4.74 GHz), which includes the
desired UWB channel (3.75 GHz to 4.25 GHz) in both cases. A slight difference between
the two curves is observed, which is due to the presence of the PIFA antenna, which is not
completely symmetrical with respect to the antenna axis.

4.1.2. Efficiency and Gain

Further antenna measurements were realized in an anechoic chamber to assess the
gain and radiation efficiencies of the antennas. Figures 9 and 10 show the simulated and
measured characteristics, respectively, for the LoRa and UWB antennas.

The result of the measurement of the LoRa antenna shows a maximum efficiency and
gain at the operation frequency channel (863-870 MHz). The gain ranges between 0.82 and
0.91 dBi, while the efficiency is between —1.65 and —1.69 dB (corresponding to 68% of the
radiation). A shift in frequency is observed between the measured and simulated curves
for both the efficiency and gain, which is due to the simulated design including the slot Iy,
in contrast to the prototype, in which it was removed to adjust the resonant frequency.
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Figure 9. Measured LoRa antenna’s gain and efficiency characteristics.
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Figure 10. Measured UWB antenna’s gain and efficiency characteristics.

Furthermore, the UWB antenna’s simulated and measured efficiency and gain are illus-
trated in Figure 10. The results show stable gain and efficiency along the desired frequency
channel (3.75-4.25 GHz) in terms of both simulation and measurement. Furthermore, the
measured gain ranges between 5.1 dBi and 6 dBi on these frequencies, where this variation
of less than 1 dB is small enough to ensure that the antenna behavior is considered identical
at all the frequencies of the channel. Similarly, the radiation efficiency varies between
—1.26 and —1.4 dB, which corresponds to radiation of between 72 and 75%.

4.1.3. Radiation Pattern

Figure 11 illustrates the measured radiation pattern of the UWB antenna through
the realized gain of the co-polarization and cross-polarizations (here, the measurements
correspond to one arbitrary chosen port). The pattern is measured in terms of the UWB
channel’s center and edge frequencies (3.75 GHz, 4 GHz and 4.25 GHz) to ensure the
stability of its wideband operation.
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Figure 11. Radiation pattern (azimuth) of the UWB antenna at the channel’s center and edge frequen-

cies through polarization-realized gain.

As shown in the results, the antenna exhibits a 180° directional azimuth pattern at
all frequencies, and the circular polarization sense achieved is left hand (for the measured
port), with stable peak gains of ~6 dBi.

Figure 12 illustrates the simulated radiation pattern (realized gain) of the LoRa PIFA
antenna around the transceiver board at a frequency of 868 MHz. As shown in these results,
the antenna exhibits an omnidirectional radiation pattern and showcases two radiation
dips along the PCB axis. The antenna achieves measured peak gains between 0 and 1 dBi.

Gain [dBi]
DO

330° 30°

300° 60°

270° 90°

240° 120°

210° 150°

180°
——— 868 MHz, Phi 0 deg

868 MHz, Phi 90 deg

Figure 12. Radiation pattern of the LoRa antenna at a frequency of 868 MHz.
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5. Discussion

To assess the localization performance, two steps are investigated. The first one is the
UWB two-way ranging realized between the sensor-tag and the reader, and the second one
is the transmission of the location information to the LoRa gateway and network. These
steps are detailed in the following section.

5.1. From the Sensor-Tag to the Reader

Ranging measurements were performed using two prototypes of the UWB-LoRa
transceiver, with one used as a sensor-tag and another one used as a reader. It is important
to note that experimental tests with UWB signals are not prone to interference with other
devices operating in the same environment [27,28] because they are spread over a wide band
and transmitted at power spectral density levels close to the noise floor of conventional
radio receivers, such as WiFi, Bluetooth, etc.

Figure 13 shows the measurement setup and environment. An outdoor scenario
was privileged, as it enables more available space compared to buildings, allowing us
to measure the performance at LOS and analyze the maximum range of detection that
is achieved through UWB localization. This range does not describe the whole system’s
UWB-LoRa range but only that of the UWB part of the system. This maximum distance
gives an idea of where the intermediate reader node needs to be placed in such system,
that is, how far from the sensor-tag it can be placed and still be able to detect it.

Figure 13. Ranging performed via two LoRa-UWB transceivers, with the first being a sensor-tag and
the second being a reader.

Figure 14 illustrates the result of the ranging through the Link Quality Indicator (LQI)
with respect to the distance measured via the reader (using its UWB feature). The LQI is
the ratio of the measured received signal strength to the already-known saturation signal
strength of the transceiver. It is a metric used by STMicroelectronics for localization using
their UWB module, which was integrated into the designed transceiver.

Firstly, the results show that the LQI and, thus, the received power decreases with
respect to the distance, which is due to signal path loss. Indeed, having higher levels of
power is beneficial for obtaining longer ranges of detectability. For this reason, solutions to
overcome path loss exist in the literature and include the modeling of the UWB propagation
channel [29,30], the estimation of the channel path loss [31] and the compensation for
it at the signal processing level; however, the objective in this work leans more toward
demonstrating the feasibility of the UWB-LoRa localization concept by comparing it to
conventional UWB and LoRa localization systems, the performances of which are known
in terms typical range and accuracy.
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Figure 14. Ranging measurements of the UWB localization between the sensor-tag and the reader in
LOS and NLOS scenarios (outdoor).

Thus, the second observation from these results is that the reader can detect the mobile
sensor-tag up to distances of ~120 m and ~55 m in the LOS and NLOS scenarios. The LQI
naturally decreases with the increase in distance and presents small fluctuations between
close-distance measurements, as it depends on the environment around the mobile tag
at that time instant. The observed LQI dip at the start of the LOS measurement is simply
due to the initialization phase trial measurement and can be ignored. The ranges achieved
conform with typical maximum UWB ranges present in systems used in industry and the
literature (approximately 100-200 m for LOS).

It is necessary to mention that the LoRa feature of the sensor-tag in this work does not
have a role in the UWB localization process, which involves ToF measurements. Indeed,
its role is like that of any LoRa sensor, i.e., to allow the direct transmission of sensing
information to the gateway, which does not require sending it to the intermediate reader.
Indeed, the intermediate reader and UWB communication part of the sensor-tag only
intervene if the sensor-tag has to be located via the gateway.

5.2. From the Reader to the Gateway and Network

After the ranging is performed, the reader node sends the location information of the
sensor-tag to the LoRa gateways, albeit only in case the latter has moved since the last
measurement. The reader transceiver compares the current obtained distance separating it
from the sensor-tag and the previously computed distance. If it is different, the reader sends
the information through LoRa to the gateway. Figure 15 shows the information packet
received by the network, and it displays the reader and the sensor-tag’s Identification
Numbers (ID), the distance measured and the Link Quality Factor (LQI).

These results demonstrate that as long as the UWB-LoRa reader node is placed at an
appropriate distance from a LoRa-UWB (or UWB-only) sensor-tag, it is able to localize
through UWB high-accuracy ranging. The LoRa gateways placed at distances of kilometers
from a sensor will be able to monitor this latter feature and stay informed of its precise
location whenever it changes in real time.
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Figure 15. Ranging information of the sensor, as displayed after its reception via the LoRa network.

5.3. Localization Accuracy

Localization using UWB is known to ensure the accuracy of the location information
that is of a sub-meter level. To observe this process, ranging measurements were realized
with the designed transceivers in an indoor scenario, where multipath effects were often
present, along a limited corridor of 35 m inside the LEAT laboratory. The reader transceiver
was placed at a fixed position, and the tag was moved, starting from 10 to 35 m away from
the reader. The measurements of the distance between the reader and tag were performed
for each step of 5 m. This operation was repeated three times, and the measured distances
were compared to the true distance between the reader and tag. Figure 16 illustrates this
comparison for all three measures.
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Figure 16. Comparison of UWB-measured distances with the true distance between a reader and a
tag in an indoor environment.
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The results show that for all three measures, the distance measured via the UWB
reader follows the reference curve (true distance) very closely. Measure 2 seems to show the
furthest measure from the reference curve; however, its accuracy remains at the sub-meter
level. Indeed, an example is shown at the 20 m distance, where the UWB reader’s distance
estimation is 19.67 m, which corresponds to an estimate error of only 33 cm. All the other
estimates (measure 1 and 3) achieve lower estimate errors of between 10 and 30 cm. This
result allows us to confirm the achieved sub-meter accuracy due to UWB signals’ fine
temporal characteristics (pulse width of ~2 ns). The achieved centimeter-level accuracy
with UWB greatly benefits the LoRa infrastructure; indeed, the conventional localization
attempts using only the LoRa technique to allow a gateway to locate a sensor, as shown in
the literature, are typically characterized by accuracy levels that exceed ~10 m using Time-
of-Flight measurements, which may be low enough for outdoor approximate localization;
however, this accuracy level cannot accommodate indoor environments.

6. Conclusions

This paper investigated the possibility of achieving high-accuracy, long-range local-
ization through UWB and LoRa technologies. A multi-standard transceiver board was
proposed as a solution. It consists of a UWB module, a LoRa module and an MCU, ensuring
the communication between them. The transceiver can either be a sensor-tag deployed in
the LoRa infrastructure, a reader device, or both. It allows the localization of a sensor-tag
with UWB-level accuracy (a few centimeters) and the transmission of the location informa-
tion to LoRa gateways kilometers away from the sensor-tag to the network. The UWB-LoRa
transceiver was fabricated, and two prototypes were used for ranging measurements in
both outdoor and indoor scenarios. The results demonstrated conformal UWB localization
ranges and accuracy, as well as their successful transmission to the LoRa gateway for the
real-time monitoring of the sensor, all while maintaining the low power requirements of
the LoRa communications. In future work, the improvement in the proposed localization
transceiver could focus on the miniaturization aspect of the antennas, especially for the
sensor-tag, to help its integration into different objects that need to be tracked. The minia-
turization can be achieved by choosing a higher frequency channel and optimizing the
antennas accordingly. Another improvement aspect would be the integration of direction
detectability in addition to ranging, and this can be achieved via the design of an antenna
array for the reader side, which can intercept the ranging signals using the array elements
and determine the angles of arrival related to the direction component.
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