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Abstract—The aim of this paper is to discuss the usability of
the Long Range (LoRa) transmission technology together with
the LoRa Wide Area Network (LoRaWAN) protocol for under-
ground monitoring activities. In particular, the paper focuses
on the transmission performances in different soils (i.e., gravel,
sand and clay), for an underground-to-aboveground (UG2AG)
communication. The three soils have been chosen in order to test
the system behavior in case of pure soil compositions, in order
to provide a general result that can be used to evaluate the
transmission chances for any kind of soil. The performances of
the transmission channel have been tested using an experimental
setup for depths up to 50 cm, acquiring the values of the
Received Signal Strength Indicator (RSSI) and of the Signal-
to-Noise Ratio (SNR) for every transmission and analyzing the
Packet Loss (PL). Such a Kkind of system may be crucial in several
application scenarios, like for example environmental monitoring
or smart agriculture, where the real-time, remote acquisition of
underground parameters at different depths is required.

Index Terms—LoRaWAN, Underground to Aboveground
Transmission, IoT, Performance Analysis, Soil Composition

I. INTRODUCTION

IRELESS Underground Sensor Networks (WUSN)

have been increasingly investigated since the need
of establishing pervasive monitoring infrastructures to be
deployed in unreachable and hostile environments has be-
come more and more compelling over time [1]-[3]. More-
over, the design phases of such networks are notably more
challenging than for the superficially deployed ones due to
the intrinsic attenuation properties of soil. Despite it, the
growing necessity of WUSN gradually coined the brand new
paradigm of the Internet of Underground Things (IoUT)
[4] which is currently paving the way for novel solu-
tions for measuring, sampling and transmitting the extent
of various phenomena, that take place underground, whose
knowledge is required in order to actuate the most diverse
operations either aboveground or underground (e.g., man-
age assets, predict occurrence of events, perform mainte-
nance, schedule processes and so on). To this end, sev-
eral techniques for underground-to-underground (UG2UG),
underground-to-aboveground (UG2AG) and aboveground-to-
underground (AG2UG) transmissions have been devised in
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disparate contexts: oil and gas reservoirs [5], smart lighting
systems [6], smart urban drainage systems [7], smart cities
[8] and environmental monitoring [9] are only few instances
although smart agriculture has taking a huge advantage from
such technologies [10]-[15].

In this paper an IoUT sensor node, which is suitable
to any of the aforementioned scenarios, is presented. It is
enabled by the Long Range Wide Area Network (LoRaWAN)
communication protocol and it is designed to operate buried
underground. The effectiveness of the system was already
proved within a previous work [16] by performing several
UG2AG transmission series by varying burial depth. On the
other hand, in this paper the channel performances are further
investigated by taking into account different soils (i.e., gravel,
sand and clay).

The manuscript continues as follows. In Section II some
related works on Long Range (LoRa) modulation and Lo-
RaWAN protocol for underground networks are reviewed
while in Section III a model for estimating path loss for
soil-air transmission channel is reported. Section IV shows
the experimental setup (i.e., the IoUT sensor node and the
LoRaWAN network infrastructure). An analysis of the soils
in which tests were conducted is reported in Section V,
while transmission tests and relative results are exposed in
Section VI along with the estimates of path losses given
by the application of the path loss model to the test cases,
whereas their discussion is outlined in Section VII. Eventually,
conclusions and final remarks are highlighted in Section VIII.

II. RELATED WORKS

Due to the rapid growth of its popularity, LoRa technology
has been tested and employed in a wide range of different
application scenarios. Besides its almost traditional use for
distributed monitoring infrastructures in urban or rural context,
its functioning and reliability has also been tested in critical
scenarios, like the monitoring of underground sites [17], or
hostile environments like the marine ones [18].

One of the most critical scenarios is the underground one
[19], [20]: in this context, LoRa may be useful, for example, to
collect data from underground structures within a Smart City
scenario [8], [21] or soil features in Smart Agriculture appli-
cations [15]. Nevertheless, despite its importance in different
contexts, few papers discussed the reliability of LoRa when
transmitting from underground.
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The reliability of LoRa modulation in conditions in which
nodes are at the edge of their communication range was proved
even in underground settings by exploiting communication
parameters that speed up the data rate rather than slow it
down with setting which would theoretically ensure better link
quality [23].

From simulations on LoRa underground transmissions, a
dependency of communication performances on soil moisture
content was highlighted and it was also observed that other
comparable cellular technologies (e.g., NB-IoT) theoretically
outperform LoRa [7]. However, bearing in mind a massive
deployment of IoUT sensor nodes, adopting LoRa may reduce
either running and fixed costs. Moreover, signal attenuation
due to soil moisture may be exploited to detect Volumetric
Water Content (VWC) variations by means of a multidimen-
sional deployment of LoRa underground sensor nodes [11].

LoRa UG2UG and UG2AG communications where under-
ground sensor nodes were placed either under manholes in
a smart city context [8], or under fields in smart agricul-
ture frameworks [15] were investigated. On the other hand,
UG2UG LoRa links under sandy and loam soil were tested
[24] even by varying the VWC, burial depth and covered
distance [25], [26]. Such studies confirmed the modulation
practicability in those circumstances.

Underground infrastructures (e.g., manholes in urban sce-
narios) may be suitable for a monitoring system based on
synchronous LoRa mesh networks of IoUT sensor nodes in
which measurements are forwarded via UG2UG multi-hop
links and bridged to the surface via a UG2AG transmissions
and then sent via LoRaWAN uplinks to a remote gateway [21].

The quality of UG2AG links enabled by LoRaWAN can
be assessed by varying the burial depth of the transmitter
[27]: notwithstanding the significant reduction of the Received
Signal Strength Indicator (RSSI) and of the Signal-to-Noise
Ratio (SNR) with the increase of the burial depth, satisfactory
results were experienced thus pointing out the robustness of
LoRa.

III. PATH LOSS MODEL FOR SOIL-AIR TRANSMISSION
CHANNEL

Many papers investigated electromagnetic waves propaga-
tion underground analyzing dependencies on soil composition
and VWC [28]-[31] or estimating impulse response of such a
medium [32]. Other studies performed evaluations on path loss
related to underground wireless links [9], [12], [33]-[36] and
hereinafter a similar investigation is conducted for UG2AG
transmissions. For the sake of clarity refer to the model in Fig.
1. Path loss can be calculated by modifying the Friis formula
(i.e., Equation 1)

Prx =Prx +Grx + Grx — Lvg — Lvg—ac+
_0-5(LAG + LSurface) - L]W - 10[09100(2)

where Prx is the RSSI, Prx is the transmitted power output,
Grx is the transmitter antenna gain, Grx is the receiver
antenna gain, Ly accounts for underground losses, Lyg—aa
refers to refraction losses at the soil-air interface, L 4 rep-
resents aboveground losses, Lgyrfqce 1S the attenuation due
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Fig. 1. Channel model for UG2AG links.

to lateral waves, and L), refers to miscellaneous losses due
to sundry possible sources (e.g., obstructions within the first
Fresnel zone, antennas polarization mismatch and so on) and
due to the fact that some of the conditions under which the
Friis equation can be applied could not be met. Indeed, while
the distance between the antennas can be far greater than the
carrier wavelength for the most part of UG2AG transmissions,
the transmitting and receiving antennas may have different
polarization and they can be probably misaligned. Moreover,
due to the fact the transmitting antenna is buried underground,
unobstructed free space hypothesis can never be satisfied.
Finally, 10log10(x?) is the path loss due to multi-path fading
phenomenon.

The aboveground losses L s may be calculated as free
space loss

Lac = 3245 + 20logio(dac) + 20logio(f)  (2)

where da¢g is the path the signal travels aboveground ex-
pressed in km and f is the carrier frequency expressed in
MH~z. Ly may be computed as [36], [37] suggest

Luc = 6.4+ 20logio(duc) + 20logio(B) + 8.69adyc (3)

where dy¢ is the path the signal covers underground expressed
in m, « is the attenuation constant and £ is the phase shifting
constant. The former two terms may be evaluated as

!’ 1 2
a=onf |HOHr€C 1+<€,) -1, @
2 €
‘LL ,LL ¢ E/ 6// 2
B=2rf % 1+(€,) +1 (5)

in which f is the carrier frequency, .. is the relative magnetic
permeability of soil, that can be approximated as 1 supposing
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that the soil composition is metal-free, while ¢ and ¢ are
in turn the real and imaginary part of the effective soil per-
mittivity that can be computed as [38] suggests. In particular,
they can be evaluated by resorting to the Mineralogy-Based
Soil Dielectric Model (MBSDM) [39] which is valid within
the range 0.045 + 26.5 GH z. It requires as inputs the VWC
(V), the carrier frequency and the percentage of clay (C)
related to soil composition. In so doing, the real and imaginary
part of soil permittivity (i.e., ¢ and € ) are derived from the
refractive index n and the normalized attenuation coefficient
k as follows:

/

¢ =n’ — k% (6)
€ = 2nk; (7)
o Jnat (e =1V if V< Vi |
"t (= DV + (g = 1)V = Vi) else ’
(®)
k= kq + k,V Zf V<V, 9)

N ka A+ ko Vi + kp(V = Vi) else

where ngp ¢ is the refractive index respectively of dry soil,
bound and free water; kgqp ¢ is the normalized attenuation
coefficient in turn of dry soil, bound and free water; V,,, is
the maximum bound free water fraction used to distinguish
the two moisture regions (i.e., bound and free water). These
quantities are evaluated according to:

ng = 1.634 — 0.539 x 1072C + 0.2748 x 10~*C?;  (10)
kg = 0.03952 — 0.04038 x 10~2C; (11)

V2 = ¢ (€4,0)% + (e,0) + € 55 (12)

ko, pV2 = \/ (€,7)2 + (€)% — € 5 (13)

Vi = 0.02863 4 0.30673 x 10~2C (14)

where ¢, ; are the complex dielectric values for bound and
free water respectively. The latter ones can be computed as:

4 €0b,0f — €oco
— oo+ OO — €0, 15
€b7f €00 + 1 + (27Tf7'b’f>2’ ( )
” €0b,0f — €oco Oy, f
=2 % 9 — 16
T Ty (27 fr,1)? Ty 27 feo (10

where €., = 4.9 is the dielectric constant in the high frequency
limit, €gp05 are low frequency limit of the dielectric constant
of bound and free water and in particular ¢y = 100, 73,  are
the relaxation time of bound and free water and in particular
7 = 8.5 x 10712, while oy, ; are the conductivity respectively
of bound and free water. Finally, the remaining parameters can
be evaluated as follows:

cop = 79.8 — 85.4 x 1072C + 32.7 x 10~ 4C?; (17)
7 = 1.062 x 107! + 3.450 x 107 14C; (18)

op = 0.3112 + 0.467 x 1072C; (19)

or =0.3631 + 1.217 x 1072C. (20)

Alternatively, the real and imaginary part of soil permit-
tivity may be computed by resorting to the methods and
equations presented by the International Telecommunication
Union (ITU) in [40]. In particular, for what concerns soils,
such model requires the carrier frequency, the temperature,
the percentages of either sand and clay, the Specific Gravity
(SG) (i.e., the mass density of the soil sample divided by the
mass density of the amount of water in the sample), the VWC
and the Bulk Density (BD) of the soil samples.

Refraction losses occurring at the soil-air interface are
computed as

(Ve +1)2
Lyg—ac =~ 10logig | ——F=—1, 2n
Ve
while the attenuation due to lateral waves is
LSurface = 40l0910(dSquace)7 (22)

where dgyr face 18 the distance of the soil-air interface propa-
gation.

Lastly, x is a random variable accounting for path losses
due to multi-path fading having a Rayleigh distribution

X -3
_ X T3
f(X>_0]2%e R

(23)

where op = \/g is the distribution parameter.

Due to the higher soil permittivity, in comparison with the
one of the air, reflected and refracted signals are incident
to soil surface. In other words, only signals having small
incident angle 0y are able to emerge towards the surface.
Hence, especially for UG2AG links, signals propagate verti-
cally trough the soil allowing the approximation 6y ~ 0 that
entails either dyg ~ hyg (ie., the burial depth hyg) and
dag = Vd? + hAGQ.

IV. EXPERIMENTAL SETUP

Since the aim of this work is to test and analyze per-
formances of UG2AG LoRaWAN transmissions, a general
purpose LoRaWAN board was exploited as IoUT sensor
node. In particular, the B-L072Z-LRWANT1 discovery kit board
produced by STMicroelectronics [41] was chosen. It basically
embeds an STM32L072CZ microcontroller [42] manufactured
by STMicroelectronics and an SX1276 LoRa transceiver [43]
constructed by Semtech along with miscellaneous electronics.
Concerning its power supply, a power bank was employed,
while transmissions were carried out by exploiting a \/8 whip
antenna having 2 dBi gain that was directly connected to the
B-L072Z-LRWANT1 discovery kit board via a Sub Miniature
version A (SMA) connector: such a choice was justified by
the study that was worked out during the previous work.
Finally, the IoUT sensor node and its antenna were housed
within an IP56 box so to protect them during underground
trials. The microcontroller runs a firmware implementing
a LoRaWAN end device (i.e., a Class A device) sending
packets to a gateway on a periodic basis establishing a
frequency diversity scheme amid 8 different channels in the
863870 M H z Industrial, Scientific and Medical (ISM) band
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(ie., 8671 MHz, 8673 MHz, 867.5 MHz, 867.7TMHz,
867.9MHz, 868.1 M Hz, 868.3 M Hz and 868.5 M H z).

The back-end of LoRaWAN network infrastructure enabling
the test is the same as the one in [18], while a different
gateway was adopted. The latter is an LG308 produced by
Dragino [44] which embeds two SX1257 [45] (i.e., LoRa
transceivers) and one SX1301 [46] (i.e., a LoRa modem),
both produced by Semtech. The gateway has a sensitivity
which varies in function of the Spreading Factor (SF) and
the exploited bandwidth for the transmissions. Supposing to
employ a bandwidth of 125 kH z, the gateway sensitivity spans
from —137dBm at SF = 12 to —126dBm at SF = 7.
During the tests, it was equipped with the same antenna as
the one of the sensor node (i.e., a A/8 whip antenna having
2 dBi gain). It behaves as a packet forwarder, hence it firstly
receives and demodulates LoORaWAN packets and then it sends
such data to a remote network server exploiting the Message
Queuing Telemetry Transport (MQTT) protocol. The network
server was especially designed and implemented by making
use of Node-RED. It menages all the incoming packets and
stores all the related data (e.g., payloads) and metadata (e.g.,
RSSIs and SNRs) in a MySQL database.

V. SOIL ANALYSIS

Three deposits have been selected in the surroundings of
the city of Siena, Italy, to test the technological solution
here proposed, in order to check the efficiency under various
conditions. In particular, the main difference is represented
by the grain-size, which significantly differs from sample to
sample and accounts for different behaviors and properties
(e.g., angle of repose, packing, permeability, organic matter
content, etc). Therefore, we elected to analyze three samples
constituted by gravel, sand and clay respectively, as representa-
tive of pure soils. From a geological point of view, such choice
makes sense because they exemplify the three main grain-
size classes in which sedimentologic scales are classified (e.g.,
Wentworth scale [48]). Nonetheless, it is also useful because
the vast majority of agricultural soils are usually composed of
a combination of such grain-size classes: knowledge about the
behavior of pure soils would help predicting the behavior of
mixed soils.

The first two samples have been collected from an emerged
longitudinal bar along the Merse river bed (i.e., samples Merse
#1 and Merse #2). Due to the strong flows that typically
characterize such a stream, the deposits were expected to be
characteristically devoid of fine particles (< 63 wm), which
would be easily washed away with no chance of deposition
in such environment. As the sampling site along the river
is located far from the alluvial plain, here the river still
maintains the flow characteristics of a mountain creek. Gravel
accumulations have been easily spotted along the riverbed, as
well as sand deposits. The clay sample has been collected
further downstream, in a site characterized by frequent floods
over the natural levee. Such alluvial deposits are usually
constituted by finest particles, as coarser sediments can hardly
be transported past the levee even during flooding events.

The sedimentological characterization of the three samples
has been carried out to calculate the traditional parameters that

best define the main properties of sediments. Such parameters
are mean and sorting [47], and the percentage of coarse (>
2 mm, gravel), medium (from 2mm to 63 ym, sand) and fine
(< 63 um, clay) fractions. Mean corresponds to the average
grain-size of the sample; sorting describes the heterogeneity of
the grain-sizes comprised in the sample. Percentage of coarse,
medium, fine fractions is the proportion between the main
populations of sediment grain-sizes in accordance with the
Wentworth scale [48]. About 1 kg of sediment was sampled
from the selected sites, collecting with a small shovel the
surface of the deposits. The laboratory analysis was carried
out in accordance with the technique described in [49]. No
further characterization of the finest population has been done.
The resulting data (see Table I) were processed with an Excel
macro named Granu, which enabled the calculation of the
textural parameters.

The results of the grain-size analysis confirmed the expec-
tations, as the first two samples (i.e., Merse #1 and Merse
#2) present no fine fraction, and varying content of coarse
and medium fractions. The coarser one (i.e., Merse #1) is
characterized by 86% of gravel and pebbles, which translates
to a 7.126 mm mean grain-size. Merse #2 is almost entirely
constituted by sand (i.e., 95%), with a mean grain-size of
0.922 mm (i.e., medium sand). Though the percentage of sand
is almost 100%, the sorting is moderately poor (i.e., 0.734),
meaning that Merse #2 sample includes very fine to very
coarse sands. Merse #1 sorting is poor, as expected in a sample
characterized by such proportions of coarse and medium
fractions. The Certosa sample confirms the provenance from
the ”Crete Senesi” deposit, as the mean grain-size is well
below the 63 pm threshold between fine and medium particles
(i.e., 0.056 mm); predictably, such sample is very well sorted
(i.e., 0.545).

Following the sedimentological characterization, a gravi-
metric analysis was carried out on soil samples to measure
their VWC and BD. In particular, soil samples were collected
at 3 depths, i.e., 10cm, 30 cm and 50 cm: since differences
among these depths are very small, intermediate values may
be easily derived by interpolation. Moreover, the limited
difference does not justify for a finer gravimetric analysis
that takes into account other depths in between the considered
ones. An image of the 9 soil samples after gravimetric analysis
can be seen in Fig. 2: from left to right shown samples are
respectively Merse #2, Merse #1 and Certosa, and samples
were displaced according to their pick depth starting from
10 em at the bottom and 50 cm at the top.

Concerning the gravimetric analysis, as soon as the 9
samples were collected, they were placed in a container of
known weight and volume V;,; and then weighted with a
scale featuring a 0.001 g degree of precision. The samples
were then put inside an oven, at a temperature of 105°C": their
weight was then checked every 12 hours. When the difference
among two consecutive measurements was lower than 0.01 g
the samples were assumed to be dry. VWC and BD were then
calculated applying the following formulas:

Vwate'r Mapet — Mdrq
VIWC = — v,
%ot pwater‘/tot

(24)
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TABLE I
RESULTS OF THE SEDIMENTOLOGICAL ANALYSIS PERFORMED ON THE THREE SAMPLES.

Sample Mean Sorting  Coarse Fraction (Gravel)  Medium Fraction (Sand)  Fine Fraction (Clay)
Pl lmm] (@] [%] [%] (%]
Merse #1 7.126 1.500 86 14 0
Merse #2  0.922 0.734 5 95 0
Certosa 0.056 0.545 3 7 90

Fig. 2. Soil samples used for the gravimetric analysis: from left to right, Merse
#2, Merse #1 and Certosa; from top to bottom their pick depth, 10 cm, 30 cm
and 50 cm.

TABLE I
RESULTS OF THE GRAVIMETRIC ANALYSIS PERFORMED ON THE THREE
SAMPLES.

Burial Depth [cm]

Measurement Sample 10 30 50
Merse #1 7.15 9.35 9.74
VWC [%] Merse #2 5.67 6.37 7.26
Certosa 28.80 31.14 29.99
Merse #1 1.45 1.54 1.39
BD [g/Cm3] Merse #2 1.23 1.20 1.22
Certosa 1.28 1.45 1.34
Merse #1 2.66 2.66 2.66
SG Merse #2 2.66 2.66 2.66
Certosa 2.56 2.56 2.56
m
BD = —%v. (25)
V;fot

where me; is the mass of wet soil and mg,., is the mass
after being dried in the oven, while water density puqter aS
been assumed as equal to 1g/cm?®. Concerning the SG, this
has not been measured since standard values can be found in
literature, [50], notice that variations according to different soil
compositions are very small: therefore, for sand and gravel
soils an SG of 2.66 was chosen, while an SG of 2.56 was
considered for clay. All the values can be seen in Table II,
where all the measured data are presented.

VI. TESTS AND RESULTS

Once that the soils were identified and analyzed, tests
on UG2AG transmissions were carried out so to apply the

theoretical concepts introduced in Section III to each of the
test arrangements.

The following factors were taken into account while defin-
ing the experimental setup:

o The possible RSSI degradation in long lasting operations
due to the soil compaction;

o The different achievable results when placing the receiver
at different distances from the transmitter;

o The attenuation due to different salinity levels in soil.

For what concerns the first point, a preliminary test was carried
out so to demonstrate the lack of influence of soil compaction
on RSSI. Regarding the other two points, these were faced
when defining the final experimental setup for the field tests.

A. Preliminary Test

The aim of this test was to demonstrate that the actual
compaction of soil has no impact on the RSSI: this result
is crucial to show the validity of the data collected during the
field tests since these were performed with the node buried
under a layer of soil manually compacted, starting the data
acquisition phase immediately after the node burial, without
the need to wait for the soil compaction.

The preliminary test was carried out burying a node in a
soil characterized by a mixed composition: sedimentological
analysis results for this soil pointed out that it is made by a
9% of gravel, 26% of sand and 65% of clay while it has a
mean of 0.112mm and a sorting of 2.0 ®. Such a composition
was chosen in order to detect possible attenuation contribution
for every kind of soil since the sample has a sundry makeup.

Since the aim of this test was only to detect possible
decreases in the RSSI due to soil composition, a single SF was
chosen for all the transmissions (i.e., SF=12): indeed, RSSI
is not dependent on the SF which, on the other hand, has
a notable impact on Packet Loss (PL) because it decreases
the receiver sensitivity. Similarly, no particular assumption
was made for what concerns soil salinity and distance from
transmitter and receiver: in particular, the Gateway was indoor
placed at a 27'm distance from the transmitter. The node was
buried at a 30 cm depth and covered by paying attention at
compacting the soil (Fig. 3 shows the compacted soil surface
after node burial), and then kept in transmission for 20 days,
with a transmission rate of 1 packet every 20 minutes. During
this timespan, different weather conditions were experienced,
from clear sky to heavy rains: daily rainfalls (see Fig. 4) were
retrieved from the closest weather station which located at
2.2 km far from the test site (i.e., Poggio al Vento weather
station). The alternation between rainy and sunny periods
allowed a full compaction of the soil after around 10 days.
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Fig. 3. Compacted soil surface after node burial for the preliminary test.
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Fig. 4. Daily rainfalls during the 20 days of the preliminary test.

Fig. 5 shows the trends of RSSI and SNR for the 20 days
timespan by plotting their moving averages both having a 3-
hour window. From the figure it is evident that the soil com-
paction has no effect on the actual transmission performances
for the LoRaWAN channel. Indeed, there is no sign of any
decrease for the two parameters, in particular for RSSI, along
the whole 20 days period. Periodic fluctuations that can be
noticed in the trends are not correlated with rainfalls (see
Fig. 4) and consequently with soil moisture, and they may be
due to a wealth of other factors that are difficult to be taken
into account. Nevertheless RSSI value is always in a range
of —93 + —109dBm, with a mean value of —100.47 dBm.
On the other hand, SNR spans in the range of 9 + 1dB with
a mean value of 5.80dB. These results suggest that reliable
data can be collected regardless of either the degree of soil
compaction and the time the node spends buried underground.

B. Field Tests

Field tests were carried out in the three sites described in
Section V: Fig. 6 shows the IoUT sensor node during the burial
depth measurement phase, just before its covering with soil,
within gravel soil. Such test were performed bearing in mind
the following assumptions:

e The sites where chosen in a fluvial environment, in
order to reduce as much as possible the attenuating
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o

Fig. 5. Preliminary test results: RSSI and SNR trends.

effects due to salinity, since fluvial soils are characterized
by negligible salinity levels. While the effect of this
parameter should also be taken into account, the aim of
this paper is to discuss the transmission performances in
different types of soils from a sedimentological point of
view. A characterization according to the soil chemical
composition, even if interesting, is out of the scope of
this paper since it would require a different approach and
different typologies of tests;

« For each soil, tests were performed at 5 burial depths (i.e.,
10 em, 20cem, 30 cm, 40 cm and 50 ¢cm). No tests were
performed at greater depths since a large part of signif-
icant underground monitoring applications are deployed
at a maximum depth of 50 c¢m: for instance, in works
like [51]-[55] that deal with various application scenarios
(i.e., smart farming, smart agriculture, pipeline monitor-
ing and underground monitoring in a broad sense), sensor
nodes were not buried at bigger depths. Moreover, for
greater depths, the actual functioning of the LoRaWAN
network can be assessed taking into account the under-
ground attenuation models and combining them with the
experimental results presented hereinafter;

o For each of the trials the soil was thoroughly compacted
so to uniform soil density after the node burial. Such
procedure was performed just in order to reduce the
number of involved variables within the experimentation
since the preliminary test showed that soil compaction
does not notably affect communication performances;

« Concerning the radio settings, a power output of 14 dBm,
a Coding Rate (CR) of 4/5 and a bandwidth of 125 kH z
were chosen. For what concerns the SF, since this pa-
rameter is crucial to identify the best trade off among PL
and power consumption, tests were performed at each SF
allowed by LoRaWAN protocol (i.e., from 7 to 12);

o The Gateway was placed at a 15m distance from the
burial point and laid on the ground for each measurement.
This distance was chosen in order to add a relatively
short aboveground transmission distance, thus better iden-
tifying the link budget component for the underground
segment of the transmission. The tests were not per-
formed at other distances due to the fact that transmission
performances at different distances can be easily assessed
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Fig. 6. The IoUT sensor node during tests. Ropes were used to ease the node
retrieval.

taking into account the behavior of LoRaWAN networks
in air, which was discussed in a wealth of papers like
[18], [56]-[58].
For what concerns data acquisition, the following method-
ology was sorted out:

¢ 300 packets having a 10 B payload were sent at each of
the burial depths (i.e., 10 cm, 20 cm, 30 cm, 40 cm and
50 ¢cm), for each SF (i. e., 7, 8, 9, 10, 11 and 12);

o For each of the received packets, the RSSI and SNR
values were sampled and stored;

o For each of the test groups (i.e., 300 transmissions for a
certain SF at a certain depth and within a certain soil)
the PL was calculated.

The results of the underground transmission tests are shown
in Fig. 7 and in Tables III, IV and V. In particular, Fig. 7a
shows the measured RSSI values and the relative uncertain-
ties taking into account as instrumental maximum error the
instrument resolution (i.e., 1 dBm) for each of the different
experimental settings and the different burial depths, while
Fig. 7b similarly shows measured SNR values and the relative
uncertainties taking into account as instrumental maximum
error the instrument resolution (i.e., 0.01dB). The detailed
numerical results for each soil are then provided in Tables III,
IV and V that also include data on PLs.

C. Path Loss Estimation

Let us apply the model described in Section III. Since the
IoUT sensor node implements a frequency diversity scheme,
the mean value of the frequencies of the channels (i.e.,
867.8 M Hz) will be involved in all the equations. As it was
previously stated, the Gateway was placed at a distance dag
of 15m and due to the fact that it was laid on the ground,
dsurface = dag. Therefore, from Equation 2, L ¢ is equal
to 54.74dB and, from Equation 22, Lgyrfqce is equal to
47.04 dB. For what concerns the remainder terms of Equation
1, they vary depending on the adopted procedure to evaluate €

and ¢ (i.e., according to MBSDM and ITU). In particular, ITU
method was carried out by resorting to a specific MATLAB
function [59]. In addition, they also change in compliance with
the burial depth because the required parameters by the two
models changes by following the same fashion. Therefore, the
values of ¢ and ¢ along with the results from Equations 4
and 5 are reported within Tables VI, VII and VIII either for
MBSDM and ITU procedures and respectively for the three
test soils.

Finally, the RSSIs estimates may be computed by applying
Equation 1 and the results are tallied within Table IX. For the
sake of comparison, for each of test site the mean values of
RSSIs were computed by averaging the sampled data for all
of the SFs respectively at the burial depth of 10 cm, 30 cm,
50 ¢m, and also these values are listed in Table IX.

VII. DISCUSSION

While some of the results and outcomes discussed in this
Section were already presented in other paper, as far as we are
concerned no work was previously done that focuses in detail
on LoRaWAN performances in different soils featuring pure a
sedimentological composition. As a matter of fact, only in [15]
the impact of soil composition on transmission performances,
even if not for pure soils, was debated. Other papers simply
examine underground LoRa transmission, regardless of the
type of soil [24], [26], [27], or consider other influence
parameters [25].

Taking into account the results shown in Fig. 7 and Tables
III, IV and V, it is possible to make some interesting consid-
erations about the usability of the LoRa technology for data
transmission from underground to aboveground in different
contexts.

Firstly, we can affirm that successful data transmissions
from underground at depths up to 50 cm can be achieved for
every soil composition. Indeed, for the proposed experimental
setup, for each test PL was almost always below 2% (apart for
clay at SF=12 for depths of 40 cm and 50 ¢m), which can be
considered a physiological threshold for any successful LoRa
transmission. Concerning the different types of soil, results
show that gravel provides the worst performances for what
concerns RSSI and SNR, while the best ones are provided by
sandy soil. Nevertheless, the difference is in general around
10 dBm, suggesting that these values can be used to estimate
the performances of the most part of common soils which are
in general a mixture of these three particle sizes.

Since LoRa receivers are generally characterized by a very
high sensitivity value (e.g., the exploited Gateway for this
measurement campaign has a sensitivity down to —137dBm
at SF=12), that allows to receive packets even with very
poor RSSIs, the results of the test suggest the usability
of this transmission technology even in harsher conditions.
Nevertheless, the following considerations can be made:

« In order to better point out the attenuating effects of the
UG2AG transmission, for what concerns the underground
lag of the transmission channel, the Gateway was placed
at a limited distance from the node burial spot. Nev-
ertheless, even in the worst case Link Margin (LM) is
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Fig. 7. Underground tests results: (a) measured RSSI values and relative uncertainties and (b) measured SNR values and relative uncertainties.
TABLE III
UNDERGROUND TESTS RESULTS: RSSIS AND SNRS MEASURED VALUES AND RELATIVE UNCERTAINTIES ALONG WITH PLS FOR GRAVEL SOIL (MERSE
#1).
Burial Depth [cm]
10 20 30 40 50
z —80.6 —82.1 —85.1 —93.2 —-92.9
RSSUdBml (@) 06 06 06 06 06
SF=7 T 8.7 9.0 8.6 5.2 3.2
SNRIdBl ‘@) 01 0.1 0.1 0.3 0.2
PL [%] 0.6 0 0 0 0
T —-80.9 —82.6 —83.7 —-92.8 —93.0
RSSL[dBm] (@ 06 0.6 0.6 0.6 0.6
SF=8 T 10.2 10.1 10.5 7.0 3.7
SNRIABT (@) o1 0.1 0.1 03 02
PL [%] 0 0 0 0 0
T ~82.4 —84.3 851 947 945
RSSLEBml (@) 0.6 0.6 0.6 0.6 06
SF=9 z 114 11.1 10.8 3.0 3.5
SNR [dB] uc(T) 0.2 0.2 0.1 0.4 0.2
PL [%] 1 0 0 0 0
T -79.2 —-80.5 —81.8 —92.7 —929
RSSLEABm] @) 06 0.6 0.6 0.6 0.6
SF=10 x 9.6 10.2 10.9 5.2 3.4
SNRIABI @ 02 02 o1 03 02
PL [%] 0 0 0 0 0
z —-80.0 —821 —826 —94.0 —93.0
RSSLIBml (@) 0.6 0.6 0.6 0.6 06
SF=11 z 11.1 11.1 11.6 4.0 4.5
SNR [dB] uc(T) 0.1 0.2 0.1 0.3 0.2
PL [%] 0 0 0 0 0
T -794 —80.8 —82.7 —93.8 —91.6
RSSL[dBm] @ 06 0.6 0.6 0.6 0.6
SF=12 T 9.1 9.7 9.2 0.3 3.9
SNRIABT (@) o1 0.1 0.1 04 02
PL [%] 0 0.3 0 0 1.6

high enough (LM=—-94.7dBm+137dBm = 42.3dBm)
to ensure a theoretically long aboveground transmission
distance. Indeed, at 868 M H z, for a 1000 m transmission
distance in air, free space loss can be calculated as in
Equation 2 resulting in 31.22 dBm.

Other factors may concur in degrading the transmitted
signal, first of all VWC: indeed, for every kind of radio
transmission a larger water presence turns in larger atten-
uating phenomena. While the assessment of the system

performances for different VWC contents falls outside
the scope of this paper, a rough indication of its possible
contribution can be extrapolated from the preliminary test
described in Section VI-A: in this case, the node was kept
running for a 20-day period, during which several rainy
days were experienced. As a consequence, a high VWC
was surely experienced in this timespan. Nevertheless,
no significant signal degradation was experienced, thus
suggesting that VWC impact on link budget should be
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TABLE IV
UNDERGROUND TESTS RESULTS: RSSIS AND SNRS MEASURED VALUES AND RELATIVE UNCERTAINTIES ALONG WITH PLS FOR SAND SOIL (MERSE #2).

Burial Depth [em]

10 20 30 40 50
T —700 —686 —7TL7 —794 —824
RSSLEdBml @ 06 0.6 0.6 0.6 0.6
SF=7 z 9.1 9.0 9.0 8.6 8.1
SNRIBl @ o1 01 01 01 o1
PL [%] 0 0 0 0 0
£ -706 —70.7 —714 —79.9 —85.1
RSSLIABm] @) 0.6 0.7 0.7 0.6 0.7
SF=8 z 105 104 103 9.8 8.5
SNRIABl @) 01 0.1 0.1 0.1 0.2
PL [%] 0 0 0 0 0
i —726 —724 -—734 —831 —85.1
RSSL[dBml ‘@ o6 07 07 07 06
SF=9 z 114 114 110 9.7 9.5
SNRIBl @ o1 o1 01 02 02
PL [%] 0.3 0 0 0 0
T —728 —682 —69.4 —81.0 —82.2
RSSLdBm] ‘@) o7 0.7 0.7 0.8 0.6
SF=10 z 10.7 9.6 9.7 9.3 9.1
SNRIdBl @) o1 0.1 0.1 0.2 0.1
PL [%] 0 0 0 0 0
& —707 —69.2 —708 —785 —82.4
RSSLIdBml (@ 06 0.7 0.7 0.6 0.6
SF=11 z 10.5 9.7 9.9 10.7 9.8
SNRIBl @ o1 01 01 01 o1
PL [%] 0 0 0 0 0
I —69.9 —683 —69.0 -—781 —824
RSSLIdBm] . ‘@ 06 0.7 0.7 0.6 0.7
SF=12 z 10.1 9.6 9.6 8.2 7.2
SNRIABl @) o1 0.1 0.1 0.1 0.1
PL [%] 0 0 0 0 0

quite limited.

e Another critical parameter that may affect the UG2AG
channel is the chemical composition of soil. In this case,
high salinity values or presence of metallic sediments
may have attenuating effects on transmission. Analyzing
such a phenomenon by means of field tests is anyway
very complex because of several factors. Some of them
include the difficulty in finding a wide range of different
tests sites characterized by the required chemical compo-
sitions, the wide range of possible parameters to be taken
into account and the non-homogeneity of the composi-
tion even in soils with homogeneous sedimentological
features.

A further analysis points out that RSSIs and SNRs related
to 50 cm underground within gravel (i.e., Merse #1) and clay
(i.e., Certosa) are slightly better than those obtained at a burial
depth of 40 cm within the same fields. This odd data is justified
by the fact that LoORaWAN networks are naturally subject to
RSSI oscillations at the receiver side (as it can be also noticed
in the preliminary test) due to a plethora of factors, the bulk
of which are hardly identifiable. By relying on the preliminary
test results, it can be concluded that the technology itself and
the hardware components intrinsically cause these variations.
Nonetheless, such oscillatory outcomes usually stem out from
statistical fluctuations, thus they would be averaged out in
case a huge number of packets would have been received.

Theoretically, the aforesaid number should be infinite, but
practically speaking the same effect (i.e., fluctuation vanishing)
would take place whether the number of received packets
would have been 3 <+ 4 orders of magnitude greater than the
one carried out during the tests. But, since the scope of this
paper was to validate the technology practical usability within
underground settings, carrying out tests aiming at reducing
RSSI fluctuations falls outside the paper purposes.

A last, important consideration has to been drawn by
resorting to data within Tables VI, VII and VIII: from these
values, the difference between theoretically calculated and
measured RSSI values is evident. Such a result suggests that
a perfect modeling of a real UG2AG transmission channel is
scarcely achievable. The discrepancy among the values may
be due to an extremely wide range of different factors, like
the presence of attenuating items in the test environments
(e.g., trees, vegetation, river, etc..), different environmental and
meteorological conditions during the tests (relative humidity,
mist, temperature, etc..), or the possible presence of rock layers
below the test sites. All these factors are almost unpredictable
and fall within the so-called miscellaneous losses L. At the
same time, for some tests the measured value is larger than
the theoretical one: in this case too, several factors may concur
in achieving this outcome like, for instance, soil porosity. The
aforementioned results could be exploited for modifying the
theoretical models in order to derive a finer one. However,
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TABLE V
UNDERGROUND TESTS RESULTS: RSSIS AND SNRS MEASURED VALUES AND RELATIVE UNCERTAINTIES ALONG WITH PLS FOR CLAY SOIL (CERTOSA).

Burial Depth [em]

10 20 30 40 50
x —78.7 —80.5 —84.1 —85.9 —84.5
RSSLIdBmI (@) 06 0.6 0.6 0.6 0.6
SF=7 x 8.8 8.8 8.2 7.7 8.1
SNRIBl @ o1 01 o1 01 o1
PL [%] 0.6 0 1 0.3 0.3
z —788 —80.6 —844 —86.5 —84.6
RSSLIdBm] . ‘@ 06 0.6 0.6 0.6 0.6
SF=8 z 10.4 10.2 9.5 9.0 9.6
SNRIABl @) 01 0.1 0.1 0.1 0.1
PL [%] 0.3 0 0.3 0.3 0.3
T —81.1 —82.2 —86.3 —88.2 —86.1
RSSL[dBm] @ 06 0.6 0.6 0.6 0.6
SF=9 x 11.3 11.1 10.1 9.3 10.2
SNRIBl @ o1 o1 o1 01 o1
PL [%] 0.6 0.3 1 1 0.3
z —77.1 —78.8 —82.2 84.5 —83.2
RSSLIABm] @) 06 0.6 0.6 0.6 0.6
SF=10 z 10.7 9.4 9.7 8.4 9.8
SNRIdBl @) o1 0.1 0.1 0.1 0.1
PL [%] 0.6 0.3 0.3 1 0
T —78.3 =787 —84.1 —85.5  —83.7
RSSLEdBml @ 06 0.6 0.6 0.6 0.6
SF=11 x 10.2 9.7 10.3 9.2 10.4
SNRIBl @ o1 01 o1 01 o1
PL [%] 0 1 0.3 0 1.6
z -71.5 —-79.5 —-83.5 —-944 —85.9
RSSLdBm] ‘@) o7 0.6 0.6 0.6 0.7
SF=12 z 9.7 9.1 8.5 2.2 6.9
SNR [d5] uc(Z 0.1 0.1 0.1 0.2 0.2
PL [%] 0.3 6 0 3.3 6.6
, TAB[/7E VI
RESULTS OF EQUATIONS 4 AND 5 EXPLOITING THE VALUES OF € AND ¢ EITHER ACCORDING TO MBSDM AND ITU MODELS FOR GRAVEL SOIL
(MERSE #1).
Burial Depth [cm] , ” MBSDM , 1 ITu
€ [F/m] € [F/m]l] «all/m] fBlrad/m] € [F/m] € [F/m] «l[l/m]l B I[rad/m]
10 5.04 0.37 1.58 40.87 3.83 0.41 1.88 35.62
30 5.97 0.47 1.72 44.67 4.49 0.56 2.39 38.61
50 6.14 0.48 1.75 45.11 4.56 0.53 2.25 38.89
, TA”BLE VII
RESULTS OF EQUATIONS 4 AND 5 EXPLOITING THE VALUES OF € AND € EITHER ACCORDING TO MBSDM AND ITU MODELS FOR SAND SOIL (MERSE
#2).
Burial Depth [cm] , ” MBSDM , 1 1Ty
e [F/m] € [F/m]l] «all/m] fBlrad/m] € [F/m] € [F/m] «l[l/m]l B I[rad/m]
10 4.46 0.31 1.38 38.44 12.12 2.96 7.67 63.76
30 4.73 0.34 1.42 39.59 12.90 3.22 8.09 65.81
50 5.09 0.37 1.47 41.05 13.47 3.12 7.69 67.18

this would require additional experimentations, that must be
conducted within controlled environments (e.g., a laboratory)
aimed at varying soil chemical-physical parameters while
measuring transmission performances. Indeed, parameters like
soil composition, bulk density, salinity, presence of metallic
materials, presence of electrolyte within soil and many others,
do affect losses within soil medium. For instance, the bulk
density we measured was the one related to a circumscribed

neighborhood of the transmitter burial point (i.e., it was
measured in a punctual fashion). Maybe, bulk density related
to soil propagating the signals could experience a massive
variation which could translate into one of the effects causing
dissimilarities amid estimates and measures. Unfortunately,
though, performing a distributed measurement for bulk density
was barely impossible within field tests. In conclusion, despite
these discrepancies, it is still possible to point out that the
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TABLE VIII
RESULTS OF EQUATIONS 4 AND 5 EXPLOITING THE VALUES OF 6/ AND E” EITHER ACCORDING TO MBSDM AND ITU MODELS FOR CLAY SOIL
(CERTOSA).
Burial Depth [cm] , ” MBSDM , ” ITu
e [F/m]l] € [F/m] «all/m] Blrad/m]l € [F/m]l € [F/m] «l[l/m] B [rad/m]

10 6.71 2.29 7.96 47.77 9.71 2.09 6.07 57.00

30 7.84 2.70 8.61 51.64 11.59 2.48 6.59 62.26

50 7.27 2.49 8.29 49.74 10.55 2.27 6.32 59.38
TABLE IX[

!’
RSSIS ESTIMATES BY APPLYING THE MODEL IN SECTION III EVALUATING € AND €

EITHER ACCORDING TO MBSDM AND ITU MODELS IN

COMPARISON WITH THE MEAN VALUES OF THE MEASURED RSSIs.

RSSI estimates [dBm]

RSSI mean measurements [dBm]

Burial Depth [cm] MBSDM ITU
Gravel Sand Clay Gravel Sand Clay Gravel Sand Clay
(Merse #1)  (Merse #2)  (Certosa)  (Merse #1)  (Merse #2)  (Certosa) (Merse #1)  (Merse #2)  (Certosa)
10 —54.03 —53.36 —60.86 —53.16 —62.99 —60.67 —80.4 —71.1 —77.6
30 —67.38 —65.65 —86.57 —67.95 —87.22 —82.85 —83.5 —70.9 —85.3
50 —75.04 —73.08 —104.27 —75.99 —104.14 —97.16 —93.0 —83.3 —84.7

theoretical models can be extremely precious to evaluate the
feasibility of the UG2AG radio link, provided that miscel-
laneous losses (having an order of magnitude that can be
deduced from the comparison in Table IX) are considered
during estimation procedures.

VIII. CONCLUSION

The aim of this paper was to analyze the behavior of an
UG2AG LoRaWAN transmission channel (i.e., a transmitter
buried underground and a receiver placed aboveground) in
case of different soils. The field tests performed focused
on three testing sites featuring 3 almost pure compositions:
in particular, sand, clay and gravel soils were tested. These
compositions were selected since most part of soils is basically
a combination of these three grain-sizes: this means that,
once the behavior of the LoRa channel is known in these
three conditions, the actual implementation of a working
connection in any kind of soil (i.e., a soil composed of different
percentages of the three grain-sizes) can be easily deduced, if
the soil composition is known.

The paper mainly focuses on field measurements, performed
in real sites whose compositions were analyzed in detail,
comparing them with a theoretical analysis of the transmission
channel. The values proposed in this paper can then be used in
the evaluation phase for the feasibility of any kind of buried
LoRa-based monitoring system. In this sense, the proposed
results may find use in several application scenarios, from
environmental monitoring to the monitoring of critical, buried
infrastructures like aqueducts or pipelines.

While the transmission was tested for a depth up to 50 cm,
further work may be expected to be carried out to define
the system behavior also for greater depths. Nevertheless, the
results proposed in this paper can be already used to evaluate
the operation of the LoRa technology even at different depths
with respect to the ones analyzed in this work.

Future works may also include the assessment of PL, SNR
and RSSI in function of other test parameters like distance be-
tween Gateway (even though such quantity moderately impacts

on link budget with respect to underground losses) and IoUT
sensor node (e.g., 30 m, 50 m, 75m and 100 m), VWC and, in
particular, chemical composition of the soil including salinity,
since such parameter may have a significant influence on the
actual transmission performances. In addition, further studies
testing LoORaWAN UG2AG links on other frequency bands
(e.g., 433 M Hz and 915 M Hz) may be sorted out, along
with the assessment of transmission performances whenever
greater burial depths are exploited (e.g., 1 m). Eventually, the
discrepancies amid estimates and measures hint further studies
and laboratory tests aiming at perfecting the state-of-the-art
soil loss models, albeit they can be still deemed to be a reliable
and valuable tool for WUSNSs planning.
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