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Abstract. Ultrasound diagnosis is a widely used medical tool. Among the various ultrasound techniques, ultrasonic imaging
is particularly relevant. This paper presents an improvement to a two-dimensional (2D) ultrasonic system using measurements
taken from perpendicular planes, where digital signal processing techniques are used to combine one-dimensional (1D) A-scans
were acquired by individual transducers in arrays located in perpendicular planes. An algorithm used to combine measurements
is improved based on the wavelet transform, which includes a denoising step during the 2D representation generation process.
The inclusion of this new denoising stage generates higher quality 2D representations with a reduced level of speckling. The
paper includes different 2D representations obtained from noisy A-scans and compares the improvements obtained by including
the denoising stage.
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1. Introduction

Ultrasonic imaging is a commonly used tool in medical diagnosis. Image quality, resolution and con-
trast largely depend on the degree of speckling. This speckle or noise is due to the reflection of the
ultrasounds by the tissue’s microstructure. It is non-stationary and has a high statistical correlation with
the signal that is being sought for. The reduction of speckle in ultrasonic images has been widely dis-
cussed, and different methods based on spatial or frequency diversity have been proposed [1].

Two-dimensional (2D) ultrasonic images (B-scans) are formed from one-dimensional (1D) traces (A-
scans), and collected by different transducers that emit and receive radiofrequency (RF) signals. Many
of the techniques that have been proposed to reduce speckle work directly with B-scans [2—4], although
there are others that focus directly on the denoising of RF signals [5,6]. For example, denoising of the
RF signals is an important step when Doppler techniques are used [7,8].

Different tools have been used to reduce speckling. Wavelet transform has been used in different fields
including denoising ultrasonic signals. The basic technique, based on the discrete wavelet transform
(DWT), consists of calculating the DWT of the noisy register followed by the thresholding of wavelet
coefficients and concluding with the recovery of the original register without noise by performing the
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inverse DWT [3,4,9—13]. DWT is not a shift variant transform that can produce different results depend-
ing on the phase. The undecimated wavelet transform (UWT) is used to avoid this dependence. UWT is
a shift invariant transform and produces improved results in denoising applications [14—17]. Moreover,
UWT maintains the temporal information of the initial trace.

The use of several ultrasonic transducers provides complementary information on the tissue under
diagnosis [18-22]. The transducers can be located in the same plane or in different planes. There are
a number of monitoring schemes proposed in the literature, and this work is based on a system that
contains two perpendicular linear ultrasound arrays, with a small number of transducers. The transducers
emit in a sequential way, work in near-field with collimated beams and use the pulse-echo technique to
obtain A-scans. These A-scans must be combined using digital signal processing techniques to obtain
useful 2D representations of the areas under observation [21,22].

Although these digital signal processing techniques produce improved signal to noise ratios (SNRs)
compared with the SNRs of the initial A-scans [21,22], the quality of the 2D representations is limited,
especially by speckles. This 2D speckle depends on the combination signal processing method chosen
and the initial noise in the A-scans. This paper proposes an improvement in the method used to gener-
atse the 2D representations from a very limited set of A-scans obtained by perpendicular arrays in the
near field and based on the wavelet transform [22]. The improvement consists of performing denoising
simultaneously during the fusion of the A-scans. Thus, wavelet transform has a double function: to per-
form the fusion as in Ref. [21] and to carry out the denoising by simultaneously thresholding the wavelet
coefficients. The 2D representations obtained using this new method have a superior quality to those
obtained by the method described in Ref. [21], especially when the initial A-scans contain high levels of
noise.

The objective of this work is to demonstrate that the use of the denoising wavelet methods applied
to A-scans during the fusion process described in Ref. [21] produces 2D biological representations
with improved quality. The main contribution of this research is the application of wavelet denoising
techniques to the fusion process described in Ref. [21].

This paper is set out in the following manner. Section 2 describes the method used to combine the A-
scans using the wavelet. This method includes the denoising step. Section 3 describes the experimental
setup and discusses about the results obtained using different parameters. The conclusions are described
at the end of the paper.

2. Combination method

The method starts with the acquisition of the ultrasonic measurements taken by the different trans-
ducers. Each of the two perpendicular arrays will have N transducers; therefore the number of A-scans
to be combined will be 2/N. Each transducer emits a pulse and receives the corresponding A-scan to be
combined sequentially. Figure 1 shows a schematic representation of A-scans acquisition process. The
following nomenclature will be used for the A-scans in order to distinguish each of the measurements
made by each transducer:

Xi(t) ey

where X can be V' (vertical) or H (horizontal), I is the transducer number (1...N) and ¢ is the time.
Therefore, for example, V3() represents the A-scan taken by vertical transducer number 3.

The second step consists of obtaining the wavelet transform of each of the N A-scans measured in
the previous step. The transform used is the Undecimated Wavelet Packet Transform (UWPT). The un-
decimated transform variant makes the transform shift independent and ensures that the new registers
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Fig. 1. Acquisition system.

maintain the temporal information. In addition, the wavelet packets permit a more flexible spectral divi-
sion, allowing calculation of only the bands of interest and with the same spectral width. The registers
corresponding to the higher energy L frequency bands are selected from the UWPT decomposition.
This results in 2NL registers whose nomenclature is derived from Eq. (1) including the number of the
frequency band.

X7(band,t) (2)

where band is the band number (1...L).

The next step involves the denoising. Once the A-scan wavelet coefficients are obtained in the L
frequency bands, a denoising process using thresholding will be applied to each of the 2NL registers ob-
tained in the previous step. The new denoised registers are called:

Xip(band,t) 3)

A fundamental and difficult aspect of the process is matching the information contained in the 2NL
denoised registers, Xp(band, t), corresponding to the two perpendicular transducers that illuminate the
same area. The matching is one of the most sensitive steps of the process and is performed using the
times of flight. In order to reduce the matching sensitivity, the envelopes of X;p(band,t) eX p(band,t)
are previously calculated. Envelopes reduce the effects of possible inaccuracies in the matching process,
generating 2D-displays less sensitive to matching errors. Figure 2 shows the digital signal processing
steps involved in the preparation of the ultrasonic registers to matching. The values to match for a
generic coordinate (z,y) are:

[eH p1(band, 2z /c), eVipa(band,2y/c)) “4)

where eH;p1 and eV ps are the envelopes of the registers corresponding to the transducers that illumi-
nate the point (x, y) and ¢ denotes the ultrasonic propagation velocity in the tissue. It is assumed that the
origin of the coordinates is located in the bottom left hand corner of the tissue diagnosed.

Once the information for each point and each frequency is matched, the first combination can be
performed. This combination is carried out independently for each of the frequency bands; the output
from this step is L 2D displays, one for each frequency band used. The combination of each pair of values
expressed in Eq. (4) can be performed in different ways, however, previous papers [21,22] recommend
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Fig. 2. Digital Signal Processing, part I: preparation of the registers to be combined.

eHlD(l,t) —»
eHZD(l,t) —>
€H3D(1,t) —»
eHyp(1,1) —»
€V1D(1,t) —P
eVop(l,f) —»
€V3D(1,f) —>
€V4D(1,t) —>

Matching
and

Product 2D display 1

Final 2D representation
Product >

€H1D(L,t) —>
€H2D(L,t) —>
€H3D(L,t) —>
eHyp(L,t) —»
€V1D(L,t) —Pp
eVon(L,t) —»
€V3D(L,l) —>
€V4D(L,t) —P

Matching
and

2D display L
Product APy

Fig. 3. Digital Signal Processing, part II: combination stages.

using a product operator to make this combination. The 2D display for each frequency band can be
obtained from the following expression:

2D_display_band(x,y) = eHpi(band, 2z /c).eVipa(band,2y/c) 5)

The L 2D displays should be combined to obtain the final 2D representation. Once again, the option
chosen to combine the L 2D displays is by multiplying the values of the L points that correspond to the
same pair of coordinates (z,y) in the L 2D displays. Figure 3 shows a schematic representation of the
digital signal processing that includes the two combination steps performed. The last combination step
can be described mathematically as:

L
2D_representation(x,y) = H 2D_display_band(x,y)
band=1

(6)
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Fig. 4. 2D representations obtained from 8 A-scans with different SNRs.
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3. Experimental results

The experiments involved an ultrasonic system comprised by two perpendicular arrays of four trans-
ducers, as shown in Fig. 1. All the transducers had square surfaces with sides of 6 mm. The total length
of each array was therefore 24 mm, so the area of tissue that could be scanned was 24 mm x 24 mm.
An anomalous point was added in the tissue at coordinate (11 mm, 17 mm) in a location similar to that
represented in Fig. 1.

In order to simulate the A-scans corresponding to the previous measuring scheme, two types of A-
scans were generated. The first type corresponded to transducers H1, Ho, Hy, V1, V3, and V; which only
received noise reflected back from the tissue. The second type of A-scan corresponded to the transducers
Hs, and V4, which, in addition to the noise, received a clear ultrasonic echo coming from the anomalous
point located at coordinate (11 mm, 17 mm). The ultrasonic echo used to simulate the reflection from
the anomalous point was a real measured echo from a 5 MHz Krautkramer transducer. This echo was
delayed to simulate the time of flight corresponding to the distance between the anomalous point and
each transducer. The speckle in the A-scans was simulated using a noise generator that included the shape
of the echo produced by the Krautkramer transducer among its parameters. Therefore, the spectrums of
ultrasonic echo and noise coincided. Different SNRs were taken into account in the A-scans generation,
1540 m/s was used as ultrasonic propagation velocity and the sampling frequency was 100 MHz.

The A-scans were combined using the method based on the UWPT as described in Ref. [21]. The
mother wavelet used was Daubechies 4, the maximum level of wavelet decomposition was 4 and only
the two bands with the highest frequencies were selected for the combination. The denoising process
was performed using soft thresholding with a SURE threshold [23].

Several sets of A-scans with different SNRs were generated. For each set of A-scans two combinations
were performed: the first one without the denoising step and the second one with the denoising step.
Thus, two 2D representations were obtained for each set of inputs. The 2D representations performed
including the denoising process showed the best quality in all the cases. Figures 4a and 4b show the 2D
representations obtained from very noisy A-scans, with initial SNR of 4 dB. Figures 4c and 4d show the
results after the combination of A-scans with a SNR equal to 6 dB. Figures 4e and 4f were performed
using A-scans with an initial SNR of 8 dB. Figure 4 shows the best 2D-representations in the right-hand
column in all the pairs that correspond to the column with denoising.

The 2D representations in Fig. 4 show a high resolution of 60 dB. The anomalous point is visible at
the relevant coordinate (11 mm, 17 mm) in all cases; the difference among the cases is in the speckle
associated with each of the 2D representations. As can be seen, the speckle gradually decreases when
the initial SNR of the A-scans increases. In addition, a notable improvement can be observed when the
wavelet denoising process is applied during the combination, confirming the soundness of the proposed
method. The results presented in Fig. 4 confirm that the denoising process produces a great improvement
in the quality of the 2D representations.

4. Conclusion

Ultrasonic transducer arrays in medicine are widely used in many types of diagnosis. The majority of
the arrays are linear and contain a high number of transducers in the same plane. However, this study
used linear arrays that included a small number of transducers distributed in perpendicular planes. This
arrangement allows diagnosis to take place using information acquired from the two different planes,
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but requires digital signal processing to allow the combination and interpretation of this complementary
information.

Previous papers have studied different digital signal processing techniques for the combination of the
A-scans generated by each of the transducers. The technique used in this paper is based on the use of the
wavelet transform for both combination and denoising during the combination, thereby generating 2D
representations with much higher quality.

The experiments presented in this paper show that the 2D representations obtained from noisy A-scans
improve considerably with the inclusion of a denoising stage during the process. The improvement is
confirmed in several cases with different levels of noise.
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