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Abstract: 
The paper addresses several techniques of signal processing in case of non-invasive ultrasonic appli-
cations. In first the signal oriented modelling of linear systems demonstrates the estimation of wave 
propagation and mode conversion in layered media. Its reliability in case of curvilinear surfaces, diver-
gent sound fields and non-perpendicular incident with additional interface effects is discussed. In ex-
tension the paper deals with the potential of coding techniques to substitute any arbitrary short pulse 
signal with increased signal to noise ratio in case of high attenuation and reflection loss. The aspects 
of coded signals will be exemplified on measurement results concerning structure borne sound with 
dispersion and sound propagation in high attenuating environments. Finally, the statistical processing 
and the parameter estimation are demonstrated on particular and layered systems. 
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1 Motivation 
Ultrasonic measurements are common tech-
niques in industrial liquid analysis. Especially 
the non-invasive clamp-on configuration is an 
interesting approach due to its non-destructive 
nature and easy handling for level or flow 
measurement. Such a sensor can be mounted 
on existing reactors or pipes without either 
stopping the process or rebuilding the system.  
However, the applicability of clamp-on systems 
often depends on a sophisticated signal analy-
sis in order to discriminate the measurement 
effect from disturbances caused by the multi-
modal sound propagation, misalignment of the 
transducer or undefined coupling and interme-
diate layers with impedance mismatch. In par-
ticular the additional intermediate layer (pipe 
wall) reduces the signal to noise ratio due to 
reflection loss and mode conversion. 
Therefore this paper addresses several tech-
niques of signal processing which are applied to 
overcome such difficulties. At first the signal 
oriented modelling of linear systems demon-
strates the estimation of wave propagation and 
mode conversion in layered media. Its reliability 
in case of curvilinear surfaces, divergent sound 
fields and non-perpendicular incident with addi-
tional interface effects is discussed. Further, 
this kind of signal oriented modelling, without 
fully considering the physical behaviour, ena-
bles the possibility of autonomous numerical 
optimization towards estimation of a large num-

ber of unknown parameters or statistical fea-
tures and calibration tasks.  
Additionally, the paper deals with the potential 
of coding techniques to substitute any arbitrary 
short pulse signal with increased signal to noise 
ratio in case of high attenuation and reflection 
loss. Finally, the benefit of statistical processing 
in case of level detection is discussed. 

2 Ultrasonic clamp-on system parameter 
The main aspect of a robust non-intrusive sen-
sor system is the knowledge on the multimodal 
wave propagation in pipes filled with fluids. 
According to the changing acoustic parameters 
the pipe wall (or any other solid interface) influ-
ences the transmission, reflection and mode 
conversion of any acoustic wave. Usually the 
conversion of the longitudinal and transversal 
primary wave modes, which are mainly used for 
transmission measurements, can simply be 
described with a reflection R and transmission 
factor D (� – attenuation, c – sound velocity, � - 
density): 

 

(1) 

In consequence of the acoustic contrast of the 
reverberative pipe wall to the fluid with low im-
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pedance there is no critical angle for the gene-
sis of surface acoustic modes (Fig. 1). Further 
the high impedance solid layer (pipe wall) fo-
cuses and widens the sonic field due to the low 
angle of beam (�L). Thus a planar wave front 
inside the pipe can be assumed (Fig. 2) and the 
resulting directivity of the pipe wall enhances 
the use of the linear model. 

The law of refraction (1) is also valid for the 
outer pipe interface since the impedance of the 
delay line and its sort of strict or loose coupling 
is regarded. A strict coupling would evoke sec-
ondary waves travelling along the pipe wall, 

which are not described with (1). Because of 
the low incident angle, of a transducer with high 
directivity, Rayleigh or creeping waves can be 
neglected. In certain studies [1] it could be 
shown, that Lamb-waves have a high damping 
for liquid filled pipes because of the contrast in 
impedance between the inner and outer pipe 
interface. Therefore the structural borne sound 
needs to be regarded for small transmitter-
receiver-distances or gas filled pipes, only. In 
case of typical measuring distances the quasi-
longitudinal mode [1] or multi reflection path 
dominate the signal. 

 
Figure 1: Model of diametric transmission and angle of refraction within low impedance medium (oil) in 
case of longitudinal (L / blue) or transversal (T / red) waves impinging from the high impedance pipe 
wall (steel). 

 
Figure 2: Schematic of the (linear model) sound transmission through a delay line and pipe wall into a 
liquid exemplifying the basic assumption on the focusing and linearizing effect on the divergent wave 
field (acryl: cL = 2567 m/s, cT = 1450 m/s; steel: cL = 5790 m/s, cT = 3100 m/s; water: cL = 1480 m/s). 

According to these assumptions the main 
acoustic (measurable) longitudinal and trans-
versal transmission modes and their transmis-
sion, reflection and conversion can be de-
scribed in a closed form [1] using the matrix 
formulation [2] of a linear Mason-model [3] 
based on the signal flow graph. Herein the 
graph can be separated in modules represent-

ing the propagation within a homogeneous lay-
er and modules representing the interface be-
havior.   

3 Linear model 
Regarding a pipe cross section filled with a 
homogeneous medium and assuming a lateral 
dimension of the material under test larger than 
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the diameter of the transducers the 
transmission can be reduced to a one 
dimensional model with layer thicknesses di 
(Fig. 3). This kind of modelling is valid since a 
narrow radiation pattern [1] can be assumed. 
Due to that simplification a signal oriented 
graph can be used to describe the propagation 
of ultrasonic waves and the medium and pipe 
dependent measurement effects. Therein all 
signal paths between the transmitter and the 
receiver are represented by a Mason-graph [3].

 
Figure 3: Draft of the measurement setup: pipe 
cross section with ultrasonic transducers in 
clamp-on configuration and linear model for 
simulating the pressure amplitudes (p). 
 
This model includes the emitters and receivers 
voltage signal, the coefficients of the physical 
transmission (Ti) within the layers and the 
reflection (�i) at the acoustic interfaces. The 
transformation of the signal by the transducers 
is excluded since only two wave modes are 
used. Based on that Mason-model an analytical 
solution can be derived to calculate either the 
transmitted or the reflected signal. Considering 
all paths in the graph (Fig. 3) for a 
homogeneous medium the transmission 
function GT can be derived, which describes the 
wave propagation for perpendicular incident 
angle ��: 
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Concerning varying incident angle, the signal 
graph has to be generalized where the scalar 
transmission and reflection functions T and R 
have to be replaced with tensors T and R in-
cluding the conversion and superposition of 
longitudinal and transversal waves: 
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Herein a and b represent the generalized im-
pinging and transmitted signal.  
Fig. 4 represents the extended signal flow 
graph using the simple model from Fig. 3 once 
more, now including the mode conversion and 
propagation of both wave types. The indexes 
specify the direction of the transmission and 
reflection path and the conversion. With the 
angle dependent acoustic length of the layer 
thickness 

�cos
�

� �
dd  (4) 

the transmission function becomes: 
�
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This signal flow graph can be generalized for an 
infinite number of N-layers using the matrix 
formulation again [2] and separating the graph 
in modules representing the propagation within 
a homogeneous layer (Layer-matrix) and mod-
ules representing the interface behavior (Con-
version-matrix) and junction between adjacent 
layers (Fig. 5). In case of a solid-liquid interface 
the Conversion-matrix is sparsely populated. 
Fig. 6 exemplifies the Layer-matrix of a solid 
with the functional weights qi and the corre-
sponding system of algebraic equations in ma-
trix form for the longitudinal mode. 

 
Figure 4: Enhanced signal flow graph of clamp-on transmission with arbitrary incident angle. 
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Figure 5: Generalized matrix signal flow graph of an N-layer system. 

 

 
Figure 6: Example of Layer-matrix of a solid (left) and unimodal system of algebraic equations (right). 
 
Verification of analytical model: The equation 
(2) describes the unimodal wave propagation 
(longitudinal) in boresight direction and neglects 
all kinds of mode conversion due to non-
perpendicular incident angle. This modelling 
has been verified with the ultrasonic transmis-
sion on a metallic steel pipe filled with water. 
Corresponding to the draft in Fig. 3 two ultra-
sonic transducers (V323-SU Panametrics) are 
placed in transmission setup via a delay line on 
the surface of the steel pipe. In the measure-
ments a pulse excitation with a centre frequen-
cy of f = 2.25 MHz, a 10 dB-bandwidth of 
B = 2 MHz and a sampling frequency of 
fT = 50 MHz was used for signal detection. Fig. 

7 shows the comparison of the raw signals of 
the model derived with (2) and the measure-
ment. Regardless of angle beam, spreading 
loss, curvilinear interfaces, thermal drift in wave 
speed and uneven pipe wall thickness the first 
time arrival is estimated with 99% coherence 
[1], and the multiple ringing in the pipe wall with 
a precision of >90%. However, the measure-
ments in addition to calculations proof that in 
case of perpendicular incident angle, narrow 
radiation pattern and homogeneous media 
(even multiphase media) neither crucial disturb-
ing waves caused by transversal mode conver-
sions nor angular signal path appear. 

 
Figure 7: Model solution and measurement of an ultrasonic pulse-transmission on a steel pipe (d = 
13 mm) filled with water (d = 100 mm) with V232-SU transducer (f = 2.25 MHz). 
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The coherence between model and measure-
ment do not decrease significant in case of 
small arbitrary incident angle and the enhanced 
signal flow graph with additional transversal 
modes according to Fig. 4. However this accu-
racy is only kept with small incident angle, since 
the model assumes infinite transducers and 

does not regard the displacement of the wave 
front due to multiple ringing. Its accuracy de-
grades rapidly in relation to the transducers 
area, increasing angle of incident and the re-
flectivity of single layers. Consequently, the 
time window with no ambiguity depends on the 
application.  

 

 
Figure 8: Sonogram of consecutive ultrasonic reflections (f0 = 2,25 MHz) at a static interface with jitter 
of phase and amplitude (left) and amplitudes of standard deviation and mean value of a number of N 
stationary reflections in case of a synthetic phase-jitter 	T in relation to the period of the signals center 
frequency (right). 

Parameter estimation: Equation (2) represents 
an analytical form of the wave propagation with-
in the layered media. Since all additional trans-
formations like the transducers transmit (Tx) 
and receive (Rx) functions are known, the re-
ceived transfer signal s(�) can be calculated in 
frequency domain with: 

� � � � � � � � � ������ uTxGRxs T ����  (6) 
This received signal s(�) represents the im-
pulse response function (IRF) of the whole sys-
tem which contains the information on the sys-
tem. Hence this analytical description can be 
used to characterize the system via an optimi-
zation algorithm, which estimates all acoustic 
relevant parameters. 
Investigation on different deterministic [4], sto-
chastic and evolutional [5] optimization algo-
rithm lead to the conclusion, that a hybrid com-
bination of a deterministic (Nelder-Mead-
Simplex) and an evolutional algorithm suites 
most needs for system calibration in case of 
simple clamp-on applications like level detec-
tion or non-invasive flow measurements. The 
algorithm was mainly used to estimate unknown 
or varying physical parameter of the pipe wall 
as well as missing or incomplete data on densi-
ties and sound velocities. 
In general the model-based estimation of those 
missing parameters can be done by applying a 
calibration measurement and using the algo-
rithm to fit the model solution to the calibration 
data by varying the physical input parameters. 

For choosing the algorithm in case of ultrasonic 
clamp-on-systems and the corresponding linear 
model equation the algorithm needs to be ap-
plicable for non-differentiable multidimensional 
function. Since the solution of the inverse prob-
lem is non-linear and ambique the algorithm 
should converge to the global minimum with a 
reduced number of algorithm related control 
parameters.  
 
4 Signal coding and concept of equivalence 

The electrical excitation signal determines the 
effectiveness of the transducer, regarding spa-
tial resolution in combination with reduction of 
thermal loss and increased electro-mechanic 
coupling factor. In this context typical impulse 
signals cannot be adapted completely to the 
transducers frequency spectra, especially due 
to the maximum power limit. Alternatively a 
quasiperiodic sequence with orthogonal code 
can be used [6] to fit the transducers spectrum 
and to spread the signals energy with a low 
crest-factor over the whole measurement time 
window. In case of a linear system the coded 
signal m(t) can be designed towards its correla-
tion �xy to be equivalent to the spectra of a 
system response y(t) of a conventional excita-
tion impulse  

)()()()()()( txtgtmtmtgtΨ xy ������  (7) 
Building on that concept of equivalence, that 
any arbitrary short time impulse can mathemat-
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ically be replaced by a coded periodic signal, it 
is possible to improve the transducers excita-
tion behavior and reduce the thermal loss.   

5 Statistical evaluation for ultrasonic level 
detection 

Common values of processing techniques 
which are often used for amplitude and travel 
time measurements are the mean, median or 
the envelope of raw or correlated signals. In 
many cases these values are quite robust, but 
there are also applications where the applicabil-
ity is not given due to a low signal to noise ratio 
or correlated noise effects. Since there is a 
measuring time which allows the processing of 
a number of signals, alternatively a statistical 
processing may be applied. Examples are the 
analysis of frequency components, the sound 
velocity measurement by using the reflection on 
particles [7] or inhomogeneous tissue [8] or the 
particle analysis itself based on a statistical 
approach [9]. Such techniques can be adapted 
to quite simpler task of amplitude or travel time 
measurements for level detection or media 
analysis. 
The basic idea, which is used here, is, that the 
standard deviation of a randomly changing 
acoustic system correlates to the amplitude of 
the single signal itself and may be used instead. 
For proof of example Fig. 8 shows the acoustic 
reflections at the static interfaces between wa-
ter, acryl and air. The signal is synthetically 
noised with a jitter in amplitude and phase. 
Obviously with rising jitter (decreasing N) the 
mean value decreases. In the range of a phase-
jitter N<2 over the half of the period the maxi-
mum of the standard deviation has a higher 
value than the mean value and thus be more 
suitable for threshold detection and travel time 
estimation by maximum value of envelope. 
The standard deviation caused by the variation 
of the amplitude (varying reflectivity) does not 
improve the interface detection in comparison 
to the mean value. The phase jitter in relation to 
the period of the signal is a more suitable pa-
rameter. Using a synthetic jitter one can em-
phasizes the usage of the standard deviation. 

6 Conclusion 

The aspects of linear modelling and parameter 
estimation where discussed in order to enhance 
the reliability of ultrasonic clamp-on systems 
under varying process conditions and unknown 
physical parameters. In many applications, if no 
explicit radiation pattern or structure born sound 
need to be assumed, the linear modelling suf-
fices to provide an enhanced signal analysis [1]. 
In particular the matrix formulation of the signal 
flow graph and the automatic computation of a 

transfer function are helpful to estimate the 
propagation and conversion due to refraction of 
combined longitudinal and transversal modes in 
an infinite layer system. 
Adjacent the signal coding and statistical pro-
cessing addresses the fact of reflection loss 
and applicability in case of low signal to noise 
ratio. In detail the equivalent periodic coding 
has an underachieved potential concerning 
optimization of ultrasonic systems. The statisti-
cal feature extraction as well is useful in case of 
randomly changing process condition or even 
may be induced with synthetic noise of the exci-
tation. 
In summary, the applicability of the mentioned 
approaches always depends on the application 
and may not be generalized. But in conclusion 
a combination of all processing steps should be 
sufficient to characterize an ultrasonic non-
invasive system and is suitable to support the 
measurement and accelerate and ensure the 
engineering process.  
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