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Abstract

This thesis work presents structural health monitoring (SHM) techniques for coated-

metallic structures based on Chipless Radio Frequency Identification (RFID) tech-

nology. The structures of interest for this study include pipelines for crude oil trans-

portation and storage tanks (or terminals). The main features of the system are

real-time monitoring, low cost, reliability, and the ability for mass-production.

First, an initial prototype sensor has a readout coil and an LC resonator on the

passive tag with an interdigitated capacitor producing an entirely passive Chipless

RFID system for pipeline integrity. Water ingress and coating delamination are re-

liably detected through monitoring the sensor’s resonant frequency to achieve early

corrosion prediction. The tag is built on a flexible substrate for wrapping around the

pipe and representing the pipe coating. The sensor is conformal, battery-free, and

low cost, which makes it suitable for pipeline monitoring in harsh environments.

Furthermore, a fully passive, wireless, Chipless RFID-based solution for out-of-

sight pipeline monitoring is presented. The system is a combination of a tag ID,

consisting of an array of seven rectangular spiral resonators (RSR), and a tag an-

tenna composed of two cross-polarized patch-based antennas etched on a skin-thin

microwave laminate. The proposed system exhibits the robust capability to create

frequency signatures to detect and monitor defects underneath the pipeline coating

owing to water ingress that could eventuate to corrode the pipeline. The reader

antenna above the pipeline comprises of two identically cross-polarized log-periodic

dipole antennas with the intent to remotely capture resonances of the tag ID in real-

time for early detection and prediction of potential pipeline exposure to moisture.
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Next, to cover large areas and achieve long arrays, identical resonators to build

Chipless RFID is introduced. Backed with theory, extensive simulation, and experi-

mental results, the innovative concept shows the ability to expand the sensors arrays

considerably. It also achieves a real-time, inexpensive, and easy-to-install coating

defect detection technique. A 120 cm prototype composed of 55 identical rectangular

spiral resonators coupled to a transmission line is simulated, fabricated, and experi-

mented. It is used to detect water ingress and coating delamination, which are the

leading causes of corrosion initiation.

The need to protect the conductive sensor layer against the external environment

requires the investigation of the effect of such a layer (overlay) on the sensor perfor-

mance. Thus, an optimization process and study of different overlay materials and

thicknesses to achieve the best performance are presented. It provides a reference

source for the engineering and manufacturing process in regards to the trade-off be-

tween performance and cost for more economical applications of the sensor in the

field.
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Chapter 1

Introduction

1.1 Motivation

The advancement of structural health monitoring (SHM) techniques has gained at-

tention over the conventional non-destructive health evaluation (NDE) methods to

diagnose the state of structure health during its lifetime. The former provides contin-

uous and real-time information about the integrity of in-service structures and facil-

ities such as buildings, bridges, pipelines, etc. However, more efforts and innovative-

/proactive-approaches are needed to convey the fast-growing industrial internet of

things (IIoT). If the facility’s integrity, such as pipelines, could be predicted and re-

paired promptly, its integrity could be fully sustained. Besides, proactive employment

of in-situ/on-site SHM techniques to displace the scheduled-driven maintenance with

conditional or on-demand could reduce the preservation cost and improve system

integrity.

While the developed approach in this thesis work applies to almost any coated-

metallic structures, the scope was focused on major oil and gas facilities such as

pipelines and crude oil storage tanks – also called terminals – as targeted applica-

tions. Pipeline systems are considered one of the most common significant infras-

tructures and indispensable elements for national energy security. Therefore, it is a

matter of national concern to have a safe and defect-free operation of pipeline sys-

tems [1]. This concern draws different attention views from academia, industry, and
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government-wide due to its accidents’ catastrophic consequences that may include fa-

talities. Hence, interdisciplinary work to engineering designs using fundamental and

applied research outcomes as safety insurance is required. This introduced the notion

core concept of integrity in pipeline systems. The most significant defect, percentage-

wise, for pipeline systems is the wall surface defects due to corrosion damage [2].

Pipelines and terminals are made from carbon steel, which has 85% of all manufac-

tured steel. Since carbon steel is thermodynamically unstable, it is susceptible to

natural oxidation and galvanic corrosion [3, 4]. In practice, the remaining life assess-

ment of pipeline is based on two deterministic failure criteria: “leak” and “rupture,”

and the shortest remaining lifetime is selected. Leak critical state is reached when

the defect under corrosion is of depth ranges between 60% to 80% (per the code used)

of the pipe wall thickness.

Embedding sensor systems during the manufacturing of structures of interest would

increase its reliability and safety to the public and environmental health benefits while

decreasing the structure’s life-cycle cost. In the oil and gas industry, for instance,

crude oil pipelines and terminals are playing a critical rule for transmitting and stor-

ing processes, respectively. Oil companies take several precautions such as pre-service

integrity testing, cathodic protection (CP), and/or anti-corrosive coatings to protect

these facilities against potential damage due to environmental impacts. These meth-

ods can delay the inevitable corrosion processes of the facility structure (steel for

pipelines and terminals); however, it’s impossible to prevent it. Current corrosion de-

tection techniques are designed to detect flaws such as geometric deformation metal

loss, thickness change, and/or cracking [5]. Magnetic flux leakage (MFL) [6], close

interval potential survey (CIPS) [7], Pearson survey [8], etc., are examples of current

such methods.

Recently, radio frequency (RF)- and microwave-based techniques have demon-

strated viability for SHM and corrosion detection. Several experiments were con-

ducted using wireless sensor networks distributed through the pipe [9–11], microwave
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techniques [12–16], and Radio-Frequency Identification RFID-based monitoring sys-

tems [17–23]. These techniques attempt to tackle corrosion after its occurrence, while

corrosion prediction would be of greater interest. Among these different sensing tech-

nologies and methods, chipless radio frequency identification (RFID) with no-chip

tag has demonstrated a strong potential to operate in harsh, inaccessible and noisy

environments with near-zero electric power [24–26]. In contrast to conventional sens-

ing methods which involve wired or locally powered sensors, chipless RFID provides

completely battery-free, inexpensive, and wireless solution with real-time response for

vast variety of applications including displacement and corrosion detection [27, 28].

1.2 Objectives

The primary objective of this thesis is to develop a fully integrated chipless RFID-

based monitoring system to be embedded in pipeline and oil tank structural coatings

to predict potential defects, improving the integrity and overall lifetime of pipeline

transport systems. To achieve this goal, a wireless, printable, and a chipless resonance-

based array of sensors integrated with planar patch-based tag antennas are proposed.

While the proposed system is applicable for any coated-metallic structure, pipelines

and crude-oil storage tanks are then investigated.

The objectives of this thesis can be summarized as the following: (1) combine

the benefits of multi-resonant chipless RFID array concept and a low-profile patch-

based antennas into a single flexible chipless RFID system for coating defect detection

(such as air breach, water ingress, and coating deterioration) and corrosion predic-

tion focused on pipelines; (2) the capability for out-of-sight detection; (3) developing

a concept for full area coverage using longer arrays of the chipless RFID sensors with

simple design structure for mass-production focused on crude oil storage tanks; (4)

study the effect of the overlay as a protection layer for the chipless RFID array sensor

systems. The developed system design of this thesis has the potential for immedi-

ate application in the targeted industries such as manufacturing lines of pipelines,
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crude-oil storage tanks and terminals, bridges, airplanes, etc. The work of this thesis

will open unlimited applications to protect any coated-metallic structure against the

hidden causes of failure such as corrosion.

1.3 Outline

The thesis is structured into seven main chapters as follows:

In Chapter 1, the motivation and the research objectives of the thesis are intro-

duced.

Chapter 2 discusses a literature survey on the topics related to the thesis. These

topics begin with the pipeline integrity solutions that are currently developed and

applied in the field. It is followed by the undeveloped techniques which still under

research and investigation. Finally, review of the RF/Microwave based techniques

for pipeline integrity monitoring is also presented, then a focus on the chip/chipless

RFID methods is followed.

In Chapter 3, an initial proof-of-concept for using chipless RFID-based sensors for

pipeline integrity monitoring for real-time applications is presented. The tag consists

of LC circuits of a coil and planar interdigitated capacitor (IDC) in addition to a

readout coil. Two coating defects are monitored, coating lift-off and water ingress.

The resonant frequency of the sensor demonstrates a strong relation to these defects

with reliable and repeatable behavior.

Chapter 4 introduces a more complex and comprehensive chipless RFID sensor

system design for coating monitoring. An array of rectangular spiral resonators com-

bined with a slotted-patch antenna represent the sensor tag. Two of a well-know

cross-polarized log-periodic dipole antennas (LPDA) are used for reading purposes.

The system is an entirely passive, printable, low-cost, and wireless solution for out-of-

sight pipeline monitoring. The reader circuitry is remotely capturing resonances of the

tag ID in real-time for early detection and prediction of potential pipeline exposure

to moisture, which represents the primary stimulus for the corrosion process.
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In Chapter 5, the sensor array extended the real-time monitoring technique to

cover large coated-metallic structures. Unlike the array elements in Chapter 4, 55

identical rectangular spiral resonators coupled to a 120 cm long transmission line are

simulated, fabricated, and measured during the experiment. The system is developed

for water ingress and coating delamination detection in real-time. The simplicity of

the concept and it’s easy-to-apply magnified the reliability and applicability of the

system.

In Chapter 6 and to protect the sensor system developed in the previous chap-

ters, an overlay layer and its effect on the system performance is introduced. The

study provides the recommended and optimized materials’ properties to be used as

an overlay from thickness to the dielectric permittivity. Measured results backed

with simulation proof-of-concept results exhibit the validation of the proposed over-

lay properties to severely minimize the effect of the external environment on such

sensors.

Finally, in Chapter 7, a summary of the significant results from the thesis work

and an outline of the future work is introduced, including the wireless communication

range enhancement, resolution improvement, system scalability, and manufacturing.
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Chapter 2

Background

This chapter presents a literature survey on the topics related to the thesis. Section

2.1 provides an introduction to the coating manufacturing and standards controlling

this process. It also presents the standard tests conducted for the integrity check

of a new or existing coating to be applied in the field. Next, in Section 2.2 and

Section 2.3, a summary of the current developed and undeveloped solutions used in

pipeline integrity are presented. Specifically, the RF- and Microwave-based solutions

are introduced in detail Section 2.3 as a work in progress in such field. Finally,

Section 2.4 focuses on state-of-the-art applications in chipless RFID technology as

the potential and promising solution for our application.

2.1 Coating Manufacturing and Standard Tests

Many standards govern coating performance through different tests and experiments

before field applications. American Society for Testing and Materials (ASTM) and

Canadian Standards Association (CSA) maintain and update such standards which

pipeline industry must follow to estimate their pipeline lifespan [29]. For exam-

ple, the coating resistance of the cathodic protection (CP) application is defined in

ASTM G95-07 and CSA Z245.20/21. Figure 2.1 shows one of the main tests for

pipeline coatings quality control; cathodic disbondement (CD) test [30]. The CD

test is to ensure low delamination and surface pretreatment quality for the coating
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with the CP applied in the soil. Numerous parameters such as voltage, temperature,

electrolyte components play an important role in the test results [30]. The coating

in Figure 2.1(b) shows a good resistance for delamination (radial disbondement for

Fusion Bonded Epoxy (FBE) is typically 3-4 mm [31]).

(a) (b)

Figure 2.1: Laboratory CD test in a), and b) Cathodic disbondement sample [31].

The alkalinity initiates cathodic disbondement for coatings at the boundary layer

between the coating and the soil. The CP current creates alkalinity at this interface,

which increases the pH level at the boundary of coating and carbon steel for the

pipeline structure. Figure 2.2 shows the coating disbondement under CP currents.

Figure 2.2: Disbondement of polyethylene-coated in buried pipelines with CP applied
[32]

Once the coating disbondement instated, an electrolyte such as water will ingress

below the coating and initiates corrosion, which is the primary source of concern that
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could result in a pipe defect and possible oil spills [2, 33].

2.2 Currently Developed Pipeline Integrity Solu-

tions

Figure 2.3 summarizes the available methods and techniques for pipeline integrity

monitoring and inspection procedures [34–36]. Unlike inspection, which aims to assess

the pipeline fitting for operation, the monitoring process intentions to identify or

detect if the defect is taking place at the current moment. Once it runs, the inspection

can inform about the expected lifetime of the pipeline or if it needs a shutdown for

repairing or replacing. At the same time, monitoring can answer these questions in a

reasonable time.

The inspection method will depend on the pipeline environment if it is piggable

or not. Potential survey techniques and in-line-inspection (ILI) methods are the can-

didates when the system is piggable. On the other hand, long-distance techniques

such as guided wave ultrasonic, and hydrostatic tests are types of practices for non-

piggable pipes. Inspection tools give accurate information to a certain limit about

the current state of the pipeline system; however, its application frequency is low

due to the substantial cost associated with its usage as well as the human resources

and special equipment required [35]. Because of this, to have a real-time alert sys-

tem, a monitoring solution that can be distributed across the targeted monitored

infrastructure is in need.

Two categories of monitoring solutions exist: non-electrochemical and electrochem-

ical, as shown in Figure 2.3. Generally, special probes or an array of probes are dis-

tributed within a pipeline system vicinity in order to simulate the pipeline surface

conditions and estimate the rate and pattern of the corrosion. Electrochemical meth-

ods can directly measure the corrosion rate; however, its use is limited when cathodic

protection (CP) is applied. On the other hand, the non-electrochemical method mea-

sures the corrosion rate indirectly by comparing metal losses or sensing the physical
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Figure 2.3: Comprehensive Developed Pipeline Integrity Solutions.
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properties of the surrounded environment.

All methods described above can offer valuable data about corrosion, such as its

level of severity and rate of occurrence. However, none of these methods can inform

about the coating conditions such as disbondement or lift-off, especially at its initial

stages. The ability to gather such information could lead to an efficient maintenance

plan and prevent any possible spills or accidents before it happens. Though, we see

a successful candidate in the promising chipless RFID technology to tackle such a

situation with an accuracy that achieves the pipeline integrity goal at a reasonable

and affordable cost on the other hand.

2.3 Undeveloped Pipeline Monitoring Techniques

Recent literature shows the potential of technologies such as optical fiber [37–39], wire-

based [40], and RF-/Microwave-based devices to be introduced for monitoring pipeline

systems. Our focus in literature will be on the RF- and Microwave-based technologies

used up-to-date to investigate the ability of such methods in pipeline monitoring [10,

12, 13, 17–21, 23, 41]. A radar detection leakage method in natural gas pipelines

was developed in [12]. It measures the radar cross-section (RCS) backscattered from

methane leaked plume index-of-refraction inhomogeneities in the air. As the methane-

air mixture changes, the index-of-refraction static and dynamic changes were observed

to estimate the radar cross-section of the gas plume. The method is highly affected

by weather and water content in the air. In [41], Qing et al. introduced a real-time

active pipeline integrity detection (RAPID) system for assessing new and existing

pipeline systems. The system principle is based on sending a modulated sine wave

signal around the pipe structure using a belt (SMART layer in Figure 2.4). The

method developed to locate and estimate the corrosion size and depth and was able

to detect depth as low as 0.125 mm in a 7.14 mm wall-thickness pipe.

An RFID-based approach for pipeline monitoring was introduced in [20] to use the

pipe as a communication channel between the interrogator and distributed RFIDs
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(a) (b)

Figure 2.4: Installed sensor array mounted on a pipe [41]

along the pipe, as shown in Figure 2.5. Any change in tag impedance (inductance

and capacitance) will change the load impedance seen by the interrogator, and hence

can be monitored. This concept is called the backscatter modulation, which tracks

the reflected impedance change. It requires ground the tag sensors in addition to

alternating current (AC) signal interrogated to the pipe, which is not the desired

approach for pipeline systems. Magnetic induction (MI)-based wireless sensor net-

works (WSNs) were used for monitoring underground pipelines in [10]. The system

configuration is shown in Figure 2.6, and it consists of two main layers: 1) hub layer

for communication purposes, 2) in-soil sensor layer for sensing purposes. Sensors can

be inside (ex: acoustic devices) and outside (ex: soil properties’ sensors) the pipe and

have MI transceiver to communicate with the hub. The MI transceivers embedded

within the sensor array use the MI waveguide technique to send their data to a central

unit for data post-processing.

Jones et al. in [42] introduces a different approach to utilize the pipeline structure

as a communication channel to measure the corrosion under insulation. The method

argued that the insulated pipe structure could be used as a coaxial waveguide to

preserve EM wave propagation. The presence of water under insulation was the

primary detection purpose of the suggested work as a significant pipeline risk and

potential corrosion incubator. A pure and non-dispersive TEM mode was excited

through the pipe using circumferentially distributed antenna array, as shown in Figure
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Figure 2.5: An Interrogation current was used to communicate with the RFID tags
[20]

Figure 2.6: System configuration for a magnetic induction-based system for under-
ground pipes [10]
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2.7. Such work introduces a massive perturbation and intrusive way of dealing with

the pipeline.

(a) (b)

Figure 2.7: The prototype for corrosion under insulation detection system [13].

RFID technology has gained great attention in pipeline field specifically for corro-

sion detection [17–19, 21, 23]. Alamin et al. have shown the ability of conventional

RFID tags to distinguish between samples with different corrosion levels [18]. As

shown in Figure 2.8, a reader coil is used as an interrogator for the RFID tag and

read the backscatter signal. The tag was placed on top of coated and uncoated mild

steel samples exposed to the atmospheric corrosion for different exposure time (1, 3,

and 6 months). At 45 mm between the tag and the reader coil (read range), the

system could differentiate between each sample with a corresponding amplitude, as

shown in Figure 2.8(b).

Another method using RFID to estimate the corrosivity level on metals is con-

ducted by He et al. in [21]. Using ready-made RFID tags and cover them with

corroded steel foil (25, 50, 150, 200, and 300 um thicknesses) and measure the signal

received from these tags. At first, the uncorroded foil completely blocks the signal

from the tags to the interrogator, Figure 2.9. After the corrosion affects the foil sheets,

the reader start receives a signal from the RFID tags, as shown in Figure 2.9(b).
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(a) (b)

Figure 2.8: RFID-based corrosion monitoring system shows its main components in
(a), and amplitude response of the measured positions shown in (b) [18].

(a) (b)

Figure 2.9: RFID-based corrosion system: a) tag and reader platform, b) tag response
to the interrogator vs reading power for different sheet thicknesses [21].
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A passive UHF RFID tag was developed by Hong et al. as an on/off state indicator

for corrosion monitoring for pipelines [19], Figure 2.10. It has the same idea of having

a corroded element (exposed metal parts in Figure 2.10(b)), which connects between

a chip-based sensor and two antennas.

(a) (b)

(c) (d)

Figure 2.10: RFID-based corrosion system: a) The system designed mounted on
pipeline b) the tag components, c) strips corroded according to their thicknesses [17],
and d) variation of corrosion rate with time at different concentrations of acidic soils.

Lawand et al. have proposed a corrosion indication system based on metallic strips

made from the same pipeline materials to corrode at the same rate [17]. The sensor

circuit has a transponder coil to energize an indicator LED connected through the

strips, as shown in Figure 2.11. Once the strips are fully corroded, it breaks the

circuit to inform that total corrosion had happened in that location.
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(a) (b)

Figure 2.11: RFID-based corrosion system: a) The system designed mounted on
pipeline b) strips corroded according to their thicknesses [17].

2.4 Chipless RFID Technology

Chipless RFID is a traditional RFID with the IC chip device eliminated and hence, it

becomes more popular and attractive research topic in the recent years [43]. Figure

2.12 shows a generic RFID system with its main components in addition to the

difference between a chip and chipless RFID tags. Chipless RFID ability to use

inkjet-printing technology to stamp the tags on numerous flexible surfaces extending

from textile, metal, plastic, to paper with oxidation immunity, put it as a potential

substitute to barcode and conventional chipped-RFIDs [44–51]. Presently, chipless

RFID technology shows the ability for use in temperature [52–54], humidity- [55],

[56], and light-sensing [57], as well as tracking [58], [59] and evacuation [60] purposes.

In addition, the chipless RFID extends its existence for Nano-applications such as

gas sensing [61–63], strain sensing [64], [65], as well as humidity sensing [66, 67] for

Nano-scale applications.

Chipless RFID sensor composed of multi-spirals resonators coupled to a transmis-

sion line was used for temperature sensing by Amin and Karmakar in [52]. Stanyl

TE200F6 polyamide, which has a linear variation of its dielectric constant with the

temperature, was embedded in the spiral structure, which served as the sensitive ele-

ment of the sensor. The sensor with the lowest frequency was modified for the sensing,

and another two resonators represent the tag ID, Figure 2.13. Another example of

a chipless RFID temperature sensor by Vena et al. using dual-polarized spiral ring
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Figure 2.12: RFID system shows the difference between chip and chipless Tags.

resonator (SRR); one used for coding (V) and the other one used for sensing (H),

as shown in Figure 2.14 [53]. The sensor used for CO2 detection in addition to the

temperature. Silver ink was used for the SRR conductive structure, and single-wall

carbon nanotubes (SWCNTs) were used for printing the sensitive part of the sensor.

The sensor shows the ability to detect CO2 concentration and also the temperature

only by deposit a new coating layer to prevent the CO2 effect.

(a) Dual-polarized SRRs printed using
different inks.

(b) The sensor under test in the test
chamber.

Figure 2.13: Chipless RFID for Temperatures Sensor [52]

The chipless RFID also employed in humidity sensing applications using a dual pla-

nar LC resonator (IDC) inkjet-printed on a paper substrate [55]. With one resonator

used for sensing and another one for the ID encoding, the paper substrate utilized

as the sensing material. The system provides relative humidity range from 20-70%,
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(a) Dual-polarized SRRs printed using
different inks.

(b) The sensor under test in the test
chamber.

Figure 2.14: Chipless RFID for Gas Sensing [53].

as shown in Figure 2.15. Habib et al. introduced 8-bit paper-based chipless RFID

for humidity sensing using L- and I-shaped dipole structure inkjet printed with silver

ink as shown in Figure 2.16 [56]. By introducing different lengths for each dipole, the

frequency signature was created and measured using the Radar Cross-Section (RCS)

method. Results showed the capability of the printable sensor for humidity sensing,

as exhibited in Figure 2.16.

(a) Measurement setup for the sensor and
the reading antenna.

(b) Measured △S11 vs relative humidity
(RH) levels at 25 oC.

Figure 2.15: Chipless RFID for Humidity Sensing [55].
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(a) Radar Cross-Section response for the
tag structure.

(b) Measured RCS vs frequency for dif-
ferent relative humidity (RH) levels.

Figure 2.16: Chipless RFID for Humidity Sensing [56].

One of the promising fields for chipless RFID is the replacement of standard bar-

code in item tracking [58], [59]. An entirely passive chipless RFID system was in-

troduced by Preradovic et al. for item tracking with a significant difference from

previous work to encode the data in both signal amplitude and phase [58]. UWB

monopole antennas were used as the tag antennas, and Log Periodic Dipole Antenna

(LPDA) was used for the data reading; both are cross-polarized for minimum cross-

talk as shown in Figure 2.17. A successful 6-bit and 35-bit chipless RIFD tags were

fabricated and tested.

(a) Prototype measurement setup with
the 6-bit chipless RFID tag as an inset.

(b) Received tag signal at the reader end
from distance 5 cm.

Figure 2.17: Chipless RFID Tracking Sensor [58].
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Further, a time-domain tracking sensor based on chipless RFID was proposed by

Shao et al. with 8-bit ID generating circuit shown in Figure 2.18(a) [59]. Silver

ink was used in the tag printing process on HP photo paper. The capacitors were

created using tapered Microstrip line (TPM), as shown. Moreover, Figure 2.18(b)

shows a chipless RFID photosensitive sensor based on commercially LC anti-theft tag

composed of a coil (for communication) and IDC capacitor covered by photopolymer

layer (for sensing) [57].

(a) Chipless RFID Tracking Sensor
(Time Domain-Based) [59]. (b) Chipless RFID Light Sensor [57].

(c) Chipless RFID Nano-Based Gas Sen-
sor [61].

(d) Chipless RFID Nano-Based Strain
Sensor [65]

Figure 2.18: Various applications of chipless RFID.

On the other hand, a Nano-based chipless RFID gas (NH3) sensor with SWCNT

as the sensitive part and bow-tie antenna as the communication mean as shown in

Figure 2.18(c). Lastly, a Nano-based strain sensor using the chipless RFID technique
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printed with silver ink is introduced by Kim et al. shown in Figure 2.18(d) [65].

The sensor consists of two LC circuits ( inductor turn and IDC) stamped on PET

substrates. The results show the robustness of the strain sensing using the proposed

techniques, as shown in Figure 2.18d.

2.5 Summary

Although there is significant attention to finding a viable solution for monitoring

pipeline integrity, most methods target the detection of corrosion, which occurs at

the later stage in the process of defect generation. The existence of oxygen and water

in the proximity of carbon steel is the main cause of stimulating corrosion [68–70].

Because removing oxygen from groundwater is not a practical method for corrosion

control, we propose to predict corrosion by monitoring coating deterioration and

possible water ingress that is eventually responsible for corrosion-related incidents.
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Chapter 3

Wireless Passive RFID Sensor for
Pipeline Integrity Monitoring

The primary objective of this thesis is to develop a fully integrated chipless RFID-

based monitoring system to be embedded in pipeline and oil tank structural coatings

to predict potential defects. In this chapter, a proof-of-concept experiment is con-

ducted using a battery-free LC-based sensor for pipeline integrity monitoring in a

real-time fashion. The sensor monitors water ingress and coating lift-off from the

pipeline, which is the initial step in the external corrosion of a metal pipe.

The system utilizes a passive sensor tag on a pipe, which wirelessly communicates

with an external readout device. Figure 3.1 demonstrates the system in one of its

prototyping. Breaching of the polymer coating results in distance variation between

the coating and metal pipe and consequently affects the interdigitated capacitor on

the tag. The capacitor variation is wirelessly transferred to a reader coil and its effect

is reflected in return loss parameter (S 11). It is shown that air or water penetration

underneath the coating can be detected by the use of the proposed sensor.

The organization of the chapter is as follows. Section 3.1 presents a theoretical op-

eration of the proposed sensor including a full-wave simulation of an LC-based chipless

RFID sensor and generation of the lumped element circuit model, and emulation of

the pipeline defects such as lift-off or water ingress. Measured results and discussion

of the sensor performance are provided in Section 3.2. The important conclusions of
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Figure 3.1: The proposed sensor patched (stamped) on a pipeline and scanned using
reader coil (or antenna).

the chapter are give in Section 3.3.

3.1 Theory of Operation and Simulation

A chipless RFID sensor with LC tag is designed and simulated in High Frequency

Structural Simulator (HFSS) [71]. The simulated structure along with its lumped

circuit model is presented in Figure 3.2. The sensor has a reader coil, which is

connected to readout circuitry, a coil, and an interdigitated capacitor on the tag side.

The connection in between the readout circuitry and sensing tag is established by a

magnetic link in between the tag-coil and reader-coil. The tag is implemented on a

flexible substrate Ultralam 3850 from Rogers Corporation with the dielectric constant

of 2.9 and dielectric thickness of 100 µm. In practical applications, it is expected that

such patterns can be printed on the coatings.

To simulate the lift-off or water ingress process, the distance between the coating

and incorporated sensor with the steel pipe is changed and the gap volume is filled

with air (εr=1) or water (εr=80) material. As shown in the simulation results (Figure

3.3), coating lift-off, which is caused by air, demonstrates an up-shift in resonant

23



frequency; where for water ingress, the resonant frequency has a down-shift variation

as a response to the process. The direction on resonant frequency change can be used

as an indicator for determining the cause of damage on the pipe coating. This can be

described by capacitor change per unit length on the sensor tag (C t) and its effect on

the input effective impedance seen by the readout circuit at the receiver side (Z in).

(a)

(b)

Reader Coil

Sand

Steel 
(Pipe)

Tag Coil

Coating Substrate

Interdigitated-
Capacitor (IDC)

a ba b

(c)

(d)

Breach
(gap)

h

Figure 3.2: Simulated structure in HFSS (a) top view, (b) side view with coating
and metal pipe, (c) lumped circuit model of the sensor, and (d) is the IDC design
parameters.

As shown in Figure 3.4, the total capacitance of the IDC depends on fringing ca-

pacitance through εre1 (C1), fringing capacitance through εre2 (C2), the IDC finger

space parallel plate capacitance (C3), the coupling capacitance through the pipe sur-

face (CS). The overall interdigitated capacitance excluding the impact of the pipe is

Ct = C1 + C2 + C3 which can be calculated as follows (3.1), (3.2) [72]:

Ct = (εr + εs)κε0, (3.1)

κ =
l (NC − 1)K

[︂
1−

(︁
a
b

)︁2]︂ 1
2

2K
[︁
a
b

]︁ , (3.2)
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where Ct is the tag interdigitated capacitor, ε0 is the free space permittivity (ε0 =

8.854×10−12 F/m), εr is the environment permittivity, εs is the substrate permittivity,

a, b and l are dimensions defined in Figure 3.2(d), NC is the number of capacitor

electrodes, and K is the elliptic integral of the first kind [72].

The impact of the pipe is considered through C s which could be mainly calculated

based on the two series parallel plate capacitances between the IDC and the pipe

surface, calculated as follows:

Cs ∼
εre2 A

h
(3.3)

where h is the distance between the IDC and the pipe, εre2 is the effecitve per-

mittivity including the substrate and the air/water breach, and A is the common

area between the IDC and the pipe. Breaching of the coating affects the substrate’s

permittivity (εs) in between the sensor and the coating impacts Cs and Ct through

variation in h and εre2 and results in variation on the overall capacitor of the tag.

(b)(a)

Figure 3.3: HFSS simulation results for a variant breaching height, (a) S11-parameters
versus frequency for different breaching heights with air filled volume, (b) resonant
frequency comparison for air and water filled gap volume for variant breaching heights.
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(b)(a)

CS
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C3 CSCS
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h

Figure 3.4: Interdigitated Capacitor (IDC) a) Simulated Model, b) Capacitances
representations for the simulated model.

3.2 Measured Results and Discussions

The experimental setup is presented in Figure 3.5, where the sensor tag is implemented

on a piece of metal pipe with appropriate coating. A Polytetrafluoroethylene (PTFE)

polymer tube is placed in between the pipe and coating to bring air and water to create

the lift-off and water ingress during the experiment. A mass flow controller is also

utilized to control the air flow rate precisely. The implemented tag and metal piece

is located under a sand pile with permittivity of (∼ 2.5) and the thickness of the

sand between the tag and the reader coil is (∼ 1.0 cm). A Vector Network Analyzer

from Agilent (E8361C) measures the return loss parameter (S 11) from the reader coil.

The initial sensor configuration without purging air or water demonstrates a resonant

frequency of 105 (± 2) MHz.

Figure 3.6(a) presents the resonant profile variation for different rate of air flow,

which causes gap volume variation in between the coating and the metal pipe. The

purged Air in the gap volume reduces the effective tag capacitor, and increases the

resonant frequency consequently. In contrast, having water ingress in between the

coating and the metal pipe increases the effective permittivity in the capacitor en-

vironment and leads to down-shift in resonant frequency as shown in Figure 3.6(b).
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Knowing the water ingresses volume and the pipe section area, we could translate

the volumetric change into mm to be make the simulation results. The direction of

the variant resonant frequency can be used as an indicator to distinguish between the

two causes of failure in between the coating and the pipe.

Mass Flow 
Controller

Gas Flow

Reader Coil
Mass Flow 
Controller

Gas Flow

Reader Coil

Sensor Tag

VNA

10.00

1
0

.0
0

R 3.00

1
.3

0

1.73

(a) (b)

Figure 3.5: Experimental setup, for liftoff and water ingress measurement between
the coating and metal pipe using chipless RFID tag.

(b)(a)

Figure 3.6: Measured resonant profiles (S11) (a) variant air flow rate in SLPM [volume
change], (b) variant water height (mm),in the gap volume between the coating and
pipe [volume was translated to gap variation].

To assure accuracy of the results, S 11 parameters are measured 2 minutes after
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applying the air/water purging. In addition, every measurement is performed 5 times

and the results are presented with error-bar (Figure 3.7).

(b)(a)

Figure 3.7: Measured resonant frequency for 5 independent experiments, (a) coating
lift-off with different air flow rate, (b) water ingress height between the coating and
pipe gap [volume was translated to gap variation].

As shown in Figure 3.7, the slope of the resonant frequency variation is positive

when the coating to pipe gap volume is filled with air; where it is negative, when water

filled gap creates the defect. The results clearly demonstrate that the sensor is capable

of distinguishing the two different causes of coating failure and could potentially

predict corrosion occurrence.

3.3 Summary

This chapter has proposed a system to predict corrosion using a low-cost stamped-

coating solution suitable for smart coating. A resonance-based, passive-wireless sen-

sor is presented for pipeline integrity monitoring by real-time coating inspection. The

resonant frequency of the sensor demonstrates a strong relation to the gap between

the coating and the metal pipe. The tag is built on a flexible substrate for wrap-

ping around the pipe and to represent the pipe coating. The sensor is conformal,

battery-free and low cost which makes it suitable for pipeline monitoring in harsh en-

vironments. The sensor’s resonator was tuned to 105 MHz with a Q factor of ∼115.
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The sensor demonstrates the maximum resonant frequency change of 11.7 %, when

2 standard liter per minute (SLPM) of air lifts the coating; and 7.46 % when 4 mL

of water ingress happens in between the coating and the pipe. Besides, the proposed

sensor demonstrates a selective response to different causes of coating failure, where

air lift-off leads to up-shift in resonant frequency and water ingress results in a down-

shift of resonant frequency response. The contactless measurement capability of the

sensor is suitable for automated readout technologies and IoT from pipeline integrity

monitoring.
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Chapter 4

Multi-Resonant Chipless RFID
Array System for Coating Defect
Detection and Corrosion
Prediction

The theory and proof-of-concept of the fully-passive RFID-based monitoring system

for pipeline integrity were presented in Chapter 3. Compared to the conventional

RFID-based solutions, the proposed system achieved battery-free, low-cost, reliable,

and contactless technique. However, the low-frequency introduced can lead to lower

resolution in addition to the difficulty for mass-production. In this chapter, the

combination of an expandable resonator-based sensor array and a patch-based tag

antennas is investigated to achieve a fully passive, wireless solution for out-of-sight

pipeline monitoring, as illustrated in Figure 4.1. Using such a combination, a flexible

and single-layer sensor array design was achieved for easy to install/stamp providing

mass-production capability. The structures are all low-cost conductive patterns that

can simply be stamped or printed on the coating.

This chapter is organized as follows. First, Section 4.1 outlines the proposed system

design and its main components. In section 4.2, the sensor array design and its mea-

surements are introduced. Detailed wireless communication setup and antenna design

are discussed in section 4.3. In Section 4.4, the in-lab setup for the proposed system

and its measurement are then presented. Lastly, research challenges are discussed in
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Section 4.5 followed by a summary of the chapter in 4.6.

Tag Antennas

Scanning Drone Carrying the Chipless RFID Reader

Coated 
Steel Pipe

Sensor Array 
Eelements

Reader Antennas

x

z
z

y

Figure 4.1: Chipless RFIDs distributed along the pipeline and a drone scanner holding
the reader circuitry.

4.1 Proposed System Design

Figure 4.2 shows the block diagram of the proposed system shown in Figure 4.1,

including its main subcomponents. The system is composed of the sensor array,

the sensors’ sending/receiving antennas extended above the pipe surface, and reader

antennas [73]. The sensor array would be installed at the underside of the pipe where

there is no direct line of sight with the reader antenna

The sensor array will generate the spatial signature for the design, and a wide-

band reader antenna is required for the interrogation and communication of the data.

Since a low cross-polarization is needed to overcome the cross-talk problem, linearly-

polarized sensor/reader antennas are developed. All of system elements are passive,

and can utilize the system reciprocity theory to send/receive data either way that both

reader and tag antennas are cross-polarized configured. An aerial surveillance drone

could be used to align the reader antennas (and associated circuitry) for scanning

through the longitudinal extent of the pipeline as depicted in Figure 4.1.
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Figure 4.2: Proposed design schematic of the system presented in Figure 4.1 to show
the chipless RFIDs, tag antennas, and reader antennas with its cross-polarized com-
munication.

4.2 Sensor Array

The tag array consists of six non-identical microstrip rectangular spiral resonators,

popular for their low profile and compact design. Figure 4.3 shows the spiral pa-

rameters and its equivalent lumped circuit [74]. The resonator creates a narrow stop

band (notch) at its resonance, and can represented by series RLCr circuits - shown

in Figure 4.3(b). At resonance, the resonator can be modeled by parallel RLCeq

circuits [74] owing to its blocking characteristics when coupled to the transmission

line of 50 Ω (corresponds to Wf in Figure 4.3). The spiral is both magnetically- and

electrically-coupled to the resonator with coupling coefficients Lm and Cm [75, 76]

and resonant frequency fr can be defined as [77]:

fr =
1

2π
√︁

Ceq.Leq

(4.1)

where Ceq and Leq are the total equivalent capacitance and inductance of the LC

tank shown in Figure 4.3(c), respectively. At the resonant frequency, the coupled

resonator reflects the signal back, thus acting as a notch band.

By cascading multiple resonators, a frequency signature structure of a series of

stop bands to cover our target can be created. As shown in Figure 4.3(a), ls is the
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Figure 4.3: The equivalent circuit for the spiral resonator a) The spiral resonator, b)
It’s an equivalent circuit, c) Equivalent circuit at resonance state, and d) cross section
showing the defect location under the sensor layer.
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basic length which determines the highest/lowest resonant frequency. Parametric

optimization by addition/subtraction of a fixed length (delta) controls the frequency

span of each resonator by a value that can determined using:

LSn+1=LSn+delta;

The arrangement is such that the preceding resonator is shorter by a length (delta)

across the array, thus making them unidentical in sizes. Doing this invariably increases

the spiral’s total length by five (5) times of delta. The distance between two con-

secutive resonators is kept at a fixed value s of 0.8 cm as shown in Figure 4.4. The

frequency response of such an array is shown in Figure 4.5 which shows seven (7)

distinct resonances in response amplitude and seven (7) disturbances in the response

angle.

Each sensor’s size is optimized to achieve a sharp and distinct resonance between

consecutive resonators. This prevents any frequency overlap between them, allowing

for dynamic range of the readings. This also determines the geometrical difference

between the respective sensors (ls). The separation (s) between the sensors is chosen

firstly to be greater than a quarter guided wavelength (λg/4), however, the choice of

the distance is flexible and can be adjusted according to coverage requirements. The

separation (s) also determines coupling strength between adjacent resonators [78].

This will be vital for further studies on detecting between the sensors as well.

S S S S S S

LS01 LS02 LS03 LS04 LS05 LS06 LS07

wf

Figure 4.4: The sensor array design showing a gradual length increase/decrease cor-
responding to a frequency decrease/increase.
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Figure 4.5: Simulated Transmission coefficient (S21) in magnitude (in dB) and phase
(in Deg.) for a 7-spiral array.

4.2.1 Conformal Flexible Sensors Array Measurement

Prior to embedding the sensor tag antennas, investigation of the feasibility of the

sensor array to identify defects in the coating layer. Figure 4.6 shows a diagram of

the measurement setup used for the proof-of-concept. It started with a bare pipe

(carbon steel) of length 11 cm, a diameter of 14 cm, and thickness of 4 mm. Then

a 3 mm of Teflon layers (2 mm and 1 mm) were added, which represent actual pipe

coating. The 2 mm Teflon layer was engraved and fit with seven polymer tubes, each

centered below a resonator as shown in Figure 4.6(b). The sensor array was printed

on a flexible skin-thin substrate of RT/duroid 5880 (εr = 2.2 and tanδ = 0.0009)

of thickness 0.127 mm. Lastly, the flexible sensor array was affixed around the pipe’s

circumference as shown in Figure 4.6(a). A copper tape was used to connect the SMA

ground to the pipe steel as a GND reference. The in-lab design setup is shown in

Figure 4.7 while its measured S-parameters are illustrated in Figure 4.8. It is shown

that there are 7 distinct frequency resonances with 7 notch bands. Each of these

frequencies is directly from one of the resonators.

A syringe was used to inject water below the resonators through the polymer
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Figure 4.6: Schematics show the sensors’ arrangement on a pipeline coating layer
with polymer tubes to insert water below sensors and within the coating layer.

Teflon Layers

Polymer Tubes for 
Water Injection

Sensor Array

Figure 4.7: Lab setup for testing the sensors before embedding the tag antennas.
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pipes one at a time. The measured transmission coefficient (S21) for the sensor

array is shown in Figure 4.8 in terms of both amplitude and phase. Seven dips

(dotted line) are shown as an amplitude response signature and seven disturbances

(solid line) indicating phase responses. The signature is therefore detectable either by

magnitude or phase response, thus providing some degrees-of-freedom with respect

to measurement accuracy. When water was injected into the polymer tube, it was

noticed changes in both frequency and phase responses associated with the surfacing

resonator, while other responses were undisturbed. Figure 4.9 (a-d) depicts this, using

resonators S01, S03, S05, and S07 as examples. The responses reverted to original

form when water was ejected from the tubes, demonstrating a stable and reversible

detection technique.
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(a) (b)

Figure 4.8: Amplitude and Phase response of the transmission coefficient of the sensor
array showing 7 amplitude notches and 7 phase disturbances in a), and b) The Electric
field distribution (in Mag. [V/m]) at each resonance frequency.

4.3 Integrated Sensor System

4.3.1 Antenna Performance within metallic Structure Prox-
imity

To communicate with the tag sensor array, two tag antennas are required. These

antennas are to be printed conformally on the pipe surface. This section outlines the
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Figure 4.9: Measured transmission coefficient amplitude response (S21) when inject-
ing water beneath the sensor S01 (a), S03 (b), S05 (c), and S07 (d).
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design details of the sensor tag antenna.

Design of a wideband antenna to be surface-mounted on a metallic pipeline is very

challenging. The pipeline coating is considered as the substrate, while the pipeline

itself becomes the metallic ground layer. Therefore, the antenna and its feed system

should be in the same layer. Though the pipeline could be used as a potential ground;

there is no direct connection to this layer. For our project, a use of a Teflon substrate

(εr = 2.1 and tanδ = 0.001) with a thickness of 3 mm to represent the well-known

coating of fusion-bonded polyethylene (εr = 2.25 and tanδ = 0.001), with a 3mm

coating thickness [79]. This material is a popular pipeline coating in the oil and gas

industry and has been strategically chosen as the substrate for the sensor array and

its antennas. For these tag antennas to serve effectively as a transponder to our sensor

array, the tag antennas are expected to be wideband to cover the frequency span of

the array.

Looking at Figure 4.1 and Figure 4.2, it is evident that communication requires two

side-by-side antennas to transmit and receive between the tag and reader antennas.

To minimize cross-talk, a two linearly-polarized antennas patterned orthogonally to

each other were proposed.

To overcome the design constraints, patch antennas were chosen due to their fea-

tures of being conformal, low-cost, low-profile, and non-intrusive. Consequently, the

metallic surface of the pipeline can be exploited for use as a ground plane. This could

solve the metallic structure proximity but will limit the antenna bandwidth (BW);

hence, various broadbanding techniques such as parasitic patches or slots [80, 81] have

to be used. The following section explains the proposed antenna structure.

4.3.2 Tag Antenna: Tapered-slot patch antenna

As discussed earlier, the patch antenna is a preferred candidate to utilize the pipe’s

metallic structure as a ground plane. Although the patch antenna is a low-cost,

low-profile, and simple design, it suffers narrow BW. There are many broadening
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techniques used to improve patch antenna BW such as resonance overlapping, para-

sitic patches, stepped notch, introducing slots and slits, etc. [81]. To make the tag

design as simple as possible, slots were introduced to the patch. Many types of slots

were used in patch antennas to increase the BW such as rectangular slot [82], V-slot

[83], U-slot [84], and circular slots [85, 86].

wf

lpatch

w
p
atch

R1

g

h

R2

l1

SubstrateGND Patch

(b)

(a)

Figure 4.10: Microstrip patch antenna with microstrip line feed and meandered-
shape slot. a) The designed patch antenna with shown dimensions, b) side view of
the structure.

Here, a new slot shape for the patch antenna designed for the application in hand

is presented. We initially started with a stepped-impedance slot which is document in

[87]. Then, a tapered slot is proposed to broaden the patch BW by introducing (and

overlapping) a new resonance in proximity to the patch resonance. Figure 4.10 and

Table 4.1 show the optimized patch parameters and dimensions after using Ansys

HFSS for parametric optimization. The current distribution in magnitude at each

resonance is shown in Figure 4.11. At 3.75GHz, the introduced slot generated the

current path, while at 3.65GHz, the main patch current path was dominant. The

reflection coefficient and the antenna radiation patterns are shown in Figure 4.12 and

Figure 4.13 respectively. The antenna has a BW of 0.35GHz and achieved a gain of

7 dB. Since linear polarization was required by the design for minimal cross-talk, a
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cross polarization as low as -30 dB was achieved as shown in Figure 4.13.

Table 4.1: Microstrip Patch with Tapered-Shape Slot Dimensions.

Parameter Length
(mm)

Parameter Length
(mm)

wf 9.5 g 1

lpatch 43 wpatch 48.2

R1 18.1 R2 45

l1 5.5 h1 0.13

h2 3

(a) (b)

Figure 4.11: Current distribution (magnitude) of the patch antenna a) at 3.56GHz,
and b) at 3.75GHz.

Lastly, integration of the sensor array and the antenna in one design and fabrication

on a flexible substrate were introduced as shown in Figure 4.14.

4.3.3 Reader Antenna: Log Periodic Dipole Antenna

A high-gain, linearly-polarized and highly-directive reader antenna is required to

achieve directional reading. Figure 4.15 shows a linearly-polarized Log Periodic Dipole

Antenna (LPDA) and its dimensions [44]. Ansys HFSS was used in the optimization

process. The final dimensions and the fabricated antenna are depicted in Figure 4.15.
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Figure 4.12: Reflection coefficient (S11) the tapered-slot patch antenna.
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Figure 4.13: The simulated radiation pattern (in dB) for the designed tapered-slot
patch antenna a) E-Copol[dark]; E-Xpol[red], and b) H-Copol[dark]; H-Xpol[red].
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(a)

(b)

Figure 4.14: Fully integrated tag shows the sensors and the send/receive antennas.

Figure 4.16 shows the reflection coefficient (S11) of the proposed LPDA antenna il-

lustrating its wideband behaviour over the frequency band of interest. The simulated

antenna radiation pattern in E- and H-planes is shown in Figure 4.17. Due to the

absence of the balun for the LPDA (directly connected to the SMA as shown in Figure

4.15), the radiation pattern used in the actual system would differ from simulated

radiation pattern in Figure 4.17 from the symmetry point of view.

4.4 System Setup and Measurement

Figure 4.18 shows the complete in-lab setup for the proposed work. The same piece

of pipe used in the previous section is employed. The RFID tag, consisting of an

array of 7 sensors, is integrated with the two cross-polarized antennas. Tubes are

incorporated within the Teflon coating, centered beneath the sensors. Injecting water

into the tubes allows for testing of water ingress between the coating and the pipe

surface. The reader antennas were aligned according to their polarization to match
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Figure 4.15: The designed and fabricated reader antenna (8-element LPDA) with
Ln+1 =τLn where L1= 17 mm and τ= 0.93 etched on Rogers RO3003 substrate with
εr= 3 and tanδ= 0.0013 with thickness t= 1.52 mm.
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Figure 4.16: The measured reflection coefficient (S11) for the designed reader antenna
(8-element LPDA).
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Figure 4.17: The simulated radiation pattern (in dB) for the designed reader an-
tenna (8-element LPDA), a) E-Copol[dark]; E-Xpol[red], and b) H-Copol[dark]; H-
Xpol[red].

the two cross-polarized tag antennas as shown in Figure 4.18.

The same procedure was repeated to inject water below each sensor, one at a

time. The signal path starts at one of the reader antennas, then continues to the

corresponding tag antenna. The signal then passes through the transmission line,

which is coupled to the sensor array, to the second tag antenna. Lastly, the second

reader antenna will read the scattering signal from the tag antenna. Our measurement

data is based on the transmission coefficient (S21).

To examine the sensors’ behaviour, it started by shorting the resonators and moni-

toring the specific resonant behaviour. Figure 4.19 shows the S21 when all resonators

are shorted. It was successfully verified all sensors locations in a consecutive order

during this experiment.

Figure 4.20 and Figure 4.21 presents our measured data for different states and

defect locations. All the sensors from S01 to S07 are evaluated, measured, and pre-

sented. It is clear from Figure 4.21(a) that when S07 detects water in the tube, the

resonant frequency shifts and the correlated notch vanishes. This trend is also ap-
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Figure 4.18: The in-lab setup for the proposed system measurement in (a), and the
block diagram shows the setup connections in (b).
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Figure 4.19: The transmission coefficient (S21) of the whole system when shorted/un-
shorted resonators to locate them in the frequency spectrum.
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parent from S06 where the sixth resonant disappears in the presence of water. S05

and S04 also exhibit distinct shifts in the corresponding resonant frequencies. The

same trend is similarly observed for the remaining sensors. It is worth noting that

for the frequencies of less than 3.3GHz, the sensor operating frequency falls outside

of the antenna direct well-matched BW. Thus, the sensor resonant frequency shift is

less evident when compared to the passband of the antenna at 3.4GHz to 3.8GHz.

This problem could be better addressed if an antenna with wider BW is employed.

4.5 Discussion

4.5.1 Predictive Approach

This work presents a completely new approach to achieving a corrosion free pipeline,

especially suitable for lines in remote areas. To date, standard approaches focus on

detecting corrosion and quantifying the problem after it has occurred. The proposed

approach is completely different. We target ”prediction” of corrosion before occur-

rence. This is done by monitoring the environmental conditions around the pipeline

coating. The proposed design is based on chipless RFID tags which do not contain

any passive or active components or IC chips. The fact that the chipless RF tag is to

be installed on a pipe imposes design and realization challenges that have been out-

lined in the paper. The cross-polarized tag and reader antennas ensure that cross-talk

between the two links is minimized.

In coordination with the entire system, the tag can detect coating delamination or

water ingress, both of which can initiate corrosion. Predicting corrosion through early

detection of these precursor events allow for a proactive response, rather than reactive.

Adopting a proactive response mitigates risks to the environment and company assets

and productivity.
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Figure 4.20: (a-e) The measured transmission coefficient (S21 in dB) when injecting
water beneath the 7th–3rd sensor (S07-S03)
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Figure 4.21: (f-g) The measured transmission coefficient (S21 in dB) when injecting
water beneath the 2nd– 1st sensor (S02-S01)

4.5.2 Sensor Array Manufacturing and Material Considera-
tions

In practice, the system elements shown in Figure 4.1 can be implemented in the

pipeline field with manufacturing challenges in mind. The sensor tag, which is com-

prised of the resonator array and the Tx/Rx patch antennas, requires a conductive

material. One potential conductive material could be Silver Nanoparticle ink, for

which its conductivity is dependent on the particle size, shape, and distribution [44,

88]. Therefore, this can offer a cheap and promising ink. The tag can be printed or

stamped on the coating layer during pipeline manufacturing. For printing process,

thermal spray techniques can be used for mass production after the coating applica-

tion phase [89]. The sensor layer will be protected using additional material on top

of it to eliminate direct contact with the pipeline surrounding electrolytes (such as

humid air or water). This layer could allow the sensor layer to be made from cheaper

materials such as copper or aluminum instead of the silver ink. In this work the focus

is on onshore pipelines, with ease of access for the reader in-mind.
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4.5.3 RF System design

Choice of the frequency for use in this application involves a trade-off when consider-

ing lower and higher frequency ranges. Lower frequencies, such as in the Megahertz

or Kilohertz range, would create much larger sensing footprints, thus providing poor

spatial resolution. Additionally, the antenna structures would become much larger

and less practical. On the other hand, higher frequencies impose challenges in the

readout circuitry. Either the technologies are not readily available or are very expen-

sive. Therefore, using RF range creates an optimum balance between the readout

technology and the physical structures.

Chipless RFID reader circuitry for short range applications was introduced in the

literature [73, 90, 91]. The readers were designed for UWB that could cover a wide

range for frequencies and allow for cascading the sensors and long arrays required

for monitoring purposes. Such reader systems encompass three main sections: dig-

ital/control section, RF section, and Tx/Rx antennas. The reader, including the

antennas, can be mounted on scanning vehicles or drones. The onshore pipeline can

then be scanned for early defects. A 3D model of the system implementation in the

field is shown in Figure 4.1.

Currently, the proposed sensor can be monitored with two antennas at a distance

of 7cm. This distance is suitable for monitoring above the ground pipelines. For

buried pipelines, although it is expected that the sensors operate with no problem,

the soil type, and its wetness impact the communication link. For such scenarios, the

communication link should be further optimized. The communication range could

be increased by improving the antenna gain, reducing the transmit antennas cross

coupling, and enhancing the antenna.

To cover a longitudinal area of the array, more of these arrays could potentially

be installed in parallel. Although, there is no limitation on the number of the pos-

sible arrays, challenges in installing them close together are anticipated. To have
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multiple arrays, cross coupling in the antenna and communication links must further

investigated.

4.5.4 Comparison of the Proposed Technique

Table 5.2 below summarizes the performance of the system proposed in this work

and compares it to other research utilizing the same technology (RFID) to detect

corrosion. It is clear from the comparison table that the proposed work is the first

solution to-date that focuses on predicting corrosion using chipless RFIDs. Although

the proposed sensor requires short distance reader and tag communication (suitable

for crawling or proximity flying drones), it enables out of sight detection. To the

authors’ knowledge, this work is the first of its kind.

4.5.5 Minimum Detection Requirements

Minimum detection is a quantity that is defined by instrumentation industry and

generally is referred to the early detection of the smallest corroded area. As this work

focuses on predictive approach, it is expected that the proposed sensor to satisfy all

the stringent requirement. However, the predictive approach also has its limitations.

Based on the results presented in Figure 4.20 and Figure 4.21, the frequency shift (in

average) is 48 MHz. The lower the readout electronic frequency detection resolution,

the lower volume of water ingress can be detected. Thus, the minimum detectable

water will highly depend on the final readout and tag integrated system. It should

be noted that the corrosion might even happen if a monolayer of water penetrates in

between the coating and the pipe for long time, which requires further investigation

to reach such level of detection.

4.6 Summary

In this chapter, an integrated chipless RFID system for pipeline integrity monitoring

was proposed. This system allows for prediction of out-of-sight coating defects in
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Table 4.2: Literature comparison with the proposed work.

Ref. Chip/
Chip-
less

ApplicationDetection/
Predic-
tion?

The tag (sensor)? Off-
sight
de-
tec-
tion?

Pwrd? Read
Range?

[18,
92]

Chip
(Pas-
sive)

coated/
un-
coated
steel
plates

Detection Off-the-shelf LF
RFID (125 kHz)
coil antenna

No No 4.5
cm

[93] Chip
(Pas-
sive)

uncoated
steel
plates

Detection Off-the-shelf
HF RFID (13.56
MHz) coil antenna

No No 0.5-
2.5
cm

[25] chipless coated
steel in
coastal
zones

Detection Stub-based-
resonator sensors
(450 MHz) with
T/RX Microstrip
antennas (S21)

No Yes 150
cm

[94] Chip
(Pas-
sive)

coated
steel
samples

Detection 3D Antenna
(patches) (940
MHz)

No No 100
cm

This
work

Chiplesscoated
pipelines

PredictionPlanar Spiral-
based-resonator
sensors (3.5 GHz)
with T/RX Mi-
crostrip antennas
(S21)

Yes No 7 cm
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real-time. Sensor array composed of distributed spiral resonators each creating its

spectral frequency signature were used. The resonant frequencies of these structures

are utilized as measures for sensing the corrosion causes in pipeline. Two pairs of

tapered-slot patch antennas and Log Periodic Dipole Antennas are utilized to transmit

and receive the signal, respectively. The resonant frequencies of the sensors are then

monitored and tracked. It is shown that the presence of water can be identified and

monitored wirelessly. To realize the pipe coating in experiment, a 3 mm Teflon layer

is utilized for its similar electrical characteristics to polyethylene, which is commonly

used as pipe coating. The sensor is fabricated on a flexible material and conformably

wrapped around the pipe. It is demonstrated that the system can detect out-of-sight

defects while communicating to the reader.
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Chapter 5

Long Array of Microwave Sensors
for Real-Time Coating Defect
Detection

In Chapter 4, a resonance-based sensor array was introduced for pipeline integrity

monitoring. Each resonator has a unique frequency signature which facilitates the

detection process, however, it limits the expansion of the array for large surfaces

due to the harmonics overlap with the fundamental frequencies. This chapter, on

the other hand, will introduce a novel SHM method for monitoring the external

surface of any coated metallic structure such as a tank bottom plate or pipelines as

shown in Figure 5.1. A sensor array is utilized, which is comprised of identical and

equidistant rectangular spiral ring resonators (RSRR) electromagnetically-coupled to

a transmission line [95]. Each RSRR creates a notch band frequency response with

very high isolation, tuned to operate in the ISM band (2.57 GHz). When the sensor’s

environment is altered, such as a result of coating defects like liquid ingress or air

breach, a resonance(s) for the affected sensor(s) will be formed (shifted) according to

the damage severity [96].

An initial prototype for testing tanks of 1-1.5 m (3-5 ft.) diameter is investigated

and can be extended to larger diameters based on the theory of the technique. The

system can be used for on-site application by having access to the two-port network,

or for in-situ application by connecting the system to a wireless sensor network using
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transceiver systems [73]. The system has the capability of real-time monitoring for

corrosion prediction in harsh or inaccessible environments. It has the versatility for

mass installation on existing structures and facilities, or for inclusion in manufacturing

of a smart structure as a lifetime cycle monitoring system.

Figure 5.1: A 3D model shows the distributed sensor array for application on the
bottom of an oil tank.

Theory and modeling of a single element sensor will be introduced in Section

5.1 which focuses on calculating resonator elements (R, L, and C) as well as the

coupling capacitance between the sensor and the transmission line. The array design,

simulation, and measurements for 11-element array are introduced in Section 5.2.

Finally, an integration of 11-element flexi array with four PCB 11-element arrays

were combined in Section 5.3 and Section 5.4 to make the 55-element sensor array.

5.1 Single Element Sensor Theory and Modeling

The key element in our design is a rectangular spiral resonator; known for its low

profile, tunability, and small size when compared with open-loop resonators and the

miniaturized hairpin resonator [97]. In this section, we closely study the resonator
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behavioral model and its equivalent lumped circuit representation to accurately un-

derstand the interaction between the successive sensors and surrounding environment.

5.1.1 Series Resistance:

The series resistance R of a resonator can be estimated from the geometry and the

material resistivity using [98]

R =
ρl

wsteff
(5.1)

where ρ is the resistivity in Ωm (ρ = 1.68× 10−8 Ωm for copper), l is the total length

of all spiral segments, ws is the spiral width as shown in Figure 5.2(a) and teff is the

spiral conductor effective thickness which is a function of the skin depth as

teff = δ(1− e−t/δ) (5.2)

where t is the spiral conductor thickness as shown in Figure 5.2(b) and δ is the skin

depth and is defined as

δ =

√︃
ρ

πµf
(5.3)

where µ is the permeability in H/m and equal to µ0µr where µ0 is permeability of

free space (4π × 10−7 H/m) and µr is the relative permeability (unity for copper),

and f is the frequency in Hz.

5.1.2 Resonator Inductance and Capacitance Based on Transmission-
line Based Model:

The spiral resonates close to its half-guided-wavelength (λg/2) so we can consider it

as two series λg/4 transmission lines (TLs) and compute its equivalent inductance

and capacitance as follows [99]

L1 =
2Z0

2πf0
tan

(︃
θ

2

)︃
(5.4)
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Figure 5.2: Spiral resonator model (a) dimensions, and (b) side view.

C1 =
1

(2πf0)(2Z0)
tan

(︃
θ

2

)︃
(5.5)

where Z0 is the characteristic impedance of the TL of electrical length θ at the fre-

quency f0. When θ = λg/4, (5.4) and (5.5) simplify, allowing L1 and C1 to be easily

computed using

L1 =
2Z0

2πf0
(5.6)

C1 =
1

(2πf0)(2Z0)
(5.7)

5.1.3 Coupling Capacitance Based on Asymmetrical Cou-
pled Transmission Lines Model:

As shown in Figure 5.3, the coupled capacitance between the 50Ω TL and RSRR can

be expressed as two parallel capacitors, Cga and Cgd, which represent the coupled

field lines in air and dielectric respectively [76, 100]. Please refer to [100] for a full

analysis of the microstrip transmission line.

First, the air gap capacitance Cga can be defined as

Cga = 0.5 Ccps−air (5.8)

57



Figure 5.3: Asymmetric coupled microstrip lines’ capacitances with the fringing fields
and the ground capacitances ignored [100]

where Ccps−air represents the field capacitance in the air for the asymmetrical coplanar

strips and is given by

Ccpsair = ε0εrair
κ(k

′
)

κ(k)
(5.9)

with

k2 =
1 +Wf/gf +Ws/gf

(1 +Wf/gf ) (1 +Ws/gf )
(5.10)

and

k
′2
= 1− k2 (5.11)

where gf , Wf , and Ws represent the gap between the two lines, and the widths of the

feed and spiral lines respectively. The ratio of the elliptic functions κ(k
′
)

κ(k)
is given by

κ(k
′
)

κ(k)
=

⎧⎪⎨⎪⎩
1
π
ln

(︃
21+

√
k′

1−
√

k′

)︃
for 0 ≤ k2 ≤ 0.5

ln
(︂
21+

√
k

1−
√
k

)︂
for 0.5 ≤ k2 ≤ 1.0

(5.12)

Secondly, the coupling capacitance between the two lines inside the dielectric ma-

terial is given by
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Cgd =
√︂

(Cgdf − Cgds) (5.13)

and

CgdY = 0.5(CoY − CeY ) (5.14)

where Y = f for feedline, Y = s for spiral line and

CXY =
1

cv60π

κ(kXY )

κ(kXY
′
)

(5.15)

where X = o for odd mode, X = e for even mode and cv is the light velocity in free

space. Lastly, the elliptic function and its complement can be calculated as

kXY =

⎧⎨⎩ tanh
(︁
π
4
WY

h

)︁
/tanh

(︁
π
4
S+WY

h

)︁
, odd mode

tanh
(︁
π
4
WY

h

)︁
tanh

(︁
π
4
S+WY

h

)︁
, even mode

(5.16)

and KXY
′
can be calculated using (5.11).

k
′

XY

2
= 1− kXY

2 (5.17)

We developed a MATLABTM code to calculate Cga and Cgd using (5.8)-(5.17).

The equivalent total coupling capacitance will be the parallel combination of the two

capacitances and Cc can be given as

Cc = Cga + Cgd (5.18)

Table 5.1 shows the design values used in the calculations and the resulting ca-

pacitance values. Figure 5.4 presents the circuit model of the RSRR and coupled

TL.

Using the resonator models (ideal and non-ideal models) shown in Figure 5.4 and

the calculated coupling capacitor value of 0.05pF, we achieved a well-matched reso-

nance frequency compared to the simulated resonator as shown in Figure 5.5. There
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Figure 5.4: The circuit model of the half-wavelength spiral resonator where at 2.6
GHz, C1 = 0.3pF , L1 = 11.5nH, and Cc = 0.05pF for ideal (lossless) model in (a),
and non-ideal model (lossy) in (b) with R = .25 Ω

Table 5.1: Dimensions and Variables used in the Simulation model and MATLAB
Code.
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is a slight variance in the two results due to imperfection of the etching process, de-

embedding of the connectors, and the degree of uncertainty for the dielectric constant

of the substrate. In Figure 5.4(b), a resistance R was used to model these losses which

achieved a better match with the simulated and fabricated results. The sensor was

built on a Rogers high-frequency laminate, RT/duroid 5880, with dielectric constant

εr = 2.2, and loss tangent tan δ = 0.0009. The thickness of the substrate and copper

cladding were 0.8mm and 35µm, respectively.

Figure 5.5: Comparison between spiral resonator frequency profiles for measured,
simulated, and non-ideal circuit models.

To fabricate the RSRR as shown in Figure 5.2, the dimensions were optimized to

operate at 2.57 GHz. A conventional etching process using 410 Ammonium Persulfate

from MG Chemicals was used to pattern the copper. Figure 5.6(a) shows well-etched

copper traces with gaps as small as 0.3 mm, and Figure 5.6(b) shows the fabricated

two-port RSRR and coupled TL. The simulation model was designed and optimized

using High Frequency Structural Simulator, HFSS®.

To evaluate the sensing capability of the single resonator surface area and its

impacts on the resonance frequency, a substrate sample (Rogers RO3003 with εr = 3,
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Figure 5.6: Fabricated spiral resonator (a) close-up view emphasizing etching, and
(b) fabricated design with connectors.

tanδ = 0.001, and thickness t = 0.51 mm) was held on top of the resonator covered

different fractions of its surface as shown in Figure 5.7. The resonant frequency (fr)

of the spiral resonator coupled to a microstrip can be calculated by [74, 101, 102]

fr =
1

2π
√
CeLe

(5.19)

where Ce and Le are the equivalent capacitance and inductance of the resonator,

respectively. On the other hand, the frequency of an electromagnetic (EM) wave

travelling in a medium of relative permittivity εreff can be found by

fr =
υ

λg

=
c/
√
εreff
λg

(5.20)

where υ is the speed of the EM wave in the medium and c is the speed of light

in the free space (3 × 108 m/s) and λg is the guided wavelength of the EM wave

in the material. From (5.19) and (5.20), the spiral resonance frequency vary with

the change in the effective dielectric permittivity εreff which accordingly affect the

equivalent capacitance (Ce) and inductance (Le) of the resonator. The described

mathematic trend agrees with the measured results shown in Figure 5.8.

5.2 Sensor Resonator-Based Array Design

The spiral resonator above creates a stopband at its resonance when coupled to the

transmission line as shown in Figure 5.5. Cascading the resonators along the trans-
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Figure 5.7: The fabricated resonator with the sample covering parts of the sensor.

Figure 5.8: Measured results of the single sensor at different stages of sample coverage.
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mission line, as shown in Figure 5.10, will create a stopband filter of the nth order

[76]. In addition, the more cascaded resonators, the higher the stopband rejection

amplitude. To show the effect of the distance between the sensor elements, a simula-

tion model of 2-element array as shown in Figure 5.9 was created and a parametric

study was conducted. It shows that the distance between sensors has a slight effect on

both parameters (resonance frequency and the fractional bandwidth (FBW)) as long

as no direct coupling occur between adjacent sensors. It can be concluded that such

sensor design provides flexibly in real applications to optimize between the preferred

resolution and cost.

Figure 5.9: Simulated results for 2-element sensor array showing change of the reso-
nance frequency and FBW versus the distance between the sensors (S).

An array of resonators was cascaded as shown in Figure 5.10. The distance between

each sensor is 1.5 cm, built on the same substrate as of the single sensor in section

5.1.

The simulation results showing the responses for different array sizes are depicted

in Figure 5.11 and Figure 5.12. The results clearly show the effect of cascading the

resonators in an array, where the FBW and the magnitude of the rejection amplitude

both increase with more cascaded resonators. Additionally, a shift in center frequency
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Figure 5.10: A sensor array of 11-elements (a) top view, and (b) side view showing
the different layers of the system.

occurred when more resonators were cascaded. We believe this was due to loading

effects of individual resonators on each other [78]. The changes in FBW and the

pass/stopband amplitudes are summarized in Table 5.2.

Figure 5.11: Simulated transmission coefficient S21 (in dB) for different array sizes
(1,2,3, and 4 elements).
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Figure 5.12: Simulated transmission coefficient S21 (in dB) for different array sizes
(1, 5, 6, 7, and 11 elements).

Table 5.2: Center Frequency and the FBW for the Cascaded Resonators.
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5.3 Theoretical Analysis & Proof of Concept

In this section, we design and test the sensor in the form of an array. We investigate

increasing the number of elements and discuss the performance. An nth order notch

filter-based sensor can be represented by the equivalent circuit shown in Figure 5.13

for shunt-series topology. For identical resonators (e.g. L1 = L2 = · · · = Ln =

L & C1 = C2 = · · · = Cn = C), all resonance branches will have the same resonance

condition that results in a unique rejection band. To illustrate the concept, arbitrary

values for L and C are chosen and tuned to create a lossless notch at 2.6 GHz, resulting

in L = 29.19 nH and C = 0.13 pF and utilizing the equivalent circuit model shown in

Figure 5.13. Figure 5.14 shows a comparison between 1st and 5th order filter responses

for an ideal sensor array (without any resistive loss). A unique resonance frequency

is observed but exhibits change in FBW as a result of cascaded resonators.

Figure 5.13: N th order bandstop filter (notch sensor) equivalent circuit for series-
parallel resonant branches.

Given the results observed in Figure 5.14, one can expect that by changing Li and

Ci of a single resonant branch, a new resonance will be created out of the main rejec-

tion bandwidth. For example, by increasing/decreasing the 3rd element equivalent in-

ductance and capacitance by 10%, a new resonance will arise before(lower)/after(higher)

the original resonance frequency (f0 = 2.6 GHz) as shown in Figure 5.15.

Changing the inductance and capacitance of a single resonator can be exploited

for the targeted application of coating defect detection. For example, coating delam-

ination would decrease the effective permittivity (εreff ↓) of the sensor environment,

hence decrease its capacitance (Ce ↓), resulting in a positive frequency shift (fr ↑),
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Figure 5.14: Simulated transmission coefficient S21 (in dB) for the notch sensor
equivalent circuit shown above (1st and 5th order).

Figure 5.15: Simulated transmission coefficient S21 (in dB) for 5th order filter when
changing single element equivalent inductance and capacitance.
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see (5.19) and (5.20). On the contrary, a water ingress below a coating would greatly

increase the effective permittivity (εreff ↑) of the sensor environment, leading to an

increase in capacitance (Ce ↑), thus negative frequency shift (fr ↓). This premise of

sensing, when combined with the previous discussion of creating different resonances,

suggests that a sensor array is viable for effective prediction of coating defects over

large surface areas.

An 11-element array was designed for use as a building block for initial testing in

simulation, fabrication, and experiment. Firstly, we study the effects of perturbing

the sensor surroundings by placing a sample (the same RO3003 used in previous

section representing a defect) over individual sensors of the array. The cross-section

exhibiting the different layers of arrangement is shown in Figure 5.16, where Layer

Under Test (LUT) is the introduced film representing a defect.

Figure 5.16: Side view of the layer under test added above the sensor layer,

The LUT is positioned on different sensing elements and at different locations

as shown in Figure 5.17. The test sample changes the effective relative dielectric

permittivity (ε
′
r ) of the specific sensor, causing change to its original resonance

frequency (f0). A new resonance frequency (f
′
0) will arise due to the alteration, as

shown in Figure 5.18. If two sensors have identical defect coverage (S4 and S7 in

Figure 5.17(c)), the two created resonances will overlap as shown in Figure 5.18 case

(c). However, considering different amounts of coverage (half of S4 and full S7 in

Figure 5.17(d)), or non-identical defect shapes, two distinct resonances will occur as
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shown in Figure 5.18 case (d).

Figure 5.17: Test samples on different sensor locations in HFSS simulation.

Figure 5.18: Simulated S21 (in dB) for 11-element array with defects shown/described
above.

Figure 5.19 demonstrates the fabricated 11-element sensor array with identical

resonators coupled (electromagnetically) to the transmission line. For experiment,

test samples were distributed on different sensors to represent non-identical defects.

A unique resonance at each resonator with defect can be observed in Figure 5.20,

and the absolute value of the main resonance amplitude will decrease due to the

newly-shaped stop bands. For example, when the test samples are distributed above
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the sensors 1, 3, 5, and 9, four resonances are shown (blue plot with triangle-shaped

symbol) at 2.264, 2.314, 2.393, and 2.513 GHz, respectively, while the original array

resonance occurred at 2.639 GHz. In addition, each created resonance has an average

amplitude of -7.2 dB (-8.13 dB @ 2.264 GHz, -6.72 dB @ 2.314 GHz, -7.54 dB @ 2.393

GHz, and -7.18 dB @ 2.513 GHz) at the center frequency. Through experimental

verification, it is now clear that the occurrence of secondary frequency shift is an

indication of permittivity change about a given element. It is also clear that when a

resonator frequency is shifted, the rejection is reduced at the main resonance notch.

Such behavior gives our system two degrees of freedom for the detection mechanism:

frequency and amplitude changes.

Figure 5.19: Measured S21 (in dB) for 11-element array with defects.

To extend the measurement range and area of coverage, we lengthened the array to

33-elements using three 11-element arrays. Using the previous experimental procedure

of distributing the test sample on certain sensors, the measured frequency response

of the 33-element array is shown in Figure 5.21. The figure shows the number of

stopbands that appear in response to test samples at each sensor (sensors 5, 16, 25,

29) compared to the bare state with no defects.
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Figure 5.20: Measured S21 (in dB) for 11-element array with defects at different
locations shown in 5.19

Figure 5.21: Measured S21 (in dB) for a 33-element array with defects.
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As an indication of the performance comparison, different array sizes were com-

pared, including a 44-element sensor array. The array frequency response is shown

in Figure 5.22. As previously shown, including more cascaded elements deepens the

stop-band amplitude.

Figure 5.22: Measured transmission coefficient S21 for different array sizes: 11-, 33-,
and 44-elements.

5.4 Integration of Long Sensor Array into Coating

When the proposed system is integrated with a real coating of steel structures, such

as tanks, the most important defects to detect occur between the sensor and the steel

surface. In other words, the defects between the sensor signal line and ground plane

are representative of true problems. Therefore, this section focuses on the sensor

response for an arrangement like that of shown in Figure 5.23. This time, the LUT

is located between the sensor signal line and the ground plane.

To develop a test structure and confirm the sensor performance, we fabricated an

array block on a very thin and flexi substrate. It utilized the same RT/duroid 5880

substrate as previous fabrications, but with 130µm thickness. The flexible design
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Figure 5.23: Side view of the LUT added above the sensor layer.

(flexi) was attached to the original substrate thickness of 0.8mm. Using two sub-

strates allows for intentional introduction of moisture or water ingress, which will be

explained in detail. First, the fabricated design was measured individually and then

added to the 44-element array to make a 55-element array. Figure 5.24 shows the

measurement before and after adding the flexi design to the extended array.

Figure 5.24: Adding the flexi array block to the extended 44-element array.

It is noticed in Figure 5.24 that the flexi substrate resonant frequency is slightly

shifted due to the adhesive tape layer, which also generated air gaps, and the slight

increase in overall substrate thickness. We made sure to be able to insert a moisture
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test sample under each sensor for the proof-of-concept test. The measurement setup

is shown in Figure 5.25 and exhibits the 55-element array. The figure inset shows the

wet test samples inserted under the flexi array. A 4-Port C2420 VNA from Copper

Mountain Technologies was used for the measurement.

Figure 5.25: In-lab test setup is showing the long array connected to a VNA, with
moist samples added to the flexi part.

A closer look at the flexi portion of the long array, and the process of adding and

removing the moist samples, is shown in Figure 5.26. Each sensor has a thin paper

inserted between the sensor and the ground plane substrate that has a dry part and

wet part as shown in Figure 5.26(b,c). The sample is composed of a wet (in blue)

and a dry (in yellow) portions. At first, the dry portion of the sample is inserted

under a given sensor. By pulling the sample, the wet portion is transferred beneath

the sensor, and the results are monitored and recorded.

To test the detection of water or moisture, individual sensors of the flexi array

are tested. When inserting the wet part of the test sample below a sensor, a new

resonance will occur at a lower frequency as shown in Figure 5.27 and Figure 5.28.

We can notice two different aspects of the created stopband for the moist samples

when compared to the test sample used above the sensors in section 5.3. First, the
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Figure 5.26: The test samples (wet and dry areas) added beneath the flexi array,
tested, and finally removed.
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created resonance happens at a lower frequency (around 2.0 GHz) than the substrate

test sample (around 2.2 GHz) due to the immense difference in the dielectric constant

value between both (≈ 3.2 for the substrate sample and ≈ 80 for water at 20◦C

[103]). This can be interpreted from the relation shown in (5.20) where the effective

permittivity is increased. The second variance is associated with the difference in

the losses between the two samples which reflects upon the 3dB BW of the created

stopband (and as a result, the Q-Factor or the FBW). This can be clear by knowing

the loss tangent of the substrate sample is tanδ = 0.0018 compared to tanδ > 0.1 for

water [104].

Figure 5.27: Measured S21 (in dB) when moist sample is inserted under the sensors.

Lastly, an air gap is created by lifting the sensor layer of the flexi block of the long

array as shown in the inset of Figure 5.29, with results presented in Figure 5.29. As

can be expected from (5.20), the effective permittivity is reduced, and a stopband

will occur at a higher frequency than the main array resonance. This is an indication

of coating delamination.

Comparing the results presented in Figure 5.27-5.29, it becomes evident that these

sensors can selectively sense water ingress and coating delamination. As a result, by
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Figure 5.28: Measured S21 (in dB) when moist sample is inserted under the sensors.

distributing these sensor arrays using printing technologies, real-time monitoring can

be available for sensitive structures such as the bottom of the oil storage tanks or

long pipelines.

5.5 Summary

Unlike the sensor array introduced in Chapter 4 which is limited by the higher har-

monics of the lower resonator’s frequency, this chapter introduced an expandable array

of identical resonators as innovative and repeatable technique for real-time coating

defect detection on metallic structures. A prototype array composed of 55 identical

rectangular spiral resonators coupled to a 120 cm long transmission line was explored.

A stopband was created at the fundamental resonant frequency of the resonators. Any

perturbation to the sensor environment (area of coverage) that changes the effective

dielectric permittivity will lead to a generation of new frequency resonance. If the

perturbation makes the permittivity higher, such as humidity or water ingress under

the coating, a new resonance frequency will arise lower than the fundamental one. In

contrast, for a coating lift-off or air gap created under the coating, a higher frequency
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Figure 5.29: Measured S21 (in dB) when an air gap is created under the sensors.

will be created.

The developed concept in this chapter provides a massive scalability feature to cover

very large surfaces while maintaining the detection notion simple and reliable. With

the help of ink-jet printing and stamping technology, mass production of the proposed

sensor can be a light addition to the manufacturing process makes it economically

feasible. The high sensitivity of the sensor that can be responsive to an air-gap

defect in a coating, put this technology as the first line-of-defense for maintaining the

integrity of the targeted structures such as terminals and pipelines.
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Chapter 6

Study of the Overlay Effect on
Microwave Sensors for Coating
Monitoring

The proposed sensors in the Chapter 4 and 5 will be stamped or printed on a coating

layer of a metallic structure using a conductive material or ink [88]. In the field, this

sensor layer will be covered by a protective layer, which also called overlay. Such

layer is designed to minimize the interaction between the sensor and the exterior

environment. Overlays play a critical role in designing microwave integrated circuits

(MICs), antennas, and microwave-based sensors. They have been studied vastly for

RF applications such as antenna gain enhancements [105], packaging of RF systems

[106], and capacitive sensors coverage in touch sensors [107]. It has been shown that

the choice of overlay material has a significant impact on the performance of the

device.

Consequently, the need to study the sensor performance following the application

of the overlay is paramount. In this chapter, the study of overlay effect on sensor

system for coating monitoring is presented. Figure 6.1 exhibits an example of the

overlay application. The study provides the recommended and optimized materials’

properties to be used as an overlay from thickness to the dielectric permittivity. Mea-

sured results backed with simulation proof-of-concept results exhibit the validation

of the proposed overlay properties to severely minimize the effect of the external
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environment on such sensors. Dry and wet sand as external environmental effects

were studied and showed that the sensors’ immunity for certain overlay thickness to

optimize reliability and cost for mass production.

Overlay

Substrate (ex. coating)

Sensor Arrays
Steel

Sensor Element
Defect (ex. water ingress)

Figure 6.1: An application for the overlay on a chipless array used for coating moni-
toring.

This chapter is organized as follows. First, Section 6.1 outlines the principle of

the operation for the embedded sensor and the necessity to apply the overlay layer in

addition to the specifications of the sensor under test. The simulation setup and the

analysis of the simulated results are then presented in Section 6.2. Section 6.3 exhibits

the setup and the experimental materials used followed by the measured results and

discussions. Final conclusions are presented in Section 6.4.

6.1 Proposed Principle for Embedded Sensors with

Overlay

Utilization of a layer of an overlay to embed the sensor and confine the RF field such

that external environment does not impact the sensor operation is introduced. This

concept is visualized in Figure 6.1. The followings explain the sensor and its overlay

design.
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6.1.1 RF Sensor Specifications

A split-ring resonator sensor coupled to a microstrip line was chosen for its wider

surface area, simple design and parameterization. The resonator was tuned around the

2.45 GHz ISM frequency band. As shown in Figure 6.2(a), the resonator dimensions

are: the gap between arms gs = 0.3 mm, the resonator line width ws = 0.8 mm ,

the feed gap gf = 0.3 mm, the 50 Ω transmission line width wf = 2.41 mm, and the

tuned length for 2.45 GHz l = 8.65 mm. Figure 6.2(b) shows the reflection coefficient

(S11 in dB) of the resonator shown in (a). The resonator behaves as a stopband filter

at its resonance.

(a)

2 . 3 0 2 . 3 5 2 . 4 0 2 . 4 5 2 . 5 0 2 . 5 5 2 . 6 0
- 1 0

- 8

- 6

- 4

- 2

0

S2
1 (

dB
)

F r e q u e n c y  ( G H z )
(b)

Figure 6.2: Simulation model showing the spiral dimensions in a), and the frequency
response in the form of Transmission Coefficient (S21) in b).

6.1.2 Coating and Overlay

The choice of the overlay material is such that it provides minimal impact on sensor

performance. Since the targeted application for the sensor in this chapter is for

coated-metallic structures, the sensor will be built on the coating where the metallic

body acts as a GND plane as shown in Figure 6.1. The cross-sectional view of the

intended application is shown in Figure 6.3. For lab-test, the sensor was built on a

substrate, which in fact represents the coating in the targeted use and called layer

82



under test in Figure 6.3. This coating layer will be manufactured on the pipe’s steel

body which is represented with GND plane in this prototype. On top of the sensor

layer, the overlay layer will be coated to minimize the external environment impact,

such as the soil or sand for buried pipelines.

The overlay layer should be chosen such that the entire E-field is contained in

between the layer and eliminate any fringing field to the external environment. This

concept allows reducing the environmental impact while maintaining the full function-

ality of the sensor. In other words, any defects on the coating impacts the resonant

behaviour of the sensor while the external environment will not, eliminating false

readout.

Layer Under Test (ex. Coating)

GND (ex. pipe’s steel)

Overlay

Sensor Layer
Environment (ex. Sand)

Figure 6.3: Layer stack for the potential application shown in Figure 6.1

6.2 Simulation Setup and Analysis

The 3D model of the simulation setup is shown below in Figure 6.4. The sensor

substrate is chosen to be Arlon DiClad 880 with electrical properties of εr = 2.2,

tanδ = 0.0009, height h = 0.79 mm, and copper thickness of t = 17.5 µm. First, the

sensor was covered by a material (overlay) with parameterized properties (dielectric

constant εrOverlay and height hOverlay) as shown in Figure 6.4(b). Then, another

material represents an external environment with parameterized properties (dielectric

constant εrExt.Env. and height hExt.Env.).
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Sensor

(a)

Overlay

Ext. Env.

(Ex. Sand)

Sensor 

Layer

(b)

Figure 6.4: The 3D model shows the overlay on top of the sensor layer in addition to
another material represents the external environment effect.

There are two parameters to consider for the overlay material when the sensor is

used for coating monitoring; the dielectric constant of the overlay and its thickness.

For the thickness study, the goal is to find the optimized cover layer thickness needed

to make the sensor layer invulnerable to its external surroundings. It would be rational

to say the thicker, the better for such layer; however, it comes on the additional cost

as well as the associated high profile and weight. Therefore, it is worth to optimize

the layer thickness based on the parametric study. The simulation setup is shown in

Figure 6.4(b) and the simulation results are shown in Figures 6.5 to 6.8 exhibits the

relationship between the sensor’s resonance frequency versus the dielectric constant

of the external environment (εrExt.Env.) for different overlay materials (εrOverlay). The

results in Figure 6.5(a) exhibits the change in resonance frequency of the sensor when

changing εrExt.Env. from 1.0 to 10.15 and for different εrOverlay of 2.2, 4.5, 6.15, and

10.2 when tOverlay = 0.51 mm. The selected values for both materials (thicknesses

and dielectric constants) were to match the available commercial substrates that

can be tested in the lab. On the other hand, Figure 6.5(b) illustrates alternative

representation to the same data but with focusing on how much frequency shift occurs

for each overlay material for each external environment material.

The trend follows in Figure 6.6, Figure 6.7, and Figure 6.8 for tOverlay = 1.02, 1.53,
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and 2.04 mm, respectively. The results show that, for lower dielectric permittivity of

the overlay and the higher the dielectric constant of the external environment, the

higher the resonance frequency shift (ex. ■ curve in Figure 6.5(a)). On the other

hand, as the height of the overlay increases, the effect of external material diminishes,

and the frequency shift becomes minimal (ex. ▼ curve in Figure 6.8(a)). It can be

concluded that the external environment effect was minimized for tOverlay ≥ 1.51

mm.
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Figure 6.5: The frequency change vs εrExt.Env. for the different dielectric constant of
εrOverlay = 0.51 mm in a) and vs εrOverlay with confidence interval 95% in b).
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Figure 6.6: The frequency change vs εrExt.Env. for the different dielectric constant of
εrOverlay = 0.51 mm in a) and vs εrOverlay with confidence interval 95% in b).
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Figure 6.7: The frequency change vs εrExt.Env. for the different dielectric constant of
εrOverlay = 1.53 mm in a) and vs εrOverlay with confidence interval 95% in b).
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Figure 6.8: The frequency change vs εrExt.Env. for the different dielectric constant of
εrOverlay = 2.04 mm in a) and vs εrOverlay with confidence interval 95% in b).
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6.3 Measured Results & Discussion

6.3.1 Setup & Experimental Materials Used

Figure 6.9 exhibits the in-lab structure for the experiment, which was conducted using

the 4-port C2420 VNA from Copper Mountain. Different materials were used in the

test as follow: MAT1) DiClad 880 with dielectric constant εr = 2.2, copper thickness

t = 35µm, and loss tangent tanδ = 0.0009, MAT2) TMM4 with εr = 4.7, t = 35µm,

and tanδ = 0.002, MAT3) AD1000L with εr = 10.2, t = 35µm, and tanδ = 0.0023.

The sensor was built on a substrate of MAT1 with a thickness of t = 0.79 mm using

410 Ammonium Persulfate conventional etching path.

4-Port VNA

Sensor Under 

Test

Ext. Env. 

Samples

Figure 6.9: In-lab test setup shows the sensor and the materials used.

The materials arrangements are shown in Figure 6.10(a), (b). The overlay material

was placed directly on top of the sensor layer. Figure 6.10(b) shows the dimensions

for both the overlay and the external environment layers. One layer of the overlay

material is 4 cm ×4 cm with a thickness of hOverlay= 0.51 cm while a layer of the

material that represents the external environment is 2cm ×2 cm with a thickness of

hExt. Env.= 0.51 mm.
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Figure 6.10: 3D model shows the cover material on top of the sensor layer in addition
to another material represents the external environment effect.

6.3.2 Measurement Procedure

Each material of the items mentioned in the previous section was used for both the

overlay and the external environment layers. It started by placing one layer as an

overlay and another layer of external environment layer on top of it, as mentioned in

Section 6.2 and, as shown in Figure 6.10. The next step was to change the external

material (εrExt.Env.) from MAT1 to MAT3 to have a gradual increase in the dielectric

permittivity. Figure 6.11(a) exhibits the measured results for one overlay layer of

MAT1 versus the dielectric permittivity of different types of εrExt.Env. material. As

shown, the frequency shifts reduces by increasing the material’s dielectric permittivity

(εreff ) as expected from equation (6.1) [74]:

fr=
υ

λg

=
c/
√
εreff
λg

(6.1)

where υ is the speed of the electromagnetic (EM) wave in the medium, c is the

speed of light in the free space, and λg is the guided wavelength of the EM wave in

the material.

In the same way, in Figure 6.11(b), two samples of sand (dry and water-saturated)

as a real application for buried sensors for structure monitoring, such as pipeline sys-
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Figure 6.11: Measured results for the effect of the external environment (legends)
with the sensor covered by hOverlay= 0.51 mm and εrOverlay = 2.2

tems [108]. A summary of the measured results for all combinations of the overlay

and the εrExt.Env. layers are shown in Figure 6.12 to Figure 6.14. As the hOverlay in-

creases, the frequency shift decreases by increasing εrOverlay. For example, a frequency

shift of 27.675 MHz occurred due to εrExt.Env. = 2.2 with overlay εrOverlay = 2.2 and

hOverlay= 0.51 mm, while it shifts 6.525 MHz when hOverlay= 1.02 mm were used for

the same εrExt.Env.. Likewise, a frequency shifts of 2.925 and 2.025 MHz occurred for

hOverlay= 1.53 and 2.04 mm, respectively.
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Figure 6.12: Measured results for the effect of the overlay thickness (εrOverlay = 2.2)
with the change of the external environment.
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Figure 6.13: Measured results for the effect of the overlay thickness (εrOverlay = 4.5)
with the change of the external environment.
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Figure 6.14: Measured results for the effect of the overlay thickness (εrOverlay = 10.2)
with the change of the external environment.
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On the other hand, if εrOverlay of MAT3 which has a higher dielectric permittivity, a

frequency shifts of 95.85, 27, 10.35, and 5.4 MHz occurred for hOverlay= 0.51, 1.01, 1.53

and 2.04 mm of MAT1, respectively. This concludes that the sensor with hOverlay= 2.04

mm becomes less sensitive for εrExt.Env. of MAT3 18 times (95.85/5.4) than hOverlay= 0.51

mm.

For the sand test results, the same observation applies where dry sand produces

34.65, 9.9, 4.95, and 1.35 MHz of frequency shifts for hOverlay= 0.51, 1.01, 1.53 and

2.04 mm of MAT1, respectively. Sensitivity reduction up to 26 times (34.65/1.35)

was achieved for the dry sand. Similarly, the wet sand created shifts of 55.8, 16.2,

8.325, and 2.475 MHz for the same setup with a sensitivity reduction of around 23

times (55.8/2.475). As can be seen, compared to hOverlay= 0.51 mm, a hOverlay= 2.04

mm indicates a much lower frequency change and hence, little impact by the external

environment.

6.4 Summary

A study of the overlay effect on sensor performance was conducted in this chapter.

The thickness and the dielectric constant of the overlay material were used as the

degrees-of-freedom to optimize such layer for better sensor performance as well as

a cost-effective solution for mass production. The study suggested the reasonable

characteristics for the overlay and how to minimize the environmental impact on

the sensor implementation without degrading its sensitivity. The study outcome can

be used as a reference for overlay design for embedded sensors, specifically, coating

monitoring systems.
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Chapter 7

Conclusion

7.1 Summary

The main goal of this thesis was to present a new platform for real-time coating moni-

toring using Chipless RFID technology. To fulfill this goal, two proposals for building

sensor arrays were introduced, and their uses in a variety of structural monitoring

scenarios such as pipelines and crude-oil storage tanks were explored.

First, in Chapter 3, an initial study was proposed as a proof-of-concept experiment

using a battery-free LC-based sensor for pipeline integrity monitoring in a real-time

fashion. The sensor monitors the coating lift-off from the pipeline, which is the initial

step in the external corrosion of a metal pipe. However, only a localized coating

problem could be detected.

The fully integrated wireless Chipless RFID system using a combination of an

expandable resonator-based sensor array and patch-based tag antennas was presented

in Chapter 4 for out-of-sight pipeline monitoring. Early signs of corrosion-prone areas

can be detected by altering the root causes of the mechanism, such as water ingress

or coating delamination. The system structure was a single-layer for easy integration

within the coating layer using printing or stamping technologies such as ink-jet for

economic mass-production.

To overcome the limitations on the array size presented by the higher harmonics in

Chapter 4, we introduced a sensing concept in Chapter 5 to cover large surfaces and
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long distances. The chapter introduced an expandable array of identical resonators

for real-time coating defect detection on metallic structures. A 120 cm long array was

constructed and experimented; however, backed with theory, the array is expandable,

and the detection technique is straightforward and reliable.

Finally, and due to the need to protect the conductive sensor layer against the

surrounding environment, the impact of an overlay was studied in Chapter 6. An

optimization process for different overlay materials and thicknesses against various

external effects was presented and discussed.

7.2 Contributions

The list of original accomplishments described in this thesis can be summarized as

the following:

• The design, simulation, and experimentation of a chipless RFID LC-based sen-

sor as the SHM technique for pipeline integrity monitoring is presented. The

sensor resonance frequency exhibits a strong relation to coating delamination

(gap) and water ingress as corrosion stimuli. The designed sensor is suitable for

harsh environments in addition to being simple, battery-free, and conformal for

easy installation and integration. The high-quality factor (115) and the maxi-

mum frequency shift (11.7%) make the sensor an accurate and reliable method

to achieve a defect-free coated structure for applications such as pipelines.

• A wide-band inset-fed slotted patch-based antenna is presented to be integrated

with a chipless RFID monitoring system. The antenna is designed to operate in

proximity of metallic structures such as the steel structure of a pipeline. Besides,

the antenna performance is validated for different pipe diameters to investigate

the curvature effect on the antenna radiation as well as the impedance band-

width. It showed that curvature of the pipe had minimal effect on the antenna

performance.
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• A fully integrated chipless RFID RSR-based sensor array for out-of-sight wire-

less pipeline monitoring is demonstrated. Each resonator in the array creates

its frequency signature that responds reliably and repeatedly to coating defects

such as water ingress. Two cross-polarized slotted patch antennas and two LP-

DAs are used for tag and reader, respectively. The tag structure utilizes the

pipe’s steel structure for its ground (GND) plane. The designed sensor system

is a planar and conductive single-layer intended to be stamped on top of the

coating layer, providing a non-invasive, real-time, and easy-to-integrate SHM

technique.

• An extendable resonator-based microwave sensor array for coating defect de-

tection on large surfaces is presented. Relying on a single resonator to build

the array provides the opportunity to massively enlarge the design length while

keeping the detection mechanism simple and reliable. A prototype composed

of a 55-element sensor array measured 120 cm length is designed, fabricated,

and tested. Water ingress below coating, as well as air-gap (delamination), are

reliably and repeatedly detected during the measurements. The array is a sin-

gle layer; taking advantage of the metallic structure as a ground plane makes it

easy-to-print/stamp on existing and new structures.

• A thorough investigation of the effect of a protection layer (overlay) for the

designed chipless RFID SHM systems is presented. Different materials and

thicknesses for the overlay are simulated and experimented. The study shows

a trade-off between cost as a function of the material thickness and the sensor

immunity to the effects of the surrounding external environment.

In conclusion, the study of this thesis has unveiled the practicability of having a

proactive approach in SHM to predict defects instead of detecting them after the in-

cident. The design and implementation of chipless RFID for real-time monitoring for

coated-metallic structures have been developed, and its applications for pipelines and
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terminals have been explored, achieving a prediction technique for defects compared

to a detection approach as presently reported in the literature.

A potential future expansion of this work persists in a high degree for a more

extended detection and communication range with broader bandwidth capabilities.

The outcome of this thesis has provided a foundation of an SHM technique applicable

in a stream of applications to achieve accident-free and zero false-alarm monitoring

technology.

7.3 Future Considerations

The results detailed in this thesis have shown the enormous potential of the offered

Chipless RFID-based monitoring system as a SHM technique for vital systems’ in-

tegrity such as pipelines. Still, several key design elements and challenges remain for

its successful field-implementation and manufacturing integration. Therefore, a list

of potential future considerations is provided below.

• The resonator’s higher harmonics constrains the array size of the non-identical

resonators presented in Chapter 4. By introducing a spurious-free resonator, as

shown in Figure 7.1, the array can be expandable to cover larger surfaces and

provide higher resolution.

• Research into the identification of the communication range limitations consid-

ering humidity, soil wetness, and type of soil/sand for buried pipelines should

be investigated. In addition, utilizing ultra-wideband time-coded chipless RFID

technique could improve the range dramatically [109, 110]. However, this could

lead to a challenge in the tag antenna design, specifically in the metallic struc-

ture proximity. So, a trade-off has to be made to optimized the complexity and

the read range needed.

• The high coupling between resonators and the transmission line plus the rea-

sonable distance between consecutive resonators diminishes the mutual coupling
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(a) SWR shows the loaded capacitances. (b) Lumped circuit equivalent for SWR.

(c) Frequency response of the slow-wave resonator with wide
non-spurious range.

Figure 7.1: SWR is a capacitively-loaded resonator to generate slow-wave behavior.

between them. In some applications, the resonators can be brought close to each

other, maximizing the monitored area or the resolution. In this case, the study

of inter-element coupling will be needed for full surface coverage.

• The concept presented in Chapter 5 for the expandable identical sensors’ array

is theoretically unlimited. However, it takes extensive resources (massive mem-

ory and CPU usage) to prove simulation and experimental trials for the long

array. Relying on a lumped element or scattering parameters building blocks
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in simulation won’t reflect the real response. Innovative simulation and lab

techniques to test longer arrays are needed.

• On the one hand, it is required to protect the sensors’ conductive layer using

the overlay. On the other hand, this layer should be invisible to the antennas

for the best performance. The overlay optimization for sensors and antennas to

work in proximity will be of much importance.
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[78] D. Psychogiou, R. Gómez-Garćıa, and D. Peroulis, “Fully Adaptive Multiband
Bandstop Filtering Sections and Their Application to Multifunctional Com-
ponents,” IEEE Transactions on Microwave Theory and Techniques, vol. 64,
no. 12, pp. 4405–4418, Dec. 2016.

106

https://www.ansys.com/products/electronics/ansys-hfss
https://www.ansys.com/products/electronics/ansys-hfss


[79] A. Bahadori, Essentials of Coating, Painting, and Lining for the Oil, Gas and
Petrochemical Industries, en. Gulf Professional Publishing, Jan. 2015.

[80] P. B. Samal, P. J. Soh, and G. A. E. Vandenbosch, “A Systematic Design
Procedure for Micro- strip-Based Unidirectional UWB Antennas,” Progress In
Electromagnetics Research, Vol., vol. 143, pp. 105–130, 2013.

[81] M Goudah and M. Y. M. Yousef, “Bandwidth enhancement techniques com-
parison for ultra wideband microstrip antennas for wireless application,” Jour-
nal of Theoretical and Applied Information Technology, vol. 35(2), no. 184-193,
Jan. 2012.

[82] S. Maci, G. B. Gentili, P. Piazzesi, and C. Salvador, “Dual-band slot-loaded
patch antenna,” Antennas and Propagation IEE Proceedings - Microwaves,
vol. 142, no. 3, pp. 225–232, Jun. 1995.

[83] G. Rafi and L. Shafai, “Broadband microstrip patch antenna with V-slot,” An-
tennas and Propagation IEE Proceedings - Microwaves, vol. 151, no. 5, pp. 435–
440, Oct. 2004.

[84] K. F. Lee, K. M. Luk, K. F. Tong, S. M. Shum, T Huynh, and R. Q. Lee,
“Experimental and simulation studies of the coaxially fed U-slot rectangular
patch antenna,” IEE Proceedings - Microwaves, Antennas and Propagation,
vol. 144, no. 5, pp. 354–358, Oct. 1997.

[85] W.-S. Yoon, S.-M. Han, S. Pyo, J. W. Baik, and Y. S. Kim, “A polarization
switchable microstrip patch antenna with a circular slot,” in 2008 Asia-Pacific
Microwave Conference, Dec. 2008, pp. 1–4.
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