
Abstract 

NOJAVAN, SAEED. Damage Imaging Algorithms for Structural Health Monitoring using 

Electromagnetic Waves. (Under the direction of Dr. Fuh-Gwo Yuan.) 

Reconstructing damage geometry with computationally efficient and effective 

algorithms is of primary importance in establishing a robust structural health monitoring 

system (SHMS). To this end, two linearized imaging algorithms, electromagnetic (EM) 

migration and Born imaging, are formulated for 3-D damage imaging of structures using EM 

waves. These algorithms are derived in both differential equation (DE) and integral equation 

(IE) formalisms in time-domain for inhomogeneous anisotropic and lossy structures. 

When sensor data is collected in a common-source configuration (i.e., each set of sensor 

data is collected by individual actuator), the proposed imaging algorithms consist of three 

steps: (1) Back-propagation (migration) of the scattered field data derived from the measured 

sensor data; (2) Zero-lag cross-correlation of the back-propagated scattered field with the 

incident field in image area; and (3) Summation of partial images obtained from individual 

actuators. The back-propagation step can be carried out numerically based on either the DEs 

or the IEs associated with the back-propagated scattered field. In DE approach, the associated 

differential equations are discretized and solved by a finite difference time domain (FDTD) 

method. Although mathematically this approach is straightforward, it may be 

computationally intensive for 3-D cases. In IE approach, however, the Green’s functions of 

the pristine structure are required. For general 3-D cases, numerical solutions of these 

Green’s functions may be computationally intensive when analytical solutions are not 

available. Fortunately, the numerical solutions of the Green’s functions, if needed, are carried 



 

out only once prior to the monitoring stage. Having calculated the Green’s functions, the 

back-propagation of the scattered field data is performed by integral (summation) operations 

during the monitoring stage.  

To lower the computational cost of the zero-lag cross-correlation imaging condition in 

step (2), the incident field at each image point is approximated by a single-event function 

parameterized by a traveltime and an amplitude. It is shown that by applying similar 

approximations to the fields associated with the Green’s functions of the pristine structure in 

the IE formalism of the algorithms, real-time damage imaging algorithms suitable for SHM 

application can be realized. 

Another way of reducing the computational cost of the algorithms is to employ the 

poststack concept, typically used in geophysical exploration. Using this concept, the incident 

field in the image area is not needed in the imaging process at all but the sensor data should 

be collected in a zero-offset configuration (i.e., actuators and sensors are collocated). 

To show the effectiveness of the DE and IE formalisms of the imaging algorithms, 

numerical simulations in 2-D transverse magnetic case for a reinforced concrete slab and a 

glass/epoxy composite plate with multiple damages are performed. In this simulated study, 

all sensor data, incident field, back-propagated (migrated) field, and the Green’s functions of 

the pristine structure are generated via a FDTD method with second–order of accuracy in 

time and space. 

It is concluded that the proposed imaging algorithms are capable of efficiently 

identifying the damages geometries, are robust against measurement noise, and in their IE 

formalism may be employed in a SHMS. 
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Introduction 

The integrity of structures such as aircrafts, bridges, and dams needs to be monitored to 

avoid unexpected failures. In order to ensure both safety and functionality of these structures 

and prevent their failures, it is crucial to continuously monitor their condition and detect the 

presence, the location, and the extent of damages as they occur. Proper corrective actions can 

then be taken to temporarily mitigate the effects of such damages until structures can be 

repaired. 

Periodic inspections or scheduled maintenance using conventional nondestructive 

evaluation/inspection (NDE/NDI) techniques require extensive labor, cause downtime, and 

are expensive. Most inspection techniques such as conventional ultrasonic or eddy currents 

need a transducer to be scanned point-by-point over the structure under inspection which is a 

time-consuming process. Moreover, for structural components that are hard to inspect, 

disassembly of the structure may be necessary (Krautkramer and Krautkramer, 1990 and 

Bray and McBride, 1992). 

The essence of structural health monitoring (SHM) technology is to develop autonomous 

built-in systems for the continuous (or on-demand) monitoring, inspection, and damage 

detection of structures with minimum labor involvement (Chang, 1997). The potential 

benefits from a structural health monitoring system (SHMS) are enormous such as real-time 

monitoring and reporting, saving in maintenance cost, reducing labor, downtime and human 

error, and improving safety and reliability. Typically, such a built-in diagnostic system, in 

addition to the structures to be monitored, would include two major components: a built-in 

network of sensors for collecting sensor data and damage identification software for 

interpretation of the sensor data in terms of the physical condition of the structures. The 

diagnostic systems available for SHM can be broadly classified based on sensor 

functionality: passive sensing system without known inputs (sensors only) and active sensing 

system with known inputs (both sensors and actuators). A passive system uses sensors such 

as MEMS, fiber optics, strain gages, piezoelectrics, and accelerometers to continuously 

“listen” for characteristic signals from the structure due to external impact events, damage 

evolution, the change in environmental conditions in terms of loads, temperature, chemistry, 
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and etc. The most significant passive sensing systems are acoustic emission, strain/loads 

monitoring, and frequency response methods. Along with the sensors, an active system is 

also equipped with actuators to generate selected diagnostic (excitation) signals to interrogate 

the “health” status of the structures. In general, a passive system is used to monitor the 

condition and/or detect the damages of the structures; while an active system is targeted to 

identify the location and the nature of the damages of individual components of the 

structures. 

SHM systems can also be broadly classified into two categories: (i) global methods that 

infer or assess the state of a structure from its overall modal response; and (ii) local methods 

that monitor the material degradation (property changes, flaws, etc.) at critical areas of the 

structure (Johnson et al., 2004). The global methods are attractive primarily because they 

only need fewer sensors, thus cost effective, but their sensitivity to the damage is low. While 

the local methods are more sensitive to localized damages and can provide more quantitative 

information. It should be pointed out that the so-called vibration-based SHM systems fall into 

the global SHM systems. A local SHMS using actuators and sensors for active sensing is 

studied in this dissertation. 

Generally, the excitation signal (wave) in an active SHMS can be mechanical or non-

mechanical. Mechanical signals, such as acoustic and ultrasonic (frequency >  20 kHz), are 

those in which a mechanical medium (i.e., solid, fluid, or gas) is required for wave 

propagation. In contrast, non-mechanical signals, such as electromagnetic (EM), can 

propagate in any medium including vacuum, thereby enabling non-contact diagnosis. It is 

worth mentioning that radio waves, microwaves, infrared light, visible light, ultraviolet light, 

X-rays, and γ -rays reflect different regions of the EM spectrum. However, in this study, 

“EM waves” will imply the microwave region of the EM spectrum, generally between a few 

hundred MHz and a few hundred GHz (Bahr, 1995). It should be noted that various types of 

excitation signals with different waveforms may provide different degrees of sensitivities to a 

specific type of damage in a structure. This is because the sensor response from a specified 

excitation signal generally depends on the interaction between the sensor/actuator and the 

host structure, the material properties of the structure through which the signal propagates, 

and the damage mechanisms.  



 3 

Regarding the sensitivity of mechanical and non-mechanical waves in detecting the 

damages, Lemistre and Balageas (2004) showed that low-frequency electromagnetic waves 

(~ 700 kHz) were more sensitive to damages generated by aggressions such as burning, 

lightning, and liquid ingress in graphite/epoxy composites where the electrical properties 

show a large contrast in the damage regions; ultrasonic waves (~ 400 kHz) more sensitive to 

delaminations due to impact. Büyüköztürk (1998) concluded that imaging methods using 

microwaves were effective in locating and imaging rebars, cracks, and voids in concrete 

structures. However, microwaves experience high attenuation in moisture, and total 

reflection from metals which makes it difficult to image areas beneath closely spaced rebars. 

In contrast, ultrasonic waves are not affected by the presence of reinforcements and moisture, 

but they suffer high attenuation for the size of inhomogeneities comparable to the excitation 

wavelength due to wave scattering (Iyer et al., 2005). Zoghi (2000) and Liu and Bethesda 

(1998) also showed that the ultrasonic wave might not be a good option for NDE of thick, 

multilayered composite structures specially when composites were made of porous, coarse 

grained, low-permittivity or low-loss dielectric materials such as glass/epoxy composites, 

commonly used for ship-hall and masts in marine environments. The high attenuation of 

ultrasonic signals in such materials dictates the application of relatively low excitation 

frequency in order to obtain the required penetration depth, thereby reducing image 

resolution. On the contrary, EM waves can penetrate deep inside these materials and interact 

with their inner structure without suffering from high attenuation. A reverse situation occurs 

with conductive materials (e.g., metals) or non-perfectly conductive materials (e.g., 

graphite/epoxy composites) where the high attenuation of EM waves forces the use of 

relatively low excitation frequency, leading to a poor depth resolution of the image. 

Having considered the above arguments, to ensure the identification of all types of 

damages in a structure, different types of excitation signals (i.e. mechanical and non-

mechanical) should be employed for monitoring the structure (Lemistre and Balageas, 2004). 

While mechanical waves have been widely used in SHMS, the usage of EM waves has been 

very limited. In order to show the salient features of EM waves in providing high-resolution 

image of damages specially in dielectric structures, complement to the mechanical waves, the 

application of EM waves will be investigated in this study. 
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The damage characterization plays a major role in quantifying the damage in SHMS and 

can be regarded as the brain of the system. Mathematically speaking, determination of the 

physical condition of a structure based on sensor data is an inverse problem. Typically, such 

inverse problem is both nonlinear and ill-posed. By ill-posedness, in the sense of Hadamard 

(Hadamard, 1923), it is meant that one of the following conditions is violated: the existence 

of the solution; the uniqueness of the solution; or the continuous dependence of the solution 

on the data (stability condition). The uniqueness condition is generally violated because 

complete data collection from limited number of sensors is not practically feasible in SHM. 

In addition, the instability refers to the sensitivity of the solution to noise and measurement 

errors (Haykin, 1999). Regularization techniques are usually used to handle the ill-posedness 

of inverse problems.  

In terms of the type of the model being inverted to determine the physical conditions of 

the structure, an inverse scattering problem is often classified into inverse medium problem 

and inverse obstacle problem. In inverse medium problem, one attempts to reconstruct the 

material properties of a scatterer (damage) inside a host structure. On the other hand, in 

inverse obstacle problem, the goal is to merely reconstruct the shape (geometry) of the 

scatterer: reconstruction of the material properties is of secondary importance. 

The methodologies available for solving inverse scattering problems can be categorized 

roughly into three different classes: I) Nonlinear inversion methods; II) Linearized inversion 

methods; III) Linearized imaging methods. 

I) Nonlinear inversion methods  

A rational way to solve the nonlinear inverse problem is via nonlinear inversion 

methods. These methods attempt to construct a full solution of the inverse problem by 

sequentially updating a model that can simulate the real structure response. Born iterative 

method (Chaturvedi and Plumb, 1995), distorted-Born iterative method (Weedon et al., 

2000), local shape method (Weedon et al., 2000), dual-space method (Colton and Monk, 

1994), gradient-based methods (Rekanos and Räisänen, 2003, Takenaka et al., 2003, 

Belkebir et al., 1997, and Tarokh et al., 2004), contrast source method (van den Berg and 

Kleinman, 1997 and Abubakar and van den Berg, 2002), level-set method (Ramananjaona et 
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al., 2001), and genetic algorithms (Chien et al., 2005) are different iterative nonlinear 

inversion methods that have been investigated. These methods are the most accurate methods 

for solving inverse problems and tolerate irregular and coarse data collection as well. 

However, they are computationally very intensive and cannot be employed practically in a 

SHMS. In addition, slow convergence rate and/or convergence to a local minima are some of 

the important issues that should be carefully considered. 

It is worth mentioning that the linear sampling method (Colton et al., 2003) and its 

modifications such as factorization method (Kirsch, 2004) for shape reconstruction, do not 

require any iterations in spite of belonging to the nonlinear inversion methods. These 

methods are computationally efficient, but they have been shown to be very sensitive to 

incomplete and noisy data (Ramm and Gutman, 2005).   

Other nonlinear inversion methods employing artificial neural network (Rekanos, 2002) 

and support vector machine (Bermani et al., 2004) concepts have been explored. These 

methods which require a large amount of training data are computationally efficient for 

SHM. At present time, their applications have been limited to very simple damage 

geometries. 

Due to the impracticability of employing the nonlinear inversion methods in SHMS, 

linearized inversion and imaging methods are discussed separately below. 

II) Linearized inversion methods 

In linearized inversion methods, an approximation is made that transforms the full 

nonlinear inverse scattering problem to a more tractable linear problem. Commonly used 

approximations are the Physical Optics (PO) or Kirchhoff approximation typically for 

impenetrable (perfect conductor) scatterers, and the weak scatterer approximations called 

Born and Rytov approximations for penetrable (dielectric) scatterers (Büyüköztürk, 1998). 

While the PO-based linearized inversion methods reconstruct the shape of the scatterer, the 

methods based on the Born or Rytov approximation can estimate the material properties of 

the scatterer. It should be pointed out that the linearized inversion methods still remain ill-

posed, thus an appropriate regularization technique is usually required.  
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In the EM PO-based method, it is assumed that the total tangential (to the surface) 

magnetic field is twice the incident tangential magnetic field on the illuminated side of a 

perfect conductor scatterer and zero on the shadow side (Bojarski, 1982). This approximation 

yields valid results only for the scatterers that are large compared to the excitation 

wavelength (i.e., in a high-frequency range) and have convex surfaces (Langenberg, 1989). 

When a far-field approximation is included in the PO-based inversion methods, the method is 

called Physical Optics Far-Field Inverse Scattering (POFFIS). Langenberg et al. (1997) 

applied a time-domain EM version of POFFIS to locate metal ducts in reinforced concrete 

structures. However, the formulation was limited to homogeneous isotropic and lossless 

structures. Other examples of the PO-based shape reconstruction for perfect conductor and 

dielectric scatterers embedded in a homogeneous isotropic and lossless structure can be 

found in Soldovieri et al. (2005) and Liseno and Pierri (2004), respectively. 

  In Born approximation (or distorted Born approximation for inhomogeneous 

structures), which is the very commonly used weak scatterer approximation, the scattered 

field inside the scatterer is neglected. Therefore, the linearized inversion methods based on 

Born approximation can only estimate the material properties of the weak scatterers: when 

the material properties of the scatterer and the host structure are close and the size of the 

scatterer is small compared to the excitation wavelength (i.e., in a relatively low-frequency 

range) (e.g., Leone et al., 1999 and Slaney et al., 1984). 

In some special cases, for example, a half-space homogeneous isotropic structure, an 

explicit inversion of the linearized equations can be constructed often with Fourier or related 

integral transforms. Using fast Fourier transforms in the implementation, this method, so-

called diffraction tomography (DT), is computationally efficient and quite tolerant to noise 

and measurement errors (Cui and Chew, 2002). However, most DT algorithms place severe 

constraints on the sensor configurations, such as the requirement that sensors be uniformly 

separated by a maximum of one-half excitation wavelength (Kak and Slaney, 1988 and 

Weedon et al., 2000). Deming and Devaney (1997) mentioned that DT was adequate for 

quantitatively reconstructing scatterers with roughly 20% contrast, when the size of the 

scatterer was on the order of an excitation wavelength. In general, as the scatterer size 

decreases the allowable contrast increases for maintaining similar quality of the 
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reconstruction. It has been further shown that for strong scatterers, DT can still be used for 

identifying the location and size of the scatterer (Cui and Chew, 2002). Wang and Oristaglio 

(2000) developed an explicit linearized inversion method utilizing the generalized Radon 

transform for inhomogeneous isotropic structures. They used geometrical optics (ray theory) 

approximation for the Green’s functions of host structure and far-field approximation in 

addition to the Born approximation. Unfortunately, the imaging results were not satisfactory.  

It is worth mentioning that when the scatterer size is much greater than the excitation 

wavelength (i.e., in a very high-frequency range), Computerized Tomography (CT) method, 

which is based on geometrical model of radiation propagation, can be employed, e.g., X-ray 

and ultrasonic CT. However, when the scatterer size is comparable or smaller than the 

excitation wavelength, diffraction effect becomes significant and ray theory (geometric 

propagation) based concepts should not be used; instead one must resort directly to wave 

propagation and diffraction-based phenomena (Kak and Slaney, 1988).  

An alternative to the Fourier algorithms of DT is to discretize the linearized integral 

equations and solve the set of linear algebraic equations numerically, e.g., using a regularized 

least-squares method. For instance, Barkeshli et al. (1992) applied method of moments 

(MOM) to discretize the linearized integral equations, solved the set of algebraic linear 

equations by a conjugate gradient algorithm, and presented 3-D images of some flaws in a 

one-layer graphite/epoxy composite slab. However, this approach, which requires the 

Green’s functions of the host structure, is not computationally efficient due to the iterative 

process involved in the solution of the linear algebraic equations. Recently, new linearized 

inversion techniques based on some modifications on the Born approximation such as 

extended Born approximation (Liu et al., 2002), modified extended Born approximation 

(Tseng et al., 2003), quasi-analytical approximation (Zhdanov and Hursan, 2000), localized 

quasi-linear approximation (Zhdanov and Tartaras, 2002), and modified quasi-linear 

approximation (Zhou and Liu, 2000), have been reported. Although these methods are more 

accurate than the Born approximation-based methods in terms of material properties 

estimation, they are more computationally intensive. 

Although the determination of damaged material properties using the above methods is 

desirable, identifying the shape of damages with computationally efficient algorithms is the 
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primary and minimum practical goal of a SHMS. As such, linearized imaging methods 

should be employed. 

III) Linearized imaging methods 

Linearized imaging methods can only provide the geometries of damages in a structure, 

sufficient for SHM application. A very important advantage of these methods is that unlike 

linearized inversion methods, they are well-posed. Holographic imaging methods, synthetic 

aperture focusing techniques (SAFT), migration algorithms, and time-reversal (TR) 

techniques mentioned in the literature all belong to this category of linearized imaging 

methods.  

Langenberg et al. (1986) showed that the images obtained from both conventional and 

generalized holography are poor solutions to the inverse scattering problem. Kim et al. 

(2004) adopted a holographic technique to identify different damages in concrete slabs. Guo 

et al. (1998) also developed a near-field holographic algorithm to locate highly conducting 

small buried objects such as mines. However, both approaches were limited to homogeneous 

isotropic structures.  

Johansson and Mast (1994) employed a SAFT algorithm in time-domain to construct 3-

D images of different flaws and rebars in a concrete slab. Although the method was capable 

of handling layered structures, the polarization (vector) characteristic of EM waves was not 

utilized and also the quality of the resulting images was not satisfactory. Fear et al. (2002) 

presented a confocal microwave imaging technique for breast cancer detection which is 

conceptually similar to time-domain SAFT. Marklein et al. (2002) also mentioned that SAFT 

might be extended to EM vector fields and inhomogeneous anisotropic structures. 

Migration algorithms, widely used in seismic prospecting and geophysical exploration, 

have also been used in EM applications such as ground penetration radar (GPR) and 

electromagnetic induction (EMI).  In GPR, used for imaging shallow scatterers (i.e., 

scatterers close to the ground surface), displacement currents are dominant due to high-

frequency of EM field, so the field propagates into the structure, whereas in EMI, used for 

imaging deep scatterers, conduction currents are dominant due to low-frequency of the EM 

field, therefore, the field diffuses into the structure. Generally, migration algorithms are 
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classified into two groups (e.g., Gray, 1999): poststack migration (all the data are stacked 

into a greatly reduced data volume to simulate an ideal zero-offset data before migration) and 

prestack migration (all the data are migrated before the images are stacked to form the final 

image). Prestack migration is computationally more intensive than poststack migration but 

provides high fidelity of the image, i.e., image with better resolution and higher signal-to-

noise ratio. Migration algorithms can also be performed in different domains such as time-

space, frequency-space, and frequency-wavenumber (f-k) domains. Kirchhoff migration 

(KM), f-k migration, phase-shift migration, one-way finite difference migration, and Reverse-

time migration (RTM) are some common types of migration algorithms. Although migration 

algorithms are well established in acoustic and elastic cases and recently in SHM of plates 

(e.g., Lin and Yuan, 2005 and Wang and Yuan, 2005), they are not yet fully explored in EM 

case. 

Regarding time-reversal (TR) techniques, they follow the same principles as migration 

algorithms. Kosmos and Rappaport (2005) simulated the TR technique for breast cancer 

detection considering a 2-D lossy inhomogeneous breast model and using a minimum 

entropy criterion for imaging time. Yavuz and Teixeira (2005) also investigated the super-

resolution characteristic of the TR technique in a continuous random lossless structure. The 

technique focused back the received signals generated by a point source and collected by a 

linear array to the original source position. 

In what follows, major studies on different EM migration algorithms are reviewed. The 

EM migration based on the Maxwell’s equations was originally developed by Zhdanov 

(1988). Zhdanov et al. (1996) presented a 2-D one-way finite difference migration in 

frequency-space domain for EMI applications which was modified later by Peng et al. 

(2001). Zhdanov and Portniaguine (1997) developed time-domain EM migration in both 

integral equation and differential equation forms for EMI application corresponding to KM 

and RTM, respectively. Feng and Sato (2004) applied a prestack time-domain KM for 

landmine detection. However, their method was based on scalar wave equation assumption 

and inhomogeneity of the host structure was partially taken into account. Zhdanov and Li 

(1997) and (1998) applied a 2-D prestack RTM for EMI applications. Also, Sanada and 

Ashida (1998) employed a 2-D poststack RTM for GPR application, but the synthetic zero-
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offset data was based on incorrect exploding reflector model. Later, Leuschen and Plumb 

(2001), introduced a 3-D matched filter-based RTM for GPR application in both poststack 

and prestack forms. Recently, Di and Wang (2004) used finite element method instead of 

finite difference in a 2-D RTM for GPR application. Regarding to the f-k migration, 

Büyüköztürk et al. (2003) adopted such a method for NDE of fiber-reinforced-plastic-

confined concrete using wide-band microwaves, but the method was based on scalar wave 

equation assumption. Xu et al. (2003) introduced an optimized version of f-k migration for 

GPR application that took into account the roughness of air-ground interface and the 

attenuation of the ground. However, the method was not computationally efficient and it was 

based on scalar wave equation assumption as well. The method proposed by van der Kruk et 

al. (2003), a 3-D imaging algorithm in a (f-k) domain for GPR application, took into account 

the vectorial characteristics of the EM waves but was limited to half-space homogeneous 

isotropic structures. It should be mentioned that in all these studies, the case of the 

anisotropic structures has not been studied. 

In this dissertation, the EM migration developed by Zhdanov for geophysical exploration 

in inhomogeneous isotropic structures is extended to anisotropic structures and used as a 

damage imaging algorithm for a SHMS. 

It has been identified that the standard prestack migration operator can be regarded as 

the adjoint of the linear forward modeling operator (Claerbout, 1992). Based on this analogy, 

the adjoint operators for general transient EM fields in an inhomogeneous anisotropic 

structure are derived, and Born imaging algorithm as the second proposed linearized imaging 

technique is introduced.  

In this study, first the two proposed linearized imaging algorithms, EM migration and 

Born imaging, are formulated in both differential equation (DE) and integral equation (IE) 

formalisms in time-domain for 3-D damage imaging of inhomogeneous anisotropic and lossy 

structures. Then, it is shown that by applying proper approximations in the IE formalism of 

these algorithms, real-time damage imaging algorithms suitable for SHM application can be 

realized.  
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This dissertation is divided into several chapters as follows: Chapter 1 begins with the 

Maxwell’s equations, their solutions in terms of dyadic Green’s functions and their adjoints. 

Also, some properties of ordinary and adjoint dyadic Green’s functions such as reciprocity 

relations and time-translation properties are reviewed. To prepare for the modeling the 

inverse scattering problem, a forward scattering problem of EM waves when a scatterer is 

embedded in a host structure is described in Chapter 2. In Chapter 3, the inverse scattering 

problem in its IE formalism is presented. The first proposed imaging algorithm, the EM 

migration, is formulated in Chapter 4 for general transient EM fields in an anisotropic 

inhomogeneous structure using two approaches. In Chapter 5, the second proposed imaging 

algorithm, the Born imaging, is introduced and then its relationship with gradient-based 

inversion methods is discussed. Imaging steps of the DE and IE formalisms of the 

algorithms, various approximations with the aim of reducing the computational cost of these 

algorithms, and advantages and shortcomings of the DE and IE approaches for SHM 

application are discussed in detail in Chapter 6.  In Chapter 7, the imaging algorithms are 

specialized for 2-D transverse magnetic (TM) waves. The effectiveness of the algorithms for 

2-D damage imaging of a reinforced concrete slab and a glass/epoxy composite plate with 

multiple damages is demonstrated in Chapter 8. 

In this simulated study, a finite difference time-domain method has been used to 

generate all sensor data, incident field, the fields associated with the Green’s functions of the 

pristine structure, and back-propagated (migrated) scattered field. 
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1. Fundamental Equations 

This chapter briefly describes the fundamental equations: Maxwell’s equations, their 

fundamental solutions in terms of dyadic Green’s functions, their adjoints, and reciprocity 

relations. Some of the details can be found in Felsen and Marcuvitz (1994). 

The Maxwell’s equations in the differential representation, including both external 

electric and magnetic current sources, are expressed by (Balanis, 1989): 

M
B

E −
∂
∂−=×

t
∇  (1.1) 

J
D

JH +
∂
∂+=×

tC∇  (1.2) 

H
iρ=⋅ B∇  (1.3) 

EE
C

E
i ρρρ =+=⋅ D∇  (1.4) 

where 

E  ≡ electric field intensity (Volts/meter) 
H  ≡ magnetic field intensity (Amperes/meter) 
D  ≡ electric flux density or electric displacement (Coulombs/meter2) 
B  ≡ magnetic flux density (Webers/meter2) 
M  ≡ prescribed (source) magnetic current density (Volts/meter2) 

CJ  ≡ conduction electric current density (Amperes/meter2) 

J  ≡ prescribed (source) electric current density (Amperes/meter2) 
Eρ  ≡ total electric charge density (Coulombs/meter3)  
E
iρ  ≡ prescribed electric charge density (Coulombs/meter3) 
E
Cρ  ≡ conduction electric charge density (Coulombs/meter3) 
H
iρ  ≡ prescribed magnetic charge density (Webers/meter3) 

In addition, the continuity equations governing the conservation law of charges are: 

t

E
i

∂
∂

−=⋅
ρ

J∇  (1.5) 

t

E
C

C ∂
∂

−=⋅
ρ

J∇  (1.6) 
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t

H
i

∂
∂

−=⋅
ρ

M∇  (1.7) 

For a time-varying EM field, Eq. (1.3) and (1.4) can be derived from Eq. (1.1), (1.2) via 

the continuity equations (1.5) – (1.7). For example, taking the divergence of (1.1) and using 

the continuity equation (1.7) lead to Eq. (1.3). Since only two of the four Maxwell’s 

equations are independent in electrodynamics, Eq. (1.1) and (1.2) are sufficient to work with. 

However, there are five vector unknowns, D B H E ,,,  and CJ , with only two vector 

equations, Eq. (1.1) and (1.2). For a linear, time-invariant, instantaneously reacting, 

inhomogeneous anisotropic medium, the constitutive relations are: 

),()(),(

),()(),(

),()(),(

tt

tt

tt

C rErrJ

rHrrB

rErrD

⋅=
⋅=
⋅=

σ

µ

ε

 (1.8) 

where )(rσ , )(rε , and )(rµ  are conductivity, permittivity, and permeability tensors, 

respectively. Then, Eq. (1.1) and (1.2) using Eq. (1.8) become: 







+⋅+⋅=×
−⋅−=×

),(),()(),()(),(

),(),()(),(

tttt

ttt

rJrErrErrH

rMrHrrE
&

&

εσ

µ

∇
∇

 (1.9) 

where the dot denotes partial derivative with respect to time. 

For uniqueness of the fields E and H, it is required that the excitations J  and M  vanish 

for 1tt <  and the fields satisfy the initial (causality) condition, i.e., HE == 0  for 1tt ≤ , and 

the appropriate boundary conditions.  

In the following, the derived relations will be based on Eq. (1.9). 

One way to represent the response of a linear system such as Eq. (1.9) to arbitrary 

sources is using the point source response or Green’s function approach. Regarding to Eq. 

(1.9), four different dyadic Green’s functions need to be introduced. Note that a dyad is the 

juxtaposition of two vectors AB=D  defined by ( )CBAC ⋅=⋅D  and ( )BACC ⋅=⋅ D , 

where D is a dyad and A, B, and C are vectors. In fact, a dyadic Green’s function is a dyad 

that relates a vector electric or magnetic field to a vector current source. Therefore, the 
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corresponding dyadic Green’s functions assume the following forms (Oristaglio and Blok, 

1994): 










′−′−+
∂

′′∂⋅+′′⋅=′′×

∂
′′∂⋅−=′′×

I
G

εGσG

G
µG

)()(
),;,(

),;,(),;,(

),;,(
),;,(

tt
t

tt
tttt

t

tt
tt

EJ
EJHJ

HJ
EJ

δδ rr
rr

rrrr

rr
rr

∇

∇
 (1.10) 










∂
′′∂⋅+′′⋅=′′×

′−′−−
∂

′′∂
⋅−=′′×

t

tt
tttt

tt
t

tt
tt

EM
EMHM

HM
EM

),;,(
),;,(),;,(

)()(
),;,(

),;,(

rr
rrrr

rr
rr

rr

G
εGσG

I
G

µG

∇

∇ δδ
 (1.11) 

where EJG  and HJG  are the electric and magnetic dyadic Green’s functions due to a 

point electric current, and EMG  and HMG  are the electric and magnetic dyads due to a point 

magnetic source located at rr ′=  and excited at tt ′= , respectively. For the sake of clarity, 

for example, ),;,( ttG EJ
xy ′′rr  denotes the x-component of the electric field at point r  and time 

t generated by an impulsive point electric current dipole in y-direction, located at rr ′= , and 

excited at tt ′= .  

All these dyadic Green’s functions satisfy the initial (causality) conditions: 

tttt ′≤=′′ 0),;,( rrG  (1.12) 

and the appropriate boundary conditions. Based on superposition principle, the 

electromagnetic field can be expressed in terms of dyadic Green’s functions as: 

∫ ∫∫ ∫

∫ ∫∫ ∫

′′′′⋅′′+′′′′⋅′′=

′′′′⋅′′+′′′′⋅′′=

MJ

MJ

V

t

t

HM

V

t

t

HJ

V

t

t

EM

V

t

t

EJ

VdtdtttVdtdtttt

VdtdtttVdtdtttt

11

11

),(),;,(),(),;,(),(

),(),;,(),(),;,(),(

rMrrrJrrrH

rMrrrJrrrE

GG

GG
 (1.13) 

where JV  and MV  are the finite volumes occupied by J  and M , respectively. The 

dyadic Green’s functions formulas for an infinite homogeneous isotropic medium are given 

in Appendix A. 
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In the case of a reciprocal medium, i.e., TTT
µµεεσσ ===  and,, , based on reciprocity 

theorem of the convolution type in an infinite medium, the following symmetry properties of 

dyadic Green’s functions hold (De Hoop, 1995): 













−′−′+=′′

−′−′−=′′

−′−′−=′′

−′−′+=′′

),;,(),;,(

),;,(),;,(

),;,(),;,(

),;,(),;,(

tttt

tttt

tttt

tttt

T

T

T

T

HMHM

EMHJ

HJEM

EJEJ

rrrr

rrrr

rrrr

rrrr

GG

GG

GG

GG

 (1.14) 

where superscript “T” denotes transpose operation.  

Another useful property of dyadic Green’s functions is time translation property for a 

time-invariant (stationary) domain (Heberman, 1987): 

)0,;,(),;,( rrrr ′′−=′′ tttt GG  (1.15) 

In the following, the above equations can be derived in the frequency domain as well. 

The Fourier transform definition and its properties are given in Appendix C. Using the time 

derivative property (C.3), Eq. (1.9) transforms into  





+⋅−=×
−⋅=×

JEH

MHE

cj

j

ε

µ

ω
ω

∇
∇

 (1.16) 

where cε , complex permittivity tensor, is define as: 

σεε

ω
1

jc +=  (1.17) 

The frequency counterpart of Eq. (1.10) and (1.11), based on time translation property 

(1.15), relation (C.13), and the shifting property (C.4), are: 







′−+⋅−=×
⋅=×

IGεG

GµG

)( rrδω
ω

EJ
c

HJ

HJEJ

j

j

∇
∇

 (1.18) 







⋅−=×

′−−⋅=×
EM

c
HM

HMEM

j

j

GεG

IGµG

ω
δω

∇
∇ )( rr

 (1.19) 
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Using the time translation property (1.15) and the convolution theorem (C.7), the 

relations (1.13) transform into the following relations 

∫∫

∫∫
′′⋅′+′′⋅′=

′′⋅′+′′⋅′=

MJ

MJ

V

HM

V

HJ

V

EM

V

EJ

VdVd

VdVd

),()|;(),()|;(),(

),()|;(),()|;(),(

ωωωωω

ωωωωω

rMrrrJrrrH

rMrrrJrrrE

GG

GG
 (1.20) 

Also, the symmetry properties (1.14), using the time translation property (1.15) and the 

shifting property (C.4), become: 













′+=′

′−=′

′−=′

′+=′

)|;()|;(

)|;()|;(

)|;()|;(

)|;()|;(

ωω

ωω

ωω

ωω

rrrr

rrrr

rrrr

rrrr

T

T

T

T

HMHM

EMHJ

HJEM

EJEJ

GG

GG

GG

GG

 (1.21) 

Adjoint EM fields play an important role in inverse scattering problem. Following the 

definition of Felsen and Marcuvitz (1994), the equations for adjoint electric and magnetic 

fields ),(ˆ trE  and ),(ˆ trH  can be obtained from the ordinary field equations (1.9) by 

transposing the EM property tensors and temporal and spatial reflection transformation 

tt ∂−∂→∂∂ //  and ∇∇ −→ . One thus obtains: 








+⋅−⋅=×−

−⋅=×−

JEEH

MHE

ˆˆˆˆ

ˆˆˆ

&

&

TT

T

εσ

µ

∇

∇
 (1.22) 

which are subject to reflected initial condition HE ˆ0ˆ ==  for 2tt ≥  corresponding to 

excitations Ĵ  and M̂  that vanish for 2tt >  and appropriate reflected boundary conditions. 

The corresponding adjoint dyadic Green’s functions satisfy the following equations: 













′−′−+
∂

′′∂⋅−′′⋅=′′×−

∂
′′∂⋅=′′×−

I
G

εGσG

G
µG

)()(
),;,(ˆ

),;,(ˆ),;,(ˆ

),;,(ˆ
),;,(ˆ

tt
t

tt
tttt

t
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EJ
TEJTHJ

HJ
TEJ

δδ rr
rr

rrrr

rr
rr

∇

∇
 (1.23) 
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
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
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εGσG

I
G
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∇

∇ δδ
 (1.24) 

These adjoint Green’s functions are anti-causal 

tttt ′≥=′′ 0),;,(ˆ rrG  (1.25) 

and satisfy the appropriate reflected boundary conditions. Note that the time translation 

property still holds, 

)0,;,(ˆ),;,(ˆ rrrr ′′−=′′ tttt GG  (1.26) 

Linearity of the adjoint equations (1.22) indicates that the adjoint fields are representable 

in a form similar to those in Eq. (1.13): 

∫ ∫∫ ∫

∫ ∫∫ ∫

′′′′⋅′′+′′′′⋅′′=

′′′′⋅′′+′′′′⋅′′=

MJ

MJ

V

t

t
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V

t

t

HJ

V

t

t

EM

V

t

t

EJ

VdtdtttVdtdtttt

VdtdtttVdtdtttt

ˆ 2ˆ 2

ˆ 2ˆ 2

),(ˆ),;,(ˆ),(ˆ),;,(ˆ),(ˆ

),(ˆ),;,(ˆ),(ˆ),;,(ˆ),(ˆ

rMrrrJrrrH

rMrrrJrrrE

GG

GG
 (1.27) 

where 
J

V ˆ  and 
M

V ˆ  are the finite volumes occupied by Ĵ  and M̂ , respectively. Note that 

in the above relations: 2ttt ≤′≤ . In addition, adjoint dyadic Green’s functions have the 

following relationships with dyadic Green’ functions (derivation in Appendix B): 








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

′′=′′
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 (1.28) 

Considering the relations (1.14), valid for a reciprocal medium, the above relations can 

also be expressed as: 
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

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Using time translation properties (1.15) and (1.26), the shifting property (C.4) and the 

conjugate property (C.5), the above relations in frequency domain take the following forms:  










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 (1.30) 
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2. Forward Scattering of Electromagnetic Waves 

In this chapter, the forward (direct) scattering problem of a finite scatterer (damage), 

occupying the volume scatV , embedded in a host structure (background medium) and excited 

by finite electric and/or magnetic current sources at 01 =t  is investigated in both differential 

equation and integral equation formalisms. In this case, the Maxwell’s equations are: 







+⋅+⋅=×
−⋅−=×

JEEH

MHE
&

&

εσ

µ

∇
∇

 (2.1) 

where 





⊄
⊂

=
scatbbb
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V

V

rrrr

rrrr

)(),(),(

)(),(),(
,,

εσµ

εσµ
εσµ  (2.2) 

and subscript “b” implies background. Now, the total field is decomposed into incident and 

scattered fields, i.e., 

scatinc

scatinc

HHH

EEE

+=
+=

 (2.3) 

where the subscripts “inc” and “scat ” denote incident and scattered fields, respectively. 

The incident field is defined as the field due to the sources J  and/or M  in the absence 

of the scatterer; therefore, it satisfies Eq. (2.1) in the host structure, 





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+⋅+⋅=×

−⋅−=×

JEEH

MHE

incbincbinc

incbinc

&

&

εσ

µ

∇
∇

 (2.4) 

The equations for the scattered field can be derived using Eq. (2.1) to (2.4) as: 

[ ]
[ ]



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⋅+⋅+⋅+⋅=×

⋅−⋅−=×

EEEEH

HHE
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∇
∇

 (2.5) 

where contrast EM properties are defined as: 
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b

b

b

σσσ

εεε

µµµ

−=
−=
−=

∆
∆
∆

 (2.6) 

Note that, one can consider H&⋅µ∆  and EE &⋅+⋅ εσ ∆∆  as effective magnetic and 

electric volume currents, respectively, induced by the total magnetic and electric fields inside 

the scatterer. In fact, the scattered field is generated due to these effective induced currents 

inside the scatterer. These effective currents are called scattering currents or contrast sources 

(Oristaglio and Blok, 1994).  

In view of the relations (1.9) and (1.13), the incident and scattered fields in Eq. (2.4) and 

(2.5) can be expressed in terms of the Green’s functions of the host structure, 
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Using the relations (C.3), (C.7), and (1.15), Eq. (2.7) and (2.8) can be easily transformed 

into the frequency domain as: 

∫∫

∫∫
′′⋅′+′′⋅′=

′′⋅′+′′⋅′=

MJ

MJ

V

HM
bV

HJ
binc

V

EM
bV

EJ
binc

VdVd

VdVd

),()|;(),()|;(),(

),()|;(),()|;(),(

ωωωωω

ωωωωω

rMrrrJrrrH

rMrrrJrrrE

GG

GG
 (2.9) 



 21

[ ]
[ ]
[ ]
[ ]∫

∫

∫

∫

′′⋅′−⋅′

+′′⋅′−⋅′=

′′⋅′−⋅′

+′′⋅′−⋅′=

scat

scat

scat

scat

V

HM
b

V c
HJ
bscat

V

EM
b

V c
EJ
bscat

Vdj

Vdj

Vdj

Vdj

),()()|;(

),()()|;(),(

),()()|;(

),()()|;(),(

ω∆ωω

ω∆ωωω

ω∆ωω

ω∆ωωω

rHrrr                    

rErrrrH

rHrrr                    

rErrrrE

µG

εG

µG

εG

 (2.10) 

where 

σεε ∆
ω

∆∆ 1
jc +=  (2.11) 
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3. Inverse Scattering 

In inverse scattering (medium) problems, one attempts to quantify the material 

properties of the scatterer (damage) from the scattered field measurement outside the 

scatterer. The measurement may be set up on a closed surface around the scatterer or on a 

planar surface outside the scatterer. Figure 3.1 shows a cross-section of a scatterer inside a 

known host structure (background medium), an actuator, and some sensors located on a 

planar observation surface for scattered field measurement. It should be noted that the inverse 

scattering problem can be formulated both in differential equation and integral equation (IE) 

formalisms. Here, the IE formulation is presented. 

Actuator Sensors

Scatterer

scatV

)(),(),( rrr bbb σεµHost Structure

)(),(),( rrr σεµ

Planar Observation Surface

S

 

Figure 3.1. The inverse medium problem: Finding scatterer EM properties using field measurement at 

sensor locations outside the scatterer 

For the case considered in the previous chapter, when total electric and/or magnetic 

fields are measured on a planar observation surface S outside the scatterer region, the IE 

formulation of the inverse medium problem can be set up using Eq. (2.8) as (Oristaglio and 

Blok, 1994): 

Given ),( td rE  and/or ),( td rH  (the measured total electric and/or magnetic fields at 

sensor locations on the observation surface S), incE , incH , and the Green’s functions of the 

host structure, the contrast EM properties )(rσ∆ , )(rε∆ , and )(rµ∆  should be recovered 

from data equations, 
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The data equations provide an integral relation between the measured field (data) and the 

unknowns ( )(rσ∆ , )(rε∆ , and )(rµ∆ ). It is not yet, however, a complete formulation of the 

inverse medium problem because there is another unknown under the integrals: the total 

electric field and time derivative of electric and magnetic fields inside the scatterer region 

scatV . Clearly, other equations are required to specify E  and H . The other equations, so 

called domain equations, are the same integral equations, but written with scatV∈r , 

[ ]
[ ]
[ ]
[ ]

scat

t

V

HM
b

t

V

HJ
binc

t

V

EM
b

t

V

EJ
binc

V  

tdVdttt                                 

tdVdtttttt

tdVdttt                                

tdVdtttttt

scat

scat

scat

scat

∈′

′′′′⋅′⋅′′

+′′′′⋅′+′′⋅′⋅′′+=

′′′′⋅′⋅′′

+′′′′⋅′+′′⋅′⋅′′+=

∫ ∫

∫ ∫

∫ ∫

∫ ∫

r,r

rHrrr

rErrErrrrHrH

rHrrr

rErrErrrrErE

:where

),()(),;,(

),()(),()(),;,(),(),(

),()(),;,(

),()(),()(),;,(),(),(

0

0

0

0

&

&

&

&

µG

εσG

µG

εσG

∆

∆∆

∆

∆∆

 (3.2) 

Thus, in the IE formalism, the inverse medium problem is formulated as a coupled set of 

integral equations (3.1) and (3.2) for the unknown quantities: (1) )(rσ∆ , )(rε∆ , and )(rµ∆ , 

the contrast EM properties; (2) The total electric field and time derivative of electric and 

magnetic fields inside the scatterer. 

The coupling between two equations is nonlinear due to the multiplication of the 

unknowns which occurs in both data and domain equations. In other words, this inverse 

problem is nonlinear in contrast properties because the total field inside the scatterer, which 

multiplies the contrast properties, also is a function of the contrast properties. Notice how, for 

instance, the total electric field inside the scatterer in data equation (3.1) depends on the 
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contrast EM properties through domain equation (3.2). This is called multiple scattering 

effect (e.g., Chew, 1995).  

Unfortunately, this nonlinear inverse problem is ill-posed as well. By ill-posedness, in 

the sense of Hadamard (Hadamard, 1923), it is meant that one of the following conditions is 

violated: the existence of the solution; the uniqueness of the solution; or the continuous 

dependence of the solution on the data (stability condition). The uniqueness condition is 

generally violated because complete data collection from limited number of sensors is not 

practically feasible in SHM. In addition, the instability refers to the sensitivity of the solution 

to noise and measurement errors (Haykin, 1999). Regularization techniques are usually used 

to handle the ill-posedness of inverse problem. 
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4. The Electromagnetic Migration Algorithm 

The basic principles of electromagnetic (EM) migration were first formulated by 

Zhdanov (1988) for the case of diffusive EM field in geophysical exploration. He introduced 

time-domain EM migration as the solution of the boundary value problem in a semi-infinite 

space (the earth) for the adjoint Maxwell’s equations, in which the boundary values of the 

migrated field on the observation surface are determined by the measured EM field. Zhdanov 

and Portniaguine (1997) showed that this EM migration could be associated with the inverse 

problem solution: First, they introduced the EM energy flow of the residual field, the 

difference between the measured EM field and the calculated (simulated) EM field for a 

given model, through the observation surface as a functional of the conductivity distribution 

in the model. Then, it was shown the EM migration can be considered as the first iteration in 

the general EM inversion procedure, based on the minimization of the residual field energy 

flow through the observation surface. They called their iterative method, the iterative EM 

migration. The extension of this algorithm for the case of general transient EM field, where 

both conductivity and permittivity images are obtained, was made by Zhdanov (2001). 

In this study, the time-domain EM migration algorithm for inhomogeneous isotropic 

structures is extended to inhomogeneous anisotropic case. Moreover, permeability images are 

constructed in addition to the conductivity and permittivity ones. To derive the imaging 

formulas, two approaches based on the minimization of the residual field energy flow 

through the observation surface are presented. In the second approach, the constraint of 

fulfillment of the Maxwell’s equations by the calculated EM field is explicitly considered in 

the minimization problem using Lagrange multipliers. Although both approaches provide 

identical imaging results for reciprocal host structures, the second approach is 

mathematically more elegant. 
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4.1. The First Approach 

Consider multiple scatterers (damages) embedded in a host structure (background 

medium) with known EM properties )(rbσ , )(rbε , and )(rbµ . All scatterers are assumed to 

be enclosed by the scatterer region or domain of investigation D. The scatterers are 

illuminated by incident EM waves, which are generated by actuators (sources) placed at M 

distinct positions { }Mj sss ,,1 K∈  outside D. For each incidence, the total transient EM field 

is measured over an observation surface S outside D and for the time interval ],0[ T . It is 

also assumed that the sources and all fields are zero before 0=t . 

When the goal is to estimate the spatial distribution of the EM properties inside the 

domain D using the set of measurements, inversion methods should be employed. Gradient-

based inversion methods are very common for solving nonlinear inverse scattering problems. 

In these methods, first, a nonlinear cost (objective) functional is constructed (e.g., data error 

(misfit) functional, which is the norm of the difference between the measured field and the 

calculated field obtained from a model on the observation surface). Then, the cost functional 

is minimized in order to obtain the best estimation of EM properties inside D. The 

minimization is carried out by sequentially updating the model by steps along the gradient 

directions. 

To construct the cost functional in the EM migration, a total instantaneous power flow of 

the residual field through the observation surface is defined for each experiment as: 

( )∫ ⋅×=
S jjj dStp nHE ∆∆)(  (4.1.1) 

where n  is a unit normal vector pointing outward of  S (pointing away the scatterer region) 

and the data residuals are given by  
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∆

∆
 (4.1.2) 

where ),( td
j rE  and ),( td

j rH  are the measured EM field, and ),( tj rE  and ),( tj rH  are the 

calculated EM field for a given model. 
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It has been shown (Zhdanov, 2002) that the power flow of the residual field is non-

negative, i.e., 0)( ≥tp j . Note that there are no external EM sources inside the region 

surrounded by the observation surface S (the scatterer region). Based on the non-negativeness 

property of the power flow, the following cost functional is introduced: 

( )∑∫ ∫
=

⋅×=
M

j

T

S jj dtdS
1

0
),,( nHE ∆∆Ρ µεσ  (4.1.3) 

The dependence of the functional P on the model parameters (σ , ε , and µ ) arises from 

the implicit dependence of the calculated fields ),( tj rE  and ),( tj rH  on these parameters. 

In a steepest descent method, the simplest gradient method, the minimization of P is 

carried out by updating the model by steps along the gradient directions. Let )(n
σ , )(n

ε , and 

)(n
µ  be the conductivity, permittivity, and permeability of the model at the nth iteration and 

let )(n
σγ , )(n

εγ , and )(n
µγ  be the gradients of P with respect to )(n

σ , )(n
ε , and )(n

µ . Then, 
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where )(n
σα , )(n

εα , and )(n
µα  are positive step lengths and their optimal values at each iteration 

are usually obtained using a line-search method. For continuous models, the gradients are 

actually Frechet derivatives of P, i.e.,  

σ
γ

∂
∂= P

σ  (4.1.5) 

ε
γ

∂
∂= P

ε  (4.1.6) 

µ
γ

∂
∂= P

µ  (4.1.7) 

These are linear functionals such that for small perturbations )(and),(),( r  r r ′′′ µεσ δδδ  

about the current model, 
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where 
MH>⋅⋅< ,  and 

MH
⋅  indicate dot product and norm on the Hilbert space of models, 

respectively, with the following definitions: 

MD

T
H HdV

M
∈∀=>< ∫ 212121 ,)(:)(, mmmmmm δδδδδδ rr  (4.1.9) 

MM
HH

><= mmm δδδ ,
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 (4.1.10) 

where D  is the domain over which the model is allowed to vary (scatterer region) and mδ  

stands for σδ , εδ , or µδ . 

It should be noted that the most important step in an iterative gradient-based method is to 

calculate the gradients of the functional with respect to the model parameters at each 

iteration. In view of relation (4.1.8) and definitions (4.1.9) and (4.1.10), the first variation of 

P is: 
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The first variation of P using Eq. (4.1.3) together with Eq. (4.1.2) can also be obtained as  
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where ),( tj rEδ  and ),( tj rHδ  are the change in the calculated data when the model 

parameters are changed. The first variation of the Maxwell’s equations (1.9) with respect to 

the model parameters is 
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The terms in the brackets can be considered as effective current sources for the perturbed 

field. Using Eq. (1.13), these perturbed electric and magnetic fields can be written in terms of 

dyadic Green’s functions as: 
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Substituting Eq. (4.1.14) and (4.1.15) into (4.1.12), using relation (4.1.11), interchanging 

the time integrals, and then using relations (1.28), the gradients of P are obtained as  
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Using the host structure as the initial guess for the model in the first iteration, the 

following changes should be applied: 
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Then, Eq. (4.1.19) for the migrated residual field are changed into the following 

equations for the migrated scattered field: 
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 (4.1.21) 

In this case, the negative gradients of P with respect to the model parameters in Eq. (4.1.16) 

to (4.1.18) are defined as apparent contrast properties, i.e., 
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Note that the apparent contrast properties are not approximations of the contrast EM 

properties. In fact, the physical dimensions of the apparent contrasts are completely different 

from those of the contrast EM properties. The images constructed from the above relations 

are called the conductivity, permittivity, and permeability images, respectively. 

In view of Eq. (1.27), it can be observed that the integral equations (4.1.21) with 

ttT ′≥≥  has the appropriate form for propagation with the adjoint Green’s functions. For 

instance, ),;,(ˆ ttEM
b rr ′′G  ( ),;,(ˆ ttEJ

b rr ′′G ) gives the electric field at r′  and time t′  caused by a 

magnetic (electric) current source, here ),(; td
jscat rEn×  ( ),(; td

jscat rHn×− ), radiating at r at a 

later time t. Note that ordinary scattered fields, governed by the Maxwell’s equations, 

propagate from scatterers to observation surface, whereas migrated scattered fields, governed 

by the adjoint Maxwell’s equations, propagate from the observation surface to their original 

place, the scatterers. Mathematically, the imaging formulas (4.1.22) to (4.1.24) represent 

negative zero-lag cross-correlation of the migrated scattered field with the incident field. 
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In practice, the measurement is performed at discrete locations { }Ni rrr ,,1 K∈  on a 

planar observation surface. Then, Eq. (4.1.21) can be written as 
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 (4.1.25) 

Note that the above equations actually represent the integral equation formalism of the 

migrated scattered field. Considering Eq. (1.27) and the adjoint field equations (1.22), it can 

be inferred that the migrated scattered field satisfies equations adjoint to Maxwell’s equations 

and that the source terms for these adjoint equations are ),(; ti
d

jscat rEn×  and ),(; ti
d

jscat rHn ×−  

at all the sensor locations radiating as magnetic and electric current sources in reverse time, 

respectively. Therefore, the differential equation formalism of the migrated scattered field is 

given by:  
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Unlike Eq. (4.1.26) in which the sensor data are treated as sources, Zhdanov defined the 

migrated scattered field as the solution of the boundary value problem for the homogeneous 

adjoint Maxwell’s equations, in which the time-dependent boundary values of the migrated 

field on the observation surface are determined by the scattered field data; i.e., 
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Using relations (1.29) for a reciprocal host structure and simple change of variables in 

Eq. (4.1.25), the time-reversed migrated scattered field can be expressed in terms of ordinary 

Green’s functions of the host structure as: 
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 (4.1.28)  

where the time-reversed of an arbitrary function is defined as: 

),(),(
~

tTftf −= rr  (4.1.29)  

 

4.2. The Second Approach (Lagrange Multipliers) 

Consider multiple scatterers (damages) embedded in a host structure (background 

medium) with known EM properties )(rbσ , )(rbε , and )(rbµ . All scatterers are assumed to 

be enclosed by the scatterer region or domain of investigation D. The scatterers are 

illuminated by incident EM waves, which are generated by actuators (sources) placed at M 

distinct positions { }Mj sss ,,1 K∈  outside D. For each incidence, the total transient EM field 

is measured over an observation surface S outside D and for the time interval ],0[ T . It is 

also assumed that the sources and all fields are zero before 0=t . The objective is to estimate 

the spatial distribution of the EM properties inside the domain D using the set of 

measurements. 

Gradient-based inversion methods are very common for solving nonlinear inverse 

scattering problems. In these methods, first, a nonlinear cost (objective) functional is 

constructed (e.g., data error (misfit) functional, which is the norm of the difference between 

the measured field and the calculated field obtained from a model on the observation 

surface). Then, the cost functional is minimized in order to obtain the best estimation of EM 
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properties inside D. The minimization is carried out by sequentially updating the model by 

steps along the gradient directions. 

To construct the cost functional in the EM migration, a total instantaneous power flow of 

the residual field through the observation surface is defined for each experiment as: 

( )∫ ⋅×=
S jjj dStp nHE ∆∆)(  (4.2.1) 

where n  is a unit normal vector pointing outward of  S (pointing away the scatterer region) 

and the data residuals are given by  
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where ),( td
j rE  and ),( td

j rH  are the measured EM field, and ),( tj rE  and ),( tj rH  are the 

calculated EM field for a given model. 

It has been shown (Zhdanov, 2002) that the power flow of the residual field is non-

negative, i.e., 0)( ≥tp j . Note that there are no external EM sources inside the region 

surrounded by the observation surface S (the scatterer region). Based on the non-negativeness 

property of the power flow, the following cost functional is introduced: 
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j
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S jj dtdS
1

0
),,( nHE ∆∆Ρ µεσ  (4.2.3) 

The dependence of the functional P on the model parameters (σ , ε , and µ ) arises from 

the implicit dependence of the calculated field ),( tj rE  and ),( tj rH  on these parameters. 

Now, the constraint of fulfillment of the Maxwell’s equations (1.9) is introduced to P by 

using Lagrange vector-multipliers adjE  and adjH . This leads to the augmented cost 

functional (Rekanos and Räisänen, 2003): 
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where V is the total space of field computation. The necessary condition for the minimization 

of F is that its first variation is equal to zero, i.e., 0)1( =Fδ ,  
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In practice, the measurement is performed at discrete locations { }Ni rrr ,,1 K∈  on a 

planar observation surface S. Using the divergence (Gauss’) theorem, integration by parts, 

and the following identities for vectors A, B, and C and second-order tensor D: 
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 (4.2.6) 

the first variation of F is reduced to 
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where V∂  and Vn  are the surface boundary of the volume V and the outward unit vector 

normal to the surface V∂ , respectively. 

The stationary condition (4.2.7) requires that the Lagrange multipliers adj
jE  and adj

jH , 

which can also be recognized as the adjoint field, should satisfy the following equations 

(coefficient terms of jHδ  and jEδ ): 
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The corresponding initial and boundary conditions of the above equations can be 

obtained from condition (4.2.7). For example, when the EM field has zero initial condition 

and satisfies the Sommerfeld radiation condition, i.e., 

0)0,()0,( ==== tt jj rHrE  (4.2.9) 
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where r=r  and 0c  is the EM speed in vacuum, the initial and boundary conditions for adj
jE  

and adj
jH  are derived as: 
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j rHrE  (4.2.11) 

0][lim

0][lim

1-
0

-1
0

=×−×

=×−×

∞→

∞→

adj
jV

adj
j

r

adj
jV

adj
j

r

cr

cr

Hn H

En E

&

&

∇

∇
 (4.2.12) 

From Eq. (4.2.8) and the initial and boundary conditions (4.2.11) and (4.2.12), it is 

concluded that the adjoint field is generated by sources located at the positions of 

measurements. Actually, these sources are the discrepancies between the measured and 

calculated fields. Furthermore, it is observed that the adjoint field propagates backward in 

time, starting at Tt = . 

The gradients (Frechet derivatives) of the functional F with respect to the model 

parameters inside D are obtained from those terms of relation (4.2.7) that include the first 

variations of the parameters. In particular, the gradients are given by 
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The above gradients can be utilized in any iterative gradient-based inversion algorithm 

used for estimating the EM properties. 
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In the EM migration algorithm, the negative gradients are defined as the imaging 

formulas provided that the model is the host structure. Thus, the following changes should be 

applied: 
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Considering the above changes on the gradients (4.2.13) to (4.2.15), the conductivity, 

permittivity and permeability imaging formulas are obtained as: 

∑∫
=

+=
M

j

T

jinc
adj
j dttt

1
0 ; ),(),()( rErErσ

)∆  (4.2.17) 

∑∫
=

+=
M

j

T

jinc
adj
j dttt

1
0 ; ),(),()( rErEr &)

ε∆  (4.2.18) 

∑∫
=

−=
M

j

T

jinc
adj
j dttt

1
0 ; ),(),()( rHrHr &)

µ∆  (4.2.19) 

Applying the changes (4.2.16) on the adjoint equations (4.2.8), leads to the following 

equations for calculating the adjoint field used in EM migration imaging formulas (4.2.17) to 

(4.2.19), 
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By applying the time transformation tTt −= , equations (4.2.20) and the associated 

initial and boundary conditions (4.2.11) and (4.2.12) are transformed into: 
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0)0,(
~

)0,(
~ ==== tt adj

j
adj
j rHrE  (4.2.22) 
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where the time-reversed of an arbitrary function is defined in (4.1.29). 

Therefore, the time-reversed adjoint field satisfies ordinary Maxwell’s equations in a 

medium with the EM properties transposed to those of the host structure, has zero initial 

condition at 0=t , satisfies Sommerfeld radiation condition and propagates forward in time.  

In the case of reciprocal host structures, T
bb

T
bb

T
bb µµεεσσ ===  ,, , the time-reversed 

adjoint field satisfies ordinary Maxwell’s equations in the host structure with the d
jscat ;

~
Hn ×−  

and d
jscat ;

~
En ×−  as electric and magnetic current sources located at sensor positions. Then, 

the time-reversed adjoint field can be expressed in terms of ordinary Green’s functions of the 

host structure as: 
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 (4.2.24) 

Comparing Eq. (4.1.22) to (4.1.24) and (4.1.28) with Eq. (4.2.17) to (4.2.19) and 

(4.2.24), it is concluded that the two approaches are equivalent. 
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5. Born Imaging Algorithm 

It has been identified that the standard prestack migration operator can be regarded as the 

adjoint of the linear forward modeling operator (Claerbout, 1992). Based on this analogy, in 

the first section of this chapter, the adjoint operators for general transient EM fields in an 

inhomogeneous anisotropic structure are derived. These adjoint operators form our second 

proposed linearized imaging algorithm: Born imaging algorithm. At the second section of the 

chapter, the relation between the adjoint operators and the gradients (Frechet derivatives or 

sensitivities) of an error functional with respect to model parameters typically used in 

iterations of gradient-based inversion methods is discussed. 

 

5.1. Born Imaging Formulas 

The first step for developing the Born imaging algorithm is to linearize the nonlinear 

inverse medium problem by applying the Born approximation. In Born approximation, the 

total field inside the scatterer (damage) in Eq. (3.1) is approximated by the incident field, i.e., 
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where the scattered electric and magnetic fields data are: 

),(),(),( ttt inc
dd

scat rErErE −=  (5.1.2a) 

),(),(),( ttt inc
dd

scat rHrHrH −=  (5.1.2b) 

This approximation transforms the inherently nonlinear inverse problem into a linear 

one, because only )(rσ∆ , )(rε∆ , and )(rµ∆  are unknowns in the above integral equations. 
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In other words, the scattered field data linearly depends on the contrast EM properties. 

However, the inverse problem of solving )(rσ∆ , )(rε∆ , and )(rµ∆  still remains ill-posed. It 

is worth noting that the data collected by sensors on an observation surface is actually the 

total electric and magnetic field ( dE  and dH ). One can simply obtain the scattered field data 

from inc
dd

scat EEE −=  and inc
dd

scat HHH −=  by knowing the incident field on the 

observation surface. 

It should be pointed out that as in the diffraction tomographic method (e.g., Cui and 

Chew, 2002) the linearized imaging formulas are derived in three steps. In each step, only 

one of the contrast EM properties is kept as the unknown and the other two are assumed to be 

zero. 

Let’s first consider the case when )(rσ∆  and )(rµ∆  are zero. Then, Eq. (5.1.1) reduce 

to: 
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where ε,E
bL  and ε,H

bL  are the linear modeling operators. 

Generally speaking, to obtain the contrast permittivity ε∆  from the measurements d
scatE  

or d
scatH , the inverse of the linear modeling operators ε,E

bL  or ε,H
bL  are required. However, in 

Born imaging algorithm, these inverse operators are approximated with adjoint operators. 

Then, depending on which measured field, electric or magnetic, is being used, two imaging 

formulas can be written as follows: 

][ˆ)( , d
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E
bE Er  L ε∆ =′ε

)

 (5.1.4a) 

][ˆ)( , d
scat

H
bH Hr  L ε∆ =′ε

)

 (5.1.4b) 

where ε,ˆE
bL  and ε,ˆH

bL  are the adjoint (imaging) operators of ε,E
bL  and ε,H

bL , respectively, and 

ε

)∆  is the apparent contrast permittivity. Note that the apparent contrast permittivity is not an 
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approximation of the contrast permittivity due to the substitution of the linear inverse 

operator with the adjoint operator.  

The adjoint operators can be derived using functional analysis theory (e.g., Zhdanov, 

2002). To do so, a Hilbert space HD of data (scattered field on the observation surface S) is 

defined with the following inner products: 

D

T

SH HdtdStt
D

∈∀⋅=>< ∫ ∫ 210 2121 ,),(),(, ddrdrddd  (5.1.5) 

where “T” is the maximum time of measurement. 

Then, a Hilbert space HM of contrast permittivity is introduced with the following inner 

products: 
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T
H HVd

M
∈∀′′′=>< ∫ 212121 ,)(:)(, εεεεεε ∆∆∆∆∆∆ rr  (5.1.6) 

where “ : ” indicates double dot product of tensors and D is the scatterer region. 

The above definitions can be expressed in component form, 
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The mathematical relationships among the operators and their adjoints are: 
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E
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E
b HH
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MDH
H
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H
b HH
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∈∀∈∀><=>< εεε ∆∆∆ εε and][ˆ,,][ ,, ddd  L L  (5.1.9b) 

Using the definitions (5.1.5) and (5.1.7) of inner products and expression (5.1.3a), the 

left hand side of Eq. (5.1.9a) can be written as: 
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Therefore, based on Eq. (5.1.9a) and the definitions (5.1.6) and (5.1.8), the desired 

adjoint operator ε,ˆE
bL  is found to be:  
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Similarly, the other adjoint operator can be obtained as  
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Using the derived adjoint operators, the imaging formulas (5.1.4) become: 
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Using the relations of dyadic Green’s functions and their adjoints in Eq. (1.28), the 

imaging formulas can also be expressed as: 



 43

∫ ∫ ∫ ′′′




 ⋅′′=′

′

T

inc

T

t S

d
scat

EJ
bE tdtdtdSttt

0
),(),(),;,(ˆ)( rErErrr &

)
Gε∆  (5.1.14a) 

∫ ∫ ∫ ′′′




 ⋅′′=′

′

T

inc

T

t S

d
scat

EM
bH tdtdtdSttt

0
),(),(),;,(ˆ)( rErHrrr &

)
Gε∆  (5.1.14b) 

or 

∫ ′′′′′−=′
T

inc
BP
EscatE tdtt

0
),(),()( rErEr &

)
ε∆  (5.1.15a) 

∫ ′′′′′−=′
T

inc
BP
HscatH tdtt

0
),(),()( rErEr &

)
ε∆  (5.1.15b) 

where 

∫ ∫
′

⋅′′=′′
t

T S

d
scat

EJ
b

BP
Escat dtdStttt ),(),;,(ˆ),( rErrrE G  (5.1.16a) 

∫ ∫
′

⋅′′=′′
t

T S

d
scat

EM
b

BP
Hscat dtdStttt ),(),;,(ˆ),( rHrrrE G  (5.1.16b) 

BP
scatE  is called back-propagated scattered electric field. In view of Eq. (1.27), it can be 

observed that the integral equations (5.1.16) with ttT ′≥≥  have the appropriate form for 

propagation with the adjoint Green’s functions EJ
bĜ  and EM

bĜ . In fact, ),;,(ˆ ttEJ
b rr ′′G  

( ),;,(ˆ ttEM
b rr ′′G ) gives the electric field at r′  and time t′  caused by an electric (magnetic) 

current sources, here d
scatE  ( d

scatH ), radiating at r at a later time t. 

Note that ordinary scattered fields, governed by the Maxwell’s equations, propagate 

forward in time from scatterer to observation surface, whereas back-propagated scattered 

fields, governed by the adjoint Maxwell’s equations, propagate backward in time from the 

observation surface to their original place, the scatterer. 

In practice, the measurement is performed at discrete locations { }Ni rrr ,,1 K∈  on a planar 

observation surface. Then, the relations (5.1.16) can be written as: 
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The above equations represent the integral equation (IE) formalism of the back-

propagated scattered electric fields. Considering the relations (1.27) and the adjoint field 

equations (1.22), it can be inferred that the back-propagated scattered electric fields 

),( tBP
Escat ′′rE  and ),( tBP

Hscat ′′rE  satisfy equations adjoint to Maxwell’s equations and that the 

source terms for these adjoint equations are the scattered electric and magnetic fields data at 

all the receiver locations radiating as electric and magnetic current sources in reverse time, 

respectively; i.e.,  
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These equations represent the differential equation (DE) formalism of the back-

propagated scattered fields. The back-propagated fields can thus be obtained by stepping 

these equations backward in time from Tt =  to 0=t  with a finite difference algorithm, for 

instance. Although the ordinary Maxwell’s equations are unstable when stepped backward in 

time, the adjoint equations (5.1.18) are stable. 

Using similar procedures as applied for the apparent contrast permittivity, the apparent 

contrast conductivity and permeability can be obtained as: 
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where the IE formalism of the back-propagated scattered magnetic fields are: 
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Mathematically, the imaging formulas (5.1.15), (5.1.19) and (5.1.20) represent negative 

zero-lag cross correlation of the back-propagated scattered field with the incident field. 

It should be noted that these imaging formulas will not provide complete geometry 

identification of the damages if only one actuator at a fixed location is used. The reason is 

that each actuator can illuminate only partial geometry of damages. Therefore, to illuminate 

more complete damages geometry, multiple actuators are needed. The final image is obtained 

by stacking the partial images. In the case of multiple actuator excitations with actuator 

positions at { }Mj sss ,,1 K∈ , the imaging formulas take the following forms: 
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where the IE and DE formalisms of the back-propagated scattered fields are: 
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The images constructed from Eq. (5.1.22) to (5.1.24) are called permittivity, 

conductivity, and permeability images, respectively 

For isotropic structures, the imaging formulas can be derived in a similar manner as: 
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It is worth mentioning that the imaging formula introduced by Leuschen and Plumb 

(2001) using the Matched Filter approach for an inhomogeneous isotropic and lossless host 

structure is equivalent to Eq. (5.1.27a). 

 

5.2. The Relation between Adjoint Operators and Gradients 

In this section, the relation between the adjoint operators derived in the previous section 

and the gradients of the following error functionals is established. 

Consider multiple scatterers (damages) embedded in a host structure (background 

medium) with known EM properties )(rbσ , )(rbε , and )(rbµ . All scatterers are assumed to 

be enclosed by the scatterer region or domain of investigation D. The scatterers are 

illuminated by incident EM waves, which are generated by actuators (sources) placed at M 

distinct positions { }Mj sss ,,1 K∈  outside D. For each incidence, the total transient electric or 

magnetic field is measured over a planar observation surface S outside D at discrete positions 

{ }Ni rrr ,,1 K∈  and for the time interval ],0[ T . It is also assumed that the sources and all 

fields are zero before 0=t . 

The goal of an iterative gradient-based inversion method is to find a model (conductivity 

)(rσ , permittivity )(rε , and permeability )(rµ  distributions, where r  denotes a point in the 

scatterer region D in which the model is allowed to vary) such that the transient field, 

),( tij rE  or ),( tij rH , calculated from the model matches the measured field, ),( ti
d
j rE  or 

),( ti
d
j rH , in some sense. The simplest choice is to match the data in a least-squares sense, 

which corresponds to finding a model that minimizes one of the following error functionals: 
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where 
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jij rHrHrH −=∆  (5.2.2b) 

The dependence of the error functionals on the model parameters (σ , ε , and µ ) arises 

from the implicit dependence of the calculated field ),( tij rE  or ),( tij rH  on these 

parameters. 

The most direct method of minimizing the nonlinear error functionals is steepest descent 

method which is the simplest gradient method. Following similar procedures performed in 

section (4.1), the gradients of the error functionals ),,( µεσEF  and ),,( µεσHF  with respect to 

model parameters are obtained as: 
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where 
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Using the host structure as the initial guess for the model, the changes introduced in Eq. 

(4.1.20) hold. Then, equations (5.2.6) for the back-propagated residual field are changed into 

the following equations for the back-propagated scattered field: 
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Then, comparing Eq. (5.1.22) to (5.1.24) and (5.1.25) with Eq. (5.2.3) to (5.2.5) and 

(5.2.7), it is concluded that the negative gradients of the error functionals with respect to the 

model parameters in the first iteration of the gradient inversion method are indeed equal to 

the apparent contrast properties obtained from the Born imaging algorithm. 
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6. Imaging Steps in Electromagnetic Migration and Born 

Imaging Algorithms 

By examining the EM migration and Born imaging formulas, it can be observed that 

both imaging algorithms consist of the following three steps; similar to prestack migration 

(Claerbout, 1971):  

(1) Back-propagation (migration) of the scattered field data derived from the measured 

sensor data through integral equations (4.1.25) or (5.1.25) or differential equations 

(4.1.26), (4.1.27), or (5.1.26). In migration literature, data collection on observation 

surface by sensors due to a common actuator is called common-source gather 

(experiment). 

(2) Zero-lag cross-correlation of the back-propagated (migrated) scattered field with the 

incident field through integral equations (4.1.22) - (4.1.24) or (5.1.22) - (5.1.24), 

which provides a partial image of damage geometry from an actuator. This step is 

generally called zero-lag cross-correlation imaging condition in migration literature 

(Claerbout, 1971). 

(3) Summation of partial images obtained from individual actuators. In other words, each 

common-source gather is back-propagated (migrated) independently to produce a 

partial image; the final composite image is obtained from stacking over the partial 

images (Chang and McMechan, 1994). This stacking process after the back-

propagation (migration) increases the signal-to-noise ratio (Lin and Yuan, 2005). 

To expedite the imaging process, many researchers have addressed the zero-lag cross-

correlation imaging condition performed in step (2). Chang and McMechan (1986) developed 

an excitation-time imaging condition. First, the excitation time (defined as the moment when 

a point in image area, called image point, is excited by the wave energy from the actuator) 

from an actuator to each image point is computed and kept in an excitation-time (one-way 

traveltime) table. Then, instead of applying zero-lag cross-correlation imaging condition 

which requires the computation of incident field or its time derivative at each image point at 

all times, the image at a specified point is considered to be the amplitude of the computed 
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migrated scattered field at that point at its excitation time. Although the excitation-time 

imaging condition does not truly reflect the zero-lag cross-correlation, it significantly reduces 

the computational cost. 

Several methods have been suggested to calculate the excitation-time table in acoustic 

and elastic wave cases such as ray tracing (Chang and McMechan, 1986), finite difference 

(FD) solution of eikonal equation (Vidale, 1988 and Zhu and Lines, 1997), and FD solution 

of wave equation (Chang and McMechan, 1994 and Loewenthal and Hu, 1991). It should be 

noted that the results obtained by the third method is more accurate because it is based on the 

wave equation while the first two methods rely on the high-frequency ray approximation. 

Although the third method demands the highest computational cost, it remains a method of 

choice for SHM applications because the computation of the excitation-time table is 

performed before the monitoring stage is started. 

Loewenthal and Hu (1991) suggested two criteria for calculating the excitation-time 

table using the FD solution of the acoustic wave equation: 

(a) Maximum-amplitude criterion (maximum-energy arrival criterion): The traveltime of 

an image point is calculated at the moment the incident wave has maximum 

amplitude at that point. 

(b) Minimum-time criterion (first-arrival criterion): The travel time of an image point is 

calculated at the moment the incident wave hits that point. 

In order to enhance the resolution of the images obtained by the excitation-time imaging 

condition with the above criteria, a modified excitation-time imaging condition is introduced. 

In this modified condition, any component of the incident field (or its time derivative) at each 

image point is approximated by the following single-event function parameterized by not 

only a traveltime but an amplitude: 

( ))()(),(
;;; rrr ′−′′≅′′

jincjinc eejinc tAte τδ  (6.1) 

where r ′ , )(
;

r′
jinceτ , and )(

;
r′

jinceA  are an arbitrary image point position, the traveltime of the 

incident field component jince ;  from the thj  actuator to the image point, and the amplitude of 
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the jince ;  at )(
;

r′=′
jincet τ , respectively. Note that in the excitation-time imaging condition 

only the traveltime of the incident field is used, whereas in the modified condition both 

traveltime and amplitude of the field are taken into account. 

Another way to reduce the computational cost of the imaging algorithms is to utilize 

poststack concept. In poststack migration, the sensor data should be collected in a monostatic 

(zero-offset) configuration, i.e., the actuators and the sensors are collocated.  

The concept of poststack migration is based on the exploding reflector model (Scales, 

1997): The data recorded in the zero-offset configuration is the same that would be recorded 

if actuators were placed along the damage boundary and were fired off with a strength 

proportional to the reflection coefficient at 0=t  in a medium having half the original 

velocity. This means that if the zero-offset wave field recorded at the surface was somehow 

run backward in time, then by evaluating the results at 0=t  (zero-time imaging condition), a 

picture of the reflection event would have been obtained, provided half the original velocity 

is used when the recorded field is back-propagated. Therefore, the image can be simply 

obtained by applying the zero-time imaging condition to the migrated scattered field 

computed in the pristine structure having half the original velocity (or a 2:1 scaled pristine 

structure). 

Unfortunately, the exploding reflector model concept is not quantitatively correct. Some 

of its shortcomings are (Claerbout and Black, 2001 and Chen and Huang, 1998): It fails with 

multiple reflections; it fails where waves reflected from both sides of an interface are able to 

be seen. The exploding reflector model predicts the waves emitted by both sides have the 

same polarity. The physics of reflection coefficients dictates reflections from opposite sides 

have opposite polarities; and it fails when there is lateral velocity variation. 

In practice, data collection in zero-offset configuration is very difficult. Therefore, the 

data is collected in common middle point (CMP) gathers (each CMP gather consists of the 

data associated with the same actuator-sensor midpoint). Each CMP gather must be first 

processed by a so-called normal-move out (NMO) correction and then stacked. Performing 

NMO/stack on all the CMP gathers yields a plausible estimate of the zero-offset data. 
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However, the assumptions made in the NMO correction stage, limit the ability of the 

algorithm to image steep boundaries of damages (Feng and Sato, 2004). 

Gray (1999) proved that prestack migration had a higher signal-to-noise ratio (SNR) 

than that of the poststack migration. Moreover, Chen and Schuster (1999) showed in acoustic 

case that prestack images had better dynamic range than that of the poststack images. In spite 

of these drawbacks, the usage of the poststack concept in the proposed algorithms is also 

examined. 

A simple way to compute the back-propagated (migrated) scattered field is to use FD 

discretization of the differential equations (4.1.26), (4.1.27) or (5.1.26). In migration 

literature, when back-propagation (migration) of the scattered field data is carried out by FD 

discretization of the full wave equation in time-space domain, the method is called reverse-

time migration (RTM). 

Ability to consider any inhomogeneities in the pristine structure, high accuracy and 

simple programming are some of the advantages in RTM. Zhu and Lines (1997) showed, in 

acoustic case, that reverse-time wave equation extrapolation procedure also possessed the 

capability of implicitly interpolating missing recorded traces (data) in FD grid, as long as net 

data sampling is not aliased locally either temporally or spatially. This healing characteristic 

is very important in a SHMS because not only will the system be able to operate with fewer 

numbers of sensors but it will be more robust when some of the sensors fail due to aging or 

surrounding environment. 

On the other hand, RTM algorithm is considered to be the most computationally 

expensive migration algorithm. In addition, existence of any material discontinuity in the 

pristine structure will generate internal reflections during back-propagation (migration) of the 

scattered field data and forward propagation of incident field and thus causes artifacts in the 

image (Biondi, 2004). These artifacts are generated due to the use of full two-way wave 

equation. Several methods have been proposed to handle this problem in acoustic and elastic 

wave cases such as smoothing the pristine structure velocity or slowness model (Loewenthal 

et al., 1987), using two-way “non-reflecting” wave equation (Baysal et al., 1984 and Etgen, 

1986), or using one-way wave equation algorithms such as phase-shift migration (Gazdag, 
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1978) and f-k migration (Stolt,1978). Note that the wavefield satisfying the one-way wave 

equation does not experience reflection at the interfaces of different media. It is expected that 

if the incident field (computed by a FD discretization of the full two-way wave equation) is 

approximated by Eq. (6.1) based on the first-arrival criterion, the artifacts related to the 

material discontinuity in the pristine structure will be reduced. Note that approximation of 

incident field in image area based on the first-arrival criterion eliminates all reflection events 

from the incident field. 

Another technique to compute the back-propagated (migrated) scattered field is to use 

the integral equation (IE) formalisms (4.1.25) or (5.1.25). In this approach, the Green’s 

functions of the pristine structure are required. For general 3-D cases, numerical solutions of 

these Green’s functions may be computationally intensive when analytical solutions are not 

available. Fortunately, the numerical solutions of the Green’s functions, if needed, can be 

carried out prior to the monitoring stage. Having calculated the Green’s functions, the back-

propagated (migrated) scattered field is computed by performing integral (summation) 

operations during the monitoring stage. 

To further speed up the imaging algorithms using the IE formalism, in addition to the 

approximation made for the incident field in Eq. (6.1), similar approximations can be applied 

to the fields associated with the Green’s functions of the pristine structure. By doing so, two 

time integrations involved in imaging steps (1) and (2) are removed from the imaging 

process. As a result, real-time 3-D imaging algorithms can be realized. Note that the artifacts 

related to the material discontinuity in the pristine structure are expected to be completely 

removed if the first-arrival criterion is used for the approximations of incident fields and the 

Green’s functions. 

The resulting real-time imaging algorithms bear a resemblance to the conventional 

Kirchhoff migration (KM). Computational efficiency, ability to handle irregular actuator and 

sensor spacing, and target-oriented capability (i.e., a desired part of the original domain of 

investigation can be imaged without the need to image the entire domain) are some of the 

features of KM (Fehler and Huang, 2002 and Audebert et al., 1997) which can carry over 

into the proposed imaging algorithms in IE formalism as well. It is worth mentioning that a 

major shortcoming of conventional KM is that it may fail to produce accurate image in 
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complex structures. This shortcoming is not caused by the theory, but by the approximations 

(mostly high-frequency ray and far-field approximations) introduced in the presentation and 

calculation of the Green’s function traveltime and amplitude functions (Audebert et al., 

1997). In high-frequency ray approximation, wave phenomena such as diffraction and multi-

pathing (i.e., when many wavepaths connect a single actuator/sensor location with a single 

image point) in complex structures are not completely accounted for (Fehler and Huang, 

2002). Nichols (1996) suggested that KM with traveltimes and amplitudes computed using 

wave equation and based on maximum-energy arrivals instead of the first arrivals, 

significantly improved the images specially in areas of complex structures. 

In theory, scattered field data (measured incident field subtracted from measured total 

field) is used for damage imaging. In practice, however, it is desirable to only measure the 

response of the structure under inspection (measured total field) for detecting the damage 

without the need to measure the response of the pristine structure (measured incident field) 

because the measurements are collected at different times that are often subject to different 

environmental conditions. If the measured total field is directly used to perform back-

propagation (migration), all the material interfaces in the structure will be imaged in addition 

to the geometry of the damage. In general, when the measured total field is used for damage 

imaging, direct waves (the waves received by the sensors directly from the actuator) and 

possible reflections from the upper surface of the structure (if non-contact EM sensors are 

used) should be removed from the data as a preprocessing step to highlight the image. 

However, by using the measured total field, the image of the damage may be obscured by the 

strong reflections from nearby material interfaces. 

Generally, the smallest distance between two point scatterers that can be resolved in the 

image is known as the spatial resolution limit of the image. Chen and Schuster (1999) 

showed that in the far-field, where the depth was much greater than the sensor span, the 

horizontal resolution limit for migrated images was proportional to the depth of the scatterer 

and the wavelength and inversely proportional to the sensor span. The vertical resolution 

limit, however, does not depend on the sensor span and the depth of the scatterer and is 

proportional to the wavelength. Other factors affecting the spatial resolution of migration 

images can be found in Vermeer (1999).   
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It should be mentioned that actuator and sensor spacings, sa ∆∆  and , are important 

factors in image quality. A coarse actuator or sensor spacing will introduce spatial aliasing 

artifacts and lowers the dynamic range in the image (Chen and Schuster, 1999). In KM, time-

reversal, and diffraction tomography algorithms, for instance, the sensor spacing should 

satisfy the spatial Nyquist sampling criterion: the spacing should not be more than one-half 

of the minimum wavelength of the signal propagating in the structure, i.e., 2/minλ∆ =s  

(Schneider, 1978, Alam et al., 2004, Kak and Slaney, 1988, and Weedon et al., 2000). Note 

that there is a trade-off between resolution and aliasing artifacts because of incomplete 

spatial sampling of the data. That is to say, for a given sensor spacing satisfying the Nyquist 

criterion, increasing the excitation frequency improves the image resolution but deteriorates 

the image quality with the aliasing artifacts.   

Having examined several numerical simulations of the proposed imaging algorithms, it 

is believed that these algorithms share a typical shortcoming for damage imaging application. 

This shortcoming may prevail when there is a material interface in geometrical shadow of a 

damage. In such a case, the reflection events in the measured incident field associated with 

the parts of the interface that are located in the geometrical shadow of the damage may differ 

from those events in the measured total field due to the presence of the damage. Therefore, 

there may be some unwanted events in the scattered field data in addition to the damage 

events. As a result, a false damage near or on the interface location may be imaged in 

addition to the real damage. Note that this problem cannot be resolved by one-way wave 

equation approach. 
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7. Two-Dimensional Electromagnetic Field  

A 2-D electromagnetic (EM) field can be generated when neither EM field excitation nor 

model geometry has any variation in one specified direction, say y-direction. Then, all partial 

derivatives of the field with respect to y are equal to zero and the Maxwell’s equations (1.9) 

in rectangular coordinates reduce to: 

























++++++=
∂

∂

++++++=
∂

∂−
∂

∂

++++++=
∂

∂
−

−−−−=
∂
∂

−−−−=
∂
∂−

∂
∂

−−−−=
∂
∂

−

zzzzyzyxzxzzzyzyxzx
y

yzyzyyyxyxzyzyyyxyx
zx

xzxzyxyxxxzxzyxyxxx
y

zzzzyzyxzx
y

yzyzyyyxyx
zx

xzxzyxyxxx
y

JEEEEEE
x

H

JEEEEEE
x

H

z

H

JEEEEEE
z

H

MHHH
x

E

MHHH
x

E

z

E

MHHH
z

E

&&&

&&&

&&&

&&&

&&&

&&&

εεεσσσ

εεεσσσ

εεεσσσ

µµµ

µµµ

µµµ

          

        

             

  

          

 (7.1) 

By further assuming, 
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Eq. (7.1) can be separated into two independent systems; i.e., 
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The first system, equations (7.3), which is called transverse magnetic mode (TM mode) 

includes yE , xH , and zH  and the second system, equations (7.4), so called transverse 

electric mode (TE mode) includes yH , xE , and zE . Because these two sets of equations are 

independent of each other, the total electromagnetic field reduces to the sum of TE and TM 

fields which propagate in the model independently. In TM field, the magnetic vector is 

transverse to the y-direction and perpendicular to the electric vector. The TM field can be 

excited by an electric current density ),,( tzxJ y . 

In the following sections, the imaging formulas are simplified for 2-D TM case in 

isotropic and biaxial anisotropic structures. The z-axis is considered to be downward from the 

upper surface toward the pristine structure and the measurement line parallel to the x-axis. 

 

7.1. Born Imaging Formulas in TM Field  

For TM mode in biaxial structures, the Born imaging formulas (5.1.22)-(5.1.24) are 

reduced to:  
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Where the differential equation (DE) formalisms of the back-propagated scattered fields 

are given by: 
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The corresponding integral equation (IE) formalisms of the back-propagated scattered 

fields also assume the following forms 
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In isotropic structures, the Born imaging formulas are reduced to: 
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with the following DE formalisms of the back-propagated scattered fields: 
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Applying the approximation defined in Eq. (6.1) on the incident field components, Eq. 

(7.1.1) to (7.1.4) and Eq. (7.1.9) to (7.1.11) are simplified to: 
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Using relations (1.29) and applying similar approximation on the Green’s functions, the 

back-propagated scattered fields can be simplified as: 
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Substitution of the above back-propagated scattered fields into Eq. (7.1.13) to (7.1.19) 

results in the following real-time imaging formulas: 
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In the above relations, the dependency of all amplitudes and traveltimes on x′  and z′  is 

not shown for the sake of brevity. 

 

7.2. Electromagnetic Migration Imaging Formulas in TM Field 

Based on the assumed coordinate axis configuration, the unit normal vector pointing 

outward of the measurement line is kn −= , where k  is the z-axis unit vector. Then, the 

migration imaging formulas (4.1.22) to (4.1.24) for biaxial structures are reduced to: 
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Where the DE formalisms of the migrated scattered field, Eq.(4.1.26) or Eq. (4.1.27), 

take the following forms, respectively. 
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Also, the corresponding IE formalism of the migrated scattered field, Eq. (4.1.25), is 

expressed as: 
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For isotropic structures, the migration imaging formulas are simplified to: 
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with the following DE formalisms of the migrated scattered field: 
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Applying the approximation defined in Eq. (6.1) on the incident field components, Eq. 

(7.2.1) to (7.2.4) and Eq. (7.2.10) to (7.2.12) are simplified to: 
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Using relations (1.29) and applying similar approximation on the Green’s functions, the 

real-time imaging formulas take the following forms: 
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8. Numerical Results 

The effectiveness of the electromagnetic (EM) migration and Born imaging algorithms 

for 2-D damage imaging of both isotropic and anisotropic structures is demonstrated in this 

chapter. For isotropic case, a reinforced concrete slab with horizontal crack and debonding 

damages and for anisotropic case, a glass/epoxy composite plate with two delaminations, are 

considered. 

For each case, the imaging quality of both differential equation (DE) and integral 

equation (IE) formalisms of the proposed algorithms are examined. In addition, the imaging 

quality of the DE formalism of the algorithms utilizing the poststack concept is investigated.   

A finite difference time-domain (FDTD) method based on Yee algorithm (Yee, 1966) 

with second–order of accuracy in both time and space is used for generating all synthetic 

sensor data, incident field, the fields associated with the Green’s functions of the pristine 

structure, and back-propagated (migrated) scattered field. The grid sizes in both x and z 

directions are assumed equal ( zx ∆∆ = ). In order to ensure numerical stability, the time step 

is chosen (Taflov, 1995): )2/(9.0 0cxt ∆∆ = , where 8
0 103×=c  m/s is the velocity of the 

EM waves in vacuum.  

The transverse magnetic (TM) field is excited by an electric current density line source 

)()()(),,( tfzzxxtzxJ jjy −−= δδ , a y-directed line source passing through the point 

),( jj zx . The time history of the current density (unit in Amperes) is considered to be a 

Hanning window modulated sinusoid: 

)2sin()]/2cos(1[)]/()([)( tfNtffNtHtHtf cpccp ππ−−−=  (8.1) 

Where H(t) is Heaviside function, 1=pN , and cf  is the dominant (central) frequency. 

Note that in real application, the radiation pattern and directivity of the transmitter and 

receiver antennas, actuators and sensors, should be accounted for in the modeling. 

As previously mentioned, the sensor data must be collected in a zero-offset configuration 

when the poststack concept is to be used in the proposed algorithms. However, the synthetic 
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data generated based on the exploding reflector model does not correctly represent the zero-

offset data. Therefore, instead of solving the forward problem one time using exploding 

reflector model, the problem should be solved as many times as the number of 

sensor/actuator pairs using the actual damaged model to obtain the correct synthetic zero-

offset data. In order to use the poststack concept in the algorithms, zero-time imaging 

condition is applied to the back-propagated (migrated) scattered field components BP
scatyE ; , 

BP
scatxH ; , and BP

scatzH ;  ( m
scatyE ; , m

scatxH ; , and m
scatzH ; ) computed in a 2:1 scaled pristine structure. 

Therefore, three different images can be obtained. 

To show the robustness of the imaging algorithms to measurement noise, the sensor data 

is contaminated by an additive white Gaussian noise with zero mean and standard deviation 

σ  (not confused with the conductivity). Signal-to-noise ratio (SNR) is considered to be equal 

to 5 with the following definition for d
scatyE ; , for instance: 

[ ]












= 2

2
;

10

)(
log10

σ

d
scatyEMean

SNR  (8.2) 

It should be noted that the artifacts in images are generally due to several factors some of 

which are coarse actuator/sensor spacing, limited sensor span, limited bandwidth of the 

excitation signal, and material discontinuity in the pristine structure. In the following, the 

effect of the actuator/sensor spacing and the material discontinuity in the pristine structure 

are investigated. 
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8.1. Isotropic Case 

A reinforced concrete slab (depth: 5 cm) with three square rebars having 11 mm 

diameters and center locations (1, 2.5), (5, 2.5), and (9, 2.5) cm is considered as the pristine 

structure. Fig. 8.1.1 illustrates the cross section of the damaged structure having a horizontal 

crack (crack area: mm2mm11 × ) with the center at (3, 3) cm and a debonding between the 

middle rebar and concrete with the debonding thickness of 2 mm. It is assumed that above 

and below the slab is air and actuators and sensors are uniformly located on the upper surface 

of the concrete slab with a sensor span of 108 mm.  

 
Fig. 8.1.1. Cross section of a reinforced concrete slab with multiple damages 

The central frequency of the excitation signal is assumed to be 65.7=cf GHz. Fig. 8.1.2 

and 3 show the time history of the excitation signal and its amplitude spectrum, respectively. 

 

 
Fig. 8.1.2. The time history of the excitation signal 

 
Fig. 8.1.3. The amplitude spectrum of the excitation 
signal 
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Considering relative dielectric constant and conductivity of the concrete to be 3.5=rε  

and S/m05.0=σ , the central wavelength of the excitation signal in concrete is about 17 mm 

( )/(0 crc fc ελ ≅ ). Also, based on 3% of the maximum amplitude of the excitation signal 

spectrum, the maximum frequency and minimum wavelength of the signal in concrete are 

found to be about 21.7 GHz and 6 mm, respectively. It is also assumed that the properties of 

the rebars are 1=rε  and S/m1003.1 7×=σ . Considering the minimum wavelength, the grid 

size is chosen equal to 1 mm ( mm1== zx ∆∆ ). 

Fig. 8.1.4 to 6 illustrate three components of the scattered field data (the measured 

incident field subtracted from the measured total field) excited from an actuator located at 

mm50=x  with sensor spacing of mm6=s∆ . 

 

 
Fig. 8.1.4. The y-component of the scattered electric 
field data, d

scatyE ;
, excited from an actuator at 

mm50=x  with sensor spacing of mm6=s∆  

 
Fig. 8.1.5. The x-component of the scattered magnetic 
field data, d

scatxH ;
, excited from an actuator at 

mm50=x  with sensor spacing of mm6=s∆  
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Fig. 8.1.6. The z-component of the scattered magnetic field data, d

scatzH ;
, excited from an actuator at mm50=x  

with sensor spacing of mm6=s∆  

Note that the actuator-sensor array can only reconstruct the upper part of the debonding 

due to the total reflection of EM waves by the metal rebars. 

To observe the negative effect of the material discontinuity in the pristine structure, the 

resulting images are compared with the images from a new damaged structure including a 

half-space concrete without rebars and the original damages. 

As mentioned in Chapter 6, there are several methods for reducing the artifacts related to 

the material discontinuity in the pristine structure. Here, in order to remove undesired 

internal reflections, a modified pristine structure, a half-space concrete, instead of the actual 

pristine structure, is used for the computation of the incident field, Green’s functions, and 

back-propagated (migrated) scattered fields in the image area. Obviously, the measured 

incident and total fields are obtained from the actual pristine and damaged structures, 

respectively. Note that by using this method, no information about the positions of the rebars 

inside the pristine concrete structure has to be known a priori which is valuable in real 

applications. 

Finally, to observe the typical shortcoming of the algorithms mentioned in Chapter 6, 

another damaged structure including a concrete slab without the rebars and the original 

damages is investigated. 
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8.1.1. Born Imaging (DE Formalism) 

Eq. (7.1.9) - (7.1.11) represent the imaging formulas with zero-lag cross-correlation 

imaging condition. The corresponding imaging formulas with modified excitation-time 

imaging condition are Eq. (7.1.17) - (7.1.19); the imaging formulas with ordinary excitation-

time imaging condition are easily obtained by setting the amplitudes to unity. Note that the 

back-propagated scattered fields are computed by FD discretization of differential equations 

(7.1.12) for the pristine structure. Also, the application of both first and maximum-energy 

arrival criteria for the calculation of the traveltimes and amplitudes are examined. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min, mm6 λ∆ ==as  unless 

otherwise stated): 

(A) d
scatxH ;  

(B) d
scatyE ;   

(C) d
scatzH ;   

(D) d
scatxH ;  (contaminated by noise with SNR=5) 

(E) d
scatxH ;  ( min, 5.1mm9 λ∆ ==as ) 

(F) d
scatxH ;  ( min, 2mm12 λ∆ ==as ) 

(G) d
scatxH ;  (damaged structure: half-space concrete without rebars and the original 

damages) 

(H) d
scatxH ;  (modified pristine structure: half-space concrete without rebars) 

(I) d
scatxH ;  (damaged structure: concrete slab without rebars and the original damages) 
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Fig. 8.1.1.1 to 15 show the images obtained by the Born imaging algorithm in DE 

formalism with different imaging conditions in Case (A). The geometries of the damages 

have been correctly identified with the least artifacts in the permittivity images shown in Fig. 

8.1.1.1 and 3. It is also observed that when the zero-lag cross-correlation imaging condition 

has been approximated by the ordinary or modified excitation-time imaging condition, the 

application of the maximum-energy arrival criterion for the calculation of the traveltimes 

(and amplitudes) has provided better damage identification (specially for the debonding 

damage) than the application of the first-arrival criterion. Notice that the images obtained by 

the modified excitation-time imaging condition with maximum-energy arrival criterion are 

comparable in quality to the images obtained by the zero-lag cross-correlation imaging 

condition. 

Fig. 8.1.1.16 to 21 show the images obtained by the modified excitation-time imaging 

condition with maximum-energy arrival criterion for different measurement scenarios in 

Cases (B) and (C),.  

Fig. 8.1.1.22 and 23 illustrate the effect of the measurement noise with SNR=5 on the 

permittivity images in Case (D). These figures show that the algorithm is quite robust against 

the measurement noise. To show the effect of the actuator/sensor spacing on the images 

quality, the permittivity images with minmin, 2,5.1 λλ∆ =as  are shown in Fig. 8.1.1.24 to 25. 

The artifacts resulting from the increase in the actuator/sensor spacing can be easily observed 

in these figures. 

Fig. 8.1.1.26 to 31 illustrate the images for a new damaged structure including a half-

space concrete without rebars and the original damages in Case (G). Due to the simplicity of 

the pristine structure in this case (i.e., half-space concrete), all permittivity, permeability, and 

conductivity images obtained by different imaging conditions have provided good damage 

identification. The best damage identification has been still provided by the modified 

excitation-time imaging condition with maximum-energy arrival criterion. Notice how the 

artifacts related to the material discontinuity in the pristine structure in Case (A) images, 

have disappeared on the corresponding images in Case (G). 
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Fig. 8.1.1.32 to 37 present the images when a modified pristine structure (a half-space 

concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been 

used for the computation of the incident and back-propagated fields in the image area. Notice 

how the artifacts related to the material discontinuity in the actual pristine structure in Case 

(A) images have been eliminated. 

Fig. 8.1.1.38 shows the permeability image for a damaged structure including a concrete 

slab without the rebars and the original damages. Notice how a false damage related to the 

typical shortcoming of the algorithm has been imaged near the lower interface of the slab. 

 

 

Fig. 8.1.1.1. Case (A); Permittivity image; Zero-lag cross-
correlation imaging condition; 

 

Fig. 8.1.1.2. Case (A); Permittivity image; Excitation-time imaging 
condition (Max-energy arrival); 

 

Fig. 8.1.1.3. Case (A); Permittivity image; Modified excitation-time 
imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.4. Case (A); Permittivity image; Excitation-time imaging 
condition (First-arrival); 

 

Fig. 8.1.1.5. Case (A); Permittivity image; Modified excitation-time 
imaging condition (First-arrival); 

 

Fig. 8.1.1.6. Case (A); Permeability image; Zero-lag cross-
correlation imaging condition; 
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Fig. 8.1.1.7. Case (A); Permeability image; Excitation-time 
imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.8. Case (A); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.9. Case (A); Permeability image; Excitation-time 
imaging condition (First-arrival); 

 

Fig. 8.1.1.10. Case (A); Permeability image; Modified excitation-
time imaging condition (First-arrival); 

 

Fig. 8.1.1.11. Case (A); Conductivity image; Zero-lag cross-
correlation imaging condition; 

 

Fig. 8.1.1.12. Case (A); Conductivity image; Excitation-time 
imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.13. Case (A); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.14. Case (A); Conductivity image; Excitation-time 
imaging condition (First-arrival); 
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Fig. 8.1.1.15. Case (A); Conductivity image; Modified excitation-
time imaging condition (First-arrival); 

 

Fig. 8.1.1.16. Case (B); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.17. Case (B); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.18. Case (B); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.19. Case (C); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.20. Case (C); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.21. Case (C); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.1.22. Case (D); Permittivity image; Zero-lag cross-
correlation imaging condition; Noisy data SNR=5; 
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Fig. 8.1.1.23. Case (D); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Noisy data SNR=5; 

 

Fig. 8.1.1.24. Case (E); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

min, 5.1 λ∆ =as
; 

 

Fig. 8.1.1.25. Case (F); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

min, 2 λ∆ =as
; 

 

Fig. 8.1.1.26. Case (G); Permittivity image; Excitation-time 
imaging condition (Max-energy arrival); Half-space concrete; 

 

Fig. 8.1.1.27. Case (G); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete; 

 

Fig. 8.1.1.28. Case (G); Permittivity image; Excitation-time 
imaging condition (First-arrival); Half-space concrete; 

 

Fig. 8.1.1.29. Case (G); Permittivity image; Modified excitation-
time imaging condition (First-arrival); Half-space concrete; 

 

Fig. 8.1.1.30. Case (G); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete; 
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Fig. 8.1.1.31. Case (G); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete; 

 

Fig. 8.1.1.32. Case (H); Permittivity image; Excitation-time 
imaging condition (Max-energy arrival); Modified pristine 
structure; 

 

Fig. 8.1.1.33. Case (H); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine 
structure; 

 

Fig. 8.1.1.34. Case (H); Permittivity image; Excitation-time 
imaging condition (First-arrival); Modified pristine structure; 

 

Fig. 8.1.1.35. Case (H); Permittivity image; Modified excitation-
time imaging condition (First-arrival); Modified pristine structure; 

 

Fig. 8.1.1.36. Case (H); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine 
structure; 

 

Fig. 8.1.1.37. Case (H); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine 
structure; 

 

Fig. 8.1.1.38. Case (I); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Concrete slab 
without rebars; 
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8.1.2. Born Imaging (DE Formalism; Poststack) 

The three different images for each type of measurement can be obtained by applying 

the zero-time imaging condition to the back-propagated scattered field components BP
scatyE ; , 

BP
scatxH ; , and BP

scatzH ;  computed by FD discretization of differential equations (7.1.12) for a 2:1 

scaled pristine structure. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min5.0mm3 λ∆ ==  unless 

otherwise stated): 

(A) d
scatyE ;  

(B) d
scatxH ;   

(C) d
scatzH ;   

(D) d
scatxH ;  (contaminated by noise with SNR=5) 

(E) d
scatxH ;  ( minmm6 λ∆ == ) 

(F) d
scatxH ;  (damaged structure: half-space concrete without rebars and the original 

damages) 

(G) d
scatxH ;  (modified pristine structure: half-space concrete without rebars) 

(H) d
scatxH ;  (damaged structure: concrete slab without rebars and the original damages) 

Fig. 8.1.2.1 to 9 show the images obtained by the Born imaging algorithm in DE 

formalism using the poststack concept in Cases (A) to (C). The BP
scatyE ; -images have provided 

the best damage identification among the images. Also, the horizontal crack has not been 

completely imaged in the BP
scatzH ; -images. Moreover, when d

scatzH ;  has been used as the data, 

the horizontal crack has not been completely identified. 
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Fig. 8.1.2.10 illustrates the effect of the measurement noise with SNR=5 on the BP
scatyE ; -

image in Case (D). This figure shows that the algorithm is quite robust against the 

measurement noise. Fig. 8.1.2.11 shows the BP
scatyE ; -image with the actuator/sensor spacing of 

minλ∆ = . The artifacts resulting from the increase in the actuator/sensor spacing can be 

easily observed in this figure. 

Fig. 8.1.2.12 to 14 illustrate the images for a new damaged structure including a half-

space concrete without rebars and the original damages in Case (F). Due to the simplicity of 

the pristine structure in this case (i.e., half-space concrete), all three images have provided 

good damage identification. Note that the horizontal crack still has not been completely 

identified in the BP
scatzH ; -image. 

Fig. 8.1.2.15 to 17 present the images when a modified pristine structure (a half-space 

concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been 

used for the computation of the back-propagated field. Notice that the damage identification 

has been improved in the BP
scatzH ;  and BP

scatxH ; -images compared to the corresponding images 

in Case (B). 

Fig. 8.1.2.18 shows the BP
scatyE ; -image for a damaged structure including a concrete slab 

without the rebars and the original damages. Notice how two false damages related to the 

typical shortcoming of the algorithm have been imaged near the lower interface of the slab. 

It is worth mentioning that Sanada and Ashida (1998) applied a 2-D TM poststack RTM 

using FDTD method. However, the synthetic sensor data was generated based on incorrect 

exploding reflector model. 
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Fig. 8.1.2.1. Case (A); BP
scatyE ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.1.2.2. Case (A); BP
scatxH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.1.2.3. Case (A); BP
scatzH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.1.2.4. Case (B); BP
scatyE ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.1.2.5. Case (B); BP
scatxH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.1.2.6. Case (B); BP
scatzH ;

-image obtained by poststack Born 

imaging; 
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Fig. 8.1.2.7. Case (C); BP
scatyE ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.1.2.8. Case (C); BP
scatxH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.1.2.9. Case (C); BP
scatzH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.1.2.10. Case (D); BP
scatyE ;

-image obtained by poststack Born 

imaging; Noisy data SNR=5; 

 

Fig. 8.1.2.11. Case (E); BP
scatyE ;

-image obtained by poststack Born 

imaging;
minλ∆ = ; 

 

Fig. 8.1.2.12. Case (F); BP
scatyE ;

-image obtained by poststack Born 

imaging; Half-space concrete; 

 

Fig. 8.1.2.13. Case (F); BP
scatxH ;

-image obtained by poststack Born 

imaging; Half-space concrete; 

 

Fig. 8.1.2.14. Case (F); BP
scatzH ;

-image obtained by poststack Born 

imaging; Half-space concrete; 
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Fig. 8.1.2.15. Case (G); BP
scatyE ;

-image obtained by poststack Born 

imaging; Modified pristine structure; 

 

Fig. 8.1.2.16. Case (G); BP
scatxH ;

-image obtained by poststack Born 

imaging; Modified pristine structure; 

 

Fig. 8.1.2.17. Case (G); BP
scatzH ;

-image obtained by poststack Born 

imaging; Modified pristine structure; 

 

Fig. 8.1.2.18. Case (H); BP
scatyE ;

-image obtained by poststack Born 

imaging; Concrete slab without rebars; 
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8.1.3. Born Imaging (IE Formalism) 

Eq. (7.1.27) - (7.1.29) represent the real-time imaging formulas in the IE formalism of 

the Born imaging algorithm. The amplitudes and traveltimes of the incident field and Green’s 

functions are computed by FD discretization of ordinary Maxwell’s equations for the pristine 

structure. The application of both first-arrival and maximum-energy arrival criteria for the 

calculation of these traveltimes and amplitudes are examined as well. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min, mm6 λ∆ ==as  unless 

otherwise stated): 

(A) d
scatxH ;  

(B) d
scatyE ;  

(C) d
scatzH ;   

(D) d
scatxH ;  (contaminated by noise with SNR=5) 

(E) d
scatxH ;  ( min, 5.1mm9 λ∆ ==as ) 

(F) d
scatxH ;  ( min, 2mm12 λ∆ ==as ) 

(G) d
scatxH ;  (damaged structure: half-space concrete without rebars and the original 

damages) 

(H) d
scatxH ;  (modified pristine structure: half-space concrete without rebars) 

(I) d
scatxH ;  (damaged structure: concrete slab without rebars and the original damages) 

Fig. 8.1.3.1 to 8 show the images obtained by the Born imaging algorithm in the IE 

formalism in Case (A). The geometries of the damages have been correctly identified with 

the least artifacts in the permittivity image shown in Fig. 8.1.3.2. It is also observed that 
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including the amplitude in addition to the traveltimes in the approximation of the incident 

field and Green’s functions has significantly improved the images quality (only shown for 

the permittivity images). Notice that the images obtained based on the maximum-energy 

arrival criterion for the calculation of the traveltimes and amplitudes have provided better 

damage identification (specially for the debonding damage) than those of based on the first-

arrival criterion. However, the images obtained based on the first-arrival criterion contain 

fewer artifacts. 

Fig. 8.1.3.9 to 14 show the images obtained based on the maximum-energy arrival 

criterion for different measurement scenarios in Cases (B) and (C).  

Fig. 8.1.3.15 illustrates the effect of the measurement noise with SNR=5 on the 

permittivity image in Case (D). This figure shows that the algorithm is quite robust against 

the measurement noise. To show the effect of the actuator/sensor spacing on the images 

quality, the permittivity images with minmin, 2,5.1 λλ∆ =as  are shown in Fig. 8.1.3.16 and 

17. The artifacts resulting from the increase in the actuator/sensor spacing can be easily 

observed in these figures. 

Fig. 8.1.3.18 to 23 illustrate the images for a new damaged structure including a half-

space concrete without rebars and the original damages in Case (G). Due to the simplicity of 

the pristine structure in this case (i.e., half-space concrete), all permittivity, permeability, and 

conductivity images obtained based on both first and maximum-energy arrival criteria  have 

provided good damage identification. The best damage identification has been still provided 

by the maximum-energy arrival criterion. Notice how the artifacts related to the material 

discontinuity in the pristine structure in the images obtained based on the maximum-energy 

arrival criterion in Case (A), have disappeared on the corresponding images in Case (G). 

Fig. 8.1.3.24 to 29 present the images when a modified pristine structure (a half-space 

concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been 

used for the computation of the incident and Green’s functions in the image area. Notice how 

the artifacts related to the material discontinuity in the actual pristine structure in the images 

obtained based on the maximum-energy arrival criterion in Case (A) have been eliminated. 
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Fig. 8.1.3.30 shows the permeability image for a damaged structure including a concrete 

slab without the rebars and the original damages. Notice how some false damages related to 

the typical shortcoming of the algorithm have been imaged near the lower interface of the 

slab. 

 

 

Fig. 8.1.3.1. Case (A); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; 
Without amplitude; 

 

Fig. 8.1.3.2. Case (A); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.1.3.3. Case (A); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on first-arrival criterion; Without 
amplitude; 

 

 

 

Fig. 8.1.3.4. Case (A); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.1.3.5. Case (A); Permeability image; All HM
bxxG ;

, HM
bzxG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on maximum-energy 

arrival criterion; With amplitude; 

 

Fig. 8.1.3.6. Case (A); Permeability image; All HM
bxxG ;

, HM
bzxG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on first-arrival 

criterion; With amplitude; 
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Fig. 8.1.3.7. Case (A); Conductivity image; Both EM
byxG ;

 and 
incyE ;

 

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.1.3.8. Case (A); Conductivity image; Both EM
byxG ;

 and 
incyE ;

 

are approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.1.3.9. Case (B); Permittivity image; Both EJ
byyG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

 

 

 

 

Fig. 8.1.3.10. Case (B); Permeability image; All HJ
bxyG ;

, HJ
bzyG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on maximum-energy 

arrival criterion; With amplitude; 

 

Fig. 8.1.3.11. Case (B); Conductivity image; Both EJ
byyG ;

 and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; 

 

Fig. 8.1.3.12. Case (C); Permittivity image; Both EM
byzG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 
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Fig. 8.1.3.13. Case (C); Permeability image; All HM
bxzG ;

, HM
bzzG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on maximum-energy 

arrival criterion; With amplitude; 

 

Fig. 8.1.3.14. Case (C); Conductivity image; Both EM
byzG ;

 and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; 

 

Fig. 8.1.3.15. Case (D); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; Noisy data SNR=5; 

 

 

 

Fig. 8.1.3.16. Case (E); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

min, 5.1 λ∆ =as
; 

 

Fig. 8.1.3.17. Case (F); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

min, 2λ∆ =as
; 

 

Fig. 8.1.3.18. Case (G); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; 
Without amplitude; Half-space concrete; 
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Fig. 8.1.3.19. Case (G); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; Half-space concrete; 

 

Fig. 8.1.3.20. Case (G); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on first-arrival criterion; Without 
amplitude; Half-space concrete; 

 

Fig. 8.1.3.21. Case (G); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on first-arrival criterion; With amplitude; 
Half-space concrete; 

 

 

 

 

Fig. 8.1.3.22. Case (G); Permeability image; All HM
bxxG ;

, HM
bzxG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on maximum-energy 

arrival criterion; With amplitude; Half-space concrete; 

 

Fig. 8.1.3.23. Case (G); Conductivity image; Both EM
byxG ;

 and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; Half-space concrete; 

 

Fig. 8.1.3.24. Case (H); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; 
Without amplitude; Modified pristine structure; 
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Fig. 8.1.3.25. Case (H); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; Modified pristine structure; 

 

Fig. 8.1.3.26. Case (H); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on first-arrival criterion; Without 
amplitude; Modified pristine structure; 

 

Fig. 8.1.3.27. Case (H); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on first-arrival criterion; With amplitude; 
Modified pristine structure; 

 

Fig. 8.1.3.28. Case (H); Permeability image; All HM
bxxG ;

, HM
bzxG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on maximum-energy 

arrival criterion; With amplitude; Modified pristine structure; 

 

Fig. 8.1.3.29. Case (H); Conductivity image; Both EM
byxG ;

 and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; Modified pristine structure; 

 

Fig. 8.1.3.30. Case (I); Permeability image; All HM
bxxG ;

, HM
bzxG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on maximum-energy 

arrival criterion; With amplitude; Concrete slab without rebars; 
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8.1.4. EM Migration (DE Formalism) 

Eq. (7.2.10) - (7.2.12) represent the imaging formulas with zero-lag cross correlation 

imaging condition. The corresponding imaging formulas with modified excitation-time 

imaging condition are Eq. (7.2.19) - (7.2.21); the imaging formulas with ordinary excitation-

time imaging condition are easily obtained by setting the amplitudes to unity. Note that the 

migrated scattered fields are computed by FD discretization of differential equations (7.2.13) 

or (7.2.14) for the pristine structure depending on weather the sensor data is treated as 

sources or as time-dependent boundary conditions, respectively. Also, the application of both 

first and maximum-energy arrival criteria for the calculation of the traveltimes and 

amplitudes are examined. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min, mm6 λ∆ ==as  and data is 

treated as time-dependent boundary conditions, unless otherwise stated): 

(A) d
scatyE ;  and d

scatxH ;  

(B) d
scatyE ;  and d

scatxH ;  (as sources) 

(C) Only d
scatyE ;  

(D) Only d
scatxH ;  

(E) d
scatyE ;  and d

scatxH ;  (contaminated by noise with SNR=5) 

(F) d
scatyE ;  and d

scatxH ;  ( min, 5.1mm9 λ∆ ==as ) 

(G) d
scatyE ;  and d

scatxH ;  ( min, 2mm12 λ∆ ==as ) 

(H) d
scatyE ;  and d

scatxH ;  (damaged structure: half-space concrete without rebars and the 

original damages) 

(I) d
scatyE ;  and d

scatxH ;  (modified pristine structure: half-space concrete without rebars) 
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(J) d
scatyE ;  and d

scatxH ;  (damaged structure: concrete slab without rebars and the original 

damages) 

Fig. 8.1.4.1 to 15 show the images obtained by the EM migration algorithm in DE 

formalism with different imaging conditions in Case (A). The geometries of the damages 

have been correctly identified with the least artifacts in the conductivity images shown in 

Fig. 8.1.4.11 and 13. Notice that the images obtained by the modified excitation-time 

imaging condition with maximum-energy arrival criterion are comparable in quality to the 

images obtained by the zero-lag cross-correlation imaging condition. In addition, the 

modified excitation-time imaging condition has often improved the images quality compared 

to the images obtained by the ordinary excitation-time imaging condition. 

When the sensor data has been treated as sources instead of time-dependent boundary 

conditions in the EM migration in Case (B), the quality of images has been slightly 

deteriorated as shown in Fig. 8.1.4.16 to 18. Surprisingly, the usage of only d
scatyE ;  or d

scatxH ;  

instead of both in the algorithm in Cases (C) and (D) has improved the quality of images as 

shown in Fig. 8.1.4.19 to 24. 

Fig. 8.1.4.25 and 26 illustrate the effect of the measurement noise with SNR=5 on 

conductivity images. These figures show that the algorithm is quite robust against the 

measurement noise. To show the effect of the actuator/sensor spacing on the images quality, 

the conductivity images with minmin, 2,5.1 λλ∆ =as  are shown in Fig. 8.1.4.27 and 28. The 

artifacts resulting from the increase in the actuator/sensor spacing can be easily observed in 

these figures. 

Fig. 8.1.4.29 to 34 illustrate the images for a new damaged structure including a half-

space concrete without rebars and the original damages in Case (H). Due to the simplicity of 

the pristine structure in this case (i.e., half-space concrete), all permittivity, permeability, and 

conductivity images obtained by different imaging conditions have provided good damage 

identification. The best damage identification has been still provided by the modified 

excitation-time imaging condition with maximum-energy arrival criterion. Notice how the 
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artifacts related to the material discontinuity in the pristine structure in Case (A) images, 

have disappeared on the corresponding images in Case (G). 

Fig. 8.1.4.35 to 40 present the images when a modified pristine structure (a half-space 

concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been 

used for the computation of the incident and migrated scattered fields in the image area. 

Notice how the artifacts related to the material discontinuity in the actual pristine structure in 

Case (A) images have been eliminated.  

Fig. 8.1.4.41 shows the conductivity image for a damaged structure including a concrete 

slab without the rebars and the original damages. Notice how a false damage related to the 

typical shortcoming of the algorithm has been imaged near the lower interface of the slab. 

 

 

Fig. 8.1.4.1. Case (A); Permittivity image; Zero-lag cross-
correlation imaging condition; 

 

Fig. 8.1.4.2. Case (A); Permittivity image; Excitation-time imaging 
condition (Max-energy arrival); 

 

Fig. 8.1.4.3. Case (A); Permittivity image; Modified excitation-time 
imaging condition (Max-energy arrival); 

 

Fig. 8.1.4.4. Case (A); Permittivity image; Excitation-time imaging 
condition (First-arrival); 
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Fig. 8.1.4.5. Case (A); Permittivity image; Modified excitation-time 
imaging condition (First-arrival); 

 

Fig. 8.1.4.6. Case (A); Permeability image; Zero-lag cross-
correlation imaging condition; 

 

Fig. 8.1.4.7. Case (A); Permeability image; Excitation-time 
imaging condition (Max-energy arrival); 

 

Fig. 8.1.4.8. Case (A); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.4.9. Case (A); Permeability image; Excitation-time 
imaging condition (First-arrival); 

 

Fig. 8.1.4.10. Case (A); Permeability image; Modified excitation-
time imaging condition (First-arrival); 

 

Fig. 8.1.4.11. Case (A); Conductivity image; Zero-lag cross-
correlation imaging condition; 

 

Fig. 8.1.4.12. Case (A); Conductivity image; Excitation-time 
imaging condition (Max-energy arrival); 
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Fig. 8.1.4.13. Case (A); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

 

Fig. 8.1.4.14. Case (A); Conductivity image; Excitation-time 
imaging condition (First-arrival); 

 

Fig. 8.1.4.15. Case (A); Conductivity image; Modified excitation-
time imaging condition (First-arrival); 

 

Fig. 8.1.4.16. Case (B); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Data treated as 
sources; 

 

Fig. 8.1.4.17. Case (B); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Data treated as 
sources; 

 

Fig. 8.1.4.18. Case (B); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Data treated as 
sources; 

 

Fig. 8.1.4.19. Case (C); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Only d

scatyE ;
 as BC; 

 

Fig. 8.1.4.20. Case (C); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Only d

scatyE ;
 as BC; 
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Fig. 8.1.4.21. Case (C); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Only d

scatyE ;
 as BC; 

 

Fig. 8.1.4.22. Case (D); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Only d

scatxH ;
 as BC; 

 

Fig. 8.1.4.23. Case (D); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Only d

scatxH ;
 as BC; 

 

Fig. 8.1.4.24. Case (D); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Only d

scatxH ;
 as BC; 

 

Fig. 8.1.4.25. Case (E); Conductivity image; Zero-lag cross-
correlation imaging condition; Noisy data SNR=5; 

 

Fig. 8.1.4.26. Case (E); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Noisy data SNR=5; 

 

Fig. 8.1.4.27. Case (F); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

min, 5.1 λ∆ =as
; 

 

Fig. 8.1.4.28. Case (G); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); 

min, 2λ∆ =as
; 
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Fig. 8.1.4.29. Case (H); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete; 

 

Fig. 8.1.4.30. Case (H); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete; 

 

Fig. 8.1.4.31. Case (H); Conductivity image; Excitation-time 
imaging condition (Max-energy arrival); Half-space concrete; 

 

Fig. 8.1.4.32. Case (H); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Half-space concrete; 

 

Fig. 8.1.4.33. Case (H); Conductivity image; Excitation-time 
imaging condition (First-arrival); Half-space concrete; 

 

Fig. 8.1.4.34. Case (H); Conductivity image; Modified excitation-
time imaging condition (First-arrival); Half-space concrete; 

 

Fig. 8.1.4.35. Case (I); Permittivity image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine 
structure; 

 

Fig. 8.1.4.36. Case (I); Permeability image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine 
structure; 
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Fig. 8.1.4.37. Case (I); Conductivity image; Excitation-time 
imaging condition (Max-energy arrival); Modified pristine 
structure; 

 

Fig. 8.1.4.38. Case (I); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Modified pristine 
structure; 

 

Fig. 8.1.4.39. Case (I); Conductivity image; Excitation-time 
imaging condition (First-arrival); Modified pristine structure; 

 

Fig. 8.1.4.40. Case (I); Conductivity image; Modified excitation-
time imaging condition (First-arrival); Modified pristine structure; 

 

Fig. 8.1.4.41. Case (J); Conductivity image; Modified excitation-
time imaging condition (Max-energy arrival); Concrete slab 
without rebars; 
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8.1.5. EM Migration (DE Formalism; Poststack) 

The three different images for each type of measurement can be obtained by applying 

the zero-time imaging condition to the migrated scattered field components m
scatyE ; , m

scatxH ; , 

and m
scatzH ;  computed by FD discretization of differential equations (7.2.13) or (7.2.14) for a 

2:1 scaled pristine structure depending on weather the sensor data is treated as sources or as 

time-dependent boundary conditions, respectively. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min5.0mm3 λ∆ ==  and data is 

treated as time-dependent boundary conditions, unless otherwise stated): 

(A) d
scatyE ;  and d

scatxH ;  

(B) d
scatyE ;  and d

scatxH ;  (as sources) 

(C) Only d
scatyE ;  

(D) Only d
scatxH ;  

(E) d
scatyE ;  and d

scatxH ;  (contaminated by noise with SNR=5) 

(F) d
scatyE ;  and d

scatxH ;  ( minmm6 λ∆ == ) 

(G) d
scatyE ;  and d

scatxH ;  (damaged structure: half-space concrete without rebars and the 

original damages) 

(H) d
scatyE ;  and d

scatxH ;  (modified pristine structure: half-space concrete without rebars) 

(I) d
scatyE ;  and d

scatxH ;  (damaged structure: concrete slab without rebars and the original 

damages) 
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Fig. 8.1.5.1 to 3 show the images obtained by the EM migration algorithm in DE 

formalism using the poststack concept in Case (A). The m
scatxH ; -images have provided the 

best damage identification. Also, the horizontal crack has not been completely identified in 

the m
scatzH ; -images. 

When the sensor data has been treated as sources instead of time-dependent boundary 

conditions in the EM migration in Case (B), the quality of images has been deteriorated as 

shown in Fig. 8.1.5.4 to 6. 

The images for different measurement scenarios in Cases (C) and (D) are shown in Fig. 

8.1.5.7 to 12. Surprisingly, the usage of only d
scatyE ;  or d

scatxH ;  instead of both in the algorithm 

has improved the quality of images. 

Fig. 8.1.5.13 illustrates the effect of the measurement noise with SNR=5 on the m
scatxH ; -

image. This figure shows that the algorithm is quite robust against the measurement noise. 

Fig. 8.1.5.14 shows the m
scatxH ; -image with the actuator/sensor spacing of minλ∆ = . The 

artifacts resulting from the increase in the actuator/sensor spacing can be easily observed in 

this figure. 

Fig. 8.1.5.15 to 17 illustrate the images for a new damaged structure including a half-

space concrete without rebars and the original damages in Case (G). Due to the simplicity of 

the pristine structure in this case (i.e., half-space concrete), all three images have provided 

good damage identification. Note that the horizontal crack still has not been completely 

identified in the m
scatzH ; -image. 

Fig. 8.1.5.18 to 20 present the images when a modified pristine structure (a half-space 

concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been 

used for the computation of the migrated scattered field. Notice that the damage 

identification has been improved in the m
scatyE ; -image compared to the corresponding image 

in Case (A). 
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Fig. 8.1.5.21 shows the m
scatxH ; -image for a damaged structure including a concrete slab 

without the rebars and the original damages. Notice how two false damages related to the 

typical shortcoming of the algorithm have been imaged near the lower interface of the slab. 

 

 

Fig. 8.1.5.1. Case (A); m
scatyE ;

-image obtained by poststack EM 

migration; 

 

Fig. 8.1.5.2. Case (A); m
scatxH ;

-image obtained by poststack EM 

migration; 

 

Fig. 8.1.5.3. Case (A); m
scatzH ;

-image obtained by poststack EM 

migration; 

 

Fig. 8.1.5.4. Case (B); m
scatyE ;

-image obtained by poststack EM 

migration; Data treated as sources; 

 

Fig. 8.1.5.5. Case (B); m
scatxH ;

-image obtained by poststack EM 

migration; Data treated as sources; 

 

Fig. 8.1.5.6. Case (B); m
scatzH ;

-image obtained by poststack EM 

migration; Data treated as sources; 
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Fig. 8.1.5.7. Case (C); m
scatyE ;

-image obtained by poststack EM 

migration; Only d
scatyE ;

 as BC; 

 

Fig. 8.1.5.8. Case (C); m
scatxH ;

-image obtained by poststack EM 

migration; Only d
scatyE ;

 as BC; 

 

Fig. 8.1.5.9. Case (C); m
scatzH ;

-image obtained by poststack EM 

migration; Only d
scatyE ;

 as BC; 

 

Fig. 8.1.5.10. Case (D); m
scatyE ;

-image obtained by poststack EM 

migration; Only d
scatxH ;

 as BC; 

 

Fig. 8.1.5.11. Case (D); m
scatxH ;

-image obtained by poststack EM 

migration; Only d
scatxH ;

 as BC; 

 

Fig. 8.1.5.12. Case (D); m
scatzH ;

-image obtained by poststack EM 

migration; Only d
scatxH ;

 as BC; 

 

Fig. 8.1.5.13. Case (E); m
scatxH ;

-image obtained by poststack EM 

migration; Noisy data SNR=5; 

 

Fig. 8.1.5.14. Case (F); m
scatxH ;

-image obtained by poststack EM 

migration; 
minλ∆ = ; 
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Fig. 8.1.5.15. Case (G); m
scatyE ;

-image obtained by poststack EM 

migration; Half-space concrete; 

 

Fig. 8.1.5.16. Case (G); m
scatxH ;

-image obtained by poststack EM 

migration; Half-space concrete; 

 

Fig. 8.1.5.17. Case (G); m
scatzH ;

-image obtained by poststack EM 

migration; Half-space concrete; 

 

Fig. 8.1.5.18. Case (H); m
scatyE ;

-image obtained by poststack EM 

migration; Modified pristine structure; 

 

Fig. 8.1.5.19. Case (H); m
scatxH ;

-image obtained by poststack EM 

migration; Modified pristine structure; 

 

Fig. 8.1.5.20. Case (H); m
scatzH ;

-image obtained by poststack EM 

migration; Modified pristine structure; 

 

Fig. 8.1.5.21. Case (I); m
scatxH ;

-image obtained by poststack EM 

migration; Concrete slab without rebars; 
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8.1.6. EM Migration (IE Formalism) 

Eq. (7.2.26) - (7.2.28) represent the real-time imaging formulas in the IE formalism of 

the EM migration algorithm. The amplitudes and traveltimes of the incident field and 

Green’s functions are computed by FD discretization of ordinary Maxwell’s equations for the 

pristine structure. The application of both first and maximum-energy arrival criteria for the 

calculation of these traveltimes and amplitudes are examined as well. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min, mm6 λ∆ ==as  unless 

otherwise stated): 

(A) d
scatyE ;  and d

scatxH ;  

(B) Only d
scatyE ;  

(C) Only d
scatxH ;  

(D) d
scatyE ;  and d

scatxH ;  (contaminated by noise with SNR=5) 

(E) d
scatyE ;  and d

scatxH ;  ( min, 5.1mm9 λ∆ ==as ) 

(F) d
scatyE ;  and d

scatxH ;  ( min, 2mm12 λ∆ ==as ) 

(G) d
scatyE ;  and d

scatxH ;  (damaged structure: half-space concrete without rebars and the 

original damages) 

(H) d
scatyE ;  and d

scatxH ;  (modified pristine structure: half-space concrete without rebars) 

(I) d
scatyE ;  and d

scatxH ;  (damaged structure: concrete slab without rebars and the original 

damages) 

Fig. 8.1.6.1 to 8 show the images obtained by the EM migration algorithm in IE 

formalism in Case (A). The geometries of the damages have been correctly identified with 
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the least artifacts in the permittivity image shown in Fig. 8.1.6.2. It is also observed that by 

excluding the amplitude in the approximation of the incident field and Green’s functions, 

correct damage identification cannot be obtained (only shown for the permittivity images). 

Notice that the images obtained based on the maximum-energy arrival criterion for the for 

the calculation of the traveltimes and amplitudes have provided much better damage 

identification (specially for the debonding damage) than those of based on the first-arrival 

criterion. However, the images obtained based on the first-arrival criterion contain fewer 

artifacts. 

Fig. 8.1.6.9 to 14 show the images obtained based on the maximum-energy arrival 

criterion when only d
scatyE ;  or d

scatxH ;  instead of both has been used in the algorithm. Notice 

that the images in Case (C) are quite similar to images in Case (A). 

Fig. 8.1.6.15 illustrates the effect of the measurement noise with SNR=5 on the 

permittivity image. This figure shows that the algorithm is quite robust against the 

measurement noise. To show the effect of the actuator/sensor spacing on the images quality, 

the permittivity images with minmin, 2,5.1 λλ∆ =as  are shown in Fig. 8.1.6.16 and 17. The 

artifacts resulting from the increase in the actuator/sensor spacing can be easily observed in 

these figures. 

Fig. 8.1.6.18 to 21 illustrate the images for a new damaged structure including a half-

space concrete without rebars and the original damages in Case (G). Due to the simplicity of 

the pristine structure in this case (i.e., half-space concrete), all permittivity, permeability, and 

conductivity images obtained based on the maximum-energy arrival criterion have provided 

excellent damage identification. Notice how the artifacts related to the material discontinuity 

in the pristine structure in Case (A) images have disappeared on the corresponding images in 

Case (G). 

Fig. 8.1.6.22 to 25 present the images when a modified pristine structure (a half-space 

concrete) instead of the actual pristine structure (the concrete slab with the rebars) has been 

used for the computation of the incident and Green’s functions in the image area. Notice how 

the artifacts related to the material discontinuity in the actual pristine structure in Case (A) 

images have been eliminated. 
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Fig. 8.1.6.26 shows the permittivity image for a damaged structure including a concrete 

slab without the rebars and the original damages. Notice how some false damages related to 

the typical shortcoming of the algorithm have been imaged near the lower interface of the 

slab. 

 

 

Fig. 8.1.6.1. Case (A); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on maximum-energy arrival 

criterion; Without amplitude; 

 

Fig. 8.1.6.2. Case (A); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on maximum-energy arrival 

criterion; With amplitude; 

 

Fig. 8.1.6.3. Case (A); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on first-arrival criterion; Without 

amplitude; 

 

Fig. 8.1.6.4. Case (A); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on first-arrival criterion; With 

amplitude; 

 

Fig. 8.1.6.5. Case (A); Permeability image; All HJ
bxyG ;

, HJ
bzyG ;

, 

HM
bxxG ;

, HM
bzxG ;

, 
incxH ;

& , and 
inczH ;

&  are approximated based on 

maximum-energy arrival criterion; With amplitude; 

 

Fig. 8.1.6.6. Case (A); Permeability image; All HJ
bxyG ;

, HJ
bzyG ;

, 

HM
bxxG ;

, HM
bzxG ;

, 
incxH ;

& , and 
inczH ;

&  are approximated based on 

first-arrival criterion; With amplitude; 
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Fig. 8.1.6.7. Case (A); Conductivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; 

 

Fig. 8.1.6.8. Case (A); Conductivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
 are approximated based on first-arrival criterion; With 

amplitude; 

 

Fig. 8.1.6.9. Case (B); Permittivity image; Both EM
byxG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; Only d

scatyE ;
; 

 

Fig. 8.1.6.10. Case (B); Permeability image; All HM
bxxG ;

, HM
bzxG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on maximum-energy 

arrival criterion; With amplitude; Only d
scatyE ;

; 

 

Fig. 8.1.6.11. Case (B); Conductivity image; Both EM
byxG ;

 and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; Only d
scatyE ;

; 

 

Fig. 8.1.6.12. Case (C); Permittivity image; Both EJ
byyG ;

 and 
incyE ;

&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; Only d

scatxH ;
; 
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Fig. 8.1.6.13. Case (C); Permeability image; All HJ
bxyG ;

, HJ
bzyG ;

, 

incxH ;
& , and 

inczH ;
&  are approximated based on maximum-energy 

arrival criterion; With amplitude; Only d
scatxH ;

; 

 

Fig. 8.1.6.14. Case (C); Conductivity image; Both EJ
byyG ;

 and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; Only d
scatxH ;

; 

 

Fig. 8.1.6.15. Case (D); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on maximum-energy arrival 

criterion; With amplitude; Noisy data SNR=5; 

 

Fig. 8.1.6.16. Case (E); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on maximum-energy arrival 

criterion; With amplitude; 
min, 5.1 λ∆ =as

; 

 

Fig. 8.1.6.17. Case (F); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on maximum-energy arrival 

criterion; With amplitude; 
min, 2λ∆ =as

; 

 

Fig. 8.1.6.18. Case (G); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on maximum-energy arrival 

criterion; With amplitude; Half-space concrete; 
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Fig. 8.1.6.19. Case (G); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on first-arrival criterion; With 

amplitude; Half-space concrete; 

 

Fig. 8.1.6.20. Case (G); Permeability image; All HJ
bxyG ;

, HJ
bzyG ;

, 

HM
bxxG ;

, HM
bzxG ;

, 
incxH ;

& , and 
inczH ;

&  are approximated based on 

maximum-energy arrival criterion; With amplitude; Half-space 
concrete; 

 

Fig. 8.1.6.21. Case (G); Conductivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; Half-space concrete; 

 

Fig. 8.1.6.22. Case (H); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on maximum-energy arrival 

criterion; With amplitude; Modified pristine structure; 

 

Fig. 8.1.6.23. Case (H); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on first-arrival criterion; With 

amplitude; Modified pristine structure; 

 

Fig. 8.1.6.24. Case (H); Permeability image; All HJ
bxyG ;

, HJ
bzyG ;

, 

HM
bxxG ;

, HM
bzxG ;

, 
incxH ;

& , and 
inczH ;

&  are approximated based on 

maximum-energy arrival criterion; With amplitude; Modified 
pristine structure; 
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Fig. 8.1.6.25. Case (H); Conductivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
 are approximated based on maximum-energy arrival 

criterion; With amplitude; Modified pristine structure; 

 

Fig. 8.1.6.26. Case (I); Permittivity image; All EM
byxG ;

, EJ
byyG ;

, and 

incyE ;
&  are approximated based on maximum-energy arrival 

criterion; With amplitude; Concrete slab without rebars; 
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8.2. Anisotropic Case 

A glass/epoxy composite plate composed of 10 transversely isotropic (uniaxial) layers 

with stacking sequence of s]0/)90/0[( o
2

oo  and equal thickness of 1mm is considered as the 

pristine structure. Fig. 8.2.1 illustrates the cross section of the damaged structure having two 

delaminations (area: mm25.0mm10 × ) with the centers at (15, 4) and (35, 6) mm. It is 

assumed that above and below the plate is air and actuators and sensors are uniformly located 

on the upper surface of the concrete slab with a sensor span of 48 mm. 

 
Fig. 8.2.1. Cross section of a glass/epoxy composite plate with two delaminations 

The central frequency of the excitation signal is assumed to be 36=cf GHz. Fig. 8.2.2 

and 3 show the time history of the excitation signal and its amplitude spectrum, respectively. 

 

 
Fig. 8.2.2. The time history of the excitation signal 

 
Fig. 8.2.3. The amplitude spectrum of the excitation 
signal 



 114 

Relative dielectric constant and conductivity of the transversely isotropic glass/epoxy 

lamina are: 84.3;S/m023.0 == LL εσ  and 40.3;S/m012.0 == TT εσ , where 

subscripts L and T denote the direction along and transverse to the fibers, respectively. 

Based on 3% of the maximum amplitude of the excitation signal spectrum, the 

maximum frequency and minimum wavelength of the signal in the plate are found to be 

about 102 GHz and 1.5 mm, respectively. Considering the minimum wavelength, the grid 

size is chosen equal to 0.25 mm ( mm25.0== zx ∆∆ ). 

Fig. 8.2.4 to 6 illustrate three components of the scattered field data (the measured 

incident field subtracted from the measured total field) excited from an actuator located at 

mm25=x  with sensor spacing of mm2=s∆ . 

 

 
Fig. 8.2.4. The y-component of the scattered electric 
field data, d

scatyE ;
, excited from an actuator at 

mm25=x  with sensor spacing of mm2=s∆  

 
Fig. 8.2.5. The x-component of the scattered magnetic 
field data, d

scatxH ;
, excited from an actuator at 

mm25=x  with sensor spacing of mm2=s∆  
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Fig. 8.2.6. The z-component of the scattered magnetic field data, d
scatzH ;

, excited from an actuator at mm25=x  

with sensor spacing of mm2=s∆  

As mentioned in Chapter 6, there are several methods for reducing the artifacts related to 

the material discontinuity in the pristine structure. Here, in order to remove undesired 

internal reflections, a modified pristine structure, a half-space homogenized orthotropic 

medium, instead of the actual layered pristine structure, is used for the computation of the 

incident field, Green’s functions, and back-propagated (migrated) scattered fields in the 

image area. Obviously, the measured incident and total fields are obtained from the actual 

pristine and damaged structures, respectively. This approach is also valuable in real 

applications when precise information about the layered structure may not be known a priori. 

Note that a drawback of this homogenization assumption prevails when the material 

properties of the layers are very distinct; as a result, the location of the damages may not be 

accurately identified because the velocity field of the actual structure for the back-

propagation (migration) differs significantly from layer to layer. 
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8.2.1. Born Imaging (DE Formalism) 

Eq. (7.1.1) - (7.1.4) represent the imaging formulas with zero-lag cross-correlation 

imaging condition. The corresponding imaging formulas with modified excitation-time 

imaging condition are Eq. (7.1.13) - (7.1.16); the imaging formulas with ordinary excitation-

time imaging condition are easily obtained by setting the amplitudes to unity. Note that the 

back-propagated scattered fields are computed by FD discretization of differential equations 

(7.1.5) for the pristine structure. Also, the application of both first and maximum-energy 

arrival criteria for the calculation of the traveltimes and amplitudes are examined. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min, 33.1mm2 λ∆ ==as , unless 

otherwise stated): 

(A) d
scatyE ;  

(B) d
scatxH ;   

(C) d
scatzH ;   

(D) d
scatyE ;  (contaminated by noise with SNR=5) 

(E) d
scatyE ;  ( min, 2mm3 λ∆ ==as ) 

(F) d
scatyE ;  ( min, 67.2mm4 λ∆ ==as ) 

(G) d
scatyE ;  (longer measurement time span) 

(H) d
scatyE ;  (longer measurement time span; modified pristine structure) 

(I) d
yE  (modified pristine structure) 

Fig. 8.2.1.1 to 14 show the images obtained by the Born imaging algorithm in DE 

formalism with different imaging conditions in Case (A). It is observed that the images 
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obtained by the modified excitation-time imaging condition with either first or maximum-

energy arrival criterion for the calculation of the traveltimes and amplitudes are comparable 

in quality to the images obtained by the zero-lag cross-correlation imaging condition. Also, 

the modified excitation-time imaging condition has significantly improved the images quality 

compared to the images obtained by the ordinary excitation-time imaging condition (only 

shown for the yyε -images). Notice how two false damages related to the typical shortcoming 

of the algorithm have been imaged near the lower surface of the plate. 

Fig. 8.2.1.15 to 18 show the xxµ -images for different measurement scenarios in Cases 

(B) and (C). 

The effect of the measurement noise with SNR=5 on the xxµ -images is illustrated in Fig. 

8.2.1.19 and 20. These figures show that the algorithm is quite robust against the 

measurement noise. To show the effect of the actuator/sensor spacing on the images quality, 

the xxµ -images with minmin, 67.2,2 λλ∆ =as  are shown in Fig. 8.2.1.21 to 24. The artifacts 

resulting from the increase in the actuator/sensor spacing can be easily observed in these 

figures. 

To highlight the negative effect of the material discontinuity in the pristine structure on 

the images quality, the measurement time span has been increased from 164 ps to 196 ps in 

Case (G). The strong artifacts can be clearly observed in Fig. 8.2.1.25 and 26. The artifacts 

related to the material discontinuity in the actual pristine structure have been eliminated in 

Fig. 8.2.1.27 and 28 when a modified pristine structure (a half-space homogenized 

orthotropic medium) has been used for the computation of the incident and back-propagated 

fields in the image area. 

Fig. 8.2.1.29 and 30 illustrate the xxµ -images when d
yE  instead of d

scatyE ;  has been used 

for damage imaging. It should be mentioned that the events associated with direct waves and 

reflections from the upper surface of the plate have been removed from d
yE  as a 

preprocessing step. Notice how the material interfaces of the laminated plate have been 

imaged in addition to the delaminations. 
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Fig. 8.2.1.1. Case (A); 
yyε -image; Zero-lag cross-correlation 

imaging condition; 

 

Fig. 8.2.1.2. Case (A); 
yyε -image; Excitation-time imaging 

condition (Max-energy arrival); 

 

Fig. 8.2.1.3. Case (A); 
yyε -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.1.4. Case (A); 
yyε -image; Excitation-time imaging 

condition (First-arrival); 

 

Fig. 8.2.1.5. Case (A); 
yyε -image; Modified excitation-time 

imaging condition (First-arrival); 

 

Fig. 8.2.1.6. Case (A); 
xxµ -image; Zero-lag cross-correlation 

imaging condition; 

 

Fig. 8.2.1.7. Case (A); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.1.8. Case (A); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); 

 

Fig. 8.2.1.9. Case (A); 
zzµ -image; Zero-lag cross-correlation 

imaging condition; 

 

Fig. 8.2.1.10. Case (A); 
zzµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.1.11. Case (A); 
zzµ -image; Modified excitation-time 

imaging condition (First-arrival); 

 

Fig. 8.2.1.12. Case (A); 
yyσ -image; Zero-lag cross-correlation 

imaging condition; 
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Fig. 8.2.1.13. Case (A); 
yyσ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.1.14. Case (A); 
yyσ -image; Modified excitation-time 

imaging condition (First-arrival); 

 

Fig. 8.2.1.15. Case (B); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.1.16. Case (B); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); 

 

Fig. 8.2.1.17. Case (C); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.1.18. Case (C); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); 

 

Fig. 8.2.1.19. Case (D); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Noisy data SNR=5; 

 

Fig. 8.2.1.20. Case (D); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Noisy data SNR=5; 

 

Fig. 8.2.1.21. Case (E); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 
min, 2λ∆ =as

; 

 

Fig. 8.2.1.22. Case (E); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); 
min, 2λ∆ =as

; 

 

Fig. 8.2.1.23. Case (F); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 
min, 67.2 λ∆ =as

; 

 

Fig. 8.2.1.24. Case (F); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); 
min, 67.2 λ∆ =as

; 
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Fig. 8.2.1.25. Case (G); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Longer data time span; 

 

Fig. 8.2.1.26. Case (G); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Longer data time span; 

 

Fig. 8.2.1.27. Case (H); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Longer data time span; 
Modified pristine structure; 

 

Fig. 8.2.1.28. Case (H); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Longer data time span; Modified 
pristine structure; 

 

Fig. 8.2.1.29. Case (I); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); d
yE ; Modified pristine 

structure; 

 

Fig. 8.2.1.30. Case (I); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); d
yE ; Modified pristine structure; 
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8.2.2. Born Imaging (DE Formalism; Poststack) 

The three different images for each type of measurement can be obtained by applying 

the zero-time imaging condition to the back-propagated scattered field components BP
scatyE ; , 

BP
scatxH ; , and BP

scatzH ;  computed by FD discretization of differential equations (7.1.5) for a 2:1 

scaled pristine structure. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min67.0mm1 λ∆ ==  unless 

otherwise stated): 

(A) d
scatyE ;  

(B) d
scatxH ;  

(C) d
scatzH ;  

(D) d
scatyE ;  (contaminated by noise with SNR=5) 

(E) d
scatyE ;  ( minmm5.1 λ∆ == ) 

(F) d
scatyE ;  ( min33.1mm2 λ∆ == ) 

(G) d
scatyE ;  (longer measurement time span)  

(H) d
scatyE ;  (longer measurement time span; modified pristine structure)  

(I) d
yE  (modified pristine structure)  

Fig. 8.2.2.1 to 9 show the images obtained by the Born imaging algorithm in DE 

formalism using poststack concept in Cases (A) to (C). The BP
scatxH ; -images have provided the 

best damage identification among the images. Also, the delaminations have not been 

completely imaged in the BP
scatzH ; -images. Moreover, when d

scatzH ;  has been used as data, the 
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damages have not been completely identified. Notice how two false damages related to the 

typical shortcoming of the algorithm have been imaged near the lower surface of the plate 

The effect of the measurement noise with SNR=5 on the BP
scatxH ; -image is shown in Fig. 

8.2.2.10. This figure shows that the algorithm is quite robust against the measurement noise. 

Fig. 8.2.2.11 and 12 show BP
scatxH ; -images with the actuator/sensor spacing of 

minmin 33.1, λλ∆ = . The artifacts resulting from the increase in the actuator/sensor spacing 

can be easily observed in these figures. 

To highlight the effect of the material discontinuity in the pristine structure on the 

images quality, the measurement time span has been increased from 164 ps to 196 ps, Fig. 

8.2.2.13. This image has not been affected by the artifacts related to the material 

discontinuity as opposed to the corresponding image in the prestack form of the algorithm. 

Fig. 8.2.2.14 also shows the BP
scatxH ; -image when a modified pristine structure (a half-space 

homogenized orthotropic medium) has been used for the computation of the back-propagated 

field. It is concluded that the poststack images are more robust than the prestack images to 

the artifacts related to the material discontinuity in the pristine structure. This is because the 

incident field in the image area is not needed in constructing the poststack images. The 

difference between data collected in common-source and zero-offset configurations may be 

another reason. 

Fig. 8.2.2.15 illustrates the BP
scatxH ; -image when d

yE  instead of d
scatyE ;  has been used for 

damage imaging. It should be mentioned that the events associated with direct waves and 

reflections from the upper surface of the plate have been removed from d
yE  as a 

preprocessing step. Notice how the material interfaces of the laminated plate have been 

imaged in addition to the delaminations. 
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Fig. 8.2.2.1. Case (A); BP
scatyE ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.2. Case (A); BP
scatxH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.3. Case (A); BP
scatzH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.4. Case (B); BP
scatyE ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.5. Case (B); BP
scatxH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.6. Case (B); BP
scatzH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.7. Case (C); BP
scatyE ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.8. Case (C); BP
scatxH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.9. Case (C); BP
scatzH ;

-image obtained by poststack Born 

imaging; 

 

Fig. 8.2.2.10. Case (D); BP
scatxH ;

-image obtained by poststack Born 

imaging; Noisy data SNR=5; 

 

Fig. 8.2.2.11. Case (E); BP
scatxH ;

-image obtained by poststack Born 

imaging; 
minλ∆ = ; 

 

Fig. 8.2.2.12. Case (F); BP
scatxH ;

-image obtained by poststack Born 

imaging; 
min33.1 λ∆ = ; 
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Fig. 8.2.2.13. Case (G); BP
scatzH ;

-image obtained by poststack Born 

imaging; Longer data time span; 

 

Fig. 8.2.2.14. Case (H); BP
scatzH ;

-image obtained by poststack Born 

imaging; Longer data time span; Modified pristine structure; 

 

Fig. 8.2.2.15. Case (I); BP
scatzH ;

-image obtained by poststack Born 

imaging; d
yE  ; Modified pristine structure; 
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8.2.3. Born Imaging (IE Formalism) 

Eq. (7.1.23) - (7.1.26) represent the real-time imaging formulas in the IE formalism of 

the Born imaging algorithm. The amplitudes and traveltimes of the incident field and Green’s 

functions are computed by FD discretization of ordinary Maxwell’s equations for the pristine 

structure. The application of both first and maximum-energy arrival criteria for the 

calculation of these traveltimes and amplitudes are examined as well. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min, 33.1mm2 λ∆ ==as , unless 

otherwise stated): 

(A) d
scatyE ;  

(B) d
scatxH ;   

(C) d
scatzH ;   

(D) d
scatyE ;  (contaminated by noise with SNR=5) 

(E) d
scatyE ;  ( min, 2mm3 λ∆ ==as ) 

(F) d
scatyE ;  ( min, 67.2mm4 λ∆ ==as ) 

(G) d
scatyE ;  (longer measurement time span) 

(H) d
scatyE ;  (longer measurement time span; modified pristine structure) 

(I) d
yE  (modified pristine structure) 

Fig. 8.2.3.1 to 10 show the images obtained by the Born imaging algorithm in IE 

formalism in Case (A). It is observed that including the amplitude in the approximation of the 

incident field and Green’s functions has significantly improved the images quality (only 

shown for the yyε -images). Notice how two false damages related to the typical shortcoming 
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of the imaging algorithm discussed in Chapter 6 have been imaged near the lower surface of 

the plate specially in the images obtained based on the maximum-energy arrival criterion. 

Fig. 8.2.3.11 to 14 show the xxµ -images for different measurement scenarios in Cases 

(B) and (C). 

The effect of the measurement noise with SNR=5 on the xxµ -images is illustrated in Fig. 

8.2.3.15 and 16. These figures show that the algorithm is quite robust against the 

measurement noise. 

To show the effect of the actuator/sensor spacing on the images quality, the xxµ -images 

with minmin, 67.2,2 λλ∆ =as  are shown in Fig. 8.2.3.17 to 20. The artifacts resulting from 

the increase in the actuator/sensor spacing can be easily observed in these figures. Notice 

how the images obtained based on the first-arrival criterion are more sensitive to the 

actuator/sensor spacing. 

To highlight the negative effect of the material discontinuity in the pristine structure on 

the images quality, the measurement time span has been increased from 164 ps to 196 ps in 

Case (G). The strong artifacts are observed in the xxµ -image obtained based on the 

maximum-energy arrival criterion, Fig. 8.2.3.21. As discussed in Chapter 6, the images 

obtained based on the first-arrival criterion are not affected by the artifacts related to the 

material discontinuity in the actual pristine structure, see Fig. 8.2.3.22. Fig. 8.2.3.23 and 24 

show the xxµ -images when a modified pristine structure (a half-space homogenized 

orthotropic medium) has been used for the computation of the incident field and Green’s 

functions in the image area. Notice how the artifacts related to the material discontinuity in 

the actual pristine structure have been eliminated in Fig. 8.2.3.23. 

Fig. 8.2.3.25 and 26 illustrate the xxµ -images when d
yE  instead of d

scatyE ;  has been used 

for damage imaging. It should be mentioned that the events associated with direct waves and 

reflections from the upper surface of the plate have been removed from d
yE  as a 

preprocessing step. Notice how the material interfaces of the laminated plate have been 

imaged in addition to the delaminations. 
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Fig. 8.2.3.1. Case (A); 
yyε -image; Both EJ

byyG ;
 and 

incyE ;
&  are 

approximated based on maximum-energy arrival criterion; Without 
amplitude; 

 

Fig. 8.2.3.2. Case (A); 
yyε -image; Both EJ

byyG ;
 and 

incyE ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.3.3. Case (A); 
yyε -image; Both EJ

byyG ;
 and 

incyE ;
&  are 

approximated based on first-arrival criterion; Without amplitude; 

 

Fig. 8.2.3.4. Case (A); 
yyε -image; Both EJ

byyG ;
 and 

incyE ;
&  are 

approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.2.3.5. Case (A); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.3.6. Case (A); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.2.3.7. Case (A); 
zzµ -image; Both HJ

bzyG ;
 and 

inczH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.3.8. Case (A); 
zzµ -image; Both HJ

bzyG ;
 and 

inczH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.2.3.9. Case (A); 
yyσ -image; Both EJ

byyG ;
 and 

incyE ;
 are 

approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.3.10. Case (A); 
yyσ -image; Both EJ

byyG ;
 and 

incyE ;
 are 

approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.2.3.11. Case (B); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.3.12. Case (B); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 
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Fig. 8.2.3.13. Case (C); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.3.14. Case (C); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.2.3.15. Case (D); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; Noisy data SNR=5; 

 

Fig. 8.2.3.16. Case (D); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 
Noisy data SNR=5; 

 

Fig. 8.2.3.17. Case (E); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; 

min, 2 λ∆ =as
; 

 

 

 

 

Fig. 8.2.3.18. Case (E); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 

min, 2 λ∆ =as
; 

 

Fig. 8.2.3.19. Case (F); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; 

min, 67.2 λ∆ =as
; 

 

Fig. 8.2.3.20. Case (F); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 

min, 67.2 λ∆ =as
; 

 

Fig. 8.2.3.21. Case (G); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; Longer data  time span; 

 

Fig. 8.2.3.22. Case (G); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 
Longer data time span; 
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Fig. 8.2.3.23. Case (H); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; Longer data time span; Modified pristine structure; 

 

Fig. 8.2.3.24. Case (H); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; 
Longer data time span; Modified pristine structure; 

 

 

Fig. 8.2.3.25. Case (I); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; d

yE ; Modified pristine structure; 

 

Fig. 8.2.3.26. Case (I); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; d
yE ; 

Modified pristine structure; 
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8.2.4. EM Migration (DE Formalism) 

Eq. (7.2.1) - (7.2.4) represent the imaging formulas with zero-lag cross-correlation 

imaging condition. The corresponding imaging formulas with modified excitation-time 

imaging condition are Eq. (7.2.15) - (7.2.18); the imaging formulas with ordinary excitation-

time imaging condition are easily obtained by setting the amplitudes to unity. Note that the 

migrated scattered fields are computed by FD discretization of differential equations (7.2.5) 

or (7.2.6) for the pristine structure depending on weather the sensor data is treated as sources 

or as time-dependent boundary conditions, respectively. Also, the application of both first 

and maximum-energy arrival criteria for the calculation of the traveltimes and amplitudes are 

examined. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min, 33.1mm2 λ∆ ==as  and data is 

treated as time-dependent boundary conditions, unless otherwise stated): 

(A) d
scatyE ;  and d

scatxH ;  

(B) d
scatyE ;  and d

scatxH ;  (as sources) 

(C) Only d
scatyE ;  

(D) Only d
scatxH ;  

(E) d
scatyE ;  and d

scatxH ;  (contaminated by noise with SNR=5) 

(F) d
scatyE ;  and d

scatxH ;  ( min, 2mm3 λ∆ ==as ) 

(G) d
scatyE ;  and d

scatxH ;  ( min, 67.2mm4 λ∆ ==as ) 

(H) d
scatyE ;  and d

scatxH ;  (longer measurement time span) 

(I) d
scatyE ;  and d

scatxH ;  (longer measurement time span; modified pristine structure) 
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(J) d
yE  and d

xH  (modified pristine structure) 

Fig. 8.2.4.1 to 14 show the images obtained by the EM migration algorithm in DE 

formalism with different imaging conditions in Case (A). It is observed that the images 

obtained by the modified excitation-time imaging condition with either first or maximum-

energy arrival criterion for the calculation of the traveltimes and amplitudes are comparable 

in quality to the images obtained by the zero-lag cross-correlation imaging condition. Also, 

the modified excitation-time imaging condition has significantly improved the images 

compared to the images obtained by the ordinary excitation-time imaging condition (only 

shown for the yyε -images). Notice how two false damages related to the typical shortcoming 

of the algorithm have been imaged near the lower surface of the plate. 

When the sensor data has been treated as sources instead of time-dependent boundary 

conditions in the EM migration in Case (B), the quality of images has been deteriorated, 

specially in the zzµ -images as shown in Fig. 8.2.4.15 to 18.  

The usage of only d
scatyE ;  or d

scatxH ;  instead of both in the algorithm in Cases (C) and (D) 

has still provided good damage identification as shown in Fig. 8.2.4.19 to 22. 

The effect of the measurement noise with SNR=5 on the xxµ -images is illustrated in Fig. 

8.2.4.23 and 24. These figures show that the algorithm is quite robust against the 

measurement noise.  

To show the effect of the actuator/sensor spacing on the images quality, the xxµ -images 

with minmin, 67.2,2 λλ∆ =as  are shown in Fig. 8.2.4.25 to 28. The artifacts resulting from 

the increase in the actuator/sensor spacing can be easily observed in these figures. 

To highlight the negative effect of the material discontinuity in the pristine structure on 

the images quality, the measurement time span has been increased from 164 ps to 196 ps in 

Case (H). The strong artifacts can be clearly observed in Fig. 8.2.4.29 and 30. The artifacts 

related to the material discontinuity in the actual pristine structure have been eliminated in 

Fig. 8.2.4.31 and 32 when a modified pristine structure (a half-space homogenized 

orthotropic medium) has been used for the computation of the incident and migrated fields in 
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the image area. Note that the false images near the lower surface of the plate, related to the 

typical shortcoming of the imaging algorithm mentioned in Chapter 6, cannot be eliminated 

by this approach. 

Fig. 8.2.4.33 and 34 illustrate the xxµ -images when d
yE  and d

xH  instead of d
scatyE ;  and 

d
scatxH ;  have been used for damage imaging. It should be mentioned that the events associated 

with direct waves and reflections from the upper surface of the plate have been removed 

from d
yE  and d

xH  as a preprocessing step. Notice how the material interfaces of the 

laminated plate have been imaged in addition to the delaminations. 

 

 

Fig. 8.2.4.1. Case (A); 
yyε -image; Zero-lag cross-correlation 

imaging condition; 

 

Fig. 8.2.4.2. Case (A); 
yyε -image; Excitation-time imaging 

condition (Max-energy arrival); 

 

Fig. 8.2.4.3. Case (A); 
yyε -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.4.4. Case (A); 
yyε -image; Excitation-time imaging 

condition (First-arrival); 

 

Fig. 8.2.4.5. Case (A); 
yyε -image; Modified excitation-time 

imaging condition (First-arrival); 

 

Fig. 8.2.4.6. Case (A); 
xxµ -image; Zero-lag cross-correlation 

imaging condition; 

 

Fig. 8.2.4.7. Case (A); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.4.8. Case (A); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); 
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Fig. 8.2.4.9. Case (A); 
zzµ -image; Zero-lag cross-correlation 

imaging condition; 

 

Fig. 8.2.4.10. Case (A); 
zzµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.4.11. Case (A); 
zzµ -image; Modified excitation-time 

imaging condition (First-arrival); 

 

Fig. 8.2.4.12. Case (A); 
yyσ -image; Zero-lag cross-correlation 

imaging condition; 

 

Fig. 8.2.4.13. Case (A); 
yyσ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 

 

Fig. 8.2.4.14. Case (A); 
yyσ -image; Modified excitation-time 

imaging condition (First-arrival); 

 

 

Fig. 8.2.4.15. Case (B); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Data treated as sources; 

 

Fig. 8.2.4.16. Case (B); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Data treated as sources; 

 

Fig. 8.2.4.17. Case (B); 
zzµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Data treated as sources; 

 

Fig. 8.2.4.18. Case (B); 
zzµ -image; Modified excitation-time 

imaging condition (First-arrival); Data treated as sources; 

 

Fig. 8.2.4.19. Case (C); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Only d
scatyE ;

 as BC; 

 

Fig. 8.2.4.20. Case (C); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Only d
scatyE ;

 as BC; 
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Fig. 8.2.4.21. Case (D); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Only d
scatxH ;

 as BC; 

 

Fig. 8.2.4.22. Case (D); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Only d
scatxH ;

 as BC; 

 

Fig. 8.2.4.23. Case (E); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Noisy data SNR=5; 

 

Fig. 8.2.4.24. Case (E); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Noisy data SNR=5; 

 

Fig. 8.2.4.25. Case (F); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 
min, 2 λ∆ =as

; 

 

Fig. 8.2.4.26. Case (F); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); 
min, 2 λ∆ =as

; 

 

Fig. 8.2.4.27. Case (G); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); 
min, 67.2 λ∆ =as

; 

 

Fig. 8.2.4.28. Case (G); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); 
min, 67.2 λ∆ =as

; 

 

Fig. 8.2.4.29. Case (H); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Longer data time span; 

 

Fig. 8.2.4.30. Case (H); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Longer data time span; 

 

Fig. 8.2.4.31. Case (I); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); Longer data time span; 
Modified pristine structure; 

 

Fig. 8.2.4.32. Case (I); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); Longer data time span; Modified 
pristine structure; 
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Fig. 8.2.4.33. Case (J); 
xxµ -image; Modified excitation-time 

imaging condition (Max-energy arrival); d
yE  and d

xH ; Modified 

pristine structure; 

 

 

 

Fig. 8.2.4.34. Case (J); 
xxµ -image; Modified excitation-time 

imaging condition (First-arrival); d
yE  and d

xH ; Modified pristine 

structure; 
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8.2.5. EM Migration (DE Formalism; Poststack) 

The three different images for each type of measurement can be obtained by applying 

the zero-time imaging condition to the migrated scattered field components m
scatyE ; , m

scatxH ; , 

and m
scatzH ;  computed by FD discretization of differential equations (7.2.5) or (7.2.6) for a 2:1 

scaled pristine structure depending on weather the sensor data is treated as sources or as 

time-dependent boundary conditions, respectively. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min67.0mm1 λ∆ ==  and the data 

is treated as time-dependent boundary conditions, unless otherwise stated): 

(A) d
scatyE ;  and d

scatxH ;  

(B) d
scatyE ;  and d

scatxH ;  (treated as sources) 

(C) Only d
scatyE ;  

(D) Only d
scatxH ;  

(E) d
scatyE ;  and d

scatxH ;  (contaminated by noise with SNR=5) 

(F) d
scatyE ;  and d

scatxH ;  ( minmm5.1 λ∆ == ) 

(G) d
scatyE ;  and d

scatxH ;  ( min33.1mm2 λ∆ == ) 

(H) d
scatyE ;  and d

scatxH ;  (longer measurement time span) 

(I) d
scatyE ;  and d

scatxH ;  (longer measurement time span; modified pristine structure) 

(J) d
yE  and d

xH  (modified pristine structure) 

Fig. 8.2.5.1 to 3 show the images obtained by the EM migration algorithm in DE 

formalism using the poststack concept in Case (A). The m
scatxH ; -image has provided the best 
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damage identification. In addition, the delaminations have not been completely imaged in the 

m
scatzH ; -image. Notice how two false damages related to the typical shortcoming of the 

imaging algorithm have been imaged near the lower surface of the plate. 

Treating the data as sources instead of time-dependent boundary conditions in the EM 

migration algorithm in Case (B), has not changed the quality of images tangibly as shown in 

Fig. 8.2.5.4 to 6. 

The usage of only d
scatyE ;  or d

scatxH ;  instead of both in the algorithm in Cases (C) and (D) 

has still provided good damage identification as shown in Fig. 8.2.5.7 to 12. 

The effect of the measurement noise with SNR=5 on the m
scatxH ; -image is shown in Fig. 

8.2.5.13. This figure shows that the algorithm is quite robust against the measurement noise. 

Fig. 8.2.5.14 and 15 show the m
scatxH ; -images with the actuator/sensor spacings of 

minmin 33.1, λλ∆ =  in Cases (F) and (G). The artifacts resulting from the increase in the 

actuator/sensor spacing can be easily observed in these figures. 

To highlight the effect of the material discontinuity in the pristine structure on the 

images quality, the measurement time span has been increased from 164 ps to 196 ps, Fig. 

8.2.5.16. This image has not been affected by the artifacts related to the material 

discontinuity as opposed to the corresponding image in the prestack form of the algorithm. 

Fig. 8.2.5.17 also shows the m
scatxH ; -image when a modified pristine structure (a half-space 

homogenized orthotropic medium) has been used for the computation of the migrated field. It 

is concluded that the poststack images are more robust than the prestack images to the 

artifacts related to the material discontinuity in the pristine structure. This is because the 

incident field in the image area is not needed in constructing the poststack images. The 

difference between data collected in common-source and zero-offset configurations may be 

another reason. 

Fig. 8.2.5.18 illustrates the m
scatxH ; -image when d

yE  and d
xH  instead of d

scatyE ;  and 

d
scatxH ;  have been used for damage imaging. It should be mentioned that the events associated 

with direct waves and reflections from the upper surface of the plate have been removed 
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from d
yE  and d

xH  as a preprocessing step. Notice how the material interfaces of the plate 

have been imaged in addition to the delaminations. 

 

 

Fig. 8.2.5.1. Case (A); m
scatyE ;

-image obtained by poststack EM 

migration; 

 

Fig. 8.2.5.2. Case (A); m
scatxH ;

-image obtained by poststack EM 

migration; 

 

Fig. 8.2.5.3. Case (A); m
scatzH ;

-image obtained by poststack EM 

migration; 

 

Fig. 8.2.5.4. Case (B); m
scatyE ;

-image obtained by poststack EM 

migration; Data treated as sources; 

 

Fig. 8.2.5.5. Case (B); m
scatxH ;

-image obtained by poststack EM 

migration; Data treated as sources; 

 

 

Fig. 8.2.5.6. Case (B); m
scatzH ;

-image obtained by poststack EM 

migration; Data treated as sources; 

 

Fig. 8.2.5.7. Case (C); m
scatyE ;

-image obtained by poststack EM 

migration; Only d
scatyE ;

 as BC’s; 

 

Fig. 8.2.5.8. Case (C); m
scatxH ;

-image obtained by poststack EM 

migration; Only d
scatyE ;

 as BC’s; 

 

Fig. 8.2.5.9. Case (C); m
scatzH ;

-image obtained by poststack EM 

migration; Only d
scatyE ;

 as BC’s; 

 

Fig. 8.2.5.10. Case (D); m
scatyE ;

-image obtained by poststack EM 

migration; Only d
scatxH ;

 as BC’s; 
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Fig. 8.2.5.11. Case (D); m
scatxH ;

-image obtained by poststack EM 

migration; Only d
scatxH ;

 as BC’s; 

 

Fig. 8.2.5.12. Case (D); m
scatzH ;

-image obtained by poststack EM 

migration; Only d
scatxH ;

 as BC’s; 

 

Fig. 8.2.5.13. Case (E); m
scatxH ;

-image obtained by poststack EM 

migration; Noisy data SNR=5; 

 

Fig. 8.2.5.14. Case (F); m
scatxH ;

-image obtained by poststack EM 

migration; 
minλ∆ = ; 

 

Fig. 8.2.5.15. Case (G); m
scatxH ;

-image obtained by poststack EM 

migration; 
min33.1 λ∆ = ; 

 

Fig. 8.2.5.16. Case (H); m
scatxH ;

-image obtained by poststack EM 

migration; Longer data time span; 

 

Fig. 8.2.5.17. Case (I); m
scatxH ;

-image obtained by poststack EM 

migration; Longer data time span; Modified pristine structure; 

 

Fig. 8.2.5.18. Case (J); m
scatxH ;

-image obtained by poststack EM 

migration; d
yE  and d

xH ; Modified pristine structure; 
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8.2.6. EM Migration (IE Formalism) 

Eq. (7.2.22) - (7.2.25) represent the real-time imaging formulas in the IE formalism of 

the EM migration algorithm. The amplitudes and traveltimes of the incident field and 

Green’s functions are computed by FD discretization of ordinary Maxwell’s equations for the 

pristine structure. The application of both first and maximum-energy arrival criteria for the 

calculation of these traveltimes and amplitudes are examined as well. 

To show the effects of different measurement scenarios, actuator/sensor spacing, 

measurement noise, and material discontinuity in the pristine structure on the quality of the 

images, the following cases are investigated (in all cases min, 33.1mm2 λ∆ ==as , unless 

otherwise stated): 

(A) d
scatyE ;  and d

scatxH ;  

(B) Only d
scatyE ;  

(C) Only d
scatxH ;  

(D) d
scatyE ;  and d

scatxH ;  (contaminated by noise with SNR=5) 

(E) d
scatyE ;  and d

scatxH ;  ( min, 2mm3 λ∆ ==as ) 

(F) d
scatyE ;  and d

scatxH ;  ( min, 67.2mm4 λ∆ ==as ) 

(G) d
scatyE ;  and d

scatxH ;  (longer measurement time span) 

(H) d
scatyE ;  and d

scatxH ;  (longer measurement time span; modified pristine structure) 

(I) d
yE  and d

xH  (modified pristine structure) 

Fig. 8.2.6.1 to 10 show the images obtained by the EM migration algorithm in IE 

formalism in Case (A). It is observed that by excluding the amplitude in the approximation of 

the incident field and Green’s functions, correct damage identification cannot be obtained 

(only shown for the yyε -images). In addition, the images obtained based on the first-arrival 
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or maximum-energy arrival criterion for the calculation of the traveltimes and amplitudes 

have provided close damage identification. Notice how two false damages related to the 

typical shortcoming of the imaging algorithm have been imaged near the lower surface of the 

plate. 

Fig. 8.2.6.11 to 14 show xxµ -images when only d
scatyE ;  or d

scatxH ;  instead of both is used 

in the algorithm. Notice that the images in Case (C) are quite similar to corresponding images 

in Case (A). 

Fig. 8.2.6.15 and 16 illustrate the effect of the measurement noise with SNR=5 on the 

xxµ -images. These figures show that the algorithm is quite robust against the measurement 

noise. 

To show the effect of the actuator/sensor spacing on the images quality, the xxµ -images 

with minmin, 67.2,2 λλ∆ =as  are shown in Fig. 8.2.6.17 to 20. The artifacts resulting from 

the increase in the actuator/sensor spacing can be easily observed in these figures. Notice that 

the images obtained based on the first-arrival criterion are more sensitive to the 

actuator/sensor spacing. 

To highlight the negative effect of the material discontinuity in the pristine structure on 

the images quality, the measurement time span has been increased from 164 ps to 196 ps in 

Case (G). The strong artifacts can be observed in the xxµ -image obtained based on the 

maximum-energy arrival criterion, Fig. 8.2.6.21. As discussed in Chapter 6, the images based 

on the first-arrival criterion are not affected by the artifacts related to the material 

discontinuity in the pristine structure, see Fig. 8.2.6.22. Fig. 8.2.6.23 and 24 show the xxµ -

images when a modified pristine structure (a half-space homogenized orthotropic medium) 

has been used for the computation of the incident field and Green’s functions in the image 

area. Notice how the artifacts related to the material discontinuity in the pristine structure 

have been eliminated in Fig. 8.2.6.23.  

Fig. 8.2.6.25 and 26 illustrate the xxµ -images when d
yE  and d

xH  instead of d
scatyE ;  and 

d
scatxH ;  have been used for damage imaging. It should be mentioned that the events associated 
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with direct waves and reflections from the upper surface of the plate have been removed 

from d
yE  and d

xH  as a preprocessing step. Notice how the material interfaces of the 

laminated plate have been imaged in addition to the delaminations. 

 

 

Fig. 8.2.6.1. Case (A); 
yyε -image; All EM

byxG ;
, EJ

byyG ;
, and 

incyE ;
&  

are approximated based on maximum-energy arrival criterion; 
Without amplitude; 

 

Fig. 8.2.6.2. Case (A); 
yyε -image; All EM

byxG ;
, EJ

byyG ;
, and 

incyE ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.6.3. Case (A); 
yyε -image; All EM

byxG ;
, EJ

byyG ;
, and 

incyE ;
&  

are approximated based on first-arrival criterion; Without 
amplitude; 

 

Fig. 8.2.6.4. Case (A); 
yyε -image; All EM

byxG ;
, EJ

byyG ;
, and 

incyE ;
&  

are approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.2.6.5. Case (A); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.6.6. Case (A); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.2.6.7. Case (A); 
zzµ -image; All HJ

bzyG ;
, HM

bzxG ;
, and 

inczH ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.6.8. Case (A); 
zzµ -image; All HJ

bzyG ;
, HM

bzxG ;
, and 

inczH ;
&  

are approximated based on first-arrival criterion; With amplitude; 

 

Fig. 8.2.6.9. Case (A); 
yyσ -image; All EM

byxG ;
, EJ

byyG ;
, and 

incyE ;
 

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

 

Fig. 8.2.6.10. Case (A); 
yyσ -image; All EM

byxG ;
, EJ

byyG ;
, and 

incyE ;
 

are approximated based on first-arrival criterion; With amplitude; 
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Fig. 8.2.6.11. Case (B); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; Only d

scatyE ;
; 

 

Fig. 8.2.6.12. Case (B); 
xxµ -image; Both HM

bxxG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; Only 
d

scatyE ;
; 

 

Fig. 8.2.6.13. Case (C); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on maximum-energy arrival criterion; With 
amplitude; Only d

scatxH ;
; 

 

Fig. 8.2.6.14. Case (C); 
xxµ -image; Both HJ

bxyG ;
 and 

incxH ;
&  are 

approximated based on first-arrival criterion; With amplitude; Only 
d

scatxH ;
; 

 

Fig. 8.2.6.15. Case (D); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; Noisy data SNR=5; 

 

 

Fig. 8.2.6.16. Case (D); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on first-arrival criterion; With amplitude; 
Noisy data SNR=5; 

 

Fig. 8.2.6.17. Case (E); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

min, 2 λ∆ =as
; 

 

Fig. 8.2.6.18. Case (E); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on first-arrival criterion; With amplitude; 

min, 2 λ∆ =as
; 

 

Fig. 8.2.6.19. Case (F); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; 

min, 67.2 λ∆ =as
; 

 

Fig. 8.2.6.20. Case (F); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on first-arrival criterion; With amplitude; 

min, 67.2 λ∆ =as
; 
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Fig. 8.2.6.21. Case (G); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; Longer data time span; 

 

Fig. 8.2.6.22. Case (G); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on first-arrival criterion; With amplitude; 
Longer data time span; 

 

Fig. 8.2.6.23. Case (H); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; Longer data time span; Modified pristine structure; 

 

Fig. 8.2.6.24. Case (H); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on first-arrival criterion; With amplitude; 
Longer data time span; Modified pristine structure; 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.2.6.25. Case (I); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on maximum-energy arrival criterion; With 
amplitude; d

yE  and d
xH ; Modified pristine structure; 

 

Fig. 8.2.6.26. Case (I); 
xxµ -image; All HJ

bxyG ;
, HM

bxxG ;
, and 

incxH ;
&  

are approximated based on first-arrival criterion; With amplitude; 
d
yE  and d

xH ; Modified pristine structure;  
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9. Conclusions 

Knowing that identifying geometries of damages with efficient and effective algorithms 

is the primary and minimum goal of a structural health monitoring (SHM) system, 

electromagnetic (EM) migration and Born imaging algorithms have been formulated for real-

time 3-D damage imaging of structures using EM waves. These algorithms have been driven 

in both differential equation (DE) and integral equation (IE) formalisms in time-domain for 

inhomogeneous anisotropic and lossy structures. To speed up the imaging process, various 

approximations on the incident field and the Green’s functions of the pristine structure have 

been introduced and their effectiveness has also been examined. Moreover, the images 

obtained using the poststack concept has been compared with the prestack images. 

To show the performance of the DE and IE formalisms of the imaging algorithms, 

numerical simulations in 2-D transverse magnetic (TM) case for a reinforced concrete slab 

and a glass/epoxy composite plate with multiple damages have been performed. In this 

simulated study, all sensor data, incident field, back-propagated (migrated) field, and Green’s 

functions have been generated via a finite difference time-domain method with second–order 

of accuracy in time and space. 

Examining the resulting images, the following conclusions may be drawn: 

•  Both DE and IE formalisms of EM migration and Born imaging algorithms are able to 

effectively identify the damages geometries and are quite robust against the 

measurement noise. 

•  The Born imaging algorithm provides superior damage identification over the EM 

migration, specially for complex damage geometries. Note that unlike the Born 

imaging, theoretically, the EM migration requires the measurement of both electric and 

magnetic components ( d
scatyE ;  and d

scatxH ; ). 

•  Although, in theory, both d
scatyE ;  and d

scatxH ;  measurements are required in the EM 

migration, the images obtained by using only one data component can still provide 

good damage identification. 
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•  Treating the sensor data as time-dependent boundary conditions rather than sources in 

DE formalism of the EM migration usually improves images quality. 

•  Target-oriented capability (i.e., a desired part of the original domain of investigation 

can be imaged without the need to image the entire domain), which is only feasible 

using the IE formalism of the algorithms, can significantly reduce the computational 

cost. 

•  The numerical evaluation of the zero-lag cross-correlation of the back-propagated 

(migrated) scattered field with the incident field (zero-lag cross-correlation imaging 

condition), which is the second step of the imaging process for both DE and IE 

formalisms, is prohibitively expensive for a practical SHMS. The computational cost of 

this step can be significantly reduced by approximating the incident field in the image 

area by a proper single-event function. When this single-event function is 

parameterized by both traveltime and amplitude (modified excitation-time imaging 

condition) rather than only the traveltime (excitation-time imaging condition), the 

images quality is usually improved. Note that the images obtained by the modified 

excitation-time imaging condition with the maximum-energy arrival criterion are 

similar in quality to the images obtained without applying the incident field 

approximation.  

•  Note that despite having applied the above approximation to the incident field, the 

implementation of the DE formalism of the algorithms for a SHMS may be still 

impractical because the back-propagation (migration) of the scattered field data, the 

first step of the imaging process, is performed by solving the associated DEs during the 

monitoring stage which may be computationally expensive. In the IE formalism of the 

algorithms, however, the back-propagation step is performed by integral operations 

involving the Green’s functions of the pristine structure and the scattered field data. 

Fortunately, the numerical solutions of the Green’s functions (if analytical solutions are 

not available) can be carried out prior to the monitoring stage. Furthermore, by 

applying similar approximations to the fields associated with the Green’s functions, 

real-time 3-D damage imaging algorithms suitable for SHM application can be 
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realized. In this case, the parameterization of the single-event functions by both 

traveltime and amplitude rather than only the traveltime significantly improves the 

quality of images. Note that the images obtained from the IE formalism of the 

algorithms with the approximated incident field and Green’s functions are comparable 

in quality to the images obtained without any approximations.    

•  Employing the maximum-energy arrival criterion rather than the first-arrival criterion 

for calculating the traveltimes and amplitudes provides superior damage identification 

specially for complex damage geometries. 

•  When the pristine structure contains material discontinuity and the incident field and 

back-propagated scattered fields (or Green’s functions for IE formalism of the 

algorithms) in image area are computed via Maxwell’s equations (full two-way wave 

equations), strong artifacts may be generated in the resulting images due to undesired 

internal reflections. These artifacts can be completely eliminated when both incident 

field and Green’s functions are approximated by single-event functions based on the 

first-arrival criterion.  

•  A remedy for reducing the artifacts related to the material discontinuity in the pristine 

structure is to modify the pristine structure such that the material discontinuities are 

removed or smoothed out. This modified pristine structure is used only for the 

computation of the incident field and back-propagated scattered field (or Green’s 

functions for the IE formalism of the algorithms) in the image area. For instance, a 

half-space concrete and a half-space homogenized orthotropic medium have been 

assumed as the modified pristine structures for imaging the damages illustrated in 

Chapter 8. It should be mentioned that this scheme is also valuable in real applications 

since precise information about material properties and/or geometries of the pristine 

structure may not be known a priori. 

•  Examining the poststack images, it is observed that for obtaining images quality 

comparable to the quality of the prestack images, denser actuator/sensor is required (at 

least twice). In addition, the poststack images obtained by using the d
scatzH ;  do not 

provide complete damage identification, as opposed to the prestack images. On the 
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other hand, the algorithms based on the poststack concept are computationally more 

efficient and are much more robust to the problem related to the material discontinuity 

in the pristine structure. 

•  In theory, scattered field data (measured incident field subtracted from measured total 

field) is used for damage imaging. In practice, however, it is desirable to only measure 

the response of the structure under inspection (measured total field) for detecting the 

damage without the need to measure the response of the pristine structure (measured 

incident field) because the measurements are collected at different times that are often 

subject to different environmental conditions. If the measured total field is directly used 

for damage imaging in both DE and IE formalisms, all the material interfaces in the 

structure will be imaged in addition to the geometry of the damage. However, the 

image of the damage may be obscured by the strong reflections from nearby material 

interfaces. In general, when the measured total field is used for damage imaging, direct 

waves (the waves received by the sensors directly from the actuator) and possible 

reflections from the upper surface of the structure (if non-contact EM sensors are used) 

should be removed from the data as a preprocessing step to highlight the image.  

•  The proposed imaging algorithms in IE formalism can be considered “base-free” 

algorithms if the measured total field is directly used for damage imaging. Note that the 

algorithms in IE formalism do not require information about the pristine structure 

during the monitoring stage. 

•  The proposed imaging algorithms have a typical shortcoming for damage imaging 

application. This shortcoming may prevail when there is a material interface in 

geometrical shadow of a damage. In this case, a false damage near or on the interface 

location may be imaged in addition to the real damage. In other words, these 

algorithms may overestimate the severity of damages inside a structure. The 

application of linearized inversion method may resolve this problem. 
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Appendix A 

Dyadic Green’s Functions in an Infinite Homogeneous Isotropic and Lossless Media 

For unbounded homogeneous isotropic and lossless media having permittivity ε  and 

permeability µ , the four dyadic Green’s functions can be expressed in terms of a single 

scalar Green’s function (Felsen and Marcuvitz, 1994), i.e., 
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where 
µε
1=c  is medium velocity. 
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Appendix B 

Reciprocity Theorems in Electromagnetic 

A reciprocity theorem interrelates in a specific way the field quantities associated with 

two admissible physical states that could occur in one and the same domain of space. These 

reciprocity theorems apply to a time-invariant configuration; the media in the physical states 

are also assumed to be time-invariant and linear in their physical behavior (constitutive 

properties). 

Generally, in the time domain, there is a distinction between reciprocity theorems of 

convolution type and reciprocity theorems of correlation type. Their frequency domain 

counterparts are the classical reciprocity theorem (which in electromagnetic is named after 

H.A. Lorentz and in acoustics, after Lord Rayleigh) and the power reciprocity theorem, 

respectively (Oristaglio and Blok, 1994). 

Here, an inhomogeneous, anisotropic, and dissipative medium described by the 

constitutive equations (1.8) is considered. 

Consider two sets of finite sources, { }),(),,( tt rMrJ  and { }),(ˆ),,(ˆ tt rMrJ  in an 

unbounded medium, and their corresponding fields, { }),(),,( tt rHrE  and { }),(ˆ),,(ˆ tt rHrE , 

where hat denotes adjoint. They satisfy the equations (1.9) and (1.22), i.e., 
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Using the identity 

BAABBA ×⋅−×⋅=×⋅ ∇∇∇ )(  (B.3) 

and Eq. (B.1) and (B.2), the following relation can be obtained: 
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Using the identity )()( ACCA ⋅⋅=⋅⋅ TBB , the last relation is simplified to: 
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Now, both sides of the above relation are integrated over a volume which contains both 

sources and over a time interval 21 TtT << . Then with the application of the divergence 

theorem to the left-hand side, it follows that 
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Let 1T  be some time prior to the sources and 2T  some time after the sources are both off. 

At time 1T  the retarded (ordinary) fields are everywhere zero (causality), and at time 2T  the 

advanced (adjoint) fields are everywhere zero (anti-causality). Therefore, for this choice of 

1T  and 2T , the first volume integral on the right-hand side vanishes identically. An inspection 

of (B.6) shows that the value of the surface integral is independent of the size or shape of the 

surface, as long as the surface is large enough to enclose completely both sources. Let the 

surface be a large sphere of radius R. Then, if, for example, ( )21 TTcR +>> , where c is the 

speed, the retarded field will not reach the surface S during the interval 21 TtT << , and the 

surface integral will be identically zero (Welch, 1960 and 1961). In fact, the time interval 

may be infinite and the contribution from the surface integral at infinity will be zero, as long 

as the sources are of finite spatial extent. It follows then that if the integrations over space 

and time completely enclose the sources, 

( ) 0ˆˆˆˆ2

1

=⋅−⋅−⋅+⋅∫ ∫∫∫
T

T V
dtdVMHJEMHJE  (B.7) 
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To utilize the reciprocity relation (B.7) for deriving the relations between dyadic 

Green’s functions and their adjoints, a number of different choices of excitation for the 

ordinary and adjoint fields  are considered (Felsen and Marcuvitz, 1994). For example, if 

00 ==

′′−′′−′′=′−′−′=

MM

rreJrreJ

ˆ    ;                      

)()(ˆ;)()( tttt δδδδ
 (B.8) 

Then, the corresponding fields can be obtained using relations (1.13) and (1.27) as 

errrHerrrH

errrEerrrE

′′⋅′′′′=′⋅′′=

′′⋅′′′′=′⋅′′=

),;,(ˆ),(ˆ;),;,(),(

),;,(ˆ),(ˆ;),;,(),(

ttt   ttt

tttttt
HJHJ

EJEJ

GG

GG
 (B.9) 

Substitution of the above sources and fields in reciprocity relation (B.7) leads to 

erreerre ′′⋅′′′′′′⋅′=′⋅′′′′′′⋅′′ ),;,(ˆ),;,( tttt EJEJ GG  (B.10) 

or 

),;,(),;,(ˆ tttt
TEJEJ ′′′′′′=′′′′′′ rrrr GG  (B.11) 

In a similar manner, from the point excitations 

)()(ˆ    ;  )()(

ˆ;                         

tttt ′′−′′−′′=′−′−′=

==

δδδδ rreMrreM

JJ 00
 (B.12) 

and the following corresponding fields 

errrHerrrH

errrEerrrE

′′⋅′′′′=′⋅′′=

′′⋅′′′′=′⋅′′=

),;,(ˆ),(ˆ;),;,(),(

),;,(ˆ),(ˆ;),;,(),(

ttt   ttt

tttttt
HMHM

EMEM

GG

GG
 (B.13) 

One infers 

),;,(),;,(ˆ tttt
THMHM ′′′′′′=′′′′′′ rrrr GG  (B.14) 

From the excitations 

)()(ˆ    ;                      

ˆ;  )()(

tt

tt

′′−′′−′′==

=′−′−′=

δδ
δδ

rreMM

JrreJ

0

0
 (B.15) 

and the following corresponding fields 
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errrHerrrH

errrEerrrE

′′⋅′′′′=′⋅′′=

′′⋅′′′′=′⋅′′=

),;,(ˆ),(ˆ;),;,(),(

),;,(ˆ),(ˆ;),;,(),(

ttt   ttt

tttttt
HMHJ

EMEJ

GG

GG
 (B.16) 

One infers 

),;,(),;,(ˆ tttt
THJEM ′′′′′′=′′′′′′ rrrr GG  (B.17) 

And from the excitations 

0

0

=′−′−′=

′′−′′−′′==

MrreM

rreJJ

ˆ    ;  )()(

)()(ˆ;                         

tt

tt

δδ
δδ

 (B.18) 

and the following corresponding fields 

errrHerrrH

errrEerrrE

′′⋅′′′′=′⋅′′=

′′⋅′′′′=′⋅′′=

),;,(ˆ),(ˆ;),;,(),(

),;,(ˆ),(ˆ;),;,(),(

ttt   ttt

tttttt
HJHM

EJEM

GG

GG
 (B.19) 

One infers 

),;,(),;,(ˆ tttt
TEMHJ ′′′′′′=′′′′′′ rrrr GG  (B.20) 
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Appendix C 

The Fourier Transform Properties 

The Fourier transform, in essence, decomposes or separates a waveform or function into 

sinusoids of different frequency which sum to the original waveform. It identifies or 

distinguishes the different frequency sinusoids and their respective amplitudes. The Fourier 

transform of )(tf  is defined as 

[ ])()(;)()( tffdtetff tj ℑ== ∫
+∞

∞−
ωω ω                        (C.1) 

Then, the inverse Fourier transform will be  

[ ])()(;)(
2

1
)( 1 ωωω

π
ω ftfdeftf tj −+∞

∞−

− ℑ== ∫              (C.2) 

where, the same notation for the function and its transform has been used for simplicity. The 

variable in parentheses is sufficient to distinguish between the function and its transform. 

Some of the Fourier transform properties used in this study are:  

Time Derivative Property: 

)(
)( ωω fj

dt

tdf −=




ℑ  (C.3) 

Shifting Property: If t ′  is a real constant, then 

[ ] )()( ωω fettf tj ′=′−ℑ  (C.4) 

Conjugate Property: If )(tf  is a real-valued function, then 

[ ] )()( * ωftf =−ℑ  (C.5) 

where * indicates complex conjugate. 

Convolution Theorem: The convolution of the two functions )(tf  and )(tg  is defined as 

)()()()()()()()( tftgdgtfdtgftgtf ∗=−=−=∗ ∫∫
+∞

∞−

+∞

∞−
λλλλλλ  (C.6) 
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Then, the Fourier transform of this convolution assumes the following form: 

[ ] )()()()( ωω gftgtf =∗ℑ  (C.7) 

and 

[ ] )()()()(
2

1
)()(1 tgtfdegfgf tj ∗==ℑ ∫

+∞

∞−

−− ωωω
π

ωω ω  (C.8) 

Correlation Theorem: The cross correlation of the two functions )(tf  and )(tg  is defined as 

∫∫
+∞

∞−

+∞

∞−
+=−=⊗ λλλλλλ dtgfdgtftgtf )()()()()()(  (C.9) 

Then, the Fourier transform of this correlation is: 

[ ] )()()()( ωω gftgtf ∗=⊗ℑ  (C.10) 

and 

[ ] )()()()(
2

1
)()(1 tgtfdegfgf tj ⊗==ℑ ∫

+∞

∞−

−∗∗− ωωω
π

ωω ω  (C.11) 

then, 

∫
+∞

∞−

∗
= =⊗ ωωω

π
dgftgtf t )()(

2

1
|)()( 0  (C.12) 

It is worth noting that the Fourier transform of the Dirac delta function is unity; i.e.,  

[ ] 1)( =ℑ tδ  (C.13) 


