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ABSTRACT

REMOTE SENSING BY ACOUSTIC VIDEO PULSE TECHNIQUES
By

Nai-Hsien Wang

This thesis derives the formulas for acoustic wave equations in terms of
an attenuation constant and the phase constant in material. The transmission
coefficient and the reflection coefficient are found to be functions of fre-
guencj) in dispersive media. According to the analytical results, the
waveforms of the transmitted signal and the reflected signal depend not only
on the characteristics of the medium, but also the frequency components of
the incident signal. One can identify the different media by the reflected
video pulse shapes and their spectral distributions. Experiments were

designed and performed to show the validity of the theory.
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CHAPTER 1

Introduction

Most ultrasonic imaging systems use echo returns from boundaries of
different acoustic impedances to show material properities. The image
shows properties related to boundary variations. It is the purpose of the
research reported here to show that the material characteristics can be
extracted from the shape of the echo pulse when a narrow video pulse exci-
tation is used. Although the video pulse technique has been used for a
variety of applications in target identification by electromagnetic waves, it
has not been applied to acoustic probing in spite of the advantage of lower
operation frequencies and lower wave attenuation, since the attenuation
coefficient is directly related to frequency. In addition to the lower operat-
ing frequency, another attractive feature is that the velocity of an acoustic
wave ( about 1500 m/sec in water) is five orders of magnitude lower than
that of the electromagnetic wave in free space. Based on the relationship
between frequency and wavelength for any propagating wave, u = f A, the
acoustic wave should have much shorter wavelength which in turn provides

superior range resolution.

The video pulse radar signal contains a broadband of frequencies. For

example, a signal that is approximately Gaussian in shape, as shown in Fig.

1



2
1.1.1, can be to expressed through its Fourier Transform as a spectrum of
frequencies from about DC to 400 KHz. Each frequency component pro-
pagates through the material with a different velocity and attenuation
depending upon the target and material propertiecs. When all the reflected
frequency components are received by the receiving antenna (transducer),
the output will be a video pulse which resembles a spread version of the
transmitted pulse. The reflection of each of the spectral components is
determined by the characteristics of the medium from which it is reflected.
This is due to the fact that the reflected pulse must satisfy the boundary con-
ditions at each interface. For electromagnetic wave propagation, the dom-
inant characteristics of the medium are the conductivity and the dielectric
constant. For ultrasonic waves, the propagation and reflection depend on the

medium density, elasticity, and viscosity.

Theoretically, the characteristics of a medium can be determined if the
reflected and incident pulses are known. Conversely, if the incident pulse
and the characteristics of the medium are known, it is possible to calculate
the reflected pulse shape. By using a Gaussian video pulse in the time
domain as the incident pulse, and by taking typical values of density, elasti-
city, and viscosity of media, it is possible to calculate the reflected pulse
from materials such as soil, wood, stone and metal ( Figure 1.1.3 ). The cal-

culated pulse shapes show that the reflected pulses are different for different



media.

A

Figure 1.1.1 A Gaussian video pulse

magnitude ‘

Figure 1.1.2 The spectrum of a Gaussian video pulse
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Figure 1.1.3 The reflected signals from some materials



CHAPTER 2

Theoretical Considerations

This chapter provides the theoretical analysis for the acoustic video
pulse probing techniques. In the first section, some related ultrasound prin-
ciples are reviewed. The acoustic plane wave equation is derived in the
second section. In the third section, the transmission coefficient and the
reflection coefficient are determined from the boundary conditions at inter-
faces. In reality, ultrasound propagating through a medium will have some
energy loss, so the damping and attenuation properties should also be taken
into consideration. This problem will be discussed in section 2.4. The pro-
perties of the acoustic video pulse will be explained in section 2.5. Since the
acoustic wave is very similar to the electromagnetic wave, the commonelity

will be formulated in section 2.6.

2.1 Review of Basic Ultrasound Principles

Ultrasound is the name given to those waves with frequencies above 20
KHz (above the audible range). Ultrasonic waves consist of propagating
periodic disturbances in an elastic medium. The particles of the medium
vibrate about their equilibrium positions either perpendicular to or parallel to

the direction of propagation. Since the parallel vibrations are dominant and

5
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of lower propagation losses only these variations will be considered. The
propagation of the resulting motion-strain effects away from the source
results in a longitudinal compression wave that transmits mechanical, or
acoustic, energy away from the source. The vibratory motion of the medium
is strongly dependent on the ultrasound frequency and on the state of the
medium. Table 2.1.1 provides that the values of velocity of longitudinal
sound waves in various materials. Velocity in solids are the highest, those

in liquids and biological soft tissues are lower, and those in gases are lowest.

The relationship between frequency and wavelength of a wave is given
by

=X (2.1.1)

f

where u is the propagation velocity, f the the frequency of the wave, and A is
the wavelength. Since the propagation velocity of ultrasound
(1.5x103 m/sec in water) is much lower than that of an electromagnetic
wave (3x108 m/sec in free space), the wavelength of ultrasound is five ord-
ers of magnitude smaller for a given frequency. For a frequency of 5§ MHz,
the wavelength of ultrasound is approximately 0.3 mm while for an elec-
tromagnetic wave it is 60 meters. Because of the much shorter wavelength,

the use of ultrasound for detection will give much higher resolution.



Table 2.1.1 Approximate values of ultrasonic velocities of various media [1]

Medium Sound Velocity (m/sec)
_—

Dry air (20°C) 343.6
Water (37°C) 1524
Amniotic fluid 1530
Brain 1525
Fat 1485
Liver 1570
Muscle 1590
Tendon 1750
Skull bone 3360
Uterus 1625

2.2 The acoustic plane wave equation

In this section, we will investigate sound propagation in an infinite
homogeneous medium in equilibrium. The coordinate system is shown in
Figure 2.2.1. If a force is applied in the x-direction, it will result in a uni-

form pressure p (xg,¢) to the y-z plane at a distance xo from the origin. Due
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to this applied force, the particles will exbérience a displacement in the x-
direction. Particles at the location x will also be displaced. If we consider
a small differential volume element with incremental length dx and area A in

the plane of the applied force, the equilibrium volume, V, of the element will

be
V =Adx (2.2.1)
H
t t+dt
N N
1 '
\ |
pro.) | lutrg ) :
! 5
' I
To | 1rotdr] 4
0 ~N o N 0 x .
y

Figure 2.2.1 Infinite homogeneous medium with plane applied pressure

As a result of this compressional force the differential volume changes to

V' = A (dx+df) = A (dx + %—E- dx) 2.2.2)

where d& represents a compressional displacement.

Therefore, the change in volume is

dV = V' -V = A (%E— dx) (2.2.3)
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Conventionally, the strain produced in the volume element is defined as the

ratio of the volume change to the original volume:

. _ 4V _ a&
strain = V ™ 2.2.4)

According to Hooke’s law, the ratio of stress to strain in an elastic medium
is copstant, This relationship can be expressed as

p = —k% (2.2.5)

where k is the coefﬁcier:/i of elasticity. The negative sign in Eq.(2.2.5)
‘fﬁ!t&ﬁ

results from a positive pressure in the x-direction giving a strain in the nega-

tive x-direction.

We can define the particle velocity u as the time rate of change of parti-

cle displacement. That is,

u(x,t) = %— (2.2.6)
The partial derivative of Eq.(2.2.5), with respect to time, gives:
9 &, _ o
a: = ( ) k (2.2.7)
or
Ju -1dp
ox  k ot (2.2.8)

If the applied pressure varies with time, the pressure magnitude will be
a function of distance,x, as well as of time, . From Newton’s second law of

motion, the acceleration of a material element resulting from an applied
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pressure is:

&> _ Ou 2.2.9)

t
The negative sign in Eq. (2.2.9??esults fr(a)m a net acceleration to the right
for a negative spatial pressure gradient. In Eq. (2.2.9) p is the medium den-
sity.
Eq.(2.2.8) and Eq.(2.2.9) are the coupled equations relating to pressure

particle velocity. By decoupling these equations, it is possible to obtain the

acoustic plane wave equations

o2 k 9>

Friirar @210
and,

u k 9%u

W o w @21

The general solution for pressure and particle velocity are

p = p(0)e/ @K% 2.2.12)

u = u(0)el (@-Kx) (2.2.13)

where X is the &y,gve propagation constantZgiven by

K = ap/k 24 ,c.zﬂ?? (2.2.14)

The wave number K is in general a complex quantity. It consists of the

phase constant  and the attenuation constant o,

K =B-jo (2.2.15)
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From Eq.(2.2.12), Eq.(2.2.13) and Eq. (2.2.9), the relationship between

pressure and particle velocity is

p =22, (2.2.16)
K
The characteristic acoustic impedance is defined as the ratio of the pressure

to particle speed. From Eq.(2.2.15), the acoustic impedance Z can be

expressed as

z=E=-%2 2.2.1
u. KC}QV"\’QLY ( 7)

For a lossy medium, the acoustic 1mped%ce is a complex quantity. For a
lossless medium the attenuation constant o is zero, and the wave number

reduces to K = 3, which gives a real acoustic impedance.
Under the lossless assumption, the phase velocity Vp is

v, = o= (2.2.18)

| B K
Therefore, the acoustic impedance for g:fossleg medium can be written as
N

Z = pv, (2.2.19)
For an attenuation constant of zero, the mass density, the longitudinal wave

velocity and the acoustic impedance of some materials are shown in Table

2.2.1.
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Table 2.2.1 Characteristics of some materials [6]

Acoustic
Material Mass Density ~ Longitudinal Impedance
kg/m3 Velocity, m/s %10 kg/m2-s
Air (20°C) 1.21 340 411x107°
Water (20°C) 1,000 1,480 1.5
Aluminum 2,695 6,350 17.1
Plexiglass 1,182 2,680 3.17
Silicon rubber 1,010 1,030 1.04
Lead 11,400 1,960 223
Copper 8,900 4,700 42
Iron (steel) 7,830 5,950 46.6

2.3 Transmission and reflection coefficients

When an acoustic plane wave is incident to a boundary between two
different media, it will be partially reflected. The ratio of the characteristic
impedances of the two media determines the magnitude of the reflection
coefficient and transmission coefficient. Assume there is an acoustic plane
wave propagating from medium 1 to medium 2, as shown in Figure 2.3.1.

e N €‘ AN
Snell’s law states that the angles of incidence and reflection are equal when

the wavelength of the wave is small compared to the dimensions of the
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reflector. That is,

6, = 6, {2.3.1)
From relationship between 6; and 6;, the angle of transmission, is:
sinB; _ S8
sinb,  uy a3
|
|
i i ’o+-~ er r

|
|

P |
| Medium |
|

Figure 2.3.1 Transmission and reflection at an interface

-
=

In the equilibrium state, the pressure on both sides of the boundary

remains the same in order to maintain aétalionary boundary) This gives

PitpPr =pe (233)

Furthermore, the normal component of the particle velocity must be the
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same on both sides of the boundary or else the two_media will not remain in

T -‘.i, wet °‘E’M‘J\

contact. Thus,

u;cos0; — u,cos0, = u,coso, 2.3.4)
From Eqgs.(2.2.16) and (2.3.4), we have

pi Ky cos0; p, K, cos6, _ P K cos6,

(2.3.5)
P1 P1 P2
Solving Eqs.(2.3.3) and (2.3.5), the pressure ratios are
K, K>
—cos0; — —cos6;
P _ P P2 (2.3.6)
pi K, K>
——co0s0; + —cos6,
P1 P2
and
2Ky
» 5 cos0;
t 1
2 (2.3.7)
pi K, K

2
——co0s0; + —cos6;
P1 P2

For normal incidence 6; =6, =0, the pressure amplitude ratios are reduced
to

K K,

Pr P1 P2

Reflection coefficient R = — = (2.3.8)
# o pi K, K,
— + —
P1 P2
2K,
Transmission coefficient T = B _ P1 (2.3.9)

o K K
P1 P2
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Using the acoustic impedance definition Z =wp/K, the reflection coefficient

and transmission coefficient can be reduced to:

d%w)

ZZ_Zl e
R=Zivzi  R&T~ ‘h 310
cle V@* %Q %\
= 7,42, (2.3.11)

Up to this point, the reflection and transmission coefficients were
expressed in the time domain. Using the Fourier Transform the reflection
and transmission coefficients can be expressed in the frequency domain as

well.

The Fourier Transform of p (x,¢) is defined as

P(x,) = [p(x,t)e™®dt (2.3.12)
Because the reflection coefficient _l_(_ and the transmission coefficient T_are

independent of time, the R and T can be written as

K, K,
P,(0, B Z,-Z
R = »(0,w) _P P L2-2y (23.13)
P,’(O,(O) Kl 4 Kz Zz +Zl
P1 P2
2K,
P,(0,0 27
i G L R ) S 2 2.3.14)

P;(0,») K, N K, Zy+2,
P1 P2
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2.4 Damping and attenuation

As discussed in section 2.2, the acoustic wave equation (Eqgs.(2.2.10)
and (2.2.11)) was derived for the condition that the wave propagating
through the medium suffers no energy loss, that is, the acoustic wave pro-
pagates in the medium without attenuation. Ideal materials of this kind do
not exist, although weakly damped materials are often approximated as
ideal. Elastic damping usually depends on temperature, frequency, and the
type of vibration. At room temperature, acoustic losses in many materials
may be adequately described by either assuming the\\ejlasticigy k is a complex
quantity or t;;‘addmg.a.mscm.ls_dammng.tcnn.

In the following section, both of these approaches are used to obtain the
attenuation constant o and phase constant B. The results from these

approaches are then compared and discussed.

2.4.1 Complex elasticity

In a lossy medium the elasticity k becomes a complex number, that is,

k = k, + jk; (2.4.1)
From Eq.(2.2.14), the wave number K becomes

K = o\p/(k + jk;) (2.4.2)

and jK contains real and imaginary parts:



JK = a+jp

If we insert Eq.(2.4.3) into Eq.(2.4.2) and equate the

parts the following relationships result:

2
o” p k,
BZ_a2
K2+ k2
2
W° p k;
20B =
P k2 + k2

17

(2.4.3)

real and imaginary

(2.4.4)

(2.4.5)

Using these equations, the attenuation constant o and the phase constant 3

can be expressed in terms of ®, p, &, and k;:

= /

N1+ (k,-/lc,)z -1 e
\[1 +(k,-/k,)z +1 i

B = w\pk 72 [

k2 + k2
or, alternatively k; and k, in terms of o and P as:

_ o’p@?-a?)
r (BZ +a2)2

o _20%paB_
t (Bz+a2)2

k:
In the case of a low loss medium, that is when (-1(4)2

reduce to

(2.4.6)

2.4.7)

(2.4.8)

(2.4.9)

<< 1, the o and B
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ki
= o\p/k, [1 --2—(;—)2] (2.4.11)

2.4.2 Damping force

The second approach to obtaining the attenuation and phase constants is
to consider the damping force term in the wave equation. In an ideal loss-
less medium, Hooke’s law describes the linear relationship between pressure

and strain:

B
Pideal = —€ S (2.4.12)

—————
where c is a proportional constant, called elastic stiffness constant, while S is

strain, as defined in Eq.(2.2.4).

The damping force in material can be put in the form:

as
Pdamping = — 3 (2.4.13)
where M is the material viscosity.
The total pressure becomes
as

P = Pideal t+ Pdamping = — (kS +Tl_at_) (2.4.14)

For a one-dimensional problem, the strain is
S % (2.4.15)

T ox
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From Eqs.(2.2.6) and (2.4.15) we get

ou _ 9% _ as
dx  oxot ot
Taking a partial derivative with respect to time in Eq.(2.4.14), we obtain:

(2.4.16)

ar = “ax  Noxor
From Newton’s second low of motion, Eq.(2.2.9), the spatial derivative of

2
9 _ _ Ou . 0u (2.4.17)

pressure and the time derivative of particle velocity are related by

o9 _ _ Ou
™ p E (2.4.18)

Following the same procedure used in section 2.2 to decouple Eqs.(2.4.17)

and (2.4.18), the acoustic plane wave equations including attenuation

becomes:
Pp _cdp .n Pp (2.4.19)
ot p ox2 p ox2or

and,
%u c u n du
Cu _cou 242
or2 p ox? * p ox2or ( 0

Again, the general solutions for pressure and velocity are

p = p(0)e/ @K (2.4.21)

u = u(0)es(@-Kx) (2.4.22)

where

K = B-jo (2.4.23)
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Using these solutions, the following equations are obtained:

pw?p = cK?p + jnK2wp (2.4.24)

pw? = ck? +jnkK%w (2.4.25)
With K2 = B2 — 20Bj — a2, and both o and P real, the following equations

are obtained by equating the real and imaginary parts of Eq. (2.4.25).

c(P? - 0?) + 20Pno = pw? (2.4.26)

noP? - a?) -2apc = 0 (2.4.27)
Solving Eqgs. (2.4.26) and (2.4.27) for real a and B, gives:

cpw

ol = )[«fl +(Mo/c)? -1] (2.4.28)

1
2 (N’
and

cpco

=1 N1+ (Ma/c)* +1] (2.4.29)
2 M® +c?)
Finally,

Ya
_ 1 cp vl
= { 2 a2 10D [V1 + (w/c) 1]} (2.4.30)

%
B=ow {; s CP pes [V1 + mw/c)* +l]} (2.4.31)

The above equations give the general solution for the attenuation constant o

and phase constant . We can express ¢ and 1 in terms of o and J as:

0 (B? - a?)
L(BZE s (2.432)
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2
no = (;2‘1’:;)2 (2.4.33)
or,
2p 00y
n-= -(FZE-G-_Q%T (2434)

For the low frequency approximation (llcﬂ)2 << 1, the following

simplifications result:

2
o= 32‘°C—\/p/c [1 - Ma/c)*]*

2
~ N~ _1 Mo
bl [1- ()] (2.4.35)
2
= ﬂzm?\lp/c (2.4.36)

B = wiprc [1 - A2y

= ovp/c [1- %(309)2] 2.4.37)
= o\plc (2.4.38)

From Eqs.(2.4.36) and (2.4.38), when the frequency of the acoustic wave is
low ( 0< <(ﬁ) ), the attenuation constant is proportion to ®?, and the phase
constant is proportion to ®. For very low frequencies, the attenuation
approaches zero. For higher frequencies the attenuation increases rapidly.

For a given frequency, the attenuation constant o is proportion to the
square root of the medium density. As the viscosity constant increases, the

attenuation constant also increases. If the the elasticity stiffness constant
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increased, the attenuation constant decreases.

By comparing the results of these two approaches, that is, using com-
plex elasticity or using an added damping force, the same results conclu-
sions can be drawn. From Eqs.(2.4.6), (2.4.7), (2.4.30) and (2.4.31), we
found that the real part k, of the complex elasticity plays the same role as
the elasticity c in the lossless case. The imaginary part k; of the complex
elasticity is analogous to the damping constant 1 times angular frequency

®. That is,

k, «—> c

ki «— N

2.5 Video pulse probing techniques

Reflection coefficients and transmission coefficients are crucial factors
in determining wave propagation in media with different materials proper-
ties. When the incident wave is a narrow band signal, the reflection
coefficient and the transmission coefficient are usually constant. This is not
true for a broad band signal. The basic principle of using video pulses is to
exploit the broad band signal characteristics to detect media variations. The
broadband signal form the transducer is dispersed by the frequency depen-

dent reflection and transmission at the interfaces of different acoustic



23
impedances of different media. The energy of the reflected wave or of the
transmitted wave depends on the frequency dependent reflection coefficient

or the frequency dependent transmission coefficient.

A necessary requirement for using video pulses is that the waveform of
frequency mus well known. When

the video pulse impings on the interface between the first and second media,

the reflected wave contains all frequency components, each modified by its
(own frequency dependentYreflection coefficient. The reflected signal spec-

trum contains the information necessary to characterize the unknown media.

The Fourier spectrum of the incident pressure wave is given by:
Pix,0) = [ pi(x,n)e™dt (2.5.1)

If x is set to zero at the interface of two media, the pressure in the frequency

domain at the interface is:

P;(0,0) = F<p(0,t)> (2.5.2)
where F< - > = j -eJ®ds is the Fourier transformation.

In section 2.3, it was shown that the reflection coefficient is independent
of time, so that the Fourier Transform of the reflected wave at the interface

in the frequency domain is given by:
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P,(0,w) = P;(0,m)R (2.5.3)
and the reflected pressure wave at the interface in the time domain is

pr(0,8) = F1 <P, (0,0)> = F1<P;(0,0) R > (2.5.4)

where Fl<c - > = —2-11—; j - e/™dw is the inverse Fourier transform and R
is the time independent reflection coefficient.
A detected signal a distance d from the interface has the form:
Pr(d,t) = p,(0,00e 14 (2.5.6)

The signal to be detected is thus given by:

pr(x,t) = Re{ F1<P;0,0)R >e X 1"} 2.5.7)

= Rc{ F < F<p;(0,n)>R > e_jKld}

The real part of the pressure is taken since only this signal can be detected

experimentally.

2.6 Analogy between ultrasonic waves and electromagnetic waves

The equations for the acoustic plane waves have many similarities to
electromagnetic waves. As shown in Table 2.6.1, the pressure and particle

velocity of the acoustic wave play the same role as the electrical field and
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magnetic intensity of the electromagnetic wave. The magnitude of the pres-
sure provides the potential energy and the particle velocity provides the
kinetic energy. The density and the reciprocal of the elasticity are analogous

to the permeability and permittivity, respectively.



Ultrasound Electromagnetic wave
pressure p electric field E
particle velocity u magnetic intensity H

momentum density pu

Strain § = —F——
elasticity k

elasticity k

wave number K = op/k
phase velocity v = %

wave equation

2p _pp
ox?  k or?
Pu_p Pu

magnetic flux density B = pH

electric flux density D =€E

permeability
permittivity €

wave number K = @VpE
phase velocity v = i[’;-

wave equation

ox? He ot
*H _  9’H
ox? =He or2
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Table 2.6.1 Analogy between ultrasonic waves and electromagnetic waves



CHAPTER 3

Experimental Procedure

In order to analyze the characteristics of an unknow medium, we must
detect and process the reflected or transmitted waveform. Although the

¥ medium,

it is, more difficult to obtain because of the medium dimensions. Further-
more, the implementation of a transmission configuration requires two trans-
ducers while the reflection technique uses only one transducer. Thus the

echo mode of operation is the choice of preference.

In order to demonstrate the theory developed, a single layer target is
used for simplicity. The ultrasonic transceiver transducer is submerged in
water. When the ultrasonic pulse hits the water/target interface it generates
a reflected wave which travels back to the transducer. By comparing the
reflected wave and the incident wave, the reflection coefficient of the inter-
face can be determined. Two experimental procedures are performed, the‘

.:g%.ccted.mis recorded in real time and thecm___cl_siggal_is_pmmsscd

through various signal processing techniques to retrieve information about

the target. For accurate waveform recording, a high sampling analog-to-

digital converter is required. According to the Nyquist criteria, the sampling

Srequency must be at Jeast &wxce)he highest frequency component of the

27
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signal. The higher the sampling-rate,-the-betterthesecorded signal. In the

experiments reported here with a transducer frequency of 2.25 MHz a sam-
pling rate of 14.667 MHz about 3.26 times of the Nyquist rate was chosen.
Additional data processing of the recorded signal is performed by various
algorithms.

In section 3.1 the experimental configurations are presented and in sec-

tion 3.2 the data processing algorithms are discussed.

3.1 Experimental Configurations

In order to determine the properties of a medium, the characteristics of
the incident signal and reflected signal waveforms must be known. The sys-
tem shown in Figure 3.1.1 is used to obtain the signal from the water/target

interface.

3.1.1 Sampling the incident signal waveform

The video pulse technique requires that a broadband signal, ideally an

impulse, be transmitted for optimum material characterization. Experimen-

tally, a pulse of less than 50psec is transmitted.

For subsequent analysis, a detailed incident wave sent out by the trans-

ducer has to be known precisely. A simple way to obtain such a waveform
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is as follows. The acoustic impedance of water is about 3650 times larger
than that of air (refer to Table 2.2.1), the reflection coefficient of the
water/air interface is practically equal to -1, that is, a complete reflection.
For a short water path, the atteauation~ofultrasound in water can be(ignored]
As a result, the reflected wave from water/air interface can be treated as the

incident wave except the signal waveform is being inverted.

In the experiments, a transducer of frequency 2.25 MHz is used. A
Panametrics 5050 Pulse Generator/Receiver is employed to generate pulse
signals to the transducer and to receive the reflected signals.

In Figure 3.1.1, the signal is sampled by an A/D conversion circuit with
a sampling rate of 14.667 MHz. The sampled data will be sent to a
Cromemco Z-2D microcomputer, and be transferred to an IBM personal

computer AT for further processing.

3.1.2 Sampling Reflected signal waveforms from objects

The reflected signals from an object under test can be obtained in a
similar manner. That is, the transducer transmits an ultrasound pulse to the
water/object interface and then receives the echoes. The reflected signal is
sampled at 14.667 MHz and the sampled data is processed in a microcom-

puter to obtain the characteristics of the object.
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3.2 Data processing

The signal received from the system shown in Figure 3.1.1 is the data in
the time domain. These signals are transformed into the frequency domain.
The reflection coefficients at different frequencies are calculated from the
frequency components. Signal extraction is complicated by the fact that
noise exists and by system jitter. Improvement in experimental accuracy is
achieved by signal processing and by statistical methods. Software process-
ing is preferred for high accuracy, while hardware circuitry i o-
cessing.

Data processing consists of three main parts: correlation, averaging and

spectral analysis.

3.2.1 Correlation and averaging

A video pulse contains many frequency components. Every frequency
component contributes information to the final result. Therefore, one should
take as many frequency components as possible. However, if too wide a
band is taken, noise will be overwhelming. One way to increase the signal-
to-noise ratio is to use averaging of multiple returns. The zero mean station-
ary noise is averaged to zero so that the signal-to-noise ratio will increase by

VN if N signals are averaged.
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Noise reduction results from averaging and also from signal matching.
Due to the system uncertainty (jitter), the phase of each signal is different.
Thus signal phase alignment is necessary before signal averaging. The
phase difference of two signals can be detected by calculating the correla-
tion between them. The position of the peak value of the correlation func-
tion will be the distance between these two signals. After the distance
between two signals has been detected, one can be aligned in order to do the
averaging.

We will use a real experimental example to show how the correlation
and average work. Figures (3.2.1) and (3.2.2) are two original waveforms
reflected from a water/aluminum interface. It can be seen that these
waveforms have significant noise present. In order to reduce the noise, the
correlation is calculated as shown in Figure 3.2.3 to find the distance
between them. Based on the calculated distance, waveform (2) can be
shifted and averaged with waveform (1). For a twelve waveform correlation
and average, the resultant waveform is shown in Figure (3.2.6). The average
waveform is smoother and contains less noise. Comparing the spectrum of
each waveform ( Figures (3.2.4), (3.2.5), and (3.2.7)-(3.2.9)), we see at the
high frequency noise is filtered by the averaging process. Thus correlation
and averaging are excellent techniques for increasing the signal-to-noise

ratio.
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Fourier Transform and inverse Fourier Transform

After the signal averaging process is completed, the frequency spectra
of the signal is obtained from its Fourier transform. A general purpose Fast
Fourier Transform routine was developed for calculating the spectrum and
displaying the phase as well as the magnitude of each frequency component.
In addition, some weighting windows may be added to further improve the
results. The weighting windows includes various types, such as the rec-
tangular, triangular, Hamming, and Hanning windows. In addition to the
Fourier Transform, the inverse Fourier Transform is avaliable for time

domain representation.



DATA file: al@l.1 n = 1827  display range from 1350 to 2390

Figure 3.2.1 The waveform(1) reflected from water/aluminum interface

DATA file: al@l.2 n = 187  display range from 150 to 300

Figure 3.2.2 The waveform(2) reflected from water/aluminum interface

34
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File fal@l.1] & [al@1.2], from -75 to 75, 13:29:57, @2-01-1938
HHAX = 91683.29 at x =5, -MAX =-92655.39 at x =2

L

/
"1 N

Figure 3.2.3 The correlation of waveform(1) and waveform(2)



"M‘WL .

128 peints FIT input file :[al@f.1ft] 21:16:29, 92-01-1988

Figure 3.2.4 The spectrum of waveform(1)

128 peints FIT  input file :(al@1.2ft]) 21:18:18, &2-01-1988

Figure 3.2.5 The spectrum of waveform(2)

36
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DATA file: al@l.avg nl = 1827  display range from 150 to 399

ﬂ [\I A I AL LA AL
V

Figure 3.2.6 The average waveform reflected from
water/aluminum interface

i " sttt Mg

128 points FFT  input file :(al@l.fft] 21:22:10, @2-01-1988

Figure 3.2.7 The spectrum of average waveform
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CHAPTER 4

Analysis of Experimental Results

The experimental results obtained from the system described in chapter
3 are listed in section 4.1. The characteristics of each tested material are
analyzed in section 4.2. In section 4.3, some conclusions are provided and

suggestions for future study presented.

4.1 Experimental Results

4.1.1 The Incident Signal

Using the setup in Figure 3.1.1 and the method described in section
3.1.1, the inverse incident waveform was obtained and shown in Figure
4.1.1. The waveform in Figure 4.1.1 is an averaged waveform of twelve
reflections from the water/air interface. Figure 4.1.3 is the spectrum of the
averaged incident waveform. It is observed that about 90 percent of the

energy is within the frequency band from 1 MHz to S MHz.

In order to ensure that the experimental results are repeatable, the
reflected signal from the water/air interface was measured on different days.
Figure 4.1.2 is the average of eight waveforms and Figure 4.1.4 shows its

spectrum. The results of the second set of data is very close to the first. In

40
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addition to comparing the signal in the time domain, we can also compare
them in the frequency domain (Figure 4.1.5). The spectral difference
between the two appears to be small. In other words, the experimental

results are time independent and repeatable.

4.1.2 The Signals reflected from Tested Materials

Several materials are tested by the video pulse system. They are alumi-
num, plexiglass, composite material, wood, rubber and stone. Both the
reflected waveforms and the spectrum of each material are shown in Figures

(4.1.6)-(4.1.17).

4.2 Discussion

In order to reduce noise from the return signal, twelve reflected
waveforms from the same target were averaged to increase the signal-to-

noise ratio by V12 = 3.464. This process proved to be extremely valuable.

In chapter 2, we have shown that the reflection coefficient can be

expressed in terms of material densities and wave propagation constants as,

Eq. (2.3.8),

_ Kyp2—-K3py
K1p2 +K2py

4.2.1)

where K =B — jau.



12:155: 46 01-28-1988

Data file =airo02

No. of files, n = 12 42
Correlation range from 200 to %0

Max difference between two data file dmax =7 SO

The distance between (air(2.2] and (air02.avgl is 4 with cmax = 86385

The distance between (air02.3] and (air02.avgl is 3 with cmax = 89644

The distance n [air02.4) and (air02.avgl is S with cmax = 85249

The distance n (air02.5] and (air02.avgl is 7 with cmax = 83110.5
The distance n (air02.6] and (air02.avgl is & with cmax = 86301.98
The distance n (air02.71 and (air02.avgl is -4 with cmax = 89234.3
The distance n [air02.8] and (air02.avgl is -1 with cmax = B4794.R9
The distance n [air02.9) and Cair02.avgl is S with cmax = 83125.5
The distance n C(air02.10] and (air02.avgl 18 9 with cmax = 86480.1
The distance n (ai1r02.11) and (air02.avg) 1s -3 with cmax = 89371.02
The distance n 02.12) and [ai1r02.avgl is 7 with cmax = 85661.79

DaTA file: airdR.avg ol = 186 play range frem 200 to

—/\ %N

DATA file: air@l.avy 0l = 1026 display range from 100 to 700

Figure 4.1.1 The waveform reflected from water/air interface
( the incident signal )



14:59:140 01-28-1988

Data file =airo03

No. of files, n = 8 43
Correlation range from 200 to 350

Max difference between two data file dmax =7 SO

The distance between [air03.2] and lair03.avql is 7 with cmax = 92441

The distance between (air03.3] and (air0o3.avgl is 10 with cmax = 87489
The distance between (air03.4] and (air03.avgl is 10 with cmax = 881468.67
The distance between (air03.5) and Cair03.avgl is 8 with cmax = 83342
The distance between [air03.6]1 and [air03.avgl) is 7 with cmax = 90498.42
The distance between (air03.7] and (air03.avgl is 7 with cmax = 91774.%
The distance between (air03.8) and (airD3.avgl is 12 with cmax = 907&9.4%
DAIA file: air@3.avg al = 1826  display range frem 200 to 330

|

A DA AA s rns

DOTA file: air@3.avg  nl = 1026  display range fren 100 to 708

Figure 4.1.2 The waveform reflected from water/air interface



128 points FTT  input file :[airdd.f1¢) 09:40:46, 63-01-1988

Figure 4.1.3 The spectrum of incident signal

128 peints FIT  input file :lair@3.11¢) 9:37:92, 92-01-1908

Figure~ 4.1.4 The spectrum of waveform reflected from
water/air interface
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11:54:43

Data file =aloit

No.

of files,

01-18-1988

n =12

Correlation range from 150
difference between two data file dmax

Max

The
The
The
The
The
The
The
The
The
The
The

distance between
distance between
distance between
distance between
distance between
distance between
distance between
distance between
distance between
distance between
distance between

(al01.21
Cal01.3]
Caln1.4]
Cal01.S]
Cal0i.6]
Lalout.?]
Calnl.B81
CalD1.9]

to

and
and
and
and
and
and
and
and

00

Cal01l.avql
Call,avg]
Caldl,avgl
Cal0l.avgl
Calni.avgl
Cal0l.avyl
Calnl.avgl
Cal®tl.avyl

=2 S0

18 S with
13 1 with
18 =13 with

is 9 with
is 9 with
is 9 with
is 9 with

18 -1 with

Caln1.10]1 and Cal®l.avgl) 1s 3 with

Cal01.11] and (alvi.avgl) is
Calw1.12] and Calvl.avgl is

DATA file: alffl.ave i = 1827 display range fren 130 to 300

h.

- A,

b LA e S LMD S S T NN
g

v

DATA file: al@l.avg nl = 1827 display renge fren 100 teo 700

7 with
1 with

Cmax = 946297
cmax = 87583.3
cmax = 95326.33
cmax = 95472.79F
cmax = 92636.2
cmax = 9%707.49
Cmax = 946216.43
cmax = 95108
cmax = B&399.66
cmax = 942%57,.91
cmax = 92187.16

Figure 4.1.6 The waveform reflected from water/aluminum interface




14346374 01-27-1988
Data file =pglassul

No. of files, n = 12
Correlation range from 200 to =1
Ma: difference betwsen two data flle dmas: =7 S0

The distance between [pglass®l.2] and (pglaszsl.avgl 1% S with

The distance between [pglassOl.2] and (pglassol.avgl 13 14 with
27582.95

The distance between [pglass®l.d] and [pglassut.avgl 18 —19 with
=7020,01

The distance between [pglass®1.5] and [pglasstl.avgl is =7 with

The distance between [pglassi.s] and [pglass®i.avgl 18 3 with
27036.79

The distance betwe=rn [gglass0l.7] and (pylassvl.awgl is 7 with
2784S5.67

The distence between [(pg3lazsl.31 and (pglassil.avgl 18 -9 with
251837.29

The distance between (p3lasz1.3] and (pglassOi.avyg) is =2 with
26006.75

47

cmax = 27186
cmax =

cmax =
cmax = 274482
cmax =
cCmax =
cmax =

cmax =

The distance between [pglassotl.12] and [(pglassfl.avgl 18 12 with cmax =

27112.443
The distance between [
27120.7

gglass i, 111 and [pglassol.avgl 18 B8 with

Chax =

The distance between (pgl:3s'-1.12]1 and [pglass2l.avgl is 127 with cmax =

28779.26
DATA file: pylass@l.ave il = 1026  display range frem 200 to 350

=
_“'Fjv;
‘)

DT tile: pglass@i.ave 0l - 1026 display range frem 100 te 700

Figure 4.1.7 The waveform reflected from water/plexigalss interface



12:28:37  02-01-1988 48
Data file =comp02

No. of files, n = 12

Correlation range from 200 to 350

Max difference between two data file dmax =? 20

The distance between [comp02.2]1 and [comp02.avgl is 10 with cmax = 32390
The distance between [comp02.3] and (compO2.avgl is with cmax = 30313
The distance between (comp©2.4] and (comp02.avgl is with cmax = 32401.33
The distance between [comp02.5] and [compd2.avgl is with cmax 32156.75
The distance between [comp02.6]1 and C(comp02.avgl is with cmax 31794.79
The distance between [(comp02.7] and ([comp02.avgl is with cmax = 33269.5
The distance between [comp02.81 and C(compi2.avgl is 13 with cmax = 30801.29
The distance between [comp02.9] and (compO2.avgl is 13 with cmax = 30539.13
The distance between [comp02.10] and (comp®2.avqgl is 11 with cmax = 32910
The distance between [comp(02.11] and (comp®2.avgl is -18 with cmax = 32840.8
The distance between (comp©2.12] and [comp02.avgl is 9 with cmax = 30293.83
DTS file: comp@2.2vy ol = 1827 display range frem 200 to 330

NDOouW

DATA file: copll.avs il = 1A? displag renge fren 100 to 700

PO + A

Figure 4.1.8 The waveform reflected from water/composite
material interface




13:102:18 02-01-1988 49
Data file =woodi1

No. of files, n = 12

Correlation range from 200 to 330

Max difference between two data file dmax =7 10
The distance between [woodO1.2] and [woodOl.avgl is O with cmax
The distance between [woodO1.3] and [woodOi.avgl is 4 with cmax
The distance between (wood01.4] and (wood"1i.avgl is 4 with cmax
The distance between (wood01.5] and {woodOi.avgl is O with cmax
The distance between (woodQ1.6] and (woodOl.avgl is 3 with cmax
The distance between (woodO1.7] and (woodO1.avgl is -1 with cmax
The distance between (wood01.8] and (wood®l.avgl is 7 with cmax
The distance between [wood01.9] and (wood(l.avg) 13 -5 with cmax

34089
32275.5
35639.99
35272.3
33639.62
32888.17
35159.99
35866

The distance between (wood©1.10] and (woodOl.avgl is 3 with cmax = 335641.89
The distance between (wood(i.11] and (woodOl.avgl is 8 with cmax = 33395.1
The distance between Cwood®1.12] and (wood(i.avgl is 4 with cmax = 36560.%54

BTA file: woodBl.avg al = 1027 display range fren 200 to 338

DATA file: weedll.avs i = 1827 displag renge frem 100 to 700

e

Figure 4.19 The waveform reflected from water/wood interface
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12:19:08 02-01-1988 50
Data file =rubo02

No. of files, n = 12

Correlation ranqge from 200 to 350

Max difference between two data file dmax =7 40

The distance between (rub02.2] and (rub®2.avgl is O with cmax = 42174

The distance between [rub02.3) and (rub02.avgl is -1% with cmax = 43782
The distance between [rub02.4]1 and Crub02.avq) is -4 with cmax = 40974.33
The distance between (rub02.35] and (rub02.avgl is -17 with cmax = 40989
The distance between [rub2.6] and (rubf2.avqgl is -1 with cmax = 39868

The distance between [rub0Z.7)] and [rub02.avgl is -20 with cmax = 40999.34
The distance between (rub02.8] and (rub02.avgl is -8 with cmax = 3678S5.29
The distance between (rub02.9] and [rub02.avgl) is -2 with cmax = 37717.5
The distance between (rub02.10] and [rub02.avqg) is -346 with cmaz = 39757.33
The distance between (rub02.11] and (rub02.avgl is -4 with cmax = 3752S5.2
The distance between [(rub02.12] and (rub02.avgl is 2 with cmax = 373581.1
DATA file: rubl3.avs ol = 1627  display range frem 300 to 330

e NA /\f\/\f\n/\/\f\/ow
LAy ‘

MTA file: rabl2.2v9 ol = 1027 display range frem 138 te 730

JUY ARA A{MM_-
Y AAAAAAAES

Figure 4.1.10 The waveform reflected from water/rubber interface
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12:49:14

Data file =stone0l
n= 42
Correlation range from 200 to
Max difference between two data file

No.

The
The
The
The
The
The
The
The
The
The
9

The

DATA file: steme@l.avg nl = |

of files,

distance
distance
distance

distance
distance
distance
distance
distance

distance

distance

2052. 21

distance

between
between
between

.
between
between
between
between
between
between

between

between

02-01-1988

(stone01.2]
"lstone01.3]
(stone01.4)

(stone01.5]
(stone0l.6]
(stone?1.7

(stone01.8]
[(stone01.7)

(stone01.10] and (stone0Ol.avgl is
[stone01.11] and (stone0l.avgl is -12 with

[stone01.12] and [stone0l.avgl is

and
and
and

and
and
and

350

dmax =2 80
(stonedl.avgl
(stone0l.avgl
Cstone01.avgl
[stone0l.avgl
Cstone0l.avgl
Cston,

Ctston
Cstone0t.avg]l

display range frem 200 to 350

DATA file: stone@l.avg nl = 1826  display range from 100 to 700

1s
is
is
is
is
is

is
is

O with
-52 with
-56 with
-42 with

with
with

-4 with
-3 with
2 with

1 with

Figure 4.1.11 The waveform reflected from water/stone interface
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cmax = 88899
cmax = 92041
cmax = 92744.3

cmax = 85527.2¢
cmax = 87300.0
cmax = 88388.5
cmax = 87038. &

cmax = 91152.13
cmax = 89838.1

cmax =

cmax = 90121.9
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120 peints FIT  input file :[al@l.fft] 10:16:14, 02-01-1988

Figure 4.1.12 The spectrum of waveform reflected from
water/aluminum interface -

128 poiats FIT  iaput file :[pglass@l.fft) 10:24:38, @2-01-1988

Figure 4.1.13 The spectrum of waveform reflected from
water/plexigalss interface



128 peints FIT  input file :[comp@2.fft] 10:972:13, @2-01-1988

Figure 4.1.14 The spectrum of waveform reflected from
water/composite material interface

ey

128 points FFT  input file :[weedfl.fft] 10:20:01, 62-01-1988

Figure 4.1.15 The spectrum of waveform reflected from
water/wood interface
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128 peints FIT  input file :[rubd2.fft] 10:62:12, §2-91-1988

Figure4.1.16 The spectrum of waveform reflected from
water/rubber interface

128 peints FIT  input file :[stene@l.fft] 13:9¢%:01, Q-ﬂ-_l”l

Figure 4.1.17 The spectrum of waveform reflected from
water/stone interface
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We have then,

_ (B1p2 = Ba2p1) — j(@1p2 — 02p1)

R = .
(B1p2 + B2p1) — j(o1p2 +02pP1)

4.2.2)

When the operating frequency is low, or (362)2< <1, the attenuation

coefficient o and phase constant B can be greatly simplified. From Egs.

(2.4.37) and (2.4.39), we have

2

o= ﬂzm?«lp/c (4.2.3)
B = apl/c 4.24)

Then, the reflection coefficient becomes

W(P2e)TPie) - 1] - j A e P2 D TPIeT) — 222
P2c¢2)/(P1C1 1201 pP2c2)/(P1C1 2

R = 2_4.2.5)
.o N2
[\(p2c2)/(picy) +1] -1[20—\1(9202)/0)1015 + 70—]
1 2

Judging from this expression, the reflection coefficient R can be evaluated
when the medium density p, elastic stiffness constant c, viscosity constant 1
and the operation frequency ® are known. The medium density and the
acoustic propagation velocity for most materials are published. The elastic

stiffness constant ¢ can be obtained indirectly as follows:

The acoustic propagation velocity v is
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o
p
Using the approximate value for phase constant 8 in Eq. (4.2.4), the velocity

(4.2.6)

y =

becomes

v = \clp 4.2.7)

With this, the elastic stiffness ¢ becomes
c = py2
= pv (4.2.8)

An alternate way to obtain the viscosity constant is to use the attenuation

expression of the medium (Eq.(2.4.30) or Eq.(4.2.3)).

Water was chosen as ~t.he first medium in our experiments. The density
of water is 1000 kg/m3 and the acoustic velocity is about 1500 m/s.
Assuming no attenuation in water, the viscosity constant reduces to zero.
The elastic stiffness constant is about 2.25x10° N/m? from Eq. (4.2.8).

With this stiffness constant, the reflection coefficient becomes:

G207 - 1]+ [
R = - (20 (4.2.9)
[(p2¢2)/ (2-25%1072) + 1] —j[—zi—zl

In the following subsections, we will discuss the expermental results in
three ways. 1) By comparing the signals in the time domain. 2) By compar-
ing the spectral differences between the reflected waveform and the incident

waveform, and 3) by determining the sign of the reflection coefficients.
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4.2.1 Time domain signals

In the time domain it is easy to find the magnitude and damping of each
signal. Figure 4.2.1 is the time domain representation of the signals for all
materials tested. It can be seen that the magnitude and the damping of
waveforms are different for different materials. For the signals in Figure
4.2.1, the power of each signal may be calculated by squaring the magnitude
of the waveform. The mean value of the magnitude and the power of the

first reflection of each signal is shown in Table 4.2.1.

Incident signal
From Table 2.2.1, the acoustic impedance of air is about 411 kg/m?2-sec
and that of water about 1.5x105 kg/m?2-sec. We may use Eq. (2.2.10) to get

the reflection coefficient at the water/air interface, as:

Ryaserrair = —0.99945
which is very close to -1. Base on this, we can say that the signal reflected

from the water/air interface is similar to the incident signal except the phase

has been changed by 180°.

In Table 4.2.1, we list two values for the reflected signals from the
water/air interface. They are detected by the same setup but at different

time. Theoretically, the power of the incident signal must be greater than
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Table 4.2.1 The mean value of magnitude and power of the first reflection

Second medium average magnitude  power of the first reflection
_

Air 1 (Incidence) 134.50 80946.57
Air 2 135.09 83813.83
Aluminum 133.77 89956.47
plexiglass 133.77 22289.42
composite material 133.71 27672.30
wood 133.62 30567.79
rubber 134.08 33940.06

stone. 133.67 856.44

the power of the echo signals. It is surprising to see that the power of the
water/aluminum reflection is greater than that of the water/air reflection.
This may be due to the fact that the power of each incident signal is different

or the the incident beam is not normal to the target surface, such that only

part of the reflected power is received by the transducer. This may also
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Air

Aluminum A ﬂ [\V[\'A PPN

Stone (+20 dB)

Figure 4.2.1 The waveforms of the reflected signals
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explain why the power of two reflected signals detected at different time

from water/air interface are slightly different.

Signal reflected from water/target interface

For a given input, the power of a reflected signal depends on the square
of the reflection coefficient. The absolute values of reflection coefficients

are given in Table 4.2.1.

From the published characteristics of materials, one can calculate the
theoretical values of the reflection coefficients. For example, the density,

the elasticity stiffness constant, and the viscosity of aluminum [3] are:

Par = 2695 kg/m3
ca = 11x10'0 N/m?
Na = 35%1075 N-sec/m?

From Egq. (4.2.9), the reflection coefficient is

R _ (11478 -1+ jw 16x107"
waserlal = (11478 + 1) - jo 16x10755

= 0.840

From the value of R,g..r/aqt We can conclude that about 70.6 percent (

R2 .. a1 = 0.840% = 0.706) of the incident energy will be reflected from the

water/aluminum interface.

Taking plexiglass as an example, the characteristics of which are
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Ppglass = 1182 kg/m?
Cpglass = 8.5%10° N/m?

The reflection coefficient is

(2.113 = 1) + j (Mpgtass®)/(1.7x1010)
(2.113 + 1) = j (Npgrass®)/(1.7x1010)

Rwaxer/pglass =

(c pglass

If we assume the imaginary part is small, that is Npgae< < )2, we

may approximate the reflection coefficient as

Rwater/pglass = 0.358
Therefore, about 12.8 percent ( R?,,a,,,,pg,m = 0.3582 = 0.128) of the energy
will be reflected from the water/plexiglass interface.

From the theoretical analysis, the ratio of the reflection coefficient is

Rwa:er/al ~ 0.840

= 2.346
Rwater/pglass 0.358

From the experimental results,

Ryaterial - Poweryarer/al ]1/2

Ryateripglass " " Power, water/pglass
_ 89956.47 .1, _
= 502802217 = 201

The experimental results are within 15 percent of the theoretical results.
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4.2.2 The spectral difference between the reflected waveform and the

incident waveform

The signals are transformed into the frequency domain by a FFT rou-
tine. Figure 4.2.2 is the spectrum of each signal detected. The spectral dis-
tribution of the reflected wave should be similar to that of the incident wave,
when the reflection coefficient is real. Figure 4.2.3 is the spectral difference
between reflected signal and incident signal. For comparison, the spectra
have been normalized with respect to the incident power. From the spectral

difference, one should be able to identify the nature of the target.

4.2.3 The sign of the reflection coefficient

From the power content of each reflected signal, one can evaluate the
absolute values of the mean reflection coefficients. The sign of the
reflection coefficient, however, can not be determined from such informa-
tion. The sign of the reflection coefficient can be determined by correlation
techniques. If the positive peak in the crosscorrelation of two signals is
greater than the negative peak, the two signals must be in phase. Otherwise,
they are out of phase. Since the reflection coefficient of the water/air inter-
face is negative, we may determine the sign of reflection coefficient by
correlating the echoes from the water/air reflection and the water/target

reflection.
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Figure 4.2.2 The spectra of the reflected signals



70

Plexiglass sttt LU S WS

Composite material il a1 . lll

Rubber a | Ll

Stone

o1 23 43 ¢ 7T MW=

Figure 4.2.3 The spectral difference between the incidence
and the reflection spectra
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e —— o ot

Table 4.2.2 The approximate reflection coefficients

Second medium approximate reflection coefficient

W

Aluminum +0.840
plexiglass +0.208
composite material +0.258
wood -0.285
rubber -0.317
stone -0.008

Figures 4.2.4 - 4.2.11 show the correlation of each signal with the
water/air reflection. From these figures, we find that the reflection
coefficients of water/aluminum, water/plexiglass, and water/composite
material are positive, while those of water/wood, water/rubber, and
water/stone are negative. If we take R, 4s.r/qa1 = 0.840 as the reference, we
get the results shown in Table 4.2.2 for the approximate reflection

coefficients for other materials.
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The more accurate reflection coefficients can be obtained from the spec-
tra of the incident and reflected signals at each frequency component, since

the reflection coefficients at different operation frequencies are different.
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File [2ir@2.avg] & [air@2.avg), from -75 to 75, @9:55:12, 62-@1-1988
X = $9874.76 at x =@, -MAX =-70495.M4 at x =3

il
I

Figure 4.2.4 The autocorrelation of incident signal

File [2ir@2.avg] & [2ir@3.2vg), from -75 to 75, 10:09:26, @2-01-1988
HAX = 70482.59 at x =-5, -MAX =-72938.5 at «x =-2

Figure 4.2.5 The crosscorrelation of incident waveform and
waveform reflected from water/air interface
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File [air€2.2vg) & [al@l.avg], frem -75 to 75, 10:18:34, @2-01-1988
HAX = 7721313 at x =-38, -MAX =-79298.45 at x =-41

AV[\V vﬁvA

Figure 4.2.6 The crosscorrelation of incident waveform and
waveform reflected from water/aluminum interface .

File l2ird2.ave) & (pglass@i.avg), from -75 to 75, 10:26:55, @2-01-1988
X = 36965.24 at x = 18, -MAX =-48943.69 at x = 21

AV/\U UI\VA

Figure 42,7 The crosscorrelation of incident waveform and
waveform reflected from water/plexigalss interface
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File (air€2.avy) & [comp@2.avg]l, frem -75 to 75, 10:99:52, @2-01-1988
HMAX = 39877.66 at x =-15, -MAX =-44130 at x =-18

AVAMU/\V "

Figure 4.2.8 The crosscorrelation of incident waveform and waveform
reflected from water/composite material interface -

File [2irG2.avg] & (woodBl.avg), from -75 teo 75, 10:23:97, @R-91-1988
MY = 48832.56 at x =-3, -MAX =-45333.31 at x=@

ALV A

At

Figure 4.2.9 The crosscorrelation of incident waveform and
waveform reflected from water/wood interface
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File (air€2.avg] & [rub@2.avg), from -75 to 75, 10:05:41, @2-91-1988
HHAX = 47936.62 at x = 16, -MAX =-44946.77 at x:= 13

/\(\ ﬂ[\/\ﬂf\{\/\h

Tl AR

Figure 4.2.10 The crosscorrelation of incident waveform and
waveform reflected from water/rubber interface

File (2ird2.avg) & [stone@l.avg), from -75 to 75 » 13:12:13, @2-01-1998
X = 65736.4 at x -5,  -MAX z-612%.72 at x =-2

/\A '\/\A[\v Aok,
AL

Figure 4.2.11 The crosscorrelation of incident waveform and
waveform reflected from water/stone interface
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4.3 Conclusion and Suggestion for Future Study

This thesis has derived the formulas for acoustic wave equations in
terms of the attenuation constant o. and the phase constant  in material
media. The transmission coefficient and the reflection coefficient which
turned out to be functions of frequency and the characteristics the of media
were obtained. From the result of the derivation, the waveforms of the
transmitted and the reflected signals depend not only on the characteristics
of the medium, but also on the frequency components of the incident signal.
With this in mind, it is possible to identify different media by their reflected

video pulse shapes. The theory is verified by the expermental results.

Using the acoustic wave for remote sensing gives higher range resolu-
tion than using electromagnetic waves. The reason is that the wavelength of
acoustic waves in a medium is five orders of magnitude shorter than that of
the electromagnetic wave in free space. In addition to the shorter
wavelength advantage, the operating frequencies for acoustic waves can be
much lower than that for the electromagnetic waves. As a result, the signal

is easier to record and process.

One essential requirement for the video pulse technique is that the
reflected signal must be recored accurately, due to the fact that the shape of

the reflected signal carries the media information. Therefore, a high sam-
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pling rate analog-to-digital converter is needed. Once the signal is recorded,

the data can be processed by software on a computer.

Experimentally, the approximate reflection coefficients can be deter-
mined by measuring the power ratio and evaluating the crosscorrelation of
the reflected and the incident signals. The power ratio determine the mean
magnitude and the peak of crosscorrelation determines the sign of the
reflection coefficient. The precise reflection coefficients can be obtained
from the spectra of the incident signal and of the reflected signal at each fre-

quency component.

Although it is possible to obtain the medium density, the elasticity con-
stant and the viscosity from the reflection coefficient, we did not obtain the
experimental values in this thesis. In order to obtain these values, a much
narrower video pulse must be used, so that a broader frequency spectrum
can be sent to give a broader dispersive response from the media. By com-
paring the reflection coefficient at each frequency component, the charac-

teristics of the materials can be determined.

Judging from the preliminary results of this work, we see that the video
pulse technique has a high potential for application in many areas such as in
cancer detection, nondestructive evaluation of materials, and remote sensing

in land and sea environments. Before this technique can be applied in the



field, further theoretical as well as experimental must be carried out.
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