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Abstract—The LoRa standard is currently widely employed
for low-power long-range wireless sensor networks at sub-GHz
frequency bands. The longer wavelengths associated with sub-
GHz technology provide excellent radiowave propagation char-
acteristics, yielding much larger coverage compared to higher
frequency bands. In the case of wearable sensors, the 868 MHz
band can be covered by textile substrate-integrated-waveguide
antennas of a convenient size. In body-centric communication
systems, front-to-back diversity is an important asset to mitigate
the shadowing of the antennas by the presence of the human
body. This paper describes a diversity textile-antenna-based LoRa
platform with integrated transceivers. Outdoor measurement
campaigns are conducted to assess the performance of the
wearable LoRa nodes with front-to-back diversity in an urban
radio propagation environment at walking and cycling speeds.
These experiments prove that large ranges of 1.5 km can easily
and reliably be achieved for off-body LoRa communication links.
The results demonstrate a significant performance improvement
in terms of packet loss in NLoS situations when comparing
single-receiver performance to different spacial receiver diversity
applications. Additionally, link budget increases up to 5.5 dB are
seen, owing to the realized diversity gain.

Index Terms—Body-centric communication, Diversity, LoRa,
Substrate Integrated Waveguide, Textile Antenna

I. INTRODUCTION

Wireless sensor networks are widely employed for a
plethora of data links operating in the industrial, scientific and
medical (ISM) bands. ISM-band systems have the advantage of
operating in unlicensed parts of the spectrum, allowing private
networks on a free-to-air basis. For these networks, the most
widely used system is WiFi, which operates at 2.45 GHz or
5.8 GHz frequencies. These bands offer a wide bandwidth but
also suffer from a limited range due to the difficult radiowave
propagation conditions in indoor environments, with large
attenuation caused by walls and other structures. More narrow-
band systems such as IEEE 802.15.4 (physical layer for
ZigBee) allow for an extension of the range, which is however
still limited.

In contrast, sub-GHz frequencies provide more favorable
propagation characteristics, with signal penetration through
building structures with limited attenuation. In Europe, two
sub-GHz ISM bands are currently available, at 434 MHz
and 868 MHz. Whereas the lowest frequency band offers the
best radio propagation characteristics, suitable antennas tend
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to be rather large, due to the wavelength of about 70 cm.
At 868 MHz, the wavelength and, hence, also the antennas
are only half that size, but the propagation characteristics
are still considerably better than at 2.45 GHz or higher. By
employing substrate-integrated-waveguide (SIW) technology,
efficient and compact wearable textile antennas have been
developed for the 868 MHz band [1]–[3]. In that band, LoRa
technology [4] has been proven to offer communication ranges
of over 10 km in outdoor environments [5], [6]. Recently,
a compact LoRa node with extended dynamic range for
channel measurement purposes has been documented in [7].
The integration of this type of node on an SIW antenna
results in a wearable unit for off-body LoRa communication,
able to cover kilometer range links [8]. In this paper, we
investigate the performance of a novel body-worn LoRa front-
to-back diversity wireless communication system, based on
these recent developments.

Using LoRa for off-body communication is not a completely
new concept. [9], [10] and [11] describe LoRa systems that
monitor vital signs and environmental data while worn on the
body. Unfortunately, these publications do not discuss the per-
formance of the wireless links besides mentioning the available
communication ranges. In contrast, [12], [13] and [14] present
the deployment of an arm-mounted LoRa platform to more
rigorously evaluate the feasibility of applying LoRa in a body-
centric wireless communication system. In [12] and [13], the
nodes are deployed in an indoor environment to assess the
application of LoRa for health and wellbeing monitoring. In
[14], the results from an outdoor measurement campaign are
presented and analyzed to characterize the wireless channel.
Similar to this paper, [12], [13] and [14] concern base-station-
to-body communication. However, there are a few decisive
differences between these publications and the work presented
here. All three of these earlier publications present data that
were gathered over a longer time interval, whereas this work
presents a real-time link monitoring effort during which the
test person is following a fixed trajectory. Consequently, this
contribution focuses more on real-time link performance and
achieves a much finer spatial resolution. Additionally, in [12],
[13] and [14], commercial LoRaMote devices were used to
gather data, whereas in this work, custom LoRa channel
characterization hardware was deployed that dynamically im-
plements different dynamic range settings. Moreover, by using
textile materials, the SIW antennas in this system are very light
and bendable. These textile antennas are deployed on the front
and back of the torso of the test person, as this placement
is more robust against depolarization for dynamic users [15].
Yet, the biggest advancement made in this contribution with
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TABLE I: Comparison of recent literature on the application of LoRa in body-centric wireless networks.

[8] [12] [13] [14] This work
Environment Outdoor Indoor Indoor Outdoor Outdoor
Measurement

strategy
Communication

range test
Obtaining channel

statistics
Obtaining channel

statistics
Obtaining channel

statistics Real-time link monitoring

Measurement
hardware

Custom channel
characterization

device integrated on
textile antenna

Commercial
LoRaMote device
with PCB antenna

Commercial
LoRaMote device
with PCB antenna

Commercial
LoRaMote device
with PCB antenna

Custom channel
characterization device

integrated on textile antenna

Wireless link Body-to-body Body-to-base-station Body-to-base-station Body-to-base-station Body-to-base-station
Antenna

placement
Worn on front of

torso Worn on arm Worn on arm Worn on arm Worn on front and back of
torso

Diversity
techniques None None None None

Single-Input
Multiple-Output (SIMO)
Selection Combining &

Maximum-Ratio Combining

Focus on ... Measurement
hardware

Use of different
carrier frequency

channels

Use of different
carrier frequency

channels and
modulation settings

Nakagami model
fitting

Influence of using different
types of diversity and effect

of different mobile user
velocities

respect to previous research is undoubtedly the application of
receiver diversity and additionally, the investigation of link
quality at higher speeds. In the following paragraphs, both
concepts are briefly introduced. A summarized comparison
between the most relevant existing literature and this work
is given in Table I.

Although a single LoRa unit is definitely able to transmit
and receive data over a large range, in off-body communication
systems where wearable, low-profile antennas are deployed,
the communication link often suffers from shadowing by the
human body [14], [16], [17]. As demonstrated extensively
by many researchers for the 2.45 GHz band, front-to-back
(F/B) diversity is a key asset for improving the reliability of
the wireless link [18]. The performance of diversity antenna
systems worn on the front and back of the torso have been
documented for indoor environments at 868 MHz in [19] and
[20], and at 2.45 GHz in [21], [22] and [23]. At sub-GHz
frequencies, diffraction of waves around the body is more
present. However, significant body shadowing still exists and
additionally, the wearable antennas themselves have a direc-
tional radiation pattern, approximately covering a hemisphere
around the body. Therefore, front-to-back diversity systems
are expected to remain useful at sub-GHz frequency bands,
enabling significantly more robust off-body communication
over larger distances.

From the viewpoint of the mobile user, Doppler spread also
has an important impact on the wireless link quality. Earlier
research has concluded that the LoRa modulation protocol
is fairly Doppler-resistant [24], [25]. Other research states
that for LoRa, the 868 MHz channel is sufficiently reliable
at low speeds (up to 25 km/h), but performance is seen to
deteriorate for speeds upwards of 40 km/h [26]. This work
compares the link quality measured at walking speeds and at
an average speed of 31.1 km/h, which is considered a good
approximation of the maximum speed of an average cyclist.
Additionally, it is seen as a credible upper bound for the speed
of alternative personal transport vehicles such as motorized
steps, unicycles or skateboards. To comfortably reach higher
speeds, a mobile user would need to use a different means
of transport, such as a motorcycle or car. In these cases,

one might no longer need to use battery-powered, body-worn
nodes for data communication.

As mentioned earlier, this work investigates the performance
of a body-worn LoRa front-to-back diversity communication
system. The results are based on two outdoor base-station-to-
body measurement campaigns at 868 MHz. In the first mea-
surement campaign, the improvement achieved by applying
F/B diversity is examined, whilst in the other measurement
campaign the influence of the speed of the user on the
performance of the links is investigated. The paper is further
organized as follows. In Section II, the measurement infras-
tructure and methodology are described. The measurement
results are presented and analyzed in detail in Section III.
Finally, a conclusion completes the paper in Section IV.

II. MATERIALS AND METHODS

A. LoRa base station

A fixed, battery-powered LoRa transmitter is placed on top
of a 57 m high building in an urban environment (Fig. 1).
The transmitter has a maximum output power of 10 dBm
and is connected via a 50 Ω coaxial cable to a a wire-based
groundplane monopole antenna. This transmitter sends ten
1-byte packets per second, including only an incrementing
packet number. The very short packet length guarantees the

Fig. 1: Base station antenna (right) on top of the access ladder
(middle) to the uppermost roof portion of the office building
(left) located at marker A.
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shortest possible airtime per transmission and allows to trans-
mit at this fairly high repetition rate. The power output of the
LoRa hardware connected to the omnidirectional base-station
antenna was calibrated using a Rohde & Schwartz (R&S)
FSV40 spectrum analyzer.

B. Wearable LoRa system

The body-worn LoRa system consists of two identical
nodes, which are displayed in Fig. 2, worn on the front and
back of the body to implement diversity. These units consist of
a textile SIW antenna [1] on which a compact LoRa transceiver
is integrated, along with a low-power microcontroller, 32 Mbit
of flash memory and a triaxial magnetometer, accelerometer
and gyroscope. The unit is also equipped with a very low-
profile battery, preserving the compactness and wearability of
the node. In Fig. 3, the normalized directivity of the standalone
textile SIW antenna is compared to that of the entire system
when worn on the body. Additional hardware design features
and operational principles of this transceiver node are broadly
discussed in [7] and [8].

Fig. 2: Front (left) and back (right) side of the wearable LoRa
unit, with the complete system integrated on a textile SIW
antenna.

Fig. 3 primarily shows that a sizable portion of the energy
radiated along the backward hemisphere of the antenna is ab-
sorbed by the wearer. With the average front-to-back (F/B) ra-
tio of the body-worn node equaling as much as 9.57 dB, it can
be concluded that body shadowing is in fact a very prominent
link obstruction mechanism for the wearable system. Fig. 3
also shows that the directivity of the body-worn node is highly
regular in front of the coronal plane. Given the large amount
of small variations in the orientation and posture of the test
person during the measurement campaigns, limited variations
in the radiation pattern are assumed to be averaged out across
a large range of angles when moving through the environment.
A similar reasoning can be applied to the expected effects of
the single notch on the back side of the radiation pattern as the
cumulative impact of this notch is assumed to be distributed
across the (already heavily attenuated) back hemisphere of the
pattern when the test person is moving. In consideration of
this mechanism and the high F/B ratio presented earlier, in
this paper, the analysis is based on the separate and combined
results gathered from the front and back nodes, assuming
half dome radiation patterns in front of the body with some
leakage around the body. As a consequence, in addition to path

loss, shadowing by the environment, small-scale fading, and
reflections in the environment, body-centric link parameters
such as body shadowing and variations in the orientation and
posture of the test person are considered to be part of the
physical link under study.
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Fig. 3: Normalized directivity (in dB) of the standalone textile
SIW antenna and the fully integrated LoRa system when worn
on the chest.

Power level measurements performed by this hardware are
calibrated using a three-phase calibration procedure, which
is comprehensively described in [7]. The first phase of this
procedure consists of calibrating the power output of a ref-
erence node when directly connected to the R&S FSV40
spectrum analyzer. Then, a high-precision stepped attenuator
and a set of highly shielded coaxial cables are placed between
the reference node and the spectrum analyzer. Next, this setup
is calibrated for all possible attenuation settings. In the third
phase, the reference node is used to inject a signal into the
now calibrated stepped attenuator. Finally, the power levels
measured by the device under test (DUT) can be compared to
those measured in the previous phase to calibrate the receiver.
To shield the DUT from any leakage from the reference node
or the stepped attenuator, both components are placed in an
anechoic chamber, while the DUT is installed in the shielded
control room adjacent to this chamber.

C. Measurement Strategy

Due to their high system integration level, LoRa transceivers
provide very few options to extract channel state information.
Moreover, a very limited dynamic range in terms of signal-
to-noise ratio (SNR) is typically observed as strong signals
tend to easily saturate the detector [5], [7]. In [7], this is
circumvented by integrating stepped attenuators onto the wire-
less node. Their attenuation settings are based on the signal
strength of previously received packets, enabling these nodes
to adapt to different transmission path lengths and propagation
losses. However, given the very rapid variations of the wireless
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channel between a fixed base station and a mobile receiver,
this kind of adaptive scheme for extending the dynamic range
is not suitable for the experiments presented in this work.
Consequently, a different measurement strategy was adopted.

Keeping in mind that a high channel sampling rate is de-
sirable when a mobile user is involved, a low LoRa spreading
factor (SF) of 7 was chosen, which greatly limits the airtime
needed for transmitting a single data packet. Unfortunately,
using a lower SF also lowers the sensitivity of the system,
which has an adverse effect on the already limited dynamic
range, revealing a trade-off between the channel sounding dy-
namic range and sampling rate. In this case, the dynamic range
was reduced to 15 dB. However, as it has been demonstrated
that attenuators can be used to shift the channel sounding
dynamic range up [7], the increased packet transmission rate
can be exploited to transmit packets at varying transmission
powers in quick succession to probe the channel at different
dynamic range settings. Varying the transmission power and
transmitter attenuation settings enables the body-worn nodes to
characterize the channel over a relatively large dynamic range
of about 60 dB, which is composed of four 15 dB subranges
according to the predefined scheme, shown in Table II.

TABLE II: Dynamic range settings.

Packet n° mod 4 0 1 2 3
PTX 10dBm 5dBm 0dBm −5dBm

ATTTX 0dB 10dB 20dB 30dB
PTX,total 10dBm −5dBm −20dBm −35dBm

ATTTX,10 dBm 0dB 15dB 30dB 45dB

This range could be extended further, to a theoretical
maximum of 90 dB, by also dynamically using the attenuators
at the receiver side of the link. However, more packets would
need to be sent to perform a single scan of this 90 dB dynamic
range. As the highest power level received during preliminary
measurements rarely exceeded half of the maximum power
that can be measured by the system, this extension was not
implemented. When receiving a data packet, the dynamic
range settings used to transmit it can be found by considering
the remainder of the division of the packet number by 4.

Subtracting the transmitter attenuation ATTTX from the
corresponding transmit power PTX yields the total transmis-
sion power PTX,total for each of the four dynamic range
settings. The power that would be received when always
transmitting at 10 dBm can eventually be described as the
sum of the power level measured by the receiver and the
virtual attenuation applied to the transmitter w.r.t. this constant
transmit power of 10 dBm (ATTTX,10 dBm). Using this metric,
the channel attenuation can be calculated as follows:

ATTCH = 10 dBm − PRX,meas + ATTTX,10 dBm (1)

in which PRX,meas denotes the power that was measured
by the receiver. The measurement scheme presented in Table
II was calibrated by setting up a link between two nodes
in an anechoic room and testing all possible transmission
power and attenuation settings. Due to the limited speed at
which the LoRa nodes can send and receive packets, the

earlier mentioned transmission rate of ten 1-byte data packets
per second was achieved through extensive code and timing
optimization, thus enabling a full scan of the channel at the
four different dynamic range settings every 400 ms, using the
aforementioned SF of 7, a code rate of 4/5 and a bandwidth
of 125 kHz.

D. Outdoor trajectory

In the experiments presented in this work, a medium-build
test person moves through a relatively open suburban/urban
environment in the south of the city of Ghent, Belgium, while
wearing a wireless node both at the front and back of the
body. As can be seen in Fig. 5, the trajectory followed by
this person starts at the foot of the office building on top of
which the base station is located (A). He first walks around a
patch of vegetation (B) to the south-west of this tower to gain
access to a bridge (C) over the nearby highway, waterway
and ring roads. The test person keeps moving north until a
distance of 1.5 km from the base station is reached, where
the link is no longer to be considered LoS (between D and
E). From this point, the trajectory runs back along the same
route. However, when arriving back in the vicinity of the
transmitter, a detour (H-I-J) is taken, which runs around several
large three- to five-story university buildings before arriving
back at the starting point of the trajectory. While moving
along this 5.66 km long route, received SNR values and packet
numbers are continuously recorded by both the front and back
nodes according to the measurement strategy presented in the
previous subsection. First, the test person follows the course
on foot, walking at an average speed (vRX ) of 6.2 km/h. Next,
the same course is also traversed using a motorized longboard
at an average speed of 31.1 km/h to consider the influence of
the speed of the mobile receiver on the quality of the links.

III. MEASUREMENT RESULTS AND ANALYSIS

The propagation environment of the trajectory presented
in Section II-D is now described and characterized more
thoroughly, based of the measurements gathered when walking
along this route. Next, the performance gain achieved by
applying spatial receiver diversity is investigated, for both
selection combining (SC) and maximum ratio combining
(MRC), based on the packet reception ratios and the received
power level distributions. Finally, the results measured when
moving at a higher speed are presented and compared to the
channel characteristics when walking.

A. Channel when walking at 6.2 km/h

The signal powers measured when walking the trajectory
are presented in Fig. 4, showing individual packets as dots
and the average received signals, which are calculated by
averaging the raw measurements over 9.6 seconds, as lines.
Additionally, the average received power is also superimposed
on the satellite picture of the trajectory shown in Fig, 5.
Upon first observation, there seems to be a large spread of
received powers over the entire trajectory. This can mainly
be attributed to the movement of the receiver, which causes
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rapidly varying multipath conditions. In general, the trajectory
can be split into paths where there is a clear LoS between the
base station and the receiver (paths C-D, F-G, H-I and J-A)
and areas where there is no LoS (NLoS) (A-C, D-E, G-H
and I-J). At the farthest end of the trajectory (D-E), a lot of
buildings obstruct the link, resulting in a considerable loss of
data packets. Another episode of packet loss can be identified
right underneath the base station (A). This is caused by the
radiation pattern of the monopole located high above this area
in addition to shadowing by the office building underneath it.

1) Path Loss: The path loss (PL) imposed by the propaga-
tion environment cannot be characterized for the full dataset
due to the complex propagation mechanisms. However, for
packets received in LoS areas, an estimation can be made. For
two LoS subsets of data, gathered by the front node between
markers F and G and by the back node between markers J and
A, the path loss characteristics are determined by fitting the
data to the conventional formula:

PL(d) = PL(d0) + 10 · n · log10(
d

d0
) (2)

with d denoting the distance from the base station, n being
the path loss exponent and d0 = 1 m. The path loss exponents
found for the selected subsets are nFG = 2.53 and nJA =
2.64. Path loss exponents are expected to amount to 2.7 - 3.5
for urban environments and 3 - 5 in suburban environments
[27]. Note that the transmitter was placed very high (57 m)
and very clear LoS paths exist between the base station and
the areas between markers F-G and J-A, spanning distances
between 150 and 750 m.

2) Front-to-back diversity: When considering the data
shown in Fig. 4, it is clear that exploiting a selection com-
bining diversity scheme may significantly increase the average
power received by the system, as the fluctuations in the en-
velopes of the front and back signals are quite complementary.
This is especially true for the areas where there is a LoS
path between one of the receivers and the base station. In
these areas, relatively large signal level differences are caused
by body shadowing and the directionality of the wearable
antennas.
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Fig. 5: Full trajectory walked by the test person with indi-
cation of the average received signal power measured, using
selection combining. (vRX = 6.2 km/h) Map Data: Google,
Landsat/Copernicus.

Between markers E and F, the path is not entirely LoS due to
surrounding houses. Yet, the signals received by the front node
are still significantly stronger than those received by the back
node. This is mainly caused by a street canyon, in addition to
the body shadowing and the antenna directionality mentioned
earlier. As a consequence of this behaviour in absence of a true
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Fig. 4: Average power levels (lines) of all packets (dots) received by both nodes with vRX = 6.2 km/h.
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line of sight, the wireless link can be described as Quasi-Line-
of-Sight (QLoS). Based on the difference between the average
signal levels measured in this situation, it can be concluded
that selection combining may still solidly improve the average
received power.

Also note the shadowing effect caused by the trees north
of marker C (#), where the connection is otherwise LoS, and
between markers I and J (∗), where the connection is mostly
NLoS. In these and other NLoS areas, a selection combiner
would not be expected to significantly increase the average
signal that is received, as the powers received by the front
and back nodes are more comparable.

3) Packet reception ratios: The performance increase of
using a selection combining F/B diversity scheme is apparent
from the measured packet reception ratios (PRRs), shown in
Table III. For all packets sent without any form of attenuation
(packet number mod 4 = 0), the individual PRRs are reason-
ably high for both body-worn nodes without diversity, which
results in a very high PRR of 98.4 % after SC. Moreover, for a
transmit power of −5 dBm, an even more significant diversity
gain in PRR is observed.

TABLE III: Packet reception ratios for single-receiver and
F/B receiver diversity situations, evaluated for different

transmit powers. (vRX = 6.2 km/h)

PRR (%)
PTX = 10dBm PTX = −5 dBm

Front node (SISO) 92.5 54.2
Back node (SISO) 88.8 41.7

SC diversity 98.4 72.9

Table III also reveals a noticeable difference between the
PRRs measured at the front and back nodes when consid-
ering single-input single-output (SISO) operation. This can
be attributed to the asymmetry in the northern part of the
trajectory, where most packet loss seems to occur. To obtain
more insight into this behaviour and the corresponding PRR
variations along this path, the total number of received packets
is shown as a function of time in the top half of Fig. 6.
The corresponding instantaneous PRRs, measured over a time
window of 20 seconds, are shown in the bottom half of Fig.
6. This figure shows that F/B diversity strongly contributes to
the packet reception in NLoS situations. Only during two rel-
atively short episodes between the twentieth and twenty-third
minute of the experiment, large dips in PRR are registered for
both nodes at the same time, resulting in an overall loss of the
communication link. These drops in the communication link
correspond to two specific parts of the trajectory where the test
person first walked through a small tunnel and next crossed
the road in an area severely shadowed by the surrounding
buildings.

4) Statistics of the received power levels: Table IV shows
the average received signal powers together. In general, SC
and MRC increase the average received power by some dB
compared to the SISO channels.

Next, cumulative density functions (CDFs) were generated
describing the distribution of the received powers w.r.t. the
number of packets that were sent. By doing so, the CDFs don’t
start at 0 because of the packet loss experienced in the wireless

2500

3000

3500

4000

4500

5000

T
ot

al
 p

ac
ke

ts
 r

ec
ei

ve
d

D E FTunnel

Front
Back
SC / MRC
PRR = 100%

16 18 20 22 24 26 28 30
Time (min)

0

20

40

60

80

100

PR
R

 (
%

)

Fig. 6: Total number of received packets (top) and local PRRs
(bottom) along the path D-E-F. (vRX = 6.2 km/h)

TABLE IV: Average signal levels and corresponding
standard deviations. (vRX = 6.2 km/h)

µ (dBm) σ (dB)
Front node (SISO) -108.7 5.9
Back node (SISO) -111.3 5.8

SC diversity -106.6 5.5
MRC diversity -105.8 5.5

links. As a result, Fig. 7 shows both the improvement gained
in the distribution of the received power levels as well as the
improvement in packet reception. As expected, the distribution
for the SC signals are essentially shifted toward higher signal
levels when compared to the SISO cases. Additionally, MRC
outperforms SC only by a small margin.
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Fig. 7: CDFs of the different links. (vRX = 6.2 km/h)

B. Channel when moving at 31.1 km/h

Fig. 8 shows the average received power when completing
the course with a motorized longboard at 31.1 km/h. Because
of the shorter time-frame, less packets were transmitted,

Authorized licensed use limited to: University of Gent. Downloaded on September 18,2020 at 09:58:45 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.3008660, IEEE
Transactions on Antennas and Propagation

7

lowering the resolution. Generally, the data exhibit the same
behaviour as those gathered at lower speed. Because of this
similarity, a graphical representation such as shown in Fig. 5
is omitted. The LoS path loss exponent found by considering
the area between F-G is equal to 2.44, which is similar to the
previous channel sounding experiment. Due to the movement
of the receiver, the amount of data packets was too low to
calculate a reliable path loss exponent in the LoS area between
markers J and A.
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Fig. 8: Average received power with vRX = 31.1 km/h.

The most significant difference are the lower power levels
measured when moving away from the base station between
markers C and D. This is also seen in the overall PRRs, shown
in Table V. Overall, the PRR of the back node is 5.5 % lower
than the one measured when walking. This is partly made up
by the PRR measured by the front node, which is a small
1.2 % higher. The resulting SC/MRC diversity PRR is 1.4 %
lower. Furthermore, the PRRs measured when considering a
−5 dBm transmission power are considerably lower, showing
respective losses of 8.7 %, 10.9 % and 13.3 % for front, back
and SC/MRC diversity situations. This indicates that at higher
speeds, Doppler effects appear to further complicate channel
estimation based on packets that are received at a very low
SNR.

TABLE V: Packet reception ratios at each individual node
and for F/B receiver diversity situations at different transmit

powers. (vRX = 31.1 km/h)

PRR (%)
PTX = 10dBm PTX = −5 dBm

Front node (SISO) 93.7 45.5
Back node (SISO) 83.3 30.8

SC diversity 97.0 59.6

Overall, these higher losses are consistent with the lower
average signal levels, shown in Table VI, and the CDF data,
shown in Fig. 9. However, the differences between these
values and those measured when walking are relatively small
and not statistically significant. Additionally, given the great
similarity between these data and those gathered during the
first measurement campaign presented in this work, this second
experiment also serves as a validation for the first one.

TABLE VI: Average signal levels and corresponding
standard deviations. (vRX = 31.1 km/h)

µ (dBm) σ (dB)
Front node (SISO) -109.5 4.8
Back node (SISO) -112.1 4.9

SC diversity -108.4 4.9
MRC diversity -107.5 5.0
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Fig. 9: CDFs of the different links. (vRX = 31.1 km/h)

IV. CONCLUSION

A low-power LoRa link was established between a fixed
base station and a mobile user, equipped with a wearable
LoRa transceiver node integrated on a substrate-integrated-
waveguide antenna, on both the front and back of the body.
This setup was calibrated in an anechoic chamber and ex-
ploited to perform different measurement campaigns in an
omnifarious urban environment, featuring a combination of
different line-of-sight (LoS) and non-line-of-sight (NLoS) pas-
sages.

By combining the signals received by both receiver nodes,
the performance gained by using front-to-back (F/B) diversity
techniques such as selection combining (SC) and maximum
ratio combining (MRC) were investigated. SC diversity most
notably increased the reliability of the link by significantly
increasing the packet reception ratio (PRR) in NLoS areas.
This is especially true for packets that were sent at a very low
transmit power (−5 dBm), for which increases of 18.7 % and
31.2 % in PRR were observed. MRC was found to provide
a marginal additional improvement (< 1 dB) to the system’s
performance, which does not justify the additional complexity
and cost of such a system. However, the comparison of this
best-case diversity scenario to single-receiver performance
reveals considerable average signal level enhancements up to
5.5 dB.

The trajectory followed when performing the channel
sounding experiment was completed once at a steady walking
pace of 6.2 km/h and a second time moving considerably
faster, using a motorized longboard at an average speed of
31.1 km/h. No statistically significant differences were found
between the average signal levels received during both of these
runs. However, the data do suggest a slight reduction in PRR
and received signal power in certain parts of the trajectory,
confirming previous research on the matter. Overall, both
measurements do share a great deal of similarity, exhibiting a
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large number of identical features.
In general, the wireless LoRa link is found to be adequately

robust, both in terms of range and speed of the user. Given the
superior propagation characteristics at sub-GHz frequencies
it is proven to be a very valuable choice for low data rate
body-centric applications that require a large range and good
reliability, especially when combined with F/B diversity.
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