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Abstract: Obtaining the wave head location and acoustic time difference with high accuracy in measuring sediment 

thickness in borehole by ultrasonic is a key and hard problem. The methods available now can’t meet the precision and 

noise immunity requirement. This paper utilizes the good performance of Spectrum-Subtracted sub-Band Singular Spec-

trum Entropy (SSB-SSE) to process the echoes reflected from the sediment and get their wave head positions. Based on 

these obtained data, acoustic time difference can be calculated, then the sediment thickness can be achieved. The results of 

three typical experiments show that SSB-SSE is very suitable in locating the wave heads of thicker sediment layer’s ech-

oes, and it also performs well even when the echo is covered by noise. 
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1. INTRODUCTION 

Using the time difference between the two echoes of the 

sediment layer is a basic method to measure the medium 

thickness or distance. It also can be adopted to measure the 

sediment thickness in borehole. As for obtaining the ultra-

sonic time difference of the sediment layer, there are some 

basically methods such as time delay estimation based on 

Wiener filtering [1] and wave head locating based on local 

Signal Noise Ratio (SNR) [2]. The former method can get 

good result when the sediment layer is thin and the two ech-

oes’ amplitudes are close. But when the sediment layer is 

thick, it will be invalid for the echo reflected from the sedi-

ment’s lower interface is too weak. The later method not 

only can’t get high precision wave head location but also is 

easy to be influenced by noise. 

Sediment thickness is proportional to the ultrasonic travel 

time in the sediment. The priority work in obtaining ultra-

sonic travel time (equal to sound time difference) is to get 

the time when the echoes’ wave head arrive (that is the wave 

head location in time axis). If wave heads of the echoes re-

flected from the sediment layer’s two interfaces arrive at 
  
t
1

and 
  
t

2
 respectively, then the ultrasonic travel time in the 

sediment, or sound time difference, is
  
! t = t

2
 t

1
. Assuming 

the ultrasonic speed in the liquid in sediment is v , then the 

sediment thickness is: 

 

 

  d = v !  t / 2  (1) 

Unfortunately, wave head is usually very weak and al-

ways easy to be confused by noise [3], in addition, its ampli-

tude will damp very quickly with the acoustic source central 

frequency increasing [4]. So, as for the sediment thickness 

measurement, that the ultrasonic probe must work at inter-

mediate or high frequency will worsen locating the wave 

head.  

Presently, existing methods for wave head detection are 

mainly thresholding method [5], windowed correlation-peak 

method [6], long & short time-windowed energy ratio meth-

od [3], wavelet transform modulus maxima method [7], and 

Hilbert-Huang transform method [8]. Only when the echo’s 

Signal Noise Ratio (SNR) is high, especially the local SNR 

near the wave head, these methods can work effectively. 

Otherwise, their performances will much degrade. Moreover, 

the locating accuracy of these methods are not high enough 

and meanwhile its sensitivity to the echo’s amplitude also 

much reduces its anti-jamming capability. Combining the 

technologies of end-point detecting method in voice pro-

cessing and singularity detection method in mechanical fault 

diagnosis, reference [9, 10] have developed a new wave head 

locating method based on Spectrum-Subtracted sub-Band 

Singular Spectrum Entropy (SSB-SSE). The simulation re-

sults of this method have also demonstrated its features in 

accuracy, robustness and anti-jamming capability. 

This paper applied SSB-SSE in sediment thickness 

measurement by detecting and locating the ultrasonic ech-

oes’ wave heads. Using the ultrasonic signals of sediment 

with different thickness obtained in lab environment, three 

experiments have been operated to locate the echoes’ wave  
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heads and measure the sediment thickness. The experimental 

results demonstrate that SSB-SSE with good advantages in 

terms of robustness to the signal’s amplitude can locate the 

weak wave head even when it’s covered by noise under the 

thick sediment condition.  

2. SPECTRUM-SUBTRACTED SUB-BAND SIN-
GULAR SPECTRUM ENTROPY 

 As for a N-point signal sequence 
  
x(k) , according to the 

Phase Space Reconstruction Theory [11], when a positive 

integer n less than N is selected, a Hankle matrix A can be 

constructed from 
  
x(k) as: 

   

A =

x(1) x(2) x(N n +1)

x(2) x(3) x(N n + 2)

x(n) x(n +1) x(N )

 (2) 

A is an  m ! n  matrix, where  m = N n +1 . Singular value 

decomposition of A is: 

  A = UPV
H

, (3) 

where, superscript H is conjugate transpose operator to 

matrix; U and V are  m m  and  n n  unitary matrixes re-

spectively. When 
  
r = min(m,n) , = diag(

1
,

   2
,

3
,

r
) , and O

k l
 is a k l zero matrix. If  m = n , 

then  P = ; if  m > n , then 

  

P =
n n

O
(m n) n

, and if  m < n , 

then 

  

P =
m m

O
m (n m)

.  

   i
(i = 1,2, ,r) , non-negative value, is named the singular 

value of matrix A, also called Singular Spectrum (SS). They 

are generally arranged in descending order as:  

   1
>

2
>

3
> >

r 1
>

r
 (4) 

As for any common signal, its Hankle matrix is always 

low rank, that is, only very few singular values are large, and 

the others are almost zero. As for a random noise, its Hankle 

matrix is usually full rank, theoretically the singular values 

are its variance, that is 

 n
= E  (5) 

here E is an unit matrix. 

 Spectrum-Subtracted sub-Band Singular Spectrum En-

tropy takes advantages of both Spectrum-Subtracted and 

sub-Band with Singular Spectrum Entropy (SSE). That is, 

firstly apply spectrum-subtracted processing to remove 

noise, and then divide the singular spectrum into several sub-

bands, after that, calculate sub-band Spectrum Entropy.  

 

 

Although the Hankle matrix of a noisy signal is full rank, it 

also has a few large singular values. If the singular values of 

noise can be estimated and subtracted from the entire singu-

lar values, the signal’s singular values with high SNR can be 

gotten. Assuming noise’s singular values are

ni
(i = 1,2, r)  and the noisy signal’s are 

   i
(i = 1,2, r) .  

 Spectrum-Subtracted sub-Band Singular Spectrum En-

tropy proposed in this paper employs both noise’s singular 

values subtraction and sub-band to SSE. For processing of 

the noise’s singular values subtraction, the SS in the follow-

ing equations of SSB-SSE is 
i
=

i ni    
(i = 1,2, r) .  

 A sub-band of singular spectrum is defined as a subset 

which includes certain singular values. Suppose dividing all 

the singular values into M sub-bands and the number of sin-

gular values in m-th sub-band is N
m

,
   
m = 1,2, , M , then the 

total energy of each sub-band is 

  

E
m

=
i

i=s
m

+1

s
m

+N
m

 (6) 

where s
m

= N
i

i=1

m 1

. Then the PDF of sub-Band Singular Value 

Spectrum is defined as: 

  

p
s
(k) = E

k
E

j
j=1

M

, 
   
k = 1,2, , M  (7) 

Sub-Band Singular Value Spectrum Entropy(B-SSE is 

  

H
s
= p

s
(i) log[ p

s
(i)]

i=1

M

 (8) 

In practical application, in view of some PDF of the sin-

gular values may be zero, the formula above is transformed 

as: 

H
s
= p

s
(i) log[1+ p

s
(i)]

i=1

M

 (9) 

According to the physical characteristics of ultrasonic 

transducer, ultrasonic signal is an oscillation process and its 

singular values are always paired. Therefore, the sub-band of 

its singular value spectrum should be divided by pairs. So, 

after sorting the singular value by descending order, divide 

every pair of singular values into one sub-band. This division 

of sub-band is reasonable for it well matching with the fea-

tures of the ultrasonic signal’s singular spectrums.  

3. APPLICATION EXPERIMENTS  

In our lab, a circular bucket with diameter of about 75cm 

is used as simulated borehole. Sand is placed on the bottom 

of the bucket filled with water to simulate sediment. Ultra-

sonic transducer is a transmit-receive one with bandwidth of 

80-120 kHz. In experiments, transducer is put into the water 

and sends ultrasound with certain frequency vertically to the  
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sand. The echoes carrying the information of sediment 

thickness are received by the transducer, as shown in Fig. 

(1). In Fig. (1a), named x1(k), is an echoes signal obtained 

under the condition with the sediment thickness of about 

11.51cm and the ultrasonic central frequency of 90KHz. In 

Fig. (1b), named x2(k), is obtained under the condition with 

the sediment thickness of about 10.10cm and the ultrasonic 

central frequency of 80 KHz. In Fig. (1c), named x3(k), is 

obtained when sediment thickness of about 7.82 cm and the 

ultrasonic central frequency of 90 KHz. These three signals 

are all sampled with the sampling frequency of 2 MHz.  

The method how to estimate sediment thickness is as fol-

lows: calculate the SSB-SSE of the ultrasonic echoes reflect-

ed from the sediment, and locate the sub-wave’s wave head 

with the threshold of SSB-SSE and then calculate the time 

difference of the echoes and sediment thickness. The adopt-

ed threshold Th is: 

Th = a [max(H
s
(k)) min(H

s
(k))]+ min(H

s
(k))

 
(10) 

where, )(kH
s

 is the signal’s SSB-SSE sequence; max() and 

min() are the functions of getting the maximum and mini-

 

(a) Ultrasonic signal x1(k). 

 

(b) Ultrasonic signal x2(k). 

 

(c) Ultrasonic signal x3(k). 

Fig. (1). The ultrasonic echoes reflected from sediment of different thickness. 
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mum respectively; a is a scalar factor, through which to ad-

just the threshold height, larger a makes a larger threshold.  

Experiment 1: This experiment is for the echoes signal 

x1(k) in Fig. (1a). Because the central frequency of the sig-

nal is 90 KHz, and the sampling frequency is 2 MHz, the 

discrete signal’s cycle is about 22 points, and so the analysis 

window’s length Nw should be integer times of 22. Fig. (2a) 

and Fig. (2d) show the signal’s SSB-SSE (Nw=22) and the 

result after it’s filtered by 17-points median filter, the detail 

of wave head locations and the wave head locations in the 

original signal.  

From the data in Fig. (2c), when threshold coefficient a is 

in the range of 0.5-0.7, the wave head location of the two 

sub-waves of the sediment’s interfaces is about 771-773 and 

 

(a) The SSB-SSE. 

 

(b) The SSB-SSE after being median filtered. 

 

(c) The wave head locations. 

 

(d) The wave head locations in the signal. 

Fig. (2). The SSB-SSE and its wave head locations in x1(k). 
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1069-1071 respectively, where the location of 771 and 1069 

in original signal are shown in Fig. (2d) by blue vertical 

lines. So, even the threshold changes in a rather large range, 

the wave head position located by SSB-SSE changes very 

small. In this experiment, when threshold changes from 0.5  

 

to 0.7, the locating results only change 3 points (equal to 

thickness of 0.1 cm). This illustrates the robustness of the 

SSB-SSE in locating the wave head. From Fig. (2d), when 

the wave head is very weak even covered by noise, SSB-SSE 

can also locate the wave head correctly, these locating results 

are hard to get by other methods.  

 

(a) The SSB-SSE. 

 

(b) The SSB-SSE after being median filtered. 

 

(c) Wave head locations. 

 

(d) The wave head locations in the signal. 

Fig. (3). The SSB-SSE and its wave head locations in x2(k). 
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When using the threshold of a=0.6 to locate the wave 

head and estimate the sediment thickness, the time difference 

between the two sub-waves is 

t = (1070 772) T = 298*0.5μs = 149.0μs , 

where,  T is sampling interval, since sampling frequency is 

2MHz, 
  
T = 0.5μs . The ultrasonic speed in water is about 

1500m/s, if we use this speed, then the sediment thickness is  

11.175cm5.0 == vtd . 

 

 

(a) The SSB-SSE. 

 

(b) The SS-B-SSE after being median filtered. 

 

 (c) Wave head locations. 

 

(d) The wave head locations in the signal. 

Fig. (4). The SSB-SSE and its wave head locations in x3(k). 
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Experiment 2: This experiment is for the echoes signal 

x2(k) in Fig. (1b). Here the central frequency of the signal is 

80 KHz, with the sampling frequency of 2 MHz, the discrete 

signal’s cycle is about 24 points. So the analysis window’s 

length Nw should be integer times of 24. Fig. (3a) and Fig. 

(3d) show the signal’s SSB-SSE (Nw=24) and the result after 

it’s filtered by 17-points median filter respectively, the detail 

of wave head locations and the wave head locations in the 

original signal.  

From the data in Fig. (3c), when threshold coefficient a is 

in the range of 0.5-0.7, the wave head locations of the two 

sub-waves of the sediment’s interfaces are about 1099-1107 

and 1392-1398 respectively, where the locations of 1099 and 

1392 in original signal are shown in Fig. (3d) by blue verti-

cal lines. In this experiment, when threshold changes from 

0.5 to 0.7, the locating results change maximum 8 points 

(equal to thickness of 0.3 cm). This varying range is larger 

than that in experiment 1, the main reason is because the 

sediment thickness is smaller than that in experiment 1. The 

thinner sediment makes the two echoes of the sediment’s 

interfaces close enough to be covered by the analysis win-

dow at the same time when it slides on the analysis window 

doesn’t cover either echoes. From Fig. (2d), even with diffi-

culties, SSB-SSE can locate the wave head with rather high 

accuracy.  

When using the threshold of a=0.6, the two sub-waves’ 

wave head locations are 1105 and 1394, with the same sam-

pling interval T and ultrasound speed as experiment 1, then 

the time difference sediment thickness is as follows: 

  
t = (1394 1105) T = 289*0.5μs = 144.5μs , 

 

  
d = 0.5 t v = 0.5 144.5μs 1500m / s = 10.8375cm  

Experiment 3: This experiment is for the echoes signal 

x3(k) in Fig. (1c). Since the ultrasonic central frequency and 

the sampling frequency are all the same as that in experiment 

1, the discrete signal’s cycle is also about 22 points, and the 

analysis window’s length Nw should be integer times of 22. 

Fig. (4a) and Fig. (4d) show the signal’s SSB-SSE (Nw=22) 

and the result after it’s filtered by 17-points median filter 

respectively, the detail of wave head locations and the wave 

head locations in the original signal.  

From the data in Fig. (4c), when threshold coefficient a is 

in the range of 0.5-0.7, the wave head locations of the two 

sub-waves of the sediment’s interfaces are about 1141-1153 

and 1336-1348 respectively, where the locations of 1141 and 

1336 in original signal are shown in Fig. (4d) by blue verti-

cal lines. In this experiment, when threshold changes from 

0.5 to 0.7, the locating results change maximum 12 points 

(equal to thickness of 0.45 cm). This varying range is larger 

than those in the two previous experiments. The main reason 

is also because the sediment thickness is the smallest in the 

three experiments. The two echoes of the sediment’s inter-

faces are much closer now and the analysis window also will 

covers both echoes at the same time during its sliding on the 

echoes. This covering brings error to the locating. In experi-

ment 1, the two echoes are separated by a big space, the 

analysis window doesn’t cover either echoes. From Fig. 

(2d), even with difficulties, SSB-SSE can locate the wave 

head with rather high accuracy. Even though, from Fig. (2d) 

we can see SSB-SSE also can locate the weak wave head 

positions with high precision. 

When using the threshold of a=0.6, the two sub-waves’ 

wave head locations are 1105 and 1394, with the same sam-

pling interval T and ultrasound speed as experiment 1, then 

the time difference sediment thickness is as follows: 

  
t = (1337 1143) T = 194*0.5μs = 97μs , 

7.275cm/1500975.05.0 === smsvtd μ . 

Now we list all the conditions and results of the above 

three experiments in the Table 1.  

CONCLUSION 

This paper applies the SSB-SSE in sediment thickness 

measurement. By locating the ultrasonic wave heads, we get 

the time difference of the two echoes and then estimate the 

sediment thickness.  

From the experiments, when the sediment is thicker and 

the time difference of the two echoes is larger, the locating 

results of wave heads are more accurate. With the sediment 

thickness decreasing, the time difference of the two echoes 

reduces. When the space between the two echoes is less than 

the analysis window’s length, the former echo must affect 

the locating of the later echo head wave. The smaller the 

space is the bigger the affection will be. Nevertheless, in 

general, SSB-SSE can detect and locate the weak wave head  

 

Table 1. Summary of the experimental conditions and results. 

(Note: Expt 1 stands for the experiment 1, indicating 

where the data in this column come from. So do Expt 

2 and Expt 3). 

Items Expt 1 Expt 2 Expt 3 

Thickness measured by 

ruler (cm) 
11.5 11.1 7.8 

Ultrasonic Central fre-

quency (kHz) 
90 80 90 

Window length (point) 22 24 22 

Wave head in Sub-wave 

1 (point) 
771-773 1099-1107 1141-1153 

Wave head in Sub-wave 

2 (point) 
1069-1071 1392-1398 1336-1348 

Wave head in two sub-

waves (point) 
772,1070 1105,1394 1143,1337 

Acoustic time difference 

( sμ ,a=0.6) 
149 144.5 97 

Thickness got by SSB-

SSE (cm) 
11.12 10.84 7.28 
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of the echoes, and based on the wave head location, the sed-

iment thickness can be estimate with high precision.  

It is worth mentioning that using multi-windows and 

multi-window correction can further improve the wave head 

locating accuracy and solve the measurement of the thin sed-

iment. 
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