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Abstract—Long-range (LoRa) is a suitable candidate for un-
derground wireless communications due to its capability of
communicating over a long range. However, due to the uniqueness
of soil properties at a given geographical location, and the varying
nature of soil moisture, it is challenging to apply a universal
approach to characterize LoRa in wireless underground channels.
In this paper, the performance of LoRa in underground channels
is studied both theoretically and empirically. The range and bit
error rate (BER) formulation of LoRa is derived as a function of
soil parameters based on statistical underground channel models.
To validate the model, path loss measurements are conducted
under different moisture levels in two soil types (sandy and
silty clay loam soil). In addition, as underground communication
is also dependent on the return loss of buried antennas, the
path loss measurements are performed using two different types
of underground antennas. Results show that the underground
channel models agree well with empirical LoRa measurements,
resulting in R-squared values of 0.87-0.89. The results suggest
that the performance of LoRa in underground channels can be
predicted using the models developed in this paper.

I. INTRODUCTION

The Internet of Underground Things (IoUT) [1], [2] is
an emerging technology for connecting underground sensors,
enabling applications such as smart irrigation, precision agri-
culture, smart city infrastructure, tunnel, flood monitoring
systems, and surveillance systems. Soil is a dielectric medium
with several properties affecting its permittivity, including
soil texture, soil bulk density, and soil water content. The
combined effects of these diverse factors introduce a unique
interaction between UG communication systems and the soil
medium. Therefore, the communication range and quality
through underground (UG) channels need to be characterized
as a function of these factors.

Recently, research communities have shown a growing
interest in using Low Power Wide Area Networks (LPWAN)
technique, i.e., LoRa, in underground sensor networks due
to its low-power, low-cost, and long-range communication
capabilities. Most related recent efforts have focused on the
experimental characterization of LoRa in underground sen-
sor networks. Results have shown that LoRa is suitable for
forming underground sensor networks, and the transmission
distance can reach up to 200m [3]–[6]. In [3], the performance
of LoRa in the underground to underground (UG2UG) and
underground to aboveground (UG2AG) channels is observed
at the 433MHz frequency band through measurements in

multiple types of soil. The correlation between received signal
strength indicator (RSSI) and signal-to-noise ratio (SNR)
and buried antenna depth and transmission power, and soil
properties such as particle distribution, bulk density, or Volu-
metric Water Content (VWC), are evaluated through extensive
measurement at various soil sites. In [4]–[6], similar results are
reported to characterize the RSSI, SNR, and Packet Delivery
Ratio (PDR) in UG2AG and aboveground to underground
(AG2UG) links under varying buried depths. However, in these
studies, the impact of soil moisture variation is challenging to
capture because the soil moisture is uncontrollable in natural
environments. Moreover, the effects of soil on buried antennas
are not considered in existing analyses.

In this paper, we aim to facilitate a universal approach that
models the impact of soil characteristics on LoRa and com-
plement existing investigations by incorporating the effects of
the underground antenna performance on LoRa transmissions.
This is important to further accurately describe the applicabil-
ity of LoRa in underground communications, especially under
varying soil conditions. Therefore, we utilize established un-
derground channel and antenna models to analyze the perfor-
mance of LoRa. Subsequently, we validate the derived models
through empirical measurements in several soil conditions and
settings. The contributions of this paper are as follows: (1) The
theoretical range, data rate, and bit error rate (BER) of LoRa
are captured based on statistical underground channels. We
focus on analyzing the range and BER performance of LoRa
under varying soil conditions. (2) Experiments are conducted
to validate the channel and performance models. The path loss
and antenna return loss are measured in two different soil types
in indoor and outdoor environments. We also measure LoRa
performance under controlled soil moisture at dry and wet
conditions using dipole and wideband micropatch antennas.

The rest of the paper is organized as follows: The back-
ground of soil-dependent wireless underground channel mod-
els are discussed in Section II. LoRa and its performance in
underground channels are analyzed in Section III. Empirical
evaluations are described in Section IV. The paper is con-
cluded Section V.

II. BACKGROUND

In this section, we summarize the UG channel characteris-
tics and associated models, upon which the rest of the paper
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Fig. 1: Illustration of the uplink and downlink UG channels.

builds.
A. Underground Link Budget

The uplink (UG2AG) and downlink (AG2UG) communica-
tion channels are depicted in Fig. 1, the models of which were
developed in [7], [8]. Both links are composed of two path
components: the UG component in soil and the AG component
in air. Based on the path loss characterization of the UG
channel, the link budget of the channel is modeled as follows
[9], [10]:

Prx = Ptx +GA + 10 log10

(
1− 10−

RLug
10

)
− PL, (1)

where Prx is the received signal power, Ptx is the transmit
signal power, GA is the sum of gains of the transmit and re-
ceive antennas, RLug is the power loss caused by underground
antenna return loss, and PL is the path loss of the underground
channel.
B. UG Channel Path Loss Model

Based on the channel model depicted in Fig. 1, the path loss
of UG channels includes three loss components, (1) the path
loss in the soil medium (PLUG), (2) the refraction loss due to
the soil-air interface (LR,→) based on the link direction (uplink
or downlink), and (3) the path loss in the air (PLOTA) [7]:

PL→[dB] = PLUG(dug) + PLOTA(dag) + LR,→, (2)

where the subscript → refers to the communication direction
(downlink [DL] or uplink [UL]), dug and dag are the lengths
of the underground and OTA portions of the wireless signal
path, respectively, and each component is given as follows [7],
[11], [12]:

PLUG(dug) ' 6.4 + 20log(dug) + 20log(β) + 8.69αdug,

PLOTA(dag) ' −147.6 + 10η log(dag) + 20 log(f),

LR,DL ' 10log

(
cosθI +

√
ε′s − sin2θI

)2
4cosθI

√
ε′s − sin2 θI

,

LR,UL ' 10log(
√
ε′s + 1)2/(4

√
ε′s),

where α and β determine the attenuation and phase shift of the
wave in soil, respectively, η is the OTA attenuation coefficient
that has been empirically characterized to be around 2.8 to
3.3 due to reflections and attenuation [8], dag is the distance
between the refraction point and the AG node, f is the carrier
frequency of the signal, ε′s is the real part of the relative
dielectric constant of the soil-water mixture and θI is the

incident angle based on Snell’s law. Refraction constitutes the
main difference between uplink and downlink channels. It can
be observed that uplink refraction loss does not depend on the
incident angle, θI .

The propagation of the signal in the soil is affected by the
soil medium and determined by the soil dielectric properties,
i.e., soil permittivity. Due to the higher relative permittivity
of soil than that of air and the varying nature of soil prop-
erties (e.g., soil moisture, soil bulk density, and soil textural
composition) that determines the permittivity, it is crucial to
characterize the impact of soil permittivity in the channels as
we discuss next.
C. Soil Dielectric Properties

The complex-valued soil permittivity can be considered as
εs = ε′s − iε′′s , where ε′s and ε′′s are the real and imaginary
parts of the relative soil permittivity and are both empirically
characterized in the frequency range of 0.3–1.3GHz as [13]:

ε′s = 1.15

[
1 +

ρb
ρs

(
εδs − 1

)
+ (mv)

v′ (
ε′fw
)δ −mv

] 1
δ

− 0.68,

(3)

ε′′s =
[
(mv)

v′′(ε′′fw)
δ
] 1
δ

, (4)

where ρb and ρs are the bulk density and particle density of
the soil, respectively, εs = (1.01 + 0.44ρs)

2 − 0.062 is the
dielectric constant of the soil solids, mv is the volumetric
water content, δ, v′, and v′′ are empirically determined soil-
type dependent constants given by:

δ = 0.65, v′ = 1.2748− 0.519S − 0.152C,

v′′ = 1.33797− 0.603S − 0.166C,

where S and C are the fractions of sand and clay composing
the soil mixture, respectively; ε′fw and ε′′fw are the real and
imaginary parts of the relative dielectric constant of water that
can be found in [1], [13]. Based on soil permittivity, εs, the
propagation wave number of EM waves in the soil can be
considered as ks = β + iα = ω

√
µεs, where α and β are

determined by [14]:

α = ω

√√√√√µε′s
2

√1 +

(
ε′′s
ε′s

)2

− 1

, (5)

β = ω

√√√√√µε′s
2

√1 +

(
ε′′s
ε′s

)2

+ 1

, (6)

where ω is the angular frequency and µ is the magnetic
permeability of soil.
D. Antenna Return Loss Variation

Also affecting the link budget of the channel in (1) is the
variations of return loss, RLug , in buried dipole antennas,
which has been modeled and validated in [9], [15]. The
effect is caused by the impedance mismatch of the antenna
jointly determined by soil permittivity changes and reflection
from the soil-air interface at a given depth. According to the
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Fig. 2: (a) The theoretically achievable range and data rate of LoRa in UG2AG channel. (b) The impact of soil moisture on the
maximum range. (c) The impact of buried depth on the the maximum range. (d) The BER of UG2AG channel versus distance.

dipole antenna return loss model developed in [9], the resonant
frequency, fr, can be found by [15]:

fr = max
f

(RLug(f)) , (7)

where RLug(f) is the return loss of the underground antenna
in dB as a function of frequency, f , which is generally
empirically characterized and theoretical models exist [15]. An
antenna matched in the air to operate at a designated frequency
fOTA will have a different resonant frequency fr < fOTA
when deployed in soil. This shift introduces additional signal
loss at the carrier frequency of fOTA due to the higher antenna
return loss.

Combining (2)-(7) within (1), the key observations are that
the signal experiences higher attenuation at high soil moisture
levels, large deployment depth, and the high percentage of
sand. It is also favorable to utilize lower frequency bands to
extend the communication range in UG channels.

III. ANALYSIS OF THE IMPACT OF SOIL MEDIUM ON
LORA TRANSMISSIONS

LoRa is a proprietary physical layer technology for Lo-
RaWAN and is based on the chirp spread spectrum (CSS) [10].
LoRa has several key parameters: (1) Spreading Factor (SF):
LoRa spreads the information bits into longer bit sequences
based on the chosen SF ranging from 7 to 12. Each infor-
mation bit is spread into 2SF bits. A larger spreading factor
offers lower SNR required for the receiver to demodulate the
signal. (2) Bandwidth (BW): The bandwidth is the width of
the transmitted signal in frequency. The symbol rate can be
expressed as CS = BW/2SF . (3) Coding Rate (CR): LoRa
utilizes forward error correction based on Hamming code [16].
The coding rate determines the number of redundant bits for
error correction.

The underlying challenge in studying the LoRa performance
in the underground channel is the lack of comprehensive
models that capture the diverse and time-varying nature of
soil properties. This impedes applying experimental findings
from one location to another due to the deviations in soil
composition, soil moisture, and other properties. Therefore,
we take a top-down approach to study the performance of
LoRa leveraging the modeling of underground channels. Based
on the models presented in Section II, we aim to identify
and quantify the performance of LoRa in underground com-
munication channels. We derive the performance of LoRa

in terms of maximum communication range and BER under
varying conditions, including soil moisture, soil composition,
and buried depth, facilitating pre-deployment planning and
enabling online prediction of LoRa performance in the field.

1) Range and Data Rate of Uplink Transmission: In this
section, we focus on the uplink communication due to
the constraints in size, power, and antenna options for UG
nodes compared to the AG gateway nodes. LoRa promises
an extended communication range compared to existing FSK-
based modulation schemes. This is enabled by the low sensi-
tivity provided by CSS. As mentioned above, the higher-order
spreading factor gives a longer range and results in a lower
data rate. The data rate of LoRa is given by [10]:

Cb = SF ∗ 4BW

(4 + CR)2SF
, (8)

where SF , CR, and BW are the spreading factor, coding
rate, and bandwidth, respectively. Therefore, there is a trade-
off between communication range, throughput, and energy
consumption when selecting the spreading factor used for
transmission. The spreading factor and bandwidth jointly
determine the data rate.

We determine the maximum achievable range, R, of the
uplink transmission as follows :

R(SF,BW ) ' max {d : Prx > Psens(SF,BW )} , (9)

where Prx is the received power in (1), Psens(SF,BW ) is the
receiver sensitivity for a given SF and bandwidth combination.

Plugging in (1) in (9), we characterize the trade-off between
range and data rate in the uplink channel. Unless otherwise
noted, the default values used in the model are considered as
follows: the transmit power is 0 dBm, the UG node burial
depth is 40 cm, and the AG node height is 4 m. The soil
volumetric water content is 20%, the percentage of sand and
clay in the composition are 31% and 29%, respectively. The
bulk density and particle density of soil are 1.85 g/cm3 and
2.66 g/cm3. We consider a typical 6 dB fading margin, 3
dB cable and connection losses, and 4 dB in noise figure
introduced by the electronic components in both transmitter
and receiver to approximate a practical setting. The trade-off
between range and data rate based on the SF and BW selection
are shown in Fig. 2a. For example, when the UG node is
configured with SF=11 and BW=250kHz, switching to SF=12
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Fig. 3: The BER model of UG2AG channel versus: (a)
volumetric water content (d = 100m), and (b) soil textual
composition.

can improve the range by 23%. Consequently, the data rate
decreases because of the change in modulation order.

The impacts of soil moisture and buried depth on the
communication range of LoRa are shown in Fig. 2b and
2c, respectively . As shown in Fig. 2b, a 10% increase in
VWC, reduces the range by at least 6%. Therefore, deployment
planning should consider the temporal soil moisture variations
to determine a worst-case distance to the gateway to avoid
loss of connectivity. Similarly, it is shown in Fig. 2c that the
range decreases monotonically with the burial depth. When the
underground deployment is below 40 cm, it is very challenging
for LoRa to achieve ranges over 100 m, even when the SF is
configured to 12.

2) Bit Error Rate of LoRa: The BER of LoRa has been
modeled as [4], [17], [18]:

BER = Q

(
log12(SF )√

2

Eb
N0

)
, (10)

where Eb/N0 is the energy per bit to noise power spectral
density ratio. Due to the spreading of LoRa modulation,
Eb/N0 of LoRa can be expressed as [4]:

Eb
N0

= SNR− 10 log

(
SF · CR

2SF

)
, (11)

In underground channels, the noise floor has been character-
ized empirically in [19] to be around −110 dBm/Hz, which
is higher than thermal noise in the air. As a result, the SNR
can be estimated by SNR = Pt − PLUL − Pn, where Pt is
the transmit power and Pn is the underground noise power.

The theoretical BER of LoRa in the UG2AG channel is
derived based on the channel model. In Fig. 2d, the BER of
LoRa is shown as a function of the communication distance.
It can be observed that when the link reaches the maximum
range , BER increases due to the reduction in SNR. In Fig. 3a,
the impact of VWC on BER is illustrated for dag = 100m.
Similar to the change in the communication range with respect
to soil moisture level, the BER performance of LoRa also
degrades with the increase in soil moisture level. Moreover,
a high SF value preserves better BER performance. In Fig. 3b,
the relationship between BER and soil textual composition is
shown for dag = 100m and SF = 6. The main cause for BER
to be varying with sand and clay percentage is the change in
signal attenuation. Different compositions of soil have distinct
permittivity . Therefore, the path loss and SNR are affected .

TABLE I: Soil Parameters

Parameter Value Parameter Value
ρs 2.65gr/cm3 [21] ρb 1.42gr/cm3 (sandy)

1.30gr/cm3 (silty clay
loam) [21]

S 0.86 (sandy)
0.13 (silty clay
loam) [14]

C 0.03 (sandy soil)
0.32 (silty clay
loam) [14]

mv variable δ 0.65 [14]
v 1.1587 v” 1.2065
ε′fw 80.0992 ε′′fw 7.4851 ∗ 10−6
εw0 80.1000 εw inf 4.9 [14]
ε0 55.263 τw 1.20003 ∗ 10−12
δeff 0.4914 [13] µ 1.0006 [22]
ε′s 12.0102 ε′′s 3.4128e− 07
λs 11.57 cm (sandy), 13.09cm (silty clay loam)

IV. EMPIRICAL EVALUATION OF LORA IN UG CHANNELS

In this section, the evaluations of the performance of COTS
LoRa devices are presented, which were conducted in a
controlled indoor testbed and an outdoor testbed [20]. We first
describe the experimental setup and methodology, followed by
the discussion of results.
A. Experiment Setup and Methodology

1) Indoor Testbed: An indoor testbed that facilitates exper-
iments with controlled soil moisture levels, in the form of a
100”(L) × 36”(W ) × 48”(D) sandbox holding about 90 ft3

of sandy soil located inside a greenhouse, has been used for
conducting experiments. At each depth of 10cm, 20cm, 30cm,
and 40cm, a quadband half-wavelength dipole antenna with an
over-the-air resonant frequency of 433 MHz and a wideband
micropatch planar antenna are deployed with a horizontal
separation of 50 cm. The antennas are connected to COTS
LoRa devices [23] using ufl to SMA adapters. The height
of the aboveground node is 1.66 m. To accurately measure
the soil moisture level, two sets of Watermark soil moisture
sensors [24] are deployed at these depths at each side of the
sandbox. These sensors are connected to a data logger for soil
moisture measurements.

To evaluate the impact of soil moisture on LoRa perfor-
mance, the soil in the sandbox was saturated to the highest
possible volumetric water content (VWC) possible, using a
long drip pipe evenly distributed in circles across the surface of
the soil and along the boundary of the testbed. We start LoRa
experiments once the water potential reached field capacity,
and we continue them until the soil moisture reaches the
wilting point. The soil moisture readings from the data logger
are recorded in centibars (cB) and converted to VWC using
the empirical conversion curve in [14]. We report two groups
of results from two soil moisture levels: wet (15 cB or 37%
VWC) and dry (51 cB or 17% VWC).

2) Outdoor Testbed: In addition, we perform outdoor
testbed experiments with 433 MHz dipole and wideband
planar antennas buried at a depth of 20 cm. The outdoor
testbed allows a maximum distance of 115 m, which helps
validate the channel path loss model. We also maintain the
height of the aboveground node at 1.66 m, and the inter-node
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Fig. 4: The return loss of (a) 433MHz dipole antenna and (b) micropatch planar antenna in sandy soil for over-the-air and at
different burial depths. (c) Theoretical and measured RSSI for uplink (top) and downlink (bottom) in silty clay loam soil in
the outdoor testbed.
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Fig. 5: (a) CDF of the RSSI at each measurement distance in the outdoor testbed. (b) The RSSI using dipole antennas for
uplink and downlink at 10 cm buried depth, (c) the RSSI using dipole antennas for uplink and downlink at 40 cm burial depth,
and (d) the RSSI using dipole and wideband antennas for uplink and downlink at 10 cm burial depth.

distance was varied by moving the AG node in 10m intervals
from 5m to 115m. The outdoor testbed consists of silty clay
loam soil, providing a different soil type for analysis. The
soil-related parameters associated with the indoor and outdoor
testbeds are shown in Table I.
B. Measurement Results

1) Antenna Return Loss Measurements: The return loss
(S11) of the dipole and wideband planar antennas buried in
sandy soil is first measured for different deployment depths
and in the air using a vector network analyzer (VNA), which
are presented in Figs 4a-4b. The return loss of the 3 dB gain
dipole antenna at 433 MHz in the air, and at 10, 20, 40 cm
depths are −9.8, −1.8, −3.2, and −2.5 dB, respectively. For
example, the return loss degradation will translate into a 4.7
dB loss in transmit power at 10 cm, when the power of the
transmitter is 20 dBm. Similar impact can also be observed
from the micropatch antenna measurement. This addresses the
importance of considering the antenna return loss in the LoRa
performance analyses and experimental characterizations.

2) Channel Model Validation: We perform experiments
using the outdoor testbed by transmitting 200 LoRa packets in
uplink and downlink directions. The received signal strength
indicator (RSSI) and signal to noise ratio (SNR) information
are collected from the transmissions. We validate the path
loss model described in Section II. The variables ε, ε′ and ε′′

used in the Peplinski dielectric mixing model are calculated
based on the values presented in Table I. The soil parameter
is utilized to reflect the physical soil setting in the experiment
to evaluate the model’s accuracy.

Fig. 4c demonstrates the range test performed in the outdoor
testbed. The downlink and uplink RSSI values are recorded at
each measurement distance. It can be observed that the UL
and DL RSSIs derived based on the models in Section II have
a good fit with the measurement results. More specifically,
the R-squared values are 0.87 and 0.89, and the mean squared
error (MSE) is 22.39 and 33.48 for UL and DL, respectively.
It is worth noting that the experiments are performed in an
open space with buildings and trees on the two sides of the
area, at around 15m from each side, which could introduce
reflections and cause slight deviations from the model. Also,
the physical soil surface is not ideal, which can introduce
additional loss due to scattering, leading to inaccuracies in
refraction loss calculation at the soil-air interface. To show the
fading impacts, in Fig. 5a, the deviation of the experimental
measurements from the empirical and the theoretical means
are shown . The CDF shows that the random noise in the
channel is low at the measurement time, where more than
90% of the measured values are centered around the mean.
Based on the analysis of the range test, we can see that the
model can predict the received power for uplink or downlink
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channels with given physical settings and parameters.
3) Impacts of Soil Moisture: The impacts of soil moisture

are studied using the indoor testbed with sandy soil. In these
experiments, the UG nodes use dipole antennas to communi-
cate with the AG node at a fixed distance, as mentioned above.
In Fig. 5b, the UL and DL RSSIs at a 10 cm depth are shown.
The received power reduces by 1.15 dB, on average, when the
VWC increases from 17% to 37%. In this case, we believe that
due to the porosity and bulk density of sandy soil, soil water
quickly drains down, and the sandy soil did not hold the bound
water. Therefore, the attenuation caused by soil water content
is not strong at 10 cm depth.

Comparing the UL and DL RSSI in Fig. 5b, we observe
that the uplink has a larger RSSI than the downlink. This
difference is explained by the refraction loss difference at the
soil-air interface and follows the model and the measurement
done in the outdoor range test. In Fig. 5c, the UL and DL
RSSIs at a 40 cm depth are shown. The reduction in received
power at higher depth and higher soil moisture levels is more
pronounced. The uplink and downlink RSSI decreases with
soil moisture by 8.35 and 7.14 dB, respectively. Comparing
Fig. 5b and 5c, the impact of buried depth on the path loss is
also shown. A 10.25 dB loss on average is observed when the
depth increases from 10 cm to 40 cm.

4) Impact of Underground Antennas: Next, we investigate
the impact of underground antenna type on the uplink and
downlink received power with the dipole and wideband anten-
nas deployed in the indoor testbed. The uplink and downlink
RSSIs are compared in Fig. 5d, where the buried depth is
10 cm, and the soil moisture level is dry. It can be observed
that the wideband antenna has an average of 11 dB better
RSSI. This difference is caused jointly by the lower gain
and higher return loss of the dipole antennas . The wideband
antenna would be preferred to be used in underground nodes
to increase the channel link budget in (1), such that one can
extend the communication range. The antenna return loss has
the same impact on both uplink and downlink channels. The
difference between uplink and downlink mainly comes from
the refraction loss difference .

V. CONCLUSION

In this paper, we study the impact of soil medium and its
properties on the LoRa modulation in UG channels. In partic-
ular, we present empirical measurement results and analysis
of LoRa under different soil types, soil moisture conditions,
and antenna types. By leveraging UG channel models, we
derive the predictions of the performance of LoRa under
varying conditions. The following steps of our study will
include power consumption analysis and develop adaptive
LoRa systems for practical applications, such as intelligent
monitoring and smart agriculture.
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