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ABSTRACT

In the ultrasonic imaging of many materials,
the measured signal consists of multiple echoes
(reverberation) which complicate direct characteri-
cation of the target. In an earlier report [7] it
has been shown that ultrasonic echo classification
can facilitate imaging of targets hidden by highly
reverberant thin layers. Among all classes of
echoes, two sequences of multiple echoes have been
found to be essential in target characterization.
In this report we present several processing tech-
niques developed for separating these sequences and
enhancing the visibility of those echoes back-
scattered from the hidden target. Techniques used
include substraction, correlation, spectrum and
cepstrum analysis. The combination of these tech-
niques enhances the signal-to-noise ratio and im-
proves the resolution of the measurement. The
mathematical model of the reverberation and experi-
mental results will be presented. Experimental re-
sults are in close agreement with the mathematical
model.

INTRODUCTION

Reverberation occurs in ultrasonic imaging of
many materials [1-3,5] including in the thickness
measurement of thin planar defects in metal, in
lamination of composite bonds, in the gap thickness
measurements of the metal adhesively bonded systems,
0oil film measurements, fatigue crack analysis, etc..
In this report we present methods for unraveling
the multiple echoes backscattered from highly rever-
herant layered structures. The emphasis of the
present discussion is focused on the signal process-
ing schemes useful in signal-to-noise ratio enhance-
ment and improvement of resolution.

Consider the planar geometry of multiple thin
Layers as shown in Figure 1. It is assumed that
the ultrasonic transducer is positioned in Region I,
and Region II is a highly reverberant thin layer.

It is our objective to recognize echoes backscat-
tered from region IV. The usefulness of this study
becomes apparent when imaging targets which are
hidden behind a reverberant thin layer. During a
given scanning time the received signal is com-
prised of multiple echoes detected after traveling
m times in Region I1 and n times in Region III,

r(t) = } )} y_u(t-2nT, - 2nT.) (1)

mn 2 3
m=0 n=0

0090-5607/84/0000-0903 $1.00 © 1984 IEEE

60616

Bo B 82 83 Bo

P —— ALY N SO

= REGION I§ - REGION ITI\} REGION I¥ —
P—— NN ———
:\x\k __
c

Pa: N

N

3 — Par Ca—

\,

¢y Velocity Fig. 1. Multilayer struc-
ture consisting
Pyt Density of four differ-

ent regions.

where u(t) represents the measuring system impusle
response, T, represents traveling time in Region II,
Tz represents traveling time in Region III, and the
term ypn is the received echo amplitude related to
the reflection coerficient, p;;, Or the transmis-
sion coefficient, -ij. It is assumed that the inci-
dent wave is norma. to the boundaries of the layers,
and for the sake oi simplifying mathematical devel-
opment, the effect: of attenuation and measurement
noise are ignored.

After a given time many echoes which have trav-
eled through the luyered structure following differ-
ent paths of reverberation can be detected. Discrim-
ination.of these traveling wavesis quite complicated.
In order to better understand the nature of the re-
ceived echoes, we have extended our work to computer
simulation and wave classification {6-8].

WAVE CLASSTFICATION

After considevable experimentation and computer
simulation, an appropriate identification and clas-
sification, technidque was developed which allowed
characterization o: the layered structure of those
detected echoes of significant intensities [6]. As
a result of classivication, the generalized model
for received echoe: given in equation (1) can be
presented differently,

r(t) = 012U(t) +

Ca,u(t-2kT,) + ) b u(t-2T
ki K 2k K

+ kzlcku(t—4T3—2le) +

S—ZRTZ)

D du(t-6Tg-2kT,) + «oo (2)
k=1
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where ay is the amplitude of class 'a' echoes which
reverberate continually in Region II only; by is
the amplitude of class 'b' echoes which reverberate
continually in Region II, and once in Region 1I1;

Cx 1s the amplitude of class 'c' echoes which rever-
berate continually in Region 1T, and twice in
Region IIIl; etc..

0f all classes of cchoes which are detected
from reverberant targets, class 'a' and 'b' echoes
are the most dominant |[6]. The amplitude of class
'a' echoes can be cxpressed as
k-1

a = 7 T "k
kK~ 12 21 721 P2

- 3

3 (3)
Since §921} and .. are less than unity, the mag-

nitude of type 'a'“echoes decreases as the number of
reverberation echoes, k, incrcases. According to

the class 'b' definition the values of 'b' echoes
are [6] N o ‘ k-1 k-1 )
k 12 701 T23 Taz Paq P21 oz 0 (4

The evaluation of by in terms of k, and Regions
I, II, TII and IV is more involved. C[nvclopes of
class 'b' echoes for various characteristic imped-
ances of Region T-IV are shown in Figure 2(a-d).
Figures 2a-2d show instances of severe to mild re-
verberation in Region 1i. In each Figure, Graphs I-
IV represent insignificant to significant acoustical
mismatch between Region [17 and Region IV. The max-
imum of class 'b' echoes in terms of reverberation
number k can be calculated by setting Sbk/ﬁk =0,

-1

| L — int .
Tog T 7 ° integer k (5)
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Fig. 2. [Lvaluation of class 'a' and 'b' echoecs.
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Graphical presentation of the maximum of class
'b' echoes as a function of (pp1023)1/2 is shown in
Figure 2e. The severe nismatch between the charac-
teristic impedances of Regions II and I, and
Regions IT and III, resalts in prolonged reverbera-
tion. In other words, the 'b' echoes will increase
in amplitude with time, and thus, become more visi-
ble, while class 'a' amnlitude decreases. Note
that this is only true “or highly reverbcrant lay-
cred targets.

These graphical re:ults are very useful in the
interpretation of the ricceived signal which leads
to the determination of the best region in time for
class 'b' echo evaluation. For example, the best
region for evaluating the echoes from a highly re-
verberant layerced structure consisting of water,
Inconel thin layer, watecr, and steel plate is near
be (see Fig. 2f for the comparison of the envelope
o% the class 'a' and 'b echoes).

For further verification of the proposed class-

ification technique, a computer program was devel-
oped to simulate the output of a pulse-echo ultra-
sonic system [6]. TFigure 3 shows simulated A-scans
of a structure composed of four regions: water,
Inconel layer, water, and steel plate. In this fig-
ure each class of echoer has a unique arrival time
and the 'b' type echoes can be seen growing with re-
spect to the type 'a' echoes. The presence of class
'c' echoes 1s apparent, although their amplitudes
are smaller than class 'a' and class 'b' echoes.
For a whole range of apjplications significant inter-
ference can be expected among all classes of echoes.
Therefore, additional signal processing is necessary
for decoupling these clesses of echoes.
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Fig. 3 Computer simulations of am A-scan of

highly reverberant structure.

DECOMPOSITION OF MULTIPLE ECHOES

The major purpose cf signal processing in this
study is to decompose the backscattered signals and
to distinguish the class 'a' and 'b' echoes. With-
out separating these echoes, imaging of a target
through highly reverberant thin layers is difficult.

Equation (2) represents the classified back-
scattered signal in general. However, in the digi-
tal processing of the measured signal, we deal with

a segmented portion of the reverberant echoes. This
can be modeled as
T(t) = sl(t) + 52(t - 2T3) + n(t) (6)

where
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N
s (t) = ¥ au(t - 2kT,)
1 KL A 2
N
s, (1) = Y b ult - 2KT,) (7)
k=L
2L T2 <t < 2N T2 + 2T3
n(t) = All other echoes plus

measurement noise.

The selection of L and N must be such that the in-
tensity of class 'b' echoes are larger or at least
comparable to class 'a' echoes and, in addition,
the noise n{t) is insignificant.

The signal T(t) can be viewed as the sum of
two sequences of multiple echoes each has a period
of 2T,, and a delay of 2Tz. In distinction of
these two sequences of multiple echoes, the best
situation arises when

(K+2)T, 5 K=0,1, 2,
A= 1/2. (8)

However, in general, A can be any value between
zero and one. This means sy(t)} and s,(t) may in-
terfer significantly and, consequently, signal pro-
cessing for wave decomposition and/or improvement
of the system resolution becomes essential. Fur-
thermore, existence of n(t) demands signal proccss-
ing for signal-to-noise ratio enhancement. Digital
signal processing used in the present report in-
cludes subtraction, correlation, spectrum and cep-
strum analysis.

T3 =

Substraction Method

Direct wave decomposition can be achieved by
a simple subtraction scheme. Experimental verifi-
cation of our classification technique and its use-
fulness is investigated in the multilayer structure
shown in Figure 1. The four regions consist of
water, Inconel layer (56 mils), water and steel
plate. The transducer used in this measurement has
approximately a 15 MHz center frequency, and the
signal is digitized at 100 MHz. The digitized data
has poor signal-to-noise ratio, due to the uncer-
tainty in the timing of the sampling interval, es-
pecially when operating at 100 MHz. However, by
incorporating a coherent averaging technique, the
signal-to-noise ratio of the measured signal was im-
proved significantly.

Experimental results are shown in Figure 4.
The uppermost A-scan in this figure shows the rever-
beration echoes produced by the 56 mil thick flat
Inconel layer, suspended in a water bath. As ex-
pected, the uniformly spaced class 'a' echoes de-
crease with time as energy leaks from the reverber-
ating wave packet into the surrounding water bath.
The center trace shows the effect of positioning a
steel plate behind the Inconel in such a way that it
leaves a water gap of approximately 10 mils. Al-
though the addition of the support plate introduces
both class 'b' and 'c' type echoes, their exact lo-
cation is not easily resolved. By subtracting the
reference signal (upper trace) from the A-scan of
the multilayer structure (center trace), the class
'a' signals can be removed, clearly revealing the
locations of the class 'b' and 'c¢' echoes. The bot-
tom trace of Figure 4 shows the result of this

simple processing. In this trace, the inverted 'b'
type echoes are eanily identified and show the
characteristic increase in amplitude with increas-
ing time. Finally the water gap width is determined
from the measured «elay between a type 'a' echo and
its associated type 'b' echo as shown in the figure.
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Fig. 4. lLxperimen-al measurement of reverberation.

(a) Multisle echoes hackscattered from a
thin laye ' structurc (class 'a' echoes) .
(b} Multinle cchoes backscattered from a
multilaye  structure fclass 'a', class b,
etc.). () Subtraction results.

Correlation Method

An alternativ: method for obtaining the ampli-
tudes and arrival times of composite signals is to
use the amplitude ind location of the peaks in the
matched filter output. It has been shown [6], that
maximal signal-to-noise (SNR) enhancement can be
obtained when the :lass 'a' echoes are used as a
matched function for performing circular autocor-
relation. Numerical implementation of circular
correlations is accomplished by utilizing the fast
Fourier transform (FFT).

In order to evaluate the performance of the
correlation functions, we first measure signals
from a thin layer and a multilayer structure as
shown in FiguresS5-1 and 5-II. The autocorrelation
of the thin layer signal is normalized to *1 and
the maximum of the correlation function is circular-
1y shifted to the center of the plot (see Fig. 5-
I1I). The SNR enhancement achieved in the correla-
tion output is apparent. In particular, a few
spurious echoes after the first and second echo
(see Fig. 5-I) have been significantly suppressed
in the correlation output shown in Fig. 5-IIT).

The cross-correlation of the thin layer and multi-
layer signals is presented in Fig. 5-IV. In this
figure the class 'b' echoes are enhanced as well as
the class 'a' echoes.

The matched filter approach for estimating the
desired parameters is appealing because of the ease
with which it can be implemented, especially in the
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Fig. 5. Signal-to-noise ratio enhancement by cor-
reiation technique. Spurious echoes as
marked in Figs. I and II are suppressed
significantly in autocorrelation of class
'a' echoes, Fig. III, and cross-correla-
tion of class 'a' and class 'b' echoes,
Fig. IV.

case where individual signals are separated by
times greater than the duration of the signal auto-
correlation function. Unfortunately, in many cases
of interest, the signal separation is less than the
duration of the autocorrelation function of the
signal; and thus the matched filter outputs for the
individual echoes overlap. For this reason,
matched filter processing alone is usually not suf-
ficient for obtaining an accurate estimate of ampli-
tudes and arrival times for closely spaced multi-
path targets.

Spectrum and Cepstrum Method

Transformation generally results in the simpli-
fication of the solution and analysis of a problem.
In analyzing reverberant echoes, both power spec-
trum and cepstrum contain features which can be re-

lated to class 'a' and class 'b' echoes.
The Fourier transform of T(t) is
- -2jwT
R(w) = Sl(w) + S2(w)e + N(w). (9)

The power spectrum of class 'a' or class 'b'
echoes consists of peaks separated by constant fre-
quency spacing as shown in Figures6a-6d. It can be
shown that the frequency differences between con-
secutive peaks is inversely proportional to T, [6].
However, the power spectrum of R(w)iz cannot di-
rectly be related to the delay between class 'a'
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and class 'b' echoes. Furthermore, no specific
pattern can be found which describes the intensity
of class 'b' echoes neeled for characterizing the
hidden target.
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Fig. 6. Power spectrun and cepstrum results of

reverberant echoes. (a) Signal of a thin
layer, (b) signal of a multilayer struct-
ure, (c) power spectrum of signal in (a),
(d) power spectrum of signal in (b),
(e) power cepstrum of signal in (a), and
(f) power cepstrum of signal in (b).

Homomorphic analy-is (also referred to cep-
strum analysis) has becn used in speech and seismic
data analysis for dereverberation [4]. In this
study, homomorph .¢ processing is potentially useful
in decomposing ~’ass 'a' and class 'b' echoes. In
particular, tte power cepstrum (defined as the in-
verse Fourier Transform of the log of the power
spectrum, F'1{log|R(w) 2]) of reverberant echoes
appears to be effective in displaying the presence
and intensity of class 'b' echoes [6]. Experimen-
tal resulus of power cepstrum are shown in Figures
6e and 6f. A special case occurs when class 'a'
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Fig. 7. Power cepstrum results of a reverberant

backscattered signal when class 'a' and
class 'b' echoes are superimposed. (a)
Signal of a thin layer, (b) signal of a
multilayer structure, (c) power cepstrum
of signal in (a), and (d) power cepstrum
of signal in (b).

and class 'b' are superimposed, as shown in Figure
7. Comparison of a thin layer signal (see Figure
7a) and the multilayer signal (see Figure 7b) in-
dicate minor differences in the time signal. How-
ever, the differences are more pronounced in their
corresponding power cepstrum (see Figures 7c¢ and

7dy.

CONCLUSION

This report has dealt with the development and
evaluation of the digital signal processing tech-
niques in imaging targets hidden by highly rever-
berant thin layers. Two sequences of multiple
echoes have been found to be essential in target
characterization. Digital processing techniques
such as subtraction, correlation, spectrum and cep-
strum analysis are used in order to enhance the
resolution and visibility of ultrasonic echoes re-

flected from hidden targets. Subtraction has been
found to be effective in removing undesired echoes.
Correlation improves the signal-to-noise ratio at a
moderate degradat.on of resolution. The power
spectrum of the buckscattered echoes is affected by
the presence of the hidden target's echoes, although
no specific pattern can be found. The power cep-
strum exhibits strong impulses of narrow duration
related to the echoes backscattered from the hidden
target. The comb:nation of these digital signal
orocessing techniques enhance the detection and
characterization of target hidden by highly rever-
berant thin layer:.
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