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ABSTRACT
Nondestructive testing (NDT) is an inspection method used to determine the inner structure
of a material without inflicting damage upon it. There are several NDT methods which are
commonly used, including: ultrasonic, eddy current, liquid penetrant and radiographic (or X-ray)
testing. Each method has its advantages and disadvantages. For example, certain methods require
additive materials, or an in-contact testing scheme, whereas others may raise safety concerns for
humans and the environment—microwave NDT, has the potential to address these issues.
Fiber Reinforced Polymer or Plastic (FRP) composites have been rapidly increasing in the
aerospace, automotive and marine industry, and civil engineering, because these composites show
superior characteristics such as outstanding strength and stiffness, low weight, as well as anticorrosion and easy production. Generally, the advancement of materials calls for correspondingly
advanced methods and technologies for inspection and failure detection during production or
maintenance, especially in the area of nondestructive testing (NDT).
Among numerous inspection techniques, microwave sensing methods can be effectively
used for NDT of FRP composites. FRP composite materials can be produced using various
structures and materials, and various defects occur due to environmental conditions encountered
during operation. However, reliable, low-cost, and easy-to-operate NDT methods have not been
developed and tested. FRP composites are usually produced as multilayered structures consisting
of fiber plate, matrix and core. Therefore, typical defects appearing in FRP composites are
disbondings, delaminations, object inclusions, and certain kinds of barely visible impact damages.
In this dissertation, we propose a microwave NDT method, based on synthetic aperture
radar (SAR) imaging algorithms and ultrawideband radio frequency waveforms, for stand-off
imaging of internal defects. When a microwave signal is incident on a multilayer dielectric material,
the reflected signal provides a good response to interfaces and transverse cracks. An
electromagnetic wave model is introduced to delineate interface widths or defect depths from the
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reflected waves. For the purpose of numerical analysis and simulation, multilayered structure
samples with artificial defects are assumed, and their SAR images are obtained and analyzed using
a variety of high-resolution ultrawideband (UWB) wavelet and noiselet waveforms.

v

TABLE OF CONTENTS
List of Figures..........................................................................................................................vii
List of Tables.............................................................................................................................xi
Acknowledgements...................................................................................................................xii
Chapter 1 Introduction...............................................................................................................1
1.1 Motivation and Background ......................................................................................1
1.2 Overview ...................................................................................................................2
Chapter 2 Multilayered Dielectric Structure Analysis on Electromagnetics for Microwave
and Radar Approaches...............................................................................................3
2.1 Multilayered Dielectric Materials...............................................................................3
2.1.1 Multilayered dielectric materials in general......................................................3
2.1.2 Delaminations on multilayer fiber reinforced plastic structures.......................6
2.1.3 Nondestructive testing and evaluations in general............................................8
2.2 Electromagnetic Modeling for Multilayered Structures...........................................10
2.2.1 Electromagnetic analysis of traveling waves in media...................................10
2.2.2 Electromagnetic model of air to dielectric multilayered structure..................15
2.2.3 Electromagnetic model of generalized multilayered structures......................16
2.2.4 Wave propagation on uneven FRP interfaces.................................................21
Chapter 3 Synthetic Aperture Radar Imaging and Ultrawideband Radio Frequency Noiselet
Waveform...............................................................................................................26
3.1 Radar and Synthetic Aperture Radar Imaging.........................................................26
3.1.1 Radar imaging in general................................................................................26
3.1.2 Synthetic aperture radar (SAR).......................................................................28
3.2 UWB Noise Radar Technology...............................................................................31
3.2.1 White Gaussian noise model...........................................................................32
3.2.2 UWB RF noiselet waveforms.........................................................................34
3.3 Computations of UWB Noiselet Waveforms..........................................................36
3.3.1 Numerical modeling of UWB RF noiselets....................................................36
3.3.2 Generation of UWB RF noiselet waveforms for computation.......................39
3.3.3 Initial UWB RF noiselet processing...............................................................40
3.3.4 UWB noiselet waveform optimization...........................................................43
Chapter 4 Microwave Imaging using Synthetic Aperture Radar Scanning on Multilayer
Dielectric Structures..............................................................................................47
4.1 UWB Formulations of Scattering Fields from Dielectric Interfaces.......................47
4.2 Synthetic Aperture Radar Scanning on Multilayer Dielectrics...............................48
4.2.1 Synthetic aperture radar scanning system......................................................48
4.2.2 Synthetic aperture radar scanning algorithm for image reconstruction.........49

vi

4.3 Multilayer Dielectric Structure Diagnosis using SAR Imaging..............................54
4.3.1 Electromagnetic model for defect on carbon fiber reinforced polymer.........54
4.3.2 Structural conditions of carbon fiber reinforced polymer for imaging..........56
4.3.3 Simulation results on defect structure of carbon fiber reinforced polymer....57
4.4 Synthetic Aperture Radar Imaging using UWB RF Noiselet..................................61
4.4.1 SAR imaging simulations of inclusion on glass fiber reinforced polymer.....61
4.4.2 Actual nondestructive testing radar system test set-up and measurements.....62
Chapter 5 Synthetic Aperture Radar Scanning of Various Dielectric Interfaces using Quasi3D Image Formations...........................................................................................65
5.1 SAR Images of Uneven Interfaces on Dielectric Materials....................................65
5.1.1 Scattering scheme from uneven dielectric interfaces.....................................65
5.1.2 Uneven interfaces on structural designs to consider critical conditions.........67
5.2 Quasi-3D Imaging by Reorganizing SAR Scanning Images..................................69
5.2.1 Quasi-3D image formation with SAR scanning data matrix..........................69
Chapter 6 Radio Frequency Multiresolution Imaging of UWB RF Noiselet Waveforms and
Difference Mapping for Image Enhancement.....................................................78
6.1 Application of Multiresolution RF Noiselets..........................................................78
6.1.1 Analytical considerations in multiresolution imaging....................................78
6.1.2 Multiresolution image formation....................................................................81
6.1.3 Image similarity analysis of RF MRA............................................................86
6.2 Difference Mapping Image Enhancement.................................................................91
Chapter 7 Conclusions and Future Works..........................................................................95
7.1 Conclusions............................................................................................................95
7.2 Future Works..........................................................................................................97
7.2.1 Complex structure variations..........................................................................97
7.2.2 Complete 3D image rendering......................................................................100
7.2.3 Terahertz (mm-wave) nondestructive testing and evaluations.....................101
Appendix A Design of Target (Dielectric layers) Geometry Structures for Simulations.103
Appendix B Scattering Field Calibration of Dielectric Materials for Simulations...........107
References.........................................................................................................................110

vii

LIST OF FIGURES
Figure 2-1. (a) Illustration of crack accumulation stages: microcrack initiation (Stage 1), transverse
cracking (Stage 2), and ply delamination (Stage 3). (b) Micrographs of edge replicas showing
the accumulation of cracks at different stages............................................................................4
Figure 2-2. Illustration of stress distribution in the bondline formed as multilayered structure.......5
Figure 2-3. Structure schematics of (a) interlaminar and (b) intralaminar delamination in laminated
unidirectional FRP composite materials.....................................................................................6
Figure 2-4. Cross-sectional views of unidirectional FRP laminated composites. (a) Sample with no
delamination, and (b) sample immersed in water at 80°C for 6 months resulting in interlaminar
delamination...............................................................................................................................7
Figure 2-5. Schematic representation of the formation of delamination resulted from ply swelling
due to interlaminar stress. (a) Direction of ply swelling for 45˚ ply and (b) 90˚ ply. (c)
Interlaminar shear stress appeared when the adjacent plies were ready to expand along different
directions as a result of moisture uptake. (d) Ply was forced out under the combined effects of
interlaminar shear stress and swelling resulted from moisture absorption..................................8
Figure 2-6. Uniform plane wave schematic on the interface between materials..................................10
Figure 2-7. Schematic diagram of traveling waves on the interface between two dielectric media of
incident, reflected, and transmitted electric fields...........................................................................12
Figure 2-8. Wave propagation on interfaces for the reflection data collection scheme...................15
Figure 2-9. Simplified model of three-layered dielectrics................................................................17
Figure 2-10. Multilayered structure for expansion...........................................................................19
Figure 2-11. Wave projection scheme on dielectric slab with incident angle of 𝜙𝑖 which can be
applied on expansion for more realistic complex defects due to external impacts and stresses.
Due to scanning mechanism, each step can be considered independently as can be seen and
synthesized after data collection...............................................................................................22
Figure 3-1. Conceptual view of real aperture radar (RAR) and synthetic aperture radar (SAR)......29
Figure 3-2. Block diagram of bandpass filtering operation for noiselet generation from noise source
(random coefficients) existing over the entire frequency band..................................................37
Figure 3-3. (a) Random Gaussian noiselet waveform generated with 400 amplitude samples (i =
400) drawn from N(0, σ2) with pulse duration of 5.0 nsec. (b) The frequency spectrum of the
power spectral density after 8 – 12 GHz bandlimited filtering operation. The frequency ranges
are shown from 0 to 20 GHz......................................................................................................39
Figure 3-4. Arbitrary multiple target detection by using (a) random Gaussian noiselet, and (b)
Mexican hat wavelet.................................................................................................................41
Figure 3-5. Performance under various SNR values for (a) random Gaussian noiselet, and (b)
Mexican Hat wavelet................................................................................................................42

viii

Figure 3-6. Matched filtering results to determine optimized noiselet waveform for target interfaces
located at 10 cm and 12 cm from sensor. Arbitrary random noise is added on received signal to
model as noisy testing environment. These results are four sample cases from 100 iteration to
provide an efficient waveform (a) optimized noiselet waveform for target detection, inefficient
waveforms of (b) detection failure, (c) insufficient reflections from first interface, and (d)
having a chance of false alarm...................................................................................................44
Figure 3-7. Optimization process of noiselet waveforms with the condition of peak values and
PSLR to avoid false data alarm or detection.............................................................................45
Figure 3-8. (a) Maximum peak of mainlobe and (b) sidelobe appearance of 100 iteration results on
matched filtering to determine the frequency of false alarm case.............................................46
Figure 3-9. Peak-to-sidelobe ratio of 100 iteration results on matched filtering to determine the
frequency of false alarm case....................................................................................................46
Figure 4-1. Synthetic aperture radar scanning geometry on testing specimen..................................49
Figure 4-2. Transmitted and received signal in near-field and far-field range................................50
Figure 4-3. Block diagram of range migration algorithm process for near-field SAR scanning
system.......................................................................................................................................51
Figure 4-4. Structural schematic of defect layer on carbon fiber reinforced polymer and
electromagnetic approaches at different locations....................................................................54
Figure 4-5. Structural designs for simulation from references with single (left) delamination and
double (right) delaminations. Shaded area stands for delamination inside of panels and the
dimensions are shown as in centimeter ranges.........................................................................58
Figure 4-6. Simulation results on first interface reflection using frequency bands of (a) X-band and
(b) K-band.................................................................................................................................59
Figure 4-7. Simulation results on delamination width of 5 cm using frequency bands of (a) X-band
and (b) K-band..........................................................................................................................60
Figure 4-8. Simulation results on delamination width of 10 cm using frequency bands of (a) Xband and (b) K-band..................................................................................................................60
Figure 4-9. Simulation results on two delamination areas using frequency bands of (a) X-band and
(b) K-band.................................................................................................................................61
Figure 4-10. Structural design for simulation based on actual glass fiber reinforced polymer sample
with aluminum inclusion area of 30 × 30 mm2 hidden behind GFRP specimen.....................61
Figure 4-11. Simulation results of 30 × 30 mm2 aluminum inclusion using SAR NDT scanning
algorithm by varying signal-to-noise ratio (SNR) at standoff distance of 105 mm..................62
Figure 4-12. Microwave nondestructive testing system test set-up..................................................62
Figure 4-13. Block diagram of nondestructive testing system using RF noiselet over X-band.......63
Figure 4-14. Reconstructed image results of nondestructive testing of aluminum inclusion on glass
fiber reinforced polymer taken with the optimal standoff distances..........................................64

ix

Figure 5-1. Uneven dielectric interface schematic to determine the scattering from the target
specimen...................................................................................................................................65
Figure 5-2. The curvature shaped applied on the swelling structures due to the external force from
each side of test specimen. Two figures are the same curvature plots providing (a) the maximum
values of peak curvature point, and (b) the actual view of curvature shape that these curves are
not that noticeable.....................................................................................................................66
Figure 5-3. Identically swelled structures applying the curvature variation to determine the critical
condition of depth detection using modified scanning reflection data scheme. Every curvature
condition is based on the curvature value from figure 5-2 (a) and each layer is applied
identically to from a symmetric swelled curvature structure with maximum center peak
values........................................................................................................................................69
Figure 5-4. Three dimensional overview of data matrix acquisition for image reconstruction of xyplane (defect on interfaces) and xz-plane (depth of interfaces) with SAR scanning scheme...70
Figure 5-5. Quasi-3D image reconstruction for FRP layer without delamination presents. FRP
sample is assumed to have a dimension of 100 cm × 12 cm × 5 cm. Standoff distance between
antenna and FRP composites set to be 20 cm...........................................................................73
Figure 5-6. Quasi-3D image reconstruction for FRP layer with small delamination presents. 5-cmwide delamination layer is located 2-cm depth from the surface and the thickness of its layer is
assumed to be 1.5 cm. Standoff distance between antenna and FRP composites set to be 20
cm.............................................................................................................................................74
Figure 5-7. Quasi-3D image reconstruction for FRP layer with multiple delaminations. Wider
delamination layers are assumed as they increased from initial small delaminations during
service life due to external factors. Delamination layers are located approximately at 2-cm deep
from the surface and the thickness of layers are assumed to be 1.5 cm....................................75
Figure 5-8. Quasi-3D image reconstruction for uneven FRP (swelled up 0.5 cm at the center) with
small delamination presents. Delamination layers are located approximately at 2.0-cm depth
from the surface and the thickness of layers are assumed to be 1.5 cm....................................76
Figure 5-9. Quasi-3D image reconstruction for uneven FRP with multiple delaminations. Wider
delamination layers are assumed to be products from initial small delaminations during service
life due to external factors. Locations of delaminations are assumed similar to the previous
cases..........................................................................................................................................76
Figure 6-1. Structures for multiresolution analysis. (a) ST1, (b) ST2, (c) ST3, and (d) ST4..........81
Figure 6-2. Reconstructed Image for ST1 for Gaussian noiselet (left) and Mexican Hat wavelet
(right) using bandwidth of (a) 4 GHz, (b) 3 GHz, (c) 2 GHz, and (d) 1 GHz..............................82
Figure 6-3. Reconstructed Image for ST2 for Gaussian noiselet (left) and Mexican Hat wavelet
(right) using bandwidth of (a) 4 GHz, (b) 3 GHz, (c) 2 GHz, and (d) 1 GHz..............................83
Figure 6-4. Reconstructed Image for ST3 for Gaussian noiselet (left) and Mexican Hat wavelet
(right) using bandwidth of (a) 4 GHz, (b) 3 GHz, (c) 2 GHz, and (d) 1 GHz..............................84

x

Figure 6-5. Reconstructed Image for ST2 for Gaussian noiselet (left) and Mexican Hat wavelet
(right) using bandwidth of (a) 4 GHz, (b) 3 GHz, (c) 2 GHz, and (d) 1 GHz..............................85
Figure 6-6. Similarity indices of structure ST1 for different reference images...............................88
Figure 6-7. Similarity indices of structure ST2 for different reference images...............................88
Figure 6-8. Similarity indices of structure ST3 for different reference images...............................89
Figure 6-9. Similarity indices of structure ST4 for different reference images...............................89
Figure 6-10. Similarity coefficient trends for nearest neighbors for various structures...................90
Figure 6-11. Similarity coefficient trends for farthest neighbors for various structures..................90
Figure 6-12. Difference images for ST1. (a) ∆12 , (b) ∆13 , (c) ∆14 , (d) ∆23 , (e) ∆24 , and (f)
∆34 ............................................................................................................................................92
Figure 6-13. Difference images for ST2. (a) ∆12 , (b) ∆13 , (c) ∆14 , (d) ∆23 , (e) ∆24 , and (f)
∆34 ............................................................................................................................................92
Figure 6-14. Difference images for ST3. (a) ∆12 , (b) ∆13 , (c) ∆14 , (d) ∆23 , (e) ∆24 , and (f)
∆34 ............................................................................................................................................93
Figure 6-15. Difference images for ST4. (a) ∆12 , (b) ∆13 , (c) ∆14 , (d) ∆23 , (e) ∆24 , and (f)
∆34 ............................................................................................................................................93
Figure 7-1. Mechanical schematics of deformation due to external force.......................................97
Figure 7-2. Applied structure for simulation of deformation detections..........................................97
Figure 7-3. Simulation of corrugated interface structure of (a) d = 5 mm, and (b) d = 10 mm at T =
2 (showing 2 cycles along 50 cm; 25 cm).................................................................................98
Figure 7-4. Simulation of corrugated interface structure of (a) d = 5 mm, and (b) d = 10 mm at T =
4 (showing 4 cycles along 50 cm; 12.5 cm)..............................................................................98
Figure 7-5. Simulation of corrugated interface structure of (a) d = 5 mm, and (b) d = 10 mm at T =
6 (showing 6 cycles along 50 cm; 8.33 cm)..............................................................................99
Figure 7-6. Simulation of corrugated interface structure of (a) d = 8.2 mm, and (b) d = 8.75 mm at
T = 2 (25 cm) to determine the critical maximum peak of the system to detect.........................99
Figure 7-7. 3D rendering images of Case 1 (no delamination presents in flat FRP composite) from
Figure 5-5 in various angle views............................................................................................100
Figure 7-8. 3D rendering images of Case 3 (several delamination layers present in flat FRP) from
Figure 5-7 in various angle views............................................................................................100
Figure 7-9. 3D rendering images of Case 5 (delamination layers present in bent FRP composite)
from Figure 5-9 in various angle views...................................................................................101

xi

LIST OF TABLES
Table 5-1. Dielectric constant data on typical FRP composites at X-band......................................71
Table 6-1. Bandwidths and resolutions investigated.......................................................................81

xii

ACKNOWLEDGEMENTS
First, I would like to thank with great appreciation on my advisor Dr. Ram M. Narayanan
for his guidance, advice and support throughout my journey as a graduate student. Also, many
thanks go to my thesis committee members Dr. James K. Breakall, Dr. Timothy J. Kane, and Dr.
Namiko Yamamoto for their guidance, advice, and support. In addition, I would like to thank
William Nickerson of the Office of Naval Research (ONR) for supporting our research under
grant/contract number N00014-15-1-2021.
I also like to thank for many individuals; friends, collaborators and fellow researchers in
the Radar and Communications Lab for their support and knowledge on various topics covered
during my research. Especially, I would like to thank my research fellows Robin James and Marc
Navagato for their help in research and also in person.
Finally, I would like to thank my family in South Korea for their support, encouragement
and belief. And, especially Hyunjung and Brandon Yookyeom, I would like to thank gratefully for
their entire support and motivation every single day. Without them, my life would be less joyful
and it would be impossible to accomplish the goal. Thank you all!
The findings and conclusions do not necessarily reflect the view of the funding agency.

1

Chapter 1
Introduction
1.1 Motivation and Background
The rapid, reliable, and robust determination of structural and material flaws caused by
manufacturing process and material degradation are very essential for maintaining the integrity and
proper exploitation of various structures. Examples include aircraft, vehicles, containers, building
walls, and even bridges. In many cases, the flaws are not apparent since they start from within the
structure itself, and therefore there are no surficial manifestations of the defect mechanisms. Radio
frequency (RF) wireless technology is the technology of choice, since RF signals are able to
penetrate non-metallic dielectric materials with relatively low loss, depending on the material and
the frequency used. In addition, RF technology can be exploited for rapid non-point areal scanning
of material structures.
In RF imaging systems, desired target images are reconstructed based on radar range
profiles combined with synthetic aperture processing. Typical radar systems contain wave
transmitting and receiving units so that once a transmitting antenna radiates a wave, the receiving
antenna collects the data based on reflected wave in response to the dielectric property differences
within the material structure. In brief, a scanning scheme using synthetic aperture radar is applied
for data collection over the extent on the target surface area. All collected data from the reflected
wave are assigned to a range migration algorithm for signal processing and image reconstruction.
The novel parts of this research are the testing scheme and the noiselet waveforms.
Microwave nondestructive testing (NDT) may be realized using a non-contacting scheme, as it is
based around the theory of traveling waves, similar to that of light. Microwave signals are able to
travel through free space, or within a dielectric material. When an electromagnetic (EM) wave
interacts with a dielectric material, microwave energy may be reflected and/or transmitted
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(penetrated), depending on the electrical properties of dielectric material. As fiber reinforced
polymer composites are usually made of dielectric materials, microwave NDT presents itself as a
valid analysis solution [1, 2]. In addition, the desired penetration depth and range resolution may
be achieved by varying the frequency band and bandwidth for the accurate detection with RF
noiselet waveforms [3 – 5].
1.2 Overview
Chapter 2 presents the theoretical approach from electromagnetic waves of general analysis
on multilayered dielectric structures for microwave data collection. Synthetic aperture radar (SAR)
scanning scheme is applied for image reconstruction with range migration algorithm (RMA) and
numerical simulations of defected structure using SAR imaging are performed. Chapter 3
introduces the proposed research, which is the nondestructive testing (NDT) SAR imaging using
RF noiselet waveforms. The theoretical expansion of noiselet and numerical generation of noiselet
waveforms are discussed. Also, prototype microwave NDT system in simulation and actual
measurement are performed for comparison. In addition, RF multiresolution analysis based on
multi-frequency bandwidth simulation results are provided. Chapter 4 includes the future research
plans, which are the construction of the actual NDT SAR system, and advanced optimized noiselet
waveform designs to improve NDT SAR imaging in performance. In Chapter 5, advanced SAR
scanned imaging technique will be discussed with uneven interfaced of dielectric materials. Then,
quasi-3D imaging scheme is achieved for further convenience as nondestructive testing and
evaluation methods by acquiring and organizing SAR scanned data matrix for depth and interface
detections. Chapter 6 will introduce a potential of noiselet waveform by multiband frequency
variations which we named radio frequency multiresolution analysis (RF MRA). Additional
similarity measurements are also proposed to verify RF MRA. In addition, modified difference
mapping technique is performed for analyzing structures with enhanced images. This dissertation
finalizes on Chapter 7 with conclusion and possible future works based on what will discussed on.
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Chapter 2
Multilayered Dielectric Structure Analysis on Electromagnetics for
Microwave and Radar Approaches
In this chapter, the investigation of multilayered dielectric structure and its practical
example model will be discussed from the manufacturing and defect possibilities. Electrical model
of this multilayered dielectric in general, then will be introduced and discussed on further
approaches in details for microwave and radar applications to perform a monitoring technique
called nondestructive testing or evaluation.

2.1 Multilayered Dielectric Materials
2.1.1

Multilayered dielectric materials in general
There are a number of laminated structures formed using multilayered dielectric materials

in various applications and fields. Composite materials such as fiber-reinforced polymers are well
known structures to possess outstanding strength and stiffness and their use in many structural
applications continues to expand [6]. Most structural composites are composed of layers of
unidirectional or woven fibers and are susceptible to the formation of microscale damage, such as
interfacial debonding, matrix cracking, fiber breakage, and delamination. One or more defects or
cracks initiated in the composite can ultimately lead to final failure of the material. Thus,
monitoring of damage initiation and propagation in fiber-reinforced composites is of significant
interest for in-service monitoring of structures. Defects in the form of cracks that lie perpendicular
to the direction of applied loads are particularly detrimental to the strength and durability of
composites [7]. Transverse cracking occurs in the 90° plies of cross-ply laminates at strains much
lower than the ultimate failure strain. The spacing of transverse cracks is dependent on the thickness
of the transverse ply and the applied stress [8]. Thinner 90° layers have higher constraint due to the
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adjacent stiff 0° layers and show crack initiation at higher strains and a larger saturation density of
cracks before failure [9].

Figure 2-1. (a) Illustration of crack accumulation stages: microcrack initiation (Stage 1), transverse
cracking (Stage 2), and ply delamination (Stage 3). (b) Micrographs of edge replicas showing the
accumulation of cracks at different stages [9].
Figure 2-1 (a) illustrates schematically the three general stages of damage progression in
cross-ply laminates [10]. In Stage 1, local defects are initiated in the form of fiber/matrix debonding
and crack initiation in the matrix due to local stress concentrations. In crossply laminates, the 90°
plies, where the fibers are oriented perpendicular to the loading direction, are much weaker than
the 0° plies and physical damage appears much earlier before the final fracture in 90° plies. This
damage initiation usually occurs at very low strains relative to the ultimate strain to failure. In Stage
2, the crack propagates between the fibers and along the fiber/matrix interfaces. The transverse
cracks terminate at the interface between the 90° and 0° plies and extend across the entire thickness
of the 90° ply. After the initial cracks are formed in the 90° plies, the ply continues to carry load
due to the shear-lag effect until another microcrack is formed, and the number of transverse cracks
increases progressively with increasing deformation. In Stage 3, the stress concentrations at the
crack tips cause delamination at the ply interfaces, and crack branching also occurs during this
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stage. The strength and modulus of the laminate decrease significantly in this stage. Figure 1 (b)
shows micrographs of the edge replicas indicating the damage evolution for the cross-ply laminate
under cyclic tensile loading.
Adhesive joints are commonly used in the manufacturing of aerospace components (the
so-called bondlines) [11]. In particular cases, this bonding technique is supposed to be more
efficient than regular ones, such as bolts, rivets etc. Moreover, it allows for the integration of
different materials (composite-to-metal, skin-to-honeycomb, etc.), as well as the conduction of a
possible future repair. However, such joints may collapse because of the presence of manufacturing
faults, operating cyclic loads and impact damages. Depending on a particular bondline and a type
of structure, the inspection of adhesive joints may be accompanied by some problems. At the
maintenance stage, because of a specific stress distribution and operating loading cycles, critical
areas may propagate from bondline edges, as shown in Figure 2-2.

Figure 2-2. Illustration of stress distribution in the bondline formed as multilayered structure.
Since these defects are internal to the structure and are small in size, radar signals operating
at the appropriate frequency (to ensure signal penetration within the structure) and bandwidth (to
secure high resolution) can be exploited to detect these defects. Signal and image processing
techniques can be employed to reconstruct images of these defected areas and map their spatial
extent. Radar penetration technology shows promise of filling current gaps in detecting defects
compared to existing technologies, such as ultrasonic, radiometry, eddy current testing, acoustic
methods, infrared testing, etc., described in [12].
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2.1.2

Delaminations on multilayer fiber reinforced plastic structures
Fiber reinforced plastic or polymer (FRP) composites are materials designed to achieve

higher strength and lighter weight with fabricated fibers into epoxy matrix. FRP composites are
widely used as structural materials in various fields not only on aircrafts but also for automobiles,
vehicles and even construction structures with rapid growing demands. However, these composite
materials also have disadvantages due to their structural matrix form such that the strength of the
structure can be decrease rapidly with the presence of internal defects. These defects can negatively
impact the service life of the structure. Thus, it is necessary to define the inner defects by exploring
the manufacturing process of FRP composite structures which are formed by laminations. Defects
at the time of manufacture include porosity, delaminations, presence of foreign materials, disbonds,
cracks, and wrinkles, while those in service include delaminations, disbonds, cracking, moisture
ingress, and heat damage [13]. For example, delaminations can be classified as interlaminar and
intralaminar as shown in Figure 2-3 [14].

Figure 2-3. Structure schematics of (a) interlaminar and (b) intralaminar delamination in laminated
unidirectional FRP composite materials.
Most FRP structures are composed of unidirectional or woven fiber layers and these
delaminations are susceptible to the formation of microscale damage such as interfacial debonding,
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matrix cracking, fiber breakage, and delamination. One or more delamination initiated in the
composite can ultimately lead to final failure of the material. Thus, monitoring of damage initiation
and propagation in fiber-reinforced composites is of significant interest for in-service monitoring
of structures.

(a)

(b)

Figure 2-4. Cross-sectional views of unidirectional FRP laminated composites. (a) Sample with
no delamination, and (b) sample immersed in water at 80°C for 6 months resulting in interlaminar
delamination.

Addressing the actual delaminations on FRP composite structures, Figures 2-4 and 2-5 deal
with defects caused due to hygrothermal environment [15], which result in delamination layers
similar to what we have initially assumed. Figure 2-4 provides schematic images by cutting the
sample of the difference between unidirectional FRP samples (a) without delamination and (b) with
delamination after immersing in water at 80 ˚C for 6 months. As can be seen, delamination occurred
in lateral directions within the range of centimeters; thus, these structural manifestations of
delaminations can be applied on our applications of nondestructive testing system on both scale
and depth detections.
Furthermore, Figure 2-5 provides the effects of structural defects on impact applying on
unidirectional CFRP. Due to the fiber direction, the external impacts can be critical on certain
direction, especially the force applied perpendicular to the direction of carbon fiber. Based on the
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defect formed by impact from environment conditions, it should be applicable to odd shaped
structures such as curvature or uneven interfaces.

Figure 2-5. Schematic representation of the formation of delamination resulted from ply swelling
due to interlaminar stress. (a) Direction of ply swelling for 45˚ ply and (b) 90˚ ply. (c) Interlaminar
shear stress appeared when the adjacent plies were ready to expand along different directions as a
result of moisture uptake. (d) Ply was forced out under the combined effects of interlaminar shear
stress and swelling resulted from moisture absorption.
In addition, damages caused by bird hits and hail impact at speeds of 100–250 m/s, when
in service, can result in warping on the order of 7–10 mm at the point of impact, and subsequent
delaminations [16].
2.1.3

Nondestructive testing and evaluation in general
As previously discussed, defects may occur and present in multilayer FRP composite

materials. These defects could affect the life of structures during their service and may even cause
rapid structure life degradations. Monitoring techniques, therefore, are required for structure
inspection which are named as nondestructive testing or evaluations (NDT&E).
Nondestructive testing or evaluation are noninvasive techniques to inspect the integrity of
structures without harm or damage. These techniques will increase safety and reliability of
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structures and also be advantageous from an economic point of view by decreasing the maintenance
cost of the structure during their operation and service life. There are a number of methods to
perform NDT&E to name a few: ultrasonic, eddy-current, liquid penetration, and radiography
testing are most common techniques applied in various industrial fields. These techniques have
advantages and limitations; thus, it is necessary to understand characteristics and potentials of each
method to inspect structures properly and precisely.
Ultrasonic testing is one of the most widely used techniques that is based on the
propagation of ultrasonic waves between the frequency range of 0.5 MHz and 15 MHz. An
advantage of ultrasonic inspection is that it can detect fairly accurate positions of discontinuity with
thickness and length detection using relatively portable systems or devices. However, structural
analysis could only be determined by a technician in that the test results have to rely on skillful
inspectors. Furthermore, the requirement for contact testing scheme to ensure reliable propagation
of the ultrasonic wave through the test specimen might cause secondary damages, such as near
surface defects.
Eddy-current testing is a very sensitive NDT&E technique that uses electromagnetic
induction; thus, it can inspect small cracks and near surface damages. The method is, however,
specified (or limited) to perform on conducting materials and also needs a technician to interpret
the results. In addition, limits of depth penetration will only allow the technique to determine near
surface defects.
Liquid penetration testing is also one popular and also economical technique by applying
liquid dye solution within the sample for inspection. It is an inspection method by applying a
penetrating liquid (principle of capillary) to detect cracks on the surface. Low cost and large area
detection schemes are attractive; however, the liquid penetration method is only for surface crack
detection. Also, surface cleaning is critical both before and after testing owing to the use of a dyeing
solution for inspection.
Radiography testing is a method to detect defects existing inside a specimen by using
radiation for metals and other materials. This method is advantageous that most materials can be
inspected. and its test results are permanently recorded since the results can be stored in a film
format. The test, however, also has limitations, such as health issues due to radiation, high cost of
testing, and difficulties for complex structure inspection.
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Due to those characteristics of existing techniques, NDT&E using microwave could be one
alternative technique that can supplement or even overcome limits of defect detection. Microwave
NDT&E can achieve a testing system with having a standoff distance (which will lessen the chance
of secondary damage due to testing scheme) and provide information within such structures using
either reflection or transmission signals, since electromagnetic waves can penetrate dielectric
materials. In addition, frequency variations in range and bandwidth will achieve desired penetration
depth profile and resolution for nondestructive imaging. Therefore, it would be good to start by
analyzing the electromagnetic approaches to explore the target specimen which is assumed to be a
multilayered structure.
2.2 Electromagnetic Modeling for Multilayered Structures
2.2.1

Electromagnetic analysis of traveling waves in media
To understand the principle function of a microwave imaging system, it is important to

briefly discuss how transmissions and reflections of traveling EM waves propagate through various
media interfaces. The thin layer shown in Figure 2-6 is defined as the interface, or boundary,
between Medium 1 and 2. Assuming a uniform plane wave interacts with the boundary at normal
incidence, it is seen that two phenomena occur—a portion of the EM wave is reflected back into
Medium 1, while another portion is transmitted into medium 2.

Figure 2-6. Uniform plane wave schematic on the interface between materials.
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Since every medium has unique material properties, transmission and reflection on each
interface will provide information based on the boundary conditions. EM waves of Figure 2-6 can
be defined as a wave traveling in the x-direction. The coordinates of all figures and equations will
be based on the same x-, y-, and z-direction coordinate system for consistency and simplicity of
discussion. The z-polarized electric fields in a transmission/reflection type EM model may be given
by the following expressions,
⃗𝑬𝑖 = 𝑦̂𝐸0𝑖 𝑒 −𝑗𝑘1 𝑥 (Incident wave)

(2.1)

⃗𝑬𝑡 = 𝑦̂𝐸0𝑡 𝑒 −𝑗𝑘2 𝑥 (Transmitted wave)

(2.2)

⃗𝑬𝑟 = 𝑦̂𝐸0𝑟 𝑒 +𝑗𝑘1 𝑥 (Reflected wave)

(2.3)

where 𝐸0 is the amplitude of each wave and k is the wave number, which is based on the material
properties of the media. The wave number is related to the angular frequency , permittivity  and
permeability  of dielectric materials by the equation with 𝜔 = 2𝜋𝑓 which contains information of
the frequency of interest [18]. The wave number is given by

𝑘𝑖 = 𝜔√𝜀𝑖 𝜇𝑖 = 𝜔√𝜇0 (𝜀0 𝜀𝑟(𝑖) +

𝜎𝑖
)
𝑗𝜔

(2.4)

where 𝜀𝑟(𝑖) is the relative complex permittivity and 𝜎𝑖 is the conductivity of dielectric material
which accounts for the signal loss within the material.
To analyze the reflection and transmission of wave from the presence of facing interfaces
between two different dielectric layers, the wave propagation matrix can be created so that it will
become a basis matrix for the multilayer interfaces extension. The reflection coefficient of interface
shown in Figure 2-7 can be defined as 𝑅1 . This 𝑅1 provides a ratio of amplitudes between the
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incident and reflected electric fields at the interface located at 𝑥 = 0. Similarly, the transmission
coefficient 𝑇12 can be expressed as following which shows the ratio of amplitudes within the
incident and transmitted waves. Both reflection and transmission coefficients can be written as
following,

𝑅1 =

𝑟
𝐸01
𝑖
𝐸01

and 𝑇12 =

𝑡
𝐸02
𝑖
𝐸01

with relationship of 1 + 𝑅1 = 𝑇12

(2.5)

and these coefficients can be expressed with the intrinsic impedance of materials as,

𝑅1 =

𝑍2 − 𝑍1
2𝑍2
and 𝑇12 =
𝑍2 + 𝑍1
𝑍2 + 𝑍1

(2.6)

The wave propagation matrix can be formulated using following steps which is now based
on the variables provided on Figure 2-7. The figure shows the interface between to two different
media with waves traveling along directions described by positive and negative signs.

Figure 2-7. Schematic diagram of traveling waves on the interface between two dielectric media of
incident, reflected, and transmitted electric fields.
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As can be seen, the total negative traveling wave in Medium 1 from the interface consists of both
the reflected positive traveling incident wave from Medium 1 and the negative traveling transmitted
wave from Medium 2. Hence, the electric field of the negative traveling wave in Medium 1 can be
written as
𝐸1− = 𝑅1 𝐸1+ + 𝑇21 𝐸2−

(2.7)

where the subscripts + and – represent positive and negative traveling waves, respectively.
Similarly, the total reflection at Medium 2 can be given as,
𝐸2+ = 𝑅2 𝐸2− + 𝑇12 𝐸1+

(2.8)

where the reflection coefficient 𝑅2 and transmission coefficient 𝑇21 of Medium 2 is similar to
expressions from equation above, i.e.

𝑅2 =

𝑍1 − 𝑍2
2𝑍1
and 𝑇21 =
𝑍1 + 𝑍2
𝑍1 + 𝑍2

(2.9)

To form a matrix based on the Medium 1 and 2, we rearrange above expressions as follows,

𝐸1+ =

1
𝑅2
𝐸2+ −
𝐸
𝑇12
𝑇12 2−

(2.10)

𝐸1− =

𝑅1
𝑅1 𝑅2
) 𝐸2−
𝐸2+ + (𝑇21 −
𝑇12
𝑇12

(2.11)

Thus, these expressions can now be written in matrix form as

[

1 1
𝐸1+
]=
[
𝐸1−
𝑇12 𝑅1

𝐸
−𝑅2
] [ 2+ ]
𝑇21 𝑇12 − 𝑅1 𝑅2 𝐸2−

(2.12)

The reflection coefficients 𝑅1 and 𝑅2 have the relationship of 𝑅1 = −𝑅2 based on a simple
derivation. In addition, the transmission coefficients 𝑇12 and 𝑇21 can be substituted using the
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expressions 1 + 𝑅1 and 1 + 𝑅2 , respectively, so that the wave propagation matrix simplifies as
follows
1 1
𝐸
[ 1+ ] =
[
𝐸1−
𝑇12 𝑅1

𝑅1 𝐸2+
][
]
1 𝐸2−

(2.13)

Since this wave matrix is only assumed at the location of interface, it is worth to explore at random
location inside of Medium 2 for multilayered cases. Assume that the location of observing point is
at 𝑥 = 𝑥1 with 𝐸′2+ and 𝐸′2− then the phase of the incident and reflected waves will be shifted.
𝐸2+ and 𝐸2− will now contain information of shifted phase; hence these waves can be written as
following,
𝐸′2+ = 𝐸2+ 𝑒 −𝑗𝑘𝑥1 and 𝐸′2− = 𝐸2− 𝑒 +𝑗𝑘𝑥1

(2.14)

The definition of electrical length, which is the phase difference of waves traveling in a dielectric
medium, can be applied and the expression of electrical length is 𝜃 = 𝑘𝑥. This can replace the
terms in the wave expression and the wave propagation matrix can be formed as
+𝑗𝜃1
𝐸
[ 2+ ] = [𝑒
𝐸2−
0

′
0 ] [𝐸 2+ ]
′
𝑒 −𝑗𝜃1 𝐸 2−

(2.15)

The matrix with phase shift can be applied on a concept of adding layers thus the wave propagation
matrix of the layer can be written as following relation with combining the boundary condition of
the interface and the phase information of the dielectric medium.
1 1
𝐸
[ 1+ ] =
[
𝐸1−
𝑇12 𝑅1

𝑅1 𝑒 +𝑗𝜃1
][
1
0

′

0 ] [𝐸 2+ ]
−𝑗𝜃1 𝐸 ′
𝑒
2−

(2.16)

By generalizing to an m-layered structure using the products of matrix above together with the
electrical length of each layer, the generalized wave propagation matrix of the multilayered
structure can be written as
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𝑚

1
𝐸
1
[ 1+ ] = ∏
[
𝐸1−
𝑇𝑖,𝑖+1 𝑅𝑖
𝑖=1

2.2.2

𝑅𝑖 𝑒 +𝑗𝜃𝑖
][
1
0

′
0 ] [𝐸 (𝑖+1)+ ]
′
𝑒 −𝑗𝜃𝑖 𝐸 (𝑖+1)−

(2.17)

Electromagnetic model of air to dielectric multilayered structure
Let us now consider uniform plane waves incident normally on material interfaces. Using

the boundary conditions for the fields, the forward-backward fields on one side of the interface to
those on the other side can be expressed by the relationship in terms of a matrix form. If there are
several interfaces, propagation relations for forward-backward fields from one interface to the next
can be expressed in terms of a propagation matrix. Hence, from the propagation matrix relating the
fields across different interfaces, we can obtain a transfer or transition matrix.
Since the uniform plane waves travel between interfaces of each media, transmission and
reflection should be expressed based on the location of observation. As can be seen in Figure 2-8,
the sensor is placed on the left side of the sample so that the system will collect the reflected wave

Figure 2-8. Wave propagation on interfaces for the reflection data collection scheme.
from the specimen. It is to be noted that there are two boundaries: (1) air to material, and (2) material
to air. This will lead to the total reflection, 𝛤total , which may be obtained by the following relation
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𝛤total =

𝐸1−
𝑅1 + 𝑅2 𝑒 −2𝑗𝑘1 𝑑
𝑅1 + 𝑅2 𝑒 −2𝑗𝜃1
=
=
𝐸1+ 1 + 𝑅1 𝑅2 𝑒 −2𝑗𝑘1 𝑑 1 + 𝑅1 𝑅2 𝑒 −2𝑗𝜃1

(2.18)

where R1 and R2 are the reflection coefficients of each interface, which are based on the relationship
of the intrinsic impedance of materials with respect to the material properties. The electrical length

 is proportional to the multiplication of wavenumber k1 and physical thickness d of the dielectric
layer as can be seen on following equation (2.19). In general, the reflection coefficient R and the
intrinsic impedance Z in an i-th layer can be described as

𝑅𝑖 =

𝑍𝑖+1 − 𝑍𝑖
,
𝑍𝑖+1 + 𝑍𝑖

𝜇𝑖
𝑍𝑖 = √ ,
𝜀𝑖

𝜃𝑖 = 𝑘𝑖 𝑑

(2.19)

and ki is again the wavenumber of the material layer having thickness d [17].
Expanding to the case of multilayered or multi-interface materials, it can be easily achieved
using the generalized propagation matrix on the i-th layer which can be derived as following,
1 1
𝐸
[ 𝑖+ ] = [
𝐸𝑖−
𝑇𝑖 𝑅𝑖

𝑅𝑖 𝑒 𝑗𝜃𝑖
][
1
0

0 ] 1 [ 1
𝑇𝑖+1 𝑅𝑖+1
𝑒
−𝑗𝜃𝑖

𝑅𝑖+1 𝐸′(𝑖+1)+
][
]
1
0

(2.20)

which will finalize in similar result as equation (2.18),

𝛤𝑖 =

2.2.3

𝐸𝑖−
𝑅𝑖 + 𝑅𝑖+1 𝑒 −2𝑗𝜃𝑖
=
𝐸𝑖+ 1 + 𝑅𝑖 𝑅𝑖+1 𝑒 −2𝑗𝜃𝑖

(2.21)

Electromagnetic model of generalized multilayered structures
Let us now consider wave reflection and propagation between the two different dielectrics

instead of air to dielectric interface wherein the dielectric properties will be based on the subscript
of r1 for the medium 1 and r2 for the medium 2 (Figure 2-9). This approach will provide a general
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idea of multilayered structure including air layer environment. The expressions of the effective
intrinsic impedance of the dielectric materials are applied. The intrinsic impedance and effective
intrinsic impedance of each medium can be expressed by the following equations.

Figure 2-9. Simplified model of three-layered dielectrics.
𝜇0
𝑍𝑑1 = √
𝜎
𝜀0 𝜀𝑟1 + 1
𝑗𝜔

𝑍1 =

(dielectric medium 1)

−𝐸𝑖
= 𝑍𝑑1
𝐻𝑖

𝜇0
𝑍𝑑2 = √
𝜎
𝜀0 𝜀𝑟2 + 2
𝑗𝜔

𝑍2 =

(2.22)

(dielectric medium 2)

−𝐸𝑡
= 𝑍𝑑2
𝐻𝑡

(2.23)

A similar process can be applied to this general dielectric layer interface with normalization of
medium 1 using 𝑍 =

𝑍2
𝑍1

. Using Snell’s law for normal incidence, we obtain

18

(𝑍0 √
𝑍2 𝑍𝑑2
𝑍=
=
=
𝑍1 𝑍𝑑1
(𝑍0 √

1
𝜎 )
𝜀𝑟2 + 2
𝑗𝜔𝜀0

=

1
𝜎 )
𝜀𝑟1 + 1
𝑗𝜔𝜀0

𝜎1
√𝜀𝑟1 + 𝑗𝜔𝜀

0

𝜎2
√𝜀𝑟2 + 𝑗𝜔𝜀
0

(2.24)

Here, we can compare the differences in normalized 𝑍 for two cases which will provide us a better
understanding and the way of expansion:
1) Air (1) to dielectric (𝜀𝑟 ) layer:

𝑍=

1

(2.25)

𝜎
√𝜀𝑟 + 𝑗𝜔𝜀
0

2) Dielectric (𝜀𝑟1 ) to dielectric (𝜀𝑟2 )

𝑍=

𝜎1
√𝜀𝑟1 + 𝑗𝜔𝜀

0

𝜎2
√𝜀𝑟2 + 𝑗𝜔𝜀
0

(2.26)

Thus, equation (2.26) can be used on any kind of dielectric layer. This normalized factor, which is
the effective intrinsic impedance, can now be applied to the same reflection and transmission
coefficient which can be expressed exactly the same as the air to dielectric case. The only difference
will be the effective intrinsic impedance of certain condition, i.e. whether it is from air to dielectric,
dielectric to dielectric, or dielectric to air.

𝑅1 =

𝑍−1
𝑍+1

(dielectric 1 to dielectric 2 interface)

𝑅2 =

1−𝑍
1+𝑍

(dielectric 2 to dielectric 1 interface)
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Then, these reflection and transmission coefficients can be easily applied on the wave propagation
matrix which we have already derived previously on equation (2.20) based on Figure 2-8.
𝑎1
1 1
[𝑏 ] = [
1
𝑇1 𝑅1

𝑅1 𝑒 𝑗𝜃2
][
1
0

0 ] 1 [1
𝑇2 𝑅2
𝑒
−𝑗𝜃2

𝑅2 𝑎3
][ ]
1 𝑏3

where the electrical length of medium 2 is 𝜃2 = 𝑘2 𝑑 = 𝑘0 𝑑 √𝜀𝑟2 +

𝜎2
𝑗𝜔𝜀0

(2.27)

.

Figure 2-10. Multilayered structure for expansion.
Now the structure can be expanded based on Figure 2-10, which depicts a multilayered
structure where the reflection and transmission coefficients of each interface can be selected either
using the effective intrinsic impedance (normalized), i.e. 𝑅1 =

𝑍−1
𝑍+1

, or using the relationship of the

intrinsic impedance of that interface located between the dielectric materials, i.e. 𝑅1 =

𝑍2 −𝑍1
𝑍2 +𝑍1

. The

propagation matrix, then, extends to the expression shown in equation (2.28). Here, it is considered
that b5 is zero since the signal transmission occurs from only one side of structure, which is a1.
𝑎1
[𝑎 ] =
2

1
1
[
𝑇1 𝑇2 𝑇3 𝑇4 𝑅1
⋯ [𝑒

+𝑗𝜃3

0

𝑅1 𝑒 +𝑗𝜃1
][
1
0

0 ][ 1
𝑅4
𝑒
−𝑗𝜃3

0 ][ 1
−𝑗𝜃1 𝑅2
𝑒

𝑅4 𝑎5
][ ]
1 𝑏5

𝑅2 𝑒 +𝑗𝜃2
][
1
0

0 ][ 1
𝑅3
𝑒
−𝑗𝜃2

𝑅3
]
1

(2.28)
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Since we know the matrix multiplication of equation (2.28) will result in the form of a matrix, the
simplified version is defined as follows
𝑎1
[𝑏 ] =
1

1
𝑊
[ 11
𝑊
𝑇1 𝑇2 𝑇3 𝑇4 21

𝑊12 𝑎5
][ ]
𝑊22 0

(2.29)

where 𝑊11 , 𝑊12 , 𝑊21 , and 𝑊22 are the components of final matrix, which are obtained after
completing the massive handwriting expansion. These are given by
𝑊11 = 𝑒 +𝑗(𝜃1 +𝜃2 +𝜃3 ) + 𝑅1 𝑅2 𝑒 −𝑗(𝜃1 −𝜃2 −𝜃3 ) + 𝑅1 𝑅3 𝑒 −𝑗(𝜃1 +𝜃2 −𝜃3 ) + 𝑅1 𝑅4 𝑒 −𝑗(𝜃1 +𝜃2 +𝜃3 )
+ 𝑅2 𝑅3 𝑒 +𝑗(𝜃1 −𝜃2 +𝜃3 ) + 𝑅2 𝑅4 𝑒 +𝑗(𝜃1 −𝜃2 −𝜃3 ) + 𝑅3 𝑅4 𝑒 +𝑗(𝜃1 +𝜃2 −𝜃3 )
+ 𝑅1 𝑅2 𝑅3 𝑅4 𝑒 −𝑗(𝜃1 −𝜃2 +𝜃3 )
𝑊12 = 𝑅1 𝑒 −𝑗(𝜃1 +𝜃2 +𝜃3 ) + 𝑅2 𝑒 +𝑗(𝜃1 −𝜃2 −𝜃3 ) + 𝑅3 𝑒 +𝑗(𝜃1 +𝜃2 −𝜃3 ) + 𝑅4 𝑒 +𝑗(𝜃1 +𝜃2 +𝜃3 )
+ 𝑅1 𝑅2 𝑅3 𝑒 −𝑗(𝜃1 −𝜃2 +𝜃3 ) + 𝑅1 𝑅2 𝑅4 𝑒 −𝑗(𝜃1 −𝜃2 −𝜃3 ) + 𝑅1 𝑅3 𝑅4 𝑒 −𝑗(𝜃1 +𝜃2 −𝜃3 )
+ 𝑅2 𝑅3 𝑅4 𝑒 +𝑗(𝜃1 −𝜃2 +𝜃3 )
𝑊21 = 𝑅1 𝑒 +𝑗(𝜃1 +𝜃2 +𝜃3 ) + 𝑅2 𝑒 −𝑗(𝜃1 −𝜃2 −𝜃3 ) + 𝑅3 𝑒 −𝑗(𝜃1 +𝜃2 −𝜃3 ) + 𝑅4 𝑒 −𝑗(𝜃1 +𝜃2 +𝜃3 )
+ 𝑅1 𝑅2 𝑅3 𝑒 +𝑗(𝜃1 −𝜃2 +𝜃3 ) + 𝑅1 𝑅2 𝑅4 𝑒 +𝑗(𝜃1 −𝜃2 −𝜃3 ) + 𝑅1 𝑅3 𝑅4 𝑒 +𝑗(𝜃1 +𝜃2 −𝜃3 )
+ 𝑅2 𝑅3 𝑅4 𝑒 +𝑗(𝜃1 −𝜃2 +𝜃3 )
𝑊22 = 𝑒 −𝑗(𝜃1 +𝜃2 +𝜃3 ) + 𝑅1 𝑅2 𝑒 +𝑗(𝜃1 −𝜃2 −𝜃3 ) + 𝑅1 𝑅3 𝑒 +𝑗(𝜃1 +𝜃2 −𝜃3 ) + 𝑅1 𝑅4 𝑒 +𝑗(𝜃1 +𝜃2 +𝜃3 )
+ 𝑅2 𝑅3 𝑒 −𝑗(𝜃1 −𝜃2 +𝜃3 ) + 𝑅2 𝑅4 𝑒 −𝑗(𝜃1 −𝜃2 −𝜃3 ) + 𝑅3 𝑅4 𝑒 −𝑗(𝜃1 +𝜃2 −𝜃3 )
+ 𝑅1 𝑅2 𝑅3 𝑅4 𝑒 +𝑗(𝜃1 −𝜃2 +𝜃3 )
As can be seen, each diagonal component (𝑊11 /𝑊22 and 𝑊21 /𝑊12 ) shares the same amplitudes and
only the phase information changes from positive to negative or vice versa. Thus, the traveling
wave based on the propagation matrix can be defined as follows
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𝑎1 =

𝑊11
𝑎
𝑇1 𝑇2 𝑇3 𝑇4 5

(2.30)

𝑏1 =

𝑊21
𝑎
𝑇1 𝑇2 𝑇3 𝑇4 5

(2.31)

Thus, the total reflection and transmission can be expressed using 𝑊 components.

𝛤total =

𝑏1 𝑊21
=
𝑎1 𝑊11

(2.32)

𝑇total =

𝑎5 𝑇1 𝑇2 𝑇3 𝑇4
=
𝑎1
𝑊11

(2.33)

In general, total reflection coefficient 𝛤total for m-layered dielectric material with thickness
𝑑1 , 𝑑2 , … , 𝑑𝑚 can be expressed as [18]

𝛤𝑡𝑜𝑡𝑎𝑙 =

𝐸1− 𝑏1
=
≅ 𝛤0 + 𝛤1 𝑒 −𝑗2𝑘1 𝑑1 + 𝛤2 𝑒 −𝑗2(𝑘1 𝑟1 +𝑘2 𝑑2 ) +
𝐸1+ 𝑎1
… + 𝛤𝑚 𝑒 −𝑗2(𝑘1 𝑑1 +𝑘2 𝑑2 +⋯+𝑘𝑚 𝑑𝑚 )

2.2.4

(2.34)

Wave propagation on uneven FRP interfaces
In actual delamination as discussed previously, it is necessary to consider not only the

normal incident wave cases. However, traveling wave with oblique incident angles can also be
eligible for detection using microwave nondestructive testing scheme. Thus, the generalized
approach on certain incident angle 𝜙𝑖 is defined to apply on the analysis on multilayered structure
by exploring the relationship between the incident angle and the normalized intrinsic impedance
[18] at each measurement location.
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Figure 2-11. Wave projection scheme on dielectric slab with incident angle of 𝜙𝑖 which can be
applied on expansion for more realistic complex defects due to external impacts and stresses. Due
to scanning mechanism, each step can be considered independently as can be seen and synthesized
after data collection.
For the structure design, the generalized approach on incident angle of 𝜙𝑖 could be applied
on odd interface cases since our scanning scheme is defined as point by point. This means that
every single measurement will be based on the reflection or transmission of certain area with
incident angles as can be seen on Figure 2-11. In this case, it is necessary to figure out the critical
incident angle of incident wave due to the sensor or antenna system in real situation which has
limits on collecting the reflection wave from the target. In addition, the calibration processes are
also necessary since reflection from multiple interfaces will affect the total reflection from the test
specimen.
Now, let us consider the electric and magnetic field for air to dielectric with incident angle
of 𝜙𝑖 . It seems better to achieve generalized relation and apply certain angle will be advantageous
for further applications. Assume the incident wave as following,
𝐸⃗ 𝑖 = 𝑧̂ 𝐸0𝑖 𝑒 −𝑗𝑘0 𝑥

(2.35)
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For the case of sample with the angle of 𝜙𝑖 then the coordinate should be reorganized from (𝑥, 𝑦, 𝑧)
to (𝑥′, 𝑦′, 𝑧′)
𝑥 = 𝑥 ′ cos𝜙𝑖 − 𝑦 ′ sin 𝜙𝑖
y = 𝑥 ′ sin𝜙𝑖 + 𝑦 ′ cos 𝜙𝑖
𝑧 = 𝑧′
Hence the incident wave at new coordinate can be rewritten as
′
′
𝐸⃗ 𝑖 = 𝑧̂ ′𝐸0𝑖 𝑒 −𝑗𝑘0 (𝑥 cos𝜙𝑖 −𝑦 sin 𝜙𝑖 )

(2.36)

The corresponding incident magnetic field is given by [18]

⃗ 𝑖 = −𝑦̂
𝐻

𝑘0 𝑖 −𝑗𝑘 𝑥
1
𝐸0 𝑒 0 = −𝑦̂ 𝐸0𝑖 𝑒 −𝑗𝑘0 𝑥
𝜔𝜇0
𝑍0

(2.37)

𝜇

where 𝑍0 is the intrinsic impedance of air (or wave impedance in some references; 𝑍0 = √ 0 ) and
𝜀0

again the coordinate can be applied on above equation then,

⃗ 𝑖 = −(𝑥̂ ′ sin𝜙𝑖 + 𝑦̂ ′ cos 𝜙𝑖 )
𝐻

= −𝑥̂ ′ sin𝜙𝑖

1 𝑖 −𝑗𝑘 (𝑥 ′ cos𝜙 −𝑦′ sin 𝜙 )
𝑖
𝑖
𝐸 𝑒 0
𝑍0 0

1 𝑖 −𝑗𝑘 (𝑥 ′ cos𝜙 −𝑦′ sin 𝜙 )
1
′
′
𝑖
𝑖 −𝑦
𝐸0 𝑒 0
̂ ′ cos 𝜙𝑖 𝐸0𝑖 𝑒 −𝑗𝑘0 (𝑥 cos𝜙𝑖 −𝑦 sin 𝜙𝑖 )
𝑍0
𝑍0

(2.38)

The effective intrinsic impedance of the system can be achieved by relating the component of
incident E-field and H-field such that
𝑖
𝐸𝑧′
= 𝐸0𝑖 𝑒 −𝑗𝑘0 (𝑥

𝑖
𝐻𝑦′
= − cos 𝜙𝑖

′ cos𝜙

𝑖 −𝑦

′ sin 𝜙

𝑖)

1 𝑖 −𝑗𝑘 (𝑥 ′ cos𝜙 −𝑦′ sin 𝜙 )
𝑖
𝑖
𝐸 𝑒 0
𝑍0 0

(2.39)

(2.40)
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𝑍1 =

𝑖
−𝐸𝑧′
𝑖
𝐻𝑦′

= 𝑍0 sec𝜙𝑖 (effective intrinsic impedance of medium 1)

(2.41)

Similarly, the transmitted E-field and H-field with the angle of 𝜙𝑡 with x’y’z’ coordinate,
′

′ sin 𝜙 )
𝑡

𝑡 −𝑗𝑘(𝑥 cos𝜙𝑡 −𝑦
𝐸⃗ 𝑡 = 𝑧̂ ′𝐸0 𝑒

⃗ 𝑡 = −𝑥̂ ′ sin𝜙𝑡
𝐻

(2.42)

1 𝑡 −𝑗𝑘(𝑥 ′ cos𝜙 −𝑦′ sin 𝜙 )
1
′
′
𝑡
𝑡 −𝑦
𝐸0 𝑒
̂ ′ cos 𝜙𝑡 𝐸0𝑡 𝑒 −𝑗𝑘(𝑥 cos𝜙𝑡 −𝑦 sin 𝜙𝑡 )
𝑍𝑑
𝑍𝑑

(2.43)

𝜇

where Zd is now the intrinsic impedance of the inside dielectric layer, given by 𝑍𝑑 = √ 0 𝜎 =
𝜀0 𝜀𝑟 +
𝑗𝜔

𝑍0 √

1
𝜀𝑟 +

𝜎
𝑗𝜔𝜀0

. The effective intrinsic impedance after dielectric slab can be expressed similar to 𝑍1

by the components of transmitted E-field and H-field so that
𝑡
𝐸𝑧′
= 𝐸0𝑡 𝑒 −𝑗𝑘(𝑥

𝑡
𝐻𝑦′
= − cos 𝜙𝑡

𝑍2 =

′ cos𝜙

𝑡 −𝑦

′ sin 𝜙

𝑡)

(2.44)

1 𝑡 −𝑗𝑘(𝑥 ′ cos𝜙 −𝑦′ sin 𝜙 )
𝑡
𝑡
𝐸 𝑒
𝑍𝑑 0

(2.45)

𝑡
−𝐸𝑧′
𝑡 = 𝑍𝑑 sec𝜙𝑡 (effective intrinsic impedance of medium 2)
𝐻𝑦′

(2.46)

Here, the effective intrinsic impedance can be normalized so that it can be applied on any dielectric
layer with certain electrical properties. If the wave travels in same region (Medium 1) the effective
intrinsic impedance can be normalized as 1 since it stands for

𝑍1
𝑍1

. In case of wave traveling from

Medium 1 (air) to Medium 2 (dielectric), the normalized effective intrinsic impedance can be
expressed as
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(𝑍0 √
𝑍=

𝑍2 𝑍𝑑 sec 𝜙𝑡
=
=
𝑍1 𝑍0 sec 𝜙𝑖

1
𝜎 ) sec 𝜙𝑡
𝜀𝑟 +
𝑗𝜔𝜀0
𝑍0 sec 𝜙𝑖

=

cos 𝜙𝑖
𝜎
√𝜀𝑟 + 𝑗𝜔𝜀 cos 𝜙𝑡
0

(2.47)

Snell’s law can be now applied based on the relation of 𝑘𝑜 sin 𝜙𝑖 = 𝑘 sin 𝜙𝑡 so that it can be
rearranged for 𝜙𝑡 term to adjust on cos 𝜙𝑡 . Thus, equation now can be expressed only with the
incident angle of 𝜙𝑖 such that

𝑍=

cos 𝜙𝑖
𝜎
𝜀𝑟 +
− sin2 𝜙𝑖
𝑗𝜔𝜀0
𝜎
√𝜀𝑟 + 𝑗𝜔𝜀 √
𝜎
0
𝜀𝑟 +
𝑗𝜔𝜀0

=

cos 𝜙𝑖
𝜎
√𝜀𝑟 + 𝑗𝜔𝜀 − sin2 𝜙𝑖
0

(2.48)

which is the normalized effective impedance with the terms of incident angle at the interfaces. Thus,
it can be applied on air to dielectric or dielectric to air interfaces. Furthermore, this normalized
effective impedance can be expressed as following for dielectric to dielectric cases,

𝑍=

𝜎1
cos 𝜙𝑖
√𝜀𝑟1 + 𝑗𝜔𝜀
0

𝜎
𝜎
√𝜀𝑟2 + 2 − (𝜀𝑟1 + 1 ) sin2 𝜙𝑖
𝑗𝜔𝜀0
𝑗𝜔𝜀0

(2.49)

The normalized effective impedance can be applied on the wave propagation matrix which will
affect the reflection and transmission coefficient to analyze the multilayered structures with uneven
interfaces due to external forces and impacts.
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Chapter 3
Synthetic Aperture Radar Imaging and Ultrawideband (UWB) Radio
Frequency (RF) Noiselet Waveform
In this chapter, the development of synthetic aperture radar (SAR) scanning system using
ultrawide band (UWB) RF noiselet will be introduced. The general theory of UWB noise radar is
discussed, followed by the noiselet generation from white Gaussian noise model will be provided
with several numerical examples. Also, the prototype nondestructive testing system using RF
wavelet and noiselet waveform will be introduced and discussed with simulations and actual
measurements.

3.1 Radar and Synthetic Aperture Radar Imaging
3.1.1

Radar imaging in general
Radar imaging is an approach of the radar technology to characterize the target using

reconstructed images. Radar, again, can be used in various applications for public and military
applications, and thus radar imaging can also be applicable for the field that radar technology is
applied. This radar technology is useful in particular surveys which support to identify structures
and even phenomena that cannot be determined by alternative approaches.
Radar technology contains useful information of radio frequency signals on transmission
and reflection of electromagnetic waves. In earlier days, classic radar system is used on navigation
for vessels and aircrafts to identify other vehicles and obstacles. Furthermore, military radar
technology, specifically, provides safety and operational improvement on surveillance and enemy
detections.
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In radar imaging application, the incoming (or reflected) radio frequency waves are used
for target mapping and image reconstruction. Variance of reflection signals from the target or the
interfaces of structure stores information, such that the distance traveled by waves and the type of
object faced by waves, to create two- or even three-dimensional images of the targeting objects by
the imaging radar system. These radar image technologies have the following advantages over the
existing optical methods:
1) Microwaves penetrates through clouds, snow, smoke, fog, etc., thus, images can be
acquired without being influenced by weather conditions.
2) Since it is an active sensor that generates signals and collects echo waves reflected and
scattered from the object, it is possible to observe both day and night.
3) Although microwaves cannot penetrate water completely, they can be used in marine
research by analyzing water surface functions.

4) It is composed of amplitude and phase data, hence, there are possibilities of extracting
the characteristics of the object.
5) Unlike optical sensors, it is possible to obtain information such as topography structure,
surface roughness, and water content in ground.
Therefore, it can be applicable to determine a target through the wall (thru-the-wall radar), forest
(meteorological/weather radar), and sand or soil layer (ground penetration radar).
As discussed, radar imaging can be advantageous in various applications and fields.
Unfortunately, radar systems also have limitations and downsides, as expected, compared to other
technologies and approaches. For instance, antenna design is one limitation which decides the
resolution of target detection. Following equations are generic relations among the azimuth
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resolution (𝛿𝑎 ), the beamwidth of waves (𝛩), and the size of antenna (𝐷). The beamwidth can be
expressed as

𝛩=𝐾

𝜆
𝐷

(beamwidth)

(3.1)

where 𝜆 is a wavelength at free space and 𝐾 is a beamwidth factor. First of all, the size (or diameter)
of antenna should be relatively large to focus a beam of radio frequency wave. The expression of
the resolution in terms of antenna size is given by

𝛿𝑎 = 𝑅

𝜆
𝐷

(resolution)

(3.2)

where 𝑅 is a distance between antenna and target surface. As can be seen, the size of antenna is a
critical factor which controls the beamwidth or the resolution for target detection. Antenna size,
however, cannot be physically expanded due to various limitation such as mounts on systems and
productions. Thus, post-process is proposed as synthetic aperture radar or simply SAR.

3.1.2

Synthetic aperture radar (SAR)
Imaging radar can be classified into real aperture radar (RAR; which is also a general image

radar) and synthetic aperture radar (SAR) depending on the image synthesis method. The RAR
system is a system that transmits a narrow angle of beam in the direction of the distance to the right
of the flight direction and converts the reflection signal reflected from the surface into a radar image.
Most of the radar is an observation radar, and the lateral distance resolution is different according
to the distance by synthesizing without phase compensation according to the change of antenna
position. SAR systems, on the other hand, can obtain a higher azimuth resolution than that provided
by the actual antenna beamwidth using a pulse-to-pulse comparison of the signals collected from
the moving radar. The conceptual difference between the two technologies is shown in the figure
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below. In Figure 3-1, 𝛿𝑎 is the azimuth resolution. The distance resolution of the radar image is
determined by the width of the transmission pulse or the compression pulse, and the azimuth
resolution is determined by the beamwidth, as described in the foregoing.

Figure 3-1. Conceptual view of real aperture radar (RAR) and synthetic aperture radar (SAR).

A general radar system is a system that emits a short, strong pulse-shaped radio frequency
signal to a target area and measures the time of delay or waveform of the reflected signal to the
receiving antenna. However, in order to acquire a two-dimensional image, it is necessary to receive
cross-range reflections from the target area, and this is related to the azimuth resolution. In addition,
the emitted pulse itself is short in time, so the reflected wave is also a short pulse, which is related
to the range resolution. In order to focus the beam better, it is necessary to use a waveform of a
higher frequency, which has a shorter wavelength.
To increase the azimuth resolution, a parabolic or horn antenna is used. When the diameter
of the antenna is larger than the wavelength of the radio frequency wave, the wave has lower
diffraction and the beam is more focused to a certain point. This is like having to use astronomical
telescopes with large diameter lenses or reflectors to observe an object such as Saturn or Jupiter in
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detail. Note that if only the magnification is increased, the image becomes blurred by the diffraction
of the light which affects accuracy of recognition. The ratio obtained by the diameter of the antenna
and the wavelength of the radio wave is referred to an aperture ratio (AR). The larger the aperture
ratio, the sharper the beam and the higher the antenna gain. However, there is a limitation in size
and weight of an antenna to be mounted on an aircraft, and it is difficult to rotate a large antenna
quickly. In order to shorten the wavelength of the radio wave, there is a practical problem such as
a technical limitation and an attenuation becoming severe, thus, there is a limitation in the resolution
in the conventional radar system.
SAR, which is an acronym for synthetic aperture radar, was developed to obtain high
azimuth resolution without increasing the diameter of the antenna. The radiation beam used in SAR
is relatively larger in pulse width and smaller in antenna diameter, so that the angular range of the
beam is also wide. The radar collects reflected wave continuously while moving on a track, thus,
the effective diameter of radar being extended. Therefore, it is very effective in acquiring a high
resolution image of a wide range of the target area.
SAR technology is very diverse, including stereo analysis [19], interference techniques,
interferometry and permanent scatterer interferometry, polarimetric analysis methods [20],
tomography, and along track interferometry [21]. These technological advances have led to the
emergence of new SAR systems and are also creating various applications. It is used in various
fields; for instance, agriculture, archeology, terrain elevation, earthquake detection, and artificial
structure. It can also be applied to observations such as sea breeze, surface and internal waves,
currents, submarine topography, and ship detection. Furthermore, it is used for researches on ice
migration and sea ice. Therefore, SAR technology and its imaging can be a promise approach for
various fields and applications.
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3.2 UWB Noise Radar Technology
Since 1950s, researches on the effective usages of random or pseudorandom signals have
been conducted [22, 23], and radar systems have been developed for the target detection in various
applications such as ground penetrating radar (GPR), through-the-wall radar (TWR), synthetic
aperture radar (SAR) and so on. UWB noise radar is considered a promising technique for the
covert operation and resistant to RF interference due to several advantages compared to
conventional radar techniques such like ultrawide frequency bandwidth, low probability of
interception (LPI), low probability of detection (LPD), and relatively simple in hardware design.
Due to these characteristics, noise radar systems have been attracting attention in various fields
especially for military applications.
An example of general noise waveforms at certain index denoted by i can be written as,
𝑛𝑖 (𝑡) = 𝑎𝑖 (𝑡) cos[2𝜋𝑓𝑖 𝑡 + 𝜃𝑖 (𝑡)]

(3.3)

where 𝑓𝑖 is a carrier frequency, 𝜃𝑖 is a random phase assumed independent and uniformly
distributed in the range of [0, 2), and 𝑎𝑖 is a random amplitude [21]. The average power of the
randomly-phased sinusoid can be provided as

𝑃𝑖 =

𝐸[𝑎𝑖2 ]
2𝑅0

(3.4)

In general, a signal can be considered as UWB signal when a relative bandwidth is exceeding the
lesser of 500 MHz or a fractional bandwidth is larger than 25% of the arithmetic center frequency.
The complete UWB noiselet waveform 𝑛(𝑡) can be constructed by summing up using equation
(3.3) over the entire frequency band, for example,

𝑛(𝑡) = ∑ 𝑛𝑖 (𝑡) = ∑ 𝑎𝑖 (𝑡) cos[2𝜋𝑓𝑖 𝑡 + 𝜃𝑖 (𝑡)]
𝑖

𝑖

(3.5)
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Details will be discussed more on further noiselet sections.

3.2.1

White Gaussian Noise Model
The noise and noiselet waveforms can be generated by amplifying the thermal noise

generated in electrical components with the power spectral density over certain frequency range.
For the noiselet waveform, let us assume that x[n] is a discrete time wide sense stationary (WSS)
random process variable based on a normal or Gaussian distribution with a mean of zero and the
autocorrelation function of 𝑅𝑥𝑥 [𝑛]. Thus, x[n] can be defined as white Gaussian noise which the
power density function of x[n] forms a shape of a Gaussian distribution. In addition, the amplitudes
of power spectral density on x[n] are theoretically non-zero values for entire frequency band so that
it is necessary to generate or limit the signal with the finite number of signal amplitude over a
desired frequency bandwidth.
In general, the power spectral density of x[n] can be defined as the Fourier transform of the
autocorrelation sequence that
+∞

𝑆𝑥 (𝑓) = ∑ 𝑅𝑥𝑥 [𝑚] 𝑒 −𝑗2𝜋𝑓𝑚

(3.6)

𝑚=−∞

where 𝑅𝑥𝑥 [𝑛] is the autocorrelation function such that

𝑅𝑥𝑥 [𝑛] = ∫ 𝑆𝑥 (𝑓) 𝑒 𝑗2𝜋𝑓𝑛 𝑑𝑓

(3.7)

Since we have been using i as the number of iteration and recursion, it is assumed that i samples
are selected from x[n] to generate a bandlimited noise signal or we call Gaussian noiselet x[i]. Let
𝑋𝑖 (𝑓) denote the discrete Fourier transform of this sequence, that is
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𝑖−1

𝑋𝑖 (𝑓) = ∑ 𝑥[𝑚] 𝑒 −𝑗2𝜋𝑓𝑚

(3.8)

𝑚=0

Here, 𝑋𝑖 (𝑓) is a complex-valued random variable. The magnitude squared of 𝑋𝑖 (𝑓) is the energy
on limited frequency band. If we divide the energy by the total sample points i, the estimated power
at certain frequency can be expressed as,

𝑃𝑖 (𝑓) =

|𝑋𝑖 (𝑓)|2
𝑖

(3.9)

where 𝑃𝑖 (𝑓) is defined as the periodogram estimation of the power spectral density. The expected
value of the periodogram estimation, then,

𝐸 [𝑃𝑖 (𝑓)] =

1
𝐸 [𝑋𝑖 (𝑓)𝑋𝑖 ∗ (𝑓)]
𝑖
𝑖−1

𝑖−1

𝑚=0

𝑘=0

1
= 𝐸 [ ∑ 𝑥 [𝑚] 𝑒 −𝑗2𝜋𝑓𝑚 ∑ 𝑥 [𝑘] 𝑒 −𝑗2𝜋𝑓𝑘 ]
𝑖

𝑖−1 𝑖−1

1
= ∑ ∑ 𝐸[𝑥 [𝑚]𝑥 [𝑘]]𝑒 −2𝜋𝑓(𝑚−𝑘)
𝑖
𝑚=0 𝑘=0

𝑖−1 𝑖−1

1
= ∑ ∑ 𝑅𝑥𝑥 [𝑚 − 𝑘]𝑒 −2𝜋𝑓(𝑚−𝑘)
𝑖

(3.10)

𝑚=0 𝑘=0

It can be simplified as the range of the double summation using the condition of 𝑚′ = 𝑚 − 𝑘 on
equation (3.10) so that the simplified expression will resemble to the general power spectral density
provided on equation (3.6). By taking 𝑚′ , the range is from −(𝑖 − 1) to +(𝑖 − 1), hence the
expression is now,
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1
𝐸 [𝑃𝑖 (𝑓)] =
𝑖

𝑖−1

(𝑖 − |𝑚′ |) 𝑅𝑥𝑥 (𝑚′ )𝑒 −𝑗2𝜋𝑓𝑚

∑

𝑚′ =−(𝑖−1)

𝑖−1

=

′

∑

(1 −

𝑚′ =−(𝑖−1)

|𝑚′ |
′
) 𝑅𝑥𝑥 (𝑚′ )𝑒 −𝑗2𝜋𝑓𝑚
𝑖

(3.11)

Even though the forms of equation (3.6) and (3.11) are similar, the periodogram estimation on
equation (3.11) has differences on a limited summation range and the term of (1 −

|𝑚′ |
𝑖

) which can

be considered as biased or limited estimator for 𝑆𝑥 (𝑓). However, as i reaches to infinity (which is
the case of the generalized unbiased estimator), the expected value of the periodogram estimation
becomes,
𝑖→∞

𝐸 [𝑃𝑖 (𝑓)] →

𝑆𝑥 (𝑓)=𝜎𝑥2

(3.12)

As can be seen, the mean of the periodogram estimation approaches 𝑆𝑥 (𝑓). The variance of the
periodogram estimation can also be formed on the sampling sequence of i such that
Var(𝑃𝑖 (𝑓)) = 𝐸 [(𝑃𝑖 (𝑓) − 𝐸 [𝑃𝑖 (𝑓)])2 ]
2

= 𝐸 [(𝑃𝑖 (𝑓)) ] − 𝐸 [𝑃𝑖 (𝑓)]2

=

(𝑆(𝑓))2

sin 2𝜋𝑓𝑖 2
) )
(1 + (
𝑖 sin 2𝜋𝑓

(3.13)

which also contains the component of the power spectral density with non-zero sinusoidal terms
for the finite sample [25, 26].

3.2.2

UWB RF noiselet waveforms
Now, an UWB RF noiselet waveform 𝑥(𝑡) can be written as follows,
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𝑥(𝑡) = 𝑎(𝑡) cos[2𝜋𝑓𝑐 𝑡 + 𝜃(𝑡)]

(3.14)

where 𝑎(𝑡) is the Gaussian distributed function, 𝑓𝑐 is a carrier frequency, 𝜃(𝑡) is a random phase
assumed independent and uniformly distributed in the range of frequency bandwidth operation.
This transmitted noiselet expression, now, can be described with a model as a stationary noise
process that can be expressed as a complex quadrature form,
𝑥(𝑡) = 𝑥𝐼 (𝑡) cos(2𝜋 𝑓𝑐 𝑡) − 𝑥𝑄 (𝑡) sin(2𝜋𝑓𝑐 𝑡)

(3.15)

where 𝑥𝐼 (𝑡) and 𝑥𝑄 (𝑡) are the random Gaussian coefficients with respect to 𝛮(0, 𝜎 2 ) [26]. The
expression can also be recast using Euler’s formula as follows
𝑥(𝑡) = [𝑥𝐼 ′ (𝑡) + 𝑗𝑥𝑄 ′ (𝑡)] exp(𝑗2𝜋 𝑓𝑐 𝑡)

(3.16)

and here, similar to previous coefficients, 𝑥𝐼 ′ (𝑡) and 𝑥𝑄 ′ (𝑡) are still random Gaussian variables
with zero means. The terms of random Gaussian variables have a certain bandwidth (∆𝑓), thus,
equation (3.16) can be estimated as following,
𝑥(𝑡) = exp(𝑗𝜋 ∆𝑓𝑡) exp(𝑗2𝜋 𝑓𝑐 𝑡)
= exp(𝑗𝜋 𝐾𝑟 𝑡 2 ) exp(𝑗2𝜋 𝑓𝑐 𝑡)

(3.17)

where 𝐾𝑟 is a variable of frequency modulation which can be written as ∆𝑓⁄𝑡 . Assuming that the
transmitted signal 𝑥(𝑡) reflects back from a target at a time delay of 𝜏 with the signal attenuation
or reflection of 𝛾 (𝑡), the received signal 𝑥𝑟 (𝑡) can be formed as
𝑇

𝑥𝑟 (𝑡) = ∑ 𝛾(𝑡) exp(𝑗𝜋 ∆𝑓(𝑡 − 𝜏)) exp(−𝑗2𝜋 𝑓𝑐 𝜏) + 𝑛(𝑡)
𝜏=0

(3.18)

36

with the duration of time T for the range detection. Here, the baseband signal can be set as the
reference signal; thus, the reference signal 𝑥𝑟𝑒𝑓 (𝑡) can be written as following equation.
𝑥𝑟𝑒𝑓 (𝑡) = exp(𝑗𝜋 ∆𝑓𝑡)

(3.19)

To determine the range of target, the cross-correlation in time domain between the received
baseband signal 𝑥′𝑟 (𝑡) and the time delayed reference signal, i.e., 𝑥 ∗ 𝑟𝑒𝑓 (𝑡 − 𝜏′) can be applied to
obtain the reflection from the target such that
+∞ 𝑇

+∞
′

𝑦(𝑡) = ∑ ∑ 𝛾(𝑡)𝑥 𝑟 (𝑡 − 𝜏)𝑥

∗

𝑟𝑒𝑓 (𝑡

− 𝑖) + ∑ 𝑛(𝑡)𝑥 ∗ 𝑟𝑒𝑓 (𝑡 − 𝑖)

𝑖=0 𝜏=0

(3.20)

𝑖=0

Note that the second term of equation (3.20) becomes zero since 𝑛(𝑡) is independent from the
reference signal, generalized that any jamming signal and external noise can be canceled. Therefore,
the UWB noiselet waveform is a promising applicant for overcoming the unwanted system noise
jamming. The final reflection expression can be obtained with the expectation value of equation
(3.20) due to the characteristics of UWB noiselet waveform which can be finalized as
+∞ 𝑇

𝐸 [𝑦(𝑡)] = 𝐸 [∑ ∑ 𝛾(𝑡)𝑥 ′ 𝑟 (𝑡 − 𝜏)𝑥 ∗ 𝑟𝑒𝑓 (𝑡 − 𝑖) ]

(3.21)

𝑖=0 𝜏=0

As can be seen, the final reflection equation informs the time delay 𝜏 and the reflection 𝛾(𝑡),
therefore, the UWB noiselet waveform can be applied on the radar system for a range detection of
target.

3.3 Computations of UWB Noiselet Waveforms
3.3.1

Numerical Modeling of UWB RF Noiselets
We generate RF noiselets by passing the output of a suitable noise source through a
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bandpass filter, which generates the appropriate waveform over the selected time span. The
bandpass filter permits the adjustment of the frequency bandwidth of the UWB signals to achieve
the desired range resolution. One simple design for the filter of noiselets is one with a rectangular
power spectral density (PSD) envelope which is based on the Wiener-Khintchine theorem.

Figure 3-2. Block diagram of bandpass filtering operation for noiselet generation from noise source
(random coefficients) existing over the entire frequency band.
To choose the optimum condition of bandlimited filter, the orthogonality condition is also
concerned starting from the condition of minimum mean square error linear estimator. Let us
assume that x[n] and z[n] to be discrete time wide sense stationary (WSS) processes with zero
means. y[n] is a linear estimation of z[n] which leads to,
𝑛+𝑏

𝑎

𝑦[𝑛] = ∑ ℎ [𝑘 − 𝑚]𝑥 [𝑚] = ∑ ℎ[𝑚]𝑥[𝑘 − 𝑚]
𝑚=𝑛−𝑎

(3.22)

𝑚=−𝑏

The orthogonality condition states that the error must be orthogonal to all observations. Thus,
following condition should be satisfied for a certain signal x[i] with certain interval of 𝐼 =
{𝑛 − 𝑎, … , 𝑛 + 𝑏} which is,
𝐸[(𝑧[𝑛] − 𝑦[𝑛])𝑥 [𝑖 ]] = 0

𝐸[𝑧[𝑛]𝑥 [𝑖 ]] = 𝐸[𝑦[𝑛]𝑥 [𝑖 ]]

Applying equation (3.22) to (3.23) will result as follows,

for all 𝑖 ∈ 𝐼

(3.23)
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𝑎

𝐸[𝑧[𝑛]𝑥 [𝑖 ]] = 𝐸 [ ∑ ℎ[𝑚]𝑥 [𝑛 − 𝑚] 𝑥 [𝑖 ]]
𝑚=−𝑏

𝑎

= ∑ ℎ[𝑚] 𝐸[𝑥 [𝑛 − 𝑚]𝑥 [𝑖 ]]
𝑚=−𝑏

𝑎

= ∑ ℎ[𝑚] 𝑅𝑥𝑥 [𝑛 − 𝑚 − 𝑖 ]

for all 𝑖 ∈ 𝐼

(3.24)

𝑚=−𝑏

Above equation shows 𝐸[𝑧[𝑛]𝑥 [𝑖 ]] only depends on the range of (𝑛 − 𝑖) so that we know 𝑧[𝑛] and
𝑥 [𝑖 ] are jointly wide sense stationary processes. Thus, equation (3.24) can be rearranged as,
𝑎

𝑅𝑧𝑥 [𝑛 − 𝑖 ] = ∑ ℎ[𝑚] 𝑅𝑥𝑥 [𝑛 − 𝑚 − 𝑖 ]

for 𝑛 − 𝑎 ≤ 𝑖 ≤ 𝑛 + 𝑏

(3.25)

𝑚=−𝑏

Here, the mean square error on filter design 𝐸 [(𝑧[𝑛] − 𝑦[𝑛])2 ], satisfies the cross correlation by
letting 𝑘 = 𝑛 − 𝑖 that is
𝑎

𝑅𝑧𝑥 [𝑘] = ∑ ℎ[𝑚] 𝑅𝑥𝑥 [𝑘 − 𝑚]

for − 𝑏 ≤ 𝑘 ≤ +𝑎

(3.26)

𝑚=−𝑏

where the mean square error can also be expressed as,
𝑎

𝐸 [(𝑧[𝑛] − 𝑦[𝑛])

2]

= 𝑅𝑧𝑧 [0] − ∑ ℎ[𝑚] 𝑅𝑧𝑥 [𝑚]

(3.27)

𝑚=−𝑏

The filter design has to satisfy equation (3.26) for the optimum of the orthogonality condition which
leads to an estimation of a linear combination of random variables. The wide sense stationary of
these processes reduces this estimation problem based on the reference [24].
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3.3.2

Generation of UWB RF Noiselet waveforms for computation
For numerical computations, it is now necessary to form a discrete signal of noiselet as

digitized waveforms by taking concepts discussed previously with equation (3.16). Thus, N samples
of Gaussian distributed random process can be expressed as following equation which is
𝑁

𝑥(𝑁, 𝑡) = ∑[𝑥𝐼 ′ (𝑖) + 𝑗𝑥𝑄 ′ (𝑖)] exp(𝑗2𝜋 𝑓𝑐 𝑡)

(3.28)

𝑖=1

where 𝑥𝐼 (𝑖) and 𝑥𝑄 (𝑖) are the random Gaussian coefficients with respect to 𝛮(0, 𝜎 2 ) over the
range of operating frequency covering the bandwidth of interval [𝑓min , 𝑓max ] of the designed
noiselet waveform. Figure 3-3 provides a sample UWB noiselet waveforms at both time- and
frequency domains depicting the amplitude and the power spectral density over X-band (8 to 12
GHz).

Figure 3-3. A sample random Gaussian noiselet waveform generated with 400 sample amplitudes
(i = 400) drawn from N(0, σ2) with pulse duration of 5.0 nsec and the frequency spectrum of the
power spectral density over the frequency band of 8 – 12 GHz. The frequency ranges are shown
from 0 to 20 GHz.
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For the numerical generation of noiselets for simulations, 400 random amplitude samples
are selected to generate the noiselet covers over an entire X-band from 8 GHz to 12 GHz with
uniformly chosen 200 discrete frequency points at the sampling steps of 20 MHz. The duration of
noiselet is 5 nsec respectively. Even though K-band was also considered in previous chapter using
wavelet waveforms, X-band will be discussed from now on due to its optimal characteristics and
system availabilities.

3.3.3

Initial UWB RF noiselet processing
Target or feature detection is accomplished by performing the matched filter operation, i.e.

cross-correlation of the transmitted waveform with the received reflected waveform. Appropriate
signal attenuation and time delays are introduced in the received waveform based upon the
dielectric properties of the media through which the signal passes. Also, additive uncorrelated noise
signals to the received waveform to simulate realistic field situations. After the matched filtering
operation is performed, the highest peak locations yield the range to the target or feature of interest.
Let 𝑥𝑡 (𝑡) represent the transmit signal and 𝑥𝑟 (𝑡) = 𝑎𝑥𝑡 (𝑡 − 𝑡0 ) represent the reflected
signal from a target with a round trip time delay 𝑡0 , where 𝑎 is the signal attenuation factor (0 ≤
𝑎 ≤ 1). The corresponding Fourier transforms are denoted by 𝑋𝑡 (𝜔) and 𝑋𝑟 (𝜔), respectively.
Matched filtering is performed in the frequency domain by multiplying the two Fourier transforms
and then taking the inverse Fourier transform (IFT) to return to the time domain. Thus, the matched
filter output Fourier transform, 𝑋𝑚𝑓 (𝜔), is given by
𝑋𝑚𝑓 (𝜔) = 𝑋𝑡 (𝜔) ⋅ 𝑋𝑟 (𝜔)

(3.29)

and its time domain representation is 𝑥𝑚𝑓 (𝑡) = IFT{𝑋𝑚𝑓 (𝜔)}. The location of the peak of the
matched filter response provides the range to the target.
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(a)

(b)
Figure 3-4. Arbitrary multiple target detection by using (a) random Gaussian noiselet, and (b)
Mexican hat wavelet.
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(a)

(b)
Figure 3-5. Performance under various SNR values for (a) random Gaussian noiselet, and (b)
Mexican Hat wavelet.
Figure 3-4 shows a comparison in performance between the random Gaussian noiselet and
a traditional wavelet used frequently, namely the Ricker or the Mexican hat wavelet. This wavelet
is defined as the negative normalized second derivative of a Gaussian function, and is given by
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𝑥(𝑡) =

2

𝑡 2

1 (1 − ( ) ) 𝑒

√3𝜎𝜋4

𝜎

−

𝑡2
2𝜎2

(3.30)

where 𝜎 is a parameter which determines the temporal width of this wavelet. Both wavelets have
the same time duration of 5 ns for meaningful comparison. We assume that multiple targets are
located at distances of 30, 52.5, 90 cm, corresponding to round trip times of 2, 3.5, and 6 ns,
respectively. Noise was added to the received signal to achieve a signal-to-noise ratio (SNR) of 20
dB. As can be noted, the noiselet achieves a more reliable determination of the target range, despite
its random-like character, compared to the Mexican hat wavelet. In addition, it provides much better
range resolution. It may be noted that the sidelobes on the matched filter output for the Mexican
hat wavelet may cause false detection or degradation of image resolution.
Figure 3-5 provides an enlarged view of first target over the 1–3 ns range for various values
of SNR for both waveforms. The robustness of the Gaussian noiselet waveform over the traditional
Mexican hat wavelet under added noise conditions is clearly noted since the peak correlation value
is relatively unchanged for the former compared to the latter even at low SNRs.
3.3.4

UWB noiselet waveform optimization
As discussed previously, UWB noiselet shows potential of target detection as a role of the

waveform, however, waveform optimization is still preferable to have more accurate results. Due
to its randomness, the failure results (see Figure 3-6) happen also in random manner henceforth the
selection of waveform is necessary by achieving the peak-to-sidelobe ratio (PSLR) for optimization
of transmitted signals. Figure 3-6 provides examples of matched filtering results along the noisy
test environment by adding arbitrary noise (random SNR) with target interfaces located at 10 cm
and 12 cm on both efficient and inefficient noiselet waveforms based on PSLR, and peak values of
mainlobe and sidelobe which leads that the optimization by achieving the PSLR values would
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improve the data acquisition and image reconstruction due to the resolution of transmitted noiselet
waveforms.

(a)

(b)

(c)

(d)

Figure 3-6. Matched filtering results to determine optimized noiselet waveform for target interfaces
located at 10 cm and 12 cm from sensor. Arbitrary random noise is added on received signal to
model as noisy testing environment. These results are four sample cases from 100 iteration to
provide an efficient waveform (a) optimized noiselet waveform for target detection, inefficient
waveforms of (b) detection failure, (c) insufficient reflections from first interface, and (d) having a
chance of false alarm.
PSLR is a ratio that compares a mainlobe and the highest value of sidelobes of matched
filtered output and can be expressed as following relation as dB values,
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PSLR =

𝐼mainlobe
𝐼sidelobe

(3.31)

where 𝐼sidelobe and 𝐼mainlobe stand for the maximum intensities of sidelobe and mainlobe. In case
of statistical targets or specimens, the trial matched filtering via searching a reflection peak from
the first interface of test specimen will provide the decision of optimal waveform since the standoff
distance between the sensor and test specimen is already determined. Signals with lower PSLR
would result detection fault or target masking which will cause the false alarm from the target to
occur [30]. To determine the optimal noiselet waveforms described on Figure 3-7, a PSLR value
lower than 2.5 will defined as false alarm with various trials on image data reconstruction. The
intensity of mainlobe lower than 10.0 will also be considered as the false noiselet waveform. In
addition, the failure of optimized noiselet waveform will be judged if any of sidelobe intensity
exceeds the value of 5.0. These values are determined during the process of image reconstruction
which will be introduced in following chapters.

Figure 3-7. Optimization process of noiselet waveforms with the condition of peak values and
PSLR to avoid false data alarm or detection.
Following Figure 3-8 and 3-9 are the appearance frequencies of each condition: peak value
of mainlobe, peak value of sidelobe and PSLR for 100 sample iterations of the noiselet waveform
generation. As previously mentioned, each condition is set to be prior to the measurements of final
image correlation factors by taking arbitrary target locations.
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(a)

(b)

Figure 3-8. (a) Maximum peak of mainlobe and (b) sidelobe appearance of 100 iteration results on
matched filtering to determine the frequency of false alarm case.

Figure 3-9. Peak-to-sidelobe ratio of 100 iteration results on matched filtering to determine the
frequency of false alarm case.
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Chapter 4
Microwave Imaging using Synthetic Aperture Radar Scanning on Multilayer
Dielectric Structures
In this chapter, the development of synthetic aperture radar (SAR) scanning system using
ultrawideband (UWB) RF noiselet will be introduced. Range migration algorithm is provided
which calibrates the reflection data from target interfaces. Verification of entire SAR scanning
system is performed using the conventional pulsed waveform with assumption of fiber reinforced
polymers. Noiselet waveforms, then, applied on systems computationally and experimentally to
achieve microwave imaging with data collection using noiselet signals.
4.1 UWB Formulations of Scattering Fields from Dielectric Interfaces
The frequency response of the transmitted waveform shows that the field amplitudes are
constant non-zero values for entire frequency thus the incident wave signals for N-discrete
frequencies can be formed as
𝑁

𝐸⃗ = 𝑧̂ ∙ [𝐸1 𝑒
𝑖

−𝑗𝑘1 𝑥̂

+ 𝐸2 𝑒

−𝑗𝑘2 𝑥̂

+ ⋯ + 𝐸𝑁 𝑒

−𝑗𝑘𝑁 𝑥̂

] = 𝑧̂ ∙ ∑ 𝐸𝑖 𝑒 −𝑗𝑘𝑖 𝑥̂

(4.1)

𝑖=1

where 𝐸𝑖 is the amplitude of electrical field of transmitted waveforms and 𝑘𝑖 is the wavenumber at
each discrete frequency over the operational bandwidth of interest. All waves are considered as the
sum of waveforms, as we described above, since the prospective signals and waves will be
ultrawide band (UWB) signals covering the operational frequency bandwidth. In previous chapters,
however, the analysis was expressed as a single frequency wave for convenience of expressions
and equations.
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The incident wave of i-th frequency traveling over x-direction can be written and applied
on the theoretical analysis of interface reflections (𝑥 = 𝑟) on multilayered dielectric materials
which can be simplified as following,
𝐸 𝑖 ≅ 𝐸1+(𝑖) = 𝐸𝑖 𝑒 −𝑗𝑘𝑖 𝑟

(4.2)

The received scattered field can be expressed as a reflected wave from the first interface of
dielectric material to the receiving sensor so that the scattered field can be written as
𝐸 scattered = 𝐸1−(𝑖) 𝑒 +𝑗𝑘𝑖 𝑟

(4.3)

where 𝐸1− (= 𝛤total ∙ 𝐸1+ ) is the returning field at the surface of dielectric material with the total
reflection coefficient 𝛤total for m-layered dielectric material with thickness 𝑑1 , 𝑑2 , … , 𝑑𝑚 which
can be expressed as

𝛤total =

𝐸1−(𝑖)
≅ 𝛤0 + 𝛤1 𝑒 −𝑗2𝑘1(𝑖) 𝑑1 + 𝛤2 𝑒 −𝑗2(𝑘1(𝑖) 𝑟1 +𝑘2(𝑖) 𝑑2 ) +
𝐸1+(𝑖)
… + 𝛤𝑚 𝑒 −𝑗2(𝑘1(𝑖) 𝑑1 +𝑘2(𝑖) 𝑑2 +⋯+𝑘𝑚(𝑖) 𝑑𝑚 )

(4.4)

4.2 Synthetic Aperture Radar Scanning on Multilayer Dielectrics

4.2.1

Synthetic aperture radar scanning system
SAR is a widely used radar technique on airborne radar systems for geometrical mapping.

Since the resolution of a radar is based on the aperture size of the radar, it is preferred to have
antenna with a larger aperture diameter. However, there are limits of increased size of antenna,
especially while mounted to an aircraft. The SAR technique has arisen to overcome the limit of real
aperture radar (RAR) by synthesizing data from a relatively small aperture to create that of a much
larger aperture [31]. Although SAR was originally introduced for airborne radar, it can be applied
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to alternative applications based on its synthetization scheme [32, 33]. For example, scanning a
target may be achieved using railed system with an antenna attached.
Figure 4-1 provides a typical geometric arrangement of the NDT system for detecting
interfaces or defects in multilayered structures where x, y and z denote the length, width, and depth
(or distance) of the testing specimen, respectively, for the purposes of analysis. As can be seen, an
antenna is scanning along in xy-plane with standoff distance D in the z-axis—the direction of the
traveling wave. The radar system uses horn or lens antennas having a focused beam with a narrow
beamwidth impinging on the sample at a normal incident angle. This SAR system requires a horn
or lens antenna having a focused beam with narrow beamwidth impinging on the sample at an
incident angle of zero degrees. The antenna begins the sensing procedure at its designated point of
origin and acquires data based on the sampling interval which satisfies the Nyquist sampling rate
to avoid aliasing effect.

Figure 4-1. Synthetic aperture radar scanning geometry on testing specimen.
4.2.2

Synthetic aperture radar scanning algorithm for image reconstruction
In this SAR scanning system, a modified wavelet waveform on the desired frequency range

is applied for system verification and advanced approaches for signal processing and image
reconstruction. The transmitted wavelet pulse can be expressed as, in general,
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𝑁

𝑥𝑡 (𝑡) = ∑ 𝜓(𝑡 − 𝑖𝑇)

(4.5)

𝑖=0

by considering the initial pulse signal as 𝜓(𝑡), which stands for the wavelet function, wherein the
transmitted signal has a repetition period of T. The echo signals from the specimen, then, can be
written as,
𝑁

𝑥𝑟 (𝑡) = ∑ 𝐴𝑖 𝜓(𝑡 − 𝜏𝑖 − 𝑖𝑇)

(4.6)

𝑖=0

where 𝐴𝑖 is the attenuation factor and 𝜏𝑖 stands for the time delay of the i-th echo signal. Since the
target or specimen is not moving, the time delay can be easily fixed or calculated for the desired
depth profile range.
In SAR processing, there are several techniques that may be applied for optimization and
calibration of image processing, such as the range Doppler algorithm (RDA), chirp scaling
algorithm (CSA), range migration algorithm (RMA), just to name a few [31, 33]. Each algorithm
has strengths and weaknesses based on the waveforms and testing conditions under which it is
being conducted. The near-field wavefront has a curvature or parabolic shape by nature, hence, the
received raw data will reflect with the opposite curvature compared to the original wavefront, as
shown in Figure 4-2.

Figure 4-2. Transmitted and received signal in near-field and far-field range.
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Since our SAR scanning is performed in the near-field range, and the specimens may be
considered static targets, the range migration algorithm (RMA) makes for the best choice to
calibrate the received data. Processing steps for RMA is provided as a block diagram in Figure 43.

Figure 4-3. Block diagram of range migration algorithm process for near-field SAR scanning
system.
The advantage of RMA is the process called Stolt interpolation [34] which relocates and
calibrates the near-field received data into a plane wave. Stolt interpolation was originally
introduced in geology for processing seismic data. Since the wavefront for seismic data collection
is similar to near-field SAR techniques, Stolt interpolation is applicable for optimization and
calibration of received raw data.
The theoretical expansion of RMA will be described using the three dimensional
coordinate references from Figure 4-1, following the development in [35]. Scanning data are
acquired point-by-point, following which a data matrix is formed for image reconstruction after
acquiring data from all the scanning or data points. Assume that the noiselet waveform 𝑥𝑡 (𝑓) is
transmitted from a typical sensor location (𝑥0 , 𝑦0 , 0) at an instantaneous frequency 𝑓. The sensor
synthesizes a two-dimensional antenna aperture located on the xy-plane. The spacing between each
scanning point, Δ𝑥0 and Δ𝑦0 in the x- and y-directions respectively, satisfies the Nyquist sampling
criterion to avoid aliasing effects, i.e. the typical spacing value is approximately half the wavelength
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at the highest operating frequency. At each point, data are collected over the operating frequency
bandwidth ∆𝑓; thus, acquired backscattered signals will contain information on spatial location and
phase information based on the operating frequency. Denoting the reflection coefficient as
𝛾(𝑥, 𝑦, 𝑧) at any arbitrary location of target specimen, the measured backscattered signal at
𝑥𝑟 (𝑥0 , 𝑦0 , 0) can be written as
𝑥𝑟 (𝑥0 , 𝑦0 , 0) ≈ 𝛾(𝑥, 𝑦, 𝑧) ∙ 𝑒 −𝑗𝑘𝑟 𝑧 ∙ 𝑒 −𝑗𝑘𝑟 𝑟

(4.7)

where 𝑟 = √(𝑥 − 𝑥0 )2 + (𝑦 − 𝑦0 )2 + 𝑧 2 , 𝑘𝑟 = 2𝜋𝑓 ⁄𝑐 is the spatial wavenumber in air
corresponding to the operating frequency, and c is the speed of light.
Although part of the wave propagation is in the medium (when 𝑧 > 𝐷), we use only the
wavenumber in air, since we assume that |𝑧 − 𝐷| ≪ 𝜆, i.e. that the total thickness of the sample
target is much less than the wavelength. This is the reason for the approximate sign in equation
(4.7).

The 3D reflectivity function for a distributed target can be obtained as

𝛾(𝑥, 𝑦, 𝑧) = ∫ ∫ ∫ 𝑥𝑟 (𝑥0 , 𝑦0 , 0) ∙ 𝑒 𝑗𝑘𝑟 𝑧 ∙ 𝑒 𝑗𝑘𝑟 √(𝑥−𝑥0 )

2 +(𝑦−𝑦 )2 +𝑧 2
0

𝑑𝑥0 𝑑𝑦0 𝑑𝑘𝑟

(4.8)

𝑑𝑥0 𝑑𝑦0 ] 𝑑𝑘𝑟

(4.9)

𝑘𝑟 𝑦0 𝑥0

which can be recast as [35]

2 +(𝑦−𝑦 )2 +𝑧 2
0

𝛾(𝑥, 𝑦, 𝑧) = ∫ 𝑒 𝑗𝑘𝑟 𝑧 [ ∫ ∫ 𝑥𝑟 (𝑥0 , 𝑦0 , 0) ∙ 𝑒 𝑗𝑘𝑟 √(𝑥−𝑥0 )
𝑘𝑟

𝑦0 𝑥0

Equations (4.8) and (4.9) can be recognized as solutions to the linear inversion scattering
formulation. A 2D weighting function is applied prior to focusing to force the backscattered fields
to vanish at the aperture boundaries.
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The expression can be considered as the linearized inverse scattering and break into two
parts by Born approximation: spatial convolution and frequency integration. We assume that the
following 2D spatial Fourier Transform in the x- and y-directions, given by [35]

2 +(𝑦−𝑦 )2 +𝑧 2
0

𝐸(𝑘𝑥 , 𝑘𝑦 ) = ∬ 𝑒 𝑗𝑘𝑟 √(𝑥−𝑥0 )

∙ 𝑒 −𝑗(𝑘𝑥 𝑥+𝑘𝑦 𝑦) 𝑑𝑥𝑑𝑦

(4.10)

is known. This permits the evaluation of the 2D convolution in the aperture coordinates (𝑥0 , 𝑦0 ) as
a complex product in the Fourier domain. Using the method of stationary phase outlined in [35],
we obtain

𝐸(𝑘𝑥 , 𝑘𝑦 ) ≅

−𝑗2𝜋𝑘𝑟 𝑗𝑘 𝑧
∙𝑒 𝑧
𝑘𝑧2

(4.11)

where 𝑘𝑧 = √𝑘𝑟2 − 𝑘𝑥2 − 𝑘𝑦2 . The 3D reflectivity image is then given by

𝛾(𝑥, 𝑦, 𝑧) ≅ ∫ ∫ ∫ 𝑋𝑟 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑟 ) ∙ (−
𝑘𝑥 𝑘𝑦 𝑘𝑟

𝑗2𝜋𝑘𝑟
) ∙ 𝑒 𝑗(𝑘𝑥 𝑥+𝑘𝑦 𝑦+𝑘𝑧 𝑧) 𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑟
𝑘𝑧2

(4.12)

where 𝑋𝑟 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑟 ) is the Fourier transform of the backscattered signals. Since the wavenumber
domain backscattered data are to be resampled uniformly in 𝑘𝑧 prior to performing the 3D inverse
Fourier Transform in equation (4.12), we substitute 𝑘𝑟 → 𝑘𝑧 . Then, we obtain
−𝑗2𝜋
) ∙ 𝑒 𝑗(𝑘𝑥 𝑥+𝑘𝑦 𝑦+𝑘𝑧 𝑧) 𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑧
𝛾(𝑥, 𝑦, 𝑧) ≅ ∫ ∫ ∫ 𝑋𝑟 (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) ∙ (
𝑘𝑧

(4.13)

𝑘𝑥 𝑘𝑦 𝑘𝑧

which can form the data matrix 𝑠image (𝑥, 𝑦, 𝑧) for the 3D image reconstruction of the target
specimen. The following shows an example 2D image matrix of size 𝑚 × 𝑛 data points at the 𝑧 =
𝑧′ plane:
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𝛾(𝑥1 , 𝑦1 , 𝑧 ′ )
𝛾(𝑥 , 𝑦 , 𝑧 ′ )
𝑠image (𝑥, 𝑦, 𝑧 ′ ) = [ 1 2
⋮
𝛾(𝑥1 , 𝑦𝑛 , 𝑧 ′ )

𝛾(𝑥2 , 𝑦1 , 𝑧 ′ )
𝛾(𝑥2 , 𝑦2 , 𝑧 ′ )
⋮
𝛾(𝑥2 , 𝑦𝑛 , 𝑧 ′ )

⋯
⋯
⋱
⋯

𝛾(𝑥𝑚 , 𝑦1 , 𝑧 ′ )
𝛾(𝑥𝑚 , 𝑦2 , 𝑧 ′ )
]
⋮
𝛾(𝑥𝑚 , 𝑦𝑛 , 𝑧 ′ )

(4.14)

Similarly, 2D images can be obtained at other orthogonal planes given by 𝑥 = 𝑥′ or 𝑦 = 𝑦′ by
simply taking the appropriate data matrix collected at that desired location.

4.3 Multilayer Dielectric Structure Diagnosis using Synthetic Aperture Radar Imaging
4.3.1

Electromagnetic model for defect on carbon fiber reinforced polymer
Carbon fiber reinforced polymer (CFRP) laminate structures are considered for realistic

approaches using the electromagnetic analysis discussed in the previous section. The defect due to
delamination within the CFRP material is depicted in Figure 4-4, which is most common during
the manufacturing process [36, 37]. Although the laminate CFRP is formed as a multilayered
structure, it can be considered as a single layer or slab based on the theoretical viewpoint of
electromagnetics. For example, the thickness of CFRP layers is relatively large compared to the
bonding materials, such as resin epoxy. Thus, the resin epoxy layers can be neglected and the
laminated CFRP can be considered as a single layered structure. However, the defect area with
porosity caused by delamination cannot be neglected since its gap size may be large. Therefore, the
multilayer approach is essential for the analysis of delaminated areas.

Figure 4-4. Structural schematic of defect layer on carbon fiber reinforced polymer and
electromagnetic approaches at different locations.
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As can be seen, the analysis on delaminated CFRP can be organized in two cases which
are briefly introduced in Figure 4-4. The structure without the defect can be considered as single
dielectric slab (Case 1) while the delaminated area must be treated as a multilayer structure (Case
2). The electromagnetic characteristics of each case, then, simplifies as following matrix relations.
CASE 1 (considered as single dielectric layer present on free space):
The wave matrix for Case 1 can be written as follows:
𝐸
1 1
[ 1+ ] = [
𝑇
𝐸1−
1 𝑅1

𝑅1 𝑒 𝑗𝜃𝑎
][
1
0

𝑒

0 ]
−𝑗𝜃
𝑎

1
𝑇2

[

1
𝑅2

𝑅2 𝐸 ′ 2+
][
]
1 𝐸 ′ 2−

(4.15)

which implies the first interface, inside the dielectric, and the second interface regions. Here, Ri is
the reflection coefficient of each interface which can be written as 𝑅𝑖 =
𝜇

√𝜀0 𝜀𝑟𝑖 + 𝜎𝑖 =
𝑗𝜔

𝑍0
𝜎
√𝜀𝑟𝑖 +𝑗𝜔𝜀𝑖
0

𝑍𝑎 −𝑍1
𝑍𝑎 +𝑍1

with 𝑍𝑖 =

𝜇

and 𝑍0 = √ 0 in free space. The transmission coefficient Ti = 1 + Ri. a is
𝜀
0

the electrical length, which is based on the physical length of the dielectric layer la and the wave
number (𝑘𝑎 ). Here, the wave number is 𝑘𝑎 = 𝜔√𝜇0 (𝜀0 𝜀𝑟𝑎 +

𝜎𝑎
𝑗𝜔

). Since the wave generation will

be only from one side of the layer and the backward wave will not exist in the final air layer at the
right, 𝐸 ′ 2− will become zero. Hence, the total reflection 𝛤 from the single dielectric slab will be,

𝛤=

𝐸1−
𝑅1 + 𝑅2 𝑒 −2𝑗𝜃𝑎
=
𝐸1+ 1 + 𝑅1 𝑅2 𝑒 −2𝑗𝜃𝑎

(4.16)

Similarly, the total transmission (T) from right point of view will become

𝑇=

𝐸′2+
𝑇1 𝑇2 𝑒 −𝑗𝜃𝑎
=
𝐸1+
1 + 𝑅1 𝑅2 𝑒 −2𝑗𝜃𝑎

CASE 2 (considered as three dielectric layers present):
For three layered structure from Figure 4-4, the wave matrix expression is,

(4.17)
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1
𝐸
1
[ 1+ ] =
[
𝐸1−
𝑇1 𝑇2 𝑇3 𝑇4 𝑅1

…[

1
𝑅2

𝑅1 𝑒 𝑗𝜃𝑎
][
1
0

𝑅2 𝑒 𝑗𝜃𝑎
][
1
0

0 ][ 1
𝑅2
𝑒
−𝑗𝜃𝑎

0 ][ 1
−𝑗𝜃𝑎 𝑅2
𝑒

𝑅2 𝑒 𝑗𝜃𝑏
][
1
0

𝑅2 𝐸 ′ 2+
][
]
1 𝐸 ′ 2−

0 ]
𝑒 −𝑗𝜃𝑏

(4.18)

which is an expansion of Case 1 with additional two dielectric layers and interfaces. The notations
and coefficients are exactly the same as the Case 1, except that in this case, it is a multilayered
structure formed by sandwiching different dielectric layer (based on the material; air void, resin
disorder, or dislocation after curing) between the CFRP layers.

4.3.2

Structural conditions of carbon fiber reinforced polymer for nondestructive testing
Several test structures are designed for simulation in this study. Laminated CFRP plates

are assumed with the length, width, and thickness of 100 cm, 12 cm, and 1 cm, respectively. For
these CFRP laminates, the delaminated area is present at a depth of 0.5 cm with various dimensions
in width and length. In order to perform the simulations for realistic scenarios for the defects inside
of CFRP laminate, the required dielectric properties of carbon fiber are obtained from several
references as a function of density of carbon fiber within the CFRP [38 – 40]. In this structural
modeling, the dielectric constant of CFRP is assumed to be r = r′ − r″ = 25 – j0.4. The
delamination layer is assumed to be an air void layer.
First, to obtain the SAR image for the xz-plane (length and depth) at a constant y-coordinate,
point targets in every domain of the scene will be used to determine the cross-range direction. To
obtain the SAR range profile for the xy-plane, data acquisition is performed using raster scanning,
following a 2D pre-defined measurement grid with step size of 0.5 cm, as depicted in Figure 4-1,
producing the SAR raw data.
The range resolution can be determined by the bandwidth of the transmit signal frequency
as well as the dielectric constant of the material. Due to the layer depths of CFRP composites, it is
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very important to determine the suitable resolution of detection for obtaining proper characteristics
of defects or interfaces. Of course, these defects are internal to the structure and are relatively small
in size; therefore, radar signals operating at the appropriate frequency to ensure signal penetration
within the structure can be exploited to detect these defects as anomalies. The range or depth
resolution is given by ∆𝑅 = 𝑐/2∆𝑓√𝜀𝑟 , where c is the speed of light and ∆𝑓 is the bandwidth. In
our simulation, we assume a bandwidth of 4 GHz at X-band and 9 GHz at K-band. Within the
CFRP material, the depth resolution will be approximately 5 times better compared to free space
due to its high dielectric constant, which is advantageous. However, the penetration depth, given
by 𝛿𝑝 =

𝜆

[

2𝜋 𝜀𝑟

2
′ √1+tan2 𝛿−1

]

1⁄2

, where tan𝛿 is the loss tangent given by r″⁄r′, is also a critical factor

for the depth detection limits. Thus, it is necessary to choose the optimal frequency and bandwidth
by exploring the tradeoffs between depth resolution and penetration depth. Based upon our
application, X-band and K-band frequencies are expected to achieve excellent resolution and good
penetration with relatively lower loss for high-resolution probing of defects in laminated CFRP
structures. Wider bandwidths, achievable at K-band, will provide better resolution for SAR
processing with sharpening of the cross-range resolution.
Subsequent signal processing techniques can be employed to image these delaminated
areas and to map their spatial extent. Modified wavelet transmission signals at X-band and K-band
frequencies are selected for this SAR simulation. Range profiles for cross-range x-axis, L = 120 cm,
are acquired at every 0.5-cm step. This step size is less than half of the wavelength at the highest
frequency of operation.

4.3.3

Simulation results on defected structure of carbon fiber reinforce polymer
The SAR NDT system, again, transmits the incident wave toward the dielectric material

interface at normal incidence, and receives the reflected wave back to the radar sensor. Then, ranges
between sensor and layer interfaces or defects are estimated from the received signal. Furthermore,

58

its speed and magnitude of wave inside a medium varies depending on its dielectric properties. The
speed of the wave within the material is dependent on the dielectric constant and is lower than that
in free space.

(a) Front view

(b) Top view
Figure 4-5. Structural designs for simulation from references with single (left) delamination and
double (right) delaminations. Shaded area stands for delamination inside of panels and the
dimensions are shown as in centimeter ranges.
The proposed NDT system has the capability to detect the centimeter range defects and
furthermore, it might be possible to detect dislocations of fiber mismatched area which would also
cause delamination in CFRP structure. Figure 4-5 shows the artificial delamination structures of
front view of CFRP laminates considering the dimension of such widths in the centimeter range
and also showing the entire fiber direction for information.
Numerical simulation results of test structure in Figure 4-5 (a) is provided in Figure 4-6 to
Figure 4-9. We assume that the delamination manifests itself as an air void of 0.5-cm thickness
located at a depth of 0.25 cm from the surface as shown in Figure 4-5 (b). Here, x- and y-axis denote
the length and the width of sample dielectric structure, respectively. As already mentioned in
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previously, the reflection mechanism becomes complex, especially depending on geometries,
electromagnetic characteristics, and material properties. From the reflected waveform after
correlation process the dimension or defect location information can be extracted.
Simulations are based on the scanning method from Figure 4-1 that the horizontal axis (xdirection) stands for the length and the vertical axis (y-direction) is height of sample panels. Figure
4-6 shows the reflected images of the first interface of the delaminated structure using frequencies
in the X-band and the K-band range.

(a)

(b)

Figure 4-6. Simulation results on first interface reflection using frequency bands of (a) X-band and
(b) K-band.
As can be seen, there is no significant difference showing between two different frequency
bands since the reflection is happening at the flat surface. However, the difference in resolution
results in a blurred image at X-band, compared to K-band, at certain areas such as the edges of
panels and the delamination area. Paradoxically, based on the reflection at the delaminated area, it
seems that there would be a possibility of detection of the shallow defect from the surface using Xband although the resolution based on bandwidth is worse than that at K-band.
Following figures (Figure 4-7 to 4-9) are the resulting images based on delaminated
structures illustrated in Figure 4-5. The single delaminated area is shown in Figures 4-7 and 4-8
varying the width of the indication from 5 cm to 10 cm respectively. Two delaminated areas are
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also considered in Figure 4-9 using X-band and K-band for determination of optimal detection
conditions. As already discussed and expected, K-band provides better image resolution compared
to X-band due to the characteristics of wavelength based on the bandwidth. However, there might
be limits on penetration if K-band is applied on the detection of a thick layer or when the
delamination occurs at higher depths. Thus, it is necessary to determine that the efficient
penetration depth based on the sample condition such as thickness, and material properties of the
sample.

(a)

(b)

Figure 4-7. Simulation results on delamination width of 5 cm using frequency bands of (a) X-band
and (b) K-band.

(a)

(b)

Figure 4-8. Simulation results on delamination width of 10 cm using frequency bands of (a) Xband and (b) K-band.
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(a)

(b)

Figure 4-9. Simulation results on two delamination areas using frequency bands of (a) X-band and
(b) K-band.
4.4 Synthetic Aperture Radar Imaging using UWB RF Noiselet
4.4.1

SAR imaging simulations of inclusion on glass fiber reinforced polymer (GFRP)
Glass fiber reinforced polymer, which is also a material used on aircraft structure, is

concerned on this section to match the condition of simulation and the actual measurement system.
Numerical simulation is performed based on the structure shown in Figure 4-10 such that an
aluminum inclusion (30 mm × 30 mm) is located behind a glass fiber reinforced polymer plate.
SAR scanning scheme is applied as it is shown in Figure 4-1 with a standoff distance of 105 mm.
Multiple simulations are performed by applying the additive white Gaussian noise with different
signal-to-noise ratio to verify the tolerance of transmitted noiselet signal for realistic scenario which
could be conducted on a very noisy environment.

Figure 4-10. Structural design for simulation based on actual glass fiber reinforced polymer sample
with aluminum inclusion area of 30 × 30 mm2 hidden behind GFRP specimen.
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Figure 4-11 shows the simulation result images applying SAR imaging method on the test
specimen provided on Figure 4-10. Based on the figures, the inclusion can be identified even if the
test environment includes large amount of unwanted noise jamming that noiselet waveforms could
have advantages on undesired noise tolerance as previously mentioned.

(a)

(b)

Figure 4-11. Simulation results of 30 × 30 mm2 aluminum inclusion using SAR NDT scanning
algorithm by varying signal-to-noise ratio (SNR) at standoff distance of 105 mm.
4.4.2

Actual nondestructive testing radar system test set-up and measurements

Figure 4-12. Microwave nondestructive testing system test set-up.
A microwave NDT imaging system has been developed for rapid assessment of defects
within the layers of FRP panels [41]. The testing system operates over the X-band frequency range
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covering 8 to 12 GHz. An image of the test set-up from the laboratory is shown in Figure 4-12. The
main components of the system are: an arbitrary waveform generator (AWG), xy-coordinate
scanner, oscilloscope, various low-cost RF hardware, pair of matched pyramidal horn antennas,
and host computer.
A simplified system diagram of the imaging test set-up is shown in Figure 4-13. The noislet
signal is generated on the host computer then loaded to the Keysight M8190 AWG. The noiselet
signal is directly generated at the IF range over 0.5 to 4.5 GHz due to the capacity of the arbitrary
waveform generator. The transmitter front end handles up-conversion to X-band, amplification,
and additional filtering before transmission. The LO source is a National Instruments QuickSyn
Lite Microwave Synthesizer with low phase noise and is controlled via USB connection to the host
computers COM ports. The aperture is fed via a SMA-to-waveguide adaptor of type WR-90 and
the matched horns have a gain of roughly 17dBi at 10 GHz.

Figure 4-13. Block diagram of nondestructive testing system using RF noiselet over X-band.
The set of transmitted and received waveforms are saved at each sampling location of the
raster scan routine. Once the waveforms are saved at a single location, the xy-coordinate scanner
increments distance, Δ𝑑. The scan is completed over a two-dimensional scanning plane resulting
in 𝑁 × 𝑀 data matrix.
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Processing of the experimental data is done using cross-correlation based methods. Similar
approaches have been shown to be a successful way of interpreting data recorded using white noise
and/or noise-like waveforms [42]. For a real-valued signal, the discrete cross-correlation is given
by the following expression,
∞

𝑟𝑠𝑡 𝑠𝑟 [𝑙 ] = ∑ 𝑥𝑡 [𝑛]𝑥𝑟 [𝑛 − 𝑙 ],

𝑙 = 0, ±1, ±2, …

(4.19)

𝑛=−∞

where 𝑥𝑡 is the transmitted noiselet waveform and 𝑥𝑟 is the received signal [43].
Actual glass fiber reinforced polymer panels were investigated for the purpose of detecting
the presence of an aluminum inclusion. The scan was conducted over an area of 100 mm by 100
mm with an actual dimension of an aluminum inclusion was 26 mm by 27 mm. The standoff
distances are used as 80 mm and 105 mm which were optimal distance using trial and error method
by searching the highest gain on standoff distance variations due to power and efficiency of the
system. Even though the optimal conditions and system set-up are still under revision and
construction, the reconstructed images of nondestructive testing using UWB RF noiselet signal
over X-band provided reliable results which can be shown in Figure 4-14.

(a) D = 80 mm

(b) D = 105 mm

Figure 4-14. Reconstructed image results of nondestructive testing of aluminum inclusion on glass
fiber reinforced polymer taken with the optimal standoff distances.
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Chapter 5
Synthetic Aperture Radar Scanning of Various Dielectric Interfaces using
Quasi-3D Image Formations
In this chapter, advanced SAR scanned imaging technique will be discussed with uneven
interfaced of dielectric materials. Theoretical approaches and a number of initial image
reconstructions are performed to determine structural limits based on incident angle between the
transmitted waves and dielectric interfaces by varying the peak values of interface curvatures. Then,
quasi-3D imaging scheme is achieved for further convenience as nondestructive testing and
evaluation methods by acquiring and organizing SAR scanned data matrix for depth and interface
detections.

5.1 SAR images of uneven Interfaces on Dielectric Materials
5.1.1

Scattering scheme from uneven dielectric interfaces

Figure 5-1. Uneven dielectric interface schematic to determine the scattering from the target
specimen.
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As we discussed earlier, multilayered dielectric composite materials can deform due to
internal and external factors such as humidity, inner delaminations, and stress. Such deformations
cause uneven areas on both surfaces and interfaces. Figure 5-1 shows an example of a dielectric
layer with an uneven surface.
The actual range from the sensor to uneven surface is not constant and varies due to the
swollen or dented area. The distance from the antenna to any scanning point can be expressed as
𝑥(𝑛) = 𝑟 − 𝑦(𝑛) tan 𝜙𝑖 (𝑛)

(5.1)

where 𝑟 is the standoff distance between the sensor and “flat” surface, 𝑦(𝑛) is the n-th
measurement point, and 𝜙𝑖 (𝑛) is the incident angle at n-th data point. Thus, the actual distance
𝑥(𝑛) can be applied to equation (4.2) and (4.3) from Chapter 4 for the calibrated incident field and
scattered field expressions and these expressions can be written as follows
𝐸 𝑖 (𝑛) = 𝐸1+(𝑖,𝑛) 𝑒 −𝑗𝑘𝑖 𝑥(𝑛)

(5.2)

𝐸 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 (𝑛) = 𝐸1−(𝑖,𝑛) 𝑒 +𝑗𝑘𝑖 𝑥(𝑛)

(5.3)

The reflection and transmission coefficients are also depended on these incident angle and
normalized impedance using equation (2.39) from chapter 2
𝜎1
cos 𝜙𝑖
√𝜀𝑟1 + 𝑗𝜔𝜀
0

𝑍=
√𝜀𝑟2 +

𝜎2
𝜎
− (𝜀𝑟1 + 1 ) sin2 𝜙𝑖
𝑗𝜔𝜀0
𝑗𝜔𝜀0

(5.4)

so that the correct expressions are applied and acquire the accurate data with computation processes
from uneven dielectric interfaces.
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5.1.2

Scattering scheme from uneven dielectric interfaces
For initial trial of SAR scanning on uneven dielectric interfaces, the curvature is shaped by

taking minimum to maximum values which the minimum value is zero at this point and the
maximum values are varied as can be seen on Figure 5-2 (a) to form a curve. Figure 5-2 (b) provides
the actual view of the curvature just in case to show that the curves applied on our structures are
not that noticeable when we convert to the actual range.

(a)

(b)

Figure 5-2. The curvature shaped applied on the swelling structures due to the external force from
each side of test specimen. Two figures are the same curvature plots providing (a) the maximum
values of peak curvature point, and (b) the actual view of curvature shape that these curves are not
that noticeable.
Following figures (Figure 5-3) are the simulations only applying the entire 4 GHz
bandwidth of 8 to 12 GHz and the structures are assumed to have symmetric force so that every
layer is swelled as same curvature shape and angle. As can be seen from Figure 5-3 (f), the depth
detection images provide difficulties in collecting reflection data at correct measurement locations.
Thus, there should be a critical curvature angle for our system to have limits of detection.
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(a)

(b)

(c)

(d)

(e)

(f)
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(g)

(h)

Figure 5-3. Identically swelled structures applying the curvature variation to determine the critical
condition of depth detection using modified scanning reflection data scheme. Every curvature
condition is based on the curvature value from Figure 5-2 (a) and each layer is applied identically
to from a symmetric swelled curvature structure with maximum center peak values.
5.2 Qausi-3D imaging by reorganizing SAR scanning images
5.2.1

Quasi-3D image formation with SAR scanning data matrix
Recall the image data matrix from previous chapter that the data matrix 𝑠𝑖𝑚𝑎𝑔𝑒 (𝑥, 𝑦, 𝑧) at

𝑧 = 𝑧′, in general, can be written as following to obtain the reconstructed images of xy-planes
(interface detection) such that
𝛾(𝑥1 , 𝑦1 )
𝛾(𝑥1 , 𝑦2 )
𝑠𝑥𝑦,𝑖𝑚𝑎𝑔𝑒 (𝑥, 𝑦, 𝑧′) = 𝛾(𝑥1 , 𝑦3 )
⋮
[𝛾(𝑥1 , 𝑦𝑛 )

𝛾(𝑥2 , 𝑦1 )
𝛾(𝑥2 , 𝑦2 )
𝛾(𝑥2 , 𝑦3 )
⋮
𝛾(𝑥2 , 𝑦𝑛 )

𝛾(𝑥3 , 𝑦1 )
𝛾(𝑥3 , 𝑦2 )
⋱

⋯
⋯

𝛾(𝑥𝑚 , 𝑦1 )
𝛾(𝑥𝑚 , 𝑦2 )
(5.5)

⋱
𝛾(𝑥𝑚 , 𝑦𝑛 )]

Similarly, the images of xz-planes (depth detection) at y = y′ can be obtained using
𝛾(𝑥1 , 𝑧1 )
𝛾(𝑥1 , 𝑧2 )
𝑠𝑥𝑧,𝑖𝑚𝑎𝑔𝑒 (𝑥, 𝑦′, 𝑧) = 𝛾(𝑥1 , 𝑧3 )
⋮
[𝛾(𝑥1 , 𝑧𝑛 )

𝛾(𝑥2 , 𝑧1 )
𝛾(𝑥2 , 𝑧2 )
𝛾(𝑥2 , 𝑧3 )
⋮
𝛾(𝑥2 , 𝑧𝑛 )

𝛾(𝑥3 , 𝑧1 )
𝛾(𝑥3 , 𝑧2 )
⋱

⋯
⋯

𝛾(𝑥𝑚 , 𝑧1 )
𝛾(𝑥𝑚 , 𝑧2 )
(5.6)

⋱
𝛾(𝑥𝑚 , 𝑧𝑛 )]
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Figure 5-4 shows the generalized mechanism of image reconstruction on the target
specimen using the data matrix acquired during SAR scanning algorithm. Two dielectric layers
(𝜀𝑟 = 4.0) with thickness of 5 cm within a 5-cm air gap between them (𝜀𝑟 = 1.0) are considered to
demonstrate the data matrix implementation and the final reconstructed images. Further simulations
use actual values for the FRP material.

Figure 5-4. Three dimensional overview of data matrix acquisition for image reconstruction of xyplane (defect on interfaces) and xz-plane (depth of interfaces) with SAR scanning scheme.
The range or depth resolution, which will determine the potential of interface detection,
can be determined by the bandwidth of the transmit signal frequency as well as the dielectric
constant of the material. Due to the layer depths of FRP composites, it is very important to
determine the suitable resolution of detection for obtaining proper characterization of interfaces.
Since these defects are internal to the structure and are relatively small in size, the radar signals
operating over the appropriate frequency range ensures signal penetration within the structure,
which can then be exploited to detect these defects as anomalies. The depth resolution is given by
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∆𝑅 =

𝑐

(5.7)

2∆𝑓√𝜀𝑟′

where 𝑐 is the speed of light and ∆𝑓 is the bandwidth [44]. Theoretically, it is beneficial to choose
a wider bandwidth to achieve better depth resolution. In practice, however, there are restrictions on
frequency band choices due to system limitations.
The penetration depth within the medium is given by [18]

𝛿𝑝 =

𝑐

2

1⁄2

[
]
2𝜋𝑓√𝜀𝑟′ √1 + tan2 𝛿 − 1

(5.8)

where tan 𝛿 is the loss tangent given by 𝜀𝑟′′ ⁄𝜀𝑟′ . The penetration depth is a critical factor for the
depth detection limits. Thus, it is necessary to choose the optimal frequency band by exploring the
tradeoffs between depth resolution and penetration depth. Based upon our application and limits of
system availability, the X-band (8–12 GHz) frequency range is expected to achieve the desired
resolution and good penetration with relatively lower loss for high-resolution probing of defects in
laminated FRP structures.
In order to perform microwave imaging analysis, it is necessary to assume appropriate
dielectric properties for the FRP composite material. Data from a few references are shown in Table
5-1 [45 – 47]. The variations are due to the actual composition of the composite and properties such
as density, fiber diameter, fiber orientation, etc.
Table 5-1. Dielectric constant data on typical FRP composites at X-band.
Material
E-glass
E-glass
Fiberglass

Frequency (GHz)
8.0 – 11.0
8.2 – 12.4
8.2 – 12.4

Real part (𝜀𝑟′ )
4.54 – 5.24
4.95 – 5.03
3.30 – 3.40

Imaginary part (𝜀𝑟′′ )
0.3 – 1.12
0.12 – 0.24
0.07 – 0.15

Reference
[45]
[46]
[47]
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Based on the data presented in Table 5-1, we assume 𝜀𝑟′ = 5.0 and 𝜀𝑟′′ = 0.4 as typical
values of the dielectric constant for the FRP material. The computed depth resolution and
penetration depth using our assumed values are computed as 1.68 cm and 5.34 cm, respectively.
Figure 5-5 to 5-9 provide SAR NDT&E images on FRP plates having dimensions of 100
cm in width (x-axis), 12 cm in height (y-axis), and 5 cm in thickness (z-axis). The standoff distance
𝐷 is assumed to be 20 cm. Quasi-3D images are obtained by stacking down-range images from
specific inspection depths. Several conditions of delamination layers and structures, due to internal
and external factors discussed earlier, are investigated to provide various scenarios.
Before continuing, several assumptions are made for the microwave analysis on FRP
composites. As is already known that FRP composites in general are laminated and sandwiched by
stacking fiber sheets or plates with epoxy materials. Since the epoxy layers are very thin, their
dielectric properties can be neglected, and the FRP structure can be considered as a single dielectric
layer with no delamination present between the woven fiber layers. Thus, the only delamination
layers (consisting of air gaps) will be considered for the multilayer analysis and corresponding
quasi-3D imaging results will be provided in the following figures.
Figure 5-5 provides the reconstructed images of a perfect FRP composite sample without
any defect from a manufacturing process. Quasi-3D images of interface detection on Figure 5-5 are
collected by taking data steps of 1.0 cm on the z-axis. As can be seen, reflections from two
interfaces, between air to FRP and FRP to air, are mapped and reconstructed to form both depth
and interface detection images. One sample image of interface detection is also enlarged to inform
that no reflection appears during the wave propagation through the FRP composite layer without
delaminations.
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Figure 5-5. Quasi-3D image reconstruction for FRP layer without delamination presents. FRP
sample is assumed to have a dimension of 100 cm × 12 cm × 5 cm. Standoff distance between
antenna and FRP composites set to be 20 cm.
Delamination layers are then introduced within the FRP composites in different structural
configurations. In these approaches, two types of FRPs are assumed: flat plate case, and bent
structure case.
Figures 5-6 and 5-7 are designed FRP plates with perfectly flattened interfaces with
delaminations, while Figures 5-8 and 5-9 are based on bent FRPs assuming that external factors
caused the gentle curved interfaces. In case of Figures 5-6 and 5-8, it is assumed that a small
delamination is initially produced during the manufacturing procedure. On the other hand, Figures
5-7 and 5-9 show situations after a certain service life which may induce delamination growth due
to stress and impact. Each delamination layer is assumed to be located at a depth of 2.0 cm under
the front surface and having a thickness of 1.5 cm at the largest gap. Delaminations are also
assumed to have uneven interfaces with gradual curves based on the structural configurations
investigated.
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Figure 5-6. Quasi-3D image reconstruction for FRP layer with small delamination presents. 5-cmwide delamination layer is located 2-cm depth from the surface and the thickness of its layer is
assumed to be 1.5 cm. Standoff distance between antenna and FRP composites set to be 20 cm.
As can be seen, quasi-3D images of FRPs are provided on Figure 5-6 which definitely
inform the presence of small delamination. Compared to first interface reflection, the reflection
density from second interface of delamination is weaker due to diffraction and dispersion of
microwave from uneven interface of delamination layer. Figure 5-7 is the scenario after a service
life of applying a structure from Figure 5-6 that several delamination layers occurred due to an
initial delamination. As shown in Figure 5-7, the interfaces of delaminations become flatter as the
width or size increased thus the detection of delamination layers provide higher density of
reflections. Note that the reflections from second interface (back) of delamination and back surface
of FRP could be influenced by scattering and diffraction of wave. Quasi-3D imaging is, then,
performed on bent FRP structure with similar assumptions from Figure 5-6 and 5-7 cases have been
applied. Since the detection of flat FRP composites shows relatively accurate results, it is worth to
apply on complex structure, as previously described, which is a bent FRP structure with similar
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assumption from a small initial delamination (Figure 5-8) to large delaminations (Figure 5-9)
occurring during its service.

Figure 5-7. Quasi-3D image reconstruction for FRP layer with multiple delaminations. Wider
delamination layers are assumed as they increased from initial small delaminations during service
life due to external factors. Delamination layers are located approximately at 2-cm depth from the
surface and the thickness of layers are assumed to be 1.5 cm.
From Figure 5-8, we note that the first interface of the small curved delamination layer can
be imaged, although the reflection from second interface (back) is hardly detected. The
delamination layer is also form as a gentle curved interface thus the reflection from back interface
of delamination might be hard to detect compared to the reflections from other interfaces.
Figure 5-9 provides inaccurate information on depth detection at the second interfaces of
delaminations due to the complex computation steps involved in calibration based on each
measurement point. Yet, interface detection images provide relatively accurate widths of
delamination layers which can still be applicable for defect detection systems for NDT&E.

76

Figure 5-8. Quasi-3D image reconstruction for uneven FRP (swelled up 0.5 cm at the center) with
small delamination presents. Delamination layers are located approximately at 2.0 cm deep from
the surface and the thickness of layers are assumed to be 1.0 cm.

Figure 5-9. Quasi-3D image reconstruction for uneven FRP with multiple delaminations. Wider
delamination layers are assumed to be products from initial small delaminations during service life
due to external factors. Locations of delaminations are assumed similar to the previous cases.

77

Moreover, additional calibrations and optimizations on the computational processes could improve
results in advance if higher accuracy in depth detection is necessary. Delamination detection in this
case, however, could be negligible since the purpose of monitoring is to determine the service life
of structure by acquiring the presence of delaminations.
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Chapter 6
Radio Frequency Multiresolution Imaging of UWB RF Noiselet Waveforms
and Difference Mapping for Image Enhancement
In this chapter, radio frequency multiresolution analysis capability of UWB RF noiselet
waveforms is introduced which could be a benefit to apply noiselet waveforms on complex
structure diagnosis. Wavelet and noiselet waveforms are concerned to compare performances of
multiresolution analysis. Then, the image similarity analysis is introduced with similarity factors
and coefficients. Moreover, image enhancement using modified difference mapping is performed.

6.1 Application of Multiresolution RF Noiselets
6.1.1

Analytical considerations in multiresolution imaging
UWB RF noiselets have several advantages in multiresolution radar detection and imaging

applications. An application being considered here is nondestructive testing and evaluation
(NDT&E) of multilayered structures. Since the range resolution is inversely proportional to the
bandwidth, images at different resolutions can be obtained by processing the return at different
bandwidth values. This can be accomplished by transmitting an UWB RF noiselet with the
maximum bandwidth for the highest resolution, and then degrading the bandwidth progressively to
obtain coarser resolutions. While achieving the best resolution enables the detection of small and
thin defects in multilayered structures, it is also important to characterize the structure in the vicinity
of the detected defect. This is important as more information on the defect, such as its full extent
and possible growth, can be gleaned by examining not only the defect image at the highest
resolution but also by simultaneously examining images at coarser resolution in its proximity.
Consider two multilayered structures A and B each having an identical linear defect, such
as disbond or delamination, perpendicular to the direction of wave propagation. Let the dielectric

79

constant of the defect be denoted as 𝜀𝑟𝑑 and its thickness 𝑑 be exactly equal to the resolution
obtained from the maximum bandwidth Δ𝑓 , i.e., assume 𝑑 = Δ𝑅 = 𝑐 ⁄2Δ𝑓√𝜀𝑟 , in both cases.
Further, we assume that the range bin is placed at the center of the defect at depth coordinate 𝑧 =
𝑧0 . Thus, for the highest resolution case, the average dielectric constant around 𝑧 = 𝑧0 that
determines the scattering from the defect layer is easily deduced as ̅̅̅̅̅̅̅̅̅̅̅̅
𝜀𝑟𝐴 (𝑧0, 𝐵) = ̅̅̅̅̅̅̅̅̅̅̅̅
𝜀𝑟𝐵 (𝑧0, 𝐵) = 𝜀𝑟𝑑
for both structures.
Now, we make a distinction between the two multilayered structures A and B for the
dielectric constant profiles as a function of depth 𝑧 above and below the defect layer. Let the
dielectric constant profile for structure A be given by
𝜀𝑟𝐴𝑙 (𝑧),

𝑧 < 𝑧0 − 𝑑2

𝑧0 − 𝑑2 ≤ 𝑧 ≤ 𝑧0 + 𝑑2
𝜀𝑟𝐴 (𝑧) = {𝜀𝑟𝑑,
𝜀𝑟𝐴𝑢 (𝑧),
𝑧 > 𝑧0 + 𝑑2

(6.1)

where the subscripts l and u denote lower and upper layers with respect to the position of the defect.
Similarly, let the dielectric constant profile of structure B be given by
𝜀𝑟𝐵𝑙 (𝑧),

𝑧 < 𝑧0 − 𝑑2

𝑧0 − 𝑑2 ≤ 𝑧 ≤ 𝑧0 + 𝑑2
𝜀𝑟𝐵 (𝑧) = {𝜀𝑟𝑑,
𝜀𝑟𝐵𝑢 (𝑧),
𝑧 > 𝑧0 + 𝑑2

(6.2)

It is important to note that, in general, 𝜀𝑟𝐴𝑙 (𝑧) ≠ 𝜀𝑟𝐵𝑙 (𝑧) and 𝜀𝑟𝐴𝑢 (𝑧) ≠ 𝜀𝑟𝐵𝑢 (𝑧).
If the resolution is degraded by a factor of 2 using a bandwidth of Δ𝑓⁄2 resulting in a depth
resolution of 2𝑑, then the average dielectric constants of structures A and B around 𝑧 = 𝑧0 are
given by, respectively,
1 𝑧0 +𝑑
̅̅̅̅̅̅̅̅̅̅̅̅̅
Δ𝑓
∫
𝜀𝑟𝐴 (𝑧0, 2 ) =
𝜀 (𝑧)𝑑𝑧
2𝑑 𝑧0 −𝑑 𝑟𝐴
=
and

1 𝑧0 −𝑑⁄2
𝜀𝑟𝑑
1 𝑧0 +𝑑
∫
∫
𝜀𝑟𝐴𝑙 (𝑧)𝑑𝑧 +
+
𝜀 (𝑧)𝑑𝑧
2𝑑 𝑧0 −𝑑
2
2𝑑 𝑧0 +𝑑⁄2 𝑟𝐴𝑢

(6.3)
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1 𝑧0 +𝑑
̅̅̅̅̅̅̅̅̅̅̅̅̅
Δ𝑓
∫
𝜀𝑟𝐵 (𝑧0, 2 ) =
𝜀 (𝑧)𝑑𝑧
2𝑑 𝑧0 −𝑑 𝑟𝐵
=

1 𝑧0 −𝑑⁄2
𝜀𝑟𝑑
1 𝑧0 +𝑑
∫
∫
𝜀𝑟𝐵𝑙 (𝑧)𝑑𝑧 +
+
𝜀 (𝑧)𝑑𝑧 (6.4)
2𝑑 𝑧0 −𝑑
2
2𝑑 𝑧0 +𝑑⁄2 𝑟𝐵𝑢

Since the average dielectric constants given by equations (6.3) and (6.4) will in general be
unequal owing to the fact that 𝜀𝑟𝐴𝑙 (𝑧) ≠ 𝜀𝑟𝐵𝑙 (𝑧) and 𝜀𝑟𝐴𝑢 (𝑧) ≠ 𝜀𝑟𝐵𝑢 (𝑧) , the images at a
bandwidth of Δ𝑓⁄2 will be different for each structure.
Similarly, if the resolution is degraded by a factor of 𝑁 ≥ 1 using a bandwidth of Δ𝑓⁄𝑁
resulting in a depth resolution of 𝑁𝑑, then the average dielectric constant of structures A and B
around 𝑧 = 𝑧0 are given by, respectively,
1 𝑧0 +𝑁𝑑⁄2
̅̅̅̅̅̅̅̅̅̅̅̅̅
Δ𝑓
∫
𝜀𝑟𝐴 (𝑧0, 𝑁 ) =
𝜀 (𝑧)𝑑𝑧
𝑁𝑑 𝑧0 −𝑁𝑑⁄2 𝑟𝐴
=

1 𝑧0 −𝑑⁄2
𝜀𝑟𝑑
1 𝑧0 +𝑁𝑑⁄2
∫
∫
𝜀𝑟𝐴𝑙 (𝑧)𝑑𝑧 +
+
𝜀 (𝑧)𝑑𝑧 (6.5)
𝑁𝑑 𝑧0 −𝑁𝑑⁄2
𝑁
𝑁𝑑 𝑧0 +𝑑⁄2 𝑟𝐴𝑢

and
1 𝑧0 +𝑁𝑑⁄2
̅̅̅̅̅̅̅̅̅̅̅̅̅
𝐵
∫
𝜀𝑟𝐵 (𝑧0, 𝑁) =
𝜀 (𝑧)𝑑𝑧
𝑁𝑑 𝑧0 −𝑁𝑑⁄2 𝑟𝐵
=

1 𝑧0 −𝑑⁄2
𝜀𝑟𝑑
1 𝑧0 +𝑁𝑑⁄2
∫
∫
𝜀𝑟𝐵𝑙 (𝑧)𝑑𝑧 +
+
𝜀 (𝑧)𝑑𝑧
𝑁𝑑 𝑧0 −𝑁𝑑⁄2
𝑁
𝑁𝑑 𝑧0 +𝑑⁄2 𝑟𝐵𝑢

(6.6)

We note again that the average dielectric constants given by equations (6.5) and (6.6), and
the corresponding images at a bandwidth of Δ𝑓⁄𝑁 will be different for each structure.

By exploring the images at various resolutions, fine to coarse, the complete information on
the defect and its vicinity can be obtained for a better characterization of the defect region and its
surrounding regions.
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6.1.2

Multiresolution image formation
Four different structures (ST1 – ST4) were investigated for multiresolution analysis, as

shown in Figure 6-1. Each structure contains two airgaps surrounding the central dielectric region.
The shaded regions are assumed to be a lossless dielectric of dielectric constant 𝜀𝑟 = 4. The
thicknesses of the airgaps and the central dielectric region are different in each structure. Table 61 lists the bandwidths used for image generation and the corresponding resolutions obtained.
Waveforms used for comparison were the Gaussian noiselet and Mexican Hat wavelet.

(a)

(b)

(c)

(d)

Figure 6-1. Structures for multiresolution analysis. (a) ST1, (b) ST2, (c) ST3, and (d) ST4.
Table 6-1. Bandwidths and resolutions investigated.
Frequency range (GHz)
8 – 12
8.5 – 11.5
9 – 11
9.5 – 10.5

Bandwidth (GHz)
4
3
2
1

Depth resolution for 𝜀𝑟 = 4 (cm)
1.875
2.5
3.75
7.5

Figures 6-2 to 6-5 show the images obtained for all four structures using both waveforms
at different resolutions for structures ST1–ST4, respectively.
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(a)

(b)

(c)

(d)
Figure 6-2. Reconstructed Image for ST1 for Gaussian noiselet (left) and Mexican Hat
wavelet (right) using bandwidth of (a) 4 GHz, (b) 3 GHz, (c) 2 GHz, and (d) 1 GHz.
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(a)

(b)

(c)

(d)
Figure 6-3. Reconstructed Image for ST2 for Gaussian noiselet (left) and Mexican Hat
wavelet (right) using bandwidth of (a) 4 GHz, (b) 3 GHz, (c) 2 GHz, and (d) 1 GHz.
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(a)

(b)

(c)

(d)
Figure 6-4. Reconstructed Image for ST3 for Gaussian noiselet (left) and Mexican Hat
wavelet (right) using bandwidth of (a) 4 GHz, (b) 3 GHz, (c) 2 GHz, and (d) 1 GHz.
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(a)

(b)

(c)

(d)
Figure 6-5. Reconstructed Image for ST4 for Gaussian noiselet (left) and Mexican Hat
wavelet (right) using bandwidth of (a) 4 GHz, (b) 3 GHz, (c) 2 GHz, and (d) 1 GHz.
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From Figure 6-2 to 6-5, we note that the image resolution depends on the signal bandwidth
for both waveforms. Furthermore, the images get blurred as the resolution degrades by decreasing
the bandwidth, as expected [48]. We also note that the images corresponding to each waveform are
similar for the same structure at the same resolution.
Several images, however, show noticeable differences between both waveforms, especially
for the 2-GHz bandwidth results, as observed in Figure 6-2 (c) to 6-5 (c). Furthermore, the
reconstructed images with the Gaussian noiselet appears to be providing relatively finer and more
accurate results compared to the images using the wavelet waveform. Note from Figure 6-3 images
of structure ST2, both waveforms show relatively poor results which might be a critical structure
for both noiselet and wavelet waveforms to resolve or indicate the structure condition precisely.
Although differences in reconstructed images denote that the noiselet waveform could
provide better resolutions or results, we need to quantitatively verify that the noiselet waveform is
more advantageous. Moreover, we also need to conform that the frequency bandwidth variation
would serve as a powerful potential tool using noiselet waveforms for multiresolution analysis.
6.1.3

Image similarity analysis of RF MRA
To perform multiresolution analysis, we propose an image comparison algorithm to

measure the similarity between images at various resolutions. By comparing the correlations
between images at different resolutions, it can be assessed whether the degraded image retains or
suppresses information relative to the target structure. For this analysis, the raw pixel values were
used, not the dB values shown in Figure 6-2 to 6-5. The notation 𝑥(𝑖, 𝑗) is used for the reference
image and 𝑦(𝑖, 𝑗) for the image to be compared, where i and j are the location of each measurement
point or pixel, and x and y denote the bandwidth in GHz (1–4). Normalization is performed based
on following relation to obtain the correlation coefficients 𝐶𝑥𝑦 (𝑖, 𝑗), given by
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𝑥(𝑖, 𝑗)
∀ 𝑥(𝑖, 𝑗) < 𝑦(𝑖, 𝑗)
𝑦(𝑖, 𝑗)
𝐶𝑥𝑦 (𝑖, 𝑗) = 𝑦(𝑖. 𝑗)
∀ 𝑦(𝑖, 𝑗) < 𝑥(𝑖, 𝑗)
𝑥(𝑖, 𝑗)
{ 1 ∀ 𝑥(𝑖, 𝑗) = 𝑦(𝑖, 𝑗)

(6.7)

This ensures that the pixel-to-pixel correlation coefficients vary between 0 and 1. The total
normalized similarity index between the images, 𝑆𝑥𝑦 , is obtained by averaging the pixel-to-pixel
correlation coefficients over the entire image, using

𝑆𝑥𝑦 =

𝑛
∑𝑚
𝑗=1 ∑𝑖=1 𝐶𝑥𝑦 (𝑖, 𝑗)

𝑚×𝑛

(6.8)

where 𝑚 and 𝑛 are the total number of pixels in the both directions of the 2-dimensional image. In
our case, 𝑚 = 𝑛 = 1024. The similarity factors were obtained by comparing the image data
pertaining to 1, 2, 3, and 4 GHz bandwidth signals. Obviously, 𝑆11 = 𝑆22 = 𝑆33 = 𝑆44 = 1, and
𝑆𝑥𝑦 = 𝑆𝑦𝑥 . Also, there are a total of six (6) similarity indices with values less than unity.
Figure 6-6 to 6-9 show the similarity indices for structures ST1–ST4, respectively. In these
figures, values shown in color depict the largest (red) and the lowest (blue) difference in similarity
indices between the values using the noiselet and the wavelet waveforms. We also note that as the
bandwidth difference increases, the corresponding similarity index decreases. In general, the
similarity indices for the noiselet waveform are higher than that of the wavelet waveform,
indicating that the noiselet waveform is better able to associate or relate images at varying
resolutions for the same structure.
Note from Figure 6-7, 6-10 and 6-11, that the results on ST2 provide slightly different
trends than other structures, as stated earlier. This is also suggested from the fact that the largest
differences are observed for 𝑆24 while others show the largest difference for 𝑆14 , as expected.
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Figure 6-6. Similarity indices for structure ST1 for different reference images.

Figure 6-7. Similarity indices for structure ST2 for different reference images.
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Figure 6-8. Similarity indices for structure ST3 for different reference images.

Figure 6-9. Similarity indices for structure ST4 for different reference images.
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Figure 6-10. Similarity coefficient trends for nearest neighbors for various structures.

Figure 6-11. Similarity coefficient trends for farthest neighbors for various structures.
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Figure 6-10 and 6-11 show the similarity coefficients for the nearest neighbors and the
farthest neighbors, respectively. Similarity coefficients for nearest neighbors are 𝑆12 , 𝑆23 , and 𝑆34 ,
while those for farthest neighbors are 𝑆14 (for the 1 and 4 GHz images), 𝑆13 (for the 3 GHz image),
and 𝑆24 (for the 2 GHz image). As can be seen, the nearest neighbor trends show that not much of
information is lost when comparing the images of nearest bandwidth pairs. However, the far
neighbor trends indicate that the noiselet waveform associates more information between images
of differing resolutions when compared to the wavelet waveform.

6.2 Difference Mapping Image Enhancement
Having established above that the noiselet waveform better preserves structural
information across images of varying resolutions, it would be worthwhile to visualize the
correlation data to emphasize the area which has more similarity. A simple technique, which we
call the modified difference mapping of reflection data, is performed to identify the higher-valued
correlated areas for image comparison for several bandwidth combinations. In the modified
difference image, each pixel value is achieved as,
∆𝑥𝑦 (𝑖, 𝑗) = |log 𝑥(𝑖, 𝑗) − log 𝑦(𝑖, 𝑗)| ∀ 𝑖, 𝑗

(6.9)

Next, the grayscale is applied after normalizing to a 0–255 scale, as follows

∆𝑥𝑦,grayscale =

|∆𝑥𝑦 (𝑖, 𝑗)|
max|∆𝑥𝑦 (𝑖, 𝑗)|

× 255

(6.10)

Thus, a value of 0 indicates the lowest difference (highest similarity) while a value of 255 indicates
highest difference (lowest similarity). A total of six (6) images are possible for each structure using
the four (4) bandwidths, namely, ∆12 , ∆13 , ∆14 , ∆23 , ∆24 , and ∆34 . These six images, converted to
grayscale and rendered in color for clarity, were generated for all four structures ST1–ST4. Figure
6-12 to 6-15 show these images for ST1–ST4, respectively.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6-12. Difference images for ST1. (a) ∆12 , (b) ∆13 , (c) ∆14 , (d) ∆23 , (e) ∆24 , and (f) ∆34 .

(a)

(d)

(b)

(c)

(e)

(f)

Figure 6-13. Difference images for ST2. (a) ∆12 , (b) ∆13 , (c) ∆14 , (d) ∆23 , (e) ∆24 , and (f) ∆34 .
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6-14. Difference images for ST3. (a) ∆12 , (b) ∆13 , (c) ∆14 , (d) ∆23 , (e) ∆24 , and (f) ∆34 .

(a)

(d)

(b)

(c)

(e)

(f)

Figure 6-15. Difference images for ST4. (a) ∆12 , (b) ∆13 , (c) ∆14 , (d) ∆23 , (e) ∆24 , and (f) ∆34 .
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The difference mapping of ∆34 provides the best resolution, as expected, due to the
combination of larger bandwidths. Interestingly, ∆14 (or even ∆13 ) results in relatively informative
images from which we conclude that the data using a 1-GHz bandwidth noiselet signal can also
preserve valuable information about the target.
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Chapter 7
Conclusions and Future Works
7.1 Conclusions
The dissertation has discussed microwave image reconstructions of synthetic aperture radar
scanning using ultrawideband radio frequency noiselet waveforms. This chapter concludes with a
summary of results from previous chapters of the dissertation.
In Chapter 2, the theoretical approaches and analysis on multilayered dielectric material
structures are introduced and presented. Starting from the multilayered dielectric materials in
general, structural defects such as delaminations are explored to address the specific matters of
investigation using microwave imaging. Then, the electromagnetic modeling on multilayered
structures are provided since the microwave imaging will be based on the electromagnetic theory.
The electromagnetic modeling initially started on simple multilayered dielectric interfaces and
expanded to the complex and realistic approaches to model the multilayered dielectric structures
for microwave imaging.
In Chapter 3, microwave imaging using radar system and synthetic aperture radar in
specific are introduced. Since radar systems are concerned, the wave transmission would be most
interesting part to design the entire system. Thus, ultrawideband radio frequency noiselet
waveforms are introduced for transmission signals. To support and verify our UWB RF noiselet
waveforms, the fundamentals of noise waveforms are visited theoretically with the Gaussian noise
model. Then, the actual noiselet theorem and generation for computation are provided with
examples. In addition, matched filtering is performed to provide information of noiselet to noise
tolerance and also to optimize the waveform before actual transmission to pursue data collection
for image reconstruction.
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In Chapter 4, a brief theoretical approach of UWB formulations of scattering fields from
dielectric interfaces is defined, then, SAR scanning scheme for data measurements is introduced.
Since the system is organized in near-field area, the calibration method is necessary due to the
wavefront. Range migration algorithm, in detail, is provided which calibrates the reflection data
from target interfaces. Furthermore, the verification of entire SAR scanning system is performed
using the conventional pulsed waveform with assumption of fiber reinforced polymers as
multilayered dielectric structures. UWB RF noiselet waveforms, then, applied on systems
computationally and experimentally to show that SAR scanning system can achieve microwave
imaging with data collection using noiselet signals.
In Chapter 5, an advanced microwave imaging using SAR scanning is discussed. The
scattering scheme from uneven dielectric interfaces is introduced to apply on our SAR scanning
system. The structural designs of uneven interfaces, then, considered to figure out the potential of
noiselet waveforms to form images at exact locations. Quasi-3D imaging scheme is provided after
discussing uneven interfaces by organizing data matrix of depth and interface planes. Various
structures are designed based on the assumption of initial conditions and external factors during
their service life.
In Chapter 6, radio frequency multiresolution analysis capability of UWB RF noiselet
waveforms is introduced which could be a benefit to apply noiselet waveforms on complex
structure diagnosis. Two waveforms (Mexican hat wavelet and Gaussian noiselet) are concerned to
be candidates to compare RF MRA performances by varying the operational frequency bandwidths.
Then, the image similarity analysis is introduced to verify and clarify the RF RMA with similarity
factors and coefficients. Moreover, image enhancement technique using modified difference
mapping is performed with final images included.
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7.2 Future Works
7.2.1

Complex structure variations
More complex and realistic multilayered dielectric structures can be explored. The scenario

of deformation due to external force can be described as shown in Figure 7-1 such that it can be
modeled using a sinusoidal function to form an interface deformation as shown in Figure 7-2.
Simulation condition of the structure will be given based on the notation shown in Figure 7-2 by
varying the maximum peak values (𝑑) and the frequency of peak occurrence in a 50-cm spatial
range (𝑇).

Figure 7-1. Mechanical schematics of deformation due to external force.

Figure 7-2. Applied structure for simulation of deformation detection.
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(a)

(b)

Figure 7-3. Simulation of corrugated interface structure of (a) 𝑑 = 5 mm, and (b) 𝑑 = 10 mm at 𝑇
= 2 (showing 2 cycles along 50 cm; 25 cm).
As can be seen, the result is much more sensitive compared to the condition from previous
report in that wide curvature structures can be detected even though they are in the centimeter range.
However, the corrugated surface is much more critical condition to detect even if the surface
curvature peak is less then wider curved structures. Following figures are the continuation of
simulation with higher repetition of corrugated peaks at 𝑇 = 4 (12.5 cm) and 6 (8.33 cm) with same
maximum peak values of 5 mm and 10 mm.

(a)

(b)

Figure 7-4. Simulation of corrugated interface structure of (a) 𝑑 = 5 mm, and (b) 𝑑 = 10 mm at 𝑇
= 4 (showing 4 cycles along 50 cm; 12.5 cm).
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(a)

(b)

Figure 7-5. Simulation of corrugated interface structure of (a) 𝑑 = 5 mm, and (b) 𝑑 = 10 mm at 𝑇
= 6 (showing 6 cycles along 50 cm; 8.33 cm).
One interesting thing during this simulation is that if 𝑇 value of structure reaches zero, then
it could be ignored and the interfaces would not show any corrugated area due to deformation by
external forces. During these simulations, we tried to determine the critical value in case of this
corrugated structure model. We also tried by varying the maximum peak values (𝑑) to find the error
occurrence point as can be seen in Figure 7-6, and it is found to be around 8.2 mm.

(a)

(b)

Figure 7-6. Simulation of corrugated interface structure of (a) 𝑑 = 8.2 mm, and (b) 𝑑 = 8.75 mm at
𝑇 = 2 (25 cm) to determine the critical maximum peak of the system for detection.
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7.2.2

Complete 3D image rendering
As discussed previously in Chapter 5, the image matrix showed the potential to form a

complete 3D image. The following figures are the results of initial 3D image rendering trials in
various cases described previously, namely, Case 1 (Figure 5-5), Case 3 (Figure 5-7), and Case 5
(Figure 5-9), by applying image data matrix to the ‘volumeViewer’ function provided on Matlab.
These are shown in Figure 7-7, 7-8, and 7-9, respectively.

Figure 7-7. 3D rendering images of Case 1 (no delamination present in flat FRP composite) from
Figure 5-5 in various angle views.

Figure 7-8. 3D rendering images of Case 3 (several delamination layers present in flat FRP) from
Figure 5-7 in various angle views.
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Figure 7-9. 3D rendering images of Case 5 (delamination layers present in bent FRP composite)
from Figure 5-9 in various angle views.

As can be seen, 3D image rendering using data matrix can form images in various viewing angles
by rotation and tilting. However, the dimensions of test sample designs (100 cm (W) × 12 cm (H)
× 5 cm (D)) have larger values on size compared to delamination layers (5 cm × 12 cm × 1.5 cm);
thus, the initial 3D images appear somewhat ambiguous to determine the presence of delamination
layers. Also, the image data matrix contains four-dimensional (4D) data, which represent the
coordinates of (𝒙, 𝒚, 𝒛) and the reflectivity 𝜸 so that an additional process of calibration will be
necessary to locate the data in the proper position. Despite this, it would be beneficial if this 3D
rendering could be achieved in near future for a real time structure monitoring system of microwave
nondestructive testing and evaluations.

7.2.3

Terahertz and mm-wave nondestructive testing and evaluations
Terahertz (THz) technology would also be a good extension from microwave imaging in

further research. THz signals deals with electromagnetic waves of approximately 0.1 THz – 10
THz in frequency range which cover the wavelength or resolution in sub mm-scales. THz, in
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general, has characteristics of both penetration (radio wave) and directivity (optical wave) so that
it is expected to achieve more precise and accurate reconstructed images in various field
applications, including nondestructive testing and evaluations. In addition, the system will become
smaller in size and lighter in weight which leads an NDT&E device in handheld size or even a
module that can placed within smart devices. Furthermore, the wavelength is sufficiently small
(approaching 𝜇m scales) and the operational power is one-millionth of X-ray energy; thus, the THz
system could be freed from health issues. Yet, the cost of constructing the system is extremely high
due to the material limitations of device fabrications. However, since every technology always
starts from high-end approaches, we believe that THz should be a good candidate for a high quality
imaging system in near future.

103

Appendix A
Design of Target (Dielectric Structure) Geometry Structures for Simulation
%%
%
%
%

++ Simulation Condtions *****
nk01 = 0 ; straight/curvature interface
nk11 = 0 : normal state without defect
nk11 = 1 : artificial defecting structure
% nk21 = 0 (partial bending of all layers with slopes)
% nk30 = 0 (swell up or pressed down)
% nk33 = 1 (2- different slopes on left and right sides)
% nk34 = 0, 1 (slope on left side/ 2-side slope)
% nk21 = 1 (1/2 depth cutting on first layer)
% nk21 = 2 (partial cutting of first layers): nt=1(change sigma
& epsr)
% nk21 = 3 (defect in other layer): nt=1(change sigma & epsr)
%********************************
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
nk01=0;% straight/curvature interface
nk11=0;% normal status for all layers
nk21=0;% select target condition
nL = 0;% number of layers
% (1*3)+(2*2*4*3)= 51 geometry

(0~2)
(0~2)
(0~3)
(1~3)

nk112=0;% initial condition
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
if nk01==1; % first interface¸¦ curvature
tc=linspace(-pi,3*pi,nax);
cco=0.001;% curve magnitude rate(0.01, 0.001,0.0005)
%x_surf=sin(tc).*exp(-0.01*tc)*cco;% 0.001
x_surf=sin(2*tc).*cco;% 0.001
elseif nk01==2; % ellipse
yy=sqrt(100-10*Xa.^2);
x_surf=(yy-min(yy))/max(yy-min(yy))*dk/2;
x_surf=-x_surf*1.0;% over-curve
%x_surf=x_surf*0.15;% under-curve
else % straight line
rd1(1:nax)=rd1k;
end;
if nk01>0;
rd1(1:nax)=rd1k+x_surf;% curvature interface
clf;subplot(211);plot(Xa,x_surf*1000);grid;
ylabel('First Interface Curve [mm]');
xlabel('Layer Distance [m]');axis('tight');pause
% Percent of Max Curve Depth/Range Resolution
pco=max(abs(x_surf*1000))/dR*100;
'Percent of Max Curve Depth/Range resolution =', pco
end;

104

%'aaa',pause
rd11=rd1;%
na=30;% artificial defect, na=number of cells
na1=0;% change center point to left or right direction
nc1=round((nax-1)/2)+na1;% center cell position
bend_region=nc1-na:nc1+na;% bending/deforming region in rail
axis
if nk11==1;% *** defect ***********************
% nk21==0 case (artificially deform or defect)
% rd11(1:nax)=rd1;
nk30=1;% swell up or pressed down
if nk30==1;
ds1=dk/2;% 0.005;%partially pressed down
else
ds1=-dk/2;%0.003;%-dk/2;% partially swell up
end;
rd11(bend_region)=rd11(bend_region)+ds1;
rd1=rd11;% left side distance of layer 1
nk33=1;
if nk33==1;% slope type bending
d20=ds1/30:ds1/30:ds1;d10=ds1/10:ds1/10:ds1;
nd1=length(d20);nd2=length(d10);
nc01=2*na+1-(nd1+nd2);
nc02=2*na+1-nd1;
nk34=1;
if nk34==1;% slope structure and location
ds2=[d20 ds1*ones(1,nc01) rot90(d10)'];% left/right
slope
else
ds2=[d20 ds1*ones(1,nc02)];% left side slope
end;
rd11(nc1-na:nc1+na)=rd1k+ds2;rd1=rd11;% left side distance
of layer 1
end;
nb=na;
dd(1:nax)=dk;nc2=round((nax-1)/2);ds2=ds1;
dd(nc2-nb:nc2+nb)=dk;
d=dd;% thick of layer 1
if nk21==1;
rd11(bend_region)=rd1k+dk/2;rd1=rd11;% left side distance
of layer 1
nb=na;dd(1:nax)=dk;nc2=round((nax-1)/2);ds2=ds1;
dd(nc2-nb:nc2+nb)=dk/2;
d=dd;% thick of layer 1

105

elseif nk21==2;
rd11(bend_region)=rd1k+dk;rd1=rd11;% left side distance of
layer 1
nb=na;dd(1:nax)=dk;nc2=round((nax-1)/2);ds2=ds1;
if nL==1;% 1-layer
dd(nc2-nb:nc2+nb)=0;
nt=1;
nds=bend_region;
else
dd(nc2-nb:nc2+nb)=0.001;
end
d=dd;% thick of layer 1
%+++++++++++++++++++++++++++++++++++++++++++++++++++
% defect in other layer
elseif nk21==3;
rd11(bend_region)=rd1k;rd1=rd11;% left side distance of
layer 1
nb=na;dd(1:nax)=dk;nc2=round((nax-1)/2);ds2=ds1;
%rd11(1:nax)=rd1k;
'aaa',pause;
k0=0;
if k0==1;
d=dd;% 1st interface deform
else
d=rd11;% 1st interface normal
end;
L2=0.05;L3=0.07;% change depth
if nL>1
nb=na;nc2=round((nax-1)/2);ds2=ds1;
ds1=0.02;
knn=1;
if knn==1;L1(1:nax)=L1;L1(nc2-nb:nc2+nb)=ds1;end;
if knn==2;L2(1:nax)=L2;L2(nc2-nb:nc2+nb)=ds1;end;
if knn==3;L3(1:nax)=L3;L3(nc2-nb:nc2+nb)=ds1;end;
end;
end;
%+++++++++++++++++++++++++++++++++++++++++++++++++++
%%%% nk11=1 case (defect simulation part)
epsrr(1:nax)=epsrk;
sigmaa(1:nax)=sigmak;
if nt==1;
epsr1=1;
epsrr(bend_region)=epsr1;
sigma1=0;
sigmaa(bend_region)=sigma1;
end;
epsr=epsrr;%
sigma=sigmaa;
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elseif nk11==2;%
nL0=1;% nL0=2;
nx2=1:96;%nx2=101:201;%first defect location at x-axis
nx3=111:201;%nx2=101:201;%second defect location at y-axis
rd1(nx1)=rd11;d(nx1)=0.001;epsr(nx1)=1;
if nL0==1;
rd1(nx1)=rd11;d(nx1)=dk;d(nx2)=0.055;d(nx3)=0.055;epsr(nx1)=epsrk; %con
tol depth of block defect
nk112=1;
elseif nL0==2;
rd1(nx1)=rd11;d(nx1)=0.002;d(nx2)=dk;epsr(nx1)=epsrk;
nk112=1;
else
rd1(nx1)=rd11;d(nx2)=dk;epsr(nx2)=epsrk;
end;
else % normal state without defect(nkk==0)
rd1(nx1)=rd11;
d(nx1)=dk;
epsr(nx1)=epsrk;
end;% nk11==
%break;
if nk112==1;%
%dL1=d;dL2(1:nax)=L2-d;dL3(1:nax)=L3;
L2=L2+L1;
dL1=d;dL2(1:nax)=L2-d;dL3(1:nax)=L3;
else
dL1=d;dL2(1:nax)=L2;dL3(1:nax)=L3;
end;
% sample layer geometry & relative permittivity
figure(1);
subplot(211);me=100;xm=Xa*me;
if nL==1;
dL2(:)=0;dL3(:)=0;
plot(xm,-rd1*me,xm,-(rd1+dL1)*me,'LineWidth',2);
elseif nL==2;
dL3(:)=0;
plot(xm,-rd1*me,xm,-(rd1+dL1)*me,xm,(rd1+dL1+dL2)*me,'LineWidth',2);
elseif nL==3;
plot(xm,-rd1*me,xm,-(rd1+dL1)*me,xm,-(rd1+dL1+dL2)*me,...
xm,-(rd1+dL1+dL2+dL3)*me,'LineWidth',2);
end;
grid;title('Dielectric Geometry');
ylabel('Depth [cm]');xlabel('Width [cm]');
axis([-60 60 -38 -18]);% axis([xm(1) xm(end) -50 0]);
subplot(212);plot(Xa*100,epsr,'LineWidth',2);grid;
ylabel('Relative Permittivity');xlabel('Width [cm]');
axis([-60 60 0 epsr(1)+1]);%axis([xa(1) xa(end) 0 epsr(1)+1]);
if np==1;pause;end;
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Appendix B
Scattering Field Calibration of Dielectric Materials for Simulations

%*****************************************
% calculate normalized dielectric impedance, relection coefficients &
%
transmission coefficients
%*****************************+++++++++***
if nN>1000;
%dL1(n)=0;
%dL2(n)=dL3(n);
%dL3(n)=0;
end;
%++++++++++++++++++++++++++++++++
nk27=0;% if need to do any application, use this part
if nk27==1;
if nt==1;%
if (nds(1)+1< n & n < nds(end)+1);
sigma(n)=0;
end;
end;
if ntt==1;%%
if nL>1;
if (nds(1)+1< n & n < nds(end)+1);
nLm=nL-1;dL1=dL2;dL2=dL3;
end;
end;
end;
end;
%++++++++++++++++++++++++++++++++
phi_i = phi_n(n);
'Calculation Step =',n
% calculate the normalized dielectric impedance incidence angle
% perpendicular polarization (TMz)
Z = cos(phi_i)./sqrt((epsr(n)+sigma(n)./(j*w*eps0))(sin(phi_i))^2);%
%calculate the relection coefficients incidence angle
R1 = (Z-1)./(Z+1);%
R2 = (1-Z)./(1+Z);%
R3 = (Z-1)./(Z+1);%
R4 = (1-Z)./(1+Z);%
%calculate the transmission coefficients incidence angle
T1 = 1 + R1;%
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T2 = 1 + R2;%
T3 = 1 + R3;%
T4 = 1 + R4;%
%********************************
% calculate elecrical length(phase)
%*******************************
% calculate the elecrical length of layer 1, phase length of layer 1
theta = d(n).*sqrt(epsr(n) + sigma(n)./(w.*j*eps0) (sin(phi_i)).^2).*k0;%;
theta1 = dL1(n).*sqrt(epsr(n) + sigma(n)./(w.*j*eps0) (sin(phi_i)).^2).*k0;%;
theta2 = dL2(n).*sqrt(epsr(n) + sigma(n)./(w.*j*eps0) (sin(phi_i)).^2).*k0;%;
theta3 = dL3(n).*sqrt(epsr(n) + sigma(n)./(w.*j*eps0) (sin(phi_i)).^2).*k0;%;
% calcualte c1, the incident field at the first boundary face
r = r1n(n);
%(m) distance to wall
%********************************
% wave amplitude coefficients
%********************************
nk71=1;
if nk71==1;
c1 = E0*exp(-j*k0*r);%
%c1 = E0*exp(-j*k0*r)+Wn(n);% noise
elseif nk71==2;
r=0;c1 = E0*exp(-j*k0*r);%
else
c1 = E0*ones(1,fsteps);% Reflective transfer fuction for Magnitude,
E0=1
end;
%********************************
% calculate c3 the tranmitted into region 3 coeficient wrt phase
%
legnth of layer 1
%********************************
%
c3 = T1.*T2.*c1./(exp(j*theta)+R1.*R2.*exp(-j*theta)+rcs.*...
%
(R2.*exp(j*theta)+R1.*exp(-j*theta)));
%********************************
% calculate b1 the reflected coefficient, phase length of layer 1
%********************************
%
b1 = (c3./(T1.*T2)).*(R1.*exp(j*theta)+R2.*exp(-j*theta)+...
%
rcs.*(R1.*R2.*exp(j*theta)+exp(-j*theta)));
%% < wave matrix calculation for 1~3 layer case %%%
for k2=1:length(k0);% 1-layer dielectric
A1=[exp(j*theta1(k2)) R1(k2)*exp(-j*theta1(k2));R1(k2)*...
exp(j*theta1(k2)) exp(-j*theta1(k2))];
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A2=[1 R2(k2);R2(k2) 1]*[1;rcs];
AA=A1*A2./(T1(k2)*T2(k2));
c33(k2)=c1(k2)./AA(1);
b11(k2)=AA(2)./AA(1).*c1(k2);
end;
for k2=1:length(k0);% 2-layer dielectric
A1=[exp(j*theta1(k2)) R1(k2)*exp(-j*theta1(k2));R1(k2)*...
exp(j*theta1(k2)) exp(-j*theta1(k2))];
A2=[exp(j*theta2(k2)) R2(k2)*exp(-j*theta2(k2));R2(k2)*...
exp(j*theta2(k2)) exp(-j*theta2(k2))];
A3=[1 R3(k2);R3(k2) 1]*[1;rcs];
AA=A1*A2*A3./(T1(k2)*T2(k2)*T3(k2));
c4(k2)=c1(k2)./AA(1);
b12(k2)=AA(2)./AA(1)*c1(k2);
end;
for k2=1:length(k0);% 3-layer dielectric
A1=[exp(j*theta1(k2)) R1(k2)*exp(-j*theta1(k2));R1(k2)*...
exp(j*theta1(k2)) exp(-j*theta1(k2))];
A2=[exp(j*theta2(k2)) R2(k2)*exp(-j*theta2(k2));R2(k2)*...
exp(j*theta2(k2)) exp(-j*theta2(k2))];
A3=[exp(j*theta3(k2)) R3(k2)*exp(-j*theta3(k2));R3(k2)*...
exp(j*theta3(k2)) exp(-j*theta3(k2))];
A4=[1 R4(k2);R4(k2) 1]*[1;rcs];
AA=A1*A2*A3*A4./(T1(k2)*T2(k2)*T3(k2)*T4(k2));
c5(k2)=c1(k2)./AA(1);
b13(k2)=AA(2)./AA(1)*c1(k2);
end;
%********************************
% plane wave takes some distance to get back to receiver,
%
thus the received field is
%********************************
Es1(nN,:) = b11.*exp(-j*k0*r);%
Es2(nN,:) = b12.*exp(-j*k0*r);%
Es3(nN,:) = b13.*exp(-j*k0*r);%
end;
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