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ABSTRACT 

 Structural health monitoring (SHM) is a major concern in engineering community. 

SHM sets out to determine the health of a structure by reading an array of sensors that are 

embedded (permanently attached) into the structure and monitored over time. It assets the 

state of structural health through appropriate data processing and interpretation, and may 

predict the remaining life of the structure in the long run. Most state of the art SHM 

techniques include E/M impedance and Lamb wave propagation approaches using 

piezoelectric wafer active sensors (PWAS). However, these methods require bulky, 

expensive instrumentation equipments, and intensive human involvement for data 

processing and interpretation to identify structure defects. This makes it impossible to 

reach long-term SHM goal and achieve in-situ and online SHM.  

 This dissertation is focus on instrumentation, signal processing and interpretation 

for SHM using PWAS.  

 In part I, instrumentation of impedance was extensively studied. A number of 

impedance measurement techniques, such as sine-correlation, cross-correlation, Fourier 

transform methods using stepped-sine excitations, transfer function method using 

synthesized broadband excitations, were explored theoretically and experimentally. 

Compact and low-cost impedance analyzer prototypes based on data acquisition (DAQ) 

devices and stand-alone digital signal processor (DSP) board were developed to replace 

conventional laboratory HP4194 impedance analyzer, which is always the designated 

instrument for E/M impedance SHM approach. Discussion on the dual use of the compact 
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impedance hardware platform for Lamb wave propagation SHM approaches was also 

presented.  

 In part II, the dispersion issue of Lamb wave was first explored. Lamb wave 

dispersion compensation algorithms were studied, compared and applied to a 1D linear 

PWAS phased array to improve the array’s resolution for damage detection. Next, 

theoretical basis of Lamb wave time-reversal, as a baseline-free damage detection SHM 

technique, was developed. The PWAS Lamb wave mode tuning effect on the time 

reversal procedure was studied. In addition, an adaptive signal decomposition method, 

i.e., matching pursuit decomposition (MPD) based on Gabor and chirplet dictionaries, 

was explored to automatically extract Lamb wave packet parameters, such as center 

frequency, time of flight (TOF). Theory of Lamb wave mode identification using chirplet 

MPD was developed. It correlates low-frequency Lamb wave modes (e.g., S0 and A0) 

with the sign of chirp rate.  

 Part III presents several applications to demonstrate and verify the theoretical 

work developed in Part I and II, including: (1) a spacecraft panel disbond detection using 

the newly developed impedance analyzer; (2) PWAS phased array resolution 

improvement using the dispersion compensation algorithm; (3) Lamb wave TOF 

estimation using MPD and dispersion compensation methods; (4) sparse array resolution 

improvement using the MPD method. 

 Part IV presents some novel applications with PWAS, including the utilization of 

PWAS as a smart sensor for crack growth monitoring under fatigue load, development of 

bio-PWAS resonator for monitoring capsule formation after implant, and development of 

high-temperature PWAS (HT-PWAS) for extreme environments. 
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1 BACKGROUND AND MOTIVATION 

 Structural health monitoring (SHM) is an emerging field with multiple 

applications. SHM sets out to determine the health of a structure by readings an array of 

sensors that are embedded (permanently attached) into the structure and monitored over 

time. It assets the state of structural health through appropriate data processing and 

interpretation, and may predict the remaining life of the structure. A good example of 

SHM application is the aircraft industry which, as one of the most innovative industries, 

has found that the application of SHM technology can contribute significantly to improve 

the flight safety, reliability, readiness while reduce the maintenance cost.  

 SHM can be performed in basically two ways, passively and actively. Passive 

SHM is mainly concerned with measuring various operational parameters (loading stress, 

environment action, performance indicators, acoustic emission from cracks, etc.) and then 

inferring the state of structural health from these parameters. For instance, one could 

monitor the flight parameters of an aircraft and then use the design algorithms to infer 

how much of the aircraft useful life has been used up and how much is expected to 

remain. However, though passive SHM is effective, it does not directly address the crux 

of the problem. When performing a diagnosis of the structural safety and health and a 

prognosis of the remaining life, passive SHM uses passive sensors which only “listen” 

but do not interact with the structure. Therefore, they do not provide direct measurement 

of the damage presence and intensity. In contrast, active SHM performs proactive 
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interrogation of the structure, detects damage, and determines the state of structural 

health from the evaluation of damage extent and intensity. It is similar to the approach 

taken by nondestructive evaluation (NDE) technologies. The difference between active 

SHM and NDE is that the active SHM attempts to develop damage detection sensors that 

can be permanently installed on the structure and monitoring methods that can provide 

on-demand interrogation. Active SHM uses active sensors that interact with the structure 

and thus determine the presence or absence of damage. Boller et al. (1999) showed that 

reliability of SHM systems increases when the sensors do not just “listen” but act as both 

actuators and sensors. Compared to the passive method, the active SHM has several 

advantages (Yuan et al., 2003): (1) online monitoring can be performed at any time 

deemed necessary; (2) continuous monitoring is not required, power requirements are 

therefore reduced; (3) focus can be placed on parameters that are most sensitive to 

changes in the structure by optimizing the position of the sensors and actuators, as well as 

the type of actuating signal commanded. 

 Recently, damage detection through guided wave NDE has gained extensive 

attraction. Guided waves, e.g. Lamb waves in plates, are elastic perturbations that can 

propagate for long distances in thin-wall structures with very little amplitude loss. In 

guided wave NDE, the number of sensors employed to monitor a structure can be 

significantly reduced. The potential also exist of using phased array techniques that use 

Lamb waves to scan large areas of the structure from a single location. However, one of 

the major limitations in the path of transitioning guided wave NDE techniques to SHM 

methodologies has been the size and cost of the conventional NDE transducers, which are 

rather bulky and expensive. The permanent installation of conventional NDE transducers 
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onto a structure is not feasible, especially when weight and cost are at a premium such as 

in the aerospace applications. One popular way to improve SHM, damage detection, and 

NDE is to use piezoelectric wafer active sensors (PWAS) (Giurgiutiu, 2008). PWAS are 

small, lightweight, inexpensive, and can be produced in various geometries. In SHM 

applications, PWAS can be bonded onto the structural surface, or mounted inside build-

up structures, or even embedded between the structural and nonstructural layers of a 

composite construction.  

 Structural damage detection with PWAS is usually performed using the following 

widely used methods: (1) wave propagation (e.g., pitch-catch, pulse-echo, phased array), 

and (2) electromechanical (E/M) impedance. In recent years, the use of embedded PWAS 

for the detection of material damage with Lamb-wave techniques has experienced an 

ascending trend. Other methods of using PWAS for SHM are still emerging. However the 

modeling and characterization of Lamb wave generation, sensing for SHM, e.g., data 

instrumentation, interpretation and correlation with damages, using these surface 

mounted or embedded PWAS still has a way to go. Also insufficiently advanced are 

reliable damage detection algorithms that can assess the state of structural health with 

confidence and trust. The Lamb wave based damage detection techniques using PWAS is 

still in its formative years. There are still many things to achieve in order to determine the 

state of structural health, i.e., structural integrity, damage presence (if any), damage size, 

and remaining life.  

1.1 PIEZOELECTRIC WAFER ACTIVE SENSORS (PWAS) 

 Piezoelectric wafer active sensors (PWAS) are small and lightweight transducers 

(Figure  1.1) that operate on the piezoelectric principle (Giurgiutiu, 2006a).  
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Figure  1.1 7-mm square piezoelectric wafer active sensors (PWAS): 0.08 grams, 0.2 
mm thin, $1 each 

They were initially used for vibration control and later adopted for damage detection to 

excite a structure and then sense the free decay response (Giurgiutiu, 2008). When 

permanently mounted onto/embedded into the structure, PWAS provide the bidirectional 

energy transduction from the electronics into the structure, and from the structure back 

into the electronics. The direct piezoelectric effect is when the applied stress on the 

sensor is converted into electric charge. The inverse effect, conversely, will produce 

strain when a voltage is applied on the sensor. The tensorial piezoelectric constitutive 

equations are 

 E
ij ijkl kl kij kS s T d E= +  (1.1) 

 T
j jkl kl jk kD d T Eε= +  (1.2) 

where E
ijkls  is the mechanical compliance of the material measured at zero electric field 

( 0E = ), T
jkε  is the dielectric permittivity measured at zero mechanical stress (T = 0), and 

kijd represents the piezoelectric coupling effect. PWAS utilize the 31d  coupling between 

in-plain strain and transverse electric field. 

 The use of PWAS for SHM has followed several main paths: 
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As high-bandwidth strain sensors, PWAS convert mechanical energy to electrical 

energy. The conversation constant is linearly dependent on the signal frequency. 

In the kHz range, signals of the order of hundreds of mV are easily obtained. 

Without conditioning amplifiers, the PWAS can be directly connected to a high 

impedance measuring instrument, such as a digitizing oscilloscope.  

As high-bandwidth strain exciters, PWAS can easily induce vibrations and waves in 

the substrate materials. PWAS act very well as an embedded generator of waves 

and vibration. High frequency waves and vibrations are easily excited with input 

signals as low as 10V.  

As resonators, PWAS can perform resonant mechanical vibration under direct 

electrical excitation. Thus, very precise frequency standards can be created with a 

simple setup consisting of the PWAS and the signal generator. The resonant 

frequency depends only on the wave speed (which is a material constant) and the 

geometric dimensions. Precise frequency values can be obtained through precise 

machining of the PWAS geometry.  

As embedded modal sensors, PWAS can directly measure the high frequency modal 

spectrum of a support structure. This is achieved with the E/M impedance 

method, which reflects the mechanical impedance of the support structure into 

the real part of the E/M impedance measured at PWAS terminals. The high 

frequency characteristics of this method, which has been proven to operate at 

hundreds of kHz and beyond, cannot be achieved with conventional modal 

testing techniques.  
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1.2 GUIDED LAMB WAVES FOR SHM  

 Guided waves have widespread applications in SHM. They are especially 

important for SHM because they can travel at large distances in structures with only little 

energy loss. Thus they enable the SHM of large areas from a single location. Guided 

waves have the important properties that they remain confined inside the walls of a thin-

wall structure, and hence can travel over large distances. In addition, guided waves can 

also travel inside curved walls. These properties make them well suited for the ultrasonic 

inspection of aircraft, missiles, pressure vessels, oil tanks, pipelines, etc.  

 When guided waves travel in flat thin-wall structures, they travel as Lamb waves, 

which are vertically polarized. Lamb waves are of two basic varieties, symmetric Lamb 

wave modes (S0, S1, S2, …) and antisymmetric Lamb wave modes (A0, A1, A2, …). 

Both Lamb wave types are quite dispersive. At any given value of the frequency-

thickness product fd , a multitude of symmetric and antisymmetric Lamb waves may 

exist. The higher the fd  value, the larger the number of Lamb wave modes that can 

simultaneously exist. For relatively small values of the fd  product, only the basic 

symmetric and antisymmetric Lamb wave modes, S0 and A0, exist. As the fd  product 

approaches zero, the S0 and A0 modes degenerate in the basic axial and flexural plate 

modes, as shown in Figure  1.2 (Giurgiutiu, 2008). At the other extreme, as fd → ∞ , the 

S0 and A0 Lamb wave modes degenerate into Rayleigh waves confined to the plate 

surface. Analytical expressions for Lamb wave analysis are given later in Section 2.4 

through 2.9. 
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Figure  1.2 Simulation of PWAS interaction with Lamb wave modes. (a) symmetric 
Lamb mode S0; (b) antisymmetric Lamb mode A0 

 As stated in section  1.1, PWAS transducers can act as both exciters and detectors 

of the elastic Lamb waves traveling in the material. PWAS couple their in-plane motion, 

excited by the applied oscillatory voltage through the piezoelectric effect, with the Lamb-

waves particle motion on the material surface. PWAS can be used as both active and 

passive probes and thus can address four SHM needs: 

• Active sensing of far-field damage using pulse-echo, pitch-catch, and phased-

array methods 

• Active sensing of near-field damage using high-frequency impedance method  

  

h 
=
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d 

λ/2

PWAS ~ V(t) 

 

λ/2

h 
=
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d 

PWAS ~ V(t) 

(a) 
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• Passive sensing of crack initiation and growth through acoustic emission 

• Passive sensing of damage-generating events through detection of low-

velocity impacts 

 

Figure  1.3 Embedded ultrasonics damage detection techniques: (a) pitch-catch 
method; (b) pulse-echo method (Yu et al., 2007) 

 For ultrasonic SHM/NDE applications, PWAS can be used as transmitters and/or 

receivers of Lamb waves in the specimen, using the pitch-catch and pulse-echo methods 

(Figure  1.3). As transmitters, the PWAS are usually excited by transverse tone burst 

voltages, which in turn introduce in-plain strain pulses in the structure due to the 31d  

piezoelectric coupling effect. The strain pulses cause the propagation of guided waves in 

the structure. Similarly, the PWAS can be used as receivers. The PWAS transducers are 

either permanently attached to the structure or inserted between the layers of composite 

layup. The detection is performed through the examination of the guided wave amplitude, 

phase, dispersion, and time of flight in comparison with a “pristine” situation. Guided 

wave modes that are strongly influenced by small changes in the material stiffness and 

thickness (such as the A0 Lamb wave) are well suited for this method. Typical 
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applications include: (a) corrosion detection in metallic structures; (b) diffused damage in 

composites; (c) disbond detection in adhesive  

 

Figure  1.4 PWAS sparse array: (a) aluminum plate specimen with PWAS sparse 
array and artificial defects; (b) arrival time ellipses projected on the 
specimen surface (Michaels et. al., 2005) 

joints; (d) delamination detection in layered composites, etc. Further advancements in 

this direction were achieved through acousto-ultrasonics (Duke, 1988). Pitch-catch 

method can also be used to detect the presence of cracks. When guided waves encounter 

 

 
(a) 

(b) 
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a crack, the waves get scattered. From the comparison of the pristine and damaged wave 

signals, the scatter signal can be extracted. Analysis of the scattered signal permits the 

correlation of the wave propagation recording with the damage progression (Lin and 

Yuan, 2001a,b,c; Liu et al., 2003; Giurgiutiu, 2003a,b; Ihn, 2003).  

 In order to scan large area, a number of PWAS transducers are usually used to 

construct a PWAS array. In pitch-catch mode, a PWAS sparse array (Michaels et. al., 

2004, 2005) can be constructed to scan the area surrounded by the array (Figure  1.4). In 

pulse-echo mode, a PWAS phased array (Giurgiutiu, Bao and Zagrai, 2006c) can be 

constructed to scan a large area within a single position (Figure  1.5). 

 

Figure  1.5 Crack-detection using an 8-PWAS linear phased array (7-mm round 
PWAS). (a) Specimen layout with a crack at 90º 305 mm (0.305 m) in 

(a) (b)

(c) 
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front of the array; (b) test setup and instrumentation; (c) EUSR front panel 
and scanning output. Top right is the specimen image indicating the crack 
presence, bottom is the A-scan signal at 90º (Giurgiutiu and Yu, 2006b) 

1.3 PWAS ELECTROMECHANICAL (E/M) IMPEDANCE APPROACH 

 PWAS can also be used as high frequency modal sensors by the 

electromechanical (E/M) impedance method. E/M impedance method couples the 

mechanical impedance of the structural substrate with the electrical impedance measured 

at the PWAS transducer terminals, such that the mechanical resonance spectrum of the 

structure is reflected in a virtually identical spectrum of peaks and valleys in the real part 

of the E/M impedance spectrum. Because the high-frequency local impedance spectrum 

is much more sensitive to incipient damage than the low-frequency global impedance, the 

E/M impedance method is better suited for applications in structural health monitoring 

then other more conventional methods. This new embedded method is emerging as an 

effective and powerful technique for SHM.  

 The theoretical development of the application of impedance measurements to 

structural health monitoring was first proposed by Liang et al. (1994) and subsequently 

developed by several researchers (Giurgiutiu, 2000a,b; Zagrai, 2002; Park, 2003a,b). The 

work showed the use of the E/M impedance method for SHM, whereby the admittance or 

impedance frequency spectra of pristine and damaged structures were compared. The 

method has been shown to be especially effective at ultrasonic frequencies, which 

properly capture the changes in local dynamics due to incipient structural damage. Such 

changes are too small to affect the global dynamics and hence cannot be readily detected 

by conventional low-frequency vibration methods. The E/M impedance SHM method is 
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direct and easy to implement, the only required equipment being an electrical impedance 

analyzer. 

  A proof-of-concept example of using PWAS E/M impedance method for damage 

detection is presented in Figure  1.6 (Zagrai, 2002). The specimens consisted of two 

identical circular aluminum plates (E=70GPa, ρ=2.7g/cm3, plate diameter 100mm, plate 

thickness 0.8mm). Each plate was instrumented at its center with a 7-mm diameter 

PWAS modal sensor. The HP 4194A impedance analyzer reads the in-situ E/M 

impedance of the PWAS attached to the monitored structure. It is applied by scanning a 

predetermined frequency range in the high kHz band and recording the complex 

impedance spectrum. 

 

Figure  1.6 Principles of structural health monitoring with the electro-mechanical 
impedance method: (a) pristine and damaged specimens; (b) 
measurements performed using impedance analyzer; (c) pristine and 
damaged spectra; (d) variation of damage metric with damage location 
(Zagrai, 2002) 
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 During a frequency sweep, the real part of the E/M impedance, [ ]Re ( )Z ω , follows 

the up and down variation as the structural impedance as it goes through the peaks and 

valleys of the structural resonances and anti-resonances. By comparing the real part of the 

impedance spectra taken at various times during the service life of a structure, meaningful 

information can be extracted pertinent to structural degradation and the appearance of 

incipient damage. On the other hand, analysis of the impedance spectrum supplies 

important information about the PWAS integrity. The frequency range used in the E/M 

impedance method must be high enough for the signal wavelength to be significantly 

smaller than the defect size. From this point of view, the high frequency E/M impedance 

method differs organically from the low-frequency modal analysis approaches. 

1.4 MOTIVATION 

 As seen in the previous sections, although PWAS are small, unobtrusive, and 

inexpensive, the laboratory measurement equipments used in the demonstration of these 

technologies are bulky, heavy, and relatively expensive. For impedance approach, an 

impedance analyzer is usually used for measurement. Laboratory-type impedance 

analyzers (e.g. HP4194A) cost around $40,000 and weigh around 40 kg. It cannot be 

easily carried into the field for on-site structural health monitoring. For wave propagation 

approach, it needs multiple laboratory instruments to accomplish the measurement 

(Figure  1.5). Such laboratory equipments are improper for large-scale deployment of 

SHM technologies for practice applications. Presently, most of the research in SHM has 

been focused on damage localization and detection methods, largely ignoring the 

necessity of a compact hardware system for field SHM application. It is apparent that in 
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order to reach the long-term SHM goals and achieve wide industrial dissemination, the 

electronic equipments must be miniaturized and integrated. 

 The integration of the conditioning electronics and wireless data transmission has 

already been addressed for strain gages, temperature sensors, accelerometers, and other 

passive sensors (Lynch, 2000; Tanner, 2002). However, due to the intrinsic complexity of 

the structural damage detection process, an integrated active SHM system is more than a 

simple transducer. It should be able to interrogate the structure, pick up its characteristic 

signature, compare the signature with an on-chip database, and take a decision about the 

damage presence and intensity. Therefore, intelligent signal processing and interpretation 

algorithms, which at the same time can be easily automated, should be explored and 

implemented. 

1.5 RESEARCH GOALS, SCOPE AND OBJECTIVES 

 The goal of the dissertation is to explore the development of an active SHM 

sensing system, integrated with instrumentation, signal processing and data interpretation 

abilities for E/M impedance and wave propagation methods for thin-wall aircraft 

structure health monitoring and damage detection. The scope of this dissertation is to 

address: (1) the instrumentation of E/M impedance and propagated Lamb wave recorded 

from PWAS using compact hardware system; (2) the theoretical analysis of Lamb wave 

dispersion and dispersion compensate methodology; (3) the investigation of Lamb wave 

damage identification algorithms; (4) the exploration of automated Lamb wave parameter 

extraction approaches, and other PWAS and NDE/SHM related applications. The 

objectives for this research are defined as follows: 
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To develop detailed E/M impedance instrumentation algorithms and software 

implementations on DAQ card based and DSP-based hardware platforms; and to 

explore the possible dual use of the systems for wave propagation SHM 

techniques. 

To study the Lamb wave dispersion effect and implement compensation algorithms 

to eliminate this effect 

To develop a theoretical basis for the Lamb wave time reversal method, which can 

be easily implemented in real time and used as a baseline-free SHM damage 

identification algorithm. 

To present an adaptive Lamb wave decomposition algorithm (matching pursuit 

decomposition, MPD) that can automatically extract Lamb wave parameters, 

including time-of-flight (TOF), central frequency, wave mode, etc. 

To demonstrate several applications in which the methods developed in this study 

are used: (1) a spacecraft panel disbond detection using the compact impedance 

analyzer; (2) PWAS phased array resolution improvement using the dispersion 

compensation algorithm; (3) Lamb wave TOF estimation using MPD and 

dispersion compensation methods; (4) sparse array resolution improvement using 

the MPD method. 

To demonstrate the novel application of PWAS transducers: (1) PWAS monitoring 

of Arcan specimen crack growth; (2) bio-PWAS resonant circuit for capsule 

contraction monitoring; and (3) high temperature PWAS for extreme 

environments,. 
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2 THEORETICAL PREREQUISITES 

2.1 SINUSOIDAL WAVE DISCRETE-TIME FOURIER SERIES REPRESENTATION  

A periodic sequence [ ]x n  (with period N ) can be represented by the discrete-time 

Fourier series as (Oppenheim et al., 1997)  

 
1

(2 / )

0
[ ] [ ]

N
jk N n

k
X k x n e π

−
−

=

= ∑  (2.1) 

Consider a sinusoidal wave in the form of  

 ( ) sin(2 )x t A ftπ=  (2.2) 

where, A  is the signal amplitude and f  is the signal frequency. After sampling, the 

digitized signal is given by: 

 ( ) sin(2 ) sin(2 ) sin(2 / )S Sx n A fnT A n f f A qn Nπ π π= = =  (2.3) 

 sq f N f=  (2.4) 

where,  0,  1,  2 ,...,  -1n N= , N  is the number of samples, sf  is the sampling frequency, 

sT  is the sampling interval, 1s sT f= . Substituting Equation (2.3) and (2.4) into (2.1), we 

have a discrete-time Fourier series representation of the sinusoidal wave as 
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 (2.5) 

where, 0,1,2,..., -1k N= , and 1j = − . 
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2.2 CROSS CORRELATION  

The cross-correlation function is a quantitative operation in the time domain to 

describe the relationship between data measured at a point and data obtained at another 

observation point. The cross correlation function is given as 

 
0

1( ) lim ( ) ( )
T

xy x yT
R f t f t dt

T
τ τ

→∞
= +∫  (2.6) 

where ( )xf t  is the magnitude of the signal at point x , at time t , and ( )yf t τ+  is the 

magnitude of the signal at a point y  at time t τ+ . By varying τ , the relationship 

between the signals at x  and y  as a function of time is obtained. The correlation of two 

discretized signals x  and y (with N samples) is defined as  
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The correlation operation in Equation (2.7) can be calculated using Fourier transforms as 
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where IFFT{} denotes the inverse Fourier transform; X  denotes the conjugate of 

discrete Fourier transform (DFT) of signals x; Y  denotes the DFT of signals y. 

2.3 WAVES AT ANY TEMPORAL AND SPATIAL LOCATION 

In many signal processing applications, we are concerned with waveforms that are 

functions of a single variable, which usually represents time. In structural health 

monitoring using guided waves, such as pitch-catch and pulse-echo methods, propagating 
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waves carry location information of damages or cracks in the structure under monitoring. 

These signals are thus function of position as well as time and have properties governed 

by the wave equation, i.e.,  

 
2

2
2

( , ) ( , )u x t u x tc
t x

∂ ∂
=

∂ ∂
 (2.9) 

where, c is wave velocity; u(x, t) is particle displacement. A monochromatic solution to 

the wave equation can be written as 

 ( ) ( )( , ) j t kx j t xu x t Ue Ueω ω α− −= =  (2.10) 

where, U is a scalar; k is the wavenumber; α is the slowness, α = k/ω. Note that wave 

solution has both temporal and spatial variables, t and x. The wave equation is a linear 

equation: if 1( , )u x t  and 2 ( , )u x t  are two solutions to the wave equation, then the linear 

combination a 1( , )u x t  + b 2 ( , )u x t , where a and b are scalars, is also a solution. Because 

( )j t xUe ω α− is a solution to the wave equation, a more complicated solutions can be built up 

by summation as 

 0 ( )( , ) jn t x
n

n
u x t U e ω α

∞
−

=−∞

= ∑  (2.11) 

which is in the form of Fourier series expansion. Any arbitrary periodic waveform u(t) 

with period T = 2π/ω0 can be represented by such a series. The coefficients Un are given 

by  

 0

0

1 ( )
T

jn t
nU u t e dt

T
ω−= ∫  (2.12) 

In this case, u(x, t) represents a propagating periodic wave with an arbitrary wave shape. 
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More generally, we can use Fourier transform to represent an aperiodic arbitrary wave 

shape. 

 ( )1( , ) ( )
2

j t xu x t U e dω αω ω
π

∞ −

−∞
= ∫  (2.13) 

where the function u(·) is arbitrary, and its frequency representation U(ω) is given by the 

Fourier transform 

 ( ) ( ) j tU u t e dtωω
∞

−

−∞

= ∫  (2.14) 

Because u(x, t) is a superposition of solutions of the wave equation, it is also a solution of 

the wave equation (Johnson and Dudgeon 1993). 

Now assume at the location of transducer or transmitter, the excitation waveform 

takes the form of f(t) (i.e., 0, 0( , ) ( )x tu x t f t= = = ), propagated f(t) waveform at arbitrary 

spatial and temporal location (x, t) can be predicted by Equation (2.13) as 

 ( ) ( )1 1( , ) ( ) ( )
2 2

j t x j t kxu x t F e d F e dω α ωω ω ω ω
π π

∞ ∞− −

−∞ −∞
= =∫ ∫  (2.15) 

where F(ω) is the Fourier transform of f(t). From a system point of view, F(ω) is the 

input in frequency domain; ( )j xe ω α−  is the system (e.g., lossless transmission medium) 

transfer function, ( , )u x t  is the system response. With Equation (2.15), we are able to 

evaluate waveform at any temporal and spatial location.  

2.4 LAMB WAVE EQUATIONS 

Lamb waves (also know as guided plate waves) are a type of ultrasonic waves 

propagating between two parallel free surfaces. Lamb wave theory, which is fully 
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documented in several textbooks (Viktorov, 1967; Graff, 1975; Rose, 1999; Giurgiutiu, 

2008), assumes the 3-D wave equations in the form of 
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∂ ∂
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 (2.16) 

where φ  and ψ  are potential functions, 2 ( 2 )pc λ μ ρ= +  and 2
Sc μ ρ=  are the pressure 

(longitudinal) and shear (transverse) wave speeds, λ  and μ  are the Lamé constants, and 

ρ  is the mass density. The potentials are solved by imposing strain-free boundary 

condition at the upper and lower faces of the plate. 

Lamb wave in plate can be modeled in a rectangular coordinate (Giurgiutiu, 

2004d) or a cylindrical coordinate (Raghavan and Cesnik, 2004). In the first case, Lamb 

wave is assumed to be straight crested, while in the second case, Lamb wave is assumed 

to be circular crested. In both cases, by applying the stress-free boundary conditions at 

the upper and lower surfaces, Rayleigh-Lamb wave equation can be obtained: 

 
12

2 2 2
tan 4
tan ( )

d
d k

β ξ αβ
α β

±
⎡ ⎤

= − ⎢ ⎥−⎣ ⎦
 (2.17) 

where, d is the half thickness of the plate, c is the phase velocity, and k is the wave 

number, and 2 2 2 2
pc kα ω= − , 2 2 2 2

sc kβ ω= − , 2 2 2k cω= . The plus sign corresponds 

to symmetric (S) motion and minus to anti-symmetric (A) motion. Equations (2.17) 

accepts a number of eigenvalues, 0 1 2,  ,  ,  ... S S Sk k k  and 0 1 2,  ,  ,  ... A A Ak k k , respectively. To 

each eigenvalue corresponds a Lamb wave mode shape. The symmetric modes are 

designated S0, S1, S2, …, while the antisymmetric are designated A0, A1, A2, ….  
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2.5 LAMB WAVE PHASE VELOCITY AND DISPERSION 

Since the coefficients α and β in Equations (2.17) depend on the angular frequency 

ω, the eigen values S
ik  and A

ik  are functions of the excitation frequency. The 

corresponding wave speeds (phase velocity), given by i ic kω= , will also be functions of 

the excitation frequency. The change of wave speed with frequency produces wave 

dispersion of a wave packet. At a given frequency thickness product fd, each solution of 

the Rayleigh-Lamb equation generates a corresponding Lamb wave speed and a 

corresponding Lamb wave mode. Also, there exists a threshold frequency value 

determined by the material of the plate and the plate thickness, below which, only S0 and 

A0 modes exist. At low frequencies, the S0 Lamb wave mode can be approximated by an 

axial plate wave; and the A0 Lamb wave mode can be approximated by a flexural plate 

wave. Plots of the phase velocity curves for the symmetric and antisymmetric Lamb 

modes on a 1-mm aluminum pate are given in Figure  2.1. 

 

Figure  2.1 Symmetric and antisymmetric phase velocity of Lamb wave on a 1mm 
Aluminum plate 
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2.6 LAMB WAVE GROUP VELOCITY 

One important property of Lamb waves is the group velocity curves. The group 

velocity of Lamb waves measures the averaged velocity of propagating waves and is 

important when examining the traveling of Lamb wave packets. The group velocity, grc  

can be derived from the phase velocity, c, through the equation 

 gr
cc c λ
λ

∂
= −

∂
 (2.18) 

With the definition of wavelength, /c fλ = , the group velocity equation can be re-

written as 

 
( )

1

2
gr

cc c c fd
fd

−
⎛ ⎞∂

= −⎜ ⎟⎜ ⎟∂⎝ ⎠
 (2.19) 

Equation (2.19) uses the derivation of c with respect to the frequency-thickness product 

fd. This derivative is calculated from the phase velocity dispersion curve. The numerical 

derivation can be done by the finite difference formula  

 
( ) ( )

c c
fd fd

∂ Δ
≅

∂ Δ
 (2.20) 

Plots of the group velocity dispersion curves for the symmetric and antisymmetric Lamb 

modes are given in Figure  2.2. 
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Figure  2.2 symmetric and antisymmetric group velocity dispersion curves of Lamb 
wave on 1mm Aluminum plate 

 

2.7 ELECTROMECHANICAL IMPEDANCE METHOD WITH STANDING LAMB WAVE 

The electro-mechanical (E/M) impedance technique permits health monitoring, 

damage detection, and embedded NDE because it can measure directly the high-

frequency local impedance which is very sensitive to local damage (Giurgiutiu et al., 

2002a and Park et al., 2003a,b). This method utilizes the changes that take place in the 

high-frequency drive-point structural impedance to identify incipient damage in the 

structure. Consider a PWAS transducer bonded to a structure. The structure presents to 

the PWAS transducer the drive-point mechanical impedance 

 ( ) ( ) ( ) ( ) /strZ i m c ikω ω ω ω ω ω= + −  (2.21) 

Through the mechanical coupling between the PWAS transducer and the host structure, 

and through the electro-mechanical transduction inside the PWAS transducer, the drive-

0 1000 2000 3000 4000 5000 6000 7000 8000
0

0.5

1

1.5

2

fd( kHz mm)

c g/c
S

Lamb wave group velocity of Aluminum-2024-T3

 

 
anti-symmetric
symmetric

S0 

A0  



 24

point structural impedance reflects into the electrical impedance as seen at the transducer 

terminals (Figure  2.3). 

 

Figure  2.3 Electro-mechanical coupling between the PWAS transducer and the 
structure 

The apparent electro-mechanical impedance of the PWAS transducer as coupled to the 

host structure is given by  
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In Equation (2.22), ( )Z ω  is the equivalent electro-mechanical admittance as seen at the 

PWAS transducer terminals, C  is the zero-load capacitance of the PWAS transducer, and 

31κ  is the electro-mechanical cross coupling coefficient of the PWAS transducer 

( 31 13 11 33d sκ ε= ). PWASZ denotes PWAS impedance. The E/M impedance method is 

applied by scanning a predetermined frequency range in the hundreds of kHz band and 

recording the complex impedance spectrum. The frequency range must be high enough 

for the signal wavelength to be compatible with the defect size. 

2.8 LAMB WAVE TONE-BURST EXCITATION 

Lamb waves are dispersive because its phase velocity is frequency dependent. After 

traveling a long distance, wave packets containing different frequencies will spread out 

and get distorted, making difficult the analysis. Using input signals of limited bandwidth 

( ) sin( )v t V tω= PWAS 

ce(ω)

F(t) ke(ω)

me(ω

( )u t&
 ( ) sin( )i t I tω φ= +
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can reduce the problem of dispersion, but will not eliminate it entirely. Hanning 

windowed tone burst (Giurgiutiu, Zagrai and Bao, 2004d), Gaussian pulse (Wang et al., 

2004), and Morlet mother wavelet (Gaussian windowed tone burst, Park et al., 2007) 

have been used by various researchers. In our study, if not specifically noted, the 

excitation selected is a smoothed tone burst obtained by filtering a pure tone burst of 

frequency 0f  (central frequency) through a Hanning window (Figure  2.4a,b). 

 

Figure  2.4 300 kHz Hanning windowed tone burst Lamb wave excitation: (a) f0=300 
kHz pure tone burst superposed with a Hanning window; (b) Hanning 
windowed tone burst; (c) magnitude spectrum of Hanning windowed tone 
burst 

The Hanning window is described by the equation 

 ( ) 0.5[1 cos(2 / )],    [0, ]H Hh t t T t Tπ= − ∈  (2.23) 

The number of counts (NB) in the tone bursts matches the length of the Hanning window: 

 0/H BT N f=  (2.24) 

The smoothed tone burst is governed by the equation: 

 0( ) ( ) sin(2 ),    [0, ]Hx t h t f t t Tπ= ⋅ ∈  (2.25) 

(a) 

(b) 

(c) 

Bandwidth 
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The scope of the window is to concentrate most of the input energy around the carrier 

frequency as indicated by its magnitude spectrum (Figure  2.4c). When exciting the Lamb 

wave at points on the dispersion curves where the group velocity is either stationary or 

almost stationary with respect to frequency, such windowed tone burst would greatly 

reduce the wave dispersion. However:  

It is impossible to concentrate the energy of a finite duration input signal at a single 

frequency (uncertainty principle);  

The signal bandwidth is inversely proportional to the signal time duration. Hence, for 

a tone burst excitation with a certain number of counts, the higher the frequency, 

the shorter the time duration, and the wider the main lobe bandwidth (spectral 

spreading). Thus, to maintain the concentration of the tone burst input energy, the 

tone burst number of counts should be increased as the carrier frequency 

increases. 

2.9 LAMB WAVE GROUP DELAY AND TIME-OF-FLIGHT 

Wave motions are characterized by amplitudes and phases of waves. While the 

change of amplitude in space an time is caused by absorption, diffraction of acoustic 

energy by a medium, the change of phase is determined by the wave velocity, elastic 

constants or propagation distance in the medium.  

The group delay can be used to measure phase distortion. Consider a wave after a 

propagation distance of 0x in a lossless transmission medium (described by Equation 

(2.15)), the group delay caused by the medium can be defined as  

 [ ]
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( )
0 0 0

arg ( ) ( )( )
( )

j x

gr x x
gr

d e d k x x dk x
d d d c

ω α ω ωτ ω
ω ω ω ω

−

=

⎡ ⎤⎣ ⎦= = − = − = −  (2.26) 
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where ( )k ω  denotes the wavenumber, ( )grc ω denotes group velocity. If ( )k ω  is a in a 

linear relation with respect to ω , the group delay at all the frequencies will be equal to a 

constant. This means every frequency component in the wave arrives at the same time, 

i.e., no phase distortion. Otherwise, the variation of group delay w.r.t. ω  will cause phase 

distortion in the wave.  

Due to the nonlinear characteristic of the wavenumber, Lamb wave is dispersive in 

nature. TOF (time-of-flight, or time arrival) of a Lamb wave, which measures the average 

time arrival, is usually defined as the group delay at the central frequency 0ω  of the 

excitation as 

 0( )grTOF τ ω=  (2.27) 

2.10 LAMB WAVE MODE TUNING WITH PWAS TRANSDUCERS 

Lamb wave mode tuning with PWAS transducers allows the excitation of single-

mode Lamb waves under certain frequency-wavelength conditions (Giurgiutiu 2004d). 

Consider the surface-mounted PWAS shown in Figure  2.5. Assuming ideal bonding 

between the PWAS and the structure, the shear stress in the bonding layer takes the form 

 0( ) | [ ( ) ( )]a y dx a x a x aτ τ δ δ= = − − +  (2.28) 

 

Figure  2.5 Modeling of layer interaction between the PWAS and the structure 
(Giurgiutiu 2004d) 
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The PWAS is excited electrically with a time-harmonic voltage i tVe ω− . As a result, the 

PWAS expands and contracts, and a time harmonic interfacial shear stress, ( ) i t
a x e ωτ − , 

develops between the PWAS and the structure. The excitation can be split into symmetric 

and antisymmetric components (Figure  2.6). 

 1| ( )
2

j t
yx y d a x e ωτ τ= =%

1| ( )
2

j t
yx y d a x e ωτ τ=− = −%
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1| ( )
2

j t
yx y d a x e ωτ τ= =%

1| ( )
2

j t
yx y d a x e ωτ τ=− =%

 

Figure  2.6 Load on a plate due to the PWAS actuation. A) Symmetric; b) 
Antisymmetric (Giurgiutiu, 2004) 

The wave Equations  (2.16) in terms of potential functions was solved (Giurgiutiu, 2005) 

by applying the space-domain Fourier transform and the symmetric and antisymmetric 

boundary conditions as presented in Figure  2.6. The closed-form strain wave solution for 

ideal bonding was obtained in the form 
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Similarly, the displacement wave solution becomes: 
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where,  
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2 2 2 2( ) cos sin 4 sin cosSD k d d k d dβ α β αβ α β= − +  

2 2( ) cos cosSN k k d dβ β α β= +  

2 2 2 2( ) sin cos 4 cos sinAD k d d k d dβ α β αβ α β= − +  

2 2( ) sin sinAN k k d dβ β α β= +  

Equations (2.29) and (2.30) contain the sin ka  function. Thus, mode tuning is possible 

through the maxima and minima of the sin ka  function. Maxima of sin ka  occur when 

(2 1) 2ka n π= − . Since 2k π λ=  maxima will occur when the PWAS length 2al a=  

equals on odd multiple of the half wavelength 2λ . This is wavelength tuning. In the 

same time, minima of sin ka  will occur when ka nπ= , i.e., when the PWAS wavelength 

is a multiple of the wavelength. Since each Lamb wave mode has a different wave speed 

and wavelength, such matching between the PWAS length and the wavelength multiples 

and submultiples will happen at different frequencies for different Lamb modes.  

Figure  2.7 illustrates the Lamb wave mode tuning on a 1-mm aluminum plate and 

Figure  2.8 illustrates the Lamb wave mode tuning on a 3-mm aluminum plate under 7mm 

round PWAS excitation. The tuning curves are in good agreements with their 

experimental results. In the tuning experiment, a Hanning-windowed tone burst sweeping 

from 10 kHz to 700 kHz in steps of 20 kHz was applied to one of the PWAS, while the 

response of the other PWAS at each frequency was recorded in terms of the amplitudes 

of the S0 and A0 modes. The amplitude of A0 mode goes through zero while that of the 

S0 is still strong at 300 kHz for the 1-mm plate and at 350 kHz for the 3-mm plate. Thus 

we achieve the tuning of the S0 mode and the rejection of the A0 mode. Also, we can 
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tune to low frequencies, where A0 modes are dominant (Figure  2.7b), or to other 

frequencies, where S0 and A0 modes coexist (Figure  2.8b).  

 

Figure  2.7 Lamb wave response of a 1mm 2024-T3 aluminum plate under 7mm 
round PWAS excitation: (a) normalized strain response predicted by 
Equation (2.29); (b) experimental data 

 

Figure  2.8 Lamb wave response of a 3mm 2024-T3 aluminum plate under 7mm 
square PWAS excitation: (a) normalized strain response predicted by 
Equation (2.29); (b) experimental data. 

 

2.11 THEORY OF 1-D PHASED ARRAY AND EUSR METHODOLOGY 

The advantages of using a phased array of transducers for ultrasonic testing are 

multiple (Moles et al, 2005). Ultrasonic phased arrays use ultrasonic elements and 

electronic time delays to create wave beams by constructive wave interference. Rather 

than using a single transducer, the phased array utilizes a group of transducers located at 
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distinct spatial locations. By sequentially firing the individual elements of an array at 

slightly different times, the ultrasonic wave front can be focused or steered in specific 

directions. However, the traditional array elements, i.e., ultrasonic transducers are 

unsuitable for in-situ SHM due to their cost, weight, and size.  

A permanently mounted array of unobtrusive PWAS transducers was shown to map a 

half/entire plate and detect a small crack using the embedded ultrasonics structural radar 

bEUSR) methodology (Giurgiutiu and Bao, 2002; Giurgiutiu and Yu, 2006b; Giurgiutiu, 

Bao and Zagrai, 2006c;). The EUSR image (Figure  2.9) resembles the C-scan of 

conventional ultrasonic surface scanning but without the need for actual physical motion 

of the transducer over the structural surface . 

 

Figure  2.9 EUSR front panel and scanning output. Top right is the specimen image 
indicating the crack presence, bottom is the A-scan signal at 90º 
(Giurgiutiu and Yu, 2006b) 

 



 32

2.11.1 Theory of 1-D phased array 

A M-PWAS 1-D linear array uniformly spaced at d is shown in Figure  2.10. The 

span (aperture) D of the array is 

 ( 1)D M d= −  (2.31) 

With the coordinate system origin located in the middle of the array, the location vector 

of mth element is 

 1(( ) ,0)
2m

Ms m d−
= −

r  (2.32) 

And the vector mr
r  is 

 m mr r s= −
r r r  (2.33) 

 ( , )P r φ

rr

th,  sensorms mr
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r

ξ
r
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D  

Figure  2.10 Schematic of an M- PWAS phased array. The coordinate origin is located 
in the middle of the array 

For a single-tone radial wave, the wave front at a point rr  away from the source can be 

expressed as 

 ( )( , )
j t k rAf r t e

r
ω − ⋅

=
r r

r
r  (2.34) 

with k
r

 is the  wave number, /k cξ ω= ⋅
r r

, and ω is wave frequency of the wave. For an 

M-element array, the synthetic wave front received at ( , )P r φ  is 
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The first multiplier represents a wave emitting from the origin and it is independent of the 

array elements. This wave is to be used as a reference for calculating the needed time 

delay for each elementary wave. The second multiplier, which controls the array 

beamforming, can be simplified by normalizing rm by the quantity r, resulting in the 

beamforming factor 
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The scale factor 1 M  is used to normalize the beamforming factor. By further 

introducing two new parameters, d/λ and r/d, the beamforming is re-written as 
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For the far field situation, the simplified beamforming is independent of r/d, i.e., 
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The beamforming factor of Equation (2.37) and (2.38) has a maximum value for 0φ =90°. 

This is the inherent beamforming of the linear array. The inherent beamforming for an 8-

PWAS array with {wm}=1,  d/ λ =0.5, and r/d=10 is shown in Figure  2.11 (solid line). 

Notice that, indeed, the maximum beam is obtained at 90°.  
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Figure  2.11 The original beamforming and directional beamforming at 45º of an 8 
PWAS phased array with d/ λ =0.5, r/d=10, {wm}=1 

 Now we apply “delays” to steer the beam towards a preferred direction 0φ . With 

delays 0( )mδ φ , the beamforming is  
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Beamforming factor of Equation (2.39) reaches its maximum in direction 0φ  when the 

delay 0( )mδ φ  is chosen as 

 0
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−
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r r
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By changing the value of 0φ  from 0° to 180°, we can generate a scanning beam. 

Simulation result of the directional beamforming at 0φ = 45º is shown in Figure  2.11b.  

2.11.2 PWAS array implementation: embedded ultrasonic structural radar (EUSR) 

The embedded ultrasonic structural radar (EUSR) methodology (Giurgiutiu, Bao 

2002) was first developed under the assumptions of: (a) 1-D linear PWAS array 

permanently attached onto the structure; and (b) the parallel rays approximation. 

 For an M-PWAS array, with all elements fired simultaneously with the same 

excitation sT(t), the total signal arriving at target 0( , )P r φ  is 
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Where 1/ mr  represents the decay due to the omnidirectional 2-D wave radiation, r/c is 

the time traveling to the target from the origin O, and ( ) /mr r c−  is the time to the target 

from the mth element. Wave-energy conservation, i.e., no dissipation, is assumed. If the 

elements are fired with certain delays rather than simultaneously, i.e., ( )( ) /m mr r cφΔ = − ,  

Equation (2.41) becomes 
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Equation (2.42) shows a factor of  
1
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∑  over the signal magnitude of the 

individual excitation sT(t).  

 If the delay ( )m φΔ  is taken at 0φ φ=  (or 0φ φ= − ), a maximum transmitting wave 

directed to the target 0( , )P r φ  is thus obtained through implementing delays in the firing 

of the elements in the array.  

 After the transmission signals arrive at target P, they will be scattered and picked 

up by the array. The PWAS transducers serve now as receivers. The signal received at the 

mth PWAS will arrive quicker by ( )( ) /m mr r cφΔ = − . To synchronize all the received 

signals, we simply need to delay them with ( )( ) /m mr r cφΔ = − . Assume that at 0( , )P r φ  

the incoming signal is backscattered with a backscatter coefficient A; thus, the signal 

received at each PWAS will be 
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The receiver beamforming is obtained by assembling all the signals arriving at the same 

time, i.e., 
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where appropriate delays  ( )( ) /m mr r cφΔ = −  were used, and '
m

w as the weighting for 

reception beamforming. Thus, the assembled received signal is further scaled by the 

factor 
1

'

0

1
m

M

m m

w
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−

=
∑  times. 

 If the location of target 0( , )P r φ is indicated by the angle 0φ , the coarse estimation 

of 0φ  can be implemented by using the 0φ  sweeping method. For linear PWAS array, the 

EUSR algorithm scans through 0º to 180º by incrementing 0φ  at 1º each time, and then 

finding the direction where the maximum received energy, 0max ( )RE φ , is obtained. The 

received energy, 0( )RE φ  is defined as 

 2
0( ) ( )

p a

p

t t

R R
t

E s t dtφ
+

= ∫  (2.45) 

2.12 THEORY OF SPARSE ARRAY IMAGING 

The sparse array imaging algorithm is used to visualize the pitch-catch 

interrogation results conducted by a group of sparsely placed PWAS network, as 

illustrated in Figure  2.12a. The damage could be inside or outside the sensor network 

based on the triangulation principle as illustrated in Figure  2.12b. When the damage is 
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located on the circumference of the network, the damage index (DI) approach (Yu et al., 

2008b) is suggested to be used. 

The sparse array uses scatter signals rather than original signals for the image 

construction. The scatter signal is defined as the difference between the measurement and 

the baseline signal and is aimed to minimize the influence caused by boundaries or other 

structural feature which would otherwise complicate the Lamb wave analysis. 

 

Figure  2.12 principle of sparse array imaging: (a) sparse array; (b) triangulation 
principle 

 

Figure  2.13 Illustration of the scatter signal 

The image construction of the sparse array is based on the time reversal concept (Wang et 

al., 2004) by shifting back the entire scatter signals for the time quantity defined by the 
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sensor locations. Thus, with the summation algorithm, the pixel value at an arbitrary 

location Z can be defined as  
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where ijs is the scatter signal obtained from transceiver with the index of ,i j , Zτ  is the 

time shift amount determined by the pixel and transceiver locations, M is the sparse array 

sensor number. Alternatively, with the correlation algorithm, the pixel value can be 

defined as 
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This algorithm is claimed to be able to remove the residuals caused by the span of Lamb 

wave echoes (Ihn and Chang, 2008). Figure  2.14 shows the simulated sparse array images 

with the summation algorithm and the correlation algorithm.  

 

Figure  2.14 Sparse array image constructions in simulation: (a) with the summation 
algorithm; (b) with the correlation algorithm 
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PART I: COMPACT E/M IMPEDANCE INSTRUMENTATION 
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3 STATE OF THE ART IN IMPEDANCE INSTRUMENTATION AND 

MEASUREMENT 

 Impedance techniques have been widely used in many research areas and real life. 

Impedance is an important parameter used to characterize electronic circuits. It is the 

basis of all circuitries. For example, biomedical applications of electrical impedance 

include real-time monitoring of cardiac output, ventricular work (P-V diagram) and 

respiration, tissue conductivity distribution, healing process of bone fracture in the human 

body, etc. (Boulay et al., 1988; Schneider, 1996). Additionally, electrochemical 

impedance spectroscopy (EIS) is widely used to understand electrochemical reactions 

such as corrosions (Park and Yoo, 2003b). In embedded NDE and SHM applications, the 

electro-mechanical (E/M) impedance method allows identifying the local dynamics of the 

structure directly through the impedance signature of PWAS transducers, which are 

permanently mounted to thin plates and aerospace structures. The presence of damage 

modifies the high-frequency E/M impedance spectrum causing frequency shifts, peak 

splitting, and appearance of new harmonics; and therefore, incipient damage can be 

examined and classified through the PWAS transducers in conjunction with the E/M 

impedance spectra.  

3.1 CONCEPT OF COMPLEX IMPEDANCE 

 While electrical resistance describes the ability of circuit element to resist the 

flow of DC electrical current, impedance can be considered as a complex resistance 
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encountered when an alternating current (AC) flows through a circuit made of resistors, 

capacitors, inductors, or any combination of these. More precisely, it is defined as the 

total opposition a device or circuit offers to the flow of an AC at a given frequency, and 

is represented as a complex quantity (Agilent Inc., 2003).   

 Impedance is usually measured by applying an AC potential to the DUT and 

measuring the current through the DUT. The AC potential is normally limited to a small 

level so that the DUT response is pseudo-linear. In a linear (or pseudo-linear) system, the 

current response to a sinusoidal potential will be a sinusoid at the same frequency but 

with shifted in phase (Figure  3.1).  

 

Figure  3.1 Sinusoidal current response to a sinusoidal voltage input in a linear 
system 

Assume the excitation potential, expressed as a function of time, has the form 

 0( ) sin( )V t V tω=  (3.1) 

where V  is the potential, 0V  is the amplitude of the signal, f the frequency of the signal, 

and ω  is the angular frequency ( 2 fω π= ). The response signal, I, is shifted in phase ϕ  

and has amplitude 0I  

 0( ) sin( )I t I tω ϕ= −  (3.2) 
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The impedance of the system is calculated using an expression analogous to Ohm’s Law 

 0
0 0

0

sin( )( ) sin( )
( ) sin( ) sin( )

V tV t tZ Z Z R jX
I t I t t

ω ω ϕ
ω ϕ ω ϕ

= = = = ∠ = +
− −

 (3.3) 

The impedance is therefore expressed as a complex number in terms of a magnitude, 0Z , 

and a phase shift, ϕ ; or in terms of a resistance R , and reactance X . 

3.2 MEANS OF IMPEDANCE MEASUREMENT 

 There are a wide range of techniques available for the measurement of AC 

impedance spectra; these include analog/digital AC bridges, phase sensitive detectors 

(lock-in amplifiers), coherent demodulation, sine correlation, discrete Fourier transform 

techniques, etc. One of the major distinctions is between (a) techniques which measure a 

single frequency at a time using stepped sine excitation, and (b) techniques which 

measure a number of frequencies simultaneously using synthesized or broadband 

excitations. 

3.2.1 Analog AC bridge 

 A popular method to measure unknown impedance is based on AC bridges 

(QuadTech, 2003). Early commercial “bridges” used a variety of techniques involving 

the matching or “nulling” of two signals derived from a single source (Figure  3.2).  
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Figure  3.2 Ratio transformer method of null detection (QuadTech, 2003) 

The first signal is generated by applying the test signal to the unknown DUT while the 

second signal is generated by utilizing a combination of known-value R and C standards. 

The signals are summed through a detector (normally a panel meter with or without some 

level of amplification). When zero current is noted, it can be assumed that the current 

magnitude through the unknown is equal to that of the standard and that the phase is 

exactly the reverse (180o ). 

 

Figure  3.3 AC bridge using digital sine wave generators. The reference impedance 
Zr is shown as R, a pure resistor (Awad et al., 1994). 

 Figure  3.3 shows another version of AC bridge using two digital sine wave 

generators (Awad et al., 1994; Muciek, 1997; Corney, 2003). In this bridge, rV  and xV  
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are two sinusoidal voltage sources with the same frequency 0ω  but different amplitudes 

and initial phases. The reference voltage source rV  is of constant amplitude A and zero 

phase shift. However, xV  has a variable amplitude and phase shift. Thus rV  and xV   can 

be written as follows 

 0sin( )rV A tω=  (3.4) 

 0sin( )xV B tω φ= +  (3.5) 

where amplitude B and phase φ  of xV  can be controlled to balance the bridge. The other 

two elements of the bridge are the unknown impedance xZ  and the reference impedance 

rZ . For simplicity, rZ  is chosen to be purely resistive, i.e., rZ R= . When the bridge is 

balanced (the voltage 0e = ), the unknown impedance is determined by 

 x 0
BZ R        at the frequency 
A

φ ω= ∠  (3.6) 

 Pardo and Guemes (1997) employed the electromechanical (E/M) impedance 

technique to detect damage in a GFRP composite specimen using a simplified impedance 

measuring method. The simplified impedance measuring method consisted in the use of 

an inexpensive laboratory-made RC-bridge shown in Figure  3.4 instead of the costly 

HP4194A impedance analyzer. 
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Figure  3.4 Inexpensive RC bridge for detecting the E/M impedance change of a PZT 
wafer transducer affixed to the health monitored structure (Pardo de Vera, 
and Guemes, 1997) 

 

3.2.2 Digital AC bridge  

 Digital AC bridges are automatic bridges, which have generally not used the 

nulling technique but rely on a combination of microprocessor digital control and phase 

sensitive detectors. 

 Awad et al. (1994) presented a new design and implementation of the digibridge, 

based on the TMS320C25 DSP EVM board, a 12-bit A/D converter, a 12-bit D/A 

converter, and an interface circuit (Figure  3.5). The bridge is directly controlled by means 

of C25 board. In addition, an IBM PC compatible computer is used to control the C25 

and to display the results in a convenient format. The sinusoidal voltage source rV  and xV  

are produced and fed to two 12-bit DACs. The DACs are controlled by TMS320C25 

EVM board which runs the LMS algorithm. The error signal ( )e t  is first filtered by an 

anti-aliasing low-pass filter and then is read by a 12-bit A/D converter. 
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Figure  3.5 Block diagram of digital AC bridge (Awad et al., 1994) 

The Voltage xV  given in Equation (3.5) in section 3.2.1 can be re-written in terms of the 

in-phase and quadrature components as follows 

 1 0 2 0sin( ) cos( )xV W A t W A tω ω= +  (3.7) 

where 1 cosBW
A

φ=  and 2 sinBW
A

φ=  are the weights of the in-phase and quadrature 

components, respectively. Therefore, at balance, xZ  can be derived as 

 1 2xZ W R jW R= +  (3.8) 

where 1W R  and 2W R  are the real and imaginary components of xZ , respectively. To 

balance the bridge, one can start with arbitrary 1W  and 2W , and iteratively modify these 

to force e(t) to zero. An adaptive algorithm was used to ensure fast convergence of the 

bridge.  
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Figure  3.6 Impedance bridge simplified diagram (Waltrip, 1995) 

 Waltrip et al. (1995) presented an automatic impedance bridge, composed mostly 

of commercially available instruments: a computer controller, tuned detector, dual-

channel digital signal generator (commercial phase standard), sampling digital multimeter 

(DMM), and measurement probe (Figure  3.6). The bridge is supplied with test signals RV  

and VV  by a dual-channel signal generator. Sampling DDM quantizes signals RV  and VV  

with 16-bit amplitude resolution. The bridge operates by comparing a known AC resistor 

to the two-terminal inductor under test, shown as UTL , along with its associated series 

resistance, UTR . The signal generator is adjusted to produce a null signal, DV , using an 

auto-balancing algorithm. When operating at a null, the ratio of the tested impedance, 

UTZ , to the standard impedance, STDZ , is proportional to the ratio of the two voltages RV  

and VV , i.e., V R UT STDV V Z Z= . The sampling DMM is used to measure the ratio of VV  to 

RV  and their phase difference. 

LUT 

ZSTD

ZUT 
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 Angrisani et al. (1995, 1996a, 1996b) proposed a TMS320C30 DSP controlled 

apparatus for impedance measurement using the virtual AC bridge technique. This 

technique has been called virtual-bridge because it uses the same balancing approach 

commonly used in AC bridges even though the bridge reference arm is substituted by an 

image model (see Figure  3.7).  

 

Figure  3.7 Schematic block diagram of virtual AC bridge hardware (Angrisani et al., 
1996b) 

The measurement hardware required for this technique is: a sine-wave generator, a 

reference resistor rR , a simultaneous dual channel data acquisition system (DAS) and the 

unknown impedance xZ . The sinusoidal signal ( )u t  and the voltage drop ( )xV t  are 

simultaneously sampled by the DAS to produce two samples sequences ( )cu iτ and 

( )x cv iτ , where cτ is the sampling period. The instantaneous out-of-balance voltage is 

evaluated as the difference between the measured voltage drop ( )x cv iτ and the simulated 

voltage drop ( )cv iτ . After a whole period of the voltage drop ( )xv t is acquired, the 

resulting out-of-balance voltage is reduced by setting the virtual arm parameters in a two-

step iterative procedure until the desire accuracy is reached: (1) the first step begins by 

varying the reactive parameter of the virtual arm and ends when any further adjustment 
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does not produce any meaningful out-of-balance voltage decrease; (2) similarly, the 

second step adjusts the resistive parameter until a new relative minimum of the out-of-

balance voltage is reached.  

3.2.3 Demodulation (lock-in amplifier) approach 

 Coherent demodulation also permits utilizing in-phase and quadrature 

components of a signal for impedance measurements (Pallas-Areny and Webster, 1999). 

The approach is very similar to lock-in amplifier (Singal Recovery Inc., 2008) and can be 

implemented with analog circuits.  

 

Figure  3.8 Measurement of complex impedance by in-phase and quadrature 
detection 

As shown in Figure  3.8, the voltage drop across Z will have the same frequency cf  as the 

injected current I , but will be phase shifted by ϕ , i.e. 

 02 cos(2 )cV IZ I Z f tπ ϕ= = +  (3.9) 

where 0I  is the current RMS value. Then, when demodulating with a reference signal 

( )r t  in phase with I , i.e., 

 ( ) 2 cos(2 )r rr t V f tπ=  (3.10) 

it yields 

Z=R+jX 

90°

LPF

LPF

I 

Re(Z)= R 

Im(Z)= X 
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 { } 0LPF ( ) cosrV r t I V Z ϕ× =  (3.11) 

where LPF{} designates the low-pass filtering function, which will only bypass the DC 

component; cross sign denotes multiplication operation. In another case, if a reference 

signal shifted by 90° with respect to I is used, in the form of 

 ( ) 2 cos(2 2) 2 sin(2 )r r r rr t V f t V f tπ π π= − =  (3.12) 

with r cf f= , the corresponding output will be 

 { } 0LPF ( ) sinrV r t I V Z ϕ× =  (3.13) 

Therefore, this procedure resolves the two components of Z, namely R and X.  

 Yufera et al. (2002) presented an integrated circuit (IC) fabricated in 0.8 mμ  

CMOS processor for tissue impedance measurement in living bodies. Digital 

demodulation method is used to evaluate tissue impedance. The proposed measurement 

system is shown in Figure  3.9. It is based on a four-electrode system ( 1EZ to 4EZ ). The 

external electrodes ( 1EZ to 4EZ ) are employed to inject the current into the tissue sample 

under test (SUT) of unknown impedance xZ , and the two inner ( 2EZ to 3EZ ) take its 

response. The excitation part consists of a voltage controlled oscillator (VCO) giving a 

sinusoidal current, while a signal acquisition circuitry (instrumentation amplifier (IA), 

demodulators and ADC) processes the SUT response. Sinusoidal excitation currents ( I ) 

is generated for three different frequencies: 1.3 kHz, 7.9 kHz and 16.3 kHz. For signal 

acquisition and processing, an instrumentation amplifier, two demodulators and two 

Analog-to-Digital converters (ADC) are used. The final outputs of the circuit are two 

digital signals corresponding to the real and imaginary parts of the tissue complex 

impedance xZ . 
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Figure  3.9 Block diagram of tissue impedance measurement system (Yufera et al, 
2002) 

 Cypher Inc. (2006) released a USB interfaced portable C60 impedance analyzer. 

Figure  3.10 shows the circuit board of the Cypher C60 impedance analyzer. It consists of 

four functional modules: (1) signal generation module using AD9833 DDS with 1 MHz 

to 12.5 MHz output frequency range; (2) analog phase detector module using XOR gate, 

(3) analog amplitude detector module, and (4) microcontroller control unit integrated 

with ADC and USB controller. The microcontroller controls the excitation frequency 

sweeping of DDS, reads in DC voltages from phase and amplitude detectors at each 

frequency through its integrated 10-bit ADC, and communicates with PC via USB port 

for commands and data. The impedance analyzer claims to be working in the frequency 

range of 10 Hz to 4 MHz for measuring impedances in the range of 10 mΩ to 450 kΩ. 
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Figure  3.10 Cypher C60 impedance analyzer circuit board 

 

3.2.4 Sine wave correlation 

 The technique used in Solatron, HP (Agilent) and QuadTech impedance analyzers 

for impedance measurement is based on sine wave correlation method. These analyzers 

have a sine wave generator which outputs very pure sinewaves of a programmable 

amplitude and frequency to provide fast, accurate measurement of impedance of DUT 

over a wide frequency range (Hinton and Sayers, 1998).  

 The process of multiplying one signal by another is known as correlation; hence 

this technique can be described as sine wave correlation. The correlation technique 

completely rejects harmonics and DC offsets, and noise effects are significantly reduced 

by the selection of appropriate integration times. Meanwhile, the procedure is equivalent 

USB port MCU H8S/2215

DDS AD9833 

Amplitude 

XOR phase 
detector 
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to the calculating of the n1 of Fourier transform coefficients (decomposing signal to j te ω  

Fourier basis). Therefore, it is also well-known as a frequency response analysis 

technique. Unlike some of the other techniques mentioned, this analysis method is 

appropriate for both linear and non-linear systems. The measurements are increasingly 

more stable as integration time is increased (certainly longer integration time leads to the 

experiment taking longer to run). 

 

Figure  3.11 Block diagram of the analog section of the HP 4194A precision 
impedance analyzer (Agilent Inc., 2003) 

 Figure  3.11 shows the simplified analog-section block diagram of the HP4194A 

precision impedance analyzer. The measurement circuit is functionally divided into three 

sections: (1) the signal source section that generates the test sinusoidal signal applied to 

the unknown device; (2) the auto balancing bridge section that balances the range resistor 

current with the DUT current to maintain a zero potential at the low terminal; (3) the 

vector ratio detector section that measures two vector voltages across the DUT ( DUTE ) 

and range resistor rR  ( rrE ) series circuit. The vector ratio detector implements the sine 

(3) 

(1) 

(2) 
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correlation algorithm with analog circuits to gather either the in-phase or quadrature 

component of the DUTE  or rrE  (Agilent Inc., 2003). 

 

Figure  3.12 Digital Detector Circuit (QuadTech, 2003) 

 Figure  3.12 shows the block diagram of QuadTech model 7600 precision LCR 

meter, which uses the 750068 instrument board as the core of this measurement system. 

There are five major parts in this board: sine wave generator, voltage detector channel, 

current detector channel, A/D converter, and digital signal processor (QuadTech, 1997 

and 2003). The digitized voltage ( xE ) and current representation signal ( sE ) are applied 

to a high speed digital signal processor where a mathematical algorithm (sine correlation) 

is used to extract the complex impedance Z  of the DUT. 

3.2.5 Fourier transform approach  

 The process of sine wave correlation is a general method for determining the 

amplitude and phase of a sine wave of given frequency contained in an input signal. This 

procedure forms the basis of the Fourier transform. Due to the development of digital 

signal processing methods and especially the efficient implementation of the discrete 

Fourier transform (DFT) with the fast Fourier transform (FFT) algorithm, it has become 

possible to use more complex input signals. Instead of exciting the DUT frequency by 
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frequency, it has become possible to input arbitrary waveforms with a broadband 

spectrum, generated with a digital-to-analog converter (DAC), and to gather all the 

spectral information of DUT impedance in one measurement (Schoukens et al., 1988). 

 The impedance measurements based on Fourier transform can be classified into 

two categories: (1) performing Fourier transform only at one frequency, which measures 

impedance at one frequency at a time by using stepped sine wave excitation signal; (2) 

transfer function approach for impedance measurement, which measures impedance of 

DUT at several frequencies or the entire impedance spectrum simultaneously by exciting 

with synthesized signals or broadband signals. The latter procedure is similar to system 

transfer function identification. 

3.2.5.1 Measuring impedance spectrum frequency by frequency 

 Gamry Instruments (2007) electrical impedance spectroscopy (EIS) system uses 

sub-harmonics sampling (equivalent-time sampling) technique to measure electrical 

impedance. Voltage waveform is applied to the DUT by using a direct digital synthesis 

(DDS) electronic circuitry, which generates a low-distortion true sine wave voltage 

excitation at the desired frequency (300 to 1000 kHz). After the current and voltage 

curves at excitation frequencies are sampled, they are each transformed into the 

frequency domain using DFT for impedance measurement.  

 Analog Devices (2005) released a single-chip high precision impedance converter 

system AD5933/5934. Figure  3.13 shows the overview of the system’s block diagram. It 

has an onboard DDS sinusoidal frequency generator combined with a 12-bit, 1MHz ADC, 

and a 1024-point FFT engine to extract real and imaginary components of sinusoidal 

waves. Before making impedance measurements, the system switches in a calibrated 
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resistor calR  to measure the channel gain factor 1
_calR ADC code⋅

, where  _ADC code  

denotes the A/D converter reading. Next, the unknown impedance is switched in for 

another measurement. In this way, only one ADC is needed to accomplish impedance 

measurement. However, due to the onboard components bandwidth limitation, the system 

only works in frequency range of 1 kHz to 100 kHz.  

 

Figure  3.13 AD5933 block diagram  

 

3.2.5.2 Measuring impedance spectrum by using transfer function approach 

 Searle and Kirkup (1999) reported a system which can obtain impedance spectra 

by applying a digitally constructed waveform. The waveform is a summation of a finite 

number of sinusoids, consisting of many frequency components. This allows impedance 

values to be measured at a number of frequencies simultaneously. 

 Angelini et al (2004) proposed a handheld portable impedance meter for coating 

characterization with the electrochemical impedance measurement. The coating 

 



 57

impedance is measured in the range from a few kΩ to GΩ, over a frequency range from 

0.01 Hz to 100 kHz. The measurement uncertainty is about 3% for impedance magnitude 

and 1% for phase. Figure  3.14 presents the block diagram of the proposed instrument: the 

DSP with its embedded peripherals (PWM output, 12-bit resolution, 330 kHz sampling 

frequency ADC, etc.) shown in the center and the blocks on the left related to the power 

system and to the connection to PC. PWM together with the low-pass filter is used to 

generate sinusoidal waveform. A substitution method is used to carry out the measuring 

process, which consists of two steps: (1) the current which flows through the unknown 

impedance is acquired and analyzed; and (2) the same stimulus is then applied to a 

calibrated resistor to obtain the current flow. Fourier transform method is performed to 

evaluate the impedance at the stimulus frequency. 

 

Figure  3.14 Block diagram of the proposed impedance meter based on a DSP 
(Angelini et al., 2004) 

 Peairs et al. (2002, 2004) explored the utilization of a dual-channel FFT analyzer 

as an alternative to the expensive impedance analyzer for measuring piezoelectric sensor 

E/M impedance. The impedance was found by measuring the current through a 

piezoelectric sensor with a voltage divider and amplification circuit and computing the 
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complex ratio of the voltage applied to the PZT transducer to the current using an FFT 

analyzer (Figure  3.15).  

 

Figure  3.15 Impedance approximating circuit with amplification (Peairs et al, 2002) 

 Grisso (2005) took Peairs’ work one step further and replaced the FFT analyzer 

with a PC 104 board (a single chip board) (Figure  3.15).  

 

Figure  3.16 Schematic of impedance analyzer system using PC104 board (Grisso, 
2005) 

PC 104 board outputs a digital trigger signal to the swept sine circuit (function generator 

was used in actual experiment) which sends out an excitation signal to the actuating PZT 

FFT Analyzer 
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transducer. The signal sent to the actuating PZT transducer and the response from the 

sensing PZT transducer would be sampled using the A/D converters on the PC 104 board. 

The PC 104 board would then compute the FFT of each signal and then compute the 

frequency response function (FRF). Depending on the damage detection technique, the 

magnitude of the FRF or the real part of the FRF will be further examined and compared 

to a baseline FRF to determine if damage has occurred in the structure. If damage is 

detected, then the PC 104 board will output a digital signal to the transmitter. The 

receiver will collect this signal and send the appropriate warning signal. 

3.2.5.3 Considerations about using broadband excitation for impedance measurement 

 The Fourier transform can in principle extract all of the frequencies present in a 

repetitive signal, therefore it is possible to apply signals consisting of several sine waves 

superimposed on each other or broadband signals, and use the Fourier transforms of the 

voltage and current signals to extract the necessary amplitude and phase information. In 

principle, this would have the major advantage of reducing the time required to make a 

measurement (Schoukens et al., 2000). However, in practice, there are some limitations 

to this approach, such as reduced SNR at each frequency as compared to the approach 

using stepped sines.  

 The extreme example of this approach is to apply the first n harmonics of the 

fundamental frequency, where n is a large number. This can be achieved by the use of 

pseudo-random noise which can be generated very simply. The major theoretical 

limitation of this approach is that, since all harmonics are present in the input signal, it is 

impossible to separate harmonic effects. To reduce problem of harmonics, it is possible to 

use several non-harmonically related sine waves. In addition, this method is apt to 
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introduce frequency leakage error in the resulting impedance data. Appropriate selection 

of excitation signals have to be considered. Schoukens (1988) explored three classes of 

different excitation signals for FFT based spectrum analyzers:  

Periodic signals including stepped sine, swept sine, multi-sine, pseudorandom noise, 

periodic noise, maximum length binary sequence (MLBS), and discrete interval 

binary sequence;  

Transient signals including impulse and random burst;  

Non-transient aperiodic signal including random noise.  

For non-stationary excitation signals, time-frequency signal analysis methods may be 

needed instead of conventional Fourier transform for. Darowicki (2003) presented a time-

frequency analysis method for electrode impedance measurement. The method uses as 

perturbation a constant amplitude linear chirp, whose frequency varies linearly with time. 

The recording and analysis of both the perturbation and response signals allow the 

determination of continuous-frequency impedance spectra. Gabor transform was used to 

analyze both perturbation signal and current response in time-frequency domain. 
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4 STEPPED SINE METHOD FOR IMPEDANCE MEASUREMENT 

This chapter presents our efforts of developing impedance instrumentation for 

PWAS based SHM using the stepped sine method. This method (e.g., HP4194A 

impedance analyzer) is based on stepping sinusoidal excitation at discrete intervals 

through the frequency range and dwelling for a time at each frequency step. For 

measuring impedance at a given frequency, an excitation at this certain frequency is 

needed. That is to say, to obtain impedance spectrum of a single PWAS with 401 

frequency points, we have to generate, sample and analyze 401 different frequency 

excitations. 

4.1 SYSTEM CONFIGURATION 

Traditional impedance analyzers, such as HP4194A, use analog techniques to 

detect the in-phase and quadrature components of the unknown impedance of the device 

under test (DUT). This information is then used to calculate other parameters of interest 

(R, L, C, Q, etc.). The limitations of these analog techniques lie in the facts that they 

suffer from output stability, low price/performance ratio (need expensive analog circuit 

components, such as high-speed multipliers, to obtain wideband operating frequency 

range), etc.  

We explored a new concept of a self-processing integrated damage assessment 

sensor (SPIDAS). This initial concept made the object of an invention disclosure to the 

University of South Carolina and US patent (Giurgiutiu and Xu, 2007) and was published 
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by Giurgiutiu and Xu (2004b). The impedance measuring circuit consists of a simple 

voltage divider, as shown in Figure  4.1.  

 

Figure  4.1 Compact impedance analyzer measuring principle  

The function generator outputs sinusoidal excitation 0V
v

 with its frequency sweeping in a 

predefined frequency range (from startf  to endf , say, 100 kHz to 1 MHz). A two-channel 

DAQ card is employed to record simultaneously the voltage V
v

at the output of the 

function generator and voltage drop *V
v

 on the calibrated resistor cR  The current I
v

 

flowing through the DUT also flows through the already known low-value calibrated 

resistor 100cR = Ω R. The current I
v

 can be calculated as *
cI V R=

v v
. Hence, the DUT 

impedance Z  is given by  

 
* *

* c
V V V VZ R

I V
− −

= =
v v v v

v v  (4.1) 

4.2 DATA ANALYSIS METHODS 

The complex voltages *V V−
v v

and *V
v

 in Equation (4.1) are the unknowns. Three 

different data analysis methods, including integration (sine correlation), correlation, and 

discrete Fourier transform, were studied to measure the complex voltages. 

*V
v
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v
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4.2.1 Integration Approach 

Suppose a vector voltage 0( ) sin( )x t A tω ϕ= +  is multiplied by sine and cosine 

signals at the same frequency ω and then integrated over a period T  of signal x  

respectively, the outputs will be the real part (or in-phase) component ,  0cos( )A ϕ , and 

the imaginary part (or quadrature) component, 0sin( )A ϕ , of this harmonic voltage x  

(Figure  4.2). The procedure is also called sine correlation method with its mathematical 

representation given as  

 0 00

2cos sin( )sin( )
T

A A t t dt
T

ϕ ω ϕ ω= +∫  (4.2) 

 0 00

2sin sin( ) cos( )
T

A A t t dt
T

ϕ ω ϕ ω= +∫  (4.3) 

Hence, by performing simple complex number operations, it is possible to obtain the 

magnitude and phase shift of the vector voltage x . 

 

Figure  4.2 Schematic of the impedance measuring principle using integration 
technique 

 

4.2.2 Correlation Approach 

Consider two signals of the form: 

 ( ) sin( ) ( )x x xx t A t N tω ϕ= + +  (4.4) 

Asin(φ0) 

Acos(φ0) 

x(t)=Asin(ωt+φ0) 

 
Signal  

Generator 

Vector voltage

sin(ωt) 
∫

∫
cos(ωt) 
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 ( ) sin( ) ( )y y yy t A t N tω ϕ= + +  (4.5) 

where, A  denotes the amplitude; ( )N t  is the noise; ϕ  signifies the initial phase. 

Correlation of these two signals gives 

 (0)arccos
(0) (0)

XY
x y

XX YY

R
R R

ϕ ϕ ϕ= − =
⋅

 (4.6) 

 2 (0)x XXA R=  (4.7) 

 2 (0)y YYA R=  (4.8) 

where XYR is the cross-correlation of signals x  and y , XXR  is auto-correlation of x , YYR  

is auto-correlation of y . Equations (4.6), (4.7) and (4.8) permit the calculation of the 

amplitude ratio x yA A  and relative phase difference ϕ  of the two vectors in Equation 

(4.1).  

4.2.3 Discrete Fourier Transform Approach 

From Section 2.1, the discrete-time Fourier representation for a sine wave 

1( ) sin(2 )x t A ftπ=  can be expressed as 

 
1

(2 ( ) / (2 ( ) /
1

0
( )

2

N
j q k n N j q k n N

n

jX k A e eπ π
−

− + − −

=

⎡ ⎤= −⎣ ⎦∑  (4.9) 

where, sq f N f= , 0,1, 2,..., -1k N= , sf  is the sampling frequency. Similarly, for a 

more general sinusoidal waveform which has nonzero initial phase ϕ , i.e., 

 2 ( ) sin(2 )x t A ftπ ϕ= +  (4.10) 

its discrete-time Fourier representation can be expressed as 

 2 ( ) / 2 ( ) /
2 ( ) ( )

2
j j q k n N j q k n NjX k A e e eϕ π π− + − −= −  (4.11) 
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Note that: 

 2

2

( ) sin cos    when , -
2 2

( ) 0                                       otherwise

A AX k N j N k q N q

X k

ϕ ϕ⎧ = − =⎪
⎨
⎪ =⎩

 (4.12) 

Equation (4.12) allows us to calculate the magnitude, A, and phase, ϕ , of the signal 2x , 

i.e., 

 

2 2

2arcsin( ),          R 0, 0

2arcsin( ),    R 0, 0

2arcsin( ),     R 0, 0

22 arcsin( ),   R 0, 0

A R X
R X

AN
R X

AN
R X

AN
R X

AN

π
ϕ

π

π

= +

⎧ ≥ ≤⎪
⎪
⎪ − ≥ >⎪

= ⎨
⎪ − < >
⎪
⎪
⎪ + < ≤
⎩

 (4.13) 

where, 2 2Re[ ( )],  Im[ ( )]R X q X X q= = . 

4.3 PREDICTIVE SIMULATION  

To compare the accuracy of using the three methods integration, correlation and 

DFT for impedance measurement, simulation were performed in NI LabVIEW (Figure 

 4.3).  
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Figure  4.3 Graphical user interface (GUI) of the SPIDAS proof-of-concept 
demonstrator (Giurgiutiu and Xu, 2004b) 

 

4.3.1 Simulation results 

In the simulation, coherent sampling was forced in order to avoid frequency 

leakage when digitizing the sinusoidal waves (Rebai et al., 2004; IEEE Std 1057-1994, 

2001). Coherent sampling was obtained by enforcing the following relationship: 

 s Cf N f N⋅ = ⋅  (4.14) 

where, sf  is the sampling frequency, cN  is the integer number of cycles in the data 

record, f  is the input frequency, N  is the number of samples in the data record. The 

simulation results are given in Table  4.1, Table  4.2, Table  4.3 and Figure  4.4.  
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Table  4.1 Integration Method, x(t)=Asin(2πft+φ1) where, A=10V, φ1=30°, f=742.857 
kHz 

Input Output 
Amplitude A Initial Phase φ Sampling freq 

fs 

Buffer 
Size 
N Value Error 

(%) Value Error 
(%) 

1GHz 2692 9.995 0.042 29.957 0.141 
500MHz 1346 9.992 0.078 29.921 0.263 
250MHz 673 9.992 0.079 29.920 0.264 
100MHz 269 9.977 0.22 29.774 0.752 
50MHz 135 9.927 0.72 29.126 2.911 
25MHz 67 9.913 0.86 29.065 3.115 
10MHz 27 9.896 1.03 29.144 2.853 
5MHZ 13 10.360 3.60 24.512 18.294 

Table  4.2 Correlation Method, x(t)=Asin(2πft+φ1), y(t)=Asin(2πft+φ2) where, A=10V, 
φ1=60°, φ2=30°, f=742.857kHz 

Input Output 
Amplitude A Initial Phase φ Sampling 

freq fs 

Buffer 
Size 
N Value Error (%) Value Error 

(%) 
1GHz 2692 9.99971 0.00283 29.99998 0 
500MHz 1346 9.99971 0.00280 29.99996 0.0001 
250MHz 673 9.99972 0.00276 29.99993 0.0002 
100MHz 269 9.99807 0.01929 29.99857 0.0047 
50MHz 135 10.00640 0.06407 30.004591 0.0153 
25MHz 67 9.99363 0.06369 29.967795 0.1073 
10MHz 27 10.00136 0.01367 30.035276 0.1175 
5MHz 13 10.14780 1.47834 28.89670 3.6778 

Table  4.3 DFT Method, x(t)=Asin(2πft+φ1) where, A=10V, φ1=30°, f=742.857KHz 
Input Output 

Amplitude A Initial Phase φ Sampling 
freq., fs 

Buffer 
size 
N Value Error (%) Value Error 

(%) 
1GHz 2692 10.000288 0.00288384 29.955973 0.146757 
500MHz 1346 10.000291 0.00290690 29.955996 0.14668 
250MHz 673 10.000295 0.00295288 29.956042 0.146526 
100MHz 269 10.002307 0.0230709 29.671965 1.09345 
50MHz 135 9.991629 0.0837052 31.089352 3.63117 
25MHz 67 10.014642 0.146417 28.283935 5.72022 
10MHz 27 9.987396 0.12604 31.039468 3.46489 
5MHz 13 10.115542 1.15542 18.9636015 36.788 
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Figure  4.4 Integration method, correlation method and DFT method error plots with 
A=10V, AN1=1V, B=5V, AN2=1V: (a) amplitude error; (b) phase error 

It was found that: 

• For an ideal signal without noise, the correlation method exhibits the best 

performance for measuring amplitude and phase of a sinusoidal signal (see 

Table  4.1–4.3).  

• The measurement error decreases with the increase of sampling frequency.  

• For a more realistic signal in which noise is presented, this situation reverses 

dramatically. The correlation method gave the worst results.  

• Figure  4.4 shows the variation of amplitude and phase errors with sampling 

frequency for a noisy signal of the form 

 x x xx(t)=A sin(2 ft+ )+N (t)π ϕ  (4.15) 

where 10xA V= , 30xϕ = o , 742.857f kHz= , and ( )xN t  is uniform white noise with 

amplitude 1NXA V= . The correlation method was used with another signal of the form 

 y y yy(t)=A sin(2 ft+ )+N (t)π ϕ  (4.16) 
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where,  5yA V= , 60yϕ = o , 742.857f kHz= , and ( )yN t  is uniform white noise with 

amplitude 1NYA V= , noise ( )xN t  and ( )yN t  are not related, ( )x t  and ( )y t  are signals 

of two cycles. Figure  4.4 shows that: 

• The DFT method provides the best prediction of amplitude and phase. 

Amplitude and phase estimation errors decrease rapidly when the sampling 

frequency increases.  

• The integration method also shows a decreasing error with increasing 

sampling frequency. The trend is comparable with that of the DFT method, but 

not as good.  

• The correlation method is very sensitive to noise, and its error remains high 

even when the sampling frequency is increased to high values.  

4.3.2 Discussion 

The correlation method is able to determine precisely the relative phase difference 

between two noise-free sinusoidal signals at same frequency using Equation (4.6). 

Therefore, the method can only determine the real-part impedance of DUT, which is 

usually of interest for structure health monitoring applications. To measure the 

imaginary-part impedance of a capacitive device (such as PWAS), additional work has to 

be done to determine the sign of the phase difference. In real applications, the signal is 

always accompanied by noise and the correlation method shows big error for amplitude 

and phase extraction. Hence, the correlation algorithm presented here is not a good 

candidate for impedance measurement. This behavior of the correlation method is due to 

the error introduced by the calculation of signal amplitudes with Equation (4.7) and (4.8) 

using the autocorrelation function. The noise correlates with itself in autocorrelation 
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operation, concentrates energy at the time location τ = 0, and hence contributes to the 

error of amplitude estimation.  

In general, the integration method can be viewed as a subset of the correlation 

method: the vector voltage signal is cross-correlated with two synchronous reference 

signals, one in phase, and the other 90° out of phase. Because noise is not correlated to 

the reference signals, this method can identify very small signals in the presence of very 

high levels of noise and harmonics after the selection of appropriate integration time. The 

integration method directly extracts the real and imaginary parts of a vector signal by 

signal integration. However, the digitized form of integration – numerical integration, 

possesses numerical error determined by integration interval. The integration interval is 

controlled by the sampling frequency of the data acquisition (DAQ) device. Hence, for 

integration method, a high-speed DAQ device is always desired to ensure measurement 

accuracy. The requirement for high-speed DAQ may be alleviated or circumvented by 

using special sampling techniques, such as undersampling (Kubo, 2001), equivalent-time 

sampling (IEEE Std 1057, 2001), etc. The trade off here is the measurement time.  

Fourier transform method is a powerful tool for analyzing and measuring stationary 

signals. It transforms samples of the data from time domain to frequency domain and has 

the advantages of selecting proper frequency and suppressing noise and harmonics. 

Integration method is essentially equivalent to Fourier transform calculated at the input 

signal frequency only. A common problem in discrete Fourier transform (DFT) is caused 

by frequency leakage. In our simulation of all the above three methods, the length of 

digitized signal was selected to be an integer number of cycles to satisfy coherent 

sampling condition. This coherent sampling condition prevented frequency leakage in 
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DFT method. Hence, for impedance measurement with Fourier transform method, 

discrete Fourier transform (DFT) instead of fast Fourier transform (FFT) is usually used. 

In latter case, the sample length needs to be power of two besides satisfying the coherent 

sampling condition. This is usually hard to achieve on hardware platforms where system 

clock is supplied by an oscillator with constant frequency or only selectable as a discrete 

number by using a frequency divider. One way to implement a measurement system with 

its sampling frequency continuously variable is to use direct digital synthesizer (DDS) as 

oscillator. 

4.4 EXPERIMENTAL RESULTS  

Comparison of the three methods (integration method, correlation method, and 

DFT method) to the laboratory-scale HP4194 impedance analyzer (which is the dedicated 

instrument for impedance measurement in SHM applications) has been performed. In our 

experiments, we consider an active DUT consisting of a piezoelectric wafer active sensor 

(PWAS). PWAS present electromechanical resonances and anti-resonances. At anti-

resonance, the real part of the impedance goes through a peak, while the imaginary part 

of the impedance goes through zero. When mechanically free, the 7-mm diameter PWAS 

used in this experiment has its first in-plane anti-resonance at around 350 kHz.  

The experimental setup on this system utilizes standard low-cost multipurpose 

laboratory equipments: a function generator, a PCI DAQ card (Gage Applied model 85G, 

5GHz sampling frequency), a PCI GPIB card, a calibrated low value resistor (100Ω) and 

a PC with LabVIEW software package (Figure  4.5). 
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Figure  4.5 Experimental setup for the proof-of-concept demonstration of the SPIDAS 
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Figure  4.6 Comparison of measurement of real part of impedance of PWAS with 
different methods 
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Figure  4.7 Comparison of measurement of imaginary part of impedance of PWAS 
with different methods 

Figure  4.6 and Figure  4.7 show the superposed results obtained with the above 

methods and the HP4194A laboratory impedance analyzer. DFT method and integration 

method are nearly indistinguishable in results. Both of these two methods work as well as 

HP4194 impedance analyzer. The cross correlation method shows significant error at low 

frequencies. This is due to the fact that the SNR is small in low frequency range. Hence, 

the correlation method introduces considerable error in the measurement of the real-part 

PWAS impedance at low frequencies (Figure  4.6). This error diminishes as the frequency 

increases. For the imaginary part of the PWAS impedance, the correlation method shows 

significant error at the anti-resonance frequency. The positive/negative peaks of the 

imaginary part of the PWAS impedance measured by the correlation method are much 

larger than those measured with the other methods (Figure  4.7). The cause of this 

discrepancy is that Equation (4.6) is an even function it can only calculate the relative 

phase difference between two input vector signals. 
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In this section, we have show that by using several multipurpose laboratory 

instruments and simple impedance evaluation methods, we can measure impedance of 

device under test (DUT) over a wide frequency range. The accuracy of this low price 

impedance measuring system is comparable to that of the expensive HP4194A 

impedance analyzer on the market. 
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5 TRANSFER FUNCTION METHOD FOR IMPEDANCE MEASUREMENT 

This chapter presents an improved algorithm for impedance measurement. The 

improved algorithm uses synthesized broadband signals as excitation and the transfer 

function concept for impedance measurement. This algorithm is more time efficient than 

those presented in the previous chapter. It is named Fast Electromechanical Impedance 

Algorithm (FEMIA) and made the object of an invention disclosure to the University of 

South Carolina (Giurgiutiu and Xu, 2004c).  

5.1 THE CONCEPT 

This approach is similar to system transfer function identification (Kitayoshi et al., 

1985; Macdonald, 1987; NI Inc., 1993). For a linear system, its transfer function can be 

written as its response over its excitation both in frequency domain. To identify 

admittance transfer function of DUT (Figure  5.1), the applied voltage excitation ( )v t  and 

response current ( )i t  are recorded, transformed to frequency domain, and written as 

 ( )( )
( )

I fY f
V f

=  (5.1) 

 

Figure  5.1 Configuration for impedance spectrum measurement using transfer 
function of DUT (NI Inc., 1993) 
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Hence, the impedance of DUT is 

 ( )( )
( )

V fZ f
I f

=  (5.2) 

Figure  5.2 shows an example impedance spectrum measurement block diagram using 

FFT transfer function method. The signal applied to the DUT from the signal source and 

the signal output from the DUT are digitized by A/D converters and transformed by FFT 

into frequency spectra ( )V f  and ( )I f . To eliminate the measurement error caused by 

the internal noise within the DUT and network nonlinearity, DUT input votage spectrum 

( )V f  and output current spectrum ( )I f  are usually averaged to obtain the DUT 

impedance spectrum: 

 

Figure  5.2 Block diagram of FFT impedance spectrum measurement using transfer 
function method 
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frequency range. Broadband excitations can either be synthesized directly in time domain 

or indirectly in frequency domain. In this section, two types of excitation, linear chirp and 

frequency-swept signals, are synthesized in time domain for impedance measurement. 

Also, the technique of synthesizing linear chirp in frequency domain is demonstrated. 

5.2.1 Linear chirp 

Chirp signal is a widely used signal source for system transfer function 

identification. Here, we tried chirp signal as the excitation source for device impedance 

measurement. Consider a constant frequency sinusoidal signal 

 0( )
0 0( ) Re{ } cos( )j tx t Ae A tω φ ω ϕ+= = +  (5.3) 

where 0ϕ  is initial phase, 0ω is angular frequency. The phase of this signal x  can be 

written as 0 0( )t tϕ ω ϕ= + , which is a linear function of time. Furthermore, instantaneous 

frequency of signal x can be expressed as 0( )d t dtϕ ω= , which is a constant. From this, 

a more general signal can be define as: 

 ( )( ) Re{ }j tx t Ae ϕ=  (5.4) 

Based on Equation (5.4), a linear chirp is produced if we define the quadratic phase 

 2
0 0( ) 2t t f tϕ πβ π ϕ= + +  (5.5) 

Computing the instantaneous frequency for the chirp, we have 

 0( )if t t fβ= +  (5.6) 

Equation (5.6) is a linear function of time. The parameter 1 0 1( ) /f f tβ = −  is the rate of 

frequency change, which is used to ensure the desired frequency breakpoint 1f  at time 1t  

is maintained. As it can be seen, the advantages of using chirp signal are: (1) it can be 

easily synthesized; (2) it is abundant in frequency components; (3) frequency sweeping 
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range can be easily controlled; and (4) sweeping speed can also be controlled via 

parameter β . 

 

Figure  5.3 Chirp signal and STFT analysis of chirp signal: (a) chirp signal; (b) STFT 
of chirp signal 

Figure  5.3a shows an example of linear chirp sweeping from 0 to 1 MHz in time domain 

with perfect envelop, while Figure  5.3b shows its magnitude spectrum in frequency 

domain with unwanted ripples and roll-offs at the extremities, which is caused by sudden 

switch-on at the beginning and switch-off at the end of the excitation. This implies that 

the output energy from the measurement system is frequency dependent; measurement 

errors can be expected (Muller and Massarani, 2001). 

5.2.2 Frequency swept signal 

A frequency swept signal was synthesized to avoid the problems shown in section 

4.2.1 for the case of linear chirp signal. The synthesis can be implemented by 

summarizing a series of sinusoidal waves with various amplitudes and phases (Kitayoshi 

1985): 
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where, 

 1 ( )k k startk fθ θ θ−= + − Δ  (5.8) 

 2 /( )end startf fθ πΔ = − −  (5.9) 

 1 0fstartθ − =  (5.10) 

Equation (5.8) and (5.9) ensure linear increase of group delay with respect to frequency. 

 

Figure  5.4  Frequency swept signal: (a) waveform; (b) amplitude spectrums 
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artificial amplitude and phase spectra. For linear sweeping chirp, the group delay 

describes exactly at which time each instantaneous frequency occurs. Hence, to 

synthesize linear chirp in frequency domain, group delay can be defined as 

 ( ) (0)G f G f kτ τ= + ⋅  (5.11) 

where, ( ) (0) /Nyqst Nyqstk G f G fτ τ⎡ ⎤= −⎣ ⎦ , and Nyqstf  denotes the Nyquist frequency. The 

phase can be calculated from the group delay by integration using Euler’s method as 

 ( 1) ( ) ( )old oldi i G i dϕ ϕ τ ω+ = + ⋅  (5.12) 

To prevent oddities in the resulting signal, the phase needs to be adjusted so that it 

reaches 0˚ or 180˚ at Nyquist frequency.  

 ( ) ( ) ( ) /new old old Nyqst Nyqstf f f f fϕ ϕ ϕ= − ⋅  (5.13) 

Figure  5.5 shows the pre-defined amplitude and group delay spectra of a linear chirp in 

frequency domain sweeping from DC to 1MHz. By following the proposed steps, the 

synthesized linear chirp is obtained, as shown in Figure  5.6. As we can see, the linear 

chirp synthesized in frequency domain has better amplitude spectrum than the one 

synthesized in time domain (Figure  5.3). However, the trade off is the degraded envelop 

shape in time domain (Figure  5.6). 

 

Figure  5.5  Pre-defined linear chirp amplitude and group delay spectra: (a) amplitude 
spectrum; (b) group delay spectrum 
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Figure  5.6  Synthesized linear chirp in time domain 

5.3 SIMULATION COMPARISON 

To compare the effect of using the two signal sources constructed in time domain, a 

simulation for measuring the impedance spectrum of a free PWAS was conducted using 

the circuit in Figure  5.7. 

 

Figure  5.7  Impedance measurement circuit 

A low value resistor cR  in series with the PWAS was employed for current measurement. 

The voltage across the PWAS, PWASV  and the current flow through the PWAS, PWASI  in 

frequency domain are determined as 

 ( )( ) ( )
( )

PWAS
PWAS In

PWAS c

Z fV f V f
Z f R

=
+

 (5.14) 

 ( )( )
( )

In
PWAS

PWAS c

V fI f
Z f R

=
+

 (5.15) 

where, PWASZ  designates PWAS impedance. For simplicity, 1-D PWAS model was 

considered in simulation (Giurgiutiu, 2008): 
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1

2
31

1 1( ) 1 (1 )
cotPWASZ k

i C
ω

ω ϕ ϕ

−
⎡ ⎤

= − −⎢ ⎥⋅ ⎣ ⎦
 (5.16) 

where, ω  is the angular frequency, 2
13k  is the complex coupling factor; C is the 

capacitance of PWAS; ϕ  is a notation equal 1
2 lγ , γ is the complex wavenumber and l  is 

the PWAS length. Plot of Equation (5.16) in frequency range of 0 to 1 MHz is shown in 

Figure  5.8. 

 

Figure  5.8  Free PWAS impedance spectra: (a) real part; (b) imaginary part 
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Inverse Fourier transforms of Equation (5.14) and (5.15) give the voltage PWASV  

and current, PWASI  in time domain respectively. Figure  5.10 and Figure  5.11 show the 

waveforms of PWASV  and PWASI  when using chirp signal source and frequency swept 

signal source as excitations for free PWAS impedance measurement. A comparison of 

Figure  5.10b and Figure  5.11b indicates that frequency swept signal source possesses 

larger current response than chirp signal source in low frequency range for impedance 

measurement. Therefore, frequency swept signal source may have higher SNR in low 

frequency range for impedance measurement. 

 

 

Figure  5.9  Amplitude spectrum of chirp signal source and frequency swept signal 
source for free PWAS impedance measurement (fs=10MHz, 
Nbuffer=4000, 5Vpp signal source amplitude, Rc=100Ω): (a) voltage 
spectrum; (b) current spectrum  
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Figure  5.10  Voltage and current of PWAS using chirp signal source: (a)VPWAS(t); (b) 
IPWAS(t)s 

 

Figure  5.11  Voltage and current of PWAS using frequency swept signal source: 
(a)VPWAS(t); (b) IPWAS(t)  
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controlled by a PC LabVIEW program via GPIB card, outputs the uploaded excitation 

with its frequency equal to the frequency resolution (sample rate/buffer size) of the 

synthesized signal source and its amplitude at 10V peak to peak. The actual excitation 

and the response of the PWAS were recorded synchronously by a two-channel DAQ card 

(8-bit, 10MHz sample rate, 4000 points of buffer size). The DAQ card was activated after 

running of the function generator with a certain amount of delay to ensure the response is 

stabilized. 

 

Figure  5.12  Proof-of-concept demonstration of impedance measurement system 

The impedance spectrum of the PWAS is equal to the ratio of Fast Fourier Transform 

(FFT) of the excitation to the FFT of the response signal. To improve accuracy and 

repeatability of the measurement, averaging was performed on measurement spectrums 
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material.). Both of the synthesized signal sources can capture the free PWAS impedance 

spectrums precisely including the small peaks in the impedance spectrums (Figure 

 5.13c,d and Figure  5.14c,d). For the chirp signal source, small ripples were observed in 

the voltage and current spectrums in high frequency range (Figure  5.13a,b). Comparison 

of the  impedance spectrums in low frequency range shows that the frequency swept 

signal source gives smoother impedance spectrum than the one measured by chirp signal 

source (Figure  5.15). This correlates well with the simulation prediction where the 

frequency swept signal source shows higher SNR in low frequency range for impedance 

measurement. Therefore, the frequency swept signal may be a better signal source for 

impedance spectrum measurement than the chirp signal. 
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Figure  5.13  Comparison of PWAS impedance measurement by HP4194A impedance 
analyzer and using chirp signal source: (a) Amplitude spectrum of voltage 
across the PWAS; (b) Amplitude spectrum of current; (c) superposed real 
part impedance spectrum; (d) superposed imaginary part impedance 
spectrum 
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Figure  5.14  Comparison of PWAS impedance measurement by HP4194A impedance 
analyzer and using frequency swept signal source: (a) Amplitude 
spectrum of voltage across the PWAS; (b) Amplitude spectrum of current; 
(c) superposed real part impedance spectrum; (d) superposed imaginary 
part impedance spectrum 
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Figure  5.15  Comparison of PWAS impedance in low frequency range by HP4194A 
impedance analyzer and DAQ method using chirp and frequency swept 
signal sources 
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5.5.2 Broadband excitation versus stepped sines 

The stepped-sine excitation can only measure impedance at each frequency point at 

a time, while the broadband excitation can measure impedances at all frequencies 

simultaneously within one sweep. Apparently, the latter is a more time-efficient 

excitation for impedance measurement. However, stepped sine excitation has much 

higher SNR at each frequency point than broadband excitation. As can be seen in 

simulation in section 4.2, in the time record, the frequency components in the source add 

up and the peak source amplitude within the time record exceeds the amplitude of each 

frequency component by about 26dB (Figure  5.4, peak source amplitude 5V, amplitude 

of each frequency component is 0.25V). Since the input range must be set to 

accommodate the amplitude peak, each frequency component is measure at -26dB 

relative to full scale. This is why the spectra of the braodband excitation tend to become 

rather noisy than the one measured by using pure-tone excitations such as HP4194A 

impedance analyzer. However, this problem can be alleviated by performing averaging of 

the acquired spectrum over times, by extending the sweep to even longer length to 

achieve the desired spectral resolution, and by synthesizing an optimized signal source 

which has a desired power/amplitude spectrum for impedance measurement.  

5.6 CONCLUSIONS 

A novel impedance measurement system is presented in this chapter using the 

transfer function method. Two types of broadband excitations, i.e., chirp and frequency 

swept signals, were synthesized and studied both in simulation and experiment for a free-

PWAS impedance measurement. Between these two broadband excitations, the 

frequency swept excitation shows slightly better results for impedance measurement in 
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low frequency range. Also, a technique that can synthesize arbitrary broadband excitation 

with arbitrary amplitude spectrum is presented. The comparison of this novel impedance 

measurement system with the HP4194 impedance analyzer reveals that former provides a 

compact and low-price replacement for the latter. An application of this novel impedance 

analyzer to detect a space panel disbond is presented in Chapter 10. 
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6 DSP-BASED IMPEDANCE ANALYZER 

This chapter presents the development of a compact impedance analyzer based on a 

fixed-point digital signal processor (DSP) board, TI C6416T DSK. The developed system 

was demonstrated to measure E/M impedance of a free PWAS in 1 MHz frequency range. 

6.1 EXPERIMENTAL SETUP 

Figure  6.1 shows the development platform of the DSP-based impedance analyzer 

system. It consists of a TI C6416T DSK board operating at 1GHz and functioning as the 

computation core of the system, a Signalware AED101 analog expansion daughter card 

providing 2-channel ADCs and DACs with sampling rate of up to 80MHz, and a PC 

power source (+5V, +12V, -12V). 

 

Figure  6.1  Hardware configuration of the DSP-based impedance analyzer system 
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6.1.1 TI C6416T DSP 

The C6416 DSP is a fixed-point processor, where numbers are represented and 

manipulated in integer format. It is fast but demands more coding effort for floating-point 

arithmetic than floating-point processors. The C6416 DSP on the DSK board interfaces to 

on-board peripherals through one of the two busses, the 64-bit wide EMIFA (external 

memory interface A) and the 8-bit wide EMIFB (Figure  6.2). EMIFA is connected to 

daughter card expansion connectors providing communications between DSP and the 

analog expansion daughter card (Spectrum Digital Inc., 2004). 

 

Figure  6.2  Block diagram of C6416T DSK board 

 

6.1.2 Signalware AED101 analog board 

Figure  6.3 shows the block diagram of the Signalware AED101 analog expansion 

daughter card (Signalware, 2004). The AED101 has a wide variety of applications that 

require high sample rates for one or two channels input/output. The inputs can be 

sampled at 12bits, 80MS/s with the ADS809Y A/D converter. The two THS5661A D/A 
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converters support an output of 12bits up to 80MS/s. The advantages of this 

daughterboard over boards that contain only the A/D and D/A converter is that it provides 

breadboard space for analog signal conditioning circuits and a Field Programmable Gate 

Array (Xilinx Virtex XCV50E FPGA) for digital preprocessing before the sampled data 

is placed in the DSP memory.  

 

Figure  6.3  Block diagram of Signalware AED101 analog expansion daughter card 

Table  6.1 Daughter card FPGA registers 

 

This allows prototypes with the complete front end design which is often essential to 

successful development in high performance applications of the DSP. The inputs to the 

A/D converter and the output from the D/A converters can connect directly to a 

breadboard area on which conditioning circuits can be constructed. The A/D and D/A 
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converters have their parallel digital interface connected directly to the Xilinx FPGA 

which provides a flexible digital interface to the DSP. Table  6.1 lists all the available 

FPGA registers which are memory-mapped and provide the ability to operate the ADCs 

and DACs sampling rate, ADC FIFO and DCA FIFO, DSP external interrupt generation, 

digital I/O, etc. 

6.2 SYSTEM SOFTWARE DESIGN 

The software of the system was developed in C using DSP/BIOS (real-time 

embedded OS) with TI CCS IDE tool. The DSP-base impedance analyzer system 

employs the impedance measurement approach described in Chapter 5 and can be mainly 

divided into the following functional modules (Figure  6.4): excitation signal generation, 

data acquisition, impedance evaluation. Before starting the system, excitation data is 

written to DAC FIFO to prevent underflow. The data from ADC FIFO are 32-bit integers, 

interleaved with two ADCs channel data (with the most significant 16 bits as voltage data 

and the least significant 16 bits as current data). Due to the high-speed data throughput, 

EDMA is used to handle data transfer between FIFOs and internal memory. To avoid the 

conflict caused by writing and reading data at the same time, both input and output utilize 

ping-pong buffers (TI, 2001). 

 

Figure  6.4  Block diagram of DSP-based impedance analyzer 
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6.2.1 Enhanced Direct Memory Access (EDMA) 

Detailed EDMA channel setups for ADC and DAC are shown in Figure  6.5. ADC 

EDMA channel is alternate chained to DAC EDMA channel. Therefore, after each DAC 

EDMA transfer (512 words, limited by DAC FIFO size), which is triggered by external 

interrupt (generated by FPGA down counter), one ADC EDMA transfer (512 words, 

limited by ADC FIFO size) is also triggered. After acquiring wanted length of samples 

(e.g., a frame of data), an EDMA interrupt is generated and notify CPU to process the 

data. 

 

Figure  6.5  ADC and DAC EDMA channel setup 
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6.2.2 Excitation signal generation 

The 12-bit DAC THS5661 on the board, working in mode 0 (straight binary 

input), delivers complementary output currents for excitation generation. Hence, the 

differential output voltage of excitation can be expressed as  

 2 4095
4096diff FS load

CODEVout Iout R−
= × ×  (6.1) 

where, CODE  is the decimal representation of the DAC data input word, FSIout  is the 

full-scale output current (TI, 1999). From Equation (6.1), CODE  can be derived as 

 0.5(4096 4095)
1
VoutCODE
Volt

= ⋅ +  (6.2) 

For chirp excitation, Vout takes the form of 

 2 1
1sin 2 ( 0.5 )i

F FVout F i i
N

π −⎡ ⎤= +⎢ ⎥⎣ ⎦
 (6.3) 

where, 1 start sF f f= , 2 end sF f f=  are normalized frequencies. Equation (6.2) and (6.3) 

enable us to generate decimal codes to represent a chirp excitation for DAC output. 

6.2.3 Impedance evaluation 

From Chapter 4, we know that impedance takes the form of  

 ( )( )
( )

V fZ f
I f

=  (6.4) 

and can be rewritten as 

 ( ) ( )( )( )
( ) ( ) ( )

v v

i i

I f jQ fV fZ f
I f I f jQ f

+
= =

+
 (6.5) 

Four-quadrant arctangent function has to be used to calculate the complex impedance Z 

above. Implementation of four-quadrant arctangent on a fixed-point digital signal 
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processor is not trivial. Considerable research has been done to evaluate the accuracy and 

computation cost of different arctangent implementations, such as CORDIC algorithm 

(Volder, 1959), look-up table (Rodrigues et al., 1981), and polynomial approximation 

(Rajan, 2006). CORDIC algorithm is a multiplierless algorithm but demands more 

instructions cycles due to the iteration nature of the algorithm. In contrast, look-up table 

is a fast approach. However, it consumes large amount of memory space as the need for 

accuracy increases. Considering the availability of powerful multiplier in the DSP, 

polynomial approximation makes a good candidate here for the four-quadrant arctangent 

approximation 

Polynomial approximation of four-quadrant arctangent presented in Rajian, et al. 

(2006) based on quadrant transformation is employed to compute impedance in Equation 

(6.4). For complex data sample, I jQ+ , the phase angle can be determined by arctan( )z , 

where 

 ( , )Iz
Q

= ∈ −∞ +∞  (6.6) 

However, this is not implementable on any embedded platform. Appropriate 

transformation on I and Q has to be made. Without loss of generality, consider 

trigonometric identity in quadrant I ( 0 x π≤ ≤ ): 

 1 tan( )tan( )
4 1 tan( )

xx
x

π −
− =

+
 (6.7) 

Apply arctangent to both side of Equation (6.4) and rearrange, we have 

 1 tan( )arctan
4 1 tan( )

xx
x

π ⎡ ⎤−
= − ⎢ ⎥+⎣ ⎦

 (6.8) 

Substitute arctan( )x z=  into Equation (6.8), 
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 1arctan( ) arctan( )
4

z zπ
= +  (6.9) 

where, 

 1 [ 1,1]Q Iz
Q I

−
= ∈ −

+
 (6.10) 

To extend the transformation to four quadrants, Equation (6.9) is modified as 

 

1

1

1

1

1

arctan( ),    
4
3 arctan( ),               
4arctan( )
3 arctan( ),           
4

arctan( ),             
4

z Qudrant I

z II
z

z III

z IV

π

π

π

π

⎧ +⎪
⎪
⎪ −⎪

= ⎨
⎪− +
⎪
⎪
⎪− −
⎩

 (6.11) 

and Equation(6.10) is modified as 

 1 [ 1,1]
Q I

z
Q I

−
= ∈ −

+
 (6.12) 

Equation (6.12) maps z in open infinite interval (-∞, +∞) to z1 in finite interval [-1 1]. 

1arctan( )z  in interval [-1 1] can be approximated by linear, quadratic or cubic 

polynomials as follow 

 1 1arctan( )
4

z zπ
≈  (linear) (6.13) 

 1 1 1 1arctan( ) 0.273 (1 )
4

z z z zπ
≈ + −  (quadratic) (6.14) 

 1 1 1 1 1arctan( ) ( 1)(0.2447 0.0663 )
4

z z z z zπ
≈ − − +  (cubic) (6.15) 

The maximum absolute errors of linear, quadratic and cubic approximation of 1tan( )Arc z  

are 0.07 radians (4˚), 0.0038 radians (0.22˚) and 0.0015 radians (0.086˚), respectively. 
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Equation (6.11), (6.12), (6.13) or (6.14) or (6.15) allows us to compute four-quadrant 

arctangent function. 

6.2.4 System state diagram 

Figure  6.6 shows the state diagram of the DSP-based impedance analyzer 

program. 

 

Figure  6.6  State diagram of DSP-based impedance analyzer 

State S1 performs all the necessary initializations, such as allocating memory, setting 

EDMA channel parameters, loading FPGA down counter initial value, etc. Then FPGA 

and EDMA are enabled to run the system in state S2 for data acquisition. After getting 

wanted length of data, DSP disables the EDMA channel, process the data for impedance 

calculation, and store there results in external memory SDRAM, as shown in state S3. 

After completion of data processing, the program returns to state S2. If pre-determined 

copies of impedance data have been acquired, the program goes to state S4 to average the 

stored impedance results in SDRAM. Note that the software is not implemented in a real-

time fashion, but is flexible for testing different data processing algorithm. This is very 

important for a system still at its developing stage. 
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6.3 EXPERIMENT RESULTS 

The developed DSP-based impedance analyzer was tested to measure E/M 

impedance of a free PWAS. Parameter setups of the system are as follows: linear chirp 

sweeping in the frequency range of 100 kHz to 1 MHz was employed as excitation; 

sampling frequency was set to be 10 MHz and number of samples is equal to 1024; 

quadratic polynomial is used to approximate arctangent for impedance calculation, and 

256-time average were used to obtained the final impedance spectra. Figure  6.7 shows 

the recorded voltage and current waveforms. Amplitude spectra of voltage and current 

are show in Figure  6.8. 

 

Figure  6.7  Voltage and current signal 

 

Figure  6.8  Amplitude spectra of voltage across PWS (a) and current (b) 
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Figure  6.9  Superposed real part impedance spectra 

 

Figure  6.10  Superposed imaginary part impedance spectrum 

The measured real and imaginary part impedance spectra by the DSP-based and HP4194 

impedance analyzers are superposed and shown in Figure  6.9 and Figure  6.10, 

respectively. As we can see, two anti-resonant impedances of the free PWAS were 

clearly identified by the DSP-based impedance analyzer. However, there are some 
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difference between the impedance spectra measured by DSP-based impedance analyzer 

and HP4194A impedance analyzer. Small fluctuations are observed in the real-part 

impedance spectrum measured by DSP-based impedance analyzer. This may be caused 

by the noise in the digitized data or the numerical error from the floating-point algorithm 

when implemented on the fixed-point digital signal processor.  

6.4 DISCUSSION 

The development of a DSP-based impedance analyzer using TI C6000 fixed-point digital 

signal processor together with an analog daughter board system was presented in this 

chapter. The system computation core (C6416 DSP) operating at 1 GHz frequency and 

utilizing EDMA to handle the high-speed data throughput, it can acquire impedance of 

DUT in a very time-efficient way. However, extra efforts have to be paid when 

implement floating-pint algorithm on this fixed-point digital signal processor. 

Preliminary test of the system was performed to measure E/M impedance a free PWAS. 

Although some numerical errors were observed in the obtained impedance spectra, the 

results are quite promising. In this particular preliminary test, the sampling frequency is 

set to be 10 MHz and excitation frequency is up to 1 MHz. However, the maximum 

sampling frequency of ADC and DAC are up to 80 MHz. The operating frequency of the 

system could be higher if the DSP’s EMIFA (external memory interface A, 125 MHz by 

default) can handle the high-speed date rate. Recommended future work consists of 

determination of the system’s highest operating frequency and adding a digital filter to 

reduce the noise in the digitized data. The hardware platform of the system can also be 

used to conduct wave propagation experiments, such as pitch-catch, pulse-echo methods. 

However, the FPGA on the analog daughter board needs to be reconfigured to support 
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EMIF synchronous mode so that data transfer of FPGA ADC and DAC FIFOs can be 

synchronized. 
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PART II: SIGNAL PROCESSING AND INTERPRETATION 
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7 LAMB WAVE DISPERSION COMPENSATION AND REMOVAL 

7.1 INTRODUCTION 

Lamb-wave testing for SHM is complicated by the dispersion nature of the wave 

modes. Dispersive waves have frequency-dependant propagation characteristics (Sachse 

and Pao, 1978). Hence, even narrowband Lamb wave excitations, such as tone bursts, 

will disperse as they propagate through structures. The dispersion effect will result in a 

propagated wave with longer time duration and deformed envelop shape as compared to 

its excitation counterpart. This deteriorates the wave spatial resolution and makes it hard 

to interpret the experimental data.  

This dispersion issue can be addressed, for example, by using Lamb wave tuning 

technique (Giurgiutiu 2005; Santoni et al., 2007), which utilizes narrowband excitation 

and tune excitation frequency until a quasi non-dispersive Lamb wave mode is obtained. 

Alternatively, it can be addressed by using Lamb wave dispersion compensation 

algorithm proposed by Wilcox (2001, 2003). This algorithm makes use of a priori 

knowledge of the dispersion characteristics of a guided wave mode and performs signal 

processing algorithm to map signals from the time domain to the spatial domain and 

reverse the dispersion process. The basic idea underlying dispersion compensation is very 

similar to the time reversal procedure presented in next chapter, in which a signal 

recorded at the receiver side is time reversed and propagated back to the source, the 

signal is then compressed to its original shape (Xu and Giurgiutiu 2007). Instead of 
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physically propagating back the received signal to its source, dispersion compensation 

method analytically maps the received signal back to its source to retrieve its original 

shape and location through signal processing approach. More recently, Liu (2006) and 

Liu and Yuan (2009) proposed a dispersion removal procedure based on the wavenumber 

linear Taylor expansion. By transforming a dispersed signal to frequency domain and 

interpolating the signal at wavenumber values satisfying the linear relation, the original 

shape of the signal can be recovered.  

This chapter first reviews the dispersion compensation and removal algorithms. 

Second, it compares these two methods by applying them to two widely used low-

frequency Lamb wave modes: S0 and A0. Numerically simulations are compared in 

parallel with experimental results. Finally, the dispersion compensation algorithm is 

applied to 1-D PWAS phased array to improve phase array’s spatial resolution. 

7.2 THEORY OF DISPERSION COMPENSATION AND REMOVAL 

7.2.1 Dispersed wave simulation 

Figure  7.1 illustrates the use of PWAS in pulse-echo mode to detect crack damage 

in a thin-wall structure.  

 
Excitation 

 

 
Pulse Echo 

 

PWAS Structure Crack 

x0/2

g(t)
f(t)  

 

Figure  7.1 principles of pulse-echo method to detect a crack near PWAS 
transducers on a thin-wall structure 

PWAS transducer was bonded to the structure to achieve direct transduction of electric 

energy into elastic energy and vice-versa. In Figure  7.1, the compact wave f(t) denotes 
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the forward Lamb wave excitation; the elongated wave g(t) denotes the dispersed Lamb 

wave reflected from the crack. 

Assuming constant reflection coefficient A, and x0/2 distance separation between the 

PWAS and the crack; the reflected waveform after x0 propagation distance can be 

predicted by (see Section 2.9)  

 0

0

( )( ) ( , ) ( )
2

j t kx
x x

Ag t u x t F e dωω ω
π

∞ −
= −∞

= = ∫  (7.1) 

Equation (7.1) enables us to simulate a dispersed wave after a certain propagation 

distance. 

7.2.2 Dispersion compensation algorithm 

If we propagate backward the g(t) to its source location (i.e., set t = 0) but in 

reversed propagation direction (i.e., set  x = -x), we have dispersion compensated 

waveform h(x) as 

 ( )

0 0

1 1( ) ( , ) ( ) ( )
2 2

j t x jkx
x x x x
t t

h x u x t G e d G e dω αω ω ω ω
π π

∞ ∞−
=− =−−∞ −∞= =

= = =∫ ∫  (7.2) 

where G(ω) is the Fourier transform of g(t). Note that Equation (7.2) is the fundamental 

dispersion compensation equation. It maps the signal from time domain to spatial domain 

and reverses the dispersion process. Recall the definitions of group velocity ( )grc ω  and 

phase velocity ( )psc ω , we have 

 
( )

( )
gr

ph

d c dk

c k

ω ω

ω ω

=

=
 (7.3) 

Substitute (7.3) into (7.2), we have 

 1( ) ( )
2

jkxh x H k e dk
π

∞

−∞
= ∫  (7.4) 
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where, ( ) ( ) ( )grH k G cω ω= , ( )kω ω= . The wavenumber k can be thought of as a spatial 

frequency variable. Thus, x and k are dual variables for transforming between spatial and 

wavenumber domains, in the same sense as t  and ω  are dual variables for transforming 

between time and frequency domains. Inverse Fourier transform methods (e.g., IFFT) can 

be used to calculate h(x) in Equation (7.4). However, besides interpolating G(ω) and 

( )grc ω , careful setup of the variables in spatial/wavenumber domains w.r.t. those in 

time/frequency domains is needed to ensure the calculation accuracy (see Appendix A). 

7.2.3 Dispersion removal algorithm 

As shown in Section 2.9, the nonlinear wavenumber ( )k ω  is the cause of the Lamb 

wave dispersion; if the wavenumber is in a linear relation w.r.t. ω , there will be no 

dispersion in a propagated waveform. Based on this concept, the dispersion removal 

algorithm maps the signal to wavenumber domain, where linear wavenumber relation is 

satisfied, to removal the dispersion effect. The linear wavenumber relation is 

approximated by using the Taylor expansion of the wavenumber ( )k ω  at the excitation 

central frequency 0ω  up to the first order as 

 ' 0
0 0 0 0

0
( ) ( ) ( ) ( )( ) ( )

( )lin
gr

k k k k k
c
ω ωω ω ω ω ω ω ω

ω
−

≈ = + − = +  (7.5) 

Therefore, to remove the dispersion in a dispersed wave, such as g(t), the procedure can 

be summarized as follows: 

Apply Fourier transform to g(t) and get ( )G k , where ( )G k  = ( )G ω  since k is a 

function of ω ;  

Use Equation (7.5) to calculate linear wavenumber values ( )link ω ; 
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Interpolate [ ], ( )k G k  pair at ( )link ω  to get [ ]( )linG k ω ; 

Apply inverse Fourier transform to [ ]( )linG k ω  to get a wave with the dispersion 

removed. 

As compared to the dispersion compensation algorithm, the dispersion removal algorithm 

needs less computation efforts. 

7.3 DISPERSION COMPENSATION VERSUS DISPERSION REMOVAL 

Dispersion compensation and dispersion removal algorithms are compared in this 

section. The comparison is based on both numerical and experimental results for 

recovering two dispersed S0 and A0 Lamb waves  

7.3.1 Numerical simulation  

Numerical simulations comparison to recover the two widely used S0 and A0 modes 

on a 3-mm and 1-mm aluminum plates (ρ = 2780 kg/m3, E = 72.4×109 Pa) were 

performed. To maximize the dispersion effect of one mode while suppressing the other 

mode, tone burst excitations were selected to center at 350 MHz for S0 mode on the 3-

mm plate with group velocity cgr = 5380 m/s and at 36 kHz for A0 mode on the 1-mm 

plate with group velocity cgr = 1163 m/s, based on group velocity dispersion curves and 

normalized strain responses as shown in Figure  7.2 and Figure  7.3, respectively. 
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Figure  7.2 1-mm aluminum plate group velocity and normalized strain plots: (a) S0 
and A0 group velocity dispersion curves; (b) predicted Lamb wave 
normalized strain response under 7-mm PWAS excitation 

 

Figure  7.3 3-mm aluminum plate group velocity and normalized strain plots: (a) S0 
and A0 group velocity dispersion curves; (b) predicted Lamb wave 
normalized strain response under 7-mm PWAS excitation 

Simulation results of S0 mode using dispersion compensation and removal are 

plotted in Figure  7.4. Figure  7.4a shows a Hanning windowed tone burst excitation 

centered at 350 kHz, which is used to excite S0 mode Lamb wave. Figure  7.4b illustrates 

the dispersed S0 mode waveform after propagation distance of 300 mm, simulated by 

Equation (7.1). Because of dispersion, the waveform changes its envelope shape as it 

propagates through the structure. Figure  7.4c shows the waveform recovered by 

dispersion compensation algorithm using Equation (7.4). Spatial resolution of the wave 

packet is largely improved as compared to its dispersed version. Meanwhile, the 

waveform is exactly sitting at the expected spatial location x = 300 mm. Figure  7.4d 
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shows the recovered waveform by dispersion compensation algorithm and Figure  7.4e 

shows the recovered waveform by dispersion removal algorithm in time domain. Both of 

the recovered waveforms are very close to their original tone burst excitation. A close 

examination of these two recovered waveforms shows that dispersion removal algorithm 

show slightly better performance. 

Similar simulation results, as shown in Figure  7.5, were observed when applying 

the dispersion compensation algorithm to a dispersed 36 kHz A0 mode wave on a 1-mm 

aluminum plate. The spatial resolution of the dispersed A0 mode wave was improved after 

mapping it from time domain to spatial domain using dispersion compensation algorithm. 

However, the compensated waveform in time domain (Figure  7.5d) seems to possess 

higher frequency components as compared to its original tone burst excitation. This may 

due to the artifacts introduced by mapping procedure (e.g., interpolation method) in 

dispersion compensation algorithm. In contrast, the recovered waveform by dispersion 

removal algorithm is very close to the shape of its original tone burst excitation, as shown 

in Figure  7.5d.  
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Figure  7.4 Numerical simulation of dispersion compensation of 350 kHz S0 mode on 
a 3-mm aluminum plate: (a) 3.5-count Hanning windowed tone burst 
center at 350 kHz; (b) dispersed S0 mode wave after x = 300 mm 
propagation distance, simulated by Equation (7.1); (c) recovered S0 
mode wave in spatial domain by dispersion compensation algorithm; (d) 
recovered S0 mode wave in time domain by dispersion compensation 
algorithm; (e) recovered S0 mode wave in time domain by dispersion 
removal algorithm 
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Figure  7.5 Numerical simulation of dispersion compensation of 36 kHz A0 mode on 
a 1-mm aluminum plate: (a) 3-count Hanning windowed tone burst center 
at 36 kHz; (b) dispersed A0 mode wave after x = 400 mm propagation 
distance, simulated by Equation (7.1); (c) recovered A0 mode wave in 
spatial domain by dispersion compensation algorithm; (d) recovered A0 
mode wave in time domain by dispersion compensation algorithm; (e) 
recovered A0 mode wave in time domain by dispersion removal algorithm 
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7.3.2 Experimental verification 

7.3.2.1 Experimental setup 

Figure  7.6 shows Lamb wave dispersion compensation and removal experimental 

setup using permanently bonded PWAS transducers. It consists of a HP33120 function 

generator, a Tektronix 5430B oscilloscope and a PC (Figure  7.6a). Two specimens were 

used: one is a 1524mm×1524mm×1mm aluminum plate bonded with two round 7-mm 

diameter PWAS, 400 mm apart (Figure  7.6b); the other one is a 1060mm×300mm×3mm 

aluminum plate bond with two 7-mm square PWAS, 300 mm apart (Figure  7.6c). To 

eliminate boundary reflection interference, modeling clay was put around specimen edges. 

Instead of using one transmitter and one reflector working a pulse-echo mode, a pair of 

transducers working in pitch-catch mode was used for better SNR. All the signals from 

receivers were recorded by oscilloscope and saved in Excel data format. 

 

Figure  7.6 Dispersion compensation experimental setup and specimens: (a) 
dispersion compensation experimental setup; (b) 
1524mm×1524mm×1mm 2024-T3 aluminum plate bonded with two round 
7-mm PWAS, 400 mm apart; (c) 1060mm×300mm×3mm 2024-T3 
aluminum plate bond with two 7-mm square PWAS, 300 mm apart 
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7.3.2.2 Experimental results 

Before applying dispersion compensation and removal algorithms, the recorded 

waveforms need to be pre-processed, including DC removal, upsampling, and zero 

padding, to minimize frequency leakage and prevent Fourier transform data wrapping 

during the dispersion compensation algorithm.  

Figure  7.7 shows the dispersion compensation and dispersion removal results of a 

350 kHz S0 mode wave on a 3-mm aluminum plate after propagation distance x of 300 

mm. The experimental results are found to be very close to our numerical prediction. The 

dispersed S0 mode wave packets were well recovered by both algorithms. 

Figure  7.8 shows the dispersion compensation and removal results of a 36 kHz A0 

mode wave on a 1-mm aluminum plate after propagation distance x of 400 mm. The 

experimental results are very close to simulation results. Before applying dispersion 

compensation and removal algorithms, the A0 mode wave packet time span is around 30 

sμ . In contrast, the A0 mode wave packet was compressed to around 10 sμ  span after 

dispersion compensation. The spatial resolution of A0 mode wave packet is largely 

increased after applying dispersion compensation and removal methods. Again, a high 

frequency component was observed in the recovered A0 when using dispersion 

compensation algorithm.  
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Figure  7.7 Experimental results of dispersion compensation of 350 kHz S0 mode on 
a 3-mm aluminum plate: (a) 3.5-count Hanning windowed tone burst 
center at 350 kHz; (b) dispersed S0 mode wave after x = 300 mm 
propagation distance, simulated by Equation (7.1); (c) recovered S0 
mode wave in spatial domain by dispersion compensation algorithm; (d) 
recovered S0 mode wave in time domain by dispersion compensation 
algorithm; (e) recovered S0 mode wave in time domain by dispersion 
removal algorithm 

 

0 30 60 90 120

0

time, us

 

0 30 60 90 120

0

time, us

 

0 300 600 900

0

x, mm 

0 30 60 90 120

0

time, us

 

 

 

 

 

 

 

 

 

 

0 30 60 90 120

0

time, us

 

 

 

  



 119

 

Figure  7.8 Experimental results of dispersion compensation of 36 kHz A0 mode on a 
1-mm aluminum plate: (a) 3-count Hanning windowed tone burst center at 
36 kHz; (b) dispersed A0 mode wave after x = 400 mm propagation 
distance, simulated by Equation (7.1); (c) recovered A0 mode wave in 
spatial domain by dispersion compensation algorithm; (d) recovered A0 
mode wave in time domain by dispersion compensation algorithm; (e) 
recovered A0 mode wave in time domain by dispersion removal algorithm 
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7.4 CONCLUSIONS 

Nonlinear characteristic of the wavenumber is the cause of the Lamb wave 

dispersion. The dispersion causes the elongation of received waves, deteriorates the 

spatial resolution of the waves, makes the experimental data hard to interpret, and limits 

the selection of Lamb wave operating frequency. 

In this chapter, dispersion compensation and removal algorithms were first 

theoretically investigated and compared for recovering dispersed S0 and A0 mode Lamb 

waves using both simulation and experimental data. It was found that both algorithms 

were able to well recover the original shape of a dispersed S0 wave packet. By mapping a 

wave packet from time domain to spatial domain, the dispersion compensation algorithm 

is also able to directly recover a wave packet’s spatial location, which is not available in 

the dispersion removal algorithm. However, the dispersion removal algorithm 

outperformed the dispersion compensation algorithm for recovering the A0 mode Lamb 

wave. Moreover, the dispersion removal algorithm takes less computation efforts than the 

dispersion compensation algorithm. 
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8 LAMB WAVE TIME REVERSAL WITH PIEZOELECTRIC WAFER 

ACTIVE SENSORS 

8.1 INTRODUCTION 

8.1.1 Issues in guided wave for structural health monitoring 

Application of Lamb waves for SHM is complicated by the existence of at least 

two modes at any given frequency, and by the dispersive nature of the modes. When a 

guided wave mode is dispersive, an initial excitation starting in the form of a pulse of 

energy will spread out in space and easily get overlapped with the reflection from the 

defects in the structure. This fact worsens the spatial resolution and makes experimental 

data hard to interpret, especially for long-distance testing. Chapter 7 presented the work 

of compensating dispersion numerically by taking into account the dispersion 

characteristics of the guided wave modes. However, the approach of Chapter 7 needs 

accurate group velocity data of the structure, involves extensive computation, and may 

not be effective for real-time SHM system.  

For many existing guided wave SHM techniques, the monitoring of the structural 

health status is performed through the examination of the guided wave amplitude, phase, 

dispersion, and the time of the flight in comparison with the “pristine” situation, i.e. the 

baseline. These methods may be sensitive not only to small changes in the material 

stiffness and thickness, but also to the temperature changes. The baseline measured at one 

temperature, may not be a valid baseline for the measurement made at another 
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temperature. Furthermore, maintenance of the baselines database needs extensive 

memory space. All these aspects limit the application of guided waves for SHM. 

Kim, et al. (2005) hypothesized that these issues encountered and manifested in 

traditional guided wave SHM methods may be overcome by a new approach based on the 

time reversal principle. This technique uses the reconstruction property of the time 

reversal procedure, i.e., an original wave can be reconstructed at its source point if its 

forward wave recorded at another point is time reversed and emitted back to the source 

point. However, when damage is presented in the structure between the source and 

receiver, the forward wave may be mode converted, scattered or reflected by the damage, 

and the reconstruction procedure may break down. Thus, the reconstructed wave can be 

compared directly with its original already known source to tell the presence of the 

damage in the structure without using a baseline. In addition, time reversal procedure 

recompresses a dispersive wave, improves the spatial resolution of the testing, and makes 

it easier to interpret the experimental data. 

8.1.2 Time reversal principle 

The concept of ultrasonic time-reversal was first extensively studied by Fink 

(1992a,b,c; Fink et al., 2000). Within the range of sonic or ultrasonic frequencies where 

adiabatic processes dominate, the acoustic pressure field is described by a scalar ( , )p r tr  

that, within a heterogeneous propagation medium of density ( )rρ r  and 

compressibility ( )rκ r , satisfies the equation  

 
( ) ( , ) 0,

1( ),       ( ) .
( )

r t

r t tt

L L p r t

L L r
r

κ
ρ

+ =

= ∇ ⋅ ∇ = − ∂

r

r r r
r

 (8.1) 



 123

This equation is time-reversal invariant because Lt contains only second-order derivatives 

with respect to time (self-adjoint in time), and Lr satisfies spatial reciprocity since 

interchanging the source and the receiver does not alter the resulting fields.  

In a non-dissipative medium, Equation (8.1) guarantees that for every burst of 

sound that diverges from a source, there exists a set of waves that would precisely retrace 

the path of the sound back to the source. This fact remains true even if the propagation 

medium is inhomogeneous and has variations of density and compressibility which 

reflect, scatter, and refract the acoustic waves. If the source is point like, time reversal 

allows focusing back onto the source whatever the medium complexity (Fink et al., 2004). 

 

Figure  8.1 Two operation steps of time-reversal procedure using acoustic time-
reversal mirror (Fink, 1999) 

The generation of such a converging wave has been achieved by using the so called time-

reversal mirrors (TRM). Figure  8.1 illustrates the two operation steps of the time-reversal 

mirror (Fink, 1999). In the first step (left), a source f(t) emits waves that propagate out 

and are distorted by inhomogeneities in the medium. Each transducer in the mirror array 

detects the wave arriving at its location and feeds the resulting signal gi(t) to a computer; 

in the second step (right), each transducer plays back the reversed signal gi(-t) in 
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synchrony with the other transducers. In accordance with the time invariance of Equation 

(8.1), the original wave is re-created traveling backward, thus retracing its passage back 

through the medium, untangling its distortions and refocusing on the original source point 

as f(-t). As we can see, after the time reversal procedure, the source f(t) is reversed and 

reconstructed as f(-t) and the wave is refocused onto its original source point. These two 

time reversal properties have been used in many applications based on bulk waves such 

as underwater acoustics, telecommunications, room acoustics, ultrasound medical 

imaging, and therapy (Fink, 2004). 

8.1.3 Lamb wave time reversal 

Due to the complexity and multimode characteristics of Lamb waves, the time 

reversal of Lamb waves has been explored by a fewer researchers. Time reversal method 

has been tried to improve SNR and space resolution of a dispersed Lamb wave 

transmitted over a particular distance (Alleyne et al., 1992). Also, time reversal method 

has been used to focus Lamb wave energy to detect flaws or damages in plates (Ing and 

Fink, 1996, 1998; Pasco et al., 2006). More recently, Lamb wave time reversal method 

was introduced as a baseline-free SHM technique (Kim et al., 2005; Park et al., 2007).  

Kim et al. (2005) conducted Lamb wave time reversal experiments to detect damages on 

plates. As shown in Figure  8.2, the damage was simulated by a steel block attached 

between two surface-bonded PWAS, A and B. Without the block attached, the time-

reversal reconstructed wave was close in shape to the original wave. When the block was 

attached, the reconstructed wave differed from the original wave. Thus, the presence of 

the damage was detected by comparing the shapes of the reconstructed wave and the 

original input. 
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Figure  8.2 Time reversal experiment for attached steel block detection: (a) a steel 
block (5.0cm H × 4.5cm W × 0.6cm T) attached between PWAS A and B; 
(b) normalized original input and reconstructed signals at PWAS A (Kim 
and Sohn, 2005) 

Although Lamb wave time-reversal technique has been attempted experimentally and 

shows its effectiveness for detecting certain types of damages, the theory of Lamb wave 

time reversal has not been fully studied. An approximation to Lamb wave time reversal 

based on Mindlin plate wave theory was presented by Wang et al. (2004). It predicts time 

reversal of flexural wave, which is a good approximation of A0 mode Lamb wave at low 

frequency range, but incapable of analyzing the other widely used Lamb wave mode, 

such as S0 mode, or the multi-mode Lamb waves, such as S0+A0 mode. More importantly, 

it is not accurate because it does not include PWAS model into the theory. 

This chapter presents a theoretical modeling of Lamb wave time reversal using 

PWAS transducers. To validate the theory, time reversal of single mode (S0 mode or A0 

mode) and two-mode (S0+A0 mode) Lamb waves were studied numerically and 

experimentally. Finally, time invariance of Lamb wave time reversal is discussed. 

8.2 MODELING OF PWAS LAMB WAVE TIME REVERSAL 

Time reversal of Lamb waves can be modeled by the following two-step process: 

Apply tone burst excitation Vtb at PWAS #1 and record the forward wave Vfd at 

PWAS #2.  
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Emit the time-reversed wave Vtr from PWAS #2 back to PWAS #1. The wave 

picked up by PWAS #1 is the reconstructed wave Vrc.  

By following the time reversal steps, the modeling of time reversal incorporating forward 

and inverse Fourier transforms is illustrated in Figure  8.3, where subscripts tb, fd, tr and 

rc signify tone burst, forward, time reversed and reconstructed waves, respectively. The 

relationship between the tone burst excitation Vtb and the reconstructed wave Vrc can be 

expressed using the Fourier transform as 

 2( ) { ( ) ( )} { ( ) ( ) }rc tr tbV t IFFT V G IFFT V Gω ω ω ω= ⋅ = − ⋅  (8.2) 

where IFFT{} denotes inverse Fourier transform, ( )G ω  is the frequency-dependent 

structure transfer function that affects the wave propagation through the medium. Time-

reversal property of Fourier transform, i.e., reversing a signal in time also reverses its 

Fourier transform, was used in the deduction. 

 

Figure  8.3 Lamb wave time-reversal procedure block diagram 

For Lamb waves with only two modes (A0 and S0) excited, the structure transfer function 

G(ω) can be written using t Equation (2.29) as 

 ( ) ( ) ( )
S Aik x ik xG S e A eω ω ω− −= +  (8.3) 
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where 0( ) sin( ) ( ) ( )S S S
S S

aS i k a N k D kτω
μ

′= − , 0( ) sin( ) ( ) ( )A A A
A A

aA i k a N k D kτω
μ

′= − . 

Thus, 

 2 2 2 * ( ) * ( )( ) ( ) ( ) ( ) ( ) ( ) ( )
S A S Ai k k x i k k xG S A S A e S A eω ω ω ω ω ω ω− − −= + + +  (8.4) 

where * denotes the complex conjugate. Substitution of Equation (8.4) into Equation 

(8.2), generates the reconstructed wave Vrc. We note that the first two terms, 2( )S ω  and 

2( )A ω , of Equation (8.4) will work together and generate only one wave packet in the 

reconstructed wave Vrc. Whereas the third and fourth terms in Equation (8.4) will each 

generate extra wave packets in the reconstructed wave Vrc. These extra wave packets will 

be placed ahead and behind the main packet in a symmetrical fashion. The actual 

locations of these two extra wave packets can be predicted using Fourier transform 

property of right/left shift in time. A plot of the reconstructed wave for two-mode Lamb 

wave time reversal procedure using a 3.5-count 210 kHz tone burst is given in Figure  8.4.  

 

Figure  8.4 Reconstructed wave using 3.5-count 210 kHz tone burst excitation in 
simulation of two-mode Lamb wave time reversal 

The three wave packets are clearly observed in the reconstructed wave, as expected. 

Hence, for time reversal of a Lamb wave with two modes (S0 mode and A0 mode), the 
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reconstructed wave Vrc contains three wave packets. Although the input signal is not 

time-invariant in this case, the main wave packet in the reconstructed wave may still 

resemble its original tone burst excitation if 2 2( ) ( )S Aω ω+ remains constant over the 

tone burst spectral span. This theoretical deduction explains the experimental 

observations reported by (Kim et al., 2005) as discussed earlier.  

This situation could be alleviated if a single mode-Lamb wave could be excited. 

Assume that we use the Lamb wave mode-tuning technique of Section 6.7 to excite a 

single-mode Lamb wave containing only the A0 mode. In this case, G(ω) function 

becomes 

 ( ) ( )
Sik xG A eω ω −=  (8.5) 

Substitute Equation (8.5) into Equation (8.2) and obtain 

 2( ) { ( ) ( ) }rc tbV t IFFT V Aω ω= − ⋅  (8.6) 

Equation (8.6) indicates that the reconstructed wave Vrc(-t) has the same phase spectrum 

as the time-reversed tone burst Vtb(-t), while its magnitude spectrum is equal to that of 

Vtb(-t) modulated by a frequency-dependent coefficient 2( )A ω . In particular, for narrow-

band excitation, 2( )A ω can be assumed to be a constant. Thus, Equation (8.6) became 

 ( ) { ( )} ( )rc tb tbV t Const IFFT V Const V tω= ⋅ − = ⋅ −  (8.7) 

Equation (8.7) implies that the reconstructed wave Vrc resembles the time-reversed tone 

burst excitation Vtb. If the tone burst excitation is symmetric, i.e., Vtb(t) = Vtb(-t), the 

reconstructed wave Vrc is identical in shape to its original tone burst. Therefore, we have 

proven that A0 mode Lamb wave is time reversible when using narrow-band excitation. 

Similarly, S0 mode Lamb wave is time reversible when using narrow-band excitation. 
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8.3 EXPERIMENTAL VALIDATION  

The experimental setup (Figure 7.6) presented in Chapter 7 was reused here. Our 

experiments were aimed at exploring if the use of single-mode Lamb waves could 

improve the time-reversal method as predicted by the theory. After following the mode 

tuning procedure on both specimens presented in Section 7.32, we considered the 

following waves in the timer reversal experiments:  

A0 mode dominant Lamb wav on the 1-mm specimen at 36 kHz;  

S0 mode dominant Lamb wave on the 3-mm specimen at 350 kHz;  

S0+A0 Lamb wave on the 3-mm plate at 210 kHz.  

The time-reversal experiments were conducted in two steps automated by using a 

LabVIEW program: (1) Forward wave generation: the function generator outputs tone 

burst to the PWAS transmitter to excite Lamb wave in the plate, and the PWAS receiver 

was connected to the oscilloscope to record the forward wave in the plate; (2) Time 

reversal and tone burst reconstruction: the signal from the receiver PWAS was time 

reversed, downloaded to the function generator volatile memory, and emitted back to the 

transmitter PWAS to recompress the dispersed tone burst.  

8.3.1 Time reversal of A0 mode Lamb wave 

Figure  8.5 shows the numerical and experimental results for the time-reversal of the 

A0 single-mode Lamb wave. Since A0 is dominant at this frequency, the forward wave 

captured after propagating 400mm consists mainly of the A0 mode wave packet, while the 

S0 mode wave packet is suppressed (Figure  8.5b). (Note: the initial wave packet showing 

in the experimental forward wave is due to the E/M coupling and should be ignored.) The 

forward wave was time reversed and emitted back (Figure  8.5c). Thus, the dispersed A0 
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wave packet was recompressed (Figure  8.5d). The reconstructed experimental wave 

resembles well the time-reversed original tone burst. 

8.3.2 Time reversal of S0 mode Lamb wave 

Figure  8.6a shows the S0 single-mode Lamb wave time reversal results. As it can be 

seen, the A0 mode Lamb wave is also excited slightly as observed in the forward wave 

recorded after propagating 300 mm (Figure  8.6b). The forward wave was time reversed 

and emitted back (Figure  8.6c). The reconstructed waves are shown in Figure  8.6d. 

Although there are some residual waves, the main wave packet in the reconstructed wave 

resembles well the original tone burst. 

8.3.3 Time reversal of S0+A0 mode Lamb wave 

A 3.5-count symmetric tone burst was tune to 210 kHz to excite both S0 mode and 

A0 mode Lamb waves (Figure  8.7a,b). As predicted by the theory of Section  8.2, three 

wave packets were obtained in the reconstructed wave. The first and the third wave 

packets are symmetrically placed about the main packet. The second wave packet is the 

main packet, which resembles the original tone burst excitation.  

This last experiment indicates that, when the single-mode condition cannot be 

created, the application of the time-reversal method is accompanied by unavoidable 

artifacts, i.e., the apparition of additional wave packets ahead and behind the main 

reconstructed packet as previously reported by Kim et al. (2005) and Park et al. (2007). 

These artifacts can pose difficulties in the practical implementation of the time-reversal 

method as a damage-detection technique. 

The experimental results measured in the three cases presented above were also 

compared with the theoretical prediction. To this purpose, Figure  8.5, Figure  8.6, Figure 
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 8.7 also contain the normalized signals predicted by the theory of Section 2.10. As it can 

be seen in Figure  8.5, Figure  8.6, Figure  8.7, the numerical and experimental signals in 

the time reversal procedure are very close to each other indicating that the PWAS Lamb 

wave time reversal theory predicts well the experiments. 

 

Figure  8.5 Numerical and experimental waves in A0 Lamb wave time reversal 
procedure: (a) 3-count 36 kHz original tone burst; (b) forward wave after 
propagating 400mm; (d) time reversed forward wave; (d) reconstructed 
wave 
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Figure  8.6 Numerical and experimental waves in S0 Lamb wave time reversal 
procedure: (a) 3.5-count 350 kHz original tone burst; (b) forward wave 
after propagating 300mm; (d) time reversed forward wave; (d) 
reconstructed wave 

 

Figure  8.7 Numerical and experimental waves in two-mode Lamb wave time reversal 
procedure: (a) 3.5-count 210 kHz original tone burst; (b) forward wave 
after propagating 300mm; (d) time reversed forward wave; (d) 
reconstructed waves 
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8.4 TIME INVARIANCE OF LAMB WAVE TIME REVERSAL 

For the single-mode Lamb-wave time reversal, the input tone burst can be 

reconstructed as shown in Figure  8.5 and Figure  8.6. If the shape of the reconstructed 

wave is identical to its original tone burst, the procedure is time invariant. Figure  8.8 

shows the superposed original tone burst and reconstructed tone burst obtained from A0 

mode and S0 mode Lamb wave time reversal experiment presented in Section 3.3. We 

notice that, there are small differences between the reconstructed and the original tone 

burst signals. 

For the two-mode (S0+A0) Lamb-wave time reversal shown in Figure  8.7, the 

reconstructed Lamb wave contains three wave packets; the time invariant procedure no 

longer seems to hold. However, the original tone burst is still reconstructed as the middle 

wave packet in the complete reconstructed wave. Figure  8.9 shows the superposed 

original and reconstructed tone bursts in the two-mode Lamb-wave time reversal 

procedure. There is still some difference between the reconstructed and the original tone 

burst excitations 

 

Figure  8.8 Superposed original tone burst and reconstructed tone burst after time 
reversal procedure: (a) 36 kHz, A0 mode; (b) 350 kHz, S0 mode 
(normalized scale) 
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Figure  8.9 Superposed original tone burst and reconstructed tone burst after time 
reversal procedure: 210 kHz, S0+A0 mode (normalized scale) 

The difference decreases with the increase of the count number of the tone burst 

excitation, that is, the decrease of the tone burst bandwidth. This can be easily understood 

by considering the frequency domain G(ω) function discussed in the section  8.2. The 

G(ω) function approximates a constant as the frequency span becomes narrower and 

approaches a single frequency condition. To quantify the difference, root mean square 

deviation method was employed and the similarity was calculated as 

 ( )22
( , ) 1 1 i j j

N N
Similarity i j RMSD A A A⎡ ⎤= − = − −⎣ ⎦∑ ∑  (8.8) 

where N is the number of points in the plot, and i, j denote the two plots under 

comparison. This method compares the amplitude of two sets of data and assigns a scalar 

value based on the formula (8.8). The similarity value ranges from 0 to 1 as the two sets 

of data vary from “not related” to “identical”. 

Table  8.1 and Figure  8.10 show the similarity values calculated for the 

reconstructed and original tone bursts in A0 mode, S0 mode, and S0+A0 mode time-

reversal procedures. The similarity increases with the increase of the tone burst count 

number. For A0 mode, the similarity increases from 80.3% to 88.5% when the tone burst 

count number is increased from 3 to 6. For S0+ A0 mode and S0 mode, the similarity 
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increases when the tone burst count number increases from 3.5 to 6.5 counts. Comparison 

of the similarity between the S0+ A0 mode and S0 mode reveals that the S0+ A0 mode 

always possesses higher similarity than the S0 mode for a certain count number. This is 

due to the fact that S0+ A0 mode in the experiment is excited at lower frequency and 

possesses narrower frequency span than the S0 mode. Thus, to better reconstruct the input 

of a certain Lamb wave mode via time reversal process, a tone burst with lower carrier 

frequency and more count number is always preferred. 

Table  8.1 Similarity between reconstructed and original tone bursts 
Freq.(kHz) 36 210 350 
Mode A0 S0 + A0 S0 
Count num. 3 4 5 6 3.5 4.5 5.5 6.5 3.5 4.5 5.5 6.5 
Similarity, % 80.3 84.7 87.5 88.5 86.9 89.0 89.8 90.5 54.0 66.4 73.7 86.3 
 

 

Figure  8.10 Similarity between reconstructed and original tone bursts 

8.5 PWAS TUNING EFFECTS ON MULTI-MODE LAMB WAVE TIME REVERSAL 

We have shown in the previous section that, in order to fully reconstruct the input 

Lamb wave signal with the time reversal procedure, the input signal should be tuned to a 

frequency point where only one Lamb wave mode is dominant. To achieve this, a 

narrow-band input signal is always preferred. In this section, we studied PWAS tuning 
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effect on multi-mode Lamb wave time reversal using two 7-mm round PWAS, one as 

transmitter and the other one as receiver, 400 mm apart on a 1 mm aluminum plate. 

Figure  8.11 shows the normalized strain plots of Lamb-wave A0 mode and S0 mode of a 

1mm aluminum plate. 

 

Figure  8.11 Predicted Lamb wave response of a 1-mm aluminum plate under PWAS 
excitation: normalized strain response for a 7-mm round PWAS (6.4 mm 
equivalent length) 

Following the procedure described in Figure  8.3, a number of narrow-band tone 

bursts (16-count Hanning windowed) of different carrier frequencies were tested and the 

input signal was reconstructed using the time-reversal method. Figure  8.12, Figure  8.13 

and Figure  8.14 show the reconstructed waves and residual waves obtained after applying 

the time reversal method. The input signals were 16-count tone bursts with 500 kHz, 290 

kHz and 30 kHz carrier frequency, respectively. The first frequency corresponds to a case 

in which both the A0 and the S0 modes are excited. The second frequency corresponds to 

a preferential excitation (tuning) of the S0 mode, whereas the third frequency 

corresponds to the preferential excitation (tuning) of the A0 mode. These three cases are 

discussed in detail next. 

 As indicated in Figure  8.11, A0 mode and S0 mode show similar strength around 

500 kHz. Therefore, both wave modes are excited by the 500 kHz tone burst. 

 
 

 



 137

Subsequently, the time-reversed reconstructed wave (Figure  8.12) displays two big 

residual wave packets to the left and right of the reconstructed wave.  

 

Figure  8.12 Untuned time reversal: reconstructed input using 16-count tone burst with 
500k Hz carrier frequency; strong residual signals due to multimode Lamb 
waves are present. 

In contrast, as indicated by Figure  8.11, the 290 kHz frequency generates a tuning of the 

S0 mode. When the S0 mode is dominant, the reconstructed waveform is getting much 

better with much smaller residual packets. However, as shown in Figure  8.13, there are 

still some small residual wave packets, to the left and to the right of the main 

reconstructed wave. The reason for these residual wave packets is that the 16-count tone 

burst has a finite bandwidth, and hence a small amplitude residual A0 mode gets excited 

besides the dominant S0 mode. To eliminate the residual waves, a tone burst with 

increased count number, i.e., narrower bandwidth, should be used. However, the signal 

will become long in time duration and lost its resolution in time domain. If we excite with 

a low frequency, such as 30 kHz, we find from Figure  8.11 that the A0 mode is dominant 

while the S0 mode is very weak. In addition, at these lower frequencies, the bandwidth of 

the 16-count tone burst input signal becomes narrower in actual kHz values as compared 

with the high-frequency bands. Hence, as indicated in Figure  8.14, the 30 kHz test signal 

resulted in a very good reconstruction with the time-reversal method. We see from Figure 

 8.14, that the A0 mode dominates and that the narrow-band input signal was perfectly 
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reconstructed by the time-reversal method, with practically no residual wave packets 

being observed. 

 

Figure  8.13 Time reversal with S0 Lamb wave mode tuning : reconstructed input 
using 16-count tone burst with 290 kHz carrier frequency; weak residual 
wave packets due to residual  A0 mode component are still present due 
to the side band frequencies present in the tone burst 

 

Figure  8.14 Time reversal with A0 Lamb mode tuning: reconstructed input using 16-
count tone burst with 30 kHz carrier frequency; no residual wave packets 
are present 

Another important fact studied in our simulation was the relative amplitude of the 

reconstructed wave and the residual wave packets obtained during the time-reversal 

process at various excitation frequencies. Figure  8.15 shows the plots of the reconstructed 

wave packet amplitude and of the residual wave packets amplitudes over a wide 

frequency range (10 kHz ~ 1100 kHz). As it can be seen, for an input signal with fixed 

number of counts (here, a 16-count tone burst), the residual wave packets amplitudes 

vary with respect to input signal tuning frequency. The residual reaches local minimum 

values and local maximum values at certain tuning frequency points. Hence, frequency 
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tuning technique can be used to select the optimized input signal frequency that will 

improve the reconstruction of the Lamb wave input signal with the time-reversal 

procedure, thus giving a much cleaner indication of damage presence, when damage in 

the structure is detected through the break down of the time reversal process. For 

example, for the PWAS size of 7 mm and plate thickness of 1mm considered in our 

simulation. Figure  8.15 indicates that, the 30 kHz, the 300 kHz, the 750 kHz, and 

probably the 1010 kHz would be optimal excitation frequencies to be used with the time 

reversal damage detection procedure for this particular specimen and PWAS types. 

 

 

Figure  8.15 Reconstructed wave and residual wave in terms of their maximum 
amplitudes using 16-count tone burst over wide frequency range (10 kHz 
~ 1100 kHz) 
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8.6 CONCLUSIONS 

As a baseline free SHM technique, Lamb wave time reversal method has 

experimentally demonstrate its ability to instantaneously detect certain types of damages 

in thin-wall structure without using pristine baseline data (Kim, Sohn 2005). The merit of 

this method is that it can easily be automated and implemented for real-time SHM 

applications. However, unlike the time reversal using bulk waves, theoretical analysis of 

time reversal of Lamb waves is complicated by the dispersion and multimode 

characteristics of the Lamb waves. The theory of Lamb wave time reversal has not been 

previously fully studied. This paper, for the first time, attempts to present a 

comprehensive theoretical treatment of the Lamb wave time reversal theory based on the 

understanding of the excitation of Lamb waves using PWAS transducers. It has been 

found that Lamb wave is fully time reversible only under certain circumstances, i.e., 

when single-mode Lamb waves are excited through PWAS tuning. The conclusions of 

our study are: 

A single-mode Lamb wave, i.e., S0 mode or A0 mode, is rigorously time reversible 

when using narrow-band tone burst excitation. Time reversibility of the single-

mode Lamb wave increases as the bandwidth of the tone burst excitation 

becomes narrower. In practice, the single mode Lamb wave can be obtained by 

using the PWAS Lamb wave frequency tuning technique (Giurgiutiu, 2004).  

The time reversal of a two-mode (S0+A0) Lamb wave results in three wave packets 

in the reconstructed wave. The three wave packets consist of a main packet 

flanked symmetrically by two artifact packets. The main packet corresponds to 

the one emitted back to the original point and resembles the original tone burst 
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excitation. The other two packets are the unwanted artifact packets. In other 

words, time reversal invariance is not rigorous for Lamb wave with more than 

one mode.  

Two sets of laboratory experiments were conducted in order to verify the predictions 

by the theoretical model. Plates with 1 mm and 3 mm thickness were used. The 

results indicate that the model predicts well the experimental results and show 

that:A0 mode Lamb waves can be easily reconstructed in thin plate (such as 1 

mm thickness specimen) with PWAS transducer, while S0 can be easily 

reconstructed in thicker plate (such as 3 mm thickness specimen) with PWAS 

transducer. 

A quantitative method of judging performance of the PWAS Lamb wave time 

reversal method based on the similarity metric was also developed. The metric 

was successfully applied to both the single-mode and the multi-mode Lamb 

waves signals considered in our study. 

Tuning effect on Lamb wave time reversal was studied. Residual wave energy with 

respect to Lamb wave excitation frequency was presented graphically. 

With the PWAS Lamb waves tuning technique, the single-mode Lamb wave time 

reversal method can easily identify damages in thin-wall structures without prior 

information. Pristine specimens were utilized in this research only to demonstrate the 

time reversal method. Future work should be focused on further understanding the 

interaction between the plate and PWAS transducers to help improve the Lamb wave 

time reversal model and extending the work to composite plates. In addition, analysis of 
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the time reversal process on specimens with presence of defects should be done in the 

future. 
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9 LAMB WAVES DECOMPOSITION USING MATCHING PURSUIT 

METHOD 

9.1 INTRODUCTION 

In recent years, a large number of papers have been published on the use of Lamb 

waves for nondestructive evaluation and damage detection for structural health 

monitoring (SHM) applications. The benefits of guided waves over other ultrasonic 

methods is due to their: (1) variable mode structures and distributions; (2) multimode 

character; (3) propagation for long distances; (4) capability to follow curvature and reach 

hidden and /or buried parts; (5) sensitivity to different type of flaws. Some modes (e.g. A0 

mode) are sensitive to surface defects and some modes (e.g., S0 mode) are sensitive to 

internal defects. Displacement fields across the experiment wave structure thickness can 

explain the sensitivity of Lamb modes to defect types (Pan et. al., 1999; Edalati et. al., 

2005, and Giurgiutiu, 2008). Properly identification of Lamb wave modes and tracking 

the change of a certain mode is of great significance for SHM applications. 

The objective of this chapter is to explore the application of matching pursuit to 

decompose and approximate Lamb waves using two types of dictionaries, i.e., Gabor 

dictionary and chirplet dictionary, and to demonstrate the capabilities of this method to 

identify low-frequency Lamb wave modes (S0 and A0 modes) and other wave parameters, 

such as central frequency, TOF, etc., that are useful for structural health monitoring 

applications. 
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9.2 SIGNAL DECOMPOSITION 

The purpose of signal decomposition is to extract a set of features characterizing 

the signal of interest. This is usually realized by decomposing the signal on a set of 

elementary functions (Lankhorse 1996; Goodwin, 1998; Durka 2007;). A widely used 

signal decomposition method is Fourier transform, which decomposes signals on a series 

of harmonic functions. However, the harmonics basis functions have global support. For 

example, with a presence of a discontinuity in time, all the weights of the basis functions 

will be affected; the phenomenon of discontinuity is diluted. Therefore, Fourier transform 

is usually used for stationary signals. To better characterize a signal with time-varying 

nature, basis functions that are localized both in time and frequency are desired. This 

gives rise to time-frequency decomposition methods, including short time Fourier 

transform (STFT), wavelet transform, Wigner-Ville distribution, matching pursuit 

decomposition, etc. 

9.2.1 Short time Fourier transform 

For STFT, the signal is multiplied with a window function to delimit the signal in 

time. In the case of a Gaussian window, the STFT becomes Gabor transform. The STFT 

spectrogram can be viewed as representing the signal in a dictionary containing truncated 

sines of different frequencies and time positions, but constant time widths. 

9.2.2 Wavelet transform 

In contrast to the STFT, which uses a single analysis window, the wavelet 

transform offers a tradeoff between time and frequency resolution, i.e., it uses short 

windows at high frequencies and long windows at low frequencies. As a result, the time 
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resolution improves – while the frequency resolution degrades – as the analysis frequency 

increases.  

9.2.3 Wigner-Ville distribution 

When viewing results of the STFT and wavelet transforms, energy density on time-

frequency plane is usually used. A more direct approach to obtain an estimation of the 

time-frequency energy density is the Wigner-Ville distribution (WVD) defined as: 

 *( ) ( )
2 2

i
xW x t x t e dωττ τ τ−= + −∫  (9.1) 

However, WVD suffers from severe interferences, called cross-terms. Cross-terms are the 

area of a time-frequency energy density estimate that may be interpreted as indicating 

false presence of signal activity in time-frequency coordinates. Cross-terms, contrary to 

the auto-terms representing the actual signal structures, strongly oscillate. Smoothing the 

time-frequency representation can significantly decrease the contribution of cross-terms. 

But in a representation of an unknown signals, we cannot a priori smooth only the regions 

containing the cross-terms; therefore, the auto-terms will be also smoothed (smeared), 

resulting in a decreased time-frequency resolution.  

The WVDs are two-dimensional maps; post-processing, such as visual 

interpretation, to identify certain structures in the signal map is usually needed. This is 

not desirable for real SHM applications. 

9.2.4 Matching pursuit algorithm 

Matching pursuit (MP) algorithm, introduced independently by Mallat and Zhang 

(1993) and Qian et al. (1992), is a highly adaptive time-frequency signal decomposition 

and approximation method. The idea of this algorithm it to decompose a function on a set 
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of elementary functions or atoms, selected appropriately from an over-complete 

dictionary. The MP decomposition procedure can be described as follows (Durka 2007): 

Find in the dictionary D the first function gγ0 that best fits the signal x.  

Subtract its contribution from the signal to obtain the residual 1R x . 

Repeat these steps on the remaining residuals, until the representation of the signal in 

terms of chosen functions is satisfactory. 

In the first MP step, the waveform gγ0 which best fits the signal x is chosen from 

dictionary D. The fitness is evaluated by inner product. In each of the consecutive steps, 

the waveform gγn is fitted to the signal Rnx, which is the residual left after subtracting 

results of previous iterations: 
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In practice we use finite expansions, for example, N iterations. In this case, signal x is 

given by 
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Ignore the Nth residual term RNx, we have approximated x as 
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The actual output of matching pursuit is given in terms of numbers - parameters of the 

functions or atoms, fitted to the signal. 

Parameters of basis functions; 

Plots of the corresponding basis functions in time domain; 
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Two-dimensional blobs representing concentrations of energy density in the time-

frequency plane, corresponding to functions from the MP expansion, free of 

cross-terms (Qian and Chen, 1996). 

These parameters provide an exact and complete description of the signal structures. 

Therefore, the analyzed signal can be readily approximated or reconstructed. This 

provides good synthesis for applications, such as denoising. Also, these numbers can be 

used directly to identify those functions that correspond to the signal’s structures of 

interest.  

9.3 MATCHING PURSUIT DECOMPOSITION WITH GABOR DICTIONARY 

9.3.1 State of the art 

In principle, the basis functions used for the decomposition can be very general. 

However, efficient and informative decomposition can be achieved only on a dictionary 

containing functions reflecting the structure of the analyzed signal. Because the 

Gaussian-type signal achieves the lower bound of the uncertainty inequality, it is natural 

to choose Gabor functions (Gaussian envelopes modulated by sine oscillations) to 

construct dictionary, i.e., 

 [ ]( ) ( ) cos ( )t ug t K g t u
sγ γ ω φ−⎛ ⎞= − +⎜ ⎟

⎝ ⎠
 (9.5) 

where, 
2

( ) tg t e π−= , K(γ) is such that 1gγ = . Hence contribution of each Gabor function 

to the signal under analysis can be directly calculated. By scaling, translating and 

modulating, i.e., varying the s, u and ω parameters in Equation (9.5), Gabor Gaussian 

functions can describe variety of shapes. For example, pure sine waves and impulse 

functions can be treated as sines with very wide and narrow Gaussian modulating 
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windows. Figure  9.1 illustrates various shapes of Gabor function with ω = π/2, u = 0 and 

varying scale and phase. 

 

Figure  9.1 Examples of Gabor function using Equation (9.5) for varying parameters: 
(a) s = 20, u =0, ω = π/2, Φ =0; (b) same but s = 500, Φ =0; (c) s = 5, Φ = 
π/2; (d) s = 5, Φ = 3π/2; (e) s = 1.2, Φ = π; (f) s = 1, Φ = 5π/3; (g) s = 6, 
Φ = 0; (h) s = 0.01, Φ = 0; (i) s = 30, Φ = 0. 

Mallat and Zhang (1993) applied the MP algorithm using a Gabor dictionary with 

discretized parameters, i.e., 

 ( , , ) (2 , 2 , 2 )j j js u p u kγ ω ω−= = Δ Δ  (9.6) 

where Δu = ½, Δω = π, 0 < j < log2(N), 0 ≤ p < N2-j+1, and 0 ≤ k < 2j+1. Note that ω is 

the normalized angular frequency, ranging from 0 to 2π (sampling frequency).  

To reduce computation effort in each iteration of Equation (9.2), Mallat and Zhang 

proposed an updating formula derived from Equation (9.2) after the atom gγn is selected, 

i.e., 

 1 , , , ,n n n
n nR x g R x g R x g g gγ γ γ γ γ

+ = −  (9.7) 
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Since ,nR x gγ and ,n
nR x gγ  are previously stored, only ,ng gγ γ  needs to be 

calculated. This particular implementation gives only Nlog2(N) numerical complexity for 

each iteration, where N is the length of signal. 

A variety of discretizing dictionary parameters, allows for different implementation 

of MP algorithm. Durka et al (2001, 2007) randomized the Gabor parameters and formed 

stochastic dictionary to decompose large amounts of electroencephalogram (EEG) data to 

eliminate statistical bias after careful selection of a subset aD  of the potentially infinite 

dictionary D∞. The choice of gγn in each iteration is performed in two steps: 

First perform a complete search of the subset aD  to find the parameters γ%  of a 

function gγ% , giving the largest product with the residuum 

arg max ,n

g D
R x g

γ
γγ

∈
=%  

Then, search the neighborhood of the parameter γ%  for a function gγn, giving 

possibly an even larger product ,nR x gγ  than ,nR x gγ% . 

Lu and Michaels (2008) used a similar strategy as described in Durka  (2007) to 

decompose ultrasonic signals using Gabor dictionary and applied constrained MP 

algorithm to identify the change in PWAS data caused by temperature variation for 

structural health monitoring application. Ferrando and Kolasa (2002) presented two 

implementations of MP decomposition using Gabor dictionary. In the first 

implementation, the fixed interval constrains described by Equation (9.6) is alleviated. 

The method allows for greater flexibility in the choice of parameters defining the Gabor 

dictionary. The second implementation takes advantage of FFT algorithm and is faster. 

However, it is still within the interval framework of Equation (9.6). In addition, the 
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authors presented a novel method to optimize the phase parameter Φ analyticallly, while 

phase parameter Φ in Mallat and Zhang is sub-optimal. 

In our work, MP algorithm presented in Ferrando and Kolasa (2002) was 

implemented in Visual studio 2005 and tested to decompose/approximate Lamb waves 

and extract the wave parameters of interest. 

9.3.2 Preliminary simulation results 

9.3.2.1 Simulated signals under decompositon 

Excitation signal was simulated by using the Gabor function in Equation (9.5) with 

parameter 

 ( , , , ) (1 ,3 , 2 ,0)s u f f fγ ω φ π= =  (9.8) 

where frequency f = 350 kHz, at which the S0 Lamb wave is the dominant mode, 

moderately dispersive; group velocity cgr = 4988 m/s (Figure  9.2). 

 

Figure  9.2 Group velocity plot of S0 and A0 Lamb waves on a 3-mm aluminum plate. 
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Figure  9.3 S0 Lamb wave excitation centered at 350kHz, plotted with parameters in 
Equation (9.8). 

Assuming the wave reflected by three perfect reflectors, the reflected wave (Figure  9.4) 

can be simulated as 

 1 2 3( ) ( )2 ( )2( ) { ( )[ ]}s s sik x ik x ik xf t IFFT GTB e e eω ω ωω − − −= + +  (9.9) 

where, IFFT{} denotes inverse Fourier transform; GTB(ω) denotes Fourier transform of 

Gabor tone burst excitation; 1x  = 100 mm, 2x  = 200 mm, 3x  = 350 mm are locations of 

the three perfect reflectors; ks(ω) are S0 mode wavenumbers obtained by solving 

Rayleigh-Lamb wave equation. As the propagation distance increases, the wave packets 

become more and more spreading out in time domain. The reflected wave contaminated 

by uniform noise (SNR = 1.6 dB) was also simulated, as show in Figure  9.5. MP 

decomposition results of these two waves will be presented in the next section. 
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Figure  9.4 Simulated S0 Lamb wave after reflected by three perfect reflectors 
located at x1 = 100mm, x2 = 200 mm, and x3 = 350 mm, respectively 
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Figure  9.5 Simulated S0 Lamb wave with uniform noise (SNR = 1.6 dB)  

9.3.2.2 MP decomposition results 

Before decomposition, the signal needs to be normalized by its L2 norm, i.e., 

 '

2
i

xx
x

=
∑

 (9.10) 

where x’ denotes the normalized signal, x is the signal to be decomposed. Figure  9.6 

shows the signal in Figure  9.4 after normalization. 
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Figure  9.6 signal normalized by its L2 norm 

Stop criteria of MP decomposition is set to either maximum iteration number = 300 or 

residual energy d < 0.01, whichever is reached first. The residual energy d is given by 
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After 45 iterations, the MP decomposition stopped, as can be seen from residual energy 

plot in Figure  9.7. The procedure took about four minutes for a signal length of 214. 
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Figure  9.7 Residual energy versus iteration number 
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Figure  9.8 Signal approximated with 45 Gabor dictionary atoms 

Figure  9.8 illustrates the reconstructed signal using all the 45 decomposed dictionary 

atoms. Comparison between Figure  9.6 and Figure  9.8 reveals that the original wave can 

be fully reconstructed using the decomposed atoms. 
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Figure  9.9 Signal approximated with the first three Gabor dictionary atoms  

Figure  9.9 shows the reconstructed wave only using the first three decomposed atoms (#0, 

#1, #2). As shown in Figure  9.10, these first three dictionary atoms possess most of the 

energy of the signal.  

 

Figure  9.10 The first 10 decomposed dictionary atoms 

An estimation of these three wave packets parameters, based on these three dictionary 

atoms, is tabulated in Table  9.1 and compared to their actual values. 

Table  9.1 Wave packets estimated parameters by Gabor MP versus actual 
parameters 

 wave packet 0 wave packet 1 wave packet 2 
 MP actual MP actual MP actual 
TOF (µs) 20.23 20.05 81.03 80.19 138.63 140.34 
f (kHz) 351.56 351.56 351.58 351.560 341.38 351.56 
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For the first non-dispersive wave packet, the estimated parameters by MP are very close 

to their actual values. As the wave packets become more dispersive, as in wave packets 

two and three, an increased deviation of the estimated parameters from their actual values 

was observed. 

To check the additive noise effects on the algorithm, signal degraded by noise, as 

shown in Figure  9.5, was analyzed with MP algorithm. Figure  9.11 shows the normalized 

noisy signal. 
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Figure  9.11 Signal with uniform noise, normalized by its L2 norm 
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Figure  9.12 Residual energy versus iteration number 

The presence of noise increases the MP decomposition efforts. After 300 iterations, the 

residual energy decreases to ~0.07 (see Figure  9.12)  
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Figure  9.13 The first 10 decomposed dictionary atoms with the presence of noise 

The first ten decomposed atoms are shown in Figure  9.13. Due to the presence of noise, 

the first decomposed atom does not resemble any of the wave packets in the signal. 

However, this can be avoided by careful selection of basis functions time scale. 

Decomposed dictionary atoms 1, 2 and 3 were used to reconstruct the signal, as shown in 

Figure  9.14. The first three wave packet parameters estimated by MP decomposition in 

this case are identical to the case where no noise is present.  
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Figure  9.14 Signal approximated with dictionary atoms #1, #2 and #3 

9.3.3 Discussion 

With the presence of noise, the computation effort of the MP algorithm increases. 

More iteration steps are needed to decompose a signal and satisfy the stop criteria of the 
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algorithm. However, the presence of noise does not affect the accuracy of the extracted 

wave parameters, such as time-of-flight, central frequency, etc. 

As it can be seen both from Figure  9.10 and Figure  9.13, the decomposed atoms from 

Gabor dictionary are typically an even-symmetric window because the associated Gabor 

dictionary basis functions exhibit symmetric time-domain behavior. This is problematic 

for decomposing signal with asymmetric features, such as dispersed or asymmetric 

signals, which occur frequently in guided wave propagation. To decompose such signals, 

matching pursuit using other dictionaries, such as damped sinusoidal and chirplet, may be 

needed.  

In the following section, the dispersion effect will be taken into account by using 

matching pursuit algorithm based on chirplet dictionary. 

9.4 MATCHING PURSUIT DECOMPOSITION WITH CHIRPLET DICTIONARY 

9.4.1 State of the art 

Gribonval (2001) introduced a fast MP algorithm using Gaussian chirplet 

implemented as a toolbox in the LASTWAVE. The algorithm is based on post-processing 

of the Gabor atom and aimed at optimizing the chirp rate. Hong, Sun and Kim (2006) 

used matching pursuit based on chirplet dictionary with quadratic group delay to 

decompose a longitudinal wave in a rod. Raghavan and Cesnik (2007) used LASTWAVE 

to analyze Lamb waves and correlated chirp-rates to different Lamb wave modes. The 

correlation procedure was performed in two steps. In the first step, matching pursuit was 

performed on each simulated mode of Lamb wave at possible time and frequency centers 

to extract the chirp rates and generate a database of chirp-rates for different mode Lamb 

waves. In the second step, matching pursuit was performed on the wave under analysis to 
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extract chirp rate and then correlated the chirp rate to the database to identify wave mode. 

As we can see, because the knowledge of time center needed in the first step is usually 

unknown, the procedure is not trivial and a large database has to be generated. 

In this section, we explored matching pursuit based on Gaussian chirplet dictionary 

to decompose Lamb waves using LASTWAVE software package. The decomposition 

results were analyzed and compared to the results obtained with Gabor dictionary. In 

addition, a simple way to identify low-frequency Lamb wave modes using the extracted 

chirp rates is demonstrated. 

9.4.2 Lamb wave mode identification using matching pursuit with chirplet 

dictionary 

9.4.2.1 Gaussian chirplet and its group delay 

Gaussian chirplet is a Gaussian windowed linear chirp (with quadratic phase) that 

can be expressed as 

 
0

2
( , , , ) 0

1( ) ( )exp ( ) ( )
2s u c

t u cg t g i t u t u
ssγ ω ω=

− ⎡ ⎤⎛ ⎞= − + −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 (9.12) 

Defining phase 2
0( ) ( ) ( )

2
ct t u t uφ ω= − + − , we have instant frequency of the Gaussian 

chirplet as 

 0
( ) ( )inst

d t c t u
dt
φω ω= = + −  (9.13) 

When chirp rate c = 0, Gaussian chirplet is degraded to a Gabor function which has a 

constant instant frequency. When chirp rate c > 0, the instant frequency increases linearly 

with time, indicating a positively chirped pulse, as shown in Figure  9.15. When chirp rate 
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c < 0, the instant frequency decreases linearly with time, indicating a negatively chirped 

pulse as shown in Figure  9.16. 

 

Figure  9.15 Positively chirped Gaussian chirplet (a) and its Wigner-Ville distribution (b) 

 

Figure  9.16 Negatively chirped Gaussian chirplet (a) and its Wigner-Ville distribution 
(b) 

Defining 22 sα π= , cβ = , Equation (9.12) can be written as 
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Fourier transform of Equation (9.14) using time delay, frequency translation, and 

Gaussian function Fourier transform pairs, yields  
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 (9.15) 

where Fourier transform pair of Gaussian function is given by.  

 2
0 0 0exp[ ( ) ] exp[ ( )]t t t ftπ π− ↔ −  (9.16) 

 2 2exp[ ] exp[ 4 ]tα π α ω α− ↔ −  (9.17) 

Separate the real and imaginary parts of Equation (9.15), we have 
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Define phase 

 
2

0
02 2

( )( ) ( ) arctan( )
2( ) 2

uβ ω ω βφ ω ω ω
α β α

−
= + − −

+
 (9.19) 

Using Equation (9.19), the group delay can be expressed as 

 0
2 2
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d
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= = +

+
 (9.20) 

The group delay slope w.r.t. ω can be expressed as 
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Equation (9.20) shows that the group delay of a linear chirp varies linearly with the 

frequency. The sign of group delay slope is determined by the sign of chirp rate, c, as 

indicated in Equation(9.21). When chirp rate c = 0, linear chirp degrades to a Gabor 

function which has a constant group delay. 

9.4.2.2 Lamb wave group delay curves 

From Section 2.9, we know that the Lamb wave group delay can be expressed as 

 0( )
( )gr

gr

x
c

τ ω
ω

=  (9.22) 

where x0 is denotes the propagation distance. By using the group velocity, group delay 

curves can be easily obtained. Figure  9.17 shows the group delay curves of S0 and A0 

mode Lamb waves on a 3mm plate.  

 

Figure  9.17 Group delay of S0 and A0 Lamb waves on a 3mm aluminum plate with 
propagation distance x0 = 1m. 

As it can be seen, the group delays of A0 and S0 modes are not in linear relation w.r.t. 

frequency. This implies that if we use the linear chirp dictionary to decompose a Lamb 
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wave packet, the wave packet will still be decomposed into a number of dictionary atoms. 

But the residual energy might diminish faster as compared to the case using Gabor 

dictionary, which has a constant group delay. In other words, fewer atoms might be 

needed to decompose a Lamb wave packet when using a linear chirp dictionary than 

when using a Gabor dictionary. As compared to Gabor atoms, the decomposed Gaussian 

chirplet atoms have an additional parameter, i.e., the chirp rate c, which can be used to 

correlate with Lamb wave modes. For SHM on plate-like structures, to avoid exciting 

multi modes, the excitation is usually chosen to be below several hundred kHz. For 

example, consider the Lamb wave SHM on a 3 mm aluminum plate (Figure  9.17), below 

the critical frequency fcritical = 760 kHz, the group delay slope of A0 mode is always 

negative; while the group delay slope of S0 mode is always positive. Hence, based on 

Equation (9.21), one can correlate the sign of chirp rate c with the two widely used Lamb 

wave modes that usually are excited below certain critical frequency point, which we call 

“mode identification”. If the decomposed chirp atom satisfies the condition c>0, the wave 

packet being decomposed is S0 mode; if the decomposed chirp atom has the case of c<0, 

the wave packet is A0 mode. 

9.4.3 Examples of Lamb wave MP decomposition using chirplet dictionary 

9.4.3.1 MP decomposition of S0 mode Lamb wave 

MP decomposition with chirplet dictionary was applied to the simulated S0 mode 

Lamb wave shown in previous section in Figure  9.4. The time signal is shown in Figure 

 9.18a, while its Wigner-Ville distribution is shown in Figure  9.18b. As predicted, the S0 

mode wave packets have positive chirp rates. In addition, as the wave propagates along in 

the medium, the wave spreads out in the time domain due to dispersion, see Equation 
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(9.13). This causes a decrease in the chirp rates, as indicated by the decreasing chirp rates 

of the decomposed atoms. 

 

Figure  9.18 Simulated S0 Lamb wave after reflected by three perfect reflectors 
located at x1 = 100mm, x2 = 200 mm, and x3 = 350 mm, respectively (a) 
and its WVD (b) 

The first three atoms decomposed from chirplet dictionary together with their parameters 

are shown in Figure  9.19. The TOF and frequency of these atoms are tabulated in Table 

 9.2. Comparison between Table  9.1 and Table  9.2 reveals that the decomposition results 

obtained with Gabor and chirplet dictionaries are very close to each other. However, 

chirplet dictionary shows slightly better decomposition results: fewer atoms are needed to 

reconstruct the simulated S0 mode wave with the chirplet dictionary than with the Gabor 

dictionary. This is indicated by the residual energy versus iteration number plots of 

Figure  9.20. 
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Figure  9.19 First 3 chirplet atoms and their parameters 

 

Table  9.2 Wave packets estimated parameters by chirplet MP versus actual 
parameters 

  wave packet 1  wave packet 2  wave packet 3  
  MP actual MP actual MP actual 
TOF(µs) 20.23 20.05 81.03 80.19 138.63 140.34 
f(kHz) 349.92 351.56 353.24 351.56 351.56 351.56 
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Figure  9.20 Residual energy versus iteration number using Gabor and chirplet 
dictionaries 

Figure  9.21 shows the approximated S0 mode wave using the first three chirplet atoms. 

The approximated wave has the major dispersion characteristic of the original S0 wave in 

Figure  9.18a. The small difference between the approximated wave and original wave is 

due to the fact that the chirplet atoms possess linear group delay, while the Lamb waves 

possess nonlinear group delay. 

 

 

Figure  9.21 Approximated S0 mode wave with first 3 chirplet dictionary atoms  
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9.4.3.2 Matching pursuit of S0 + A0 mode Lamb wave 

Figure  9.22 shows an experimental waveform of S0 +A0 Lamb wave and its 

Wigner-Ville distribution. The wave was excited with a 3.5-count tone burst centered at 

210 kHz on a 3mm Aluminum plate and recorded after propagation distance x = 300 mm. 

The first two atoms decomposed from chirplet dictionary are shown together with their 

parameters in Figure  9.23. The extracted frequency values of these two atoms are around 

210 kHz. The chirp rate is negative for A0 mode and positive for S0 mode. 

 

Figure  9.22 S0 +A0 Lamb wave excited with 3.5 tone burst centered at 210 kHz on a 
3 mm Aluminum plate (a) and its WVD (b) 
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Figure  9.23 First two chirplet atoms and their parameters 

 

9.4.4 Discussion 

Gabor dictionary is a subset of chirplet dictionary. While Gabor dictionary is only 

optimal to decompose symmetric signals, chirplet dictionary is able to decompose 

asymmetric signals and represent the asymmetric characteristic as an additional 

parameter, i.e., chirp rate. By simply checking the sign of chirp rate, low-frequency Lamb 

wave modes, such as S0 and A0 modes, can be easily identified. This implies that wave 

mode identification procedure can be easily automated by using matching pursuit method 

with chirplet dictionary. This is of great interest for structural health monitoring. 

However, chirplet dictionary atoms have linear group delays so that they cannot fully 

describe dispersion characteristics of Lamb waves. 
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9.5 SUMMARY 

Matching pursuit (MP) is an adaptive signal decomposition technique and can be 

easily implemented and automated to process Lamb waves, such as denoising, wave 

parameter estimation and feature extraction, for SHM applications. This chapter explored 

matching pursuit algorithm based on Gaussian and chirplet dictionaries to 

decompose/approximate Lamb waves and extract wave parameters. While Gaussian 

dictionary based MP is optimal for decomposing symmetric signals, chirplet dictionary 

based MP is able to decompose asymmetric signals, e.g., dispersed Lamb wave. The 

extracted parameter, chirp rate, from the chirplet MP can be use to correlated with low-

frequency Lamb wave mode. Positive sign of chirp rate denotes S0 mode Lamb wave and 

negative sign of chirp rate denotes A0 mode Lamb wave. Chirplet atoms can not fully 

describe a dispersed Lamb wave. Discrepancy is expected when using chirplet atoms to 

approximate Lamb waves because chirplet atoms have linear group delay characteristic, 

whereas Lamb waves have nonlinear group delay characteristic. In the future, Gaussian-

windowed nonlinear chirp (with cubic phase) atoms may be needed to fully describe the 

nonlinear group delay feature of Lamb waves. 
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PART III: APPLICATIONS OF THEORIES 
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10 SPACECRAFT PANEL DISBOND DETECTION USING E/M IMPEDANCE 

METHOD 

In this chapter, the novel impedance measurement system developed in Chapter 5 

was employed to detect a disbond on a space panel with E/M impedance method and 

compared to the traditional HP4194A impedance analyzer in parallel.  

10.1 EXPERIMENTAL SETUP 

We used aluminum test panels consisting of the skin (Al 7075, 24x23.5x0.125-in) 

with a 3 in diameter hole in the center, two spars (Al 6061 I-beams, 3x2.5x0.250-in and 

24-in length), four stiffeners (Al 6063, 1x1x0.125-in and 18.5-in length) and fasteners 

installed from the skin side (Figure  10.1). The stiffeners were bonded to the aluminum 

skin using a structural adhesive, Hysol EA 9394. Damages were artificially introduced in 

the specimen including cracks (CK), corrosions (CR), disbonds (DB), and cracks under 

bolts (CB). In this experiment, we showed the detection of DB1 (disbond #1, size: 2x0.5-

in) by using the novel E/M impedance analyzer and traditional HP4194A impedance 

analyzer with PWAS a1, PWAS a2, and PWAS a3.  
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Figure  10.1  Schematic of the location and the type of the damage on the Panel 1 
specimen 

10.2 EXPERIMENTAL RESULTS 

The real part impedance spectrums from PWAS a1, PWAS a2, and PWAS a3 are 

presented in Figure  10.2. It can be seen that the impedance spectrums from PWAS a1 and 

PWAS a3 located on the area with good bond are almost identical. The spectrum from 

PWAS a2 located on the disbond DB1 is very different showing new strong resonant 

peaks associated with the presence of the disbond. Both the novel impedance analyzer 

and HP4194 impedance analyzer can detect the presence of DB1 disbond on the test 

panel. The peaks in impedance spectrums from novel impedance analyzer match the 

impedance spectrums from HP4194A impedance analyzer very well. 
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Figure  10.2  Real part impedance spectrums of PWAS a1, PWAS a2, a3: (a) 
measured by novel E/M impedance analyzer using frequency swept 
signal source; (b) measured by HP4194A impedance analyzer 
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11 APPLICATION OF DISPERSION COMPENSATION TO PWAS PHASED 

ARRAY 

One of the important techniques in embedded ultrasonics structural radar (EUSR, 

Section 2.11) methodology is related to frequency tuning, with which, a specific non-

dispersive Lamb-wave mode will be selected at certain frequency, as appropriate for 

phased-array implementation (Section 2.10). This largely limits the operation frequency 

selection of the phased array. This section presents the numerical simulation of 

application of dispersion compensation algorithm to PWAS EUSR phased array to 

improve array’s spatial resolution for damage detection.  

11.1 SIMULATION SETUP 

Recall that EUSR works in pulse-echo transducer mode and round-robin data 

collecting pattern. For an M-PWAS array, M2 sets of signal data need to be collected. 

Assume, the ith PWAS is the transmitter supplied with tone burst excitation and the jth 

PWAS is the receiver. The received wave can be predicted by 

 [ ( )]
, ( ) ( )         , 0,1,... 1

2
i jj t k r r

i j
Ag t TB e d i j Mωω ω
π

∞ − +

−∞
= = −∫

r r

 (11.1) 

where TB(ω) denotes tone burst excitation in frequency domain; rv  is transducer location 

vector. To simulate a M = 8 PWAS array, 64 groups of source data will be generated. 

Each is saved in .csv data format. For EUSR without dispersion compensation, these 

64 .csv files will be read directly and imaged by EUSR. In contrast, for EUSR with 
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dispersion compensation, the 64 .csv files will first be processed by dispersion 

compensation algorithm and then imaged by EUSR. Four cases of 1-D PWAS phase 

array for damage detection were simulated, as shown in Table  11.1. Figure  11.1 shows 

the case I aluminum plate and crack setup. 

Table  11.1 Simulated cases of damage detection with 1-D PWAS phase array 
 Lamb wave 

freq. & mode 
Group 

velocity 
(m/s) 

Structure 
(Plate) 

thickness 

Crack 
location(s) 

cracky  (mm/deg) 

Sensor 
spacing 
(mm) 

Case I 3-count 36 kHz A0 1162 1-mm Al 200/90° 8 
Case II 3.5-count 350 kHz S0 5242 3-mm Al 150/90° 7 
Case III 3.5-count 350 kHz S0 5242 3-mm Al 150/90°, 170/90 7 
Case IV 3.5-count 350 kHz S0 5242 3-mm Al 150/90°, 166/90 7 

 

(a)   

     
d  = 8 mm, 7x7 mm 
8  round PWAS  

1-mm thick 2024 T3 plate

cracky  

(b)   

  
d = 8 mm, 7x7 mm 
8 round PWAS  

1-mm thick 2024 T3 plate 

cracky  

 

Figure  11.1 1-D PWAS array, crack and plate setup: (a) case I, II; (b) case III, IV 

11.2 SIMULATION RESULTS 

Figure  11.2 shows the EUSR scanning images and 90° A-scan signals of one 

broadside crack in case I, located at 200 mm/90° and detected with 36 kHz A0 mode. 

Without dispersion compensation, the EUSR scanning image is big and blur (Figure 

 11.2a) because its A-scan signal at 90° spreads out in time domain (Figure  11.2c). In 

contrast, after dispersion compensation, the scanning image becomes sharper (Figure 

 11.2b) and its A-scan signal at 90° is compressed (Figure  11.2d). Similar improvements 
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in EUSR scanning images were observed when using 350 kHz S0 mode to detect a crack 

in case II with the aid of dispersion compensation (Figure  11.3).  

Figure  11.4 demonstrates the EUSR inspection results of two broadside cracks (case 

III) distanced by 20 mm using 350 kHz S0 mode with and without dispersion 

compensation. In both cases, these two cracks were detected. However a higher contrast 

ratio of scanning image (Figure  11.4b) was obtained after using dispersion compensation. 

When the two cracks on plate are separated only by 16 mm (case IV), EUSR lost its 

resolution without dispersion compensation, i.e., only one crack was observed in canning 

image (Figure  11.5a). However, after applying dispersion compensation, both of the 

cracks were detected (Figure  11.5b). 

 

 

Figure  11.2 EUSR inspection results for case I (3-count 36kHz A0 mode, crack 
located at x =200mm) : (a) mapped EUSR scanning image without 
dispersion compensation; (b) mapped EUSR scanning image with 
dispersion compensation; (c) selected A-scan at 90° without dispersion 
compensation; (d) selected A-scan at 90° with dispersion compensation. 

(a) (b)

(d)(c) 
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Figure  11.3 EUSR inspection results for case II (3.5-count 350 kHz S0 mode, crack 
located at x =150mm) : (a) mapped EUSR scanning image without 
dispersion compensation; (b) mapped EUSR scanning image with 
dispersion compensation; (c) selected A-scan at 90° without dispersion 
compensation; (d) selected A-scan at 90° with dispersion compensation. 

 

Figure  11.4 EUSR inspection results for case III (3.5-count 350 kHz S0 mode, two 
cracks located at x =150mm and x = 170mm) : (a) mapped EUSR 
scanning image without dispersion compensation; (b) mapped EUSR 
scanning image with dispersion compensation; (c) selected A-scan at 90° 
without dispersion compensation; (d) selected A-scan at 90° with 
dispersion compensation. 

(a) (b)

(c) (d)

(a) (b) 

(c) (d)
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Figure  11.5 EUSR inspection results for case IV (3.5-count 350 kHz S0 mode, two 
cracks located at x =150mm and x = 166mm) : (a) mapped EUSR 
scanning image without dispersion compensation; (b) mapped EUSR 
scanning image with dispersion compensation; (c) selected A-scan at 90° 
without dispersion compensation; (d) selected A-scan at 90° with 
dispersion compensation. 

 

11.3 DISCUSSION 

The dispersion compensation algorithm was applied to EUSR PWAS phased array 

to image a single crack and two closely located cracks on a plate. From the simulation, 

we conclude that the dispersion compensation can help improve EUSR spatial resolution. 

To identify the resolution of the EUSR enhanced with the dispersion algorithm, we need 

to run more two-crack simulations with different separation distances. In the presented 

EUSR dispersion compensation simulation, the compensation algorithm was applied to 

transducers’ raw data directly, application of the algorithm to the A-scan data is 

suggested for future work to save computation effort. 

(a) (b) 

(c) (d) 
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12 LAMB WAVE TIME-OF-FLIGHT ESTIMATION 

12.1 INTRODUCTION 

Time of flight (TOF) describes the time that it takes for a particle, object or stream 

to reach a detector while traveling over a certain distance. Many ultrasonic testing 

applications, such as thickness gauge (Yu et al., 2008b), tomography imaging (Hou et al., 

2004) and phased array (Yu et al., 2008a), are based on the estimation of the TOF of 

ultrasonic echoes. Unlike the nondispersive bulk waves, where gating and peak-detection 

techniques are usually adequate for TOF estimation, TOF estimation of the multimodal 

and dispersive Lamb wave is more complicated and requires special methods. 

The TOF can be estimated non-deterministically using parameter estimation and 

optimization methods based on theoretical models of the waveform under analysis. 

Heijden et al. (2003, 2004) presented a statistical method for the TOF estimation based 

on covariance models. Alternatively, the TOF can be extracted deterministically, such as 

magnitude thresholding (Tong et al, 2001), matched filter (cross-correlation) (Couch, 

2001), envelop moment (Demirli, 2001), time-frequency methods (Hou et al 2004), etc.  

In this chapter, several TOF estimation methods, including cross-correlation, envelop 

moment, matching pursuit decomposition and dispersion compensation, are studied and 

compared using a dispersive Lamb wave mode, both in simulation and in experiment. 

The performance of each method is evaluated by comparing the extracted TOF with the 

theoretical TOF value. 
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12.2 TOF ESTIMATION METHODS 

12.2.1 Theoretical TOF determination 

To demonstrate the performance of these methods, we consider TOF estimation of 

the two dispersed S0 mode waves (3.5-count tone bursts centered at 350 kHz, after 

propagation distance x0 = 300 mm on a 3mm aluminum plate, as presented in Figure 7.4 

and Figure 7.7). Figure  12.1b shows the simulated S0 mode waveform and Figure  12.1c 

shows the experimental S0 mode waveform. The half time span of the tone burst 

excitation is equal to 5 μs (
0

3.5 3.5 5
0.5 0.5 350

s
f kHz

μ= =
⋅

). At 350 kHz, the wave group 

velocity cgrs0 = 4989 m/s, hence theoretical TOF can be calculated as  

 
0_0 60.132Th gr sTOF x c sμ= =  (12.1) 
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Figure  12.1 Waveforms under analysis: (a) 3.5-count tone burst centered at 350 kHz; 
(b) simulated 350 kHz S0 mode wave on a 3mm aluminum plate after 
propagation distance x = 300 mm; (c) experimental 350 kHz S0 mode 
wave on a 3mm aluminum plate after propagation distance x = 300 mm 

 

12.2.2 TOF estimation using crosscorrelation 

The TOF of a propagated wave can be estimated by using the cross correlation 

method (see Section 2.2) and is equal to the value of the time instant τ, for which the 

cross correlation integral reaches a maximum. It is also important to note the assumption 

of the crosscorrelation method. The crosscorrelation method is based on the matched 

filtering principle (Couch, 2001) and needs to satisfy the assumption that the response 
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signal is only a shifted, scaled version of reference signal buried in additive Gaussian 

white noise. The reference signal can be the impulse response or be a more exact signal 

obtained prior to actual experiment. Therefore, the crosscorrelation method only works 

for TOF estimation of slightly dispersed Lamb waves. 

Figure  12.2 shows the TOF estimation by crosscorrelation method of a simulated 

350 kHz S0 mode in a 3-mm Aluminum plate. The simulated S0 wave packet is slightly 

dispersed but is still in the similar shape as compared to its excitation. The TOF estimated 

by crosscorrelation is equal to 60.143 µs, which is very close to the theoretical TOF = 

60.132 µs. For comparison, Figure  12.3 shows the crosscorrelation method applied to 

experimental data; the estimated TOF is found to be 62.320 µs, which is slightly off the 

theoretical TOF = 60.132 µs. However, if the waveform under analysis is very dispersive, 

crosscorrelation will cease to work. 
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Figure  12.2 TOF estimation of the simulated 350 kHz S0 mode wave by 
crosscorrelation method: (a) 3.5-count tone burst excitation centered at 
350 kHz; (b) simulated S0 wave packet at x = 300 mm; (c) 
crosscorrelation of waves in (a) and (b) 
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Figure  12.3 TOF estimation of the experimental 350 kHz S0 mode wave by 
crosscorrelation method: (a) 3.5-count tone burst excitation centered at 
350 kHz; (b) experimental S0 wave packet at x = 300 mm; (c) 
crosscorrelation of waves in (a) and (b) 

 

12.2.3 TOF estimation using envelope moment 

The analytical signal representation of ultrasonic waveforms offers computational 

flexibility in estimating some parameters of the waveform, such as "instantaneous 

amplitude", "instantaneous phase" and "instantaneous frequency" at each i-th position in 

time. In particular, TOF of the waveform can be determined by using the envelope, i.e., 

 2 2
i i i

i i
TOF t e e= ∑ ∑  (12.2) 
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Note that envelope is in the form of first moment representing the propagation of energy 

in the waveform. To demonstrate the performance of TOF estimation using the envelope, 

the waveforms in Figure  12.1b and Figure  12.1c were considered. The estimated TOF 

was found to be 60.476 μs for the simulated wave (Figure  12.4) and 62.206 μs for the 

experimental wave (Figure  12.5). Note that: (1) a rectangular window was applied to the 

experimental wave to extract the wave packet of interest before applying the Hilbert 

transform. (2) A discrete implementation of Hilbert transform is given in Appendix B. 

 

Figure  12.4 TOF estimation of the simulated 350 kHz S0 mode wave by envelop 
method: (a) simulated S0 wave packet at x = 300 mm; (b) envelop of 
waves in (a) 
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Figure  12.5 TOF estimation of the experimental 350 kHz S0 mode wave by envelop 
method: (a) experimental S0 wave packet at x = 300 mm; (b) rectangular 
window used to extract S0 mode wave; (c) envelop of the extracted S0 
mode wave 

 

12.2.4 TOF estimation using dispersion compensation 

Figure  12.6 shows the TOF estimation of the simulated S0 mode wave in Figure 

 12.1b using dispersion compensated method, as described in Chapter 7. The estimated 

TOF is equal to 60.363 μs. For the experimental S0 mode wave, the TOF is found to be 

60.936 μs. Both of the estimated TOF are closed to the theoretical value, TOFTh = 60.132 

µs. 

 

0 30 60 90 120
0.01

0

0.01

time, us

Envelope

 

0 30 60 90 120

0

time, us 

0 30 60 90 120
0

1

time, us

(a) 

(b) 

(c) 



 186

 

Figure  12.6 TOF estimation of the simulated 350 kHz S0 mode wave by dispersion 
compensation method: (a) 3.5-count tone burst excitation centered at 350 
kHz;  (b) simulated S0 wave packet at x = 300 mm; (c) dispersion 
compensated wave in spatial domain; (d) dispersion compensated wave 
in time domain 
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Figure  12.7 TOF estimation of the experimental 350 kHz S0 mode wave by dispersion 
compensation method: (a) 3.5-count tone burst excitation centered at 350 
kHz;  (b) experimental S0 wave packet at x = 300 mm; (c) dispersion 
compensated wave in spatial domain; (c) dispersion compensated wave 
in time domain 

 

12.2.5 TOF estimation using chirplet matching pursuit decomposition 

Chirplet matching pursuit decomposition discussed in Section 9.4 was applied to 

the simulated and experimental S0 mode waves to extract their TOF. Figure  12.8 and 

Figure  12.10 show the simulated and experimental waves together with their WVD 

respectively. Figure  12.9 and Figure  12.11 show the decomposed first two atoms of the 

simulated and experimental waves respectively. Because the first atoms contain most of 
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the energy of the wave, TOF estimation is based on the first atoms. TOF is found to be 59 

µs for the simulated S0 wave, and 61.56 µs for the experimental wave. 

 

Figure  12.8 TOF estimation of the simulated 350 kHz S0 mode wave by chirplet 
matching method: (a) S0 wave packet at x = 300 mm; (b) S0 wave WVD 

 

Figure  12.9 Simulated S0 mode wave first two decomposed chirplet atoms and their 
parameters 

(a) 

(b) 

(s, u, f0 ,c)= (128, 64.00μs, 331.5 
kHz, 2.28e+10) 

(s, u, f0 ,c)= (128, 68.57μs, 436.4 
kHz, 7.68e+9) 
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Figure  12.10 TOF estimation of the experimental 350 kHz S0 mode wave by chirplet 
matching method: (a) S0 wave packet at x = 300 mm; (b) S0 wave WVD 

 

Figure  12.11 Experimental S0 mode wave first two decomposed chirplet atoms and 
their parameters 

(a) 

(b) 

(s, u, f0 ,c)= (512, 66.560μs, 356.4 
kHz, 2.203e+10)

(s, u, f0 ,c)= (512, 71.680μs, 482.2 
kHz, -6.015e+9)
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12.3 COMPARISON AND DISCUSSION 

Four TOF estimation methods are presented in this chapter to extract TOF of a 

simulated and an experimental S0 mode waves centered at 350 kHz. Table  12.1 shows 

the performance of these methods. Accuracy of each method is evaluated by compared 

the extracted TOF to its theoretical value. Figure  12.12 and Figure  12.13 show the 

accuracy of these methods for TOF estimation of the simulated and experimental S0 

mode waves, respectively.  

Due to the fact that the experimental wave is more dispersive than its simulation 

prediction, the correlation method shows its inefficiency for processing such a dispersed 

experimental wave.  

The envelop method shows high accuracy when extracting TOF of the simulated 

S0 mode wave. However, its accuracy deteriorated when evaluating the experimental 

wave. This may due to the effect of noise in the experimental wave. Moreover, envelop 

method only works well to extract TOF of a single wave packet. To extract TOF of the 

experimental S0 mode wave, a rectangular window has to be applied to cut the interested 

wave packet. This makes the method hard to be automated for SHM application. 

Among these methods, dispersion compensation gives the best TOF estimation 

results. However, dispersion compensation only works well for single mode waves. 

Accuracy of matching pursuit method is stable and acceptable, around 2% error in 

both cases. In addition, this method outputs parameters of decomposed atoms and can be 

easily automated for TOF estimation. Also, considering dispersion and multi modes in 

Lamb waves, matching pursuit may be the preferred method for TOF estimation. 
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Table  12.1 Comparison of TOF estimation by various methods (TOFTh = 60.132 µs) 
 Correlation Envelop MP Disp. Comp. 

 
TOF 
(µs) 

Error 
(%) 

TOF 
(µs) 

Error 
(%) 

TOF 
(µs) 

Error 
(%) 

TOF 
(µs) 

Error 
(%) 

Sim. 60.143 0.033 60.476 0.587 59.000 1.87 60.363 0.399 
Exp. 62.320 3.654 62.206 3.465 61.560 2.39160.936 1.352 

 

Figure  12.12 Comparison of accuracy of various methods for TOF estimation of the 
simulated S0 mode wave 

 

Figure  12.13 Comparison of accuracy of various methods for TOF estimation of the 
experimental S0 mode wave 
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13 APPLICATION OF MATCHING PURSUIT DECOMPOSITION TO SPARSE 

ARRAY 

13.1 INTRODUCTION 

The sparse array imaging is a powerful structural diagnostic approach for SHM. 

The principle of sparse array imaging is presented in Section 2.12. Due to the limited 

SNR in the scattered signals, the image quality generated by the current sparse array 

algorithms is not sufficiently good. This section demonstrates the application of matching 

pursuit decomposition (MPD) method  (see Chapter 9, matching pursuit approximation or 

reconstruction) to denoise scatter signals so as to enhance the sparse array imaging 

quality on an aluminum plate.  

13.2 EXPERIMENTAL SETUP 

The actual testing was conducted on a 3.4-mm thick aluminum plate to image the 

presence of a 4-mm diameter hole, as shown in Figure  11.1. Four PWAS sensors were 

installed on the plate to build a sparse array. The sensor locations are: P#1(190 mm, 430 

mm), P#2(170 mm, 155 mm), P#3(510 mm, 125mm), P#4(475 mm, 445 mm). S0 mode 

Lamb waves (tuned at 310 kHz with velocity at 5503 m/s) were used to detect the hole 

damage. After the baseline data was taken with the presence of a 2-mmm diameter 

through hole at the coordinate (328 mm, 326 mm), the hole was enlarged to 4mm 

diameter. 
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Figure  13.1 Sparse array imaging of an 3.4-mm aluminum plate with a hole at x= 328 
mm, y= 326 mm 

 

13.3 EXPERIMENTAL RESULTS 

Actual signals obtained from the measurements for the transceiver pair (i=1, j=3) are 

shown in Figure  13.2. Both the baseline (Figure  13.2a) and the measurement after the 

englargment of the hole (Figure  13.2b) possess good SNRs. However, after the 

subtraction, the obtained scattered signal became rather noisy (Figure  13.2c). The poor 

SNRs of the scatter signals deteriorate the sparse array imageing quality. To address this 

issue, we use the MPD method (with Gabor dictionary) to reconstruct the scattered 

signals using the first four decomposed atoms. An extremely clean scattered signal 

reconstructed by the MPD method for the transcerive pair (i=1, j=3) is shown in Figure 

 13.2d.  
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Figure  13.2 Sparse array transcerver pair (i=1, j=3) signals: (a) baseline with the 
presence of a 2 mm hole; (b) measurment after the hole was enlarged to 
4 mm; (c) scatter signal obtained from the subtraction between (a) and (b); 
(d) scatter signal reconstructed with the first 4 atoms by the MPD method 

 

Figure  13.3 shows the sparse array imaging results using both summation and correlation 

algorithms with and without the MPD method. With the MPD method, the image quality 

is largely improved for both algorithms. 
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Figure  13.3 Sparse array imaging results: (a) by summation algorithm without 
matching pursuit reconstruction; (b) with matching pursuit reconstruction; 
(c) by corerelation algorithm without matching pursuit reconstruction (d) 
with matching pursuit reconstruction 

 

13.4 DISCUSSION 

As described in Chapter 9, the output of the MPD method is given in terms of 

parameters of the decomposed atoms. With these parameters, a signal can be readily 

approximated or reconstructed for applications, such as denoising. This denoising 

procedure largely improves the sparse array imaging quality. 
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PART IV: APPLICATIONS OF PWAS 
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14 PWAS MONITORING OF CRACK GROWTH UNDER FATIGUE LOADING 

CONDITIONS 

14.1 INTRODUCTION 

Structural health monitoring (SHM) is a major concern of the engineering 

community and SHM is especially important for detection and monitoring of crack 

growth under fatigue loading conditions.  

In this chapter, two active SHM methods using PWAS transducers have been 

simultaneously considered. The two methods are: (a) the electromechanical impedance 

method and (b) the pitch-catch Lamb wave propagation. These methods were applied to 

an experiment performed on an Arcan specimen under fatigue loading. During the 

experiment, crack growth was monitored using digital imaging and active structural 

health monitoring. Nine PWAS transducers were mounted on the test sample and 

impedance signals from these transducers were taken at several crack lengths as the crack 

gradually propagated under fatigue loads. The crack tip locations were also marked on 

the specimen surface during the test so the actual crack lengths could be measured from 

the specimen surface after the test is completed. 
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14.2 THE ARCAN SPECIMEN AND TEST FIXTURE 

The Arcan specimen1 (Figure  14.1) was made out a 1.2mm thick galvanized mild 

steel sheet with yield stress of 231 MPa and ultimate tensile stress (UTS) of 344 MPa.  

 

Figure  14.1 Arcan specimen geometry (dimensions in mm). 

The fracture toughness (KIc) of the material is 140 MPa.m0.5. The Arcan specimen was 

designed for mixed mode I/II fracture testing with the fixture (Figure  14.2). As shown in 

Figure  14.2, a tensile load applied in the 0 (90) degree direction yields pure mode I (II) 

loading in the specimen. Loading in any of the intermediate angles, i.e., 145, 45, 75 

degrees, generates mixed-mode loading (I/II) with a particular mode mixity. 

14.3 GENERATION OF CONTROLLED DAMAGE 

Generation of controlled damage in experimental specimens is a major concern for 

any health monitoring and damage detection experiment. In the present study, our 

primary goal was to correlate changing E/M impedance signals and in pitch-catch 

transmission of elastic waves with varying levels of fatigue damage in the Arcan 

                                                 

1 Experimental work for this section was done in collaboration with professor Yuh Chao group (Chao, ; Liu, 

and Gaddam, 2004) 
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specimen. Hence, a repeatable method of identifying and quantifying specimen damage 

at any point in time was devised. This method consisted of pre-cracking the specimen in 

Mode I fatigue, and then propagating an inclined crack in Mixed Mode Fatigue. The 

propagation was done in stages, such that the crack damage at each stage could be 

measured and quantified. 

 

Figure  14.2 Arcan specimen held inside the fixture 

14.4 LOADING CONDITIONS 

Fatigue load was applied using an MTS 810 Material Test System (Figure  14.3), 

with 1 Hz to 10 Hz loading rate. 

14.4.1 Fatigue pre-cracking 

First, the Arcan specimen was pre-cracked in Mode I fatigue loading to a 7.6 mm 

long edge crack which makes the initial a/w = 0.2, where a is the initial crack length and 

w is the width of the specimen (w=38.1 mm). The maximum stress intensity factor (KI) 

value in the first stage for fatigue pre-cracking was 16.07 MPa.m0.5 and the maximum 
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stress intensity factor (KI) value for the last stage for fatigue pre-cracking was 22.7 

MPa.m0.5. 

14.4.2 Mixed-mode fatigue cracking 

Then, the specimen was subjected to mixed-mode fatigue loading by applying a 

load along the 75o direction of the holding fixture (Figure  14.2). This gave a mode mixity 

1tan ( / )I IIK Kβ −= = tan-1(13.354 / 41.163) = 0.314 which is a Mode II dominant loading. 

The initial maximum load was 11.12 kN (2500 lb). The loading was done in stages, such 

that the specimen did not fail instantaneously after the crack has grown by a certain 

length. The loading ratio (Max_Load/Min_Load) was R = 0.1. The load values are given 

in Table  14.1. A frequency between 1 Hz and 10 Hz was used in each stage for the 

fatigue loading to control the crack-growth rate as the crack-length increased. The crack 

hence grew in stages with a different loading rate for each stage. The overall crack path is 

shown in Figure  14.5. 

 

Figure  14.3 Arcan specimen mounted in the MTS 810 Material Test System for 
fatigue crack propagation studies 

SpecimenCamera 

Fixture 
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14.5 SPECIMEN INSTRUMENTATION AND MEASUREMENTS 

14.5.1 Specimen instrumentation 

The specimen was instrumented with nine circular PWAS as shown in Figure  14.4. 

The PWAS were made from APC-850 piezoeceramic wafers of 7 mm diameter and 0.200 

mm thickness from APC International, Inc. The PWAS were mounted on one side the 

specimen. Care was given to keeping the PWAS away from the expected crack path 

(Figure  14.4).  

 

Figure  14.4 Arcan specimen instrumented with nine PWAS transducers  

 

The transducers were wired and numbered. Through the process, the electrical integrity 

of the transducers was measured for consistency. In addition, a digital camera was used to 

take close-up digital image measurements of the specimen at various stages of the testing 

program. 

Expected 
crack path PWAS

Wires Initial 
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14.5.2 Measurements 

A digital image of the specimen was taken after each fatigue loading stage, using 

image capture software. In addition, a reference mark was made near the crack tip to 

mark the crack progression after each loading stage.  

The PWAS data was also recorded after every stage so that the crack-growth data from 

the images and the data from the PWAS could be compared. The PWAS data was taken 

with two methods (i) the E/M impedance method; and (ii) the Lamb wave propagation 

method. For the impedance method, a Hewlett Packard 4194A Impedance Analyzer was 

used. The E/M impedance signatures of the 9 PWAS transducers affixed to the specimen 

was taken and stored in the PC. In initial trials, the frequency range 100 kHz to 500 kHz 

was determined as best suited for this particular specimen.  

For the Lamb-wave propagation method, the pitch catch approach was used. A 

three-count tone burst sine wave at a frequency of 3 x 158 kHz = 474 kHz and 10 Vpp 

amplitude was generated with a HP33120 function generator. In a round-robin fashion, 

the excitation signal was applied to one of the PWAS working as a transmitter. The 

signals received at the other PWAS were recorded with a Trektronix TDS210 digital 

oscilloscope. 

14.6 RESULTS 

The test proceeded in twelve crack-growth stages. The overall crack-growth 

fracture path recorded during the test is shown in Figure  14.5 with arrows pointing to the 

tip location corresponding to each growth stage. The calculated KI and KII values are also 

included in Table 1. Figure 6 shows that the crack grew kinked relative to the initial crack 

direction (stages 1 to 2) which is in agreement with the direction of tensile fracture (Chao 
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and Liu 1997, 2004). After the initial cracking, the crack growth followed the path for 

tensile fracture (stages 2 through 12) until instability occurred (stage 12, not shown in 

Figure  14.5). This fact is reflected by the KI and KII values as well, i.e. the initial crack 

(stage 1) is Mode II dominant and it becomes Mode I dominant immediately after the 

crack growth (stages 2 and thereafter). 

 

Figure  14.5 Close-up image showing the crack-tip location after each stage up to 
stage 11. The arrow marked “1” shows the location of the tip of the fatigue 
pre-crack 

Table  14.1 Crack growth history and relative crack size  ( R=0.1) 
Stage Max. 

Load 
(N) 

Fatigue 
cycles 

ΔKI 
( mMPa ) 

ΔKII 
( mMPa ) 

Crack  
growth 
(mm) 

Crack size 
(mm) 

Relative 
crack 
size 

1 11121 39,500 11.878 29.339 Ref. 0.00000 0% 
2 10231 49,500 37.657 3.472 0.50229 0.50229 3% 
3 11121 51,500 43.349 3.080 0.44648 0.94877 5% 
4 10231 56,700 42.437 2.339 0.39067 1.33944 8% 
5 9341 62,723 46.811 3.082 2.00917 3.34861 19% 
6 8452 71,100 50.294 3.733 2.34404 5.69265 33% 
7 7562 77,547 49.624 4.343 1.50688 7.19953 42% 
8 6672 79,000 47.009 0.176 1.00458 8.20411 47% 
9 6672 80,775 52.503 0.074 1.78593 9.99004 58% 

1
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10 5783 86,870 51.602 -0.952 2.00917 11.99921 69% 
11 5783 91,800 56.041 -4.385 1.39526 13.39447 77% 
12 5783 94,000- 69.832 -14.450 3.90673 17.30120 100% 

14.6.1.1 Damage quantification 

Damage quantification and control was performed using the crack length. The 

maximum crack length (amax = 17.3 mm) was taken to correspond to maximum damage 

and was assigned a value of 100% damage. The other intermediate damage cases were 

assigned damage values proportional with the relative crack size (i.e., % damage = 

a/amax). Thus, we could monitor and control the amount of damage accumulating in the 

fatigue specimen (Table  14.1). 

14.6.1.2 Health monitoring under controlled damage conditions 

The relative crack length was used to identify the damage amplitude and control the 

damage progression in the Arcan specimen during the fatigue testing. Our purpose was to 

stop the loading and collect health-monitoring data at various damage values. This was 

achieved by stopping the experiment when the relative crack length was 3%, 5%, 8%, 

19%, 33%, 42%, 47%, 58%, 69%, 77% and 100%. All the measurements were taken in 

the same room temperature to exclude temperature influence on the measurement 

readings. 
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Figure  14.6 Cracked Arcan specimen with final crack size 17.3mm 

At each damage value, the readings of the E/M impedance signature of the nine 

PWAS transducers stored in the PC were analyzed. Also analyzed were the readings 

taken of the pitch-catch transmission of Lamb waves between various PWAS (#3 to #1; 

#3 to #4; #3 to #7; #6 to #1; #6 to #4; and #6 to #7). The process was repeated for each 

crack length up to the maximum value (17.3 mm at 94,000 cycles). Figure  14.6 presents 

the cracked Arcan specimen with the crack at its maximum position (17.3 mm). 

Examination of the crack path reveals the intermediate crack tip positions marked with 

red dots.  

During the fatigue loading, a number of PWAS showed insufficient adhesion 

durability and became disbonded from the specimen. This can be attributed to the 

plasticity effect near the crack-tip and to other fatigue-related aspects. This disbond may 

be due to the adhesive specification, and will be investigated separately. For the purpose 

of this paper, we note that PWAS #2, 5, 8 disbonded early in the experiment and will be 

discarded. Other PWAS disbonded only late; in this case, their readings will be retained 

 

Crack
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up to the point when they became disbonded. For example, PWAS #1 disbonded just 

before the last two readings. Hence, only the last two readings of PWAS #1 are discarded. 

14.7 DISCUSSION 

14.7.1 Damage effect on PWAS readings 

In this specimen, the damage appeared in the form of a progressive crack, initiated 

at the specimen boundary and propagating diagonally across the specimen under mixed 

mode fatigue loading. As the crack advances, the effective high-frequency mechanical 

impedance seen by the PWAS attached to the specimen changes. This reflects in changes 

in the E/M impedance spectrum (Figure  14.7a). 

The crack propagation also induces changes in the path of Lamb transmission 

across the specimen. This modifies the signal waveform arriving at the receiver PWAS 

(Figure  14.8). These two effects, E/M impedance change and Lamb wave transmission 

change, are different in nature, but complementary. The E/M impedance change is a high-

frequency standing waves effect, while the Lamb-wave transmission change is due to 

waves being reflected and diffracted by the crack. 

14.7.2 Correlation of E/M impedance readings with crack progression 

Figure  14.7a presents typical superposed plots of the impedance signatures 

obtained at various levels of damage. The impedance signature considered here is the real 

part of the complex E/M impedance, real Z, measured in the 100500 kHz frequency band 

selected during pre-trial tests. Examination of the graphs in Figure  14.7a reveals 

important modifications taking place in the impedance signatures due to the intricate 
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structural response changes induced by damage progression. However, direct 

interpretation of these impedance signatures is not straightforward.  

A more direct interpretation is attained with a damage index. The damage index is a 

scalar quantity that is evaluated from the comparison of impedance signature at a given 

damage level with a baseline signature. In our experiment, we took as baseline the 

signature at the start of the tests. The mathematical expression of the damage index 

depends on the choice of damage metric. In this work, we used a damage index based on 

the Euclidean norm, i.e., the RMS impedance change calculated as: 
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⎜ ⎟
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∑

∑
 (14.1) 

where N is the number of sample points in the impedance signature spectrum, while the 

superscript 0 signifies the initial (baseline) state of the structure. 
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Figure  14.7 PWAS #9 E/M impedance plots: (a) superposed E/M impedance plots; (b) 
RMSD damage index from E/M impedance 

Examination of the E/M impedance data reveals changes recorded in the E/M impedance 

signatures with the progression of damage. These changes are reflected in both the E/M 

impedance signatures (Figure  14.7a) and in the RMS impedance change damage index 

(Figure  14.7b). Examination of Figure  14.7a indicates that significant changes took place 

in the E/M impedance signature as damage progressed through the specimen. New 

frequency peaks appeared while other peaks were shifted or accentuated. Examination of 

the damage index plot (Figure  14.7b) shows that the RMS impedance change increases 

monotonically with structural damage. 
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14.7.3 Correlation of Lamb-wave transmission readings with crack progression 

Examination of the pitch-catch signals presented in Figure  14.8 indicates that the 

crack size strongly influences the transmission of Lamb waves in the specimen. At the 

beginning (0% damage) the transmission of Lamb waves from PWAS #3 to PWAS #7 is 

direct and unimpeded, resulting in a representative arrival signal in the 10 to 20 micro-sec 

region (see the 0% curve in Figure  14.8). As the crack extends, it progressively interferes 

with the direct wave path and the signal starts to change (see the 3% and 5% curves in 

Figure  14.8). These changes become stronger and stronger as the crack extends (see the 

8% through 69% curves in Figure  14.8). Eventually, the crack has extended so much that 

it obliterates completely the direct wave path and no signal arrives any longer in the 10 to 

20 micro-sec region (see the 77% and 100% curves in Figure  14.8). In this latter case, the 

waves arrive on a round about path, i.e. in the 20 to 30 micro-sec region. Also apparent in 

the signal is the effect of wave dispersion and scatter.  

 

Figure  14.8 Pitch-catch plot from PWAS #3 to PWAS #7 

The aforementioned damage index technique is again applied to find the direct 

relationship between the change of transmission of Lamb waves and the crack growth. 

Since pitch-catch signals are getting weaker and weaker due to the increasing of crack 
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size, two damage metrics including RMSD and power deviation are employed to 

calculate damage index. The mathematical expression for root mean square deviation 

(RMSD) was as. 

 2 2

1 1

( )
n n

j j j
j j

RMSD y x x
= =

= −∑ ∑ . (14.2) 

To monitor the power change in pitch-catch signals with the growth of crack, power 

deviation (PD) was also used, i.e., 

 2 2

1 1

1
n n

j j
j j

PowerDeviation y x
= =

= − ∑ ∑ . (14.3) 

Where, n is the number of sample points, x signifies the pristine (baseline) pitch-catch 

waveform, and y signifies current pitch-catch waveform. Note that when using RMSD 

and PD metrics to calculate damage index, it is very important to eliminate DC value in 

pitch-catch signals and make sure signals are synchronized in time.  

Figure  14.9 to Figure  14.10 show the damage index over crack size from pitch-

catch signals by using RMSD and PD damage metrics. We can see that RMSD metric 

works better than PD metric for monitoring Arcan specimen crack growth under loading. 

When the crack is small, the reflection of waveforms from the transmitter is increasing 

with the growth of crack. A linear relationship between damage index and crack size can 

be perceived. With further growth of crack, the received waveforms are mainly scattered 

waves. The rate of change of scattered waves according to crack growth is not as strong 

as before. 
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(a) (b) 

Figure  14.9 Plot of RMSD (root mean square deviation) damage index from Pitch-
catch method: (a) PWAS #6 to PWAS #7; (b) PWAS #3 to PWAS #7 

  

(a) (b) 
Figure  14.10 Plot of PD (power deviation) damage index from Pitch-catch method: (a) 

PWAS #6 to PWAS #7; (b)PWAS #3 to PWAS #7 

 

14.8 CONCLUSIONS 

The application PWAS smart sensors to the active health monitoring of crack 

growth in an Arcan specimen under fatigue loading has been presented. In the past, 

PWAS transducers have been used for health monitoring of structures but they have not 
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been used to record the crack-growth data under mixed mode crack growth in an Arcan 

specimen test. To the authors’ knowledge, this is the first that such an experiment has 

been conducted. 

14.8.1 Summary of main results 

The work presented in this chapter indicates that the E/M impedance method and 

the Lamb-wave propagation method applied with PWAS transducers are both able to 

detect the presence and advance of a crack under fatigue loading. The preliminary 

analysis of the data indicates that both the E/M impedance and the Lamb-wave 

propagation method can detect the presence and progression of a crack in an Arcan 

specimen. Further signal analysis and interpretation work is needed to reach the full 

potential of this experimental study. 

During the fatigue loading, a number of PWAS transducers became disbonded. 

This happened in the high-strain regions near the crack tip. This aspect must receive 

special attention in order to determine the strain limits of the current PWAS adhesion 

methods and to develop methods for a better and more durable adhesion of the PWAS 

transducers. In addition, sensors along the crack growth line were damaged. Sensors that 

survived off the crack line were used to monitor crack growth. For Arcan specimen, the 

crack growth line could be theoretically predicted; this enabled us to avoid mounting 

sensors along the crack-growth line and to use fewer sensors. 

The measurements were taken at controlled temperature in order to avoid 

temperature effects on impedance spectrum. In practical implementations, multiple 

baselines under know environmental conditions in order to construct a comprehensive 
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baseline database. When monitoring the structure, environmental conditions will be also 

monitored such that appropriate baselines are used in the comparison process. 

14.8.2 Advantages of the present approach 

The present chapter has presented a combined approach in which optical and 

piezoelectric methods for crack detection and monitoring were combined. The optical 

equipment can be used to spot the crack-tip and it would be the surface defect that the 

equipment used could show to us; more sophisticated and higher magnification 

equipment might show even better the exact location of the crack tip. Even if the crack 

tip is not visible on the surface, there might be defect induced under the surface of the 

specimen. Optical equipment cannot detect under the surface cracks. PWAS transducers 

were used to record the E/M impedance and the Lamb wave propagation data on the 

Arcan specimen. Hence, if there is any defect (crack) in the material, the data obtained 

from the PWAS transducers would be modified by the presence of the crack. The 

correlation of the PWAS data with crack-growth optical data in a specimen would yield 

an improved methodology for crack detection and monitoring in critical structures. 
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15 BIO-PWAS RESONATOR FOR IN-VIVO MONITORING OF CAPSULE 

FORMATION AROUND SOFT TISSUE IMPLANTS 

15.1 INTRODUCTION 

The cellular response to the placement of a foreign substance, particularly silicone, 

into the soft tissues has been fairly well characterized histologically (Smahel et al., 1993; 

Picha et al., 1990). The eventual replacement of a cellular phenomenon with fibroblast 

infiltration around the implant, followed by compact collagen deposition (the capsule) 

has been clearly documented. While some studies exist that have measured capsule 

mechanical properties, they are currently limited to static measurements of elasticity, 

compliance, and capsular pressure (Giurgiutiu et al., 2004a). The development of long-

term in-vivo measurement of dynamic mechanical properties of soft tissues will help 

improve the understanding of the biomechanical origin and process of capsular 

contracture. In addition, it could have tremendous application in early detection of 

capsular contraction, which can lead to poor clinical outcomes, around an implant placed 

during reconstructive or cosmetic surgery. Piezoelectric sensors have been developed 

elsewhere for a wide range of biological studies: (1) to determine cell growth and 

spreading on surfaces; (2) to apply mechanical agitation locally to stimulate tissue growth; 

(3) to detect minute concentrations of analytes in fluids; (4) and to measure static 

mechanical stresses of tissue.  



 215

Giurgiutiu et al. (2004a) and Bender et al. (2006) set forth to perform such 

dynamic measurements using piezoelectric wafer active sensors adapted for use as an 

implanted bio-sensor (bio-PWAS) and electromechanical impedance spectroscopy 

technique. Results indicate that only certain modes (first radial mode and thickness mode) 

in PWAS E/M impedance spectrum correlate with the state of the implantation, and that 

viscoelasticity of the tissue surrounding the implant changes in the different states of the 

implantation. Therefore, it will be much simpler if it is possible to make bio-PWAS focus 

on just one resonance frequency and track how its value changes with various physical 

parameters in the different implantation states. A PWAS oscillator may meet this 

requirement. The resonant frequency of the PWAS oscillator depends on the effective 

mass and stiffness of the PWAS, as well as its boundary conditions, soft tissue 

viscoelasticity, and soft tissue adhesion. If the mass changes due to surface adsorption 

and deposition, or the viscoelasticity of the surrounding tissue changes due to the 

evolution of implantation states, the resonant frequency responds by shifting.  

In this chapter, two types of bio-PWAS oscillators, Colpitts-type and series-type 

oscillators, were designed and analyzed for in-vivo monitoring of capsule formation 

around soft tissue implants. Some preliminary experiments were conducted to evaluate 

the performance of the bio-PWAS oscillators. 

15.2 BIO-PWAS RESONATORS 

15.2.1 Principle of oscillation 

Generally, basic oscillation circuits can be grouped into three categories: use of 

positive feedback; use of negative resistance element; use of delay in transfer time or 

phase (Murata Corp, 2004). Among them, the positive feedback oscillation circuit is 
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widely used. Figure  15.1 shows the block diagram of positive feedback oscillator 

operating principal. For oscillation to occur, the Barkhausen criteria must be met: (1) the 

loop gain must be greater than one (2) the phase shift around the loop must be n×360.  

 

Figure  15.1 Principle of oscillation (Murata Corp, 2004) 

 

15.2.2 PWAS equivalent circuit model 

The performance of PWAS is most often analyzed using the simple electrical 

equivalent circuit of Figure  15.2 (Matthys, 1983). In this circuit, C0 is the electrical 

capacitance between the two electrodes of the PWAS, while L1, C1 and R1 are chosen to 

have a resonant frequency and Q factor that are numerically equal to those of the 

electromechanical resonance of the PWAS. The RLC parameters of PWAS equivalent 

circuit can be readily measured by HP4194A impedance analyzer. For a free PWAS disc 

of 7-mm diameter and 0.2mm in thickness: R1=12.3422 Ω, L1=401.68 μH, C1=691.1128 

pF, C0=1.91798 nF. 

 

Figure  15.2 Equivalent circuit of a bio-PWAS  

Amplifier 
   Amp. coeff.:α 
   Phase shift: θ1

Feedback circuit 
   Feedback ratio.:β 
   Phase shift: θ2

Oscillation condition: 
α β >1 

   θ1+ θ2 = n×360º 
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Figure  15.3 shows the superposed impedance and phase characteristics measured 

between the terminals of a free PWAS. The dotted lines represent the direct impedance 

measurement by HP4194A impedance analyzer. The solid lines were plotted by using the 

PWAS equivalent circuit parameters (R, L, C0 and C1, see Figure  15.2). The plots 

illustrate the following aspects of electromechnical resonance: 

The PWAS displays inductive behavior in the frequency band between the resonant 

frequency Fr, which provides the minimum impedance, and the anti-resonant 

frequency Fa, which provides the maximum impedance.  

The PWAS displays capacitive behavior outside the Fr – Fa frequency band. 

Equivalent circuit can be used to approximate PWAS impedance spectrum  

 

Figure  15.3 Free PWAS impedance and phase characteristics: (a) impedance 
magnitude; (b) impedance phase (Solid lines represent free PWAS 
measured data; dotted lines represent free PWAS equivalent circuit data) 

 

15.2.3 Colpitts-type PWAS oscillator 

15.2.3.1 Operation principle 

Colpitts-type oscillator is a positive feedback oscillator using LC network. 

Therefore, in the Colpitts-type PWAS oscillator, the inductor L is replace by the PWAS 
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itself, taking advantage of the fact that the PWAS becomes inductive between resonant 

and anti-resonant frequencies.  

15.2.3.2 Circuit design 

After Pspice simulation, the design of Colpitts-type oscillator is shown in Figure 

 15.4.  

 

Figure  15.4 Colpitts-type PWAS oscillator schematic 

Oscillation frequency of this circuit is expressed approximately as  

 1

0

1osc
L

Cf Fr
C C

= +
+

 (15.1) 

where, 1 2 1 2( )L L L L LC C C C C= + . In the circuit of Figure  15.4, inverter 1A works as an 

inverter amplifier of the oscillation circuit. Inverter 2A acts to shape the waveform and 

also acts as a buffer for the connection of a frequency counter. Rf is the feedback resistor 

providing negative feedback around the inverter, to make the oscillation start when power 

is applied. CL1 and CL2 are load capacitors.  

PWAS 
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15.2.3.3 Experiment 

Figure  15.5 shows the experimental setup for the testing the Colpitts-type bio-

PWAS oscillator. It consists of a frequency counter, an oscilloscope and the oscillation 

circuit together with a free PWAS under test. To store the waveform for future analysis, a 

laptop with GPIB interface was used. 

 

Figure  15.5 PWAS oscillator experimental setup 

 When driving a free PWAS, the Colpitts-type PWAS oscillator outputs a strong 

and stable square wave (~ 5 Vpp) at the PWAS resonant frequency (316.75kHz) (Figure 

 15.6). However, the oscillation circuit ceases to operate after the PWS is coated with a 

thin silicon layer, which was used to simulated capsule formation. The coating changes 

the PWAS electromechanical property. The PWAS does not behave like an inductor in 

the oscillator circuit any more and the design frequency of the Colpitts oscillator has to 

be modified. Hence, the Colpitts-type oscillator is not a good candidate for our 

application here. 
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Laptop with 
GPIB interface 
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Figure  15.6 Colpitts-type PWAS oscillator output waveform (316.75kHz) when driving 
a free PWAS 

 

15.2.4 Series-type PWAS Oscillator 

15.2.4.1 Operation principle 

A simplified equivalent circuit for the PWAS is the series RLC network (Figure 

 15.7). The PWAS shunt terminal capacitance C0 is ignored here for simplicity but 

without losing generality.  

 

Figure  15.7 Series PWAS oscillator 
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A current-sampling resistor RL is added in series with the PWAS, and the PWAS is 

driven by a step input of voltage Ei.  The relationship between the applied voltage and 

resulting PWAS current is given by the Laplace transform: 

 
2

1 1( ) 1/( )
( )
ie s L s Rs CG s
i s s

+ +
= =  (15.2) 

where, R=RL+R1. For a voltage step input, ( ) 1/ie s s= , the transient solution for the 

output voltage across RL is found using the inverse Laplace transform, i.e.,  

 
1/(2 ) 2 2

1 1 1

0 2 2
1 1 1

R sin / 1/ 4
( ) ( ) R

/ 1/ 4

t RL
L

L

e C L R L t
E t i t

C L R L

− ⎡ ⎤−⎣ ⎦= =
−

 (15.3) 

As indicated by Equation (15.3), the current through the PWAS is a damped sine wave 

synchronized by the rising edge of the step input. Figure  15.8b shows the PWAS 

response to a 1 volt step input (Figure  15.8a). 

 

Figure  15.8 PWAS response to1 volt step input: (a) step input; (b) PWAS response 

If the step input is reversed (i.e., dropped back to zero) at each zoro-crossing point of the 

AC current, the exponential decay term drops out, and the transient solution becomes the 

steady-state solution. Figure  15.9 shows the PWAS response to a 333kHz square wave 

input.  

1 volt step input
step response 

(a) (b)

(V)(V) 
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Figure  15.9 PWAS response to 333kHz square input: (a) square wave input; (b) 
PWAS response 

The PWAS response converges to a steady-state sine wave with spikes caused by caused 

by square wave transitions. 

Therefore, by applying a square wave to the PWAS at its resonant frequency – using the 

simple circuit in Figure  15.7, a sine wave will be perceived at the PWAS output. Figure 

 15.10 illustrates the operation principle of a series-type PWAS oscillator. 

Assume a square voltage is applied to a PWAS, a sinusoidal PWAS current is 

perceived at the PWAS output. 

Feeding the sinusoidal PWAS current into an amplifier with enough gain, the 

amplifier saturates and outputs square wave; 

The square wave is then used to drive a PWAS to ensure continuous oscillation. 

 

Figure  15.10 PWAS response to square wave (Matthys, 1983) 
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15.2.4.2 Circuit design 

Based on the principle of PWAS response to a square wave input presented in the 

Section 11.2.4.1, an improved series-type PWAS oscillator was constructed. Figure  15.11 

shows the schematic of the series-type PWAS oscillator used in the experiment. 

 

Figure  15.11 Series-type PWAS oscillator schematic 

The circuit operates sequentially in three stages: 

Current-sampling stage. A small value load resistor RL is connected in series with 

the PWAS. When the PWAS operates at resonance frequency, the current flow 

through the RL (in terms of voltage) reaches its maximum value. The value of 

load resistor RL should be carefully selected to be in the order of the PWAS 

series resistance (Rs). This ensures that the energy from PWAS will be dissipated 

fast enough when the oscillator operates in high frequency.  

Amplifier stage: a simple non-inverting amplifier was used to amplify the output 

from PWAS to amplifier’s saturation range. Note that the amplifier selected 

should have high enough bandwidth and slew rate to start the high frequency 

oscillation.  
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Voltage follower stage: this is used to limit current and change the output impedance 

for connection to PWAS and frequency counter. 

15.2.4.3 Experiment 

By adjusting the gain of the amplifier and load resistor value RL, the oscillator will 

start to oscillate. Figure  15.12 shows a sample output waveform of the series-type PWAS 

oscillator.  

 

Figure  15.12 Series-type PWAS oscillator output waveform (~270kHz) 

With the same experimental setup as shown in Figure  15.5, a free PWAS coated with 

silicon was tested in several different media with different viscosities (Table  15.1). As the 

medium viscosity varies, the oscillator reacts to this change of surrounding damping 

conditions by shifting its resonant frequency. 

Table  15.1 Test of PWAS oscillator driving free PWAS coated with silicon in different 
media 

Test Media air Wate
r 

AloeGelPetroleum 
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auto trans. 
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Resonant freq. (kHz) 267.4 268.4 268.6 268.7 269.1 269.5 586.3 589.
1 
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Compared to Colpitts-type PWAS oscillator, the series-type PWAS oscillator is able to 

resonate even with a heavily constrained/damped PWAS. Table  15.2 tabulates the 

resonant frequency of the series-type PWAS oscillator for driving a free PWAS and 

constrained PWAS bonded to aluminum plate, as shown in (Figure  15.13). When 

constrained by the aluminum plate, the PWAS oscillator shifts its resonant frequency to 

602.7kHz corresponding to the plate resonance. 

 

Table  15.2 Test of PWAS oscillator driving free PWAS and PWAS mounted an 
aluminum plate 

Status free PWAS PWAS mounted on plate 
Resonant freq. 275.1 kHz 602.7 kHz 
 

 

Figure  15.13 Free PWAS and a PWAS bonded to an Aluminum plate with adhesive 

15.3 CONCLUSIONS  

Bio-PWAS and E/M impedance spectroscopy technique have been successfully used for 

in-vivo monitoring of capsule formation around soft tissue implants. To reduce the data 

interpretation effort and simplify instrumentation, two types of PWAS oscillators 

Free PWAS 100 diameter plate 

PWAS
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( Colpitts-type and series-type PWAS oscillators) were presented in this chapter. Both of 

them were explored analytically and experimentally. Colpitts-type PWAS oscillator uses 

the inductive property of the PWAS in its resonant frequency range and operates at the 

first resonant frequency of a free PWAS. However, it is too sensitive to the surrounding 

damping. Therefore, it may not be an appropriate candidate for in-vivo application. For 

the series-type PWAS oscillator, the preliminary experiments showed that it responses 

well to the viscosity change of the surrounding media and continue to operate even under 

heavily constrained/damped conditions. More work, such as calibration and correlation of 

the oscillator resonant frequency with the viscosity property of the different media, in-

vitro tests, needs to be done before applying this oscillator to in-vivo monitor capsule 

formation 

 



 227

16 HIGH-TEMPERATURE PWAS FOR EXTREME ENVIRONMENTS 

16.1 BACKGROUND AND MOTIVATION 

Structural health monitoring (SHM) using in-situ active sensors has shown 

considerable promise in recent years. Small and lightweight piezoelectric wafer active 

sensors (PWAS), which are permanently attached to the structure, are used to transmit 

and receive interrogative Lamb waves that are able to detect the presence of cracks, 

disbonds, corrosion, and other structural defects. Successful demonstrations of active 

SHM technologies have been achieved for civil and military aircraft components and 

substructures. The two major new aircraft programs (e.g., Boeing 787 and Airbus A380) 

both envisage the installation of SHM equipment throughout the critical structural areas 

to detect impacts and monitor structural integrity (Speckmann and Roesner, 2006). 

However, the used of active SHM in areas subjected to extreme environments and 

elevated temperatures has not been yet explored. The main reason for this situation is that 

the commonly used piezoelectric material – PZT, or PbZrTiO3 – cannot be used above 

200˚C (400˚F).  

Nevertheless, a considerable number of critical applications, which are subjected to 

extreme environments and elevated temperatures, are in need of structural health 

monitoring technologies. The turbine engines contain a number of components that fail 

due to high cycle fatigue (HCF) damage (Figure  16.1). Critical engine components 

sustain temperatures of up to 700°C (~1300°F), speeds of up to 20,000 rpm, high 
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vibration loads and significant foreign object damage (FOD) potential (Hudak et al., 

2004). The active SHM principles could be applied for in-service detection and 

monitoring of critical engine damage provided the active sensors would survive the harsh 

high-temperature environment. 

 

(a)     (b)      (c)  

Figure  16.1 Typical damage currently encountered in AF turbine engines: (a) disk 
crack initiated by airfoil HCF; (b) HCF blade fracture; (c) foreign object 
damage on a blade 

The US Air Force is developing the Space Operations Vehicle, which is going to be 

subject to extreme operational conditions (Leonard, 2004). Affordability requires 

reduction in launch costs. Reducing the turn-around time is the key to reducing costs. The 

rapid assessment of vehicle health is essential to reducing the turn-around time. Of 

considerable interest is the structural health of the thermal protection system (TPS) 

(Derriso et al., 2004). The TPS is built to accommodate aerodynamic pressures, as well 

as thermal conditions found in the cold of space and throughout the heat of reentry 

(Figure  16.2). Several TPS panel variants are being considered. One variant consists of an 
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outer surface of foil-gage Inconel 617 metallic honeycomb sandwich panel (Figure  16.2a). 

This outer panel is structurally connected to an inner box beam by a thin Inconel 718 

metal support bracket at each corner of the panel. Another variant considers carbon-

carbon composite fastened to ribbed titanium backing structure (Figure  16.2b). The active 

SHM principles could be applied for detection and monitoring of critical TPS damage if 

the active sensors could survive the harsh temperature environment. 

(a)  

 
(b)  

Figure  16.2 Space operations vehicle TPS variants: (a) metallic honeycomb; (b) 
carbon-carbon composite 

This chapter presents preliminary work on development of active SHM technology 

for in-situ interrogation of damage state in structural materials subjected to extreme or 

harsh environments, more specifically the development of high-temperature piezoelectric 

wafer active sensor (HT-PWAS) that can withstand extreme environmental conditions. 
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16.2 STATE OF THE ART: ATTEMPTS TO ACTIVE STRUCTURAL HEALTH MONITORING IN 

HARSH/EXTREME ENVIRONMENTS 

For harsh/extreme environment applications, only a few tentative trials have so far 

been reported. PWAS in conjunction with the electromechanical (E/M) impedance 

method were tried for monitoring structural damage in turbo engine blades (Giurgiutiu 

2008). However, the experiments were impended by the low temperature tolerance of the 

PZT material and the need for transferring data from a rotating frame. Wang and Chang 

(1999) considered the use of built-in piezoelectrics for indirectly detecting impact and 

damage in TPS panel by monitoring the cooler attachments points with ingeniously 

conceived piezo washers. Olson (2006) studied the feasibility of using active SHM on 

TPS panels to indirectly detect TPS damage by placing piezoelectric transducers not on 

the TPS panel but on the cooler support structure. It is apparent that the temperature 

limitations of conventional piezoelectric materials present an important obstacle in the 

direct implementation of active SHM methods to harsh/extreme environment applications. 

16.3 HIGH-TEMPERATURE PIEZOELECTRIC WAFER ACTIVE SENSORS DEVELOPMENT 

16.3.1 High-temperature piezo material investigation 

Recent developments in piezoelectric materials have brought forwards classes of 

materials that preserve their piezoelectric properties at elevated temperatures. There are 

several requirements that must be rigorously addressed when considering piezoelectric 

materials for high temperature applications (Damjanovic, 1998; Tuner et al., 1994). The 

Curie transition temperature must be well above the operating temperature; otherwise the 

piezoelectric material may depolarize under combined temperature and pressure 

conditions. The thermal energy causes displacement of domain walls, leading to the large 
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power dissipation and hysteretic behavior, especially when temperature is close to the 

Curie transition temperature. The temperature variation may produce pyroelectric charges, 

which may interfere with the piezoelectric effect. In addition, many ferroelectrics become 

conductive at high temperatures, leading to the charge drifts and partial loss of signal. 

The conductivity problem is aggravated during operation in atmosphere with low oxygen 

content, in which many oxygen-containing ferroelectrics may rapidly loose oxygen and 

become semi conductive. In our study, we investigated the available literatures in order to 

identify piezoelectric compositions that could be used to construct high-temperature 

piezoelectric wafer active sensors (HT-PWAS). We have been especially looking for 

those formulations that are close to being commercially available, or are already in pilot 

production. We found that strong candidates for the high temperature piezoelectric 

applications are Aluminum Nitride (AlN) and Gallium Orthophosphate (GaPO4). 

16.3.1.1 Aluminum nitride (AlN) 

Aluminum nitride (AlN) is a non-ferroelectric piezoelectric which has a wurtzite 

structure and is also pyroelectric. It does not exhibit phase transitions on heating from 

room temperature, and melts at above 2000°C (~3600oF) in a nitrogen atmosphere. This 

piezoelectric material retains its properties above 1000°C (~1800oF). It has a high 

electrical resistivity even at elevated temperatures (Damjanovic 1998). Because it does 

not contain oxygen in its composition, AlN can safely operate at low partial pressures of 

oxygen, such as in a neutral (N2) atmosphere at high temperatures, under conditions 

where most other piezoelectric materials (especially ferroelectrics) will loose its 

functional properties and become electrically conductive. Sebstian (2004) demonstrated a 

high temperature AlN ultrasonic transducer that can operate at over 900°C (1650°F) and 
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140MPa (~20 ksi). University of Dayton Research Institute (UDRI) has patented the used 

of AlN in ultrasonic transducers (Stubbs, 1999). Figure  16.3 shows an AlN ultrasonic 

sensor on loan from UDRI. The AlN film was deposited on tungsten carbide substrate. 

The conductive substrate acts as one of the electrodes. Another electrode will be prepared 

by pressing the sensor against a metal plate or by applying a conductive coating. 

Scanning Electron Microscope (SEM, FEI Quanta 200) image of the AlN thin film of this 

sensor is shown in Figure  16.4. The AlN film was measured to be 60μm thick. 

 

Figure  16.3. ALN high-temperature ultrasonic sensor (Stubbs, 1996) 

 

Figure  16.4  AlN scanning electron microscope images: (a) top view; (b) side view 
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In another publication (Stubbs, et al 1996), AlN film ultrasonic sensor were demonstrated 

capable of emitting and receiving ultrasonic energy at temperature exceeding 900°C 

(1650°F) and pressures above 150 MPa (~22 ksi). Furthermore, an AlN thin film pressure 

sensor was developed to monitor pressure fluctuations in rotating machinery on both the 

blade surfaces and the casing at temperature above 500°C (~930°F) and centrifugal 

acceleration up to 300,000g (Kayser and Dudgeon, 2000). The sensor was less than 

20 mμ  thick and consisted of a triple-layer structure of Pt/AlN/Pt representing the 

measurement electrode, the piezoelectric element, and the shielding electrode that were 

deposited by cathode sputtering. The sensor electrical properties were evaluated up to 

900°C in the range 100 Hz to 1MHz.  

However, at this stage, thin wafers of AlN similar to PZT wafers are not available. 

To utilize the achievements in AlN technology, further investigation is needed to develop 

techniques for either applying the AlN thin film on the investigated structure, or of 

applying the AlN film on a thin substrate that would also serve as the bottom electrode in 

a PWAS type application. 

16.3.1.2 Gallium Orthophosphate (GaPO4) 

Gallium orthophosphate (GaPO4) is considered the “high temperature brother of 

quartz” (Piezocryst Inc.). It shows remarkable thermal stability up to temperatures above 

970°C. Furthermore, it displays no pyroelectric effect and no out-gassing. It has a high 

electric resistivity that guarantees high-precision piezoelectric measurements. The first 

industrial application of GaPO4 single crystals was in uncooled miniaturized pressure 

transducers for internal combustion engines using the direct piezoelectric effect. These 

sensors have been produced since 1994, and are now well established on market (Krispel 
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et al., 2003). In our work, we have identified a supplier (Piezocryst Inc., Austria) that was 

able to supply us GaPO4 wafers per our specification. The wafers were x-cut GaPO4 

single crystal discs of 7mm diameter and 0.2 mm thickness. The wafers had a triple-layer 

structure: electrode, GaPO4 thin film crystal, electrode (Figure  16.5). The electrodes were 

sputtered Pt-layers with a thickness of 100 nm. These wafers were used to construct HT-

PWAS and subjected to a series of tests to characterize their properties at room 

temperature and at various elevated temperature. 

 

Figure  16.5. GaPO4 sensors: (a) sensor picture; (b) sensor bonded on structure 

 

16.3.2 E/M Impedance Tests of Free GaPO4 HT-PWAS 

The electromechanical (E/M) impedance was used to measure presence of 

piezoelectric property in the high-temperature PWAS under various conditions. When 

excited by an alternating electric voltage, a piezoelectric sensor acts as an electro-

mechanical resonator due to the piezoelectric effect. The E/M impedance real-part 

spectrum follows the PWAS antiresonances, while the E/M admittance real-part spectrum 

follows the PWAS resonances. When the PWAS piezoelectric activity diminishes, these 

spectral peaks will also diminish. Thus, as long as peaks are noticed in the spectrum, we 

infer that the PWAS is maintaining its piezoelectric activity. Changes in the location and 

amplitude of these spectra peaks during high-temperature tests would be indicative of 
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changes in the piezoelectric and mechanical properties. When the spectral peaks “die out”, 

the PWAS piezoelectric activity has been lost. 

A series of confidence-building tests were performed on free GaPO4 HT-PWAS in 

order to determine their intrinsic behavior at increasing temperatures. This intrinsic 

behavior will serve as a baseline before testing the behavior of HT-PWAS attached to 

structural specimens. The testing of free GaPO4 HT-PWAS consisted of: 

E/M impedance tests of free GaPO4 HT-PWAS at room temperature 

E/M impedance tests of free GaPO4 HT-PWAS after exposure to oven high 

temperature 

E/M impedance tests of free GaPO4 HT-PWAS during exposure to high temperature 

environment in the oven 

16.3.2.1 E/M Impedance of Free HT-PWAS at Room Temperature 

The intrinsic E/M impedance and admittance spectrums of GaPO4 PWAS were 

measured at room temperature with an HP4194 impedance analyzer over a wide 

frequency range (100 kHz to 1 MHz). As shown in Figure  16.6, the GaPO4 PWAS was 

supported on a ceramic stick to simulate the free boundary condition. Figure  16.7 and 

Figure  16.8 show the impedance and admittance spectra of the free GaPO4 PWAS. The 

PWAS antiresonance frequencies were identified from the impedance spectrum (Figure 

 16.7) while the resonance frequencies were identified from the admittance spectrum 

(Figure  16.8). The first, second and third resonance frequencies were successfully 

identified and recorded. These measurements were used as baseline for the elevated 

temperature tests. 
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Figure  16.6  Experimental setup for Free GaPO4 sensor impedance and admittance 
spectrums measurement with a HP4194 impedance analyzer 

 

Figure  16.7  Impedance spectrum of free GaPO4 sensor: (a) real part impedance 
spectrum; (b) imaginary part impedance spectrum 

 

Figure  16.8  Admittance spectrum of free GaPO4 sensor: (a) real part impedance 
spectrum; (b) imaginary part impedance spectrum 
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16.3.2.2 E/M Impedance of Free GaPO4 PWAS after Exposure to High Temperature 

To demonstrate that GaPO4 PWAS maintain their piezoelectric property even after 

exposure to high temperature environments, a GaPO4 PWAS and a PZT PWAS were 

subject to a series of high temperature exposures in an oven. Oven exposures length was 

30 minutes. After the 30-minute exposure, the PWAS were cooled down to room 

temperature and had their impedance measured.  

 

Figure  16.9  PWAS impedance spectrum variation with temperature: (a) low-
temperature PZT PWAS “dies” out between 500F and 600 F; (b) high-
temperature GaPO4 PWAS remains active. 

Figure  16.9 compares the behavior of PZT PWAS with that of GaPO4 PWAS for 

various temperature levels. Figure  16.9a shows the PZT PWAS impedance spectrum 

measured after exposures to temperatures ranging from 100ºF to 700ºF ( ~ 40 C°  to 

~ 370 C° ). It is noticed that, below 500 F°  ( ~ 260 C° ), the PZT PWAS shows strong 

spectral peaks which is indicative of a good piezoelectric response. However, at 500oF 

( ~ 260 C° ), the PZT PWAS spectrum is loosing these peaks, which is indicative of 

diminished piezoelectric properties. These piezoelectric properties disappear completely 

at higher temperatures, as shown in Figure  16.9a: the impedance spectra of PZT PWAS 
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that were exposed to temperatures of 600ºF and 700ºF ( ~ 315 C°  and ~ 370 C° , 

respectively), are completely flat. This indicates that maximum working temperature of 

PZT PWAS cannot exceed ~500ºF ( ~ 260 C° ). 

In contrast, the GaPO4 HT-PWAS maintains its piezoelectric properties even after 

exposure to even the highest temperatures that our oven could produce. Figure  16.9b 

shows the impedance spectra of GaPO4 HT-PWAS after exposure to 200ºF, 400ºF, 600ºF 

and 800ºF ( ~ 95 C° , ~ 205 C° , ~ 315 C° , and ~ 425 C° , respectively). Strong spectral 

peaks can be seen at all these temperatures. The frequency locations of these peaks vary 

very little, which indicates that the piezoelectric and mechanical properties are well 

maintained. The vertical shift of the curves can be attributed to the change in internal 

resistance and hysteresis losses with temperature. Thus, we concluded that GaPO4 HT-

PWAS maintain their piezoelectric activity after exposure to high temperatures that 

would make regular PZT PWAS inactive.  

 

Figure  16.10: GaPO4 PWAS maintains its activity during high temperature tests (1300˚F 
was the oven limit; the GaPO4 PWAS may remain active even 
above1300˚F) 
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oven’s highest temperature capability. The explored temperatures were 1000ºF, 1200ºF 

and 1300ºF ( ~ 540 C° , ~ 650 C° , and ~ 705 C° , respectively). It was found that the GaPO4 

HT-PWAS maintain their piezoelectric capability throughout this available range of 

elevated temperatures. The results of these measurements are given in Figure  16.10. As 

shown in Figure  16.10, strong peaks could be observed in the impedance spectrum after 

exposure to all these temperatures. Therefore, maximum working temperature of GaPO4 

PWAS may be above 1300ºF. 

A summary of GaPO4 PWAS test results is presented in Table  16.1. These results 

are very promising and warranty the continuation of the investigation. 

Table  16.1 Status of piezoelectric property of GaPO4 PWAS vs. PZT PWAS  
 PWAS 
Test status PZT GaPO4
As received (Room Temp.) OK OK 
After oven exposure above 500ºF Failed OK 
After oven exposure to 1300ºF Failed OK 
 

E/M Impedance of Free GaPO4 HT-PWAS Instrumented in Oven High Temperature 

Environment 

In these tests we aimed to prove that E/M impedance can be measured while the 

HT-PWAS is being exposed to high temperatures inside an oven. Figure  16.11 shows the 

experimental setup for these tests. A free GaPO4 HT-PWAS was inserted in an oven and 

its electrode wires insulated by ceramic tubes were fed out of the oven through a 

ventilation port and connected to the impedance analyzer (Figure  16.11). 
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Figure  16.11 Experimental setup of HT-PWAS impedance measurement in oven: (a) 
outside oven; (b) inside oven 

A high-temperature electrically conductive adhesive PryoDuct 597 was used for 

wiring the HT-PWAS electrodes, as shown in Figure  16.12. The oven temperature was 

gradually increased from RT to 1300˚F ( ~ 705 C° ) in 200˚F step. Both the HT-PWAS 

and wirings survived the oven high temperature. The E/M impedance spectrum was 

measured while the HT-PWAS was remaining in the oven, as shown in Figure  16.13 and 

Figure  16.14. It was found that: 

Below 1000°F, the impedance spectra overlap well with each other. This indicates 

that the oven temperature difference does not affect GaPO4 HT-PWAS E/M 

impedance and piezoelectric property much.  

At higher oven temperatures (1000°F, 1200°F and 1300°F), strong anti-resonance 

E/M impedance peaks in low frequency were preserved and correlate well with 

the anti-resonance peaks at the other temperatures. However, the real-part of the 

impedance drifts towards negative values at high frequencies. This may be an 

instrumentation artifact. Vertical offsets were used when plotting Figure  16.14 to 
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compensate for this effect. The offsets were set to 200 Ω  at 1000°F, 500 Ω  at 

1200°F and 1200 Ω  and 1300°F, respectively. 

Impedance spectra shown in Figure  16.13 and Figure  16.14 are not as smooth as 

those measured at RT, shown in Figure  16.9 and Figure  16.10. The 

instrumentation in the oven high-temperature environment may be the cause of 

this difference. 

 

Figure  16.12 Free GaPO4 HT-PWAS with nickel wires attached on both electrodes 
using PyroDuct 597A adhesive (a) before oven; (b) after 1300°F high 
temperature exposure 

 

Figure  16.13  GaPO4 HT-PWAS impedance spectrum measured at temperatures 
ranging from RT to 800°F 
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Figure  16.14  GaPO4 HT-PWAS impedance spectrum variation with temperature 
ranging from 1000°F to 1300°F 

 

16.3.3 Tests of HT-PWAS attached to structural specimens 

The tests presented in Section  16.3.2 gave us confidence that the GaPO4 HT-

PWAS could be a good candidate for high-temperature applications. As shown in 

Section 16.3.2.2, PZT PWAS lose their piezoelectricity and become inoperable at 

temperatures above ~500ºF ( ~ 260 C° ), whereas GaPO4 HT-PWAS maintain their 

piezoelectricity and remain operable even after prolonged exposure to the high 

temperature environments of1300 F°  ( ~ 705 C° ).  

 The next step in our investigation was to verify that GaPO4 HT-PWAS would 

behave similarly when applied to structural elements. We wanted to know if they are able 

to transmit and receive ultrasonic waves and if they could be used in conjunction with the 

usual SHM methods: (a) E/M impedance; (b) pitch-catch; etc. To address these questions, 

we selected structural specimens made of high temperature materials (stainless steel and 
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titanium) and, instrumented them with GaPO4 HT-PWAS in order to perform typical 

SHM experiments. This section describes these experiments. This section has three parts: 

Discussion of the fabrication challenges that one encounters when HT-PWAS are 

used to instrument structural specimens for high-temperature SHM testing 

E/M impedance experiments performed on structural specimens instrumented with 

GaPO4 HT-PWAS 

Pitch-catch experiments performed on structural specimens instrumented with 

GaPO4 HT-PWAS 

16.3.3.1 Fabrication Aspects and Challenges of HT-PWAS Instrumentation on Structural 

Specimens for High-Temperature SHM Appliations 

Instrumentation of structural specimens with HT-PWAS involves several specific 

aspects and challenges among which we mention: (a) selection of appropriate 

instrumentation wires; (b) connection of the signal and ground wires to the HT-PWAS 

electrodes and to the specimen; (c) selection of the appropriate adhesive for bonding the 

HT-PWAS to the high-temperature structure. It should be remembered that the PWAS is 

not just of the piezoelectric material, but the whole transducer consisting of piezo 

material, electrodes, adhesive, wire, and connections. In order to achieve a successful 

high-temperature performance, all these components must work together in the high-

temperature environment. 

We first state that none of the polymeric adhesives, copper wire, and tin solder used 

in the conventional PWAS installations could be used for high-temperature applications. 

A fundamental requirement for a HT-PWAS experiment is that the piezoelectric material, 

the electrodes, the wire, the wire/electrode connection, the bonding layer between the 
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HT-PWAS and the structural substrate, and the HT-PWAS grounding must all survive 

the high-temperature environment. In order to ensure in-situ durability, the coefficients of 

thermal expansion (CTE) of the piezoelectric and electrode materials must be close; 

otherwise, the electrode/dielectric interface will suffer after cyclic high temperature 

exposure. 

 

Figure  16.15  Pt wire welded to a SAW sample using Hughes MCW550 constant 
voltage welding power supply, a Hughes VTA-90 welding head, and a 
ESQ-1019-13 electrode (50X magn., courtesy of Mr. Russell Shipton at 
Era technology Inc.) 

For wiring, we selected platinum (Pt) and Nickel (Ni) wires of 0.01-in ( 25-μm m) 

and 0.02-in (50-μm ) diameter from World Precision Instruments Inc. At the onset of the 

project, the largest obstacle was the electrical connection of the Pt/Ni wire to the 

platinum electrode of the HT-PWAS. Two wiring approaches were tested: (1) welding of 

the Pt/Ni wire using a spot welder; (2) bonding of the Pt/Ni wire using high-temperature 

electrically-conductive adhesive. The first approach did not work for us: to weld a 

25-μm  or 50-μm  Pt/N wire to the 0.1-μm  thick Pt electrode existing on the GaPO4 
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crystal is quite a challenge; however, such achievements have been reported elsewhere 

(Era technology Inc.), but we did not have the equipment to duplicate them.  

We succeeded in connecting the Pt/Ni wires to the Pt electrode with the high-temperature 

electrically conductive adhesive PryoDuct597A from Aremco Inc.  

The high-temperature electro-mechanical interface, i.e. the high temperature 

bonding layer between the HT-PWAS and the structural substrate is another challenging 

step in the development of HT-PWAS. Several high temperature adhesives of different 

composition, service temperature, and CTE were acquired and tested (Table  16.2). We 

found that most high-temperature cements are intended for rough usage, whereas the HT-

PWAS are thin and fragile. The cements with large particles in their composition (e.g., 

Cermabond 571, Sauereisen cement, and Cotronics 7030) resulted in cracked HT-PWAS 

when used. However, we obtained good results with Cotronics 989, which is an Al2O3 

based adhesive with fine composition particles. The bond layer formed with this adhesive 

was found to be thin, uniform, and strong; we believed that this bond is good for coupling 

the ultrasonic strains between the HT-PWAS and the structure. 

Table  16.2 High temperature adhesives 
Adhesive 

Type 
Cermabond 

571 
Sauereisen 
cement 33S 

Cotronics 
7030 

Cotronics 
989 

PyroDuct 
597A 

Base Magnesium 
oxide 

Silicate-base 
cement 

SiO2 Al2O3 Silver 

Service 
Temp. (˚F) 

3200 1600 1800 3000 1700 

CTE 
(10-6/˚F) 

7.0 9.48 7.5 4.5 9.6 

Heat cure 
(˚F, hrs) 

200, 2 180, 4 150, 4 150,4 Air dry, 2; 
200, 2 
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16.3.3.2 Impedance Tests of Structural Specimens Instrumented with GaPO4 HT-PWAS 

The E/M impedance testing of structural specimens reveals the high-temperature 

structural resonance spectrum of the specimen in the form of the E/M impendance 

spectrum measured at the PWAS terminals; if damage appears in the structure, then its 

high-frequency resonance spectrum will change and the changed spectrum will be 

captured by the real part of the E/M impedance measured at the PWAS. So far this 

approach has been verified at room temperature (see Giurgiutiu, 2008, for an extensive 

description of this method). 

 An example of a fabricated GaPO4 HT-PWAS on a structural specimen (Ti disk 

with 1-mm  thickness, 100-mm  diameter) is shown in Figure  16.16. The GaPO4 HT-

PWAS was bonded to the disk with Cotronics 989 high temperature adhesive. A Ni wire 

was bonded with PryoDuct597A to the center of Pt electrode on the GaPO4 HT-PWAS. 

Another Ni wire was welded with a Unitek Equipment 60 Watt-sec  spot welder to the 

edge of the Ti plate to serve as electrical ground. We also affixed the Ni wire to the plate 

with Cotronics 989 to ensure mechanical reliability. After heat curing the adhesives to the 

manufacturing specifications, the specimen was ready to begin test under oven conditions. 

Figure  16.16a shows the structural specimen instrumented with the GaPO4 HT-PWAS 

when ready to be subjected to oven testing. Figure  16.16b shows the same specimen after 

being tested in oven at 1300 F°  ( ~ 705 C° ).  



 247

 

Figure  16.16 GaPO4 HT-PWAS mounted and wired on a Ti plate specimen: (a) before 
and (b) after exposure to high temperature up to 1300°F 

The titanium disk specimens instrumented with GaPO4 HT-PWAS were subjected to in-

oven E/M impedance testing. Both the HT-PWAS and wirings survived the oven test. We 

measured the real-part E/M impedance of a Ti disk specimen instrumented with GaPO4 

HT-PWAS after high temperature exposure and compare with measurements taken 

before the exposure. This test was an extension of the confidence-building tests described 

in Section  16.3.2.2 and was intended to validate that the HT-PWAS instrumentation can 

survive the harsh high-temperature conditions. For practical applications, this situation 

would correspond to the situation in which a certain component is interrogated before and 

after high temperature exposure in order to assess if damage was induced by the harsh 

environment. Test results are shown in Figure  16.17. It can be seen that, after exposure to 

1300 F°  ( ~ 705 C° ) oven temperature, the HT-PWAS is still alive as indicated by the big 

peak in the impedance spectrum. However, the results are not as crisp as in the tests of 

free GaPO4 HT-PWAS described in Section  0. The reason for this behavior may lie in the 

fact that instrumented specimen is considerably more complex that a free HT-PWAS. 
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The bonding between the HT-PWAS and the structure and the electrically-conductive 

bonding of the wires to the HT-PWAS electrodes might have been affected by the high-

temperature exposure. More tests and post-test evaluation together with modeling of the 

affected interfaces are required to clarify the origin of these changes. However, this could 

not be done during the investigation reported here and has to be deferred to future work. 

In addition, we suggest for future work the, measurement of the E/M impedance of a disk 

specimen instrumented with GaPO4 HT-PWAS while being exposed to high temperature 

in the oven. This corresponds to the case when structure is continually monitored while 

being exposed to the harsh high-temperature environment. 

 

Figure  16.17 Real-part E/M impedance spectra of HT-PWAS on Ti disk measured at 
RT, 400°F and 1300°F 

 

16.3.3.3 Pitch-catch experiments between HT-PWAS 

Pitch-catch tests of HT-PWAS consist of two parts. In the first part, pitch-catch 
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pitch-catch tests were performed with the GaPO4 HT-PWAS immersed in a high 

temperature environment. To this purpose, structural specimens with attached GaPO4 

HT-PWAS were inserted in an oven and connected to the outside instrumentation through 

nickel wires insulated from the oven using ceramic tubes. 

16.3.3.3.1 Pitch-Catch Experiments of HT-PWAS and PZT-PWAS at Room 

Temperature 

It is a known fact that the piezoelectric coefficients of high temperature 

formulations (e.g., GaPO4) are smaller than those of room temperature formulations (e.g., 

PZT). Hence, the question arises to whether GaPO4 PWAS, though resistant to high 

temperature exposure, has sufficient piezoelectric activity to act as a surface mounted 

ultrasonic transducer similar to PZT PWAS. To clarify this issue, we performed pitch-

catch experiments on a titanium plate on which ultrasonic waves packets were sent 

between PZT-PWAS and HT-PWAS transducers. The distance between the transmitter 

and receiver was 127 mm. Figure  16.18 shows the experimental setup consisting of a 

HP33120 signal generator, a Tektronix TDS5034B digital oscilloscope, and a KH7602 

wideband amplifier. A 3-count sinusoidal burst excitation of 360 kHz from the signal 

generator was amplified by a wideband amplifier and fed into the transmitter PWAS to 

excite guided Lamb waves into the specimen.  
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Figure  16.18  HT-PWAS pitch-catch experimental setup 

The propagated Lamb waves were picked up by the receiver PWAS and displayed on the 

digital oscilloscope to record the amplitude of the first arrival wave packet. A summary 

of all the pitch-catch results is given in Table  16.3. These room-temperature tests showed 

that: 

GaPO4 PWAS can be successfully used as both transmitter and receiver of ultrasonic 

guided Lamb waves in a high temperature structure, e.g., titanium plate. 

The piezoelectric property of GaPO4 is weaker than that of PZT, and hence a 

stronger excitation voltage is required.  

GaPO4 PWAS pairs are weaker transmitter-received pairs than PZT-PZT or PZT-

GaPO4 pairs. To boost the signal level at the receiver side, a charge amplifier was 

used (last line of Table  16.3; see Appendix C for the charge amplifier design). 
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Figure  16.19 shows the oscilloscope screen capture of the pitch-catch waveforms 

between two GaPO4 PWAS. The strengths of the received signals indicate that long-

distance propagation of these ultrasonic signals is to be expected. It is important to notice 

that a charge amplifier with Gain = 10 was used to boost the receiver signal level for the 

pitch-catch between GaPO4 HT-PWAS transducers. 

Table  16.3 Pitch-catch results of PZT PWAS and GaPO4 PWAS 

Transmitter Transmitted 
signal(Vpp) Receiver Received 

signal(mVpp)
PZT PWAS 20 GaPO4  PWAS 14.21 
PZT PWAS 30 GaPO4  PWAS 21.54 
PZT PWAS 40 GaPO4  PWAS 28.24 
PZT PWAS 50 GaPO4  PWAS 34.60 
PZT PWAS 60 GaPO4  PWAS 35.14 
PZT PWAS 70 GaPO4  PWAS 35.17 
GaPO4  PWAS 20 PZT PWAS 1.04 
GaPO4  PWAS 30 PZT PWAS 1.56 
GaPO4  PWAS 40 PZT PWAS 2.00 
GaPO4  PWAS 50 PZT PWAS 2.46 
GaPO4  PWAS 60 PZT PWAS 2.91 
GaPO4  PWAS 70 PZT PWAS 3.40 
GaPO4  PWAS 80 PZT PWAS 3.84 
GaPO4  PWAS 70 GaPO4  PWAS  

with charge amp. 
gain = 10 

9.4 
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Figure  16.19 Screen capture of pitch-catch waveforms of two GaPO4 sensors  

 

16.3.3.3.2 In-Oven Pitch-Catch Tests of HT-PWAS Attached to Structural 

Specimens 

The in-oven high temperature pitch-catch experiment with GaPO4 HT-PWAS were 

conducted on a rectangular steel plate, as shown in Figure  16.20. 

 

Figure  16.20 HT-PWAS pitch-catch specimen after oven high-temperature exposure 
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The specimen was subject to a series of oven high temperatures ranging from 300˚F to 

1000˚F, with step size = 100˚F. The excitation applied to the HT-PWAS transmitter was 

a 3-count sinusoidal burst (with 70Vpp, 65 kHz central frequency). The wave packet 

received at the HT-PWAS transducer was recorded on an oscilloscope. The first arrival 

wave packet in the received signal corresponds to the Lamb wave S0 mode. Then, one 

notices A0 wave packets. From 300˚F to 800˚F oven temperature, all the wave packets 

could be easily identified; some amplitude changes and time shifts were noticed. This 

implies that the piezoelectric properties of GaPO4 sensor did not undergo severe change. 

After the temperature reached 900˚F, no wave packets were observed in the received 

waveform, as shown in Figure  16.21. After the specimen was removed from the oven and 

cooled down to room temperature, the pitch catch experiment was conducted once again. 

It was found that the sensor was still active but the amplitude of the wave packet is very 

small. This may due to the failure of the bonding layer between the HT-PWAS and the 

structure. To examine the pitch-catch waveforms at the other elevated temperatures, more 

pitch-catch experiments with well-prepared HT-PWAS bonding layer are suggested in 

the future work. 
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Figure  16.21 HT-PWAS in-oven pitch-catch waveforms at different temperatures 

 

16.4 DISCUSSION AND CONCLUSIONS 

This chapter presented the development of HT-PWAS using GaPO4 material for 

structural health monitoring applications in harsh environments. GaPO4 HT-PWAS has 

weaker piezoelectric property but much higher working temperature than PZT-based 

PWAS. In this study, the GaPO4 HT-PWAS were tested and shown to maintain their 

piezoelectric properties at up to 1300 F°  ( ~ 705 C° ), whereas conventional PZT sensors 

lost their activity at around 500oF ( ~ 260 C° ). GaPO4 material can be considered a good 

candidate for the fabrication of HT-PWAS. With careful selections of the high-

temperature wiring and bonding layer adhesive, GaPO4 HT-PWAS were successfully 

fabricated and shown to be able to instrument structural specimens using E/M impedance 
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and pitch-catch techniques at elevated temperatures. However, preparation of a reliable 

bonding layer is the key to ensure the continuous performance of GaPO4 HT-PWAS at 

even higher temperatures. In conclusion, this exploratory study needs to be followed up 

by additional work to completely verify the capability of HT-PWAS for damage 

detection in harsh environment for structural health monitoring. 

The GaPO4 sensor is an x-cut single crystal. It has a geometry “amplification” 

effect. With a thin x-plate, its piezoelectric constant d12 is “magnified” by the physical 

dimension y/x, where x is the thickness of the sensor; y is the y-direction of the sensor. 

Our samples are 7mm in y direction 0.2mm in x direction which leads to an amplification 

factor of 7/0.2 equal to 35. By customizing rectangular GaPO4 HT-PWAS with 0.2mm in 

x direction, 15mm in y direction and 5mm in z direction, the amplification factor will be 

equal to 15/0.2 = 75. Therefore, piezoelectric constant d12 in the new sample will be 

doubled as compared to the d12 in the current samples. This will improve the sensitivity 

the signal strength of the GaPO4 HT-PWAS. 
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17 CONCLUSIONS AND FUTURE WORK 

Structural health monitoring is an area of growing interest. SHM using embedded 

PWAS for the detection of material damages with E/M impedance and Lamb wave 

propagation methods has experienced an ascending trend. However, to achieve the large 

deployment of these SHM techniques and to be able to perform in-situ and online SHM, 

instrumentation hardware of SHM system has to miniaturized, reliable damage detection 

algorithms, that at the same time can be easily implemented and automated on a local 

embedded system, need to be studied and identified. This dissertation starts from the 

development of a compact E/M impedance analyzer hardware system for E/M impedance 

SHM technique, and explored the possibility of dual use of the hardware system for 

Lamb wave propagation SHM technique. Second, Lamb wave dispersion, a common 

problem that affects Lamb wave data interpretation and damage detection resolution, was 

studied and addressed using dispersion compensation algorithm. Third, a theory of Lamb 

wave time reversal procedure was developed and verified with experiments. The Lamb 

wave time reversal method is a baseline-free SHM technique, which can be easily 

implemented and automated for in-situ and online SHM application. Fourth, in order to 

extract structure damage information that is always buried in Lamb wave packets, Lamb 

wave decomposition was explored using matching pursuit method based on Gabor and 

chirplet dictionaries to extract wave parameters, such as center frequency, time-of-flight 

(TOF) and low-frequency Lamb wave modes. Fifth, the theories developed in this study 
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were verified in several applications. The newly developed impedance analyzer is 

compact and low-cost, and has been successfully used to detect a disbond on a spacecraft 

panel. The measured E/M impedance spectra are comparable to those measured by the 

expensive impedance analyzer, e.g., HP419. The dispersion compensation algorithms 

have been tested to effectively improve the PWAS phased array’s damage detection 

resolution. The accuracy of TOF estimation by matching pursuit was compared to other 

methods, such cross-correlation, envelope moment, and dispersion compensation 

methods. The matching pursuit decomposition can be served as a stable and autonomous 

approach for the Lamb wave TOF estimation. Also, the matching pursuit decomposition 

method was successfully applied to denoise sparse array scatter signals so as to enhance 

the array’s imaging quality. Last, several novel applications of PWAS were presented 

including utilization of PWAS as a smart sensor for crack growth monitoring under 

fatigue load, development of bio-PWAS resonator for monitoring capsule formation after 

implant, and development of HT-PWAS (high temperature PWAS) for harsh and extreme 

environment SHM. A review of the main results of this dissertation is given next. 

17.1 RESEARCH CONCLUSIONS 

17.1.1 Compact E/M impedance instrumentation 

E/M impedance instrumentation techniques were explored in Part I, Chapter 3 – 6. . 

There exist a number of impedance measurement methods, such as analog/digital AC 

bridges, demodulation or lock-in amplifier, sine-correlation, Fourier transform 

approaches, etc. The construction of a high-precision digital impedance measurement 

system involves careful selections of excitation signal, sampling technique, impedance 

evaluation method, and system hardware configuration. 
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(1) Step-sine excitation provides highest possible SNR and accuracy for impedance 

measurement at each frequency point at a time. For example, to obtain impedance 

spectrum of a single PWAS with 401 frequency points, 401 different frequency 

excitations have to be generated, sampled and analyzed. Therefore, it is not a 

time-efficient method for impedance measurement.  

(2) For impedance measurement using step-sines, sine-correlation, cross-correlation, 

and discrete Fourier transform (DFT) methods were explored to evaluate 

impedance. Among them, sine-correlation and DFT methods are not sensitive to 

noise; DFT shows best accuracy for phase and amplitude estimation. To avoid 

frequency leakage and ensure measurement accuracy, coherent sampling 

condition (integer circle length of signal data should be sampled) needs to be 

satisfied for these methods. Since impedance is usually measured over a discrete 

(e.g., equally spaced) frequency points and sampling frequency is usually 

determined by a fixed system clock rate and a frequency divider, it is difficult to 

satisfy coherent sampling condition at each frequency point of interest. The 

situation can be alleviate by using a high sampling rate A/D converter in the 

system, as shown in Chapter 4, or by using a variable oscillator functioning as 

system clock signal, such as direct digital synthesizer (DDS), to achieve 

continuous variation of system sampling frequency. The latter one needs more 

hardware design efforts. The requirement of high sampling rate can be 

circumvented by using special sampling techniques, such as undersampling, 

equivalent-time sampling. The trade off is the measurement time. 
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(3) Broadband excitations together with transfer function method enable to acquire 

impedance spectrum of a device under test (DUT) even within one frequency 

sweep. Therefore, it is very time-efficient method for impedance measurement. 

However, the trade off is its measurement accuracy. Since the input range of a 

D/A converter must be set to accommodate the amplitude peak, each frequency 

component in broadband excitation is measure -26dB below its pure sinusoidal 

counterpart. Hence, the measured impedance spectrum is rather noisy. Average in 

frequency domain can be used to improve the measurement results. Again, the 

trade off is the measurement time. The precision of the impedance measurement 

system can be further improved by increasing the buffer size of the system 

(increasing spectral resolution) or by decreasing the frequency sweeping range in 

the synthesized signal source (span less while sweeping longer in certain 

frequency range) 

(4) Two broadband excitations, i.e., linear chirp and frequency-swept signal, were 

synthesized and used comparatively for impedance measurement. Frequency-

swept excitation possesses uniform amplitude spectrum and showed better 

performance for impedance measurement in low-frequency range.  

(5) A technique that can synthesize excitation of arbitrary magnitude spectrum was 

presented and demonstrated to synthesize linear chirp in frequency domain. 

(6) By using multipurpose laboratory instruments, such as a DAQ card, function 

generator, and a desktop pc, a novel impedance analyzer prototype was 

constructed and successfully demonstrated to detect disbond damage presented on 

a space panel specimen using E/M impedance approach (Chapter 10). 
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(7) Also, a standalone impedance measurement system using broadband excitations, 

consisting of a TI fixed-point DSP C6416 board and an analog daughter board 

integrated with Virtex FPGA, were successfully developed. The DSP-based 

system uses a chirp signal as excitation and is very fast for impedance 

measurement. However, due to the fixed-point nature of the processor, errors that 

may be caused the fixed-point number truncation, were observed in the 

measurements. By configuring the hardware system FPGA FIFO buffers in 

synchronous mode, the same hardware system can be used for Lamb wave 

propagation SHM applications. 

17.1.2 Lamb wave dispersion compensation 

The major findings of the research on Lamb wave dispersion compensation and 

removal are listed as follows: 

(1) The nonlinearity of Lamb wave wavenumber causes the phase distortion in a 

propagated Lamb wave and results in a dispersion waveform.  

(2) Dispersive waves have frequency-dependent propagation characteristics and 

occur frequently in guided waves based SHM application. Dispersion causes the 

elongation of received waves, deteriorates the spatial resolution of the waves, 

makes the experimental data hard to interpret, and limits the selection of Lamb 

wave operating frequency. 

(3) Dispersion compensation algorithm was first theoretically investigated. By 

mapping dispersed wave from time domain to spatial domain, the algorithm is 

able to trace the propagated wave back to its original spatial location and recovers 

its original shape. Thus, it improves wave’s spatial resolution, provides a more 
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direct way to locate damages, and frees the limits on Lamb wave operating 

frequency selection. 

(4) The theory of dispersion compensation was explored numerically to compensate 

dispersed A0 and S0 mode waves. By examining Fourier transform pair relations 

in time and frequency domain, transform pair relations in spatial domain and 

wavenumber domain are presented. Due to the numerical artifacts introduced by 

dispersion compensation algorithm, the compensated waves are not always 

identical in shape to its original excitation but compressed to some extent, 

resulting in a waveform with improved spatial resolution. The effectiveness of 

dispersion compensation algorithm was further verified with experiments. The 

experimental results are very close to the numerically prediction. 

(5) As shown in Section 2.9, the nonlinear wavenumber ( )k ω  is the cause of the 

Lamb wave dispersion; if the wavenumber is in a linear relation w.r.t. ω , there 

will be no dispersion in a propagated waveform. Based on this concept, the 

dispersion removal algorithm maps the signal to wavenumber domain, where 

linear wavenumber relation is satisfied, to removal the dispersion effect. The 

linear wavenumber relation is approximated by using the Taylor expansion of the 

wavenumber ( )k ω  at the excitation central frequency 0ω  up to the first order. 

(6) Dispersion compensation and removal algorithms were theoretically investigated 

and compared for recovering dispersed S0 and A0 mode Lamb waves using both 

simulation and experimental data. It was found that both algorithms were able to 

well recover the original shape of a dispersed S0 wave packet. By mapping a 

wave packet from time domain to spatial domain, the dispersion compensation 
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algorithm is also able to directly recover a wave packet’s spatial location, which is 

not available in the dispersion removal algorithm. However, the dispersion 

removal algorithm outperformed the dispersion compensation algorithm for 

recovering the A0 mode Lamb wave. Moreover, the dispersion removal algorithm 

takes less computation efforts than the dispersion compensation algorithm.  

(7) The dispersion compensation algorithm was applied to PWAS phased array 

(EUSR) to image a single crack and two closely located cracks. From the 

simulation, we conclude that the dispersion compensation can help improve 

EUSR spatial resolution. In the presented EUSR dispersion compensation 

simulation, the compensation algorithm is applied to sensor raw data directly, 

application of the algorithm to the A-scan data is suggested for future work to 

save computation efforts. 

17.1.3 Lamb wave time reversal 

The major research findings on Lamb wave time reversal are listed as follows:  

(1) The merit of this method is that it can easily be automated and implemented for 

real-time SHM applications. However, unlike the time reversal using bulk waves, 

theoretical analysis of time reversal of Lamb waves is complicated by the 

dispersion and multimode characteristics of the Lamb waves. The theory of Lamb 

wave time reversal has not been previously fully studied. For the first time, this 

dissertation attempts to present a comprehensive theoretical treatment of the 

Lamb wave time reversal theory based on the understanding of the excitation of 

Lamb waves using PWAS transducers. It has been found that Lamb wave is fully 
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time reversible only under certain circumstances, i.e., when single-mode Lamb 

waves are excited through PWAS tuning. 

(2) Single-mode Lamb wave, i.e., S0 mode or A0 mode, is rigorously time reversible 

when using narrow-band tone burst excitation. Time reversibility of the single-

mode Lamb wave increases as the bandwidth of the tone burst excitation becomes 

narrower. In practice, the single mode Lamb wave can be obtained by using the 

PWAS Lamb wave frequency tuning technique (Giurgiutiu, 2004). 

(3) The time reversal of two-mode (S0+A0) Lamb wave results in three wave packets 

in the reconstructed wave. The three wave packets consist of a main packet 

flanked symmetrically by two artifact packets. The main packet corresponds to 

the one emitted back to the original point and resembles the original tone burst 

excitation. The other two packets are the unwanted artifact packets. In other 

words, time reversal invariance is not rigorous for Lamb wave with more than one 

mode. 

(4) Two sets of laboratory experiments were conducted in order to verify the 

predictions by the theoretical model. Plates with 1 mm and 3 mm thickness were 

used. The results indicate that the model predicts well the experimental results 

and show that:A0 mode Lamb waves can be easily reconstructed in thin plate 

(such as 1 mm thickness specimen) with PWAS transducer, while S0 can be 

easily reconstructed in thicker plate (such as 3 mm thickness specimen) with 

PWAS transducer. 

(5) For evaluating performance of the PWAS Lamb wave time reversal method, a 

quantitative method based on the similarity metric was developed. The metric was 



 264

successfully applied to both the single-mode and the multi-mode Lamb waves 

signals considered in our study. 

(6) Tuning effect on Lamb wave timer reversal was studied. Residual wave energy 

with respect to Lamb wave excitation frequency was presented graphically. 

17.1.4 Lamb wave matching pursuit decomposition 

The major findings of the research on Lamb wave matching pursuit decomposition 

are listed as follows: 

(1) The purpose of signal decomposition is to extract a set of features characterizing 

the signal of interest. Matching pursuit decomposition (MPD) is an adaptive 

signal decomposition technique and can be easily implemented and automated to 

process Lamb waves, such as denoising, wave parameter estimation and feature 

extraction, for SHM applications. 

(2) This part of dissertation explored matching pursuit (MP) algorithm based on 

Gaussian and chirplet dictionaries to decompose/approximate Lamb waves and 

extract wave parameters. While Gaussian dictionary based MP is optimal for 

decomposing symmetric signals, chirplet dictionary based MP is able to 

decompose asymmetric signals, e.g., dispersed Lamb wave. 

(3) A theory is developed to correlate the extracted chirp rate from chirplet MP to 

low-frequency Lamb wave modes, such as A0 and S0. Positive sign of chirp rate 

denotes S0 mode Lamb wave and negative sign of chirp rate denotes A0 mode 

Lamb wave. 

(4) Chirplet atoms can not fully describe a dispersed Lamb wave. Discrepancy is 

expected when using chirplet atoms to approximate Lamb waves because chirplet 
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atoms have linear group delay characteristic, whereas Lamb waves have non 

linear group delay characteristic.  

(5) The output of the MPD method is given in terms of parameters of the decomposed 

atoms. With these parameters, a signal can be readily approximated or 

reconstructed for applications, such as denoising. The matching pursuit 

decomposition (MPD) method was successfully demonstrated to denoise scatter 

signals to enhance a sparse array’s imaging quality on an aluminum plate. 

17.1.5 Lamb wave TOF estimation 

The major findings of the research on Lamb wave TOF estimation are listed as 

follows: 

(1) Time of flight (TOF) describes the time that it takes for a particle, object or 

stream to reach a detector while traveling over a certain distance. Many ultrasonic 

testing applications, such as thickness gauge, tomography imaging and phased 

array, are based on the estimation of the TOF of ultrasonic echoes. Unlike the 

bulk wave case where gating and peak-detection techniques are usually adequate 

to obtain the time of flight, TOF estimation of Lamb waves is complicated by its 

multi-mode, dispersion characteristics, etc.  

(2) Lambs waves are usually excited by using narrowband signals, e.g., a hanning 

windowed tone burst. Lamb wave TOF is defined as the group delay at the tone 

burst central frequency and measures the average time arrival of excitation. 

(3) TOF can be estimated non-deterministically, such as parameter estimation based 

on theoretical models of waveforms to be analyzed, or deterministically, such as 

magnitude thresholding, matched filter, envelop moment, time-frequency methods, 
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etc. In this part of dissertation, several TOF estimation methods, including cross-

correlation (matched filter), envelop moment, matching pursuit and dispersion 

compensation, are studied and compared for TOF estimation of S0 mode Lamb 

waves both in simulation and experiment. The performance of each method is 

evaluated by comparing the extracted TOF with the theoretical TOF value.  

(4) Cross-correlation method works well for TOF estimation of non-dispersive wave 

packet. However, it showed its inefficiency when estimating TOF of a dispersed 

Lamb wave packet 

(5) The envelop method shows high accuracy when extracting TOF of the simulated 

S0 mode wave. However, its accuracy deteriorated when evaluating the 

experimental wave. This may due to the effect of noise in the experimental wave. 

Moreover, envelop method only works well to extract TOF of a single wave 

packet. To extract TOF of the experimental S0 mode wave, a rectangular window 

has to be applied to cut the interested wave packet. This makes the method hard to 

be automated for SHM application. 

(6) Among these methods, dispersion compensation gives the best TOF estimation 

results. However, dispersion compensation only works well for single mode 

waves. 

(7) Accuracy of matching pursuit method is stable and acceptable, around 2% error 

for TOF estimation using simulated data and experimental data. In addition, this 

method outputs parameters of decomposed atoms and can be easily automated for 

TOF estimation. Also, considering dispersion and multi modes in Lamb waves, 

matching pursuit decomposition may be the preferred method for TOF estimation. 
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17.1.6 PWAS monitoring of crack growth under fatigue loading 

Conclusions on PWAS monitoring of crack growth under fatigue loading are listed 

as follows: 

(1) PWAS transducers have been used for health monitoring of structures but they 

have not been used to record the crack-growth data under mixed mode crack 

growth in an Arcan specimen test. To the authors’ knowledge, this is the first that 

such an experiment has been conducted. 

(2) E/M impedance method and the Lamb-wave propagation method applied with 

PWAS transducers are both able to detect the presence and advance of a crack 

under fatigue loading. The preliminary analysis of the data indicates that both the 

E/M impedance and the Lamb-wave propagation method can detect the presence 

and progression of a crack in an Arcan specimen. Further signal analysis and 

interpretation work is needed to reach the full potential of this experimental study. 

(3) During the fatigue loading, a number of PWAS transducers became disbonded. 

This happened in the high-strain regions near the crack tip. This aspect must 

receive special attention in order to determine the strain limits of the current 

PWAS adhesion methods and to develop methods for a better and more durable 

adhesion of the PWAS transducers. In addition, sensors along the crack growth 

line were damaged. Sensors that survived off the crack line were used to monitor 

crack growth. For Arcan specimen, the crack growth line could be theoretically 

predicted; this enabled us to avoid mounting sensors along the crack-growth line 

and to use fewer sensors. 
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(4) The measurements were taken at controlled temperature in order to avoid 

temperature effects on impedance spectrum. In practical implementations, 

multiple baselines under know environmental conditions in order to construct a 

comprehensive baseline database. When monitoring the structure, environmental 

conditions will be also monitored such that appropriate baselines are used in the 

comparison process. 

(5) This part of dissertation presented a combined approach in which optical and 

piezoelectric methods for crack detection and monitoring were combined. The 

optical equipment can be used to spot the crack-tip and it would be the surface 

defect that the equipment used could show to us; more sophisticated and higher 

magnification equipment might show even better the exact location of the crack 

tip. Even if the crack tip is not visible on the surface, there might be defect 

induced under the surface of the specimen. Optical equipment cannot detect under 

the surface cracks. PWAS transducers were used to record the E/M impedance 

and the Lamb wave propagation data on the Arcan specimen. Hence, if there is 

any defect (crack) in the material, the data obtained from the PWAS transducers 

would be modified by the presence of the crack. The correlation of the PWAS 

data with crack-growth optical data in a specimen would yield an improved 

methodology for crack detection and monitoring in critical structures. 

17.1.7 Bio-PWAS resonator for in-vivo monitoring of capsule formation 

Conclusions on the development of bio-PWAS resonator for in-vivo monitoring of 

capsule formation around soft tissue implants are listed as follows: 
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(1) Bio-PWAS and E/M impedance spectroscopy technique have been successfully 

used in in-vivo monitoring of capsule formation around soft tissue implants. To 

reduce the data interpretation effort and simplify instrumentation, two types of 

PWAS oscillators (Colpitts-type and series-type PWAS oscillators) were 

presented in this part of dissertation. Both of them were explored analytically and 

experimentally.  

(2) Colpitts-type PWAS oscillator uses the inductive property of the PWAS in its 

resonant frequency range and operates at the first resonant frequency of a free 

PWAS. However, it is too sensitive to the surrounding damping. Therefore, it may 

not be an appropriate candidate for this in-vivo application.  

(3) For the series-type PWAS oscillator, the preliminary experiments showed that it 

responses well to the viscosity change of the surrounding media and continue to 

operate even under heavily constrained/damped conditions. More work, such as 

calibration and correlation of the oscillator resonant frequency with the viscosity 

property of the different media, in-vitro tests, needs to be done before applying 

this oscillator to in-vivo monitor capsule formation. 

17.1.8 HT-PWAS for extreme environments 

Conclusions on the development of HT-PWAS for extreme environments are listed 

as follows: 

(1) The development of HT-PWAS using high temperature piezoelectric material is a 

first trial in structural health monitoring (SHM) research area. Commonly used 

piezoelectric material – PZT, or PbZrTiO3 – cannot be used above 200˚C (400˚F). 
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Strong candidates for the high temperature piezoelectric applications are 

Aluminum Nitride (AlN) and Gallium Orthophosphate (GaPO4). 

(2) Piezoelectric property of GaPO4 is weaker than that of PZT. Hence a high- power 

excitation is required to excite GaPO4 HT-PWAS to generate Lamb wave in 

plates; a charge amplifier is suggested to be used to amplify the weak received 

signal. 

(3) GaPO4 HT-PWAS has weaker piezoelectric property but much higher working 

temperature than PZT-based PWAS. In this study, the GaPO4 HT-PWAS were 

tested and shown to maintain their piezoelectric properties at up to 1300 F°  

( ~ 705 C° ), whereas conventional PZT sensors lost their activity at around 500oF 

( ~ 260 C° ). GaPO4 material can be considered a good candidate for the 

fabrication of HT-PWAS.  

(4) With careful selections of the high-temperature wiring and bonding layer adhesive, 

GaPO4 HT-PWAS were successfully fabricated and shown to be able to 

instrument structural specimens using E/M impedance and pitch-catch techniques 

at elevated temperatures. However, preparation of a reliable bonding layer is the 

key to ensure the continuous performance of GaPO4 HT-PWAS at even higher 

temperatures.  

(5) This exploratory study needs to be followed up by additional work to completely 

verify the capability of HT-PWAS for damage detection in harsh environment for 

structural health monitoring. 

(6) The GaPO4 sensor is an x-cut single crystal. It has a geometry “amplification” 

effect. With a thin x-plate, its piezoelectric constant d12 is “magnified” by the 
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physical dimension y/x, where x is the thickness of the sensor; y is the y-direction 

of the sensor. Our samples are 7mm in y direction 0.2mm in x direction which 

leads to an amplification factor of 7/0.2 equal to 35. By customizing rectangular 

GaPO4 PWAS having 0.2mm in x direction, 15mm in y direction and 5mm in z 

direction, the amplification factor will increase to 15/0.2 equal to 75. Therefore, 

piezoelectric constant d12 in the new sample will double as compared to the d12 

in the current samples. This will improve the sensitivity of the GaPO4 and 

increase the signal strength transmitted/received by the GaPO4 PWAS. In the 

future, rectangular GaPO4 TH-PWAS instead of the circular one should be 

studied. 

17.2 RECOMMENDED FUTURE WORK 

The research presented in this dissertation can be used to in the development of an 

integrated SHM sensing system, which performs data instrumentation, processing and 

interpretation modules on a local embedded processor for in-situ and online SHM 

applications. The following tasks are recommended to be undertaken to continue the 

research: 

(1) Implement synchronous EMIF mode configuration of FPGA on Signaware analog 

daughter board and test Lamb wave propagation SHM techniques on the hardware 

platform. 

(2) Implement impedance measurement algorithms on floating-point DSP for better 

accuracy. 
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(3) Implement standalone impedance measurement system using step-sine excitations 

with continuous variable sampling rate using DDS (direct digital synthesizer) as 

the reference clock. 

(4) Implement EIT (electrical impedance tomography) system for damage detection 

on plates using the DSP-based impedance analyzer 

(5) Explore energy harvesting approaches for self-powering SHM application. 

(6) Extend dispersion compensation to Lamb wave propagation on composite plate. 

(7) Further understand the interaction between the plate and PWAS transducers to 

help improve the Lamb wave time reversal modeling and extend the work to 

composite plates.  

(8) Conduct time reversal experiments on specimens with the presence of different 

defects types and identify the defect types that can be detected by the time 

reversal method. 

(9) Implement matching pursuit using Gaussian-windowed nonlinear chirp (with 

cubic phase) atoms to fully describe the nonlinear group delay feature of Lamb 

waves. 

(10) Implement dispersion compensation, time-reversal and matching pursuit 

algorithms on embedded processor. 

(11) Develop intelligent damage index methods that can effectively correlate 

the changes in the wave packet to the presence and changes of damages in the 

structure. 
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APPENDICES 

APPENDIX A TRANSFORM PAIR RELATIONS BETWEEN SPACE AND WAVENUMBER 

DOMAINS 

Transform pair relations in space and wavenumber domains can be easily derived 

from transform pair relations in time and frequency domains (Table A.1).  

Table A.1 Transform pair relations in Time/frequency and space/wavenumber 
domains 

Time domain ↔ Freq. domain Space domain ↔ Wavenum. domain 
Δt = 1/fs Δx =1/qs 
Δf = 1/T= 1/NΔt= fs /N  Δq = 1/X = 1/MΔx = qs/M 
Δω = 2π/T = 2π/NΔt = 2πfs/N Δk = 2π/X = 2π/MΔx = 2πqs/M 
ωs = 2πfs = 2π/Δt ks = 2πqs = 2π/Δx 

 

where, 

  fs — time domain sampling frequency;  

  qs — spatial domain sampling frequency; 

  ωs — time domain angular sampling frequency; 

  ks — spatial domain wavenumber sampling frequency; 

  Δk — wavenumber domain resolution 

  Δt — time domain resolution 

  Δf — frequency domain resolution; 

  Δx — spatial domain resolution; 

  Δq — wavenumber domain resolution; 
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  N — # of samples in time domain; 

  M — # of samples in space domain; 

  T — time duration of a signal; 

  X — spatial expansion of a signal. 

Alternatively, the relation between ks and Δx can be deducted as follow 

 2 2 2s s
s

ph ph ph

fk
c c c t x
ω π π π

= = = =
Δ Δ

 (A.1) 

To transform a dispersed wave from time domain to spatial domain and recover its 

original shape, Fourier transform and inverse Fourier transform need to be used as 

described in Section 7.2.2. However, it is important to note that: 

To perform inverse Fourier transform, ( )H k  needs to be equally spaced with respect 

to k. However, ( )g t  is sampled in the time domain; ( )G ω is only equally spaced 

with respect to ω . Hence ( )H k  needs to be interpolated.  

To satisfy Shannon theorem, select 2 / 2( ) 2
ss fq k ω πω π== , and then determine 

1 sx qΔ = . 

To avoid signal wrapping in space domain, M should satisfy M x XΔ > , and then 

determine 2 /k M xπΔ = Δ . 
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APPENDIX B A DISCRETE IMPLEMENTATION OF THE HILBERT TRANSFORM 

Hilbert transform is widely used in communications to map a real signal into an 

analytical signal (complex envelope) such that a single sideband (SSB) signal is obtained. 

The analytical signal s(t) of a real signal x(t) is defined as 

 ( ) ( ) ( )s t x t jh t= +  (B.1) 

where h(t) is Hilbert transform of x(t) defined as  

 1 ( )( ) { ( )} xh t H x t d
t

τ τ
π τ

∞

−∞
= =

−∫  (B.2) 

Using Fourier identities, one can show the Fourier transform of h(t) to be 

 ( ) sgn( ) ( )H f j f X f= −  (B.3) 

where X(f) is Fourier transform of x(t) and 

 
1 0

sgn( ) 0 0
1 0

f
f f

f

>⎧
⎪= =⎨
⎪− <⎩

 (B.4) 

The magnitude of the analytical signal, which is identical to the magnitude of the real 

signal, is called the envelope and can be written as 

 2 2( ) ( ) ( )s t x t h t= +  (B.5) 

To obtain the envelope of a discretized waveform, discrete implementation of the Hilbert 

transform based on Equation (B.1)–(B.5) should be done in the following steps. 

Fourier transform the input sequence x, to obtain Y = FFT{x}; 

Set the DC component to zero, i.e., Y0 = 0.0; 

If the sequence is of even size, set the Nyquist component to zero, YNyq = 0.0; 

Multiply the positive harmonics by –j; 
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Multiply the negative harmonics by j. Call the new sequence H, which is of the form 

Hk = -jsgn(k)Yk; 

Inverse Fourier transform H to obtain the Hilbert transform of x, i.e., h. 

The envelope of the discretized waveform can be calculated as 

 2 2
i i ie x h= +  (B.6) 
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APPENDIX C CHARGE AMPLIFIER DESIGN 

PWAS can be considered as a capacitive charge-mode device, which outputs 

electrical signals when under a change in load. Therefore, a charge amplifier can be used 

to amplify the electrical signal from the PWAS. Basically, a charge amplifier is a high-

gain inverting voltage amplifier. Figure C.1 shows the schematic of a charge amplifier.  

 

Figure C.1 The charge amplifier consists of an op-amp. In this simplified schematic, 
V0 = output voltage; CPWAS = PWAS capacitance; Cf = feedback capacitor; 
Rf = time constant resistor; Q = charge generated by PWAS. 

 

Figure C.2 The charge amplifier output for a static load. 

Charge amplifier voltage output for a static load (see Figure C.2) is calculated as follow. 

Since V+=0, then V-=0. Hence,  

 0PWAS f PWAS PWASQ V C V C= − =  (C.1) 

PWAS 

QPWAS

CPWAS 

_

+
Vo 

Cf 

V+ 

V- 

Is 

Q- Q+ 

OPA627 

PWAS

_

+
Vo 

Cf=1pF 

Rf=4.7M 

QPWAS 

CPWAS

V+ 

V- 

Is 

OPA627 
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 0
PWAS

f

QV
C

= −  (C.2) 

Dynamic output of a charge amplifier is shown in Figure C.3. 

 0PWAS PWAS PWAS fI V Y V Y= = −  (C.3) 

where, 1
PWAS PWAS

PWAS

Y j C
R

ω= + , 1
f f

f

Y j C
R

ω= + . Hence, the relation between charge 

amplifier output voltage, V0 , and PWAS output voltage, VPWAS , is 

 0
PWAS

PWAS
f

YV V
Y

= −  (C.4) 

 

Figure C.3 The charge amplifier output for a dynamic load 

In addition, charge amplifier is a high pass filter. It reduces the adverse effects of low 

frequency noise. Its roll off frequency (-3 dB below DC) is 

 1
2H

f f

f
R Cπ

=  (C.5) 

The GaPO4 PWAS capacitance CPWAS =10 pF. To amplify the charge signal from the 

GaPO4 PWAS ten times, time constant resistor Rf and feedback capacitor Cf were 

selected as Rf = 4.7MΩ and Cf =1pF, respectively. The selected op-amp was OPA627, a 

high-speed wideband operational amplifier. Figure C.4 shows the frequency response of 

charge amplifier. The roll off frequency calculated by Equation (C.5)  is equal to 33.863 

_

+ V0=-I/Yf 

Yf  
 

YPWAS

V+ 

V- = 0

Is 

VPWAS 
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kHz. The designed charge amplifier has a high voltage gain (10 times amplification 

coefficient) across the high frequency range (33.863 kHz ~ 1 MHz) 

 

Figure C.4 Predicted charge amplifier voltage plots: (a) gains; (b) phase 
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APPENDIX D LIST OF SOFTWARE CODES  

 Electronic copy of the software codes developed for this dissertation can be 

obtained by contacting LAMSS lab at University of South Carolina, including: 

(1) Compact DAQ-based impedance analyzer code in LabVIEW; 

(2) Compact DSP-based impedance analyzer code in C; 

(3) Lamb wave dispersion compensation & removal implementations in MathCAD; 

(4) Lamb wave time reversal modeling in MathCAD; 

(5) LabVIEW program for Lamb wave time reversal experiment automation; 

(6) Matching pursuit decomposition with Gabor dictionary C++ code. 

 

 


