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ABSTRACT The modelling and design of a full wireless microwave communication system is examined,
where the signal propagates within an overmoded circular metallic pipeline. Applications include the oil
and gas industry. A specific link budget equation was also developed for the S-band transmission system and
measured successfully using a 36-meter carbon steel pipeline, which can be easily extended to more than 150
meters. Also, based on the measured system data, the receiver sensitivity was determined to be −77 dBm and
15 dB in terms of the signal-to-noise ratio (SNR). Additionally, some digitized images, sensory information
such as temperature and pressure, and live stream videos were successfully transmitted and monitored in real-
time, using N210 universal software radio peripheral (USRP) modems by National Instruments and coded in
Matlab/Simulink and LabVIEW. To the best knowledge of the authors, no similar microwave communication
system has been developed with supporting theory, full wave simulations, and measurements for propagation
within for oil and gas industry wells.

INDEX TERMS Circular waveguide, digitized image, mandrel, live stream video, OFDM, oil and gas well,
sensory data, transmission path loss, Yagi-Uda PCB-based antenna.

I. INTRODUCTION
The history of the oil and gas industry reflects local and
global political events, economic constraints, and the personal
endeavours of individual petroleum geoscientists, as much as
it does the development of technologies and the underlying
geology [1]. Because of the importance of the oil and gas
industry, many companies and researchers are studying and
developing new communication and sensor technologies. The
problems which are to be resolved are related to the real-time
and continuous monitoring of the pipeline condition, seismic
activity, corrosion levels, possible gas leak detection, and
other performance issues. The most widespread technologies
which are dealing with these issues include the development
of wireless sensor networks for the Internet of Things (IoT) to
enable monitoring applications [2]. However, there does not

exist today a fully demonstrated microwave system, which is
able to offer sensory information data exchange within an oil
and gas pipeline.

Several attempts have been made to achieve communi-
cations within a pipeline for the oil and gas sector at low
frequencies; i.e. below 30 Hz and in the low kHz range (see
Table 1). In [3], for example, the characteristics for radio
wave propagation in a lossy circular waveguide, which can
be applied in boreholes, indicating the possible propagating
modes and the relevant attenuation constants were presented.
The study was focused only on the electromagnetic (EM)
propagation inside the waveguides and it managed to define
the excited modes and their attenuation constants for the
specific scenario but did not establish any communication
system whilst observing signal attenuation losses of about
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TABLE 1. Comparison to the Other Oil & Gas Wells Communication Systems

FIGURE 1. Full length of the inner core set up. Microwave system tests
took place considering different pipeline sections as well as the full length
of this inner core (36.03 meters). In the inset, the radius (r = 69.85 mm)
and the wall thickness (t = 10 mm) of the circular pipe are shown.

1.2 dB/meter for a pipe length of 5 meters. The goal in [4]
was to investigate the application of a gas pipeline, firstly
as a waveguide and secondly as a conductor to identify and
repair pipeline problems. The results were promising and
showed that the signal can be transmitted through the pipe
at frequencies of a few GHz. The authors in [5] proposed a
system implemented by wireless inertial measurement unit
(IMU) modules placed in series along the drilling section
downhole, receiving data with a sampling rate of 5 Hz. The
presented results for a 30-meter drill pipe test suggested that
data transmission was possible. However, in that study [5], the
transmission system was not well defined for the EM char-
acteristics of the pipeline arrangement and the experimental
testing completed.

In [6] and [7] the authors presented three wireless telemetry
methods used within oil and gas wells: EM telemetry (EMT),
mud pulse telemetry (MPT), and continuous wave telemetry

(CWT). These systems are considered the most used systems
for oil-field drilling measurement operations. The techniques
operate in a very low frequency (< 100 Hz for EMT and
MPT and < 2 kHz for CWT) [6], [7] and they can transmit
data for large depth ranges more than 12 km for MPT,
3 km for EMT and 8 km for CWT. The EMT has the
advantage of bi-directional communication, and it does not
demand the existence of drilling fluid but has a very limited
data rate. MPT is reliable as it has been vastly developed
throughout the years [7]. However, it has the disadvantage
of the attenuation constant being dependent on the varying
mud column and drill pipe fluid. The conventional telemetry
methods described suffer from high signal attenuation and
offer limited data rates [6].

More recent attention has focused on increasing the data
communications rate within oil and gas wells [8]. Here the
authors used two piezoelectric actuators to double the trans-
mission rate in a 3-meter pipeline. Each of the repeater
actuators transmitted from 2 to 6 kHz and the signal transmis-
sion was implemented using orthogonal frequency division
multiplexing (OFDM). The results showed that the system
had a good performance and that use of more actuators can
improve data transmission. The research focused more on
calculating the signal-to-noise ratio (SNR) and bit error rate
(BER) in various scenarios and measuring the actual data rate
or the available bandwidth.

The aforementioned studies [3], [4], [5], [6], [7], [8] for
establishing communication links for oil and gas wells, have
not examined the complete EM and transmission system to de-
termine link budgets. This paper (see Figs. 1 and 2), examines
in detail the following: (i) a study of the relevant properties
of the pipe which confines the signal, (ii) antenna selection
and design to ensure directed propagation whilst integrat-
ing a housing for protection from oil and gas product flow,
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FIGURE 2. Block diagram of the set-up for the experimental testing of the microwave system. Transmitter side chain: Monitor, USRP, amplifier, Tx
Yagi-Uda PCB-based antenna (positioned at the edge of the inner core). Also, for sensory data transmission, an Arduino microcontroller board and the
temperature/pressure sensor were connected to the monitor. Receiver side chain: monitor, USRP, amplifier, Rx Yagi-Uda PCB-based antenna placed at the
edge of the inner core. At the edges of the inner core microwave absorber material was positioned to contain power flow inside the pipeline.

(iii) microwave system simulation, testing and analysis whilst
considering commercially sized pipelines, (iv) the adoption
of IEEE standard wireless communication protocols, (v) def-
inition of the system limitations in terms of required transmit
powers and SNR whilst employing in-house programmed uni-
versal software radio peripherals (USRP) modems, and, (vi)
in the field experimental testing at the 2.4 GHz ISM band. A
complete analytical treatment (vii) is also newly developed
defining the power flow in the circular pipe, which to our
knowledge, has not been reported previously.

This paper expands the ways in which all these parame-
ters can be studied, designed and finally implemented for a
complete microwave system suitable for oil and gas wells.
Comparisons are outlined in Table 1 for other subsurface
measurement systems. It should also be mentioned that some
preliminary lab-based results were presented by the authors
in [9], [10] where some basic studies were reported such as
the transmission of a digitized image for various propaga-
tion scenarios within circular pipelines. Expanding on these
initial studies, we contribute further to the development of
future digital-based oil fields which can foster real-time crude
extraction monitoring as well as field decommissioning mon-
itoring when required [11], [12], [13], [14].

Microwave signal propagation within a circular metallic
pipeline is considered (defined as the inner core), which in
practice, is enclosed in a coaxial pipeline configuration. This
concentric metallic pipe configuration is a typical arrange-
ment for oil and gas wells which thus ensures mechanical
compatibility with commercially available and industry stan-
dard pipeline diameters. For experimental development and
testing, the transmitter and the receiver antennas were ini-
tially placed inside the inner core at its edges (Fig. 2), and
then, in an enclosed housing for antenna and electronic circuit
protection. Therefore the transmission medium can be con-
sidered as a metallic circular waveguide with an excitation
technique that differs from the typical vertical probe and loop
feeds [15]. More specifically, a low-cost PCB-based antenna
is employed since a more directive source is required to
support microwave propagation throughout the length of the
pipeline. Also, an antenna feed helps to keep the pipeline (or
waveguide) propagation characteristics stable and controlled.
As further discussed in the paper, this is made possible by
enforcing only the excitation of the dominant mode in the
pipeline.

This is difficult to achieve because the 2.4 GHz signal is
required to propagate within a multi-moded waveguide since
typical industry standard pipeline dimensions are employed.
Reduced carrier frequencies are possible, however, larger
transducers would be required which is not practical within
standard well pipe diameters. The operational challenge is to
develop compact, low-profile, and lower-cost equipment. This
specific pipeline scenario defines an intricate and challenging
EM/microwave engineering problem, requiring clever system
design to ensure efficient data transmission within the opera-
tional conditions of high pressure and temperature gas flow.

This is in contrast to more conventional microwave sys-
tem design approaches which generally strive for dominant
and unimodal excitation within high specification metallic
waveguides whilst possibly considering large power scenarios
and shorter transmission line lengths. Basically, the primary
motivation for the reported microwave system is to efficiently
transmit data within an enclosed, overmoded metallic pipeline
environment at 2.4 GHz. As further described in the paper,
sensory data (such as temperature and pressure) is accurately
transmitted and received, as well as tested with digital images
and live stream videos.

The paper is divided into three parts. The first part out-
lines all the important EM characteristics for circular metallic
waveguides, which includes some practical factors, such as
metallic properties and corrosion effects which can alter the
microwave propagation inside the guide. Also, in Section II,
the circular waveguide theory as applied to the inner core of
the pipeline is discussed. More specifically, all the excited
modes are studied, as well as the conductor losses, the EM
fields, and the power flow along the pipeline in its most gen-
eral form. Numerical calculations are verified by full-wave
simulations using a commercial EM solver. As will be fur-
ther described in the paper, no similar analysis and analytical
investigation have been reported previously in the open litera-
ture.

In the second part of the paper, the microwave system is
further defined and studied using an end-fire microstrip-based
planar antenna that directs EM waves into the inner core
for operation at 2.4 GHz. As outlined in Section III, the
propagating mode (Fig. 3), the transmission path loss, the
directivity, and the impulse response are also newly defined
for this specific oil and gas scenario. In addition, an EM power
link budget equation is developed which can be applied to any
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FIGURE 3. Electric field lines in the inner core. It can be observed that the propagating mode is the TE11 mode. (a) Transverse plane (x-y plane).
(b) Longitudinal plane top view (x-z plane). (c) Longitudinal plane side view (y-z plane) as they were extracted by the simulated circular metallic
waveguide.

pipe length. All these details are crucial for proper design and
findings are supported by numerical studies, full-wave EM
simulations, and measurements.

More extensive microwave system testing is presented in
the third part of the paper. In particular, the transmission
and monitoring in real-time of sensory data such as tem-
perature/pressure, digital images, and videos are outlined
in Section IV. This system test arrangement included two
N210 USRP modems, defining the transmitter and receiver
hardware for data communications. Some commercially avail-
able high gain and low noise LNA amplifiers integrated
circuits were also employed as well as barometric pres-
sure/temperature sensors. These sensors were connected to
an Arduino microcontroller for data transfer to the USRPs.
Orthogonal Frequency Division Multiplexing (OFDM) was
selected for data communications for its multi-path mitigation
properties, resistance to fading over long distance commu-
nications, and suppression of inter-symbol interference [16].
Programs such as Matlab/Simulink and LabVIEW were used
for developing the coding scheme. Also, in some field tri-
als, additive white Gaussian noise (AWGN) was transmitted
with the signal for noise level testing purposes and to en-
sure reliable communications. This altered the SNR at the
pipe receiver which, for development purposes, the level was
controlled by the user. Finally, the limitations in terms of
minimum received power for successful data communications
as well as the controlled SNR of the system are reported.

Some appendices are also included to complement these
findings. In Appendix A, numerical results of the conduc-
tor losses are included for the excited mode. The reported
results are then compared with full-wave simulations for vari-
ous cases and the values are in agreement. This information
is important when defining the aforementioned link budget
equation in Section III which use a combination of theory,
simulations, and measurements. This Appendix material is
also important because there are magnetic properties for car-
bon steel 1010 (which is a common material for oil and gas
pipelines [17]), and as such, a short study of the relationship
between the attenuation constant of the dominant mode with
the relative permeability was documented. To our best knowl-
edge, no similar study has been examined.

In Appendix B a developed analytical treatment is pre-
sented which defines the general power flow equations for all

the possible TE and TM modes within the circular waveguide
and the results are useful to study the percentage of power in
each mode. These details are also important for the systems
engineer when defining the link budget equation. In Appendix
C a manufactured antenna housing is reported for protec-
tion of the antenna elements itself (as well as enclosing the
supporting electronic circuits) from oil and gas product flow
and the potentially high temperatures and pressures [18]. This
antenna housing (or radome) is placed on top of a 2 m long
section of the inner core defining a conventional pipe mandrel
configuration which is typically employed within oil and gas
wells. Some transmission results demonstrating the streaming
of live videos including operating with this housing using the
USRPs coded with the LabVIEW program are presented.

To the best knowledge of the authors, no similar study on
these important system aspects outlining the complete mi-
crowave propagation model has been reported previously in
the open literature. Also, the proposed experimental setup
provides a verification of the microwave system design, and,
establishes a basis for communications within industry stan-
dard oil and gas well pipeline configurations. In addition,
results from this paper are useful for other signal propagation
models within enclosed environments which require innova-
tive approaches for data communications. For example, some
challenging electromagnetic environments which could adopt
the findings from this paper, include wireless propagation
within trains [19], [20], tunnels [21], [22], or metallic airducts
in buildings and aeroplanes [23].

II. CIRCULAR WAVEGUIDE THEORY APPLIED TO THE
INNER CORE OF THE PIPELINE
In this section, it is further described how the inner core of an
oil and gas well pipeline can be treated as a circular metallic
waveguide. The propagating environment is defined by the
dimensions, the structure, the materials, and the conditions
under which the waveguide operates. Thus, it is analyzed
by the possible modes, the conductor losses, the EM field,
and the power flow through the waveguides, at the operating
frequency which is set to 2.4 GHz. This is adopted as there is
an abundance of low-cost commercially available RF devices
which operate at 2.4 GHz and this inherently will reduce the
system implementation costs. Furthermore, the 2.4 GHz ISM
band is typically employed for WiFi communications when
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TABLE 2. Electromagnetic Properties of Ferrous Ferric Oxide

adopting OFDM, and for this work in compliance with the
relevant IEEE 802.11 protocols.

A. INNER CORE CHARACTERISTICS
The selected experimental inner core conforms to the typical
pipeline diameters for a commercial downhole well. The ra-
dius (r) of the chosen inner core is 69.85 mm (or 0.525λ0 at
2.4 GHz) and wall thickness t = 10 mm (or 0.08λ0 at 2.4 GHz)
(see inset of Fig. 1), and where λ0 represents the free space
wavelength. The wall material is the AISI 1010 carbon steel,
which can be described by its chemical composition (consist-
ing of 99.18% to 99.62% iron, 0.30% to 0.60% manganese,
and 0.080% to 0.13% carbon). The electrical conductivity (σ )
and the relative magnetic permeability (μr) of carbon steel
1010 is 6.993 × 106 S/m and 100, respectively [24].

The challenging environmental conditions, the subsurface
geology, and the ageing of the pipeline may cause some cor-
rosion in the interior of the metallic pipe. The main element
of carbon steel 1010 is iron (over 99%) and there are scenar-
ios where the iron reacts with oxygen downhole. The most
common reaction is 3Fe + 2O2 → Fe3O4. The compound,
iron (II, III) oxide, also called ferrous ferric oxide, is dark
brown/black. The EM properties of ferrous ferric oxide are
described in Table 2. More information can be found in [25]
and [26]. These layers of rust can be formed in the walls of the
inner core and can introduce extra transmission losses. This is
further examined in Section II-B.

A dry methane mixture C 2 H4 (i.e. natural gas) was consid-
ered to flow inside the pipeline, thus defining the production
fluid coming from inside the well to the surface. Also, in
our work, we are assuming the methane mixture to be in a
gaseous phase at oil/gas well pressure and temperature con-
ditions which is typical for most practical gas pipelines [27].
This is important as the electrical properties of methane can
be approximated as an air medium [10], [27]. However, de-
pending on the temperature and pressure of the gas, values
for the relative permittivity (for the filling material within the
pipeline) could be in the range between 1, 1.5, and 2 [18].
For this reason, a short numerical study on the excited modes
and the related conductor losses is presented in Appendix A.
Further analysis of other materials flowing inside the inner
core is beyond the scope of the current paper. Therefore for
the presented theoretical calculations, full-wave simulations,
as well as the measurements in this section, the filling ma-
terial inside the pipeline, was considered to be air [27], i.e.
the relative permittivity (εr) and permeability (μr) was taken
equal to 1. A similar approach was taken in [10] where the
oil/gas product flow within the pipeline is typically assumed

to be a common methane mixture (in its dry gaseous phase)
which has the electrical properties of air.

B. MODE ANALYSIS AND CONDUCTOR LOSSES
The operational frequency has already been identified at
2.4 GHz, so every mode which has its cut-off frequency over
this threshold does not propagate. Furthermore, based on [28],
the cut-off frequencies for the propagating TE and TM modes
are respectively,

fcTEmn
= 1

2πr
√

μrμ0εrε0
χ ′

mn, (1)

fcTMmn
= 1

2πr
√

μrμ0εrε0
χmn, (2)

and calculations for the defined circular waveguide pipe are
outlined in Table 7. Here m ∈ N0 describes the azimuthal
index, and n ∈ N� the radial index of the wave, for both the
TE and TM mode types. Also, μ0 and ε0 are the magnetic
permeability and the electric permittivity of the free space,
respectively. The terms χmn and χ ′

mn for each pair of mn are
the roots of the Bessel function and its derivative, respectively.

The walls of the waveguides are magnetic, as already dis-
cussed. That means they are imperfect conductors and thus
there is power loss during signal propagation along the pipe.
Conductor losses can be computed by the attenuation con-
stant, αc. This constant is the ratio of power loss per unit
length by considering the power flow and its units are in
Np/m [15]. For the considered circular waveguide, each mode
has its attenuation constant and they are given by [28]:

αc = Rs

ζ r

[
m2

χ ′2
mn − m2

+
(

λ0

λc

)2
]

1√
1 −

(
λ0
λc

)2
, (3)

for TE modes and

αc = Rs

ζ r

1√
1 −

(
λ0
λc

)2
, (4)

for TM modes. Here Rs is the characteristic resistance of the

metallic walls and it is defined by [15], Rs =
√

ωμ
2σ

where ω

is the angular frequency. Also, ζ is defined as the intrinsic

impedance of the medium and it is equal to
√

μ
ε

.

As described previously the medium considered within the
pipe has the EM properties of vacuum (or air), the metallic
walls are made from carbon steel, and the metal structure
can experience corrosion, forming rust (also known as ferrous
ferric oxide). Given these conditions, the attenuation constants
for all the possible modes at 2.4 GHz; i.e. the TE11, TM01

and the TE21 modes are reported in Table 3. The investigated
pipeline dimensions under test are typically employed in the
oil and gas industry. However, there are also a variety of other
pipes with different radii used in practice and with different
material properties. Appendix A reports on some numerical
calculations for the cut-off frequencies and the conductor
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TABLE 3. Conductor Losses for the Propagating Modes of the Circular
Waveguide With r = 69.85 mm, Calculated at 2.4 GHz

losses for a carbon steel 1010 pipe with a radius of 57.15 mm
as well as comparison purposes for aluminium pipes having a
radius of 57.15 mm and 69.85 mm. All of these are typical of
pipes employed within the petrochemical industry. Also, more
results are reported for situations when the filling material
is not similar to air, but contains a crude methane vaporous
mixture [27]. Results are verified with full-wave simulations.

C. POWER FLOW
The Poynting vector [15], S = E × H�, is used for the calcu-
lation of the power flow along the z-direction for the circular
waveguide and it can be expressed as [15],

P0 = 1

2
Re
∫ r

ρ=0

∫ 2π

φ=0
E × H� · ẑρdφdρ

= 1

2
Re
∫ r

ρ=0

∫ 2π

φ=0

(
EρH�

φ − EφH�
ρ

)
ρdφdρ, (5)

for each propagating mode. This parameter is important to
characterize the relative powers accepted by the pipeline at
2.4 GHz for the TE11, TM01, and TE21 modes. This approach
is general and applicable to all possible modes. It should be
mentioned that previous studies only considered the dominant
TE11 mode (see [28]). In particular, in the following, the
power flow for all TE modes is given herein by

PTE =
πωμ

(
A2 + B2

)
Re(β )χ ′2

mn

(
1 − m2

χ ′2
mn

)
J2

m(kcr)

4k4
c

. (6)

The power flow for all TM modes is also given by

PTM = πωε
(
A2 + B2

)
Re(β )

2k4
c

[
χ2

mn

2
J ′2

m (kcr)

]
. (7)

The derivations for (6) and (7) are given in Appendix B. The
constants A and B are defined from the boundary conditions
of the solution of the Helmholtz wave equation in cylindrical
coordinates. Also, the variable β is the phase propagation
constant for each mode. Thus, the cut-off wave number, in
this case is equal to kc = χ ′

mn
r , for TEmn modes and kc = χmn

r
for TMmn modes. The variables Jm and J ′

m are the first Bessel
function and its derivative of order m, respectively.

The percentage power flow for each mode can also be cal-
culated, knowing the radius of the circular waveguide and the
number of excited modes. Making the numerical calculations
up to 3 GHz, all possible cut-off frequencies are reported in
Table 4. Also, in Fig. 4, the analytically determined percent-
age power flow for each mode is reported with respect to

TABLE 4. Cut-Off Frequencies for the Circular Waveguide With Radius
69.85 mm, Until 3 GHz

FIGURE 4. Numerically calculated percentage power flow for each mode
with respect to frequency considering a pipeline having a radius of
69.85 mm.

frequency. It can be observed that the TE11 mode, which is the
dominant mode, has the majority of the power across the spec-
trum. Furthermore, the TE modes have much greater power
flow than the TM modes. This occurs because of the depen-
dence of the TE and TM modes on the magnetic permeability
and the electric permittivity, respectively, mainly because for
the TE case, the value for the magnetic permeability is much
lower than that of the electric permittivity.

Considering that the operational frequency for the proposed
system is 2.4 GHz and that only three modes can be excited,
percentage power flow ratios can be calculated as follows:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
PTE11 % = PTE11

PTE11 +PTM01 +PTE21
100% = 89.35%,

PTM01 % = PTM01
PTE11 +PTM01 +PTE21

100% ≈ 0%,

PTE21 % = PTE21
PTE11 +PTM01 +PTE21

100% = 10.65%,

(8)

where further details on these analytical calculations are
given in Appendix B.

III. PLANAR ANTENNA DESIGN, PROPAGATION
MODELLING, & EXPERIMENTAL TESTING
In this section, the pipeline is studied when a directive end-fire
antenna is employed as the transceiver. The parameters which
are analyzed here are the propagating mode, the power flow,
and the transmission path loss (TPL) inside the inner core.
Also, the performance of the antenna in this enclosed envi-
ronment is examined. At the end of the section, a link budget
equation is developed with respect to the signal transmission
pipe length.
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FIGURE 5. Simulated power flow lines for the TE11 mode within the
circular corroded carbon steel 1010 pipe section. Generated by the
employed PCB antenna source. The longitudinal plane or side view is
shown; i.e. the y-z plane.

FIGURE 6. Experimental setup where the Yagi-Uda antennas were placed
at the edges inside the partially corroded circular metallic pipe defining
the transceiver system. Absorbers were placed at the edges behind the
antennas.

A. TRANSCEIVER SELECTION
The selection of the practical antenna for directive field
propagation inside the pipeline is important for the reliable
operation of the microwave transmission system. Most im-
portantly, the antenna must fit inside the concentric metallic
waveguide arrangement and at the same time, operate ef-
fectively at 2.4 GHz. For the aforesaid reasons, a compact
planar Yagi-Uda printed circuit board (PCB) based antenna
was designed and optimized using a commercial full-wave
simulation tool.

This antenna (Fig. 6) is well-known and uses microstrip
technology and it consists of the feed line, the driven element,
the director and the ground plane [29]. The substrate is Rogers
RT6010 with a relative dielectric constant of εr = 10.2, a loss
tangent of tanδ = 0.0023, its thickness is 1.27 mm, and the
major PCB dimensions are 75 mm × 60 mm. This PCB sub-
strate material is typically employed for space applications,
such as CubeSats as in [30], [31], [32], and also, is suitably
rated for the temperature range expected within oil and gas
well pipelines.

It should be mentioned that the antenna can maintain a
gain higher than 6 dBi in a free-space environment and the
front-to-back ratio is close to 19 dB. The advantages of using

TABLE 5. Transmission Coefficient (| S21 |) at 2.4 GHz for Two Antennas
Placed at Either End of the Corroded Pipe (Both Individual and Combined)
Considering Carbon Steel 1010

an end-fire antenna for the excitation of the waveguide (inner
core) rather than more conventional excitation techniques are
that fields generated are matched to the dominant mode of the
pipe and with power flow in the desired forward direction.
This is important as the antenna could be positioned in prac-
tice (within a real oil and gas well) at different pipeline depths
for gathering sensory information collection and considering a
repeater system implementation. So if a non-directive antenna
was employed, or a more conventional waveguide feed, signal
power could be inadvertently directed to the pipeline edge
(upwards: +y direction) and down the pipeline (towards the
bottom: −y direction), which might not be desired.

B. POWER FLOW, PATH LOSS, & TESTING
Table 5 defines the different pipeline sections that were cho-
sen for the experimental testing. All the circular pipes were
manufactured using carbon steel 1010 and had a radius α

= 69.85 mm. Also, a corrosion layer of rust (Ferrous Ferric
Oxide) covers the interior walls of the pipeline sections.

The microstrip-based end-fire Yagi-Uda antennas have
been centred and placed at the edges of each pipeline section
(see Figs. 2 and 6), defining the transceiver system. Also,
absorbing boundary conditions are employed using practical
microwave absorber material such that no power was diverted
outside the pipes (Fig. 6). When simulating the aforemen-
tioned system, and when considering the pipe to be air-filled,
the extracted electric field is the same as the electric field of
the TE11 mode as reported in Fig. 3 (all results not reported for
brevity). The power flow was extracted showing that the prop-
agation is mainly routed in the +z-direction (Fig. 5) whilst
maintaining a maximum amplitude along the centre of the
pipe. These simulation results are important and identify that
directive TE11 mode propagation is achieved for the practical
setup (as outlined in Fig. 14 and Table 5), and given that the
aforementioned Yagi-Uda planar antennas were employed.

A transmission path loss (TPL) model can also be defined
for the pipeline system as described next. For each pipe sec-
tion, the S-Parameters were measured (Fig. 7) using an S5048
2-Port vector network analyzer (VNA) by Copper Moun-
tain Technologies. The reflection coefficients of the antennas
(| S11 |) and (| S22 |) in dB for the frequency range from
2.2 to 2.6 GHz, demonstrate good performance, (with values
below −10 dB) inside each pipe section and the transmission
coefficients (| S21 |) and (| S12 |) are relatively low as well
(Fig. 7). However the transmission coefficients (| S21 |) and

VOLUME 3, NO. 2, APRIL 2023 559



KOSSENAS ET AL.: MICROWAVE SYSTEM DEVELOPMENT FOR WIRELESS COMMUNICATIONS INSIDE OIL AND GAS WELL PIPELINES

FIGURE 7. Measured S-Parameters for the system when the Yagi-Uda PCB-based antennas were placed inside the pipe sections.

FIGURE 8. Measured and numerically calculated transmission path loss
(TPL) for the two Yagi-Uda PCB-based antenna transceiver systems when
placed at the edge of each pipe section.

(| S12 |) for Pipe B are lower (� −10 dB) due to the corrosion
layer and some drilling mud (on the interior of the pipe) which
could not be removed practically during the measurement
campaign.

The pipe sections were also coupled together in that pipe
sections A & B, for example, were combined for a total
pipeline length of around 25 m (see Table 5). Although the
transmission coefficients for the joined pipe sections A & B
are approximately −12.2 dB and −15 dB for the joined pipe
sections A & B & C, these values demonstrate the experimen-
tal system is suitable for experimental testing and evaluation.
It should also be mentioned that due to the feeder cable
length requirements, the transmission loss for the jointed pipe
sections, A & B & C, was measured using a 2024 Marconi
RF Signal Generator and an HP Agilent 8594E Spectrum
Analyzer by measuring the received signal power. The trans-
mission loss, in that case, was measured at −14.98 dB (Fig. 8).

By studying all these transmission coefficients we were
able to develop a specific TPL model for the microwave sys-
tem as reported in Fig. 8. A similar, yet also different, model
has been developed by the authors in [10] considering simple

dipoles where the radiating near-fields are still dominant and
alter the classic definition of the free space path loss. This TPL
model is related to the ITU model [33], in that a near-field
correction factor is introduced into the propagation loss fac-
tor determination. Regardless, these findings are still related
to the directive transceiver case (outlined in this paper) and
the reported TPL model developed herein for the proposed
microwave system, and can be described as follows

TPL = (αc + αr + αs) × Length + SL

− Ge f ft − Ge f fr . (9)

The system loss (SL) accounts for standard power losses,
which are independent of the pipeline length. In particular,
this SL defines the power that is not received at the receiver
antenna and any possible power that propagates in the reverse
direction concerning the transmitting antenna. The variables
αc, αr , and αs symbolize the attenuation constants for the
power due to the conductor losses, the corrosion layers, and
the pipe surface roughness.

Concerning the TPL equation which includes the effective
gains of the Yagi-Uda antennas within the pipeline; i.e. Ge f ft
and Ge f fr , these values do not represent the conventional
far-field antenna gain, but rather, are a metric which can be
used to quantify the signal directivity within in the pipe due
to the presence of the transceivers. A similar assessment was
reported in [10], and can be defined as the near-field-like
effective gain. It is also interesting to note that the sum of
the variables SL, Ge f ft , and Ge f fr is −2 dB when inspecting
Fig. 8, and this suggests that the effective gains for the trans-
mit and receive antennas are of suitably high value (see Figs.
9 and 10) to overcome any power losses whilst ensuring di-
rective microwave propagation as required. These parameters
are further studied and calculated in Section III-C.

Results for the TPL are plotted in Fig. 8 for the numerical
linear curve and a good agreement can be observed with the
measurements. The sum of the attenuation constants is defined
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FIGURE 9. Simulated directivity in the forward +ẑ-direction for the
Yagi-Uda PCB-based antenna, operating at 2.4 GHz in terms of the circular
metallic waveguide’s radius (r) where it is operating within. A comparison
is also shown with the free-space directivity value (horizontal line, about
6 dB) for an analogous Yagi-Uda PCB-based antenna.

FIGURE 10. Measured gain for the transmitter and the receiver antennas
using the impulse response. The Yagi-Uda antennas were placed inside the
circular pipe section (defined by Pipes A & B & C) with a radius of
69.85 mm. In the inset the time-domain impulse response of the system is
reported.

by a slope of about 0.4 dB, referring to the blue line in
Fig. 8. Also, the numerically calculated attenuation constants
for carbon steel 1010 (αc), and for the ferrous ferric oxide
(rust) (αr) are given by Table 3. The simulated sum up of αc

and αr for this system considering a rust layer with a thickness
of 0.3 mm was extracted at 0.25 dB/m, which agrees with the
numerical calculations. Also, the total measured loss factor
(0.4 dB/m) may be attributed to surface roughness in the pipe
wall. The difference of 0.15 dB/m between the measured and
numerically modeled system is most likely related to pipeline
irregularities, comprising, surface roughness, and the presence
of drilling mud which cannot be easily modeled.

C. DIRECTIVITY, GAIN, & IMPULSE RESPONSE
The effective gains for the two Yagi-Uda PCB-based antennas
which are placed inside the pipe differ from the free space
gains. This is because the radiating near-fields are dominant
when they are placed in the guided circular metallic environ-
ment, in that the near-fields generated by the antennas do not
reach the far-field zone. In particular, the near-fields generated
are confined within the waveguide and are field matched to
the dominant TE11 mode for power-routed propagation within
the pipeline (see Fig. 5). This scenario defines an alternative

definition for the antenna gains within the pipe [10] when
compared to more conventional free-space propagation.

Following this, the directivity (D) was studied and simu-
lated for the employed Yagi-Uda PCB-based antenna when
placed into the circular metallic environment whilst consid-
ering various waveguide radii (r) and results are presented
in Fig. 9. For every change in the radius, the directivity was
recorded in the z-direction, which is defined as the forward
path for signal propagation. Then the radius of the pipe was
gradually increased until it reached the far-field zone. As
observed in Fig. 9, the free-space value for the directivity
(6.14 dB) was eventually achieved as the radius of the pipe
became larger.

When considering the antenna gain (G0) its value is related
to the maximum directivity (D0) multiplied by the radiated
efficiency; i.e. G0 = εRD0, where εR is the total radiation
efficiency of the antenna. Moreover, simulations suggest that
the radiated efficiency of the Yagi-Uda PCB-based antenna
(εR) was around 97% for all the simulated pipe radii. Further-
more, it was observed that the maximum directivity (D0) of
the antenna when the pipe radius was r ≈ 70 mm (such as
the studied case) is 9.765 dB. Hence, the effective gain of the
antenna (which does not include mismatches) is given by [34]
Ge f f = εRD0 ≈ 9.5 dBi.

An alternative way to characterize the effective gain of an
antenna is through the impulse response h(t ) [35]. The Fourier
transform of the normalised impulse response (HN (ω)) is
given as:

HN (ω) =
√

dυg

jω
S21(ω)e

jω d
υg , (10)

whilst considering the group velocity, vg, of the propagating
mode inside the waveguide which is not typical; i.e. most
commonly the free-space wave velocity c is adopted when
characterizing antennas. Here d is the distance between the
transceiver and receiver. Specifically, υg is the group veloc-
ity for the TE11 mode, 2.55 × 108 m/s. For the calculation
of (10), the transmission coefficients S21(ω) and S12(ω) are
required. Also, the relation between the gain of the transmitter
and the impulse response [36] of an antenna is given by

Gt (ω) = 4π

λ2
g

| HN (ω) |2, (11)

where λg is the wavelength of the TE11 mode, in this case,
0.1388 m (usually the free-space wavelength λ0 is used). Also,
the gain of the receiver Gr (ω) is given by the use of S12(ω)
instead of S21(ω).

Therefore, by placing the two identical Yagi-Uda PCB
antennas within the pipeline and separated by a distance d
apart, the impulse response was measured (see Fig. 10, inset)
whilst using pipe section C. Using these results, the measured
transmitter and receiver antenna gains are reported in Fig. 10,
by (11) from 2.2 to 2.6 GHz. At 2.4 GHz, the value of the
measured transmit and receive gains inside the circular wave-
guide was calculated to be 9.1 dBi and 9.09 dBi, respectively.
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TABLE 6. Additional Signal Losses Due to Controlled Gaps Between Pipes
A & B

TABLE 7. r = 69.85 mm, εr = 1

TABLE 8. r = 69.85 mm, εr = 1.5

TABLE 9. r = 69.85 mm, εr = 2

TABLE 10. r = 57.15 mm, εr = 1

These gains are very close to the simulated effective gain of
9.5 dBi (see Fig. 9).

D. GAP BETWEEN THE PIPE SECTIONS
During the pipeline measurements in the field, it was observed
that some unwanted gaps could exist between two sections of
pipe. For example between pipes A and B (see Table 6). The
pipe joints could not be perfectly mated with the available
pipe couplers. This was related to the practical positioning
of the pipe sections and limited access to the mechanical
forklift. Therefore, with each pipeline section having a mass
in excess of 200 kg, the actual mechanical structure of the

TABLE 11. r = 57.15 mm, εr = 1.5

TABLE 12. r = 57.15 mm, εr = 2

TABLE 13. Simulated Transmission Coefficient (| S21 |) for Determining the
Coupling Into Each Mode at 2.4 GHz. The Simulation Setup Includes a 2 m
Carbon Steel Circular Waveguide Pipe With the Antenna Positioned Within
the Mechanical Housing Which Was Placed on Top of the Waveguide. An
Ideal Waveguide Port Was Positioned on the Other Side of the Guide

pipeline during the field tests was not homogeneous along its
total length. The pipe coupling gaps can introduce additional
signal losses. To further assess these losses, measurements
considered the possible gaps between the jointed pipe sections
A and B. Findings are outlined in Table 6, which are a function
λ0 at 2.4 GHz.

E. LINK BUDGET ANALYSIS ANALYSIS WHEN PIPES A, B, &
C ARE COMBINED
A more complete power link budget, as required for con-
ventional telecommunication systems, can now be further
developed. This is because all the system parameters have
been defined and evaluated. Based on (8) each propagating
mode has its power flow. Also, we defined the propagated
mode inside the pipelines as the TE11 mode which has a
percentage power flow of 89.35 %. Given this value, the rest
of the power flow is considered lost. Numerically, this loss
is translated to | 10log10(0.8935) | ≈ 0.5 dB. Also, from the
TPL the total attenuation constant (α) is the sum of the attenu-
ation constants due to the conductor losses which is calculated
to be 0.4 dB. As described previously, the effective gain of
each antenna was measured and calculated to be about 9.1
dBi and these values are included in the TPL model. By (9),
the SL can be valued to be around 20 dB. Also, λ0/4 was
chosen as the distance for each gap between the pipe sections
because this separation appeared to be the norm when mating
the different pipe sections. Therefore the extra losses due to
the gaps between the pipe sections were estimated as 1 dB.
Given these parameters, the total link budget equation for the
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microwave transmission system can now be stated as follows:

PR = PT − 0.5 dB − α × Length − SL + Ge f ft

+ Ge f fr − Number of Gaps × 1 dB, (12)

where PR and PT are the received and transmitted powers,
respectively, and their units are dBm.

IV. COMMUNICATION TESTING
The pipeline system was studied in the previous sections from
an EM/microwave engineering point-of-view, and the setup as
outlined in Fig. 2 was used for the pipeline data communica-
tions. The system includes two N210 universal software radio
peripheral (USRP) modems by National Instruments, defin-
ing the transmitter and receiver communications hardware.
Also, some commercially available high gain and low noise
amplifiers (with a maximum gain and noise figure of 21 dB
and 1 dB, respectively) were employed as well as barometric
pressure and temperature sensor by Bosch (BMP180) for sen-
sor information data collection and exchange. This sensor was
managed by an Arduino (ATmega328P) microcontroller.

The basic sensory data that was tested for transmission
along the pipeline arrangement (see Fig. 1) was the ambient
environmental temperature and pressure. This was managed
by an in-house code and graphical user interface (developed in
MATLAB/Simulink and LabVIEW) which was also designed
to send communication text messages and digitized images.
Both could be defined by the user and uploaded in real-time,
respectfully.

The modulation scheme adopted was orthogonal
frequency-division multiplexing (OFDM). Using OFDM
helps to mitigate any multipath effects in the pipeline (and
in general) when transmitting over long distances [16]. In
addition, for some trials, the signal was transmitted with
additive white Gaussian noise (AWGN), so the SNR at the
pipe antenna input was controlled during the experimental
testing. The default transmitted power of the USRP was
−25 dBm which can be re-programmed to have a maximum
total output power of about 5 dBm. For control of these
parameters, the graphical user interface (GUI), as shown
in Fig. 12, also controlled these transmission metrics. For
example, the user can select the gains of the USRPs, the SNR
values, and also, the type of transmitting data (text, image, or
pressure and temperature data). This GUI was made available
on a laptop positioned at the transmitter side of the pipeline.
The system was also programmed in such a way that the
data was re-sent repeatedly until the user decides to stop the
transmission. This assisted with the real-time monitoring of
the system with the user also able to choose when to receive
the transmitted data at the receiver laptop.

During the field trials the antennas were placed at the ends
of the jointed pipe sections; i.e. the A, B, and C pipeline
sections. The purpose of this field testing was to investi-
gate the data transmission performance through the individual
pipes and assess any limitations for the microwave trans-
mission system. The system parameters were as follows: (i)

the TPL for the A & B & C configuration was 15 dB from
Table 5, (ii) the USRP transmitted power was −25 dBm
and neither additional gain nor the external amplifiers were
initially applied on the transceivers. Also, after significant
efforts to improve the field measurement setup, at this stage,
there were not any significant gaps between the different pipe
sections. Therefore, based on (12) the received power was
approximately −40 dBm and this was verified experimentally.
The digitized image was also successfully transmitted and
received (Fig. 11(a)) in all attempts, without any deforma-
tion. Furthermore, the sensory data was transmitted, received,
and monitored in real-time accurately. The temperature that
appeared on the display was 8.06◦ C and the pressure was
102.2 kPa. Slight changes in the ambient temperature and
pressure near these initial values were successfully monitored
in real time during the measurements.

A. MINIMUM POWER LEVEL STUDIES FOR MAXIMUM
RANGE ESTIMATION
The next set of measurements was carried out to under-
stand and identify when the communications link within the
pipeline failed or was close to dropping out. This was defined
when the image or sensory data was unable to be successfully
recovered at the receiver. To achieve the low signal power
levels required, two 30 dB attenuators were placed at the
receiver side of the pipeline. This emulated a total pipeline
length equivalent to 150 m. Also, an amplifier with a gain
of 20 dB was positioned on the transmitter side and the in-
ternal gain of the USRP transmitter modem was set to 3 dB.
No amplification gain was defined at the receiver, hence, the
approximate received power was −77 dBm which is about the
minimum power level required for USRP operation (this was
characterized to be at −80 dBm where short cables were used
to define a low noise setup). After repeated measurements,
which were consistent, the JPEG image was received and
monitored, however, note there was some partial distortion
of the image quality (see Fig. 11(b)). With reduced power
levels, the USRP could not successfully recover the image
or demodulate sensory data accurately. Following an increase
in transmit power levels and/or receiver gains, successful and
accurate communications were resumed.

B. EXPERIMENTS WITH ADDITIVE WHITE NOISE
While maintaining the system setup as described above (by
keeping all the same values for the components), however
now, a controlled level of AWGN was introduced into the
system for further testing. Adding noise has the benefit of
effectively controlling the noise floor of the system setup over
a broad frequency range across where the system operates.
This allowed experimental testing of the data link connectivity
in a controlled way. Initially, the SNR was set to be 15 dB.
Again the image was received and monitored but with some
partial distortion (see Fig. 11(c)). For lower values of the
controlled SNR at the transmitter, the image or sensory data
could not be received with any accuracy.
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FIGURE 11. Transmitting directly through the circular pipe to test the limitations of the system. (a) Original photo. (b) Power level limitation. (c) SNR
limitation.

With increased SNR values, considering the noted ex-
perimental setup, data transmission became successful as
expected. It should also be mentioned that similar data link
communication failure results were observed in the our lab
as further reported in [9]. This suggests consistency of the
transceiver system albeit in a lab setting or the field over an
extensive pipe length of 35 m. Moreover, the data rate in the
aforementioned experiments was estimated at 50 kbits/s using
a manual stopwatch and this maximum value was consistent
for the different trials. This value could be improved in future
testing, but some redundancy was adopted into the developed
OFDM code to ensure successful data links for the field trials.

V. CONCLUSION
As documented in the literature there has been a limited
number of studies relating to the use of electromagnetic
propagation within oil and gas wells [3]–[8]. Despite these
important contributions, there have not been any published
experiments or extensive studies which investigate the feasi-
bility of communications within long pipelines by employing
microwave carrier frequencies. In particular, the current re-
search work targets the modelling and design of a microwave
communication system, where the antenna receiver and the
transmitter modules are placed into a metallic pipe for oil and
gas well sensory measurements, mainly, to address the real-
time and continuous performance monitoring of the pipeline
condition, and other problems such as the corrosion levels,
possible gas leak detection, and other similar pipe integrity is-
sues. The paper also examined the entire transmission system
which includes the complete EM study, antenna integration,
microwave analysis based on typical pipelines, the application
of suitable wireless communication protocols, and the limita-
tions of the system in terms of power and SNR.

During the design of the proposed microwave transmission
system, it was decided that the pipeline configurations used
for the oil and gas well environment would be treated as a
waveguide for the chosen industry standard radius (69.85 mm)
and operational frequency (2.4 GHz). Since the pipeline char-
acteristics, the dimensions, the metallic walls, and the filling
material were known, the modal analysis was therefore based

on applied theory, and the power analysis and the conduc-
tor losses that exist because of the metallic walls were also
developed. A compact Yagi-Uda antenna was chosen and de-
signed using microstrip technology for the transceiver. The
antennas were placed inside the pipes and were examined
within different pipeline configurations, by simulations and
field measurements. The results showed that the test setup can
work efficiently at 2.4 GHz.

The selected propagating mode is the TE11 mode and the
transmission path loss has been well defined in the paper,
as well as the effective gains of the antennas. In addition,
a link budget equation was developed which can be applied
to similar pipeline systems. Overall, a 36.03 m carbon steel
circular pipe was set up for field testing and the propagation
path inside was experimentally validated. Using OFDM as the
communication protocol and standard RF/microwave compo-
nents, the results showed that the transmission of about 150 m
is possible (shown experimentally when using attenuators).
Also, the receiving capability of the system was measured at
−77 dBm in terms of power level and 15 dB in terms of the
SNR during the demonstration of successful data communi-
cations.

APPENDIX A
Equations (1) to (4) presented the cut-off frequencies and
the attenuation constants due to the conductivity of the metal
pipeline structure used for the circular metallic waveguide. In
this Appendix, numerical calculations using these developed
equations are compared with full-wave simulations for some
relevant cases. These cases are as follows: (i) the type of
metal for the circular waveguide (aluminium or carbon steel
1010), (ii) the radius of the circular waveguide (57.15 mm
and 69.85 mm), and, (iii) relative permittivity of the filling
material (εr = 1, 1.5, 2) for the waveguide.

As described earlier in Section II-A, the pipeline wave-
guide could be filled in practice with produced fluids (such
as natural gas) at different temperatures and pressures making
its electrical properties slightly different from air [18], [27].
These studies are important for the EM/microwave engineer
to understand the possible losses and changes in electrical
properties whilst considering the different practical cases for
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FIGURE 12. Graphical user interface (GUI) of the data communication
system. Transmitter (left) and receiver (right) tabs.

FIGURE 13. Attenuation constant of the TE11 mode as compared to
different values for the relative permeability (from 1 to 100). This range
depends on the iron content of the waveguide metal, and thus defines
different possibilities for practical steel pipelines [24].

natural gas and other produced fluids flowing in the industry
standard pipelines. The electrical conductivity for aluminium
is 3.56 × 107 S/m [15] and 6.993 × 106 S/m for carbon steel
1010 [24]. Also, carbon steel 1010 has magnetic properties
with its relative magnetic permeability (μr) equal to 100 [24].
Due to these magnetic characteristics, a short study is pre-
sented next where the relationship between the attenuation
constant of the TE11 mode for the circular waveguide defined
by carbon steel 1010 and having a radius, r, of 69.85 mm.

Numerical results are compared with the corresponding
full-wave simulations (see Fig. 13 and Tables 8 to 13). As
can be observed a good agreement is achieved between the
calculations and the simulations. These characteristics stud-
ied, which include the type of metallic pipe walls and their
radius as well as the relative permittivity and permeability, are
typical of possible values that could be observed in practical
oil and gas well systems [18].

APPENDIX B
This Appendix provides a derivation for the TE and TM power
flow equations, see (5), (6) and (7), in Section II. II-C. This
approach is general, complete, and applicable to all possible
modes. It should be mentioned that all other previous works

(such as in [15], [28], [37], [38], [39], and [40]) mainly fo-
cused on the dominant TE11 mode and with limited analytical
derivations and results provided. Recently, a similar theoret-
ical treatment was documented in [41], concerning coaxial
waveguide configurations, but for all the possible modes as
well (TEM, TE, TM) and where analytical expressions for the
power flow and losses were reported.

Following these developments and building off our findings
in [41], general modal equations are defined for the pipeline
starting from the analytical expressions for the possible elec-
tric field components developed within a circular metallic
waveguide. In particular, we further develop the earlier find-
ings in [15] and [28] by introducing the complete sinusoidal
components by the introduction of both boundary condition
constants A and B. This treatment provides a complete ana-
lytical study for the power flow equations defining microwave
propagation within circular metallic pipes. In particular, for
the TEmn modes

⎧⎪⎨
⎪⎩

Eρ = − jωμm
k2

c ρ
(Acosmφ − Bsinmφ) Jm(kcρ)e− jβz,

Eφ = jωμ
kc

(Asinmφ + Bcosmφ) J ′
m(kcρ)e− jβz,

Ez = 0,

(13)

⎧⎪⎨
⎪⎩

Hρ = − jβ
kc

(Asinmφ + Bcosmφ) J ′
m(kcρ)e− jβz,

Hφ = − jβm
k2

c ρ
(Acosmφ − Bsinmφ) Jm(kcρ)e− jβz,

Hz = (Asinmφ + Bcosmφ) Jm(kcρ)e− jβz.

(14)

On the other hand, the EM field components for the TMmn

modes are defined as,

⎧⎪⎨
⎪⎩

Eρ = − jβ
kc

(Asinmφ + Bcosmφ) J ′
m(kcρ)e− jβz,

Eφ = − jβm
k2

c ρ
(Acosmφ − Bsinmφ) Jm(kcρ)e− jβz,

Ez = (Asinmφ + Bcosmφ) Jm(kcρ)e− jβz,

(15)

⎧⎪⎨
⎪⎩

Hρ = jωεm
k2

c ρ
(Acosmφ − Bsinmφ) Jm(kcρ)e− jβz,

Hφ = − jωε
kc

(Asinmφ + Bcosmφ) J ′
m(kcρ)e− jβz,

Hz = 0,

(16)

where β is the phase propagation constant for the relevant
mode. The term Jm is the mth-order Bessel function and J ′

m
is the derivative of it.

The power flow is defined as a function of the Poynting vec-
tor (S) by the general expression P0 = ∮

S S · ds = ∮
S E × H� ·

ds. For the circular waveguide, cylindrical coordinates are
adopted and the power flow along the pipeline (z-direction)
is given by (5). As already mentioned the analytic expressions
of the power flow for the TE and TM modes are given in (6)
and in (7). The full derivation of these equations follows.

Using the electromagnetic field expressions, (13) and (14),
for the TE modes, and (15) and (16), for the TM modes,
the power flow integrals for each case can be derived. The
development of the power flow starts with the integral in (20)
considering TE modes, and after some simplifications (21)
is the result. In the derivation, the following trigonometric
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FIGURE 14. The Yagi-Uda PCB-based antenna is placed into the housing
which is placed on the top of a 2 m carbon steel 1010 section (pipe
mandrel). A rectangular hole was created on the top of the pipe section
and was covered with an acrylic sheet. The power flow into the pipeline
through the sheet is shown in the inset.

properties are employed:{
sin4πm = 0,

cos4πm = 1,
(17)

when, m ∈ N∗ making the integral in (21) simplifying to (22).
Then for solving the integral in (22), the following Bessel
function integral property was used [15]:∫ χ ′

mn

0

[
J ′2

m (x) + m2

x2
J2

n (x)

]
xdx

= χ ′2
mn

2

(
1 − m2

χ ′2
mn

)
J2

m(χ ′
mn), (18)

finally ending with the power flow expression in (23) for each
TE mode.

On the other hand, the development of (24) for the TM
modes, uses the same procedure as outlined for the TE modes
and concludes with (25). Also, for the solution of the integral
in (25) the following Bessel function integral property was
employed [15]:∫ χmn

0

[
J ′2

m (x) + m2

x2
J2

n (x)

]
xdx = χ2

mn

2
J2

m(χ ′
mn), (19)

finally arriving at the power flow expression in (26) for each
TM mode. The calculations of the power flow percentages, as
presented in (8) for each of the three excited modes (TE11 be-
ing dominant as well as TM01 and TE21), are further described
in (27) through (29).

APPENDIX C
The antenna and the electronic components when they are
being placed inside the pipelines, as it was described in the
above sections, can be damaged due to the filling material
products and the gaseous flow. For this reason, the mechanical
design of an antenna and RF/microwave circuit housing or
radome, should be carefully considered in practice. Fig. 14

shows the structure of the experimental housing which has
been constructed from aluminium with an aperture at its edge
so that the antenna can be connected with the feeder cable.
The housing is placed on the top of a 2 m piece of the inner
core pipe section and between them, there is an acrylic sheet
(see Fig. 14). This complete mechanical housing assembly
is called a pipe mandrel and this unit can be positioned at
both the transmitter and receiver sides of the pipeline, or at
a midpoint position of the pipeline for a repeater-based sys-
tem to obtain a longer transmission range. This experimental
mandrel setup allows for mechanical mating onto the standard
industrial oil and gas pipe configurations.

The EM wave propagates through the acrylic sheet and
the inner core is fed normally, the antenna being protected
from production fluid flow with an arrangement similar to a
radome. The relative dielectric constant (εr) of the acrylic (see
(20)–(29) in next page), sheet that is being used is 3. Also, the
antenna is positioned horizontally as it is an end-fire design
and its position has been optimized for the best performance
of the transmission system (Fig. 14).

For the detailed system development, it is also essential to
understand how the EM fields propagate when the directive
antenna is mated with its mechanical housing and the circular
pipeline structure itself. In full-wave simulation software, the
PCB end-fire Yagi-Uda antenna was placed into the mechan-
ical housing, which was then placed on the top of the inner
core section (see Fig. 14), defining the excitation source for
the system. At the other edge of the mandrel, a standard
waveguide port was placed. The waveguide port can excite
all the desired modes (TE11, TM01, TE21) and monitor the
results of S-parameters for each mode separately. This full-
wave simulation software was able to ascertain which mode
was dominantly excited, and this was studied by investigating
the relative powers for each mode.

The results comparing the relative powers for each mode
can be observed in Table 13. Here the transmission coefficient
(| S21 |) represents the coupling into each mode from the
driven antenna. Based on these results, the dominant mode
is TE11 as the insertion loss value is minimum. This implies
that the majority of power from the antenna excitation, and its
protective housing arrangement, is coupled into the dominant
TE11 mode of the circular pipeline. This is because | S21 |
values are about −2.4 dB, while all the other powers diverted
into the different modes are about −11.5 dB or below.

The transmission coefficients of each pipe section that were
used in the experimental testing, which were previously de-
scribed in Section III-B, but now also using the pipe mandrel
housings, were measured and recorded. It can be observed
(see Fig. 15) that this system, when the mandrels are included,
is lossier than the case where the antennas are placed into the
inner core directly. This is because the sum of the attenuation
constants are about 0.85 dB/m, as can be extracted from the
slope of the plot in Fig. 15. This higher value, which is about
doubled when compared to the same setup without the man-
drels; i.e. 0.4 dB/m (see Fig. 8), is due the fields bouncing in
the main circular waveguide when exiting from the mandrel.
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This effect has been observed in the full system simulations,
but is not further reported herein due to brevity. Also, this
effect is not observed when the antennas are fitted inside the
guide (see Fig. 6). Regardless, because of this known issue,

the authors are actively working on a new mandrel system to
minimize these additional losses.

Given these constraints and motivations for remote oil well
monitoring, decommissioning, etc. as mentioned in the paper
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FIGURE 15. Measured transmission path loss (TPL) for the two Yagi-Uda
PCB-based antenna transceiver systems when placed in the protective
housings, for each pipe section.

as well as the ambitions for future improvements, the pro-
posed microwave approach has been demonstrated and can
be made practical. Also, the addition of the mandrels has
been shown to be feasible in this Appendix, and such radome
structures may be required for the deployment within oil and
gas arrangements. These findings are generally useful in the
modelling and development of said oil and gas systems in
shallow, sub-surface gas-filled well environments, which have
a depth of a few hundred meters [27].

In summary of the data capture, a live video was suc-
cessfully transmitted when the pipe mandrels were used in
the lab. During this stage of testing, a live-streamed video
was recorded by transmitting and receiving data in real-time
through the short pipe section. During the test, the transmit-
ter mandrel and the receiver mandrel were coupled directly
together. In contrast with the transmission of the digitized
images and the sensory data used for field trials, for the trans-
mission of the live stream video, LabVIEW was used as an
interface for the USRP stations. The reason that LabVIEW
was preferred in this case rather than the Matlab and Simulink
model is that this offered more efficient system communica-
tions for the transmission of the video packages. This video
can be found in the supplementary information for this paper.
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