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L’échographie d’une aiguille : d’une beauté éblouissante 

Vous êtes à l’hôpital, et on vous présente votre échographie obstétricale : vous serez parent 

sous peu ! Mais est-ce une fille, ou bien un garçon ? Vous ne pourrez pas le constater par 

vous-même : votre médecin devra vous l’annoncer.  

Bien que l’échographie soit une des méthodes d’imagerie médicale les plus couramment 

employées, les images produites restent très difficiles à interpréter sous le regard d’un non-

initié. Dans certains cas, même votre médecin pourrait se tromper, et annoncer la naissance 

imminente d’un garçon plutôt que celle d’une fille ! Et si votre bébé a besoin d’une 

transfusion intra-utérine, une aiguille fortement réfléchissante devra être visible à 

l’échographie ; ces réflexions intenses risquent alors de vous éblouir au point où vous n’y 

verrez plus clair. 

Ainsi, les échographies gagneraient à être de meilleure qualité, ce qui les rendrait plus 

faciles à interpréter. C’est ce qu’une nouvelle version de l’algorithme Excitelet, développé 

au Centre de recherche Acoustique-Signal-Humain de l’Université de Sherbrooke 

(CRASH-UdeS), parvient à réaliser grâce à la cohérence de phase.   

Des échos éblouissants  

Les échographies sont des images produites avec des sons de haute fréquence, inaudibles 

pour les humains, appelés « ultrasons ». Pour faire une échographie, on émet des ultrasons 

dans un milieu, comme le ventre d’une femme enceinte, puis on écoute les réflexions qui 
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se produisent à la rencontre d’obstacles, comme le visage d’un fœtus. Cependant, certains 

obstacles causent de grands défis d’imagerie.  

En effet, différentes interventions médicales nécessitent que des objets fortement 

réfléchissants soient visibles à l’échographie : seringues, cathéters… Ainsi, lorsqu’une 

aiguille réfléchit des ultrasons, des échos apparaissent dans l’image : il s’agit d’un 

dédoublement artificiel de l’aiguille. Ces échos rendent alors difficile de connaître la 

position réelle de l’aiguille, ce qui peut poser problème. Par exemple, pour faire un 

prélèvement d’une tumeur cancéreuse, on doit connaître l’emplacement exact de l’aiguille 

par rapport à la tumeur. Heureusement, des moyens existent désormais pour limiter ces 

échos.  

Excitelet et la cohérence de phase 

Pour produire une échographie, il faut reconstruire les réflexions ultrasonores mesurées 

avec un algorithme d’imagerie : il s’agit d’une recette mathématique, soit une liste de 

calculs à faire dans un ordre précis pour obtenir l’image désirée.  

L’algorithme Excitelet en est un exemple : celui-ci consiste à comparer des signaux 

ultrasonores mesurés à des signaux de référence préalablement calculés au moyen d’une 

opération appelée « corrélation ». Ainsi, si le signal mesuré ressemble beaucoup à un signal 

de référence, le résultat de la corrélation apparaît sur l’image. Pour augmenter la 

performance de l’algorithme, on applique un filtre de cohérence de phase à Excitelet afin 

d’isoler l’information des ondes ultrasonores réfléchies par un même obstacle, et de se 

débarrasser des données superflues.  
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Une plus belle aiguille 

Pour l’instant, l’algorithme Excitelet n’a pas été testé dans un contexte d’échographie 

humaine, mais il a permis de produire des images convaincantes d’une aiguille dans… une 

poitrine de poulet ! Comparativement à un algorithme d’imagerie classique, cette nouvelle 

technique a permis d’améliorer la résolution et le contraste des images produites. En 

d’autres mots, Excitelet a permis à l’aiguille d’avoir l’air plus mince, d’avoir des contours 

mieux définis, et d’être plus claire sur un arrière-plan plus foncé.  

 

 
  
Images d’une aiguille insérée dans une poitrine de poulet avec gros plan sur la pointe de l’aiguille, produites avec a) 

SAFT, algorithme d’imagerie classique b) Excitelet avec filtre de cohérence de phase 

Et moi, là-dedans ?  

Pour l’instant, Excitelet ne vous aidera pas à planifier la couleur avec laquelle vous 

peinturerez la chambre de bébé – de toute façon, le bleu et le rose, c’est du passé ! Par 

contre, il pourrait aider votre médecin à mieux diriger des aiguilles dans votre corps lors 

de certaines interventions. Les images qu’il produira avec cet algorithme auront de quoi 

vous éblouir – dans le bon sens du terme !  
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A B S T R A C T

Two main metrics are usually employed to assess the quality of medical ultrasound (US) images, namely the
contrast and the spatial resolution. A number of imaging algorithms have been proposed to improve one of
those metrics, often at the expense of the other one. This paper presents the application of a correlation-
based ultrasound imaging method, called Excitelet, to medical US imaging applications and the inclusion of
a new Phase Coherence (PC) metric within its formalism. The main idea behind this algorithm, originally
developed and validated for Non-Destructive Testing (NDT) applications, is to correlate a reference signal
database with the measured signals acquired from a transducer array. In this paper, it is shown that improved
lateral resolutions and a reduction of imaging artifacts are obtained over the Synthetic Aperture Focusing
Technique (SAFT) when using Excitelet in conjunction with a PC filter. This novel method shows potential
for the imaging of specular reflectors, such as invasive surgical tools. Numerical and experimental results
presented in this paper demonstrate the benefit, in terms of contrast and resolution, of using the Excitelet
method combined with PC for the imaging of strong reflectors.

1. Introduction

The quality of an ultrasound (US) image is often assessed using the
Contrast Ratio (CR), to quantify the dynamic range of the resulting im-
ages, and the Full Width at Half Maximum (FWHM) value of profile cuts
of the Point Spread Function (PSF) to evaluate the spatial resolution
of the imaged features [1,2]. Medical experts tend to prefer images
with high CR over images with fine resolution, whereas resolution
is more relevant for US imaging in Non-Destructive Testing (NDT)
applications [3], thus motivating the rich literature toward imaging al-
gorithms that tend to favor one of both image quality metrics. Although
the choice of the metrics used to quantify the contrast of ultrasound
images has long been debated, a recently proposed metric called the
generalized Contrast to Noise Ratio (gCNR) was introduced and well
perceived in the field since it is insensitive to image compression [4].

The quality of US images is very sensitive to the probe configuration
and to the reconstruction algorithm. Indeed, the probe determines the
number of transducers used for insonification, the frequency bandwidth
of the emission and reception, and thus the achievable penetration
depth [5]. An increase in the probe’s center frequency and in the
number of transducers can result in better resolved images. However,

✩ This work was supported by the Fonds de recherche du Québec - Nature et technologies (FRQNT), the Natural Sciences and Engineering Research Council
(NSERC) in Canada and the Canada Foundation for Innovation (CFI).
∗ Corresponding author.
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in order to ensure real-time imaging, the US imaging algorithms typ-
ically used are of low complexity and result in poor image quality
when compared with other imaging modalities such as MRI or X-ray
imaging [6].

When fired individually, an increase in the number of elements
leads to more signal processing and a higher computational complex-
ity [7]. However, recent advances in embedded systems open the door
to the use of advanced algorithms for real-time imaging. Indeed, hetero-
geneous computing through the use of Graphics Processing Units (GPU)
coupled with Central Processing Units (CPU) shows great promises in
many domains [7]. For US imaging, many efforts are already oriented
toward the use of heterogeneous computing to handle higher signal
processing complexity for improved image quality [8–10]. Methods
such as the Synthetic Aperture Focusing Techniques (SAFT), also known
as the Total Focusing Method (TFM) in NDT applications, have been
parallelized for real-time imaging [11–15]. Hence, techniques using
the complete set of Radio-Frequency (RF) signals contained in the
Full Matrix Capture (FMC), i.e. the electrical signals coming out of
the probe, can now be implemented in real time. Another area where
the FMC for image reconstruction is attracting attention is Structural
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Health Monitoring (SHM) and NDT for damage detection in structures,
such as for aerospace applications [16]. Other advanced correlation-
based imaging methods exploiting the FMC, such as Excitelet [17,18],
have shown benefits for structural inspection tools and are becoming a
reference standard for US imaging.

However, to date, US imaging in medical applications have not
benefited from such advances. For real-time imaging purposes, spatial
compounding such as Plane Wave Imaging (PWI) or spherical com-
pounding have been proposed and resulted in frame rates as high
as thousands of frames per second [19–21]. However, these ultrafast
imaging methods typically come at the expense of reduced image
quality when compared with SAFT and methods using the FMC. As a
trade-off between frame rate and image quality, coherent plane-wave
compounding methods using multiple plane-wave insonifications have
been proposed [22–24]. Techniques using encoded excitation and adap-
tive weighting in the coherent plane-wave compounding framework
have shown image quality improvement for frame rates comparable
with single PWI methods [20,25,26].

Other methods that do not lie within the compounding framework
are gathering the attention of researchers. Indeed, variations of the
well-known Delay Multiply And Sum (DMAS) [27,28] beamforming
such as the Double-Stage Delay Multiply And Sum (DS-DMAS) attempt
to remove side lobe artifacts at a low computational cost [29,30].
These techniques result in well resolved images, but also result in
lowered contrast ratios when compared with other coherence based
methods. For instance, the Short-Lag Spatial Coherence (SLSC) method
aims at reducing the speckle noise in ultrasound images by considering
only the pair of transducers with strong signal coherence for the
reconstruction of each pixel [31]. However, the high contrast reached
with this method comes at the cost of a loss of resolution compared
with B-mode imaging when considering a Point Spread Function (PSF).
Indeed better resolutions are achieved with a B-mode approach for the
reconstruction of a point target [31]. Moreover, as for Coherence Factor
(CF) based methods [32], SLSC results in a loss of image uniformity
over wide imaging domains from the loss of coherence outside the
focal region [33–35]. However, contrast improvements are observed by
combining coherence methods with SAFT [36,37]. Another coherence
based signal processing technique that is showing great promises is
Phase Coherence Imaging (PCI) [38,39]. First introduced and used in
optics and image processing, the concept of PCI is based on the fact
that for many applications, most of a signal’s information is contained
in its phase content and not in its amplitude content [40,41]. Over
the last decade, PC has been applied to US imaging and has shown
great potential for US image quality improvement [42–44]. Indeed, the
application of the proposed PC filtering resulted in improved contrast
and resolution at low computational costs [42,45]. This improvement
in image quality is mainly due to the reduction of image artifacts, and
thus leads to larger image dynamics. Other techniques have been pro-
posed for artifact reduction in the presence of strong reflectors. Indeed,
many sparse methods based on the identification and separation of
the specular components have been proposed [46–48]. However, such
methods necessitate assumptions, or generally suppress the diffuse and
speckle components of the ultrasound images [49,50].

Since it is now possible to implement SAFT techniques for real
time imaging using GPUs, it would be interesting to see if the Excitelet
technique, well known in NDT and SHM application would be suited
for medical imaging. Hence this article proposes to couple FMC based
imaging algorithms with a coherence method. PC is chosen in this work
since it typically results in more uniform images then SLSC and CF
based methods. Moreover, PC is characterized by a low computational
complexity and is easily implementable within the SAFT framework.
In Section 2, the SAFT and the Excitelet algorithms are both introduced
using the correlation-based imaging framework. A new normalization
filter is presented since the PHAse Transform (PHAT) filter is not
optimal for medical ultrasound imaging. Moreover, a new PC metric is
suggested for contrast enhancement when coupled with high resolution

Fig. 1. Schematic representation of the US transducer array and the imaging medium.

ultrasound imaging algorithms. In Sections 3 and 4 the imaging results
of both algorithms are assessed in terms of spatial resolution, CR and
gCNR. Finally, in Section 5, a set of acquisitions is used to compare
SAFT and Excitelet for the imaging of strong reflectors such as a
catheter.

2. Correlation-based imaging

2.1. General formalism

The simple case of a linear US transducer array composed of 𝑁
elements shown in Fig. 1 is first considered here for clarity. In the
following, 𝐸 is the emitting element and 𝑅 denotes the receiving
element.

For the representation of the measured signals, the direct wave
propagation path between the emitting element 𝐸 and the receiving
element 𝑅 is usually ignored. By doing so, a simple model can be
obtained by summing the contributions of a number of individual
point-like reflectors of coordinates 𝑋𝑖 = (𝑥𝑖, 𝑦𝑖, 𝑧𝑖):

𝐌𝐸𝑅(𝑡) =
∑

𝑖
𝑅𝑖𝐏𝐸𝑅(𝑋𝑖, 𝑡) (1)

where 𝑅𝑖 is the reflection coefficient at 𝑋𝑖, 𝐏𝐸𝑅(𝑋𝑖, 𝑡) is the signal
describing a wave emitted by 𝐸, propagating in the medium, reflected
on a perfectly reflecting point-like reflector positioned at the point 𝑋𝑖
and received by 𝑅, and 𝑅𝑖 is the real part of the reflection coefficient
for a reflector positioned at 𝑋𝑖. The formulation presented in Eq. (1)
assumes a linear wave propagation in the medium, and that all the
reflectors are point-like and do not cause wave interaction between
each other. The basic idea of the correlation-based imaging method
presented herein is to retrieve the magnitude and phase (0 or 𝜋) of each
individual coefficient 𝑅𝑖 for all the positions over a grid of observation
points. The hypothesis that 𝑅𝑖 is real is generally valid in US imaging
since the imaginary part of the reflection coefficient can be neglected.
Indeed, as described in [51], for waves reflected with incidence angles
smaller than the critical angle between the propagation medium and
the reflector medium, the reflection coefficient is purely real. Under
such conditions, the only phase values possible are 0 (𝑅𝑖 ≥ 0) and 𝜋
(𝑅𝑖 ≤ 0). For all configurations considered in the present paper, the
use of apodization and the fact that the imaging domains considered
are in the far field ensure that the hypothesis of small incident angle is
verified.

In the correlation-based Excitelet imaging framework, the signals
𝐏𝐸𝑅(𝑋𝑖, 𝑡) describing wave propagation in Eq. (1) are obtained from
a numerical or analytical model, i.e. they are approximated by ref-
erence signals 𝐒𝐸𝑅(𝑋𝑜, 𝑡) (detailed in Section 2.5) pre-computed for
each emitter–receiver (𝐸𝑅) pair and for each observation pixel 𝑂
of coordinates 𝑋𝑜 = (𝑥𝑜, 𝑦𝑜, 𝑧𝑜) contained in the imaging grid. The
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reference signals are then correlated with the measured signal 𝐌𝐸𝑅(𝑡)
for the associated 𝐸𝑅 pair, within a Full Matrix Capture (FMC) signal
acquisition approach. For instance, for a given 𝐸𝑅 pair and an observa-
tion pixel 𝑂, the cross-correlation 𝐂𝐸𝑅(𝑋𝑜, 𝑡) between a reference signal
𝐒𝐸𝑅(𝑋𝑜, 𝑡) and a measured signal 𝐌𝐸𝑅(𝑡) is given by:

𝐂𝐸𝑅(𝑋𝑜, 𝑡) =
(

𝐌𝐸𝑅 ⋆ 𝐒𝐸𝑅(𝑋𝑜)
)

(𝑡) (2)

= ∫

∞

−∞
𝐌𝐸𝑅(𝜏)𝐒𝐸𝑅(𝑋𝑜, 𝜏 − 𝑡)𝑑𝜏 (3)

where (⋆) is the cross-correlation operators, and 𝑡 is the time at which
the cross-correlation is calculated. Setting 𝑡 = 0 ensures that the mea-
sured and reference signals are aligned with the same time reference.
Moreover, under the assumptions of the propagation model described
in Eq. (1), the cross-correlation 𝐂𝐸𝑅(𝑋𝑜, 𝑡) becomes:

𝐂𝐸𝑅(𝑋𝑜, 0) = 𝑅𝑜
(

𝐏𝐸𝑅(𝑋𝑜) ⋆ 𝐒𝐸𝑅(𝑋𝑜)
)

(0)

+
∑

𝑖≠𝑜
𝑅𝑖

(

𝐏𝐸𝑅(𝑋𝑖) ⋆ 𝐒𝐸𝑅(𝑋𝑜)
)

(0) (4)

Finally, the summation over each 𝐸𝑅 pair allows obtaining the final
imaging metric 𝐈(𝑋𝑜):

𝐈(𝑋𝑜) =
∑

𝐸

∑

𝑅
𝐂𝐸𝑅(𝑋𝑜, 0)

= 𝑅𝑜
∑

𝐸

∑

𝑅

(

𝐏𝐸𝑅(𝑋𝑜) ⋆ 𝐒𝐸𝑅(𝑋𝑜)
)

(0)

+
∑

𝑖≠𝑜
𝑅𝑖

∑

𝐸

∑

𝑅

(

𝐏𝐸𝑅(𝑋𝑖) ⋆ 𝐒𝐸𝑅(𝑋𝑜)
)

(0)

(5)

Ideally, the image index at the observation point 𝑂(𝑋𝑜) should rep-
resent the reflection coefficient of a potential reflector at this position,
i.e. 𝐈(𝑋𝑜) = 𝑅𝑜. The first term in Eq. (5) effectively corresponds to the
cross-correlation of signals representing waves reflected with a reflec-
tion coefficient 𝑅𝑜 at the observation point 𝑂(𝑋𝑜), with the reference
signals for the observation point 𝑂(𝑋𝑜). This term is dependent upon
the transducers directivity, the electroacoustic transfer function, the
geometry and the location of the observation point 𝑂(𝑋𝑜). Ideally, this
term should be normalized by considering a proper reference function
and correlation operator, such that ∑

𝐸
∑

𝑅
(

𝐏𝐸𝑅(𝑋𝑜) ⋆ 𝐒𝐸𝑅(𝑋𝑜)
)

(0) =
1. This would guarantee a constant imaging quality in terms of contrast
and resolution independently of the observation point 𝑂(𝑋𝑜).

However, the second term in Eq. (5) illustrates that the imaging
metric obtained with the first term is impaired by the cross-correlation
of the reference signals for the observation point 𝑂(𝑋𝑜) with signals rep-
resenting the influence, or interference, between all other insonified re-
flectors 𝑖 ≠ 𝑂. This incoherent summation might result in image degra-
dation through the appearance of imaging artifacts. Ideally, this term
should be minimized, i.e. ∑𝑖≠𝑂 𝑅𝑖

∑

𝐸
∑

𝑅
(

𝐏𝐸𝑅(𝑋𝑖) ⋆ 𝐒𝐸𝑅(𝑋𝑜)
)

(0) = 0,
such that only the contribution of the reflector at the observation point
𝑂(𝑋𝑜) is considered.

Under this framework, it appears necessary to define an optimal set
of reference functions 𝐒𝐸𝑅(𝑋𝑜, 𝑡) and a filtering cross-correlation oper-
ation in order to approach as much as possible the ideal reconstruction
algorithm for which 𝐈(𝑋𝑜) = 𝑅𝑜.

2.2. Synthetic Aperture Focusing Technique (SAFT)

Within the correlation-based imaging framework, the well-known
SAFT can be obtained by considering that the reference signal 𝐒𝐸𝑅(𝑋𝑜, 𝑡)
is given by of a Dirac delta function centered at the Time-of-Flight
(ToF) 𝑡𝑜 between the emitter, the observation point and the receiver,
i.e. 𝐒𝐸𝑅(𝑋𝑜, 𝑡) = 𝛿(𝑡𝑜 − 𝑡) where 𝑡𝑜 =

𝑂𝐸+𝑂𝑅
𝑐 and 𝑐 is the speed of sound

of longitudinal waves in the medium. After summation over all the 𝐸𝑅

pairs, one obtains the following imaging metric for the SAFT method:

𝐈SAFT(𝑋𝑜) =
∑

𝐸

∑

𝑅
∫

∞

−∞
𝐌𝐸𝑅(𝜏)𝛿(𝑡0 − 𝜏)𝑑𝜏

=
∑

𝐸

∑

𝑅
𝐌𝐸𝑅(𝑡0)

= 𝑅𝑜
∑

𝐸

∑

𝑅
𝐏𝐸𝑅(𝑋𝑜, 𝑡𝑜)

+
∑

𝑖≠𝑂
𝑅𝑖

∑

𝐸

∑

𝑅
𝐏𝐸𝑅(𝑋𝑖, 𝑡𝑜)

(6)

Eq. (6) corresponds to the standard SAFT formulation when all
signals of the FMC are used to synthetically focus at each pixel of
the imaging domain at emission and reception. Since this technique is
often referred as the golden standard for comparison and uses all the
information available in the FMC, it will herein be used for comparison
purposes.

In the case of Eq. (6), the first term corresponding to the 𝑅𝑜
coefficient is weighted by the term ∑

𝐸
∑

𝑅 𝐏𝐸𝑅(𝑋𝑜, 𝑡𝑜) representing
the propagation between each 𝐸𝑅 pair and the observation point 𝑂.
This means that the propagation path, the array directivity and the
pixel location will influence the estimated reflection coefficient at the
local reflector. The same consideration applies for the second term
∑

𝑖≠𝑂 𝑅𝑖
∑

𝐸
∑

𝑅 𝐏𝐸𝑅(𝑋𝑖, 𝑡𝑜) that represents the contribution of all other
point-like reflectors. In this case, the performance in terms of con-
trast and resolution will drastically be altered by the array geometry,
apodization and pixel location.

2.3. Generalized cross-correlation

Based on the existing literature for acoustic source localization [52],
an efficient implementation of the cross-correlation, as defined in
Eq. (2), for a given 𝐸𝑅 pair, a given pixel 𝑂(𝑋𝑜), and a fixed time
reference (𝑡 = 0) can be expressed in the frequency domain as:

𝐂𝐸𝑅(𝑋𝑜) = −1 ( (𝐌𝐸𝑅(𝑡))∗ (𝐒𝐸𝑅(𝑋𝑜, 𝑡))
)

(7)

where 𝜔 is the angular frequency and  and (⋅)∗ are the Fourier
Transform and complex conjugate operators respectively. This alter-
native formulation of the cross-correlation operator in the frequency
domain is also referred as the Generalized Cross-Correlation (GCC) and
allows introducing a frequency-dependent filter 𝑊 (𝜔) [53]. In order to
obtain a single scalar value for each pixel, the correlation coefficients
𝐂𝐸𝑅(𝑋𝑜, 𝑡) for a given pixel are considered without any delay, i.e. at
𝑡 = 0. In this case, the formulation for the GCC becomes:

𝐂𝐸𝑅(𝑋𝑜) = ∫𝜔
𝐌∗

𝐸𝑅(𝜔)𝐒𝐸𝑅(𝑋𝑜𝜔).𝑊 (𝜔)𝑑𝜔

= ∫𝜔
Φ𝐸𝑅(𝑋𝑜, 𝜔)𝑊 (𝜔)𝑑𝜔

(8)

where 𝐒𝐸𝑅(𝑋𝑜, 𝜔) =  (𝐒𝐸𝑅(𝑋𝑜, 𝑡)), and 𝐌𝐸𝑅(𝜔) =  (𝐌𝐸𝑅(𝑡)). In this
paper, two filters 𝑊 (𝜔) are considered, namely the PHAse Transform
(PHAT) filter with 𝑊𝑃 (𝜔) = 1

|𝐌𝐸𝑅(𝜔)||𝐒𝐸𝑅(𝑋𝑜 ,𝜔)|
, and the Theoretical

(𝑇 ) filter with 𝑊𝑇 (𝜔) = 1
|𝐒𝐸𝑅(𝑋𝑜 ,𝜔)|2

. In order to illustrate the benefit
of both frequency filters, let us first define 𝐈Exc(𝑋𝑜) as the Excitelet
imaging metric when no filter is applied (𝑊 (𝜔) = 1). Assuming that
the reference signal 𝐒𝐸𝑅(𝑋𝑜, 𝜔) is a perfect estimate of the propagated
signal 𝐏𝐸𝑅(𝑋𝑜, 𝜔), one obtains the following expressions by substituting
𝐌𝐸𝑅(𝜔) in Eq. (8) by the model described by Eq. (1):

𝐂Exc(𝑋𝑜) = 𝑅𝑜 ∫𝜔
|𝐏𝐸𝑅(𝑋𝑜, 𝜔)|

2𝑑𝜔

+
∑

𝑖≠𝑂
𝑅𝑖 ∫𝜔

𝐏∗
𝐸𝑅(𝑋𝑖, 𝜔)𝐏𝐸𝑅(𝑋𝑜, 𝜔)𝑑𝜔

(9)
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The Excitelet imaging metric is also obtained by summing over all 𝐸𝑅
pairs:

𝐈Exc(𝑋𝑜) = 𝑅𝑜
∑

𝐸

∑

𝑅
∫𝜔

|𝐏𝐸𝑅(𝑋𝑜, 𝜔)|
2𝑑𝜔

+
∑

𝑖≠𝑂
𝑅𝑖

∑

𝐸

∑

𝑅
∫𝜔

𝐏∗
𝐸𝑅(𝑋𝑖, 𝜔)𝐏𝐸𝑅(𝑋𝑜, 𝜔)𝑑𝜔

(10)

As described earlier, in the ideal case (𝐈Exc(𝑋𝑜) = 𝑅0), the output
would be independent of the pixel location and array directivity. How-
ever, without filtering, as for the time domain SAFT calculation, the
reflection coefficients in Eq. (10) are impaired by a term that depends
on the propagation model. On the other hand, when a PHAT filter is
used, the following imaging metric is obtained :

𝐈Exc-PHAT(𝑋𝑜)

=
∑

𝐸

∑

𝑅
∫𝜔

𝑒−𝑗∠(𝐏𝐸𝑅(𝑋𝑜 ,𝜔)) 𝑒𝑗∠(
∑

𝑖 𝑅𝑖𝐏𝐸𝑅(𝑋𝑖 ,𝜔)) 𝑑𝜔

=
∑

𝐸

∑

𝑅
∫𝜔

𝑒𝑗∠𝑅𝑜 𝑒𝑗∠(
∑

𝑖≠𝑂 𝑅𝑖𝐏𝐸𝑅(𝑋𝑖 ,𝜔)) 𝑑𝜔

(11)

where ∠(⋅) denotes the angle of a complex number. As can be seen, the
PHAT filter that is largely used in acoustic imaging is not optimal for
the present application since the absolute amplitudes of the reflection
coefficients are lost in the whitening process. Indeed, using the PHAT
filter results in normalized correlation coefficients, meaning that before
summation over 𝐸 and 𝑅, the resulting complex phasor is contained
in the complex unit circle. A unitary value is obtained when the
measured signal 𝐌𝐸𝑅(𝜔) and reference signals 𝐒𝐸𝑅(𝑋𝑜, 𝜔) are identical.
As the number of elements and frequency range used for the calculation
increases, the effect of the second exponential in the final form of
Eq. (11) decreases with respect to the first one. Indeed, this second term
represents the interference between all other reflectors and should not
add coherent information over the different 𝐸𝑅 pairs and for a wide
frequency band. The 𝐈Exc-PHAT outputs relative reflection coefficient
estimations for the pixels contained in the complex domain. Despite
the loss of |𝑅0| in Eq. (11), PHAT filtering can present benefits for some
US imaging applications. Indeed, better resolutions should be obtained
due to increased sensitivity to phase mismatch through the whitening
process [54]. However, due to this whitening process, the method is
expected to be more sensitive to noise then SAFT and Excitelet. Also,
the output levels should be independent of the propagation model used
for correlation since Eq. (11) does not depend on 𝐏𝐸𝑅(𝑋𝑜, 𝜔).

Still under the assumption that 𝐒𝐸𝑅(𝑋𝑜, 𝜔) is a perfect estimate of
the real propagation 𝐏𝐸𝑅(𝑋𝑜, 𝜔), the benefit of using the 𝑇 filter is easily
observed:
𝐈Exc-T(𝑋𝑜)

=
∑

𝐸

∑

𝑅
∫𝜔

𝐌∗
𝐸𝑅(𝜔)𝐒𝐸𝑅(𝑋𝑜, 𝜔)

|𝐒𝐸𝑅(𝑋𝑜, 𝜔)|
2

𝑑𝜔

=
∑

𝐸

∑

𝑅
𝑅𝑜 ∫𝜔

𝐏𝐸𝑅(𝑋𝑜, 𝜔)∗𝐏𝐸𝑅(𝑋𝑜, 𝜔)

|𝐒𝐸𝑅(𝑋𝑜, 𝜔)|
2

𝑑𝜔

+
∑

𝑖≠𝑂
𝑅𝑖

∑

𝐸

∑

𝑅
∫𝜔

𝐏𝐸𝑅(𝑋𝑖, 𝜔)∗𝐏𝐸𝑅(𝑋𝑜, 𝜔)

|𝐒𝐸𝑅(𝑋𝑜, 𝜔)|
2

𝑑𝜔

= 𝑁2𝑅𝑜 +
∑

𝑖≠𝑂
𝑅𝑖

∑

𝐸

∑

𝑅
∫𝜔

𝐏𝐸𝑅(𝑋𝑖, 𝜔)∗𝐏𝐸𝑅(𝑋𝑜, 𝜔)

|𝐒𝐸𝑅(𝑋𝑜, 𝜔)|
2

𝑑𝜔

(12)

From Eq. (12), one can see that the first term of 𝐈Exc-T(𝑋𝑜) is
proportional to the reflection coefficient of the pixel of interest. The
second term in Eq. (12) should be negligible in comparison to 𝑁2𝑅0
since the magnitude and phase content of 𝐏𝐸𝑅(𝑋𝑖, 𝜔) depends both on
the 𝐸𝑅 pair and on the pixel considered, resulting in a random phasor
distribution as for the PHAT filter case.

For both PHAT and 𝑇 filters, the frequency band considered for
integration should be determined depending on the application to favor
better resolution over contrast, or vice versa. Indeed, rejecting the low
frequency components in the integral should result in better resolved
images at the cost of an increased background level.

2.4. Phase Coherence filter

In the presence of a point-like or specular reflection at the observa-
tion point, the phase of the reflection coefficient 𝑅𝑜 of Eq. (12) can
be considered independent of the 𝐸𝑅 pair considered. However, in
the case where the observation point 𝑂(𝑋𝑜) does not coincide with a
real reflector, the phase of the correlation coefficient follows a random
distribution for different 𝐸𝑅 pairs. Indeed, in this case, the phase
value is the result of the interference between the reflections on all
other ghost reflections. Thus, phase-coherence (PC) metrics can be
derived based on the distribution of the angles of the correlation phasor
(∠Φ𝐸𝑅(𝑋𝑜, 𝜔)) amongst all the ER pairs. Indeed, it is expected that the
length of the average phasor among all 𝐸𝑅 pairs would give a good
estimate of the presence of a reflector.

The idea is to obtain a metric that does not impair the amplitude
of the resulting image (normalized filter) but indicates the presence
of a reflector, as a filtering operator. It was shown that PC filters can
greatly enhance the dynamic range of ultrasound images [55]. Hence, a
modified version of Exc-T and SAFT, noted 𝐈𝜌Exc-T and 𝐈𝜌SAFT, that benefit
from PC is proposed and is given by:

𝐈𝜌Exc-T(𝑋𝑜) = 𝐈Exc-T(𝑋𝑜)
(

∫𝜔
𝑒𝑗(

∑

𝐸
∑

𝑅 ∠Φ𝐸𝑅(𝑋𝑜 ,𝜔)) 𝑑𝜔
)𝜌

(13)

𝐈𝜌SAFT(𝑋𝑜) = 𝐈SAFT(𝑋𝑜)
(

∫𝜔
𝑒𝑗(

∑

𝐸
∑

𝑅 ∠Φ𝐸𝑅(𝑋𝑜 ,𝜔)) 𝑑𝜔
)𝜌

(14)

where the right term in parentheses is the proposed PC filter. The
cases where 𝜌 = 0 result in the original algorithms (𝐈0Exc-T(𝑋𝑜) = 𝐈Exc-T
and 𝐈0SAFT(𝑋𝑜) = 𝐈SAFT). The use of PC filtering with 𝜌 > 1 helps
discriminating specular and point-like reflectors that create a coherent
phase metric, and thus allows enhancing the dynamic range of the
resulting image. The exponent (𝜌) value can be chosen based on the
application whether speckle imaging is of interest or not. Indeed, when
the speckle is of importance, values of 𝜌 < 1 can be used, thus benefiting
from PC without affecting the background level notably. Moreover,
the proposed metric allows retrieving the phase of the correlation
coefficient that can thus indicate the nature of the reflection based on
the phase shift observed. The resulting PC metric is more efficient than
the Phase Coherence Factor (PCF) to identify reflectors over a wide
dynamic range and is thus intended to be used as a binary reflector
map, but is not as well resolved as the PCF [42].

2.5. Calculation of the reference signals

As discussed in the previous section, the Excitelet imaging in con-
junction with the 𝑇 frequency dependent filter allows extracting the
reflection coefficient. However, this requires that the propagation func-
tions (or transfer functions) 𝐏𝐸𝑅(𝑋𝑜, 𝜔) are modeled as best as possible
using a set of reference functions 𝐒𝐸𝑅(𝑋𝑜, 𝜔). For this purpose, numeri-
cal models are derived in order to take into account as many features as
possible, such as transducer directivity, electroacoustic responses and
tissue propagation.

The authors have shown before that for a given pixel, and for a
given excitation signal 𝑒(𝑡) at emitter 𝐸, one can theoretically express
the reference signal 𝐒𝐸𝑅(𝑋𝑜, 𝑡) as a simple time convolution between
the excitation signal, the electro-acoustical impulse response of the
active elements and the Green’s function in pitch–catch mode between
the emitter 𝐸, the pixel 𝑂(𝑋𝑜) and the receiver 𝑅 [16]. The Green’s
functions between the different elements and the observation point can
be calculated using the reciprocity theorem and simple geometry [56]
or by using a dedicated software such as Field II [57,58]. Using this
approach, the reference signal 𝑅𝐸𝑅(𝑋𝑜, 𝑡) takes into account the trans-
ducer’s directivity, the excitation signal and the propagation medium.
Although not considered for the calculation of the theoretical signals
in the present work, wave dispersion could be accounted for [59].
Despite the fact that the calculation of the reference signals may seem
impractical for real-time imaging applications, this database can be pre-
computed for a given probe and stored in CPU or GPU memory for later
real-time correlation.
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Fig. 2. Configuration of the numerical point-like targets considered for the axial and
lateral resolution study.

3. Assessment of resolution

In this section, all algorithms presented in Section 2 are compared
in terms of axial and lateral resolutions using PSFs. Numerical results
are presented in Section 3.1, whereas Section 3.2 presents experimental
results.

3.1. Numerical results

In order to compare the axial and lateral resolutions obtained using
𝐈SAFT, 𝐈𝜌SAFT, 𝐈Exc, 𝐈Exc-PHAT, 𝐈Exc-T and 𝐈𝜌Exc-T, PSFs were simulated at
different positions. The position of the fifteen point like reflectors
considered in this numerical study are represented in Fig. 2.

The simulations were conducted using the Field II software over
a 26 × 27 mm imaging domain [57,58]. The speed of sound used is
1540 m/s and the scattered amplitude of the reflectors is set at 100%
of the incoming signal, thus simulating perfectly reflecting scatterers.
The array considered for the simulations is a numerical replicate of
the ATL L7-4 probe. Hence, a linear probe with 128 transducers is
considered. The transducers have a width of 0.25 mm (see Fig. 1), an
elevation of 7.5 mm, and are separated by a pitch of 0.298 mm (see
Fig. 1). The excitation signal used is a 3.5 cycles tone burst centered at
5.2 MHz with a sampling frequency of 62.5 MHz. The FMC is calculated
numerically and a Gaussian noise is added to every signal, resulting
in a SNR of 30 dB. The simulated signals in the FMC are used within
the imaging algorithms presented in Section 2. To lower the effect of
sidelobes, a rectangular apodization is applied to the array [1]. Indeed,
in post processing, a focal number F# of 2, defined as the ratio of
the focal depth over the width of the array, was used in order to
have a deep enough focal depth with fine resolution [60,61]. This F#
was chosen since it performed well at attenuating the sidelobes in the
SAFT images. However, other apodization functions can be used and
might perform better for specific configurations. The results are then
normalized and log compressed for display, with the exception of PC
whose magnitude is comprised between 0 and 1. With references to the
nomenclature of Section 2, the imaging outputs 𝐈SAFT, 𝐈Exc, 𝐈Exc-PHAT,
𝐈Exc-T, 𝐈1SAFT and 𝐈1Exc-T are presented in Fig. 3 for the region containing
the six closest PSFs.

All images presented in Fig. 3 show that all six point-like reflectors
are well localized. It is also apparent that the correlation with a set of
more representative reference signals using 𝐈Exc (Fig. 3b) helps reducing
the imaging artifacts when compared with 𝐈SAFT (Fig. 3a). Also, the
use of normalization factors as presented in Fig. 3c–d notably reduces
both axial and lateral FWHM. However, this improved spatial resolu-
tion comes at a cost of increased imaging artifacts. Indeed, as shown
in Fig. 3c–d, an increase in side lobes is observed when compared
with 𝐈SAFT and 𝐈Exc. This observation follows the predictions since the

Fig. 3. Imaging results for six point-like reflectors with scattered amplitudes of 0 dB
using (a) 𝐈SAFT (b) 𝐈Exc (c) 𝐈Exc-PHAT (d) 𝐈Exc-T (e) 𝐈1SAFT f) 𝐈1Exc-T.

signal’s amplitude information is lost in the whitening process with the
PHAT filter. Comparing the images obtained using 𝐈Exc-PHAT and 𝐈Exc-T
one can see that the use of 𝑇 filter results in lesser artifacts than the
PHAT filter, and thus in more easily interpretable ultrasound images. As
described in Section 2, the proposed PC filter is designed to modify the
dynamic of an image while keeping the resolution of the method with
which it is coupled. Indeed, as illustrated by Fig. 3e–f, the resolution
of both original techniques (𝐈SAFT and 𝐈Exc-T) is conserved, and the side
lobes are attenuated.

In order to quantify and compare the spatial resolutions obtained
using all methods, the FWHM metric is used [19]. The axial and lateral
FWHM are calculated for all fifteen PSFs are transcribed in Table 1.
The targets identified by 𝑟𝑖 refer to the targets illustrated in Fig. 2. The
grayed cells show which algorithms perform better for the axial and
lateral FWHM of each target.

The first thing to be noted from the table is that for all numerically
considered targets, the 𝐈Exc-T and 𝐈1Exc-T outperforms all other techniques
for the lateral resolutions. Indeed, in can be seen from Fig. 3 that
the intensity of the main lobe decreases faster in the lateral direction
when using the 𝑇 in comparison with all other methods. Regarding the
axial resolutions, it can be seen that 𝐈Exc-T outperforms 𝐈SAFT, but not
𝐈Exc-PHAT. However, when coupled with PC, equivalent resolutions are
obtained using 𝐈1Exc-T and 𝐈1SAFT. From this table, it can be noted that
the 𝐈1Exc-T algorithm results in a subwavelength resolution for both axial
and lateral directions. Indeed, at the center frequency of the considered
probe, 𝜆 = 308 μm. Hence, for most of the targets, the axial and lateral
FWHM are around 𝜆∕2. Since the theoretical (𝑇 ) filter outperforms
the two other correlation filter considered (PHAT and Exc with no
normalization), only the former will be kept for the rest of the paper.
Hence, for the following numerical and experimental study cases, only
𝐈𝜌SAFT and 𝐈𝜌Exc-T will be compared for 𝜌 = 1 and 𝜌 ≠ 1.

One last thing worth noting from Table 1, is that the use of the PC
filter has practically no effect on the lateral resolutions. However, it
clearly increases the axial resolutions when applied to 𝐈Exc-T and 𝐈SAFT.
This comes from the fact that the PC metric, being extremely sensitive
to phase changes, is better resolved in the axial direction than all other
methods. In order to show this and also to illustrate the insensitivity
of the PC metric presented in Section 2.4 to the reflected amplitude,
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Table 1
Comparison of the axial and lateral resolutions using the FWHM metric for the different imaging algorithms
described in Section 2 for all fifteen PSFs. For each target, the best axial and lateral resolutions are given
by the grayed cells.
Target Axial FWHM (mm) Lateral FWHM (mm)

𝐈SAFT 𝐈1SAFT 𝐈Exc 𝐈Exc-PHAT 𝐈Exc-T 𝐈1Exc-T 𝐈SAFT 𝐈1SAFT 𝐈Exc 𝐈Exc-PHAT 𝐈Exc-T 𝐈1Exc-T

𝑟1 0.32 0.15 0.38 0.24 0.27 0.15 0.27 0.27 0.23 0.20 0.19 0.19
𝑟2 0.34 0.16 0.35 0.27 0.30 0.16 0.26 0.27 0.20 0.18 0.14 0.14
𝑟3 0.34 0.16 0.35 0.27 0.30 0.16 0.26 0.27 0.20 0.18 0.14 0.14
𝑟4 0.32 0.15 0.38 0.24 0.27 0.15 0.27 0.27 0.23 0.20 0.19 0.19
𝑟5 0.34 0.16 0.39 0.20 0.24 0.15 0.27 0.27 0.22 0.22 0.15 0.15
𝑟6 0.34 0.16 0.39 0.19 0.24 0.15 0.27 0.27 0.23 0.23 0.15 0.16
𝑟7 0.34 0.16 0.39 0.19 0.24 0.15 0.27 0.27 0.24 0.24 0.16 0.16
𝑟8 0.34 0.16 0.39 0.19 0.24 0.15 0.26 0.27 0.24 0.24 0.16 0.16
𝑟9 0.34 0.16 0.39 0.20 0.24 0.15 0.27 0.28 0.24 0.24 0.16 0.16
𝑟10 0.34 0.16 0.39 0.20 0.23 0.15 0.26 0.27 0.24 0.24 0.18 0.18
𝑟11 0.34 0.16 0.39 0.19 0.23 0.15 0.26 0.27 0.26 0.26 0.19 0.19
𝑟12 0.28 0.15 0.39 0.19 0.23 0.15 0.28 0.28 0.34 0.36 0.26 0.26
𝑟13 0.32 0.16 0.39 0.18 0.23 0.15 0.28 0.28 0.30 0.32 0.23 0.23
𝑟14 0.32 0.16 0.39 0.19 0.23 0.15 0.28 0.30 0.30 0.32 0.24 0.24
𝑟15 0.32 0.16 0.39 0.19 0.23 0.15 0.39 0.39 0.34 0.36 0.26 0.26

Fig. 4. PC map for reflectors with scattered amplitudes of 0 dB and −20 dB.

Fig. 5. Imaging results for two point-like reflectors with scattered amplitudes of 0 dB
and −20 dB using (a) 𝐈SAFT (b) 𝐈Exc-T (c) 𝐈1SAFT (d) 𝐈1Exc-T.

Fig. 4 presents the PC map obtained for two point like reflectors with
reflection coefficients of 1 (0 dB) and 0.1 (20 dB) respectively.

As can be seen in Fig. 4, the PC filter is practically insensitive to the
relative amplitude of the two reflectors, where the 0 dB and −20 dB
reflectors are revealed with similar PC values. Indeed, as described in
Section 2, the idea behind the 𝐈Exc-T algorithm is represent the reflection
coefficients over the whole imaging domain. Hence, the purpose of this
PC metric is to estimate the position of the reflectors and to be able to
modify the background level without modifying the image’s reflector
intensities. To illustrate this, Fig. 5 presents the imaging outputs of
𝐈SAFT, 𝐈1SAFT, 𝐈Exc-T and 𝐈1Exc-T for both reflectors with a 20 dB amplitude
difference.

Fig. 5 helps observing the above mentioned benefits of the PC.
Indeed, it can be seen that the use of the PC does not affect the local
maxima associated to both reflectors. Although the −20 dB target is still

showing with the same intensity, the side-lobes are strongly reduced.
To illustrate the effect of the PC on the background intensities, axial and
lateral cuts passing through the middle of both reflectors are presented
in Fig. 6 for the images obtained with 𝐈SAFT, 𝐈1SAFT, 𝐈Exc-T and 𝐈1Exc-T.

The conclusions drawn from the analysis of Table 1 can also be
obtained by analyzing Fig. 6. Indeed, the two (left) subfigures associ-
ated to the lateral cuts clearly show that for both reflectors, the main
lobe is narrower using 𝐈Exc-T in comparison with 𝐈SAFT. Also, for both
algorithms, the use of PC with 𝜌 = 1 results in a decrease of the
background level of around 40 dB on the whole observed domain. This
reduction in the background level is pronounced in the two (right)
subfigures associated to the axial cuts because of the presence of side
lobes on the PC (see Fig. 4) in the axial direction. Finally, one can note
that in the four subfigures of Fig. 6, all curves intersect at the same
maxima (0 dB and −20 dB), confirming that the use of PC does not
affect the relative level between reflectors.

3.2. Experimental results

In this section, the resolution performance of the methods proposed
in Section 2 is assessed with measurements on a CIRS Model 040GSE
Multi-Purpose, Multi-Tissue Ultrasound Phantom (CIRS Inc., Norfolk,
VA). The target considered in this section is the axial–lateral resolution
nylon wire group. The imaging domain considered contains 12 nylon
wires with a diameter of 80 μm. The wires are separated with axial
and lateral spacing of 4, 3, 2, 1, 0.5 and 0.25 mm. Thus, the minimal
separation in both directions is smaller than 1 wavelength at 5.2 MHz
(𝜆 ≈ 300 μm). For all experimental cases reported in this paper, an ATL
L7-4 probe is used with a Verasonics Vantage 128 (Verasonics, Red-
mond, Wa) for acquisition. The post-processing is done offline in this
work, but could be parallelized on GPUs for real-time integration on
the Verasonics platform. Moreover, ten consecutive FMCs are acquired
and then averaged in order to maximize the SNR for offline processing,
but this averaging could be neglected in a real-time implementation.

A 62.5 MHz sampling frequency is used and for all experimental
measurements in this paper, a band-pass filter with cutoff frequencies
of 1 and 10 MHz is applied to the FMC to limit the effect of high and low
frequency noise in the images. As for the numerical study, a rectangular
apodization window is applied to the array [1]. The imaging results for
𝐈SAFT, 𝐈1SAFT, 𝐈0.5SAFT, 𝐈Exc-T, 𝐈1Exc-T and 𝐈0.5Exc-T are presented in Fig. 7.

From Fig. 7, one can see that the speckle in the ultrasound images,
due to the presence of many scatterers and the diffusive media, is
strongly affected by the PC. Indeed, by comparing the images obtained
with 𝐈𝜌SAFT and 𝐈Exc-T𝜌 for 𝜌 = 0 (Fig. 7a–b) and 𝜌 = 1 (Fig. 7c–d), it
is possible to see that the use of PC strongly decreases the background
levels, here associated to the speckle. In some applications this effect
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Fig. 6. Comparison of the axial and lateral cuts using 𝐈SAFT, 𝐈1SAFT, 𝐈Exc-T and 𝐈1Exc-T for the two point-like reflectors. Top row: (left) lateral and (right) axial cut of the −20 dB
reflector; bottom row: (left) lateral and (right) axial cut of the 0 dB reflector .

Table 2
Comparison of the axial and lateral resolutions using the FWHM metric for 𝐈𝜌SAFT and 𝐈𝜌Exc-T with
𝜌 = {0, 1, 0.5} for all twelve PSFs contained in the axial–lateral resolution region of the 040GSE
CIRS phantom.
Target Axial FWHM (mm) Lateral FWHM (mm)

𝐈SAFT 𝐈1SAFT 𝐈0.5SAFT 𝐈Exc-T 𝐈1Exc-T 𝐈0.5Exc-T 𝐈SAFT 𝐈1SAFT 𝐈0.5SAFT 𝐈Exc-T 𝐈1Exc-T 𝐈0.5Exc-T

𝑟1 0.63 0.28 0.44 0.47 0.22 0.28 0.38 0.34 0.38 0.41 0.34 0.38
𝑟2 0.31 0.13 0.28 0.44 0.13 0.34 0.38 0.16 0.22 0.25 0.13 0.16
𝑟3 0.63 0.25 0.28 0.50 0.22 0.28 0.47 0.41 0.47 0.50 0.37 0.50
𝑟4 0.38 0.22 0.28 0.47 0.25 0.28 0.60 0.50 0.56 0.60 0.41 0.50
𝑟5 0.34 0.19 0.22 0.34 0.19 0.25 0.44 0.38 0.41 0.38 0.31 0.34
𝑟6 0.31 0.22 0.25 0.34 0.19 0.25 0.31 0.31 0.35 0.28 0.28 0.31
𝑟7 0.34 0.19 0.25 0.34 0.22 0.25 0.38 0.34 0.34 0.34 0.31 0.34
𝑟8 0.34 0.19 0.25 0.34 0.22 0.25 0.38 0.28 0.31 0.31 0.28 0.28
𝑟9 0.37 0.22 0.25 0.31 0.22 0.22 0.44 0.38 0.41 0.38 0.34 0.34
𝑟10 0.34 0.19 0.25 0.34 0.22 0.25 0.34 0.28 0.31 0.31 0.25 0.28
𝑟11 0.31 0.21 0.25 0.34 0.19 0.25 0.63 0.63 0.63 0.63 0.63 0.63
𝑟12 0.31 0.21 0.25 0.34 0.19 0.25 0.63 0.63 0.63 0.63 0.63 0.63

Fig. 7. Imaging results of the axial/lateral resolution targets of the CIRS 040GSE
Phantom using (a) 𝐈SAFT, (c) 𝐈1SAFT (e) 𝐈0.5SAFT (b) 𝐈Exc-T, (d) 𝐈1Exc-T and (f) 𝐈0.5Exc-T.

is undesired since the speckle can be used to locate different features.
For this reason, Fig. 7 shows the output of both algorithm for values or

𝜌 = 0.5. When using 𝜌 < 1 values, the background level is less severely
affected, but the output still benefits from the well-resolved PC metric.

The FWHM calculated for the six methods presented in Fig. 7 are
transcribed in Table 2 for the twelve targets identified in Fig. 7c. As
observed in the numerical study, 𝐈1Exc-T outperforms 𝐈1SAFT in terms of
lateral resolution. However, the difference between both methods is less
pronounced than in the numerical study. This can be explained by the
fact that for the numerical study, a homogeneous medium was consid-
ered and there was no loss of coherence due to destructive interference
between multiple scatterers. Moreover, as for the numerical study,
the axial resolutions obtained with 𝐈1Exc-T and 𝐈1SAFT are equivalent.
Moreover, qualitatively, a more uniform background level is obtained
with 𝐈1Exc-T. Indeed, it can be seen in Fig. 7a–e, that shadows imaging
artifacts (under the reflectors) are more important in 𝐈1SAFT than in the
imaging results obtained using 𝐈1Exc-T.

4. Assessment of contrast

In addition to resolution, contrast is another characteristic of impor-
tance to specialists in ultrasound imaging. Indeed, the Contrast Ratio
(CR) allows specialists distinguishing important features such as cysts
from the surrounding speckle. The standard definition of the CR is
used in this study, based on the ratio of the mean image intensity
before log compression for a cyst and background regions [29,30]. The
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Fig. 8. Imaging of an anechoic cyst target using (a) 𝐈SAFT, (b) 𝐈Exc-T, (c) 𝐈1SAFT and (d)
𝐈1Exc-T.

Table 3
Comparison of the CR calculated with 𝐈SAFT, 𝐈Exc-T, 𝐈1SAFT, and 𝐈1Exc-T for the anechoic
and grayscale targets.

Target 𝐈SAFT 𝐈Exc-T 𝐈1SAFT 𝐈1Exc-T

CR gCNR CR gCNR CR gCNR CR gCNR

−3 dB 0.8 0.13 −0.2 0.19 −0.7 0.16 −1.8 0.13
−6 dB −7.4 0.54 −6.2 0.47 −11.8 0.45 −10.7 0.51
−9 dB −5.1 0.51 −5.3 0.53 −10.1 0.52 −10.6 0.51
Anec. −25.3 0.97 −15.4 0.85 −36.2 0.97 −26.2 0.86

recently introduced gCNR metric is also used to compare the ultrasound
images since it is becoming a new standard in ultrasound imaging. The
gCNR metric is obtained by first calculating the probability density
functions of the pixel intensity of the region of interest 𝑝𝑖(𝑥) and of the
background 𝑝𝑜(𝑥) [4]. Then, the metric is given by 𝑔𝐶𝑁𝑅 = 1 − 𝑂𝑉 𝐿,
where 𝑂𝑉 𝐿 is the overlap region between both probability density
functions and is given by:

𝑂𝑉 𝐿 = ∫ min
{

𝑝𝑖(𝑥), 𝑝𝑜(𝑥)
}

𝑑𝑥 (15)

In addition to better translating the performance of imaging algorithms
by being insensitive to image post-processing, this metric has a richer
physical interpretation than the widespread CR. Indeed, this metric
aims at quantifying the range of pixel intensities that lie in both dis-
tributions, and thus, how probable two regions are to be distinguished
based on these likelihood functions.

As a first assessment of contrast on the images obtained using the
approaches described in Section 2, an anechoic cyst target with a radius
of 2 mm, i.e. circular region without scatterers, is considered using
the same experimental configuration as in Section 3.2. The images
obtained with 𝐈SAFT, 𝐈1SAFT, 𝐈Exc-T and 𝐈1Exc-T are presented in Fig. 8.

Fig. 8 shows that the smallest contrast is obtained using 𝐈Exc-T.
Indeed, as reported in the last row of Table 3, the CR for 𝐈SAFT and
𝐈Exc-T are −25.3 dB and −15.4 dB respectively. The regions used for
the calculation of the CR are identified in Fig. 8 by the blue dashed
squares and the red dashed circle.

As expected, the use of PC notably increases the CR. As 𝜌 increases
from 0 to 1, the contrast increases of approximately 11 dB, reaching
−36.2. dB and −26.2 dB for 𝐈1SAFT and 𝐈1Exc-T respectively. However,
it can be seen that the gCNR is practically not affected by a change
of the value of 𝜌. As for the CR, the low gCNR value associated to
𝐈Exc-T can directly be interpreted from the ultrasound image when
comparing the image with 𝐈SAFT. However, the fact that the gCNR
does not increase with increasing 𝜌 is explained by the fact that PC
emphasizes the extreme pixel intensity values. Indeed, it can be seen in
Fig. 8c–d that as 𝜌 increases, the cyst becomes darker and the pixels of

Fig. 9. Imaging of the −9 dB, −6 dB and −3 dB grayscale targets (left to right
respectively) using (a) 𝐈SAFT, (b) 𝐈Exc-T, (c) 𝐈1SAFT and (d) 𝐈1Exc-T.

lowest intensity in the speckle around it also do. Consequently, the pixel
intensity distribution curves of both regions (cyst and background)
have a considerable overlap for the lowest pixel intensity values. In
addition to the anechoic cyst target, different grayscale targets of the
CIRS 040GSE Phantom are used to assess the contrast on the images
obtained using 𝐈SAFT𝜌 and 𝐈𝜌Exc-T. For comparison purposes, the grayscale
targets of −9 dB, −6 dB and −3 dB are insonified with a single probe
position. The imaging results obtained are presented in Fig. 9 for
the −9 dB, −6 dB, and −3 dB grayscale targets, from left to right
respectively. The mask areas used for the calculation of CR and gCNR
are represented in Fig. 9 by the dashed red circle and blue rectangles.

The CR and gCNR values for all grayscale targets are calculated
and presented in Table 3. The results presented in Table 3 indicate
that, although producing images with lower dynamic range, the 𝐈Exc-T
approach produces CRs which are closer to the actual target values
than those calculated using 𝐈SAFT. However, this difference lies in a
1 dB range for all targets. As shown in Fig. 9c and d, when PC is
used, the dynamic range is extended. Although this results in inaccurate
CR when compared with the reference values, a change in the value
of 𝜌 as the same effect on the output of both algorithms (𝐈1Exc-T and
𝐈1SAFT). An increase in the target dB value is translated to an increase
of the calculated CR. Regarding the gCNR results, at the exception of
the anechoic case, the tendencies are in line with those observed with
the CR. As discussed previously, the fact that an increase in 𝜌 does not
necessarily translate to better gCNR can be explained by the effect of
PC on the pixel intensity distributions.

5. Specular reflection imaging application

In this section, the approaches described in Section 2 are applied for
the case of a more realistic medical imaging case in which the objective
is to segment a catheter. For this measurement, a needle (20 G 11∕2 in)
was inserted into a chicken breast. The needle has a wall thickness of
0.15 mm and an outer diameter of 0.91 mm, meaning that the wall
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Fig. 10. Imaging outputs using (a) 𝐈SAFT and (b) 𝐈Exc-T (c) 𝐈1SAFT (d) 𝐈1Exc-T (e) 𝐈0.5SAFT (f) 𝐈0.5Exc-T for the case of a beveled PrecisionGlide needle (20 G 11∕2 in) inserted in a chicken
breast .

thickness represents about half the wavelength at the probe’s center
frequency. The ATL L7-4 probe was water coupled to the chicken breast
and the needle was filled with water using a simple syringe. Imaging
results showing the tip of the needle and part of the needle on a 1 cm
by 2 cm imaging domain are presented in Fig. 10 for 𝐈𝜌SAFT and 𝐈𝜌Exc-T
with 𝜌 = {0, 1, 0.5} values.

As for the experimental resolution assessment presented in Sec-
tion 3.2, the results are presented for three 𝜌 values since the images
obtained with 𝜌 = 1 result in non efficient image dynamics for medical
tool tracking. Indeed, as can be seen in Fig. 10a–b, the background level
makes it hard to track the needle. However, when 𝜌 = 1, the speckle is
decreased to values out of the display range of 60 dB (see Fig. 10c-d).
As a trade-off, using 𝜌 = 0.5 results in better resolved images when
compared with 𝜌 = 0 and in useful image dynamics for medical tool
tracking.

As shown in the zoomed area, the tip of the needle imaged us-
ing 𝐈SAFT is not well resolved as it blends with the speckle. Also,
imaging artifacts impair the identification of the two needle walls
with confidence. Indeed, echoes in the needle result in the appearance
of several parallel lines, making it difficult to interpret the image.
As shown in Fig. 10b, 𝐈Exc-T less reverberation artifacts and a more
uniform background level is observed over the whole imaging domain.
Indeed, shadowing imaging artifacts behind the needle are reduced in
comparison with 𝐈SAFT. As shown in Fig. 10e–f, using 𝜌 = 0.5, both
methods are able to image the tip of the needle although the beveled
tip topology is better reconstructed using 𝐈0.5Exc-T. This clear segmentation
of the tip’s beveled shape is due to the use of the PC filter that helps
reducing the background level around the tip. Indeed, the PC tends to
emphasize the regions with larger acoustical impedance jumps which
are associated to a clear reflection coefficient phase value (0 or 𝜋).

Table 4
Comparison of the wall to background (CR𝑤∕𝑏) and wall to wall (CR𝑤∕𝑤) contrast ratio
calculated with 𝐈SAFT, 𝐈Exc-T, 𝐈1SAFT, and 𝐈1Exc-T along the profiles shown in Fig. 10.

Method 𝐈SAFT 𝐈0.5SAFT 𝐈1SAFT 𝐈Exc-T 𝐈0.5Exc-T 𝐈Exc-T

CR𝑤∕𝑏 28.4 40.2 52.0 20.2 33.0 45.1
CR𝑤∕𝑤 8.4 11.8 15.9 4.9 9.3 13.5

Some of these observations can also be deduced from the CR calcu-
lated along the red profiles shown in Fig. 10. The first needle wall to
background CR (CR𝑤∕𝑏) and the first wall to second wall CR (CR𝑤∕𝑤)
are calculated along these profiles using the method described in [50].
The results are reported in Table 4 for all the compared imaging
methods. From Table 4, it can be seen that 𝐈𝜌Exc-T performs better
than 𝐈𝜌SAFT at reconstructing both needle walls with similar intensities.
Indeed, the higher CR𝑤∕𝑤 calculated using 𝐈𝜌SAFT reflects a bigger dif-
ference between the reconstructed image intensity on both walls. On
the other hand, the use of 𝐈𝜌SAFT results in better CR𝑤∕𝑏 when compared
with 𝐈𝜌Exc-T. This difference can partly be explained by the presence of
shadowing imaging artifacts in the 𝐈𝜌SAFT images as discussed earlier.

6. Conclusion

In this paper, the Excitelet correlation-based algorithm was applied
to the imaging of strong reflectors in medical applications and com-
pared with the SAFT algorithm in terms of resolutions and contrast.
Indeed, a first validation on numerical and experimental point-like
reflectors showed that Excitelet outperforms SAFT in terms of lateral
resolution. However, equivalent axial resolutions are obtained. Also,
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measurements taken on grayscale targets on a phantom showed that
Excitelet although a small loss in contrast is obtained when using
Excitelet in front of SAFT, more uniform ultrasound images are obtained
through the reduction of imaging artifacts (reverberation, shadowing).
As supported by the many tests presented herein, the use of PC filtering
helps extending the dynamic range of the image and proved useful for
image interpretation. Finally, the proposed algorithm combined with
PC filtering shows great potential for the imaging of highly reflective
features such as needles or surgical tools. Indeed, using the proposed al-
gorithm, the sub-wavelength beveled tip of the needle is well resolved.
Future work will be oriented toward the adaptation of the proposed
algorithm for real-time imaging using a heterogeneous architecture,
and the adaptation of the proposed formalism for spatial compounding
since FMC based imaging techniques suffer from imaging artifacts in
the presence of rapidly moving targets.
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