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Abstract: In this article the measurement method and results for a measurement with LoRa in a
tunnel is shown, using a custom LoRaWAN Data-Logger and DR0, in the LoRaWAN EU868 region
at 868 MHz. After an initial attenuation of 66 dB for the Data-Logger and 49 dB for the Gateway, an
attenuation of 14 dB/km for the RSSI of the Data-Logger and 17 dB/km for the RSSI of the Gateway
was obtained. For this results the Data-Logger and Gateway were placed in the middle of the tunnel
cross-section in a height of 1.7 m. If the Data-Logger was placed in one of the five diagonal transverse
the signal degraded quickly by up to 40 dB. Additional tests with different positions of the Gateway
and the Data-Logger in the cross-section of the tunnel showed the significant influence of placement
in the cross-section. For all situations the suitability of LoRa in tunnels is shown. The tunnel had a
usable length of 2400 m, a width of 8 m, and a rounded ceiling at 6 m. The walls and ceiling were a
combination of natural stones and sprayed concrete, the floor was tarred. No active traffic was in the
tunnel during measurement. The measured RSSI and the SNR values showed that the whole tunnel
could be covered with a single LoRa Gateway at the tunnel portal.

Keywords: LoRa in tunnels; LoRaWAN in tunnels; RF propagation; Wireless measurement

1. Introduction

In our project we developed a wireless long life battery powered Data-Logger which
is also used inside of tunnels. The Data-Logger uses different kinds of sensors to monitor
the corrosion of the tunnel walls, ceiling, and floor. The collected data is then transmitted
wirelessly to a central server to store, process, and visualise the results. In a tunnels
not only data transmission over a longe range is needed, but also a long battery life
to simplify installation and reduce operational cost. LoRa is a wireless communication
protocol often used in IoT applications [1]. With its relatively long range and low power
requirements LoRa is suitable for many IoT applications, including our Data-Logger. While
some measurement results for LoRa in buildings and outdoor is available, not much
information regarding the use of LoRa in tunnels is published. In order to investigate
whether LoRa is suitable for our sensor network in tunnels, measurements with LoRa in a
2400 m tunnel where made. Especially the maximum range of the data transmission is of
interest, since it determines the number of required LoRa Gateways. LoRa Gateways are a
major cost factor for any LoRaWAN application which uses a separate private LoRaWAN
network. We therefore carried out measurements with different location of the Data-Logger
and Gateway in a tunnel.

This article presents the results of those measurement, and compares them with other
measurement results from literature. Additionally our method used for the measure-
ment is described, which is helpful to reproduce similar measurement in other locations.
Such a extensive description of the measurement method is missing in many of the other
publications.
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2. Related Work

Different authors already made measurements in prior work with LoRa in real world
environments (buildings, cities, etc.) [2–11]. They all used the RSSI and Rx SNR values
of the LoRa transceiver. For the specific deployment in tunnels, only very slightly similar
measurements are publicly available. Because of this lack of public measurement results,
we focused our measurements on LoRa in tunnels.

In the article by Branch [12] LoRa measurements were done in a underground gold
mine. The author also recognized the missing availability of data for LoRa transmission
underground. The usable measurement length of the corridors in the gold mine was limited
to 240 m, the width of the tunnel was 5 m, and the height 4 m. They used different SF (SF7,
SF9, and SF12), with the RSSI and SNR values of the LoRa transceiver. In the tunnel middle
with SF12 they measured an attenuation of ≈ 8 dB/100 m. At the tunnel wall a higher
attenuation was measured. Additional measurements around a corner were done, showing
a higher attenuation without line of sight.

Zhou et al. [13] have done more general measurements of tunnels and mines. The
measurements where made at different frequencies. While not using LoRa itself, the
results from the measurements at 915 MHz can still be applied to LoRa, because they have
a relatively similar wavelength. A waveguide like behaviour could be reproduced for
different frequencies. The measured attenuation was lower if the tunnel had a bigger
diameter (closer to free space), and the wall finish was smoother. The polarization of the
antenna can also have an influence. In a high tunnel (height > width) a vertical polarization
had lower attenuation. For a wide tunnel (height < width) a horizontal polarization had
lower attenuation. For a square tunnel (height ≈ width) the polarization does not matter.

Dudley et al. [14] measured a concrete railway tunnel, but where also not using LoRa.
The tunnel was rounded with a flat floor, a width of 8.6 m, and a height of 7.9 m. The
tunnel was straight and 3.5 km long. For 900 MHz an attenuation of 8.5 dB/km could be
measured with a horizontal polarization antenna. The waveguide like behaviour for higher
frequencies was also observed.

3. Materials and Methods

In this section the components of the measurement and the measurement location are
described.

3.1. Hardware Overview

The central component of the Data-Logger was a low power STM32 microcontroller.
The board can either be powered from a battery or from a USB connection which was also
used as a serial console. As a LoRa Module the RFM95W [15] from HOPERF was used. The
RFM95W is based on the Semtech SX1276 LoRa transceiver, with an external antenna. For
the LoRaWAN software stack the LoRaMac-node V4.7.0 [16] was used. The Data-Logger
was working as a LoRaWAN Class A device, the most energy efficient Class of LoRaWAN
devices.

For the LoRa Gateway a MultiTech Conduit [17] (Firmware version 6.0.4), with a
MTAC-LORA-H-868 LoRa transceiver module is used. The Conduit combines a LoRa
Gateway, a LoRaWAN Server, and an end application server.

For the measurements simple omni directional dipole antennas (Pulse W1063RP [18])
with ≈ 1 dBi of gain and a vertical polarization were used on the Data-Logger and Gateway.
Both, Data-Logger and Gateway, can reach the maximum allowed transmission power of
16dBm EIRP for the LoRaWAN EU868 region [19]. Therefore, when an antenna with a high
gain is added, the transmit power needs to be reduced and the antenna gain would only
provide a benefit on the receiver side.

Each device was mounted on a camera tripod in a height of ≈ 1.7 m. Figure 1 and 2
show the Data-Logger and the LoRa Gateway with a battery placed on the floor, respec-
tively.
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Figure 1. Data-Logger on the tripod. Figure 2. LoRa Gateway on the tripod,
with the battery placed on the floor.

3.2. Measurement Sequence

In order to collect the data in a real world environment the measurement where made
with the actual used hardware, and not with dedicated measurement devices. Furthermore
the results in both direction, from Gateway to Data-Logger and from Data-Logger to
Gateway, are important to account for the different hardware used as the Data-Logger
and Gateway. For our operation it is mandatory that the devices comply to the LoRaWAN
standard for the EU868 region (LoRaWAN L2 1.0.4 Specification [20], and 1.0.3 LoRaWAN
Regional Parameters [19]). Therefore, all settings were made in compliance with the EU868
region. The general setup for the measurement is shown in Figure 3.

WiFi

LoRa Gateway + LoRaWAN Server:
MultiTech Conduit

LoRa End Node/
Data-Logger

USB
(Data and Power)

LoRa LoRa

Battery

Figure 3. Measurement setup with the Data-Logger and LoRa Gateway.

Because the Data-Logger is a LoRaWAN Class A device, for every measurement point the
measurement sequence was the following:

1. On the LoRa Gateway all responds packets to the Data-Logger are queued in the
Gateway transmit queue. This queuing was needed to ensure that the send timing
of the downlink packet is correct for a LoRaWAN Class A Device. The number of
queued packets is depending on how many packets should be measured. The content
of the packet was randomly generated.

2. The notebook controlling the Data-Logger generates a random packet and sends it
over USB to the Data-Logger.

3. The Data-Logger sends the packet to the LoRa Gateway. The notebook connected
saves the transmission details.
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4. The packet is received on the LoRa Gateway. The notebook connected saves the
reception details.

5. In the receive window 1 or 2 the LoRa Gateway sends one of the queued uplink
packets back to the Data-Logger. The notebook connected saves the transmission
details.

6. The packet is received on the Data-Logger. The notebook connected saves the recep-
tion details.

7. Step 2 to 6 are repeated for every packet sent for this measurement point.

This sequence allowed to measure both uplink and downlink in the same measurement,
except when a packet is not received by the LoRa Gateway. If the LoRa Gateway does not
receive a packet, the Gateway can not start the timer to send the downlink packet in receive
window 1 or 2, and step 4 to 6 are skipped. After a timeout the measurement will then
continue at step 2. If a packet is not receive by the Data-Logger only step 6 is skipped.

3.3. Measurement Values and Settings

RSSI, Rx SNR, and PER are the most impotent values to determine the quality of
a LoRa link. Because of this RSSI and Rx SNR can be obtained easily from the LoRa
transceivers and are mainly used in this article. As seen in Chapter 2 most other authors
also use the RSSI and Rx SNR of the LoRa transceiver.

For the measurement DR0 (SF12 and bandwidth 125 kHz) in the LoRaWAN EU868
region was used. DR0 has the lowest bit rate with the longest range, and is therefore the
best option to detriment the maximum range of LoRa in a tunnel. A DR is a combination of
the LoRa Spreading Factor (SF) and the used frequency bandwidth. In the EU868 region
DR0 to DR11 are standardised. The SF is a parameter of the LoRa modulation, bigger SF
will cause a smaller bitrate and a higher transmission distance [19,21]. Using a constant
DR also reduced the number of different parameters that need to be measured. This was
important because the time available for measurements in the tunnel was limited.

In order to achieve the maximum distance, the transmit power was fixed to the
maximum allowed value of 16 dBm EIRP [19] including the 1 dBi gain of the transmit
antenna. ADR was turned off. If ADR had been activated, the transmission power and DR
could change dynamically during the measurement, which could lead to a case where the
maximum distance can not be determined reliably. Only the three mandatory channels
for EU868 were used at 868.1 MHz, 868.3 MHz, and 868.5 MHz. This limited number of
channels again reduce the number of variables which had to be tested. All packets were
sent as as unconfirmed transmissions. Confirmed LoRaWAN transmissions are not suitable
to measure PER, because a packets with a error would simply be send multiple times until
a successful transmission occurred.

Preamble
8 Symbols

SyncWord
4.25 Symbols

Physical Header
8 Symbols LoRa Payload

LoRa Payload

LoRaWAN Header

MAC Header
1 Byte

Frame Header
7 Byte

Port Field
1 Byte

LoRaWAN
Payload

LoRaWAN Header

Message Integrity Code
4 Byte

CRC16
2 Byte

LoRa Packet

Figure 4. Overview of the headers and payload for a LoRaWAN packet.

To test a worst-case scenario (longest transmission time, therefore more time for
an error to occur) all packets were sent with a random 50 Byte payload. The maximum
packet size is limited by the implementation of the LoRa transceiver, and the regulatory
requirements [19]. Additional error checking for the content was not needed. LoRaWAN
uses a CRC16 checksum, plus an integrity check by the MIC, provided by the used AES128-
CCM* (Note: the asterisk * is part of the name) encryption. Both, checksum and MIC,
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are shown in Figure 4. Packets with an error in the checksum or an error in the MIC are
automatically dropped by the LoRa Gateway or the Data-Logger. Packets not received or
packets received with an error are handled the same way, and are counted the same for the
measurement.

As mention before, beside RSSI and SNR measurement of the PER would be interesting
to determine the reliability of a connection. At least ten packet errors should be observed
to get a meaningful PER. In the following the minimum measurement time to achieve
ten errors is calculated. For this first the transmission time for one LoRa packet was
calculated. From the transmission time of one LoRa packet, the round trip time to send a
packet from the Data-Logger to the Gateway and back can be calculated. The minimum
measurement time is important, because the time in which the tunnel was accessible
for the measurements was limited. The used LoRa transceiver on the Data-Logger is
specified to have a PER of <1 % [15]. Assuming we have a 1 % PER we need to send at least
10 ErrorPackets/1 % = 1000 Packets to get ten errors. The calculation of the transmission
time of a single LoRa packet is specifies in the Semtech “LoRa Modem Designer’s Guide”
[21]. The time on air for one single LoRa symbol tsym is given by equation 1 [21].

tsym =
2SF

fBW
(1)

with:
tsym : Transmission time for one symbol (s).
SF : Spreading Factor of the DR.
fBW : Bandwidth of the DR (Hz).

For DR0 in EU868 the tsym is 32.768 ms. The number of needed LoRa symbols for a
specific payload can be calculated according to equation 2 [21].

npayloadSymbol = max
(⌈

8 · PL − 4 · SF + 44 − 20 · H
4 · (SF − 2 · DE)

⌉
· CR, 0

)
(2)

with:
npayloadSymbol : Number of LoRa payload symbols, including symbols for the CRC16 checksum, in

blue in Figure 4.
PL : Payload size (Byte).
H : H = 0 if the physical header is enabled, H = 1 if the physical header is disabled.

LoRaWAN uses the physical header [19].
DE : DE = 1 when the low data rate optimization is enabled, DE = 0 if the low data rate

optimization is disabled. Low data rate optimization is enabled for fBW = 125 kHz,
and SF ≥ 11 [21].

CR : Coding Rate of LoRa used for the forward error correction. The coding rate is the
denominator of the ratio of payload symbols to code symbols. LoRa supports ratios
of 4

5 , 4
6 , 4

7 , and 4
8 [21]. LoRaWAN uses coding rate 5 for the payload, and a coding

rate 8 for the physical header [19].

In addition to the 50 Byte random payload (yellow in Figure 4) used as test data,
LoRaWAN requires at least 13 Byte [20] of headers (green in Figure 4), for a total payload
size of PL = 63 Byte. The number of payload symbols for the transmission of a packet with
63 Byte payload at DR0 in EU868 is npayloadSymbol = 65 Symbols. The transmission time for
one LoRa packet is then given by Equation 3 [21]. The different parts of the LoRa packet
are shown in Figure 4 in white.

tOnAir = tsym · (npreamble + nsyncWord + nphysicalHeader + npayloadSymbol) (3)

with:
tOnAir : Transmission time of one LoRa packet (s).
npreamble : Number of preamble symbols. For LoRaWAN this is fixed to 8 symbols [19].
nsyncWord : Number of synchronization symbols. For LoRaWAN this is fixed to 4.25 symbols

[19].
nphysicalHeader : Number of symbols for the physical header. For LoRaWAN this is fixed to

8 symbols [19].
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The transmission time for this 65 Symbols is tOnAir ≈ 2.8 s. Equation 4 calculates the
transmission time for one packet from Data-Logger to Gateway and back, assuming the
packet from the Gateway back to the Data-Logger is send in the LoRaWAN receive window
2. Rounding the result up to give some margin, the transmission needs tr ≈ 8 s.

tr = tOnAirGateway + tw2 + tOnAirDataLogger = 2.8 s + 2 s + 2.8 s = 7.6 s (4)

with:
tr : Transmission round trip time (s).
tOnAirGateway : Transmission time Data-Logger to Gateway (s).
tw2 : Delay for receive window 2 (s), 2 s is the LoRaWAN default value [19].
tOnAirDataLogger : Transmission time Gateway to Data-Logger (s).

The minimum measurement time to get ten error packets with 8 s per transmission is
then 1000 Packets · 8 s/Packet = 8000 s ≈ 2.22 h. 2.22 h per measurement point is relatively
long. Especially when multiple points should be measured, and the available measurement
time on the test location is very limited. Therefore the decision was made to prioritize more
test points over the collection of enough packets for a meaningful PER. Per Data-Logger or
Gateway position 10 packets were sent (uplink and downlink). This still allows to collect a
rough estimation of the PER for one position (is it only barely working or at least stable for
10 packets). While the time for one measurement position is still relatively short with only
80 s.

3.4. Measurement location

The measurement was made in an old railway tunnel in Switzerland with a usable
length for the measurement of 2400 m. Because the tunnel is only used as a service and
emergency exit, no active traffic was in the tunnel during measurement. The tunnel is 8 m
wide, 6 m high, has a rounded ceiling, and no significant curvature. Figure 5 and Figure 7
show the walls and ceiling of the tunnel, which are a combination of natural stones and
sprayed concrete, the floor was tarred. When the tunnel was originally built, every 50 m
on both sides a personal protection niches (Figure 9) was added. Some of the niches were
filled up during renovation. The niches had a height of 2 − 3 m, a width of 2 m, and a depth
of 1.5 − 3 m. Additionally, five large diagonal transverse (Figure 10) are available every
330 − 490 m. The diagonal transverse had a width of 5 m and a height of 4 m.

For the measurements the Gateway was placed inside the tunnel at the portal, see
Figure 6. Every 100 m a measurement was made with the Data-Logger in the centre of the
tunnel (Figure 7), on the right and left wall (Figure 8), and if still available in the left and
right personal protection niches (Figure 9). Additional measurements where made in the
diagonal connections (Figure 10).

Figure 5. View inside the tunnel. On the wall
the natural stones are shown, the tunnel ceiling
is covered in sprayed concrete, and the floor is
tarred.

Figure 6. The LoRa Gateway during measure-
ment inside the tunnel at the tunnel portal.
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Figure 7. Data-Logger during measurement in the
middle of the tunnel. The tunnel walls and ceiling are
covered in sprayed concrete

Figure 8. Data-Logger dur-
ing measurement at the tunnel
wall. The natural stone walls is
shown.

Figure 9. Data-Logger during measurement in a
niche at the halfway point of the tunnel.

Figure 10. Data-Logger during mea-
surement at the entrance of one of
the five large diagonal transverse.

4. Results

In this chapter the results of the different measurements are presented. Figure 11 to
14 show a schematic top view of the tunnel. The black dot on the left represents the LoRa
Gateway at the tunnel portal. The positions of the Data-Logger is show by the other dots,
where the colour of the dots represents the median value of the RSSI or Rx SNR for the
different positions inside the tunnel. The median value was chosen since it is more robust
against outliers than the mean value. Figure 11 shows the RSSI and Figure 12 Rx SNR of
the Gateway, while Figure 13 shows the RSSI and Figure 14 the Rx SNR of the Data-Logger.

From the ten packets sent for every measurement point, nine or more packets where
received for most location. Only for the measurement points in the middle and at the end
of the large diagonal traverses at 1210 m, 1700 m, and 2160 m a clear increase in packet loss
was observed. In some cases two or less packets where received. This corresponds to the
reduction of the SNR values, as shown in Figure 12 and 14 for the same positions. With a
lower SNR receiving of packets gets more error prone and therefore a increase in PER is
expected.
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Figure 11. Schematic top view of measurement results in the old railway tunnel. The colours of the points represent the Gateway median
RSSI value, if the Data-Logger was placed at this point. The Gateway itself was placed in the centre of the tunnel portal (black dot).

Figure 12. Schematic top view of measurement results in the old railway tunnel. The colours of the points represent the Gateway median Rx
SNR value, if the Data-Logger was placed at this point. The Gateway itself was placed in the centre of the tunnel portal (black dot).
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Figure 13. Schematic top view of measurement results in the old railway tunnel. The colours of the points represent the Data-Logger median
RSSI value, if the Data-Logger was placed at this point. The Gateway was placed in the centre of the tunnel portal (black dot).

Figure 14. Schematic top view of measurement results in the old railway tunnel. The colours of the points represent the Data-Logger median
Rx SNR value, if the Data-Logger was placed at this point. The Gateway was placed in the centre of the tunnel portal (black dot).
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In all results, for the same position the RSSI of the Data-Logger is lower then the
RSSI of the Gateway. This is caused by communication link not being symmetrical. While
the transmit power is the same (16 dBm EIRP), and the same type of antenna is used, the
hardware implementation is different between the Data-Logger and the Gateway. They use
different LoRa transceiver, different analog front-ends, and different oscillators.

4.1. Data-Logger position in tunnel

The graphs in Figure 15 show the change of the RSSI value over the tunnel length. The
solid points show the median RSSI strength. The small dashes above and below the points
show the minimal and maximal RSSI of each measurement point. The area between the
small dashes is lightly coloured for better visibility. Values measured by the Data-Logger
are blue, values from the Gateway are orange. The Gateway was placed inside the tunnel
at the portal, in the middle of the tunnel cross-section. In every graph (a-e) in Figure 15
the values for the same location of the Data-Logger in the tunnel cross-section are grouped.
The violet and brown lines show a fit to the median RSSI values. They were obtained
using the Theil-Sen-Estimator. The Theil-Sen-Estimator is a method for fitting a line to
points, which is robust against outliers. For this the Theil-Sen-Estimator determinants the
median of the slopes of all lines that can be drawn through any two data points, calculated
according to equation 5 [22]. The credibility interval was calculated with bootstrapping
[23] at 2000 samples.

mTS(x, y) = median
k,l∈{1,...,n}

xk ̸=kl

(
yl − yk
xl − xk

)
(5)

From the fit with the Theil-Sen-Estimator presented in Figure 15, the attenuation for
different positions in the cross-section are derived and are show in Figure 16. Figure 16
a) shows attenuation per km and the graph in Figure 16 b) shows the initial attenuation
calculated at the tunnel portal (0m distance from Gateway) for a Tx power of 16dBm EIRP.
If both (Gateway and Data-Logger) were placed in the centre of the tunnel, after an initial
attenuation of ≈ 66 dB for the Data-Logger and ≈ 49 dB for the Gateway, the attenuation
was ≈ 14 dB/km for the RSSI of the Data-Logger, and ≈ 17 dB/km for the RSSI of the
Gateway. This results are also summarised in Table 1.

Placing the Data-Logger on the wall increasers the attenuation by 3 − 4 dB/km com-
pared to the center position. Additionally the initial attenuation is 6 − 12 dB higher. Placing
the Data-Logger in a niche increases the attenuation by 2 − 5 dB/km, and the initial at-
tenuation by 26 − 32 dB compared to the center position. The increase in attenuation is
summarised in Table 2. This shows that the attenuation caused by the distance is almost
constant, independently of the Data-Logger position in the cross-section of the tunnel. But
a placement not in the center will add a almost constant amount of attenuation, which is
not distance dependent.

Table 1. Summery of the initial attenuation and the attenuation per km for different positions in the
cross-section of the tunnel.

Data-Logger Gateway

Left niche initial attenuation 94 dB 81 dB
Left wall initial attenuation 74 dB 60 dB
Center initial attenuation 66 dB 49 dB
Right wall initial attenuation 72 dB 57 dB
Right niche initial attenuation 92 dB 78 dB

Left niche attenuation 16 dB/km 19 dB/km
Left wall attenuation 18 dB/km 20 dB/km
Center attenuation 14 dB/km 17 dB/km
Right wall attenuation 18 dB/km 20 dB/km
Right niche attenuation 19 dB/km 21 dB/km
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Figure 15. The graphs shows the RSSI value over the tunnel length. In every graph the values from the same point of
the tunnel cross-section are grouped. The lines show a fit of the values in the graph. They where obtained using the
Theil-Sen-Estimator. The credibility interval was calculated with Bootstrapping at 2000 samples.
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Figure 16. The graph a) shows the result of the fit from Figure 15, for the attenuation per km for different positions in the cross-section of the tunnel. The graph b) shows the initial
attenuation calculated at the tunnel portal (0 m distance from Gateway) with the used Tx power of 16 dBm EIRP, for the different positions in the cross-section of the tunnel.

Figure 17. RSSI value of the Data-Logger and Gateway for the cross-section of the tunnel with the Data-Logger place in the five diagonal transverses.
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Figure 18. Cross-section showing the influence of the Gateway position. Then measurements were made with the Data-Logger placed at the different positions
in 1 km distance of the Gateway. The shown values are the RSSI and Rx SNR of the Gateway.
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Figure 19. Cross-section showing the influence of the Gateway position. Then measurements were made with the Data-Logger placed at the different positions
in 1 km distance of the Gateway. The shown values are the RSSI and Rx SNR of the Data-Logger.
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4.2. Diagonal transverses

Figure 17 shows the RSSI values measured with the Data-Logger placed in different
position in one of the five diagonal transverses. The Gateway was placed inside the
tunnel at the portal (same place as in Figure 11). The points show the median RSSI value,
while small dashes above and below the points show the minimal and maximal RSSI for
this measurement point. Values measured by the Data-Logger are blue, values from the
Gateway are orange.

These results show that the transmission around a corner into a diagonal transverse
leads to a clear drop of 30 − 40 dB in RSSI. This behavioured is more pronounced in the
transverses closer to the Gateway. At the end of transverses further away from the Gateway
the packet loss starts to increase. The packet loss corresponds to the reduction of the Rx
SNR values (Figure 12 and 14) for the same positions.

4.3. Changed gateway position

To investigate the influence of the gateway position, the Gateway was brought 70 m
inside the tunnel where the first niches where available. Then measurements where made
with the Data-Logger placed at the different positions in 1 km distance. The results from
this measurements are shown in Figure 18 and 19. The different coloured lines show the Rx
SNR and RSSI values for different positions of the Gateway in the tunnel cross-sections,
depending on the placement of the Data-Logger in the tunnel cross-sections. For this,
Figure 18 a) shows the RSSI value of the Gateway and Figure 18 b) Rx SNR value of the
Gateway. Figure 19 a) shows the RSSI value of the Data-Logger and in Figure 19 b) the Rx
SNR value of the Data-Logger.

The results from Figure 18 and 19 show a clear increase in attenuation for placing the
Gateway on the wall or in a niche. At 1 km measuring distance, and placing the Gateway at
the wall caused 5 − 15 dB of additional attenuation. Placing the Gateway in a niche caused
additional 34 − 50 dB of attenuation. This values are in the same range as the attenuation
in Figure 16, cause by placing the Data-Lagger on the wall or in the niche. The increase in
attenuation is also summarised in Table 2.

Table 2. Summery of the attenuation increase obtained by the evaluation of the result from the
different measurements in the tunnel.

Value

Initial attenuation increase center to wall 6 − 12 dB
Initial attenuation increase center to niche 26 − 32 dB
Attenuation increase center to wall 3 − 4 dB/km
Attenuation increase center to niche 2 − 5 dB/km

Attenuation increase into diagonal transverse 30 − 40 dB

Attenuation increase for Gateway position center to wall 5 − 15 dB
Attenuation increase for Gateway position center to niche 34 − 50 dB

5. Discussion

Our measurement results showed that a reliable LoRa communication was possible
for the complete tunnel having a length of 2400 m. Therefore it was not possible to measure
the maximum range of LoRa in the old railway tunnel. The only exception to the reliable
LoRa communication was found at the end of the traverses. If a even longer tunnel should
be covered, positioning the LoRa Gateway on the halfway point of the tunnel, and not at
the portal, could additionally increases the achievable transmission distance. This position
at the halfway point brings the potential new challenge of providing the uplink for the data
from the LoRa Gateway to a central server. At the tunnel portal such a uplink is in many
cases more easily available (e.g. availability of a cellular network).

The attenuation of ≈ 14 dB/km for the Data-Logger and ≈ 17 dB/km for the Gateway
obtained with the measurements are in good agreement with the values measured in
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the related work. Comparing this with the values from Zhou et al. [13], the tunnel
measurements in this article has a much lower attenuation. This is mainly because the
measurements by Zhou et al. [13] were done in mines, which had a smaller cross-section
and a much rougher wall surface. The same is also true for the goldmine measured by
Branch [12]. The tunnel in which measurement by Dudley et al. [14] were made had a
bigger cross-section than the old railway tunnel and had a smoother wall surface. Therefore
the attenuation of 8.5 dB/km is lower than the one measured for the tunnel in this article.
While no measurement in tunnels with different sized cross-section where done in this
article, the results obtained do support the general rule of a lower attenuation if the tunnel
has a bigger diameter (closer to free space), and lower attenuation if the tunnel has smoother
surfaces.

A position without line of sight between Gateway and the Data-Logger in one of the
five traverses caused a quick degradation of the Rx SNR and RSSI, leading to an increased
packet loss. This was also shown by Branch [12], and therefore mounting of the device
without line of sight should be avoided for real deployments.

The positioning of the Gateway or Data-Logger in the cross-section of the tunnel is an
additional challenging aspect. Figure 16 shows that the attenuation caused by the distance
is almost constant, independently of the Data-Logger position in the cross-section of the
tunnel. But a placement not in the center will add significant amount of attenuation to the
signal. The same is also the case for placing the Gateway not in the center, as shown in
Figure 18 and 19. Hence for the best performance, the Gateway and Data-Logger should be
placed in the center of the tunnel. But this space is usually used by trains, cars, etc. and can
not be used to place Data-Loggers or Gateways. Therefore a compromise between a good
performance and feasible mounting position must be found for a real world deployment.
All tests in the tunnel were also made without traffic in the tunnel. Additional traffic will
for sure increase the attenuation in the tunnel.

6. Conclusions

In this article we showed measurement of LoRa in a tunnel and the suitability of
LoRa for the use in tunnels. In an empty tunnel at least 2400 m can be covered with one
LoRaWAN Gateway placed at the tunnel portal. This allows the deployment of the Data-
Logger in tunnels while still only one LoRaWAN Gateway is needed and therefore reducing
cost. Mounting of the Gateway or Data-Logger inside the wall or in a niche without direct
line of sight to the other device should be avoided. These results give us confidence for
future projects where our Data-Logger is deployed inside tunnels for corrosion monitoring.

The test in the tunnel were carried out when the tunnel was not in active use. Therefore
some uncertainty regarding the influence of traffic exists, and could be studied in future
measurements. Also, future measurements with a smaller distance (< 100 m) between
the measurement locations, in a different tunnels, or with more packets for a better PER
measurement could be of interest. Additional measurements regarding the polarization
effects, especially close to the wall or in a niche, could also be done.
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ADR . . . . . . . . Adaptive Data Rate

AES . . . . . . . . Advanced Encryption Standard

CCM . . . . . . . . Counter with Cipher block chaining Message authentication code

CRC . . . . . . . . Cyclic Redundancy Check

DR . . . . . . . . . Data Rate

EIRP . . . . . . . . Equivalent Isotropically Radiated Power

EU868 . . . . . . . LoRaWAN Region Europe, in the 868MHz Band

IoT . . . . . . . . . Internet of Things

LoRa . . . . . . . . Long Range

LoRaWAN . . . . . Long Range Wide Area Network

MIC . . . . . . . . Message Integrity Code

PER . . . . . . . . Packet Error Rate

RSSI . . . . . . . . Received Signal Strength Indication

Rx . . . . . . . . . Receive

SBB . . . . . . . . . Schweizerische Bundesbahnen

SF . . . . . . . . . Spreading Factor

SNR . . . . . . . . Signal to Noise Ratio

Tx . . . . . . . . . Transmit

USB . . . . . . . . Universal Serial Bus

References
1. LoRa Alliance. What is LoRaWAN. Available online: https://lora-alliance.org/resource_hub/what-is-lorawan/ (accessed on

2022-12-20).
2. Petajajarvi, J.; Mikhaylov, K.; Roivainen, A.; Hanninen, T.; Pettissalo, M. On the coverage of LPWANs: range evaluation and chan-

nel attenuation model for LoRa technology. In Proceedings of the 2015 14th International Conference on ITS Telecommunications
(ITST), 2015, pp. 55–59. https://doi.org/10.1109/ITST.2015.7377400.

3. Aref, M.; Sikora, A. Free space range measurements with Semtech Lora technology. In Proceedings of the 2014 2nd International
Symposium on Wireless Systems within the Conferences on Intelligent Data Acquisition and Advanced Computing Systems,
2014, pp. 19–23. https://doi.org/10.1109/IDAACS-SWS.2014.6954616.

4. Gregora, L.; Vojtech, L.; Neruda, M. Indoor signal propagation of LoRa technology. In Proceedings of the 2016 17th International
Conference on Mechatronics - Mechatronika (ME), 2016, pp. 1–4.

5. Breitegger, J.; Raffelsberger, C.; Borkotoky, S.S.; Rogler, I.; Bettstetter, C. Long-Term LoRa Experiments in a Chemical Plant.
In Proceedings of the 2021 22nd IEEE International Conference on Industrial Technology (ICIT), 2021, Vol. 1, pp. 1–6. https:
//doi.org/10.1109/ICIT46573.2021.9453474.

6. Erbati, M.M.; Schiele, G.; Batke, G. Analysis of LoRaWAN technology in an Outdoor and an Indoor Scenario in Duisburg-Germany.
In Proceedings of the 2018 3rd International Conference on Computer and Communication Systems (ICCCS), 2018, pp. 273–277.
https://doi.org/10.1109/CCOMS.2018.8463224.

7. Hosseinzadeh, S.; Larijani, H.; Curtis, K.; Wixted, A.; Amini, A. Empirical propagation performance evaluation of LoRa for
indoor environment. In Proceedings of the 2017 IEEE 15th International Conference on Industrial Informatics (INDIN), 2017, pp.
26–31. https://doi.org/10.1109/INDIN.2017.8104741.

8. Abrardo, A.; Pozzebon, A. A Multi-Hop LoRa Linear Sensor Network for the Monitoring of Underground Environments: The
Case of the Medieval Aqueducts in Siena, Italy. Sensors 2019, 19. https://doi.org/10.3390/s19020402.

9. Bobkov, I.; Rolich, A.; Denisova, M.; Voskov, L. Study of LoRa Performance at 433 MHz and 868 MHz Bands Inside a Multistory
Building. In Proceedings of the 2020 Moscow Workshop on Electronic and Networking Technologies (MWENT), 2020, pp. 1–6.
https://doi.org/10.1109/MWENT47943.2020.9067427.

10. Fraile, L.P.; Tsampas, S.; Mylonas, G.; Amaxilatis, D. A Comparative Study of LoRa and IEEE 802.15.4-Based IoT Deployments
Inside School Buildings. IEEE Access 2020, Vol. 8, pp. 160957–160981. https://doi.org/10.1109/ACCESS.2020.3020685.

11. Haxhibeqiri, J.; Karaagac, A.; Van den Abeele, F.; Joseph, W.; Moerman, I.; Hoebeke, J. LoRa indoor coverage and performance in
an industrial environment: Case study. In Proceedings of the 2017 22nd IEEE International Conference on Emerging Technologies
and Factory Automation (ETFA), 2017, pp. 1–8. https://doi.org/10.1109/ETFA.2017.8247601.

12. Branch, P. Measurements and Models of 915 MHz LoRa Radio Propagation in an Underground Gold Mine. Sensors 2022, Vol.
22, Article 22. https://doi.org/10.3390/s22228653.

https://lora-alliance.org/resource_hub/what-is-lorawan/
https://doi.org/10.1109/ITST.2015.7377400
https://doi.org/10.1109/IDAACS-SWS.2014.6954616
https://doi.org/10.1109/ICIT46573.2021.9453474
https://doi.org/10.1109/ICIT46573.2021.9453474
https://doi.org/10.1109/CCOMS.2018.8463224
https://doi.org/10.1109/INDIN.2017.8104741
https://doi.org/10.3390/s19020402
https://doi.org/10.1109/MWENT47943.2020.9067427
https://doi.org/10.1109/ACCESS.2020.3020685
https://doi.org/10.1109/ETFA.2017.8247601
https://doi.org/10.3390/s22228653


23.01.2026 18 of 18

13. Zhou, C.; Plass, T.; Jacksha, R.; Waynert, J.A. RF Propagation in Mines and Tunnels: Extensive measurements for vertically,
horizontally, and cross-polarized signals in mines and tunnels. IEEE Antennas and Propagation Magazine 2015, Vol. 57, pp. 88–102.
https://doi.org/10.1109/MAP.2015.2453881.

14. Dudley, D.G.; Lienard, M.; Mahmoud, S.F.; Degauque, P. Wireless propagation in tunnels. IEEE Antennas and Propagation Magazine
2007, Vol. 49, pp. 11–26. https://doi.org/10.1109/MAP.2007.376637.

15. HopeRF. RFM95W/96W/98W Datasheet - Version: 2.0. Available online: https://www.hoperf.com/data/upload/portal/2019
0801/RFM95W-V2.0.pdf (accessed on 2023-08-11).

16. Semtech. LoRaMac-node - LoRaWAN end-device stack implementation and example projects. Available online: https:
//github.com/Lora-net/LoRaMac-node (accessed on 2022-10-22).

17. MultiTech Systems. MultiTech Conduit Datasheet. Available online: https://www.multitech.com/documents/publications/
data-sheets/86002217.pdf (accessed on 2023-08-10).

18. Pulse Electronics. 868-928MHz Swivel Typedipole antenna - W1063 - Datasheet. Available online: https://productfinder.
pulseelectronics.com/api/open/part-attachments/datasheet/w1063 (accessed on 2023-08-10).

19. LoRa Alliance; Yegin, A.; Seller, O.; Kjendal, D.; et.al. RP2-1.0.3 - LoRaWAN Regional Parameters. Available online: https:
//lora-alliance.org/resource_hub/rp2-1-0-3-lorawan-regional-parameters/ (accessed on 2022-12-20).

20. LoRa Alliance, A. Yegin, O. Seller, T. Kramp, et.al. TS001-1.0.4 - LoRaWAN L2 1.0.4 Specification. Available online: https:
//lora-alliance.org/resource_hub/lorawan-104-specification-package/ (accessed on 2022-09-15).

21. Semtech. SX1272/3/6/7/8: LoRa ModemDesigner’s Guide AN1200.13. Available online: https://semtech.my.salesforce.com/
sfc/p/#E0000000JelG/a/2R0000001OK4/K1xBJSCPflEbqU03CfABAjL29tRKA9KsdAdTIsWBA8s (accessed on 2022-12-21).

22. P. Matthias. A correlation measure based on Theil-Sen regression. Available online: https://towardsdatascience.com/a-
correlation-measure-based-on-theil-sen-regression-31b8b9ed64f1 (accessed on 2024-02-26).

23. E. Bradley, R. J. Tibshirani. An Introduction tothe Bootstrap; Publisher: Springer Science+Business Media, Dordrecht, Netherlands,
1993.

https://doi.org/10.1109/MAP.2015.2453881
https://doi.org/10.1109/MAP.2007.376637
https://www.hoperf.com/data/upload/portal/20190801/RFM95W-V2.0.pdf
https://www.hoperf.com/data/upload/portal/20190801/RFM95W-V2.0.pdf
https://github.com/Lora-net/LoRaMac-node
https://github.com/Lora-net/LoRaMac-node
https://www.multitech.com/documents/publications/data-sheets/86002217.pdf
https://www.multitech.com/documents/publications/data-sheets/86002217.pdf
https://productfinder.pulseelectronics.com/api/open/part-attachments/datasheet/w1063
https://productfinder.pulseelectronics.com/api/open/part-attachments/datasheet/w1063
https://lora-alliance.org/resource_hub/rp2-1-0-3-lorawan-regional-parameters/
https://lora-alliance.org/resource_hub/rp2-1-0-3-lorawan-regional-parameters/
https://lora-alliance.org/resource_hub/lorawan-104-specification-package/
https://lora-alliance.org/resource_hub/lorawan-104-specification-package/
https://semtech.my.salesforce.com/sfc/p/#E0000000JelG/a/2R0000001OK4/K1xBJSCPflEbqU03CfABAjL29tRKA9KsdAdTIsWBA8s
https://semtech.my.salesforce.com/sfc/p/#E0000000JelG/a/2R0000001OK4/K1xBJSCPflEbqU03CfABAjL29tRKA9KsdAdTIsWBA8s
https://towardsdatascience.com/a-correlation-measure-based-on-theil-sen-regression-31b8b9ed64f1
https://towardsdatascience.com/a-correlation-measure-based-on-theil-sen-regression-31b8b9ed64f1

	Introduction
	Related Work
	Materials and Methods
	Hardware Overview
	Measurement Sequence
	Measurement Values and Settings
	Measurement location

	Results
	Data-Logger position in tunnel
	Diagonal transverses
	Changed gateway position

	Discussion
	Conclusions
	
	References

