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Abstract: This paper presents a study of the feasibility of using in-line inspection (ILI) techniques
with long-range communication-capable robotic systems deployed with advanced inspection sensors
in natural gas distribution pipelines, which are rare in the literature. The study involved selecting
appropriate antennas and determining the appropriate communication frequency for an ILI robot
operating on Istanbul 12” and 16” steel pipelines. The paper identifies the frequency windows
with low losses, presents received signal strength indicator (RSSI) and signal-to-noise ratio (SNR)
information for various scenarios, and evaluates the impact of T-junctions, which are known to
be the worst components in terms of communication. To utilize the pipeline as a waveguide, low-
attenuation-frequency windows were determined, which improved communication by a factor of
500 compared to aerial communication. The results of laboratory tests on a 50 m pipeline and real-
world tests on a 2.4 km pipeline indicate that long-distance communication and video transmission
are possible at frequencies of around 917 MHz with low-gain antennas. The study also assessed the
impact of the early diagnosis of anomalies without incidents on the environment, achievable with
ILI robots using long-range wireless communication.

Keywords: natural gas pipelines; nondestructive testing (NDT); in-line inspection robot; wireless
communication; antenna; circular waveguide

1. Introduction

The transportation of natural gas and oil, both of which are potentially hazardous
materials that can have significant environmental impacts, is commonly achieved through
pipelines. According to the International Energy Agency (IEA), around 90% of natural gas
is transported via pipelines globally [1]. The safe operation of pipelines is threatened by
various factors, including corrosion, third-party damage, natural disaster, etc. [2]. Faults
in natural gas pipelines are a threat to the energy supply’s continuity and can result in
the catastrophic loss of life and property [3]. Therefore, it is essential to have a thorough
understanding of the condition of pipelines in order to respond to emergency situations
and prevent accidents and malfunctions. In summary, a maintenance and repair decision
support system is necessary to ensure the safe and effective operation of these pipelines.
When it comes to identifying pipeline anomalies, in-line inspection (ILI) methods are
considered to be the most reliable, providing the most accurate results [4]. Pipelines are
not harmed during ILI inspections. Therefore, these technologies are referred to as non-
destructive testing (NDT) or non-destructive inspection (NDI) technologies [5]. Numerous
ILI sensor technologies, including magnetic flux leakage (MFL) sensors [6], ultra-sonic
sensors (UTs) [7], electro-magnetic acoustic transducers (EMATs) [8], and laser profilometers
(LPs) [9], are used to detect faults during in-line inspections [10].

The applicability of in-line inspection technology extends beyond pipelines trans-
porting hazardous materials, such as natural gas and oil, to include those conveying safe
materials in water pipelines [11]. The material composition of the pipeline is a crucial
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factor in determining the appropriate sensor technology to be employed. Depending
on the type of natural gas pipeline, the application of ILI sensors varies. On the other
hand, the selection of the inspection tool that conveys the sensor is dependent on the
characteristics of the pipeline itself. Natural gas pipelines can be broadly categorized into
two distinct classifications: distribution and transmission lines. Transmission pipelines
are typically larger than distribution pipelines and operate at higher pressures [12]. In
contrast, the distribution system consists of smaller pipelines responsible for delivering
natural gas to various end users, including commercial and residential buildings. The
distinction between transmission and distribution pipelines is important as they have
different design characteristics.

For transmission pipeline inspections, the high-sensitivity sensors are carried by tools
called smart pigs [13] that move with the flow. One of the key advantages of these devices is
their ability to operate autonomously, without the need for remote control. This eliminates
the requirement for long-distance communication during their operation. Natural gas
transmission lines are lengthy and uncomplicated, making them ideal for deploying self-
contained smart pigs.

However, mostly, gas pipeline systems are not designed or constructed with ILI in
mind. Distribution lines are particularly more complex, and they do not have the same
structural characteristics as natural gas transmission lines. Due to the numerous special
transitions and frequent diameter variations, smart pigs cannot be utilized in urban natural
gas pipelines. Therefore, wireless robotic systems that can move independently of the gas
flow, unlike smart pigs, are required for the ILI of city pipelines.

The scope of a robotic system capable of conducting inline inspections is extensive,
encompassing a wide array of mechatronic systems with varying designs and capabilities.
In a literature search conducted on this topic, numerous studies on pipeline inspection
robotic systems were identified. For instance, the study [14] describes a fluid-driven
small-size robotic system. The robot used in this study is more like the pig structure for
transmission lines, and it is incompatible with distribution lines. The study [15] presents
a crawler robot with three track-driving modules. This robot can be used in distribution
lines but has a one-hour operating time and a short wireless range. Thus, it is better suited
for visual inspections due to its lack of sophisticated sensors. The study [16] presents an
automated vision-based navigation system for ILI pre-inspection. This is another small
robotic application that drives on wheels rather than tracks. SAPER II [17] is an additional
robotic system that inspects 4” to 14” natural gas pipelines and relies on a wire for power
and communication.

However, these robotic systems do not include advanced sensor technology-based
robotic systems, which are the subject of this study. The majority of these studies have
focused on robotic systems that operate at close range and lack advanced sensors such
as MFLs, UTs, and EMATs. In the literature, there are a few robotic systems equipped
with MFL sensors that are capable of operating in natural gas distribution lines. One of
these studies was on the Pibot robotic system, which is still in development [18]. The Pibot
is a wireless [19] snake-like robot that is designed to operate in 16” steel pipes. Pipetel
Explorer robots, which are used commercially, are an additional example of a robotic
application that employs an MFL sensor [20]. This family of robots has been adapted for
different pipe diameters and is primarily employed in North American nations.

Robotic systems with sophisticated sensors and long-range wireless communication,
the subject of this paper, are extremely rare in the scientific literature. This is because
developing robots with advanced sensors capable of operating in natural gas distribution
pipelines presents numerous challenges. Establishing a secure, long-distance connection
between the robot and the control station could be regarded as one of the greatest challenges
associated with the development of an ILI robot, such as the use of wireless relay [21] for
small robots. Additionally, in [22], some bi-directional relay nodes were utilized for the
long-distance communication of an inspection robot in a water distribution system. Thanks
to the relay nodes, the robot switches its communication between transceivers during
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long-distance operation. For instance, in the study [23], an innovative concept of a robot
chain for pipeline inspection based on wireless communication is presented. A robot chain
is a subtype of a robot swarm in this context. These strategies are challenging to implement,
as they require external structures in addition to the station and robot antenna and cause
a delay in switching operations. Visible light communication (VLC) is a technique that
can serve as an alternative to conventional RF communication strategies. For an actual
visible light communication system, it is necessary to consider the uniformity of indoor
illumination [24]. It is one of the newest technologies and has a high transmission rate and
strong anti-interference capability. However, as given in the experimental study [25], VLC
was developed for short- and middle-range data communication. In [26], a microwave
communication system was developed for oil and gas pipelines with a good signal-to-
noise ratio (SNR) (15 dB) at 2.4 GHz. However, this study presents 36 m straight pipeline
communication and indicates that their proposed system can provide communication up
to 150 m, which is a very short distance for ILI robots.

To increase the communication distance, there are two solutions using natural gas
pipelines as a communication medium: a pipe as a waveguide for modems and a pipe as
a signal conductor. A pipeline can act as a waveguide to frequencies in the few GHz range,
which is suitable for commercially available radio modems. A pipeline can also support the
direct signal injection of a signal with a frequency of a few kHz, which requires much more
power for the same distance [26,27]. For example, in [28], a gas distribution pipeline was
used as a communication channel to avoid installing a dedicated data transmission system.
However, this research examined the transmission of data in the low-frequency band
over a distance of approximately one kilometer. It was determined that the system under
consideration was not capable of transmitting video, a crucial capability for ILI robots.

Despite the numerous studies in the literature on wireless communication, as high-
lighted above, there exists a gap in the ability to provide both long-distance transmission
and video transmission capabilities. The implementation of ILI robots is hampered by
this limitation.

Therefore, this study fills an important gap in this regard by examining the data-
link system for long-distance communication without requiring an external structure.
A preliminary version of the presented information was previously presented as a short
paper at the 3rd Latin American Conference on Sustainable Development of Energy Water
and Environmental Systems held in Sao Paulo [29].

The main contributions of this manuscript are as follows: (1) The introduction of
a robot designed for deployment in pipelines with diameters of 12” and 16”; (2) a detailed
description of the antenna placement on the robot; (3) a comparison of the performance
of the station antennas selected for use in steel natural gas pipelines, accompanied by
test results of both 10 m and 50 m lines composed of pipes with 12” and 16” diameters;
(4) an evaluation of the impact of T-junction pipe components on wireless communication;
(5) the determination of the low-attenuation windows to select the proper communication
frequency; (6) contrary to the studies in the literature that have utilized straight pipes, this
study used an experimental on-site test on a real 2.4 km long pipeline with 42 bends and
various special transitions; (7) an evaluation of the environmental implications of enabling
ILI robot operations.

This paper is organized as follows: In Section 2, the robotic system and antenna
installation are described. In Section 3, an analysis of the frequency range and antenna
gain is given. In addition, the laboratory test results for 12-inch and 16-inch pipelines are
discussed, and T-junction cases are evaluated. In Section 4, the conducted site test results
on a real 12-inch steel gas pipeline are presented. In Section 5, the study’s impact on envi-
ronmental consequences and major accidents is discussed. In Section 6, the impact of this
study on natural gas distribution line-related accidents and environmental consequences
are assessed. Finally, Section 7 presents the conclusion.
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2. Robotic System

The natural gas inspection robot is designed in a modular manner and can move in
both directions independently of the flow direction. It is classified as a snake robot with
articulated joints. The articulation allows for multiple degrees of freedom within a single
system, making its approach to obstacles extremely versatile.

As depicted in Figure 1, the robot’s mechanical structure has been completed, and
functional testing is currently in progress. The robot can automatically adapt to 12” and 16”
pipe diameters by opening its arms based on the data it receives from force sensors. As
illustrated in Figure 2, the mechanical structure consists of four distinct types of modules:
Camera Modules, Driver Modules, Orientation Modules, and an MFL module. The front
and the back modules of the robot are called Camera Modules, and they are equipped
with custom-designed communication antennas. The robot communicates with the control
station utilizing these antennas.
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Camera Modules and Antenna Installation

The camera modules at both ends of the robot have a complex multi-joint structure
and include several components: two arms with traction motors, a high-resolution fish-eye
camera for image acquisition, a single board computer as a supervisory controller, an LED
lighting unit for illumination, proximity sensors to avoid a collision during bend transitions,
and a laser profiler to detect visual defects. A custom-designed communication antenna is
also placed on the front of each camera module, as shown in Figure 3, to receive/transmit
data between the robot and the station antenna.
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3. Analysis of Frequency Range and Antenna Gain

To enable wireless communication between the robot and the station antenna over
a long distance, the proper wave frequency must be chosen and the natural gas pipe used
as a waveguide.

( fc)mn =
χ′mn

2πa
√

εµ
(1)

where a is the radius of the waveguide, and χ′mn is the zeros of the derivative J′m(χ′mn) = 0
(n = 1, 2, 3, . . .) of the Bessel function Jm(x) [18]. The propagation of waves can be either
in the transverse electric (TE) mode or the transverse magnetic (TM) mode [30]. Since the
permittivity (ε) and permeability (µ) of the natural gas are approximately the same as the
ones of free space [31], the first propagating TE and TM modes and their cut-off frequencies
for the 12-inch diameter circular waveguide are shown in Figure 4.
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TE11 is the dominant mode. In reality, it is preferable to excite the circular waveguide
with a 12-inch diameter between 585.67 MHz and 764.97 MHz for the lowest attenuation
along the pipeline and polarization control. As the commercial transceiver communication
modules available in the market operate mainly at the 868 MHz, 915 MHz, and 955 MHz
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central frequencies under 1 GHz, the excitation of one more mode, TM01, would be urgent
considering not only higher losses but also dispersion and attenuation distortion to the
signal since each exhibits different phase velocities and attenuation. Any propagating field
in the circular waveguide (pipeline) is a superposition of the propagating modes existing
for the frequency under consideration.

The TE11 dominant mode cut-off frequency of the 16-inch diameter circular waveg-
uide is 390.7 MHz. The number of higher order modes that would be excited inside
16-inch diameter circular waveguides is at least four (TM01 = 510 MHz, TE21 = 647.4 MHz,
TM11 = TE01 = 812.6 MHz, TE31 = 890.9 MHz, TM21 = 1090 MHz) under 1.1 GHz, compared
to the only higher-order mode TM01 inside the 12-inch diameter circular waveguide. Due
to the more common usage of underground circular pipes with a diameter of 12 inches for
natural gas transportation in Turkey, fewer higher-order modes are excited compared to
the 16-inch ones when commercial transceiver modules are utilized for communication
inside the pipelines.

In addition to the aforementioned information, additional parameters are used to
determine the quality of wireless communication. In wireless communication, the signal-
to-noise ratio (SNR) and received signal strength indicator (RSSI) determine the quality
and dependability of the communication channel [32,33]. The SNR is the ratio between
the desired signal power and the noise power. It is a crucial metric for assessing the
performance of communication. A high SNR value indicates a low noise level and high
signal quality. The RSSI, on the other hand, is a measurement of the received signal’s
strength. It is a relative measure of the signal strength that can be used to determine the
distance between the receiver and the transmitter. A strong signal is indicated by a high
RSSI value, while a weak signal is indicated by a low RSSI value. The SNR and RSSI are
important parameters in wireless communication because they provide information about
the signal’s quality and strength. In Sections 4 and 5, these parameters are examined for
multiple data-link cases using laboratory and field testing.

4. Laboratory Tests

To investigate the effects of antenna gain on the transmission performance inside the
pipeline, two different ultra-wideband double-ridged antennas with high- and low-gain
characteristics were used. As illustrated in Figure 5, the tests were initially conducted in
pipelines that were constructed around the research center.
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The measurement setup for the laboratory tests mainly consisted of an Agilent Vector
Network Analyzer (VNA) E8361A (10 MHz–67 GHz). VNA measurements were performed
for the frequency interval of 500 MHz to 3 GHz with an output power of +5 dBm. Each
spectral measurement was represented with 401 equally spaced frequency points (data
points) and 1 kHz IF bandwidth (BW) within the interval specified by the VNA. Therefore,
a spectral resolution of 6.25 MHz was obtained. These parameters significantly reduced the
noise floor and improved the dynamic range. Then, the measurement system, including the
connectors and cables, was calibrated to remove the impairment caused by the components
of each case of the laboratory experiments for reproducibility. The calibration data were
saved to the internal memory of the Agilent VNA E8361A. The frequency interval was
measured using the two different horn antennas that were attached to the VNA ports. The
utilized low-gain antenna with a small aperture size operated between 0.9 and 18 GHz
(1 dBi gain @ 915 MHz), and the high-gain antenna with a big aperture size operated
between 0.5 and 4.5 GHz (10.5 dBi gain @ 915 MHz). The calibration data were removed
from the measurement using its internal memory and a scattering parameter (S21) for
transmission loss (or attenuation) in dB format for each data point.

Figure 6 compares the transmission loss within a 12-inch-diameter straight pipe when
two antennas were utilized. Below 1.1 GHz, where the transmission loss was uniform and
low, the communication channel within the circular waveguide was optimal, as depicted in
the figure.
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antennas.

Although 12-inch diameter pipelines are widely used in Turkey, there are several
subterranean transitions underground between 12-inch and 16-inch diameter pipes. If one
observes 12-inch to 16-inch diameter transition losses, they are not greater than 0.5–1.0 dB
between a frequency range of 750 MHz and 950 MHz in application compared to the losses
for the same-length straight pipelines with a 12-inch diameter (Figure 7).

As shown in Figure 7, comparing the communication loss over air to that within
a circular waveguide with a 12-inch diameter at a distance of 10 m revealed a minimum
increase of 25 dB inside the pipeline, which corresponded to a 500-fold improvement in
communication performance.
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Attenuation tests were also conducted in a 50 m long pipeline, including both 12′′

and 16′′ straight pipelines with bend and transition parts that were constructed around
the research center, as shown in Figure 8. The pipeline under test comprised eight 12-inch
pipe sections, two 16-inch pipe sections, and two elbow joints. As depicted in Figure 8, the
12-inch pipes are denoted by yellow, while the 16-inch pipes are represented by blue.
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In this case, new VNA measurements were performed for the frequency interval of
900 MHz to 930 MHz, with a higher spectral resolution of 0.25 MHz. The attenuation test
results for the 50 m length test pipeline located in front of the laboratory were analyzed both
with respect to the frequency and the distance/length. The evaluation results, as a function
of frequency for the different lengths of the test pipelines, are presented in Figure 9, while
the results based on distance for different frequency ranges are shown in Figure 10.
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According to the attenuation results with respect to frequency, there were four low
attenuation windows that were suitable to communicate efficiently inside the pipelines
(Figure 9). It is also obvious that the attenuation level on average increased, as the pipeline
became longer for those three low attenuation windows (Figure 10).

In another measurement study, the transmission characteristics of three different T-
junction cases with different antenna gains were investigated over 500 MHz to 1 GHz, with
a spectral resolution of 6.25 MHz (Figure 11). Three types of antennas were attached to
the VNA ports, as shown in Table 1, including low-gain (1 dBi), middle-gain (4 dBi), and
high-gain (10.5 dBi) double-ridged antennas.
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horn antenna; (b) middle-gain double-ridged horn antenna; (c) high-gain double-ridged horn antenna.
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Table 1. Site measurement results with different selections of antennas and their polarizations.

Antennas
and

Polarities

Tx and Rx:
High Gain

Tx: High Gain
Rx: Low Gain

Tx and Rx:
Low Gain

SNR
(dB)

RSSI
(dBm)

SNR
(dB)

RSSI
(dBm)

SNR
(dB)

RSSI
(dBm)

V-V 28 −69 18 −79 16 −81

H-H 19 −78 15 −82 12 −84

Figure 12 depicts the test pipeline designed to examine communication in three distinct
scenarios for T-junctions, one of the worst wireless communication components.
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Figure 13 only depicts the transmission response (loss) for the high-gain antenna
because the graphs obtained from the tests conducted with three different antennas have
comparable characteristics. Information about the tests conducted with other antennas is
provided in the text that follows.
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Figure 13. Transmission characteristics of high-gain antenna for horizontal polarization with respect
to frequency for three different cases.

The transmission response (loss) in Figure 13 shows major attenuation (at least under
−30 dB) at the central frequency of 737.5 MHz. Similarly, the transmission response for
the vertical polarization of high-gain antennas shows major attenuation at the central
frequency of 914.5 MHz. On the other hand, the transmission response for both the vertical
and horizontal polarizations of the middle-gain antennas shows major attenuation at the
central frequency of 738 MHz. Finally, the transmission response for the vertical and
horizontal polarizations of the low-gain antennas shows major attenuation at the central
frequencies of 918.7 MHz and 737.5 MHz, respectively.

5. On-Site Test Measurements

As shown in Figure 14, real pipeline tests were conducted by installing antennas and
measuring equipment (spectrum analyzer) at both ends of the pipeline.

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 18 
 

 

The transmission response (loss) in Figure 13 shows major attenuation (at least under 
−30 dB) at the central frequency of 737.5 MHz. Similarly, the transmission response for the 
vertical polarization of high-gain antennas shows major attenuation at the central fre-
quency of 914.5 MHz. On the other hand, the transmission response for both the vertical 
and horizontal polarizations of the middle-gain antennas shows major attenuation at the 
central frequency of 738 MHz. Finally, the transmission response for the vertical and hor-
izontal polarizations of the low-gain antennas shows major attenuation at the central fre-
quencies of 918.7 MHz and 737.5 MHz, respectively. 

5. On-site Test Measurements 
As shown in Figure 14, real pipeline tests were conducted by installing antennas and 

measuring equipment (spectrum analyzer) at both ends of the pipeline. 

 
Figure 14. Wireless communication on-site test. 

Due to the uniform and low-loss-transmission characteristics for the frequency band 
under 1.1 GHz, Microhard pDDL900—Dual Frequency OEM Ethernet and Serial Digital 
Data Link modules and accompanying evaluation boards were selected for the site meas-
urements of the features of a 900 MHz frequency band of operation and its adjustable 
output power (up to 1 W). 

The preferred digital data link module for wireless communication was developed 
to provide flexibility within the 900 MHz frequency band (ranging from 902–928 MHz). 
This module has a maximum data rate of 25 Mbps, enabling the testing of various fre-
quencies at various output power levels within a natural gas distribution pipeline. Here, 
the 2.4-km-long test pipeline contained 42 bends and 3 specialized transitions (such as 
river and railway crossings). The chosen pipeline contained numerous challenging pipe 
components and special transitions, and it was essential to evaluate how transmission can 
be achieved even under the most challenging conditions. 

Two distinct ultra-wideband double-ridged antennas with high- and low-gain char-
acteristics were used for the site measurements. These measurements were also carried 

Figure 14. Wireless communication on-site test.



Sustainability 2023, 15, 8134 12 of 17

Due to the uniform and low-loss-transmission characteristics for the frequency band
under 1.1 GHz, Microhard pDDL900—Dual Frequency OEM Ethernet and Serial Digital
Data Link modules and accompanying evaluation boards were selected for the site mea-
surements of the features of a 900 MHz frequency band of operation and its adjustable
output power (up to 1 W).

The preferred digital data link module for wireless communication was developed
to provide flexibility within the 900 MHz frequency band (ranging from 902–928 MHz).
This module has a maximum data rate of 25 Mbps, enabling the testing of various fre-
quencies at various output power levels within a natural gas distribution pipeline. Here,
the 2.4-km-long test pipeline contained 42 bends and 3 specialized transitions (such as
river and railway crossings). The chosen pipeline contained numerous challenging pipe
components and special transitions, and it was essential to evaluate how transmission can
be achieved even under the most challenging conditions.

Two distinct ultra-wideband double-ridged antennas with high- and low-gain char-
acteristics were used for the site measurements. These measurements were also carried
out by considering different polarizations and a different selection (Tx/Rx) of antennas at
a 917 MHz central frequency with a 6 MHz bandwidth (one of the three low-attenuation
windows depicted in Figure 9) and 1 W (30 dBm) of output power. The received signal
strength indicator (RSSI) [21] and signal-to-noise ratio (SNR) results of the conducted
tests are given in Table 1. The SNR indicates how much the signal level was greater
than the noise level. The higher the ratio (above 10 dB), the better the signal quality [34].
The digital modulation type was also set as adaptive to obtain the best SNR in each site
measurement test.

6. Discussion

This section discusses the findings of the study and also addresses the possibility of
reducing environmental consequences through the early detection of anomalies by utilizing
ILI robots that can be deployed after long-range wireless communication capabilities have
been established.

Limited research has been conducted on the application of pipeline monitoring for
both water and gas distribution networks. The existing research has examined the viability
of wireless propagation over 100 m at a frequency of 2.5 GHz [35] and the wireless control
of an in-pipe robot at a lower frequency of 434 MHz [22]. Our study, however, presents
measurements conducted on-site that demonstrate satisfactory results for communication
at the central frequency of 917 MHz over a significantly longer range of 2400 m.

6.1. Frequency and Antenna Selection

The output power of the transmitter is an important factor to consider during testing.
The tests were conducted at 30 dBm, which is comparable to the 25 dBm [35] level used in
similar studies. Wireless communication systems can employ different frequency bands
depending on the amount of data to be transmitted and the range of communication. For
low-data-rate applications where a narrow bandwidth is sufficient, 100 kHz [36] frequencies
can be used, whereas for short-range communications requiring high data rates, higher
frequencies, such as 2.4 GHz [35,37], can be chosen. The results of the laboratory tests have
provided us with crucial information regarding frequency selection. It is obvious that the
use and selection of high-gain antennas for pipeline communication were better in terms
of the obtained lower transmission loss. In addition, the transmission losses randomly
varied and fluctuated over the frequency band due to the higher-order modes excited
approximately after 1.1 GHz. Hence, it is obvious that it was hard to communicate properly
after 1.1 GHz inside the 12-inch diameter pipes due to the big amount of ripples of losses
at higher-frequency regions. The lower-frequency band (under 1.1 GHz) led to a better
communication channel inside the circular waveguide, in terms of uniform and low-loss
transmission characteristics over its related frequency band.
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In the context of this study, considering the transmission of communication over the
air and from different pipe diameters, the scope of this study permits the presentation of
the following findings: 12-inch to 16-inch diameter transitions and their straight pipeline
equivalents showed almost similar transmission loss characteristics. This would allow
for the use of a number of needed 12-inch to 16-inch diameter transitions underground.
Moreover, when the free-space communication loss over the air is compared to that inside
the 12-inch diameter straight circular waveguide from the same distance (10 m), it is
obvious that the dynamic range would be at least 25 dB greater inside the pipeline or
circular waveguide. This corresponds to communication performance that is approximately
500 times superior within the pipeline compared to communication in free space (over air).

According to the attenuation tests employed in this study, our analysis allows us
to draw the following conclusions: There were three wide low-attenuation windows in
terms of bandwidth, including 906–912 MHz, 914–920 MHz, and 922–928 MHz. It is also
evident that the average attenuation level increased as the pipeline lengthened for the three
low-attenuation windows. According to the test results, it appears that electromagnetic
waves within the pipelines were attenuated by approximately 0.5 dB per 5 m on average.

The examination of wireless communication in the T-junctions shows that it is among
the most important parts of data-link systems because these components are the most
likely to degrade wireless communication along the transmission path. Due to the fact
that there are three different directions in the pipeline containing T-junctions, the results
varied depending on which ends of the pipe were communicated. Therefore, in this
study, tests were conducted for three distinct scenarios. Consequently, although the T-
junctions negatively impacted the wireless communication, the worst-case scenario was
when the station antenna and robot did not communicate in the same direction. In this
study, it was determined that the Case 1 and Case 3 scenarios significantly degraded the
wireless communication. When these tests were repeated with three distinct antenna types,
similar results were obtained, and significant attenuation was observed regardless of the
antenna type.

As testing in a real pipeline is not always possible, the findings presented in this
study are of critical importance. In pipelines with a high degree of complexity, including
numerous elbows, valves, and specialized transitions in addition to straight lines, the
antenna, polarization, and frequency selection become of the utmost importance. Consid-
ering the measurement results given in this study, it was possible to communicate with
the lowest-gain antennas at both the Tx and Rx sites, even regardless of the polarization
(V: Vertical, H: Horizontal), at a distance of 2.4 km inside the pipeline, despite containing
42 bends and 3 special transitions. Additionally, live footage was successfully transferred
via a 2.4-km-long pipeline.

6.2. The Study’s Impact on Environmental Consequences and Major Accidents

Pipelines are widely acknowledged as a dependable and efficient method of energy
transmission with minimal environmental impact if they are properly operated and main-
tained. However, accidents and malfunctions in pipelines can have severe consequences,
resulting in substantial harm to human life and the environment. In natural gas and oil
pipelines, where explosions and environmental contamination, respectively, can occur as
a result of these incidents, the effects can be especially pronounced.

In accordance with regulatory frameworks, operators must consistently identify and
manage risks associated with pipeline segments located in high-consequence areas (HCAs),
where any untoward incident can have a significant impact on public safety and the
environment. As a crucial component of pipeline integration management (PIM), pipeline
defects and anomalies are meticulously analyzed and promptly remedied. This proactive
approach ensures that the pipeline system operates safely and sustainably. Notably, PIM
requirements have been in effect since 2002 for all hazardous liquid pipelines, since 2004
for natural gas transmission pipelines, and since 2010 for natural gas distribution pipelines
in accordance with American regulations [35].
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Figure 15 demonstrates that, as a result of integrity management, the environmental
impacts of both natural gas and oil pipelines have decreased despite their growing lengths.
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Based on Pipeline and Hazardous Materials Safety Administration (PHMSA) data [38],
which are presented in Figure 15, it can be observed that serious accidents are decreasing
due to pipeline inspections and PIM. As a part of PIM, the ILI approach produces the
most precise and reliable results when conducting pipeline inspection activities [39]. ILI
techniques in distribution lines can only be executed by robots, but the difficulty of wireless
communication over long distances precludes their use. As a result, this enhancement
could be accomplished using ILI techniques that are only applied to gas transmission lines.

This study presents a long-range communication for robotic systems that enables the
utilization of robots on unpiggable natural gas distribution pipelines. By implementing
this method, inspections that are more accurate can be performed, and more efficient and
organized responses to pipeline issues can be achieved. As a result, unnecessary excava-
tions and fugitive gas emissions into the atmosphere will be reduced. Additionally, this
approach has the potential to mitigate the occurrence of accidents and decrease the envi-
ronmental impact, particularly for older pipelines. Overall, this approach not only ensures
the continuity of a gas supply but also promotes safety and environmental sustainability.

7. Conclusions

In conclusion, the study has demonstrated the viability and significance of employing ILI
robots in natural gas pipelines to address the problem of long-range wireless communication.

The laboratory tests on pipelines with 12” and 16” diameters and 10 m and 50 m
lengths revealed that communication losses occurred despite the use of various antenna
types, particularly at T-junction transitions. It is the worst-case scenario for communication
to change planes, particularly at T-junction transitions. However, utilizing the pipeline
as a waveguide and selecting frequencies below 1.1 GHz has the potential to improve
communication by a factor of 500 when compared to airborne communication. In addition,
low-gain antennas were able to successfully transmit video transmission over a pipeline
length of 2.4 km with 42 bends and 3 special transitions at 917 MHz, which was selected
based on the identification of the low-attenuation windows.

Our findings indicate that a signal-to-noise ratio (SNR) slightly above 10 dB is required
for high-quality long-range communication within a pipeline. Low-gain antennas with
V-V/H-H polarization could transmit up to 2.4 km, whereas antennas with higher gain and
vertical polarization improved communication quality. Despite the pipeline’s irregulari-
ties, the reliable on-site measurements indicate promising results for vertically polarized
communication in the 914–920 MHz range.
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ILI technology has a substantial influence on reducing fatal and severe injuries and
preventing accidents with negative environmental impacts. The results of this study
provide significant findings for incorporating ILI technology into distribution lines through
the use of robots.
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Nomenclature

EMAT Electromagnetic Acoustic Transducer
HCA High-Consequence Areas
ILI In-Line Inspection
LP Laser Profilometer
MFL Magnetic Flux Leakage
NDI Non-Destructive Inspection
NDT Non-Destructive Testing
PIM Pipeline Integrity Management
PHMSA Pipeline and Hazardous Materials Safety Administration
RSSI Received Signal Strength Indicator
SNR Signal-to-Noise Ratio
TE Transverse Electric
TM Transverse Magnetic
UT Ultrasonic Testing
VLC Visible Light Communication
a Radius of a Waveguide
ε Permittivity
Jm Bessel Function
µ Permeability
χ′mn Zeros of the Derivative
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