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Abstract 

Ultrasonic Computed Tomography (USCT) is a biological tissue imaging modality. USCT is 
mainly efficient in improving image resolution by eliminating noise and interferences. The 
strong variations in acoustic properties between soft tissues and bone generate complex 
signals consisting of several packets with different signatures. USCT contrast ratio is degra-
ded. In this paper, a method to enhance USCT resolution is investigated. The method, called 
the "Wavelet-based Coded Excitation" (WCE) method, is based on the wavelet decompositi-
on of the signal and on a suitable transmitted incident wave correlated with the experimental 
set-up, mathematically expressed using an extended form of simulated annealing. The goal 
of this study is to investigate the feasibility of the WCE method to enhance the Contrast-to-
Noise Ratio of USCT for bone objects. Experiments are conducted with a bone phantom, and 
with a chicken drumstick, using a circular antenna equipped with 1MHz-transducers. Results 
demonstrate the capabilities and limitations of the method. 
 
Keywords: ultrasonic tomography, resolution, coded-excitation, wavelet, bone 

1 Introduction 

Currently, X-ray Tomography offers significant advantages for the measurement of Bone 
Mineral Density (BMD). However, the limited spatial resolution of some today's devices 
makes an accurate measurement of cortical thickness difficult to obtain, and an assessment of 
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cortical density almost impossible [1]. As a consequence, published data concerning cortical 
density should be reviewed carefully. For example, cortical density measurement limitations 
were confirmed in children and newborns. Significant correlations of total radius cross-
sectional area, cortical area and cortical thickness with weight and height were found but 
with no gender differences [2]. Nevertheless, BMD remains today the “gold-standard” 
parameter, reporting essentially on the bone mineral contents. It is also worth noting that 
BMD does not describe the micro-architecture of bone, and that the ultrasonic waves are 
successfully used to determine other parameters than density, such as elasticity or porosity 
[3], [4]. X-ray (and also Magnetic Resonance Imaging-MRI) modalities are associated with 
different constraints and inconveniences (worse in the case of pediatric application), accord-
ing to the type of examination: cost, radiation, sedation, availability, and accessibility, while 
Ultrasound is a non-invasive, non-irradiant, and painless modality. Ultrasound scanners are 
little expensive (compared to X-ray or MRI scanners) and can be used at the patient bedside. 
However, ultrasound has difficulty penetrating bone and, therefore, can only detect the outer 
surface of bony structures and not what lies within it. In current medical practice, the sub-
cortical imaging is not possible, and no information on the cortical thickness and the 
medullar underlying tissue is available. The physical distribution of cortical bone within the 
measured site may influence acoustical measurements, and thus the electro-acoustical setup 
may not be adapted in terms of signal processing, amplification, or gain. Furthermore, the 
map is a bi-dimensional representation of the impedance variation between soft and hard 
tissues, but is not parametrical (the gray level set is not related to the value). And when a 
periosteal reaction occurs on adjacent bones (ribs, tibia-fibula), the resolution of echographic 
images may be limited, especially between the two bones. There are also limitations to the 
depth that sound waves can penetrate; therefore, deeper structures in larger or fatter patients 
may not be seen easily. For visualizing internal structure of bones or certain joints, others 
imaging modalities are used. 

Ultrasonic Computed Tomography (USCT), a numerical two dimensional (2D) data inversi-
on method, appears to be a possible alternative in view of the limits of medical sonography, 
making it possible, on one hand, to take into account the physical phenomena due to wave 
propagation in hard tissues, with appropriate modeling, and, on the other hand, to reach one 
or more significant parameters of the structure like the speed of sound or attenuation. Based 
on the linearization of the inverse problem of acoustic wave propagation, USCT generates 
cross-sectional images of biological soft tissues [5]–[7]. Difficulties occur in hard tissue 
imaging [7], due to the great differences between tissue impedance, and to the high echoge-
nic index of the bone, which strongly alters the propagation of the ultrasonic waves, and 
generally induces low contrast resolution, and low Contrast-to-Noise Ratio (CNR). The 
physical phenomena associated with wave propagation make it necessary to modify the 
methods used for the acquisition of the ultrasonic signals. The use of low ultrasound fre-
quencies (£ 3MHz) provides an effective possible solution [8]. However, if the depth of the 
field increases, the resolution of the signals and hence that of the reconstructed images is 
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bound to decrease. Even with low frequencies, the wave propagation process generates 
extremely complex acoustic signals, which are often difficult to interpret in terms of wave 
path, volume, guided or surface waves, and attenuation. To improve the quality of the sig-
nals, focus should be placed on signal processing such as filtering, spectrum analysis and 
method involving the deconvolution of the signals using a characteristic transfer function of 
the experimental device [9]. Deconvolution algorithms increase the bandwidth of the fre-
quency spectrum, but they tend to be over unstable and prone to noise. Loosvelt and 
Lasaygues [10] developed an alternative method based on a multi-scale signal decomposition 
procedure, making it possible to process all the information available in terms of frequency 
and time. This method, called the "Wavelet-based Coded Excitation" (WCE) method, was 
used to determine, independently, the velocity of the ultrasonic wave and the wave path 
across the thickness of a 1D-parallelepiped plate. The aim of this new study is to investigate 
the feasibility of the WCE method as a means of CNR enhancement of bone imaging. In this 
two-dimensional case, the wavelet decomposition alone does not suffice to optimize the 
signal processing, and the incident wave reaching the object also should match the wavelets’ 
mathematical properties. We thus propose a solution to achieve this goal, based on a zone-
by-zone simulated annealing algorithm. Then, we show the usefulness of the WCE method 
through experimental results on a human bone (without soft tissues) mimicking phantom, 
and on an ex vivo chicken drumstick (without skin). 

2 Material and method 

2.1 USCT statements 

By now, basic USCT principles have been clearly established in the case of weakly varying 
media such as low-contrast structures, i.e., almost homogeneous media [5], [6], [11]. A 
constant reference medium can therefore be chosen and approximations will be made over an 
unperturbed background. The scattering problem can be linearized by using the first-order 
Born approximation, and if the Green's function of the unperturbed problem (the back-
ground) is known, the forward problem can be solved with the Lippmann-Schwinger integral 
equation. A method to solve this inverse problem will consist in performing a far field 
asymptotic development. The USCT algorithm will yield the perturbation with respect to the 
reference problem. This leads to a linear relation between the object function (or contrast 
function) and the scattered field, particularly in the far-field (2D Fourier transform) case, 
which makes it possible to reconstruct the object function in almost real time, based on a 
sufficiently large set of scattering data. The details of the algorithm used in this work can be 
found in [12], [13]. In the case of hard biological tissues having larger acoustical impedances 
than those of the surrounding medium, the weak scattering hypothesis is not realistic. Never-
theless, if the imaging objective involves parameters such as the bone thickness, the problem 
can be viewed as how to identify a water-like cavity (the object) located in an elastic cylinder 
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immersed in a water-like fluid. In this configuration, one solution consists in using the low 
frequency ultrasonic wave propagation scheme, because the penetration length of the wave 
will be greater than a high frequency scheme, and the Born approximation will still be 
satisfied. The background can be defined in terms of the solid part without any hole, 
surrounded by water, and the perturbation, i.e., the object to be reconstructed, would be the 
cavity. Image reconstruction can then be performed by means of an efficient back-projection 
method implemented using standard graphics algorithms [8]. 

2.2 USCT device and calibration 

An USCT device prototype has been developed by our laboratory (Figure 1). 

 

Figure 1:  Photo and design drawing of the device and setup. 
 
The device consists of a multiplexed 2D-ring antenna. The crown of the antenna has an inner 
radius of 150 mm and supports 8 fixed transducers distributed over 360° (Δθ = 45°). The 
object to be imaged is positioned in the hypothetical geometrical center of the ring. By 
means of stepping motors and of an electronic motorization rack to manage the mechanical 
movements, the crown can turn 45° degrees in 1/100 degree increments of and move verti-
cally for multiple image slicing (limit stroke 200mm). For a given height, it is thus possible 
to acquire sinograms with 64 projections (8 transmitters x 8 receivers). Then, signals from 
every rotation (32 in this work) are used to get a complete sinogram with 64*32 = 2048 
signals, and a combination according to the angles of diffraction. Thus, we simulate an 
antenna comprising a greater number of emitters and receivers. The scattered pressure field 
is obtained by subtracting the total pressure field (measured in the presence of the object) and 
the incident pressure field (measured in the absence of the object). Experimentally, this 
consists in eliminating the data from the direct transmission between transducers facing each 
other with their axes aligned. The Mistras-Eurosonic™ multiplexer equipped with an 8-by-8 
parallel-channel acquisition system allows the formation of arbitrary waveforms and beam-
forming over 8 independent channels. Transmitted and received ultrasonic radio-frequency 
(RF-)signals are digitized (4096 samples by signal, resolution of 12 bits, sampling frequency 
of 20 MHz). The power amplifier gives a variable output voltage from 10 mV to 50 mV. The 
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8 transducers are Imasonic™ piezo-composite transducers with a center frequency of 1 MHz, 
and the -6 dB bandwidth is 1.46 MHz (from 0.48 MHz to 1.95 MHz). They are equally 
spaced (every 45°) on the crown. Each transducer is 60 mm high and 56 mm in diameter. 
These transducers have a focal length of 150 mm in the Fresnel zone, a lateral aperture size 
of 40 mm and an axial aperture size of 30 mm. The slice thickness is 3 mm. The mean center 
frequency is 1.08 MHz ± 0.1 MHz. Fluctuations in the position of the transducers on the 
crown can give rise to time-shift variations which degrade the spatial resolution of the 
USCT. Here to assess these biases, a 70µm-diameter copper thread is placed in the center of 
the crown. For each signal, the correction process is a temporal offset between the signal and 
the reference signal obtained at the same angle on the thread sinogram (Point Spread Func-
tion-PSF of the device). 

2.3 Pulse-mode method 

The electro-acoustic device and the transducers therefore serve as a continuous, linear, 
stationary causal filter (Figure 2). 

 
Figure 2: Electro-acoustical synoptic of the 8-parallel-channel acquisition system 

The transmitted 𝑥"# t 	and received s"# t 	signals are connected by convolution: 

Eq. 1 		𝑠"# t = x"# t ⊗ ℎ,(t) 
Eq. 2 x𝛼𝛽 t = ℎ𝑇

𝛼 ⊗ ℎT
𝛽 ⊗ e (t) 

where ⊗ denotes the convolution operation; e(t) is the electrical input conveyed to the 
transducer via the waveform generator; ℎ𝑇

𝛼 and ℎ𝑇
𝛽	are the responses of the electro-acoustic 

device including the waveform generator, multiplexer and transducers no𝛼 and no𝛽 (𝛼 =
	𝛽 = 1, . . . , 8 ), respectively, of the circular antenna in diffraction mode; h, t 	 is the 
response of the object under investigation. At this stage, the responses of the 8 transducers 
are supposed identical. Here, the choice of the electrical input e(t) (independently for each 
pulse- or wavelet-mode method) is made on the total transmitted field in the absence of the 
object. The measurement is carried out in transmission between two opposite and aligned 
transducers (𝛼 = 1, . . . , 8 	; 	𝛽 = 			𝛼 + 4). Then, in the absence of any object, the transmit-
ted response, h,(t), in water depends on the time delay of the wave - which is proportional 
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to the distance 𝑑"# between one transmitter (𝛼 = 1, . . . , 8 	)	and one receiver (𝛽 = 			𝛼 + 4) 
- and on its velocity 𝑣>. The initial output signal, 𝑠𝛼𝛽 t ?@?A, is therefore equal to the input 
signal x𝛼𝛽 t , which is invariant by translation: 

Eq. 3: 𝑠𝛼𝛽 t ?@?A = x𝛼𝛽 t ⊗ δ t − 𝑑
𝛼𝛽
𝑣0 = x𝛼𝛽 t  

Here, to obtain control experimental data, USCT is first realized using a conventional ultra-
sonic pulse-mode method. The electrical input signal e(t) was a pulse signal, which was 
comparable to a Dirac delta function (in terms of the distribution), and 𝑠𝛼𝛽 t ?@?A is given by 
Eq. 4: 𝑠𝛼𝛽 t ?@?A = ℎ𝑇

𝛼 ⊗ ℎT
𝛽 (t) 

2.4 Wavelet-based coded excitation (WCE) method 

Based on the orthogonal wavelet decomposition of the signal, it is possible to obtain a time 
versus scale diagram, giving the evolution of the frequencies with time. Like time-scale 
processing, wavelet decomposition lends itself very well to detecting and discriminating 
between signals during the data pre-processing phase as well as during the filtering step of an 
image reconstruction phase. If the initial received signal x𝛼𝛽 t 	is a wavelet denoted 
φF t ,		centered on the scale J (j ∈ Z) and with suitable properties for specific wavelet analy-
sis, previously analyzed by Y. Meyer and S. Jaffard [14], [15], Eq. 1 can be written: 

Eq. 5 𝑠𝛼𝛽 t = φJ 	⊗ ℎM t  
The coded-excitation method is thus based on a time-scale decomposition of the sig-
nal	𝑠"# t 	giving the suitable coefficients 𝑋M

"# t : 

Eq. 6 𝑋M
"# t = 𝑠"# t , ϕO(𝑡) = ℎ, t ⊗ φF ⊗ ϕO 	(t) 

where ϕO is a wavelet centered on the scale j (j ∈ ℤ). The properties of the wavelet decompo-

sition, an orthogonal decomposition in this case, are such that the coefficients 𝑋M
"# t 	nullify 

everywhere except for j = J (the details of the algorithm can be found in [10]). 

2.5 Acoustical modeling 

As detailed in [12], reconstruction is performed using the summation of filtered back-
projections" algorithm. Each pixel of the image corresponds to a coordinate of a point 
corresponding to a transmitter-receiver pair, that is to say, for each recorded signal. The 
coordinates of the point in the sinogram are the signal number (ordinate) and the time of 
flight (abscissa). The time of flight for each pair of transducers must be accurately measured. 
The working hypothesis adopted in this study is that, depending on the angle of observation, 
the object is comparable to a bilayer composed of two parallelepiped plates. The ultrasonic 
incident wave vector is perpendicular to the water/object interface. The object is taken to be 
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homogeneous and isotropic. The first-arriving signals are assumed to be the signals from the 
water/bone interface and the last arriving signals are assumed to be the compressional wave 
propagating off the back wall. Three configurations are taken into account for this modeling: 
reflection (transducers 𝛼-	𝛼), back-propagation (couple of transducers 𝛼-𝛼 + 1 and	𝛼-𝛼 + 7), 
and diffraction (couple of transducers 𝛼–	𝛼 + 2, 𝛼–	𝛼 + 3, 𝛼–	𝛼 + 5, 𝛼–	𝛼 + 6). In the 
transmission mode, the directly transmitted wave field signals are eliminated. Only the echo 
mode is considered for the first and second configuration, and only the transmission mode 
for the third configuration. All the other phenomena (shear waves, guided waves, etc.) are 
insignificant or will occur too late to affect the compressional wave processes. Therefore, the 
received signal can be modeled as the sum of several wave packets. ℎ, t 	is comparable to a 
sum of Dirac delta functions. 

Eq. 7 𝑠𝛼𝛽 t = 𝐴1
𝛼𝛽φJ 𝑡 − 𝑡1

𝛼𝛽 +	𝐴2
𝛼𝛽φJ 𝑡 − 𝑡2

𝛼𝛽 +⋯+	𝐴𝑛𝛼𝛽φJ 𝑡 − 𝑡𝑛
𝛼𝛽  

𝐴@
"# are the amplitudes of the wave packets located at 𝑡@

"# between transducers no𝛼 and no𝛽. 
As indicated by Loosvelt and Lasaygues [10],	𝑡@

"# can be measured by cross-correlation 
between the signal received 𝑠𝛼𝛽 t 	and a predetermined analyzing pattern. The result is the 
sum of the functions 𝑋M

"# t . The locations of times 𝑡@
"# correspond to the signals from the 

object's inner structure.  

Eq. 8: 𝑋M
"# t = 	𝐴Z

"# φF 𝑡 − 𝑡Z
"# , ϕO 𝑡 + 	𝐴[

"# φF 𝑡 − 𝑡[
"# , ϕO 𝑡 + ⋯+ 𝐴@

"# φF 𝑡 −

𝑡@
"# , ϕO 𝑡  

Eq. 9: 𝑋M
"# t = 	𝑋M

"# 𝑡 − 𝑡Z
"# + 	𝑋M

"# 𝑡 − 𝑡[
"# + ⋯+ 𝑋M

"# 𝑡 − 𝑡@
"#  

If it is possible to process the initial signal received X𝛼𝛽 t 	 in such a way that it is identical 
to a wavelet function, this method then yields the parameters of interest without any further 
filtering effects being involved. The main problem is how to digitize an initial electric input 
signal e t  in order to obtain x𝛼𝛽 t = 	φJ t . 

2.6 Wavelet form 

In the 1D-transmission mode, Loosvelt and Lasaygues [10] previously performed direct 
spectral Wiener deconvolution between the wavelet φF t 	and the received signal that was 
recorded when the electrical input signal		e t  was a Dirac delta function. In the 2D-mode 
measurements, although the signals mostly overlapped, considerable differences between the 
theoretical wavelets and those actually generated using the same algorithm and the same 
center frequency were observed between the transducers in diffraction mode (couple of 
transducers (𝛼–𝛼 + 2), (𝛼–𝛼 + 3), (𝛼–	𝛼 + 5), (𝛼–𝛼 + 6)). Conil et al. [16] uses a non-
linear scheme and a simulated annealing algorithm [17]. The advantage of the method is that 
it is not necessary to know the response of the system to find a suitable input signal. This 
involves iteratively testing many input signals and analyzing the corresponding output 
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signals. During the search, the probability of finding an input signal is defined as a function 
of the deviation between the output signal obtained and the sought signal.  

 
 
 

 

 
Figure 3: (left) Wavelet form (S. Jaffard function [18] with J = -4), matching zones delimited by local extrema. 

(right) Illustration of 3 steps of the construction of the wavelet (J = -4) by simulated annealing. (top) in-
put signal e(t), (bottom) reconstructed signal 

This probability is extended to zero; the more slowly the function tends towards zero, the 
better the result. Here, to limit the number of signals to be tested, which can be very im-
portant, and very time-consuming, the algorithm is adapted to the wavelet, which corres-
ponds to the bandwidth of the 1 MHz-transducer (center frequency 0.83 MHz, bandwidth 
[0.42 MHz – 1.66 MHz], corresponding to J = -4) (Figure 4). This wavelet contains several 
local extrema (Figure 3), and the simulated annealing algorithm is applied zone by zone - the 
zones being delimited by local extrema. Because the wavelet is symmetrical, the number of 
matching zones is reduced, and the process extends iteratively from left to right of the 
targeted waveform (Figure 3). 

The algorithm includes 8 iterations. For each step, the atoms (main functions calculating 
during the simulated annealing algorithm) are determined one after the other. Once all the 
atoms are defined, all their parameters are adjusted to obtain the best output signal. 

 
Figure 4: Time (left) and spectral (right) graph of the theoretical (black line) and the experimental (red dash line) 

wavelet between transmitter n°1 and receiver n°4 (θ = 135°) in the absence of any object 
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A: X-ray CT B: USCT - pulse mode C: USCT - WCE 

Sawbones™ composite bone mimicking phantom 

 
478x478 pixels 

 
127x127 pixels; CNR = 0.88  

 
127x127 pixels; CNR = 1.53 

Ex vivo chicken drumstick 

 
188x188 pixels 

 
127x127 pixels; CNR = 1.20 

 
127x127 pixels; CNR = 1.35 

 
Figure 5: X-ray CT (A), USCT using an electric pulse (B), and wavelet φ^_ t  (C), of a Sawbones™ composite 

bone mimicking phantom (top) and an ex vivo chicken drumstick without skin (bottom). The white cir-
cle represents the regions involved in Contrast-to-Noise Ratio calculation. 

3 Results 

Experiments were conducted to confirm the performance of the developed method. Two 
objects were analyzed. One human bone mimicking phantom (Sawbones™, tibia-fibula), and 
one ex vivo chicken drumstick without skin were studied. The cavity diameter of the tibia 
mimicking phantom was 12.5 mm, and its overall length 42 cm, and the fibula mimicking 
phantom had no inner cavity. The distance between bones (~ 8 mm) was measured using a 
caliper. The objects were set in water at room temperature prior to the experiments. The 
water tank temperature was 21°7 and the ultrasonic wave velocity in water was 1486 m/s. 
USCT images of objects were compared with X-ray computed tomography (X-ray CT) 
images obtained at the same cross-section levels, with a nanoScan® PET/CT preclinical 
imager (Mediso™, Hungary). The slice thickness for the X-ray cross-section was 1.5 mm 
and the number of projections was 360. Cross-sections were chosen in the cortical areas of 
the bones; 100 mm from the proximal epiphysis for the bone phantom; and 25 mm for the 
chicken drumstick. The 2D-ultrasonic tomograms were obtained from two excitation modes: 
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the pulse excitation mode used an electric pulse as the input signal (Figure 5-B), while the 
WCE method used a signal corresponding to the wavelet φ^_	(Figure 5-C). The parameter 
commonly adopted to determine the quality of ultrasonic tomographic reconstructions is the 
Contrast-to-Noise Ratio (CNR) [19][20]. This criterion defines the contrast between two 
adjacent media as: 

Eq. 10 𝐶𝑁𝑅Z,[ =
𝐷Z −	𝐷[

𝜎Z[ +	𝜎[[
 

𝐷Z and 𝐷[ are the mean pixel values in regions 1 and 2, and 𝜎Z and 𝜎[ are the corresponding 
standard deviations. Both regions contain the same number of pixels. The object (region no1) 
contrast is assessed in comparison with the background (region no2). As CNR increases, 
noise decreases and quality increases. 

4 Conclusion 

The resolution of images obtained by USCT is not as good as that of images obtained by X-
ray Computed Tomography. It was nevertheless possible to observe qualitatively the tibia 
and fibula cortical shells on the USCT-images for both phantom and chicken samples. When 
the WCE method was applied to USCT, a 42.5% increase in contrast was observed for the 
phantom object. The diameter of the inner cavity was found to be in the 11-13 mm range, 
which is close to the actual value of 12.5 mm. The external distance between tibia and fibula 
was found to be in the 5-7 mm range, rather far from the actual value (8mm). For the chicken 
drumstick, the contrast increased by 11%. The differentiation between tibia and fibula was 
more difficult. The image of the tibia was not complete, and its diameter could not be mea-
sured. The image of the fibula was not well resolved, and the distance between the two bones 
could not be measured. By applying the WCE method, the definition of the outer and inner 
boundaries of each bone was obtained with a much better contrast resolution than when 
using the electric pulse. The boundaries of the tibia were retrieved but the quality of this 
reconstruction was not satisfactory; the inner structure of the tibia was not resolved. To 
conclude, by applying the WCE method to cortical bone USCT, boundary imaging resolution 
was enhanced, even though sizes were different from the actual sizes. 
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