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Abstract 

Ultrasound imaging is a widely used medical diagnostics technique enabling real-time, deep 

penetrating, cost-effective and noninvasive anatomical imaging. Two-way focusing, focusing 

the signal both on transmit and on receive, yields one of the highest quality ultrasound images. 

The advantages of the method are its enhanced lateral resolution, signal to noise ratio and 

penetration depth compared to other ultrasound imaging methods. 

One of the limitations of two-way focusing stems from the fact that it only utilizes a single 

steerable focal spot on transmit that is swept across the field of view. Therefore, in practice, 

the advantages of two way focusing are confined to the focal region; i.e., the depth of focus 

(DOF). Successive focusing is the standard method to increase the depth of field of two way 

focusing by transmitting two steered focused beams to different depths successively. This 

method generates multiple focal zones, at the expense of a reduced framerate that is 

proportional to the number of generated foci. Recently, a method for simultaneous axial 

multifoci imaging (SAMI), based on temporal superposition of axial multifoci waveforms in a 

single transmission was developed to enhance the depth of field without compromising the 

frame rate. However, since all the waveforms are transmitted at a constant center frequency, 

there is a tradeoff between attenuation and lateral resolution when choosing a constant 

frequency for all the axial depths. 

The purpose of this work was to develop an optimized SAMI method by adding frequency 

dependence to each axial multifocus. By gradually increasing the frequency as a function of 

the focal depth, this method makes it possible to compensate for the gradually increasing F-

number in order to achieve constant lateral resolution across the entire field of view. 

Alternatively, by gradually decreasing the axial multifoci frequencies as a function of depth, 

enhanced penetration depth and contrast are obtained. 
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This method, termed frequency multiplexed SAMI (FM-SAMI) is described analytically and 

validated by hydrophone scans, and resolution and contrast experiments performed on 

resolution targets, tissue-mimicking phantoms and ex-vivo biological samples. This is the first 

real-time implementation of a frequency multiplexing approach for axial multifoci imaging 

that facilitates high quality imaging at an increased framerate. 
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1 Introduction 

Ultrasound imaging is a widely used medical diagnostics technique enabling real-time, deep 

penetrating, cost-effective and noninvasive anatomical imaging [1], [2]. In addition to the wide 

variety of human medicine applications that diagnostic US has been used for, diagnostic US 

extensively contributed to the development of the veterinary medicine too. Nowadays, the main 

medical applications based on US imaging are female breast, cardiac, gynecologic, radiology 

(internal organs of the abdomen), obstetrics (fetuses in vivo), vascular system, etc [3]. The many 

advantages US has on its competing imaging methods yielded a great interest among many 

research groups. For example, the fact that US doesn't involve the use of ionizing radiation makes 

it – if used properly - safer than CT and X-ray imaging and actually enables unlimited imaging 

time (under the required safety limits). Moreover, its affordability makes it much more accessible 

than other expensive imaging methods such as MRI, CT and PET [3]. 

Thanks to the many benefits obtained by using US system for diagnostic technical advances in 

the field of diagnostic US are constantly being made, while existing methods are constantly 

optimized, and even novel modalities are invented. Most of the newly software-based US 

methods developed in the last decade, especially real-time imaging, were enabled by the constant 

improvement of hardware and software abilities [4]. Improving US performance would enable 

to improve the accuracy of diagnosis, to improve monitoring (e.g., cancerous tissues), and even 

to obtain a better assistance of US guided procedures and therefore it is of great interest. 

Two-way focusing, typically applied in B-mode imaging, yields one of the highest quality 

ultrasound images by steering a focused beam across the field of view [5]. On transmit, the focal 

beam is generated by transmitting a parabolic waveform with the transducer array elements, such 

that the beam creates a constructive interference at a specific depth [6]. Beamforming is used to 
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focus the beam on receive, yielding a two-way focused image [7]. The advantages of the method, 

compared for example to one-way focusing where a planar wave illuminates the entire field of 

view and is focused only on reception, are its enhanced lateral resolution, signal to noise ratio 

and penetration depth [8]–[11]. 

One of the limitations of two-way focusing stems from the fact that it only utilizes a single 

steerable focal spot on transmit that is swept across the field of view. Therefore, in practice, the 

advantages of two way focusing are confined to the focal region; i.e., the depth of focus (DOF). 

Successive focusing is the standard method to increase the depth of field of two way focusing by 

transmitting two way steered focused beams to different depths successively. This method 

generates multiple focal zones, at the expense of a reduced framerate that is proportional to the 

number of generated foci [12], [13]. Recently, a method for simultaneous axial multifoci imaging 

(SAMI), based on temporal superposition of axial multifoci waveforms in a single transmission 

was developed. It uses temporal superpositioning of multiple waveforms, where each wavefront 

is focused to a different depth. By transmitting the combined waveform, axial multifoci imaging 

is achieved using a single acoustical transmit. Thus, an enhanced framerate is obtained compared 

to successive focusing, while maintaining high lateral resolution and depth of field [1]. Although 

SAMI is efficient in generating axial multifoci, it is limited by the fact that all of the waveforms 

are transmitted at a constant frequency. Here, a frequency multiplexed SAMI (FM-SAMI) 

method is presented. The method makes it possible to transmit each superpositioned waveform 

at a different frequency so that the generated axial multifoci are frequency dependent. By 

adapting the frequency of each focus, high lateral resolution at shallow depths along with 

enhanced penetration for the deeper depths can be obtained. In addition, uniform lateral 

resolution as a function of depth also becomes feasible. The FM-SAMI method is implemented 
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in real-time using a programmable ultrasound system that can dynamically modify the 

transmitted pulses for each transducer element separately using a built-in arbitrary waveform 

generator [14], [15].  

The concept of focal depth dependent frequency has been addressed in several methods. 

However, these methods compromise frame rate, axial resolution, or require post processing on 

receive. One of these methods is frequency-dependent successive focusing, where the frequency 

of each transmitted focus is adjusted as a function of depth [16]. Similar to standard successive 

focusing, it reduces the frame rate in proportion to the number of foci. Another method uses a 

custom system design. The system is composed of several multi-channel transmitters, each with 

a different frequency [17]. This setup is mechanically complex, as it utilizes multiple co-aligned 

transducers, and requires adaptation per patient and target location. Another category of methods 

includes the transmission of long pulses and the application of post processing on receive. 

Examples include the transmission of a chirp-like broadband multifrequency pulse, with high 

frequencies that focus to a shallow depth and low frequencies that focus to a deeper depth. On 

receive, a time varying bandpass filter whose center frequency decreases with depth is applied 

[18]–[20]. Finally, the use of orthogonal frequency division multiplexing in parallel transmit 

beamforming can be used to extend the DOF; however, this approach uses orthogonal codes that 

degrade resolution, in combination with additional post processing on receive [21]–[23]. 

The FM-SAMI method uses single cycle excitation, and hence maximizes axial resolution. It 

is implemented in real time and employs standard receive beamforming that is identical to two-

way focusing without additional post processing. It makes it possible to achieve axial multifoci 

imaging at an enhanced framerate, while adapting each focus’ frequency to yield an optimized 

tradeoff between spatial resolution and penetration depth.  
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This thesis describes the different stages in the optimization of the novel imaging method 

termed FM-SAMI, from theoretical simulations to validation of the method through US 

experiments using hydrophone scans, resolution and contrast targets, and ex-vivo biological 

samples. First, the main objectives of this research are presented in chapter 2. Then, chapter 3 

introduces a general background of US imaging principles, including a presentation of the 

standard processes used in the transmit and the receive stages of two-way focusing imaging, the 

improved methods available in the clinics and the motivation on which the development of the 

proposed method is based. Furthermore, at the end of the 3rd chapter the concept of the proposed 

method is presented.  Chapter 4 presents the methods and materials which were used for this 

work, including the design of the transmission signal and a description of the setups used for the 

different experiments performed in order to validate the proposed method. Following, the 

numerical simulations results are presented in chapter 5 as well as the experimental results 

including the evaluation of the FM-SAMI method using hydrophone scans, resolution and 

contrast targets, and ex-vivo biological samples. Finally, chapter 6 discusses the implications and 

draws conclusions, together with the limitations and further possible optimizations of the 

proposed method. 

2 Research objectives 

This work aims to add frequency dependence to each transmitted focus in multifoci imaging 

and enhance the performance of the current SAMI method.  By generating frequency-dependent 

axial multifoci as a function of depth, an optimized tradeoff between spatial resolution and 

penetration depth could be achieved.  The research had two main objectives that are not feasible 

using conventional SAMI: 
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 Enable a more uniform lateral resolution across the field of view by transmitting 

the lowest frequency to the shallowest focus, and gradually increasing the frequency as a 

function of depth (i.e. “FM-SAMI Increasing”) 

 Optimize the tradeoff between lateral resolution and depth penetration by 

gradually decreasing the frequency as a function of axial multifoci. This approach will 

enhance penetration depth for the lower frequencies, and maintain high resolution for 

shallow distances (i.e. “FM-SAMI Decreasing”). 

3 Theoretical Background 

For a better understanding of the thesis and the proposed US imaging method, the main 

principles of US imaging in general and then of the conventional method used nowadays in order 

to increase the depth of field, should be presented. Moreover, standard SAMI using constant 

frequency, which is the imaging method this study aims to optimized, should also be introduced. 

Therefore, this chapter presents the most important aspects of US imaging, including the basic 

physical phenomenon, commonly used transducers, imaging modalities, and evaluation metrics, 

based on two US books [24], [25].  

3.1 Ultrasound imaging principles 

US is an imaging method that uses sound waves with frequencies exceeding the upper audible 

limit of human hearing. Because ultrasound is a wave, it transmits energy just like 

electromagnetic wave or radiation. Unlike an electromagnetic wave, sound requires a medium to 

travel through it and thus can't propagate in vacuum. This implies that there is a strong relation 

between the properties of the medium (e.g., structure, elasticity, density, etc.) and the 

corresponding acoustic properties of the acoustic waves (e.g., speed of propagation, attenuation, 
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possible wave types, etc.) passing through it. These high frequency acoustic waves, also termed 

pressure waves, propagate in the medium thanks to its expansion and compression while the 

velocity of propagation depends on the properties of the medium. The potential of ultrasound as 

an imaging modality was discovered when during World War II several research groups, inspired 

by sonar and radar technology, started exploring the diagnostic capabilities of ultrasound. The 

primary form of ultrasonic imaging to date has been that of a pulse-echo technique, whose 

principle is very similar to sonar and radar. In essence, following the transmission of acoustic 

signal, echoes from the medium being insonated are detected and used to form an image [24]. 

Although pulse-echo ultrasound had been used for the diagnosis of a variety of medical problems, 

it didn't become a widely accepted diagnostic tool until the introduction of grayscale images, 

termed B-mode images. 

US imaging, based on piezoelectric transducers that convert electric signals to acoustic signals 

(and vice versa), provides a noninvasive technique for imaging human anatomy. Note that the 

same transducer is used for both transmission and reception of the ultrasound waves in the 

medium. Standard ultrasound imaging methods consist of transmitting short acoustic pulses at 

specific center frequency while focusing them at a desired depth, determined according to the 

region of interest [26]. Due to the inhomogeneity of the medium caused by the variety of tissues 

and organs the human body is consisted of, the acoustic waves are partially reflected and 

scattered, generating echoes that propagate back toward the transducer with the same frequency 

spectrum [27]. Then, through the piezoelectric elements of the transducer, these acoustic echoes 

are converted to electrical signal (raw channel data) that after processing by the system's software 

yields the grayscale image called B-mode image. In the image generated, the anatomic structure 

sonicated is quantized into pixels whose brightness corresponds to the strength of the echo 
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received from the regions covered by them [28]. The position of the received echo in the picture 

is determined by both the beam direction in the plane and its acoustic transit time. According to 

that, the frame rate actually depends on the furthest point included in the zone of interest. Given 

a maximal scanning depth of 𝑧𝑚𝑎𝑥 and acoustic velocity of 𝑐, the pulse repetition interval, 𝑇𝑅, 

and the pulse repetition rate, 𝑓𝑅, are calculated as follow [24]: 

𝑇𝑅 =
2𝑧𝑚𝑎𝑥

𝑐
 ,     𝑓𝑅 =

1

𝑇𝑅
 (1) 

3.2  Sound propagation in a medium 

The source of acoustic wave is a change in stress or pressure of acoustic field within the 

medium – for example, a clap of hand or an explosion. The propagation of these waves is actually 

a process of mechanical energy flow, which is embedded in the medium in the form of elastic 

strains and vibrations of the medium, from one place to another. When a change in the pressure 

field of the medium occurs, kinetic energy is transferred to its particles, causing them to vibrate. 

As a result, part of the kinetic energy is transferred to the next adjacent particles, therefore 

creating a chain reaction and diminishing their motion until they are affected by another 

disturbance in the pressure field. If the driving force is oscillating back and forth or sinusoidally, 

the particles respond by oscillating in the same way, creating alternating rarefaction and 

compression patterns through the medium (Figure 1). In the compression regions, the particle 

density is the highest, causing high pressure, whereas the rarefaction regions are characterized 

by low pressure and therefore low particle density too.  Moreover, since the displacement of the 

particles is in the same direction as the direction of wave propagation, this type of wave is part 

of waves called longitudinal wave [4], [25], [29]. 
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Due to their high-water content, soft tissues have acoustic properties very similar to those of 

water and therefore acoustic waves propagation through them can be approximated as waves 

propagation in fluidic material. This simplification enables to assume that the waves propagating 

in soft tissues, unlike the waves propagating in solids, are mainly longitudinal waves. Another 

convenient simplification is that acoustic waves behave linearly. In other words, it means that 

changes in the amplitude of the waves don't affect their shape that remain the same and that the 

combination of several different waves at the same location form a superposition wave. This 

superposition principle is at the heart of the designs of almost all ultrasound imaging systems 

[24].  

 
 

Figure 1. Propagation of longitudinal wave illustration. (a) One dimensional sound wave propagates by 

compression and rarefaction of particles in the medium. (b) Pressure graph produced by the sound wave in (a), 

displayed as a transverse wave. 
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The phenomenon of acoustic wave propagation is commonly described by the wave equation. 

For simplicity, the second-order differential wave equation will be described for a homogeneous 

medium without attenuation, at a position (x, y, z) in the propagating space and at a time t [25]: 

∇2𝑝 −
1

𝑐2

𝜕2𝑝(𝑥,𝑦,𝑧,𝑡)

𝜕𝑡2
= 0,    ∇2𝑝 =

𝜕2

𝜕𝑥2
𝑝 +

𝜕2

𝜕𝑦2
𝑝 +

𝜕2

𝜕𝑧2
𝑝 ,  (2) 

where ∇2 is the Laplacian operator and 𝑐 is sound velocity in the medium, defined as: 

𝑐 =
1

√𝜅𝜌
 , (3) 

where 𝜌 is the medium density and 𝜅[𝑃𝑎−1] is its compressibility. The average speed of sound 

for soft tissues is 1540 m/s. Although air is characterized by small density, its compressibility is 

significantly larger than this of water and therefore the speed of sound in air is much smaller than 

in water.  Given a plane-wave (PW) which propagates in positive x direction only, the wave 

propagation will be describe as:  

𝜕2𝑝(𝑥,𝑡)

𝜕𝑥2
−

1

𝑐2

𝜕2𝑝(𝑥,𝑡)

𝜕𝑡2
= 0, (4) 

where 𝑝(𝑥, 𝑡) is the pressure, which depends on the position x and the time t. One of the possible 

general solutions of (4) can be: 

𝑝(𝑥, 𝑡) = 𝑝0𝑒𝑗(𝜔𝑡−𝑘𝑥)  , (5) 

where 𝑝0 is the amplitude of the propagating wave, 𝜔 is the angular frequency, and 𝑘 =
𝜔

𝑐
 is 

the wavenumber. Furthermore, it is common to represent the acoustic pressure by its magnitude, 

i.e., the real part of the expression in (5): 

𝑝(𝑥, 𝑡) = 𝑝0 cos (𝜔 (𝑡 −
𝑥

𝑐
)). (6) 
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For plane-wave, the sound intensity I, which is defined as the power carried by the wave per 

unit area normal to the direction of propagation, is proportional to the amplitude of pressure 

oscillations [24]: 

𝐼 =
1

𝑇
∫ 𝑝(𝑡) ∙ 𝑣(𝑡)𝑑𝑡

𝑇

0

 (7) 

The ratio between the generated pressure, p, and the particle velocity of the medium, v, is a 

specific acoustic property of the medium, known as the acoustic impedance Z. Equivalently, the 

acoustic impedance can also be described by the product of the medium density and the speed of 

sound [28]: 

𝑍 [𝑅𝑎𝑦𝑙𝑠] =
𝑝(𝑡)

𝑣(𝑡)
= 𝜌𝑐, 

(8) 

while impedance's units are Rayls and 1[𝑅𝑎𝑦𝑙] = 1 [
𝑘𝑔

𝑚2∙𝑠𝑒𝑐
]. By extracting particle velocity from 

(8) and substituting it, together with the pressure from (6), into (7), intensity can be described as: 

𝐼 =
𝑝0

2

2𝑍
 [

𝑊

𝑚2
] (9) 

When a PW hits a boundary, separating two mediums with different acoustic properties, the 

acoustic impedance changes cause the incident wave energy to split while a certain fraction of it 

is reflected from the interface, and the remainder is refracted. Regarding the reflecting fraction, 

the angle it forms with the normal of the interface, 𝜃𝑟, is equal to the angle which the incident 

wave energy makes with the same normal, 𝜃𝑖, on its opposite side. Regarding the refracted 

fraction, it continues to propagate further the following medium with some deviation from the 

incident wave direction caused due to the differences in the speed of sound of the different 
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mediums (Figure 2). The angle in which the refracted wave, termed also as the transmitted wave, 

𝜃𝑡,  propagates in the following medium, can be calculated using the acoustic Snell's law: 

𝑠𝑖𝑛𝜃𝑖

𝑠𝑖𝑛𝜃𝑡
=

𝐶1

𝐶2
 (10) 

When waves propagate in real media, losses, also called "attenuation", are involved. 

Absorption in the body is a major effect since it limits the detectable penetration of sound waves 

in the body. These losses are described by an exponential law that attenuate the propagating 

pressure with distance. That is, for a plane-wave transmitted into a medium whose attenuation 

coefficient is 𝛼, a multiplicative amplitude loss term should be added to the pressure wave 

representation in (5) so that a more accurate expression of the pressure is obtained, as follow: 

𝑝(𝑥, 𝑡) = 𝑝0𝑒𝑗(𝜔𝑡−𝑘𝑥) ∙ 𝑒−𝛼𝑥    (11) 

where x is the distance travelled by the sound wave in the penetration direction and 𝛼 is as 

mentioned the attenuation coefficient, dependent on medium viscosity and on wave frequency 

like it will be elaborate later [24].  

 

 

Figure 2. Illustration of reflection and refraction (transmission) of the incident acoustic wave which occurs at the 

interface between two mediums with different acoustic impedance 𝑍1, 𝑍2 and different speed of sound 𝐶1, 𝐶2. 𝜃_𝑖 
is the incident angle, 𝜃𝑟 is the reflection angle and 𝜃𝑡 is the transmission angle. 
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3.3  Transducers  

The one indispensable part of a diagnostic system is the transducer. Transducers comes in a 

variety of shapes, sizes, and bandwidths, adapted to the clinical application and the scanning 

method required. For basic intuition, the simplest transducer consists of a piece of piezoelectric 

crystal material, such as lead-zirconate-titinate, whose both sides are connected to electrodes. As 

mentioned earlier, piezoelectric material enables to convert electric signals into acoustic signals 

(and vice versa). Therefore, by applying a potential gradient across the electrodes, the 

piezoelectric material resonates at its center-frequency, generating a pressure wave and therefore 

equivalently, an acoustic signal [30]. This center-frequency is defined by the transducer's 

bandwidth frequency which mostly ranges from 1 MHz to 15 MHz for diagnosis systems. Thanks 

to the inverse ability of piezoelectric materials to convert acoustic signals into electric signals, 

most ultrasound transducers are used as receivers also. If the frequency of the echoes reflected is 

within the frequency bandwidth of the transducer, it will be detected and transferred to electrical 

signal [24]. 

The first transducers were composed of a single piezoelectric element, as described until here. 

This fact limits their practicality in the clinic since it enables them to generate only geometrical 

focus which in addition could be generated only at a fixed depth. Therefore, the transducers had 

to be steered mechanically to focus the entire region of interest. These two restrictions limited 

dramatically the imaging depth, the resolution, and the real-time imaging performance. In order 

to overcome this, multi-elements arrays were invented (Figure 3). They consist of multiple small 

piezoelectric elements that can be excited individually and separately. Moreover, it offers the 

ability to focus beams electronically, at different depths and angles, by controlling the phased 

delay excitation of each element and without moving any parts of the transducer. It therefore 
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enables a higher flexibility to focus the waveforms at a larger range of depths and also to decrease 

significantly the scanning time required to complete an entire image. In addition, multi-elements 

arrays enable to control also the apodization of each element separately, that is to apply different 

weighting coefficients to each element's excitation signal. Nowadays, these kinds of arrays 

became the standards transducers for US imaging systems in clinics, including generally between 

64 to 512 piezoelectric elements [31].  

Focus spots are generated by causing the excitation signals of all the transducer's elements to 

constructively interfere at a desired location. Electronically, it is implemented by controlling the 

delay of each excitation, such that different elements transmit their signal at different times while 

their emission is delayed relatively to the element closest to the focal location. More specifically, 

the transmission time delay of each element is determined by the difference in the time required 

from its excitation to reach the focal location compared to the time required for the excitation of 

the closest element of the transducer to reach this same location (Figure 4). For example, in order 

to generate a focal spot at a general location (𝑥𝑓 , 𝑦𝑓 , 𝑧𝑓) through a multi-element array, the 

negatively signed delay time, 𝜏, required from the 𝑖-th element in order to create a constructive 

interference at the focal point is defined as [28]: 

 
Figure 4. The spatial coordinate system for 1-D ultrasound transducer of multi-elements array. The transmitted 

ultrasound wave propagates in the axial direction, which is also the normal to the elements' surface. 
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𝜏𝑖(𝑥𝑓 , 𝑦𝑓 , 𝑧𝑓) =
1

𝑐
(√(𝑥𝑐 − 𝑥𝑓)2 + (𝑦𝑐 − 𝑦𝑓)2 + (𝑧𝑐 − 𝑧𝑓)2

− √(𝑥𝑖 − 𝑥𝑓)2 + (𝑦𝑖 − 𝑦𝑓)2 + (𝑧𝑖 − 𝑧𝑓)2) 

 

(12) 

where (𝑥𝑐, 𝑦𝑐 , 𝑧𝑐) are the coordinate of the transducer's element closest to the focal point and 

(𝑥𝑖, 𝑦𝑖 , 𝑧𝑖) is the coordinate of the piezo-electric element 𝑖 for which the time delay is calculated. 

The waveforms obtained for standard focusing are generally parabolic while the more concave 

the parabola is, the closer the focus region is from the transducer aperture.    

As mentioned before, depending on the clinical application and the scanning method required, 

US transducers appear in a wide variety of shapes, sizes, and bandwidths. The three most 

conventional configurations are linear, phased, and convex arrays. Figure 5 presents these three 

common types of arrays and the electronic steering implementation of the transmitted beams for 

each case [32].  

 

 

 
Figure 4. Electronic focusing with the multi-elements array at the transmit. Apodization and time delay are 

applied to each element's excitation pulse. 
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3.4 Two-way focusing 

B-mode imaging is a real-time gray scale imaging method that depicts the reflectivity of 

structures within the field of view. Due to in-homogeneities of the speed of sound and the density 

within each voxel, the transmitted sound waves scatter. According to the strength of the echo, 

the brightness of the pixel in the picture is determined [33]. From the variety of B-mode imaging 

methods, two-way focusing yields one of the highest quality ultrasound images by steering a 

focused beam across the field of view (FOV). A pulsed wave is first directed along a straight-

line direction and focused at a specific depth in this direction. Once the echoes are received, the 

beam is moved and transmitted to a new sampling direction. A single image is formed by 

sweeping the beams along multiple scanning directions throughout the FOV while typical two-

way focusing images are generally composed of 64 to 512 scan lines. 

Two-way focusing imaging is commonly implemented through the three main array transducer 

types presented earlier. Using linear array (Figure 5. (a)), each scan-line is acquired by 

transmitting with a different part of activated elements of the array, termed as sub-aperture. These 

 
Figure 5. Illustration of three major multi-elements array transducer types: (a) Linear array, (b) Phased array, 

(c) Convex array, and their corresponding steering implementation. d represents aperture width determined by 

the number of active elements. 
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sub-apertures contain typically 5-20 elements and are shifted over a region of interest in the body. 

I.e., the active elements are moved stepwise from one extremity of the aperture to the other while 

at each step a new focused beam is emitted and its echoes are received. This process is repeated 

until all the transducer's elements have contributed to the transmit process. Through array of this 

kind, the FOV scanned is rectangular and therefore the image obtained is rectangular too. This 

kind of transducers are characterized by relatively high transmission frequencies, compared to 

phased array transducers, leading to limited depth penetration, and therefore are usually used for 

shallow objects imaging. For phased array transducers (Figure 5. (b)), the active aperture is 

standardly centered in the middle of the array while the aperture may vary in the number of 

elements excited at any given time. With this kind of transducers, the scanning of acoustic lines 

is accomplished sequentially through electronic angular steering, i.e. each scan-line is steered by 

a small incremental angle from the previous one, until a sector is covered, yielding therefore an 

image with a sector shape too. Such arrays are typically composed of smaller elements than linear 

and curved arrays (in the order of half the wavelength) and since the transducer’s number of 

elements is generally similar between phased, linear and curved arrays, the aperture size is often 

smaller for phased arrays compared to linear and curved arrays. Thanks to their relatively small 

physical size, arrays of this kind are characterized by small contact surface area with the body 

while enabling to image a large region in the body. Common application of such arrays is for 

example cardiac imaging  since the aperture has to be small enough in order to fit the intercostal 

spaces between the ribs and reach the heart properly [26]. For convex array transducers (Figure 

5. (c)), the implementation of line sequencing is similar to those of linear array, i.e. sub-apertures 

are used and the active elements are stepwise shifted along the aperture, except that each sub-

aperture is composed of more active elements. They combine the advantage of yielding a larger 
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angular image with ease of linear array scanning, i.e. producing focal delay at straight direction 

without requiring electronic steering for each line [24]. 

The combination of all the scan-lines acquired forms a single frame while the whole data 

acquisition process described is continually repeated in order to update the FOV and even to 

depict motion in few applications. Therefore, the frame rate of two-way focusing imaging is 

actually limited by the number of scan-lines, required for good spatial resolution, and by the time 

of acquisition of a single scan line, 𝑡𝑙𝑖𝑛𝑒, that is determined by the transit time of the ultrasound 

pulse until it reaches the depth of interest and returns as an echo to the transducer. That is, given 

an image composed of 𝑁𝑙𝑖𝑛𝑒 scan-lines, acquired in a tissue in which the speed of sound is c and 

up to a scan depth of 𝑧𝑚𝑎𝑥, the frame rate 𝑓𝑅 is calculated as described below: 

𝑓𝑅 =
1

𝑇𝑓𝑟𝑎𝑚𝑒
=

1

𝑡𝑙𝑖𝑛𝑒 ∙ 𝑁𝑙𝑖𝑛𝑒 
=

1

2 ∙ 𝑧𝑚𝑎𝑥

𝑐 ∙ N 𝑙𝑖𝑛𝑒

 
(13) 

On one side, reducing the number of scan lines enables to increase the frame rate. On the other 

side, it is likely to decrease scan line density such that the separations between adjacent scan lines 

became larger than the beamwidth, yielding a decreased lateral resolution. I.e., image resolution 

and frame rate compete with each other.  

Although the method developed in this work focuses mainly on improving the transmit stage 

of the imaging process, the standard process applied on the receive signal shall be discussed 

nevertheless such that the integrality of the imaging process would be presented. Thus, after 

presenting the main concepts concerning the transmit and the scanning stages, the image 

formation from the received echoes will be elaborated here. At the end of the beam formation 

and the scanning process, the echo-responses detected from the different scanning directions by 

the transducer's elements yield signal termed as raw channel data. Then, these raw channel data 

are passed into the main stage in the image reconstruction process, termed as beamforming (BF). 
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This stage has two main roles. First, it improves the image quality, and more specifically the 

lateral resolution, the contrast and the signal to noise ratio. Second, it focuses the receive beam 

dynamically such that echoes from all depths are always in focus. Because the change of focal 

length in reception can be done electronically in real-time, the process does not reduce imaging 

frame rate and therefore it is widely used in commercial diagnostic imaging equipment. The BF 

stage consists of integrating the receive signals reflected to the transducer with appropriate 

weighting (apodization) and time delays (for focusing). In other words, it enables to deliberately 

prioritize echoes that are reflected from some known positions rather than the signal reflected 

from other positions that as a result is artificially attenuated and therefore this stage is often 

considered as spatial filtering. This concept, illustrated in Figure 6 and further detailed in Figure 

7, contribute to the obtainment of a single RF signal and is also known as delay and sum (DAS) 

process [26]. It should be noted that the process of designing the transmitted beam, enabled via 

multi-array transducers, is called beamforming too.  

 

 

 
Figure 6. Beamforming principle to produce raw RF data, using 5 element-array. DAS technique includes a 

summation of the received echoes followed by time alignment and weighting according to the spatial position 

of the focal point.  
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Mathematically, the RF-line can be expressed as: 

𝑅𝐹(𝑡) = ∑ 𝑊𝑖𝑦𝑖(𝑡 − 𝜏𝑖) 

𝑁

𝑖=1

, 𝜏𝑖 =
|𝑟𝑐 − 𝑟𝑓| − |𝑟𝑖 − 𝑟𝑓|

𝑐
  , 

(14) 

where N is the number of elements in the array, 𝑦𝑖 represents the received echo detected by the 

i-th element, 𝜏𝑖 is its time delay required for focusing it at the sampled point of interest and 𝑊𝑖 

is the apodization weight applied on the received 𝑦𝑖 echo. 𝑟𝑖, 𝑟𝑐, 𝑟𝑓 are the coordinate vectors 

(𝑥, 𝑦, 𝑧) of the i-th element, the element closest to the artificial focus point, and the artificial focal 

point, respectively, and c is the speed of sound in the medium.  

At the end of beamforming, all the RF lines obtained are juxtaposed to one matrix, called the 

RF image (Figure 8(a)). In order to obtain the final B-mode image, the RF image needs to pass 

through few further processing stages. The block diagram in Figure 9 depicts the different steps 

that are usually implemented [34]: 

• Band filtering – filtering of the high frequencies is required since the frequencies used 

in diagnostic applications are in the range of several megahertz and therefore lower 

frequencies than the transmitted signal band may be attributed solely to noise. Regarding 

the low-pass filtering, this element is needed to further reduce the noise and also to 

 

Figure 7. RF data generation with DAS. (a) Gray scale image of the received echoes detected by 64 elements 

for a single scan line. (b) Time alignment of (a). (c) The summation of all 64 signals forms the RF line.  
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prepare the signal for digitization by the A/D converter and in particular to limit the 

maximal frequency in order to avoid aliasing before digitizing according to Nyquist  

theorem (Figure 8(b)). 

• Envelope detection - this stage allows to display the changes stemming from the 

reflecting texture and not from the wave profile. It is usually implemented using the 

Hilbert transform (Figure 8(c)) while the resulted signals are transformed to gray level 

values. 

 
Figure 8. Diagram of typical post-processing stages applied on the RF image to obtain a B mode image. (a) the 

original RF image, (b) the RF image after band-pass filtering, (c) a gray scale image obtained after envelop 

detection with Hilbert transform, (d) a gray scale image after logarithmic compression, (e) a fan-shaped image 

after scan conversion. 
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• Logarithmic compression - diminishes the gaps in contrast between different regions of 

the image and allows the visualization of both weak and strong reflections in the same 

image (Figure 8(d)). 

• Scan conversion- the coordinates of the matrix's pixels obtained until this stage are now 

transformed to their corresponding coordinates in the imaged region according to the 

scanning parameter such that the final B-mode image is obtained (Figure 8(e)). 

 

3.5 Successive focusing 

One of the limitations of two-way focusing stems from the fact that the signal acquisition along 

each scan-line is obtained after transmitting only a single focal spot, that is then swept across the 

field of view. With a single transmission focus, the signal diverges outside of the focal region, 

i.e., the depth of focus (DOF). Therefore, in practice, the advantages of two way focusing are 

confined to the focal region, and the lateral resolution and the contrast of an object outside the 

DOF are significantly degraded. To image a larger DOF, successive focusing is often used, where 

the transmission focal depth is updated successively with several transmissions [12]. A complete 

image is then constructed by splicing together the focused area from each of the individual 

transmissions (Figure 9). While this method yields high resolution and contrast, its main 

drawback is that the beams of different focal lengths can be transmitted only one by one, and the 

transmission of the next beam can be done only after all the echoes produced by the previous one 

returned to the transducer.  Otherwise, echoes generated by the reflection of a beam from deeper 

tissues may arrive at the same time as those produced by the following beam coming from 

shallower tissues, thus producing a false representation of structures in the image. Therefore, it 

is obvious that the method's benefits come at the expense of frame rate loss, which is degraded 

by a factor that equals the number of transmitted foci. Montage using an infinite number of 
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images focused at different depths would produce an image of the highest quality, however, this 

would require an infinite amount of time and have a zero imaging frame rate. Therefore, the 

tradeoff between the frame rate and the image quality should be considered. An ultrasound 

method that can provide high lateral resolution over a large DOF with enhanced frame rate is 

desirable for important medical applications including the detection of anatomical landmarks, 

ultrasound-guided interventions, fetal surgeries, and cardiovascular interventions [13], [35], [36].  

3.6 SAMI 

Recently, a method for simultaneous axial multifoci imaging (SAMI), based on temporal 

superposition of axial multifoci waveforms in a single transmission, was developed. It uses 

temporal superpositioning of multiple waveforms where each wavefront is focused to a different 

depth. By transmitting the combined waveform, axial multifoci imaging is achieved using a 

 

 

Figure 9. Illustration of successive focusing method for transmission. (a)-(e) progressively deeper focus, (f) the 

final image constructed by splicing together the focused area from each of the five individual transmissions 

acquired through single focus at transmission.  
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single acoustical transmit. Thus, an enhanced framerate is obtained compared to successive 

focusing, while maintaining high lateral resolution and depth of field [1]. 

In standard focus transmission, a single focal spot is generated by applying delay in 

transmission between each transducer’s elements such that all the single cycle pulses emitted will 

interfere constructively, i.e. at the same time and with the same phase, at the focal point 

predetermined. The longest delay dictates the transmission duration. Since each element 

transmits only a single cycle, its signal is zero throughout most of the transmission duration – or 

equivalently, its duty cycle is very low - and therefore, the time domain is not used efficiently. 

Therefore, by transmitting multiple waveforms in a single transmission, corresponding each to a 

 

Figure 10. Schematic illustration of the standard SAMI method. Few focused waveforms, each focusing at 

different depth, are superpositioned into an axial multifoci waveform. 
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different axial focus, the time domain can be exploited more efficiently. A schematic illustration 

of SAMI, where three axial foci are transmitted simultaneously with constant frequency, is 

depicted in Figure 10. It should be noted that the central elements of the transducer are not 

contributing to all the focal spots and the reason for that will be elaborated later, as part of 'design 

of signal transmission' section. 

One of the principal advantages of this method is the fact it can be incorporated in a regular 

imaging routine, by changing the transmitted signal based on the designed pattern. Moreover, 

imaging and image reconstruction can be performed by the programmable ultrasound system in 

real time in a user-friendly manner. 

3.7 Lateral resolution, depth of focus & attenuation tradeoff 

The point spread function (PSF) of an ultrasound system utilizing two way focusing is the 

product of the transmit and the receive PSFs [37]–[40]. The SAMI method transmits each focus 

with the outer elements, while the deepest focus is transmitted with the entire aperture. In this 

case, the effective aperture diameter remains D and the lateral resolution remains similar to the 

case where the entire aperture is transmitting. Transmitting with the outer elements contributes 

to the generation of side lobes, but does not affect the main lobe [1]. For all axial multifoci, the 

entire aperture is used on receive; thus, the receive aperture also has size D. Since the lateral 

resolution and the DOF are defined by the transmit and receive aperture diameters, the SAMI 

method has a similar lateral resolution as standard two way focusing [1]. The lateral resolution 

is limited by diffraction to length scales according to: 

 𝐹𝑊𝐻𝑀 = 𝑐𝑜𝑛𝑠𝑡 × 𝜆𝑛

𝑧𝑛

𝐷
 (15) 
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where FWHM is the full width half maximum of the beam, 𝜆n is the axial focal wavelength, given 

by c/fn where c is the sound velocity and fn is the axial focal frequency, zn is the distance between 

the transducer to the specific axial focus, D is the transducer aperture diameter and const is a 

parameter determined by the imaging method and the transducer apodization. For a rectangular 

aperture and two way focusing const=0.886 [5]. This formula is valid for the case where zn  D, 

and the entire aperture can contribute to the focus generation. Lateral resolution decreases as a 

function of depth; however, for a given depth it increases when increasing the frequency. 

Another important parameter is the DOF which defines the axial width around each focus, 

where the beam is within the full width at half maximum of the beam width, and is approximated 

by [41]: 

 𝐷𝑂𝐹 = 7.1𝜆𝑛 (
𝑧𝑛

𝐷
)

2

 (16) 

The quotient of the focal distance and the aperture diameter is also known as the F-number, such 

that F# = z/D. The DOF is inversely proportional to the frequency; i.e., increasing the frequency 

will decrease the DOF. However, the DOF increases quadratically with the focal distance. 

Finally, the attenuation of a propagating acoustic wave within a biological tissue is given by 

[5]: 

 𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 [𝑑𝐵] = 𝛼𝑑𝐵 ∙ 𝑓𝑛 ∙ 𝑧𝑛 (17) 

where αdB[dB/cm/MHz] is the medium’s attenuation coefficient. The attenuation increases as a 

function of both frequency and depth. 

In conclusion, as frequencies increases, resolution improves whereas penetration and DOF 

decreases (Figure 11). As a result, the trade-offs for use of higher transmitted frequency are 

reduced tissue penetration and reduced depth of focus. This trade-off between image resolution 
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and penetration guides the choice of transmitted frequency in clinical imaging [24], [42]. 

 

3.8 Proposed method concept 

While SAMI is efficient in generating axial multifoci, it is limited by the fact that all of the 

waveforms are transmitted at a constant frequency. Therefore, this study aimed to optimize 

standard SAMI by implementing a frequency multiplexed SAMI (FM-SAMI) method. The FM-

SAMI proposed here is designed to transmit each waveform at a different frequency such that 

the generated axial multifoci are frequency-dependent. This optimization was developed to 

achieve two main objectives that are not feasible using conventional SAMI. On one hand, by 

transmitting the lowest frequency to the shallowest focus, and gradually increasing the frequency 

as a function of depth (i.e. “FM-SAMI Increasing”), a more uniform lateral resolution across the 

entire field of view can be achieved. In particular, since standard SAMI uses the entire aperture 

for transmit, F-number adjustment by changing the effective aperture size is not feasible, and 

hence constant lateral resolution as a function of depth cannot be obtained. Here, by changing 

 

 

Figure 11. Resolution, penetration and DOF tradeoff 

Penetration & DOF 
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each focus frequency, a more uniform lateral resolution as a function of depth becomes feasible. 

Alternatively, by gradually decreasing the frequency as a function of axial multifoci, high lateral 

resolution at shallow depths along with enhanced penetration for the deeper depths can be 

obtained (i.e. “FM-SAMI Decreasing”). Figure 12 presents a schematic illustration of the 

proposed method, and more specifically of the 'FM-SAMI Increasing'. 

 

The FM-SAMI method is implemented in real-time and tested experimentally using an 

advanced programmable ultrasound system that can dynamically modify the transmitted pulses 

for each transducer element separately using a built-in arbitrary waveform generator [14], [15].  

 

 

Figure 12. Schematic illustration of the proposed method. Few focused waveforms, each focusing at different 

depth, are superpositioned into a frequency multiplexed axial multifoci waveform where the transmitted 

frequency is depth dependent.  
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4 Materials and methods 

Standard SAMI uses a superposition of multiple waveforms such that their simultaneous 

transmission generates axial multifoci in a single acoustical transmit event, thus increasing the 

frame rate (Figure 13(a)) [1]. However, since all the waveforms are transmitted at a constant 

center frequency, there is a tradeoff between attenuation and lateral resolution when choosing a 

constant frequency for all the axial depths. The frequency multiplexed SAMI (FM-SAMI) 

method makes it possible to transmit each superpositioned waveform at a different frequency so 

that the generated axial multifoci are frequency-dependent. 

For this purpose, the first milestone was to understand, theoretically, what could be the benefit 

of combining frequency dependence together with the existing SAMI method. Then, the next 

milestone was to properly engineer the custom matrix excitation that determines the signal 

transmitted by the transducer and superposition waveforms with varying frequencies, such that 

axial multifoci with depth-dependent frequency at the desired depths will be achieved. 

Subsequently, hydrophone experiments were performed in order to better understand how the 

acoustic fields obtained looked and ensure that these matched the expected patterns and in 

particular, that the foci generated were obtained at the proper depths. Finally, the last milestone 

was to perform US experiments, including setup design and programming the US system to 

implement the optimized imaging technique, in order to validate the method and compare the 

performance of its both versions – i.e. FM-SAMI Increasing and Decreasing - to those of the 

standard SAMI.  

4.1 Design of the transmission signal 

FM-SAMI uses a superposition of multiple waveforms that correspond to different axial foci 
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such that their simultaneous transmission generates frequency-dependent axial multifoci in a 

single acoustical transmit event. This multiline transmit method uses the time domain more 

efficiently by transmitting multiple waveforms that correspond to lateral multifoci in a single 

transmit event. 

However, the implementation of such multiline method for axial multifoci yields to a 

significant number of elements whose waveforms, corresponding to different foci, overlap. For 

each element, overlapping waveforms are defined as adjacent waveforms that the distance 

between them is less than their average pulse length. When designing the superpositioned 

waveform, the overlap is eliminated (red dashed square, Figure 13(a)). There are two main 

motivations for removing these overlapping waveforms. First, the overlapping waveforms forms 

high frequencies area that can’t be transmitted by the transducer. Second, this overlap results in 

a reduced signal compared to successive focusing transmission since the superposition of 

overlapping waveforms will increase the maximal transmitted intensity. As a result, the other 

waveforms that don’t overlap will be scaled down by a factor corresponding to the number of 

foci in the sequence, so that the sum of the waveforms will not exceed the piezoelectric maximal 

element response. 
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Figure 13. Schematic illustration of the transmission matrices used to generate three axial multifoci using the 

SAMI and FM-SAMI methods. Each waveform color encodes their center frequency. f1 (blue), f2 (orange), and 

f3 (yellow) are the lowest to highest transmitted frequencies, respectively. Transmission matrix illustration for 

(a) Constant frequency SAMI. (b) FM-SAMI with an increasing frequency as a function of depth. (c) FM-SAMI 

with a decreasing frequency as a function of depth. (d) Illustration of the definition of maximal waveforms 

overlap. 
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In order to overcome these issues, the super-position of waveforms is performed only for those 

that are not overlapping such that aliasing is prevented while assuring the waveform can be 

transmitted by the transducer. When the matrix transmission is designed, the waveforms 

corresponding to the deepest focus are initially added to the transmission matrix. Then, the 

waveforms corresponding to the shallower foci are superpositioned sequentially for all of the 

elements, except the elements whose waveforms overlap. In the case of overlap, the overlapping 

elements in the waveform are set to zero (such that these elements transmit only the deeper foci 

added so far). The process repeats until all of the desired waveforms are superpositioned. 

Generally, the most significant overlap is that of the central elements, and it gradually reduces 

for external elements (Figure 13). According to that, only the waveform focused to the deepest 

depth will be transmitted with the entire aperture whereas the shallower foci will be transmitted 

with some outer portions of the transducer aperture. Moreover, a constant maximal amplitude is 

used for all the elements in all waveforms to maximize the transmitted energy. 

There are two key features of the combined waveform design. The first is the definition of 

maximal overlap. The maximal overlap occurs when the waveforms' center coincides (Figure 

13(d)). The second feature is the definition of the minimal distance between overlapping 

waveforms. In order to avoid the overlap between the superpositioned waveforms, an average 

wavelength is defined as the average wavelength between two successive wavefronts: 

 𝜆𝑎𝑣𝑔 =
𝜆𝑛+1 + 𝜆𝑛

2
 (18) 

where 𝜆 is the wavelength, n is the focus index, such that n=1 represents the deepest focus, n=2 

is the second deepest focus, etc. For example, if 3 foci are generated, n=1 is the deepest focus, 

n=2 is the intermediate focus and n=3 is the shallowest focus. This index notation is used 
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consistently throughout this paper. In the case where the distance between adjacent waveforms 

is less than 𝜆𝑎𝑣𝑔, the excitation corresponding to the shallowest focus of the two in the 

superpositioned waveform is set to zero. 

Practically, the generation of the focused waveforms is implemented based on the geometrical 

approach of electronic focusing. According to equation (12) from section 3.3, given that the 

origin is defined as the center of the central element – which is also the closest element to the 

focal spot located in its axial direction at (0,0, 𝑧), the negatively signed time delay required for 

the transmission of any element, located at (𝑥, 0, 𝑧), in order to interfere constructively at the 

focal location is given by: 

 𝜏(𝑥, 0, 𝑧) =
𝑧 − √𝑧2 + 𝑥2

𝑐
 (19) 

For each superpositioned waveform, α is a parameter, that is measured from the center of the 

transducer and represents the aperture size whose elements are set to zero to eliminate adjacent 

waveform overlap, such that 0 ≤ α ≤ D, where D is the full aperture diameter (Figure 13). When 

defining the origin as the center of the transducer aperture, the element location at which the 

additional superpositioned waveform transmission begins is denoted by ±α/2. For example, if the 

additional waveforms use half of the total transmitting aperture, such that the two outer quarters 

of the transducer elements transmit, then α=D/2. Alternatively, generating a focal point that uses 

32 elements out of the total 128 array elements yields an α=3D/4; i.e., the two outer eighths of 

the transducer aperture are used for transmit. 

It should be of interest to relate between the system parameters and the minimal axial distance 

enabled between generated foci. The minimum time delay difference between the transmission 

of two adjacent waveforms is that of the element at which the additional superpositioned 
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waveform transmission begins, located at x=±α/2. It is equal to λavgN/c, where λavg is the average 

wavelength between the two successive wavefronts and N is the number of transmitted cycles.  

Mathematically, it can be written as : 

 𝜏 (±
𝛼

2
, 0, 𝑧𝑛) − 𝜏 (±

𝛼

2
, 0, 𝑧𝑛+1) =

𝜆𝑎𝑣𝑔𝑁

𝑐
 (20) 

where zn is the deeper focus depth, zn+1 is the adjacent shallower focus, λavg is the average 

wavelength according to (18) and N is the number of cycles transmitted. In the case of constant 

frequency SAMI, λavg=λ. By substituting in (19) the coordinates indicated in (20), we obtain: 

 𝑧𝑛 − √𝑧𝑛
2 + (

𝛼

2
)

2

− 𝑧𝑛+1 + √𝑧𝑛+1
2 + (

𝛼

2
)

2

= 𝜆𝑎𝑣𝑔𝑁 (21) 

This can be rewritten as: 

 𝑧𝑛 − 𝑧𝑛√1 +
𝛼2

4𝑧𝑛
2

− 𝑧𝑛+1 + 𝑧𝑛+1√1 +
𝛼2

4𝑧𝑛+1
2 = 𝜆𝑎𝑣𝑔𝑁 (22) 

While this equation can be solved numerically, using the Taylor approximation √(1+x) ≈ 1+x/2, 

it can be simplified to an analytic form, which provides a useful tool: 

 𝑧𝑛+1 ≅ 𝑧𝑛 (1 +
8𝜆𝑎𝑣𝑔𝑁𝑧𝑛

𝛼2
)

−1

 (23) 

Figure 14 presents the combined waveforms for the standard ‘SAMI’, ‘FM-SAMI Increasing’ 

and ‘FM-SAMI Decreasing’. The parameters were chosen to match those of the P6-3 (Philips, 

Bothell, WA, USA) phased array transducer that was used in the experiments. The number of 

cycles was N=1, the number of elements was 128, the aperture diameter was D=27.9 mm, the 

parameter alpha was set to α=D/2, and the deepest focus was designed to be located at a depth of 
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z1 = 100 mm for all of the methods. The superpositioned waveform consisted of 3 axial foci in 

total (Figure 14). In all these matrices, each parabolic waveform was composed of a white line 

representing the waveform’s positive phase and a black line representing its negative phase. A 

further maximization of the transmitted energy can be achieved by transmitting waveforms with 

half  cycles instead of full cycles for elements where an overlap in the waveforms exists. After 

superpositioning all of the waveforms that include a single cycle, half cycles are added based on 

(23). This is represented by the waveform part that is composed of the white line alone. In the 

experimental results section, two different α values are presented. α1 corresponds to the α value 

obtained when transmitting single-cycle waveforms and α1/2 corresponds to transmitting half-

cycles, where α1/2 < α1. In addition, the more parabolic the wavefront, the shallower is the focus. 

Therefore, the waveform transmitted with all the elements is the deepest focus. The waveforms 

used in this work were designed in MATLAB (version 2018a, MathWorks, Natick, MA, USA). 

 

Figure 14. Combined three axial multifoci transmission waveform matrices for a constant α=D/2. Axes are common 

to all subfigures. (a) SAMI with a constant frequency of 3 MHz. Foci are located at 100, 32.5, 19.4 mm. (b) FM-

SAMI with increasing frequency. Foci are located at 100, 45.1, 25.6 mm, for center frequencies of 6, 4.5 and 3 

MHz, respectively. (c) FM-SAMI with decreasing frequency. Foci are located at 100, 37.2, 25.6 mm, for center 

frequencies of 3, 4.5 and 6 MHz, respectively.  
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In this work, to maximize the range of frequencies used, we chose to utilize the entire 

transducer’s bandwidth and selected evenly spaced frequencies within its bandwidth (3, 4.5, and 

6 MHz) in either an increasing or decreasing order. For a constant frequency SAMI, a center 

frequency of 3, 4.5 or 6 MHz was chosen for all 3 axial multifoci. Note that since (23) is 

wavelength dependent, the location of the two shallowest foci changes across different methods 

for a constant α parameter. For the standard SAMI, at a constant frequency of 3 MHz, the foci’s 

locations based on (23) were z1=100 mm, z2=32.5 mm and z3=19.4 mm (Figure 14(a)). For ‘FM-

SAMI Increasing’, the foci depths were z1=100 mm, z2=45.1 mm and z3=25.6 mm (Figure 14(b)). 

As expected, the wavefront for the deepest focus has the thinnest lines, indicating a higher 

frequency of 6 MHz compared to the shallowest focus that has a center frequency of 3 MHz. 

‘FM-SAMI Decreasing’ shows the opposite trend, where the thinnest wavefront is the shallowest 

focus that was transmitted at a center frequency of 6 MHz, while the deepest focus was 

transmitted at a frequency of 3 MHz. The foci locations for this case were z1=100 mm, z2=37.2 

mm and z3=25.6 mm (Figure 14(c)).  

Theoretically, and according to equation (15) presented in section 3.7 that defines the FWHM 

obtained in two-way focusing, in order to achieve uniform lateral resolution as a function of 

depth; i.e., constant FWHM, a transducer with a bandwidth proportional to the range scanned 

should be used, and the transmitted frequency should increase linearly as a function of depth, as 

in ‘FM-SAMI Increasing’. The change in frequency as a function of depth can be described by:  

 𝑓𝑛+1 = 𝑓𝑛 ∙
𝑧𝑛+1

𝑧𝑛
 (24) 

where n=1 is the deepest focus, and fn is the higher frequency transmitted to the deepest focus 

(out of each pair of adjacent foci) at a distance of zn. This relationship indicates that in order to 

obtain a uniform lateral resolution, the transducer bandwidth dictates the distance between the 
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nearest and deepest foci. For example, in order to achieve uniform lateral resolution with the P6-

3 transducer while exploiting its entire bandwidth, the shallowest focus should be generated with 

a frequency of 3 MHz and the deepest focus should have a frequency of 6 MHz. Based on (24), 

the distance to the deepest focus should be twice the distance to the shallowest focus.  

Whereas ‘FM-SAMI Increasing’ is aimed to achieve a more uniform lateral resolution for all 

foci, ‘FM-SAMI Decreasing’ is aimed to maximize the lateral resolution for the shallowest foci, 

while minimizing attenuation for the deepest foci by gradually decreasing the transmitted focal 

frequency as a function of depth. 

Similarly to lateral resolution and based on the attenuation equation (17) described in section 

3.7, in order to obtain uniform attenuation as a function of the focal depth, the frequency should 

decrease proportionally according to: 

 𝑓𝑛 = 𝑓𝑛+1 ∙
𝑧𝑛+1

𝑧𝑛
 (25) 

where n=1 is the deepest focus, and fn is the lower frequency transmitted to the deepest focus 

(out of each pair of adjacent foci) at a distance of zn. For example, in order to achieve uniform 

attenuation as a function of depth with the P6-3 transducer while utilizing its entire bandwidth, 

the shallowest focus should be generated with a frequency of 6 MHz and the deepest focus should 

have a frequency of 3 MHz. In addition, the distance to the deepest focus should be twice the 

distance to the shallowest focus. 

In a practical scenario, the user determines the focal depths empirically, based on the features 

that exist in the scanned sample, and not based on a constant α. α can be isolated from (23) and 

be calculated by:  
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 𝛼 = ±√8𝜆𝑎𝑣𝑔𝑁 (
1

𝑧𝑛+1
−

1

𝑧𝑛
)

−1

 (26) 

 

4.2 Ultrasound experiments 

This stage includes designing the setup and programming the US system to perform the desired 

imaging protocol, considering the chosen US transducer and excitation parameters. Experiments 

were performed using a phased array sector transducer, P6-3 (Philips, Bothell, WA, USA), 

composed of 128 elements with a pitch of 0.22 mm (Figure 15(a)). A programmable ultrasound 

system (Vantage 256, Verasonics Inc., Kirkland, WA, USA) was used in all the experiments 

(Figure 15(b)). The superpositioned waveforms were transmitted using the arbitrary waveform 

generator (AWG), a feature in the programmable ultrasound system which enables the transmit 

of custom waveforms. On receive, the beamforming was performed by the built-in beamformer, 

and the reconstructed ultrasound images were displayed in real time. 

 

Figure 15.  Hardware used in ultrasound experiments: (a) P6-3 phased array and (b) Verasonics programmable 

research ultrasound system. 

(a) (b) 
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4.2.1 Hydrophone setup 

A needle hydrophone with an aperture of 0.2 mm was used to measure the emitted pressure 

fields that were transmitted by the P6-3 transducer. The hydrophone probe was positioned 

perpendicularly to the emitted field inside a degassed water tank, and mounted on a three-

dimensional positioning system (Newport motion controller ESP 300), (Figure 16). The pressure 

signals received by the hydrophone were recorded by a digital oscilloscope (MDO3024, 

Tektronix, OR, USA), and saved for offline processing.  

 

Figure 16. Hydrophone set-up used for the measurement of the acoustic fields generated by the P6-3 transducer. 
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4.2.2 Resolution experiment's setup 

Lateral resolution experiments were performed in the degassed water tank by imaging a 

sector of 45° with an angular precision of 0.18° obtained by scanning along 256 scan lines [43]. 

The resolution target was composed of five 50 µm nylon wires that were axially spaced at 

equal intervals of 10 mm in a depth range of 30 to 70 mm (Figure 17). 

 

 

4.2.3 Contrast experiment's setup 

The method’s contrast was evaluated by imaging cysts at fixed depths within a commercial 

tissue-mimicking phantom (CIRS 040GSE, Virginia, USA) consisting of a Zerdine® hydrogel 

polymer [44] (Figure 18). This phantom has an attenuation factor of 0.5 dB/cm/MHz, and 

includes homogenous specular reflectors. Similar to the resolution experiments, the P6-3 

transducer was used for the imaging. Images were acquired by a 22.5° sector scanned with 128 

scan lines, resulting in the same angular precision as used in the resolution experiments. 

 

Figure 17. Target resolution set-up used in the resolution experiments including P6-3 transducer, degassed water 

tank and resolution target composed of nylon wires. 
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5 Results 

5.1 Theoretical simulation results 

Numerical simulations were conducted in Matlab to assess the effect of the different parameters 

on the obtained DOF, lateral resolution and attenuation using constant frequency SAMI, and FM-

SAMI (Increasing and Decreasing frequency). The methods were compared for the generation 

of three axial multifoci, such that the deepest focus was at 100 mm. The simulation parameters 

matched those of the P6-3 transducer that was used in the experimental results and included 

transmitting the axial multifoci at frequencies of 3, 4.5 and 6 MHz (Figure 19). For each of the 

SAMI and FM-SAMI methods, the foci depths were chosen based on (23) such that α was 

constant and equaled D/2. For this case, the foci locations varied for each method. Figure 19(a)-

               

Figure 18. Contrast experiments' set-up including P6-3 transducer and tissue-mimicking phantom. The target 

layout within the phantom is illustrated while the area containing the cysts used for the measurements is marked 

on it by the red rectangle. 
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(c) presents the DOF obtained for each focus as a function of frequency. The DOF of each focus 

point is indicated by a horizontal segment whose color encodes the transmitted frequency. The 

frequencies are also indicated on the y-axes. In standard SAMI, the DOF for 3 constant 

frequencies is compared (3, 4.5 and 6 MHz) (Figure 19(a)). Since α = D/2, the shallowest focus 

at 6 MHz is at a distance of 32 mm, compared to a distance of 19 mm for a center frequency of 

3 MHz. For the deepest focus at 100 mm, the DOF of the 3 MHz is larger than that of the 6 MHz, 

as expected. Thus, lower frequencies yield lower focus density, but provide a larger DOF. For 

‘FM-SAMI Increasing’ (Figure 19(b)), and ‘FM-SAMI Decreasing’ (Figure 19(c)), both the 

deepest focus (z=100 mm) and the shallowest focus (z=26 mm) co-align, whereas the 

intermediate focus depth location varies across methods (z=45 mm when increasing the 

frequency compared to z=37 mm when decreasing the frequency). Since the DOF decreases 

when increasing the frequency, at the deepest focus, the ‘FM-SAMI Decreasing’ DOF is larger 

than that of ‘FM-SAMI Increasing', with the opposite trend for the shallowest focus. Note that 

‘FM-SAMI Decreasing’ yields a nearly continuous DOF (Figure 19(c)). Therefore, one of the 

advantages of combining frequency multiplexing with SAMI is that a more continuous DOF can 

be obtained by adapting the transmitted frequency for each focus. 

The theoretical lateral resolution for each of the axial multifoci in Figure 19(a)-(c) was 

calculated based on the FWHM from (15) (Figure 19(d)). Since the focal locations are determined 

by a constant α=D/2, a uniform lateral resolution is not obtained for ‘FM-SAMI Increasing’. For 

‘FM-SAMI Decreasing’, the lateral resolution at the shallowest depth is maximized, while the 

DOF for the deepest focus is enhanced (Figure 19(c)). 
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Figure 19. Simulation results for simultaneous generation of 3 axial multifoci. (a) Constant frequency SAMI at 

3, 4.5 or 6 MHz. (b) FM-SAMI with increasing frequency from 3 to 6 MHz as a function of depth. (c) FM-SAMI 

with decreasing frequency from 6 to 3 MHz as a function of depth. The DOF is indicated by the horizontal lines 

in (a)-(c). (d) FWHM for each focal spot in (a)-(c), respectively. (e) Attenuation for each focal spot in (a)-(c), 

respectively. The different colors of the horizontal segments in (a)-(c) and the vertical bars in (d) and (e) encode 

the transmitted frequency, with 3 MHz (blue), 4.5 MHz (orange), and 6 MHz (yellow). 
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The theoretical attenuation values for each of the axial multifoci in Figure 19(a)-(c) were 

calculated based on (17) using an attenuation coefficient of 0.5 dB/cm/MHz, which is a standard 

value for soft tissues. Since the two shallower foci for each of the methods were transmitted with 

half the elements, additional 3 dB attenuation were added to their predicted attenuation. 

 

5.2 Experimental results 

Experiments using the different SAMI methods were conducted in hydrophone scans and 

resolution targets in a water tank to characterize the emitted acoustic fields and the lateral 

resolution, in cyst targets embedded within a tissue mimicking phantom to assess the resulting 

contrast and in an ex-vivo turkey breast.  

5.2.1 Hydrophone measurements 

Validation of the theoretical estimations was carried using hydrophone measurements of the 

emitted acoustic pressure fields according to the setup described in section 4.2.1. Constant 

frequency SAMI at 3, 4.5 and 6 MHz, ‘FM-SAMI Increasing’ and ‘FM-SAMI decreasing’ were 

used to generate 3 axial multifoci at depths of 30, 50 and 70 mm (Figure 20). In this work, to 

maximize the range of frequencies used, we chose to utilize the entire transducer’s bandwidth 

and selected evenly spaced frequencies within its bandwidth (3, 4.5, and 6 MHz). The foci used 

here were chosen such that the shallow distance was 30 mm that equals approximately to the 

aperture diameter. The choice of additional foci at 50 and 70 mm was done to enable an equal 

spacing of 20 mm between each focus, and utilize significant enough transmitting elements to 

generate the axial multifoci.  
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The lateral resolution, as quantified by the FWHM, followed a similar trend as in the simulation 

results (Figure 20(f)-(j)). For the shallowest depth at 30 mm, the FWHM was reduced by a factor 

of 1.3 ‘FM-SAMI Decreasing’, compared to the constant 3 MHz SAMI and ‘FM-SAMI 

Increasing’ method. The FWHM of each frequency component in the ‘FM-SAMI Increasing’ 

and ‘FM-SAMI Decreasing’ was similar to its corresponding frequency component in the 

 

 

Figure 20. Hydrophone measurements of the emitted acoustic pressure fields. Constant frequency SAMI (a) 3 

MHz. (b) 4.5 MHz, and (c) 6 MHz. (d) ‘FM-SAMI Increasing’ from 3 to 6 MHz. (e) ‘FM-SAMI Decreasing’ 

from 6 to 3 MHz. Axes are common to (a)-(e) and (g)-(i). (f) FWHM for each focal spot in (a)-(e). (g)-(i) Lateral 

cross sections of the PSFs obtained at the different focal depths (30, 50, 70 mm) in (a)-(e) for each method, 

respectively. (j) Table I summarizing the FWHM values from (f). (k) Normalized frequency response of P6-3 

transducer sampled at 3, 4.5 and 6 MHz.  
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constant frequency SAMI counterpart. For the deepest depth at 70 mm, the FWHM was reduced 

by a factor of 1.4 for the ‘FM-SAMI Increasing’ method that transmits 6 MHz, compared to the 

‘FM-SAMI Decreasing’ method. The results are summarized in Table I (Figure 20(j)). Lateral 

cross sections for each depth show the presence of side lobes for each SAMI method (Figure 

20(g)-(i)). This occurs due to the fact that only the outer elements are used for the shallow foci 

generation at 30 and 50 mm, compared to 70 mm that is generated using all of the elements. 

Since the two-way PSF is the product of the transmitted field and the entire aperture on receive, 

the sidelobes are significantly reduced in the two-way PSF, as will be demonstrated in the next 

section of resolution target experiments. In addition, the transducer frequency response, for the 

three frequencies used here (3, 4.5 and 6 MHz), was evaluated (Figure 20(k)). From these 

measurements, the 3 MHz frequency has the strongest frequency response, and it drops by 10% 

and 35% for the 4.5 and 6 MHz, respectively. Therefore, all of the three frequencies used are 

within 3 dB of the maximal frequency response.  

5.2.2 Resolution targets experiments 

Lateral resolution experiments were performed in the degassed water tank according to the 

setup described in section 4.2.2. Three axial multifoci were generated with each method at 30, 

50 and 70 mm, using the same parameters used for the hydrophone measurements. The lateral 

resolution, as quantified by the FWHM, followed a similar trend as in the simulation results 

(Figure 21). For the shallowest depth at 30 mm, the FWHM was reduced by a factor of 1.7 for 

the ‘FM-SAMI Decreasing’ method that transmits 6 MHz compared to the 3 MHz constant 

frequency SAMI and ‘FM-SAMI Increasing’ methods that yield the same FWHM. For the 

intermediate focus at 50 mm, all methods yielded a similar FWHM, since all methods transmit 

4.5 MHz for this focus. This FWHM is narrower than the FWHM of the constant frequency 
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SAMI that transmits a frequency of 3 MHz, and wider than the FWHM of 6 MHz constant 

frequency SAMI. For the deepest depth at 70 mm, the FWHM was reduced by a factor of 1.25 

for the ‘FM-SAMI Increasing’ method that transmits 6 MHz, compared to the 3 MHz constant 

frequency SAMI and ‘FM-SAMI Decreasing’ methods that yielded a similar FWHM.  

Figure 21(g)-(i) presents the lateral cross-section for each focal depth at 30, 50 and 70 mm, as 

a function of the different SAMI methods. The constant 3 MHz SAMI yielded the widest main 

 

Figure 21. Wire target lateral resolution experiments in a water tank. Constant frequency SAMI (a) 3 MHz. (b) 

4.5 MHz, and (c) 6 MHz. (d) ‘FM-SAMI Increasing’ from 3 to 6 MHz. (e) ‘FM-SAMI Decreasing’ from 6 to 3 

MHz. (a)-(e) Focal depth is indicated by triangles and their colors encode the frequencies transmitted. These 

images are displayed with a 50 dB dynamic range. Axes are common to (a)-(e) and (g)-(i). (f) FWHM for each 

focal spot in (a)-(e). (g)-(i) Lateral cross sections of the normalized PSFs obtained at the different focal depths 

(30, 50, 70 mm) in (a)-(e) for each method, respectively. (j) Table II summarizing the FWHM values from (f). 

(k) Table III summarizing the alpha values for each focus in (j).  
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lobe in each of the depths. The main lobe at a depth of 30 mm was the narrowest for the ‘FM-

SAMI Decreasing’ method, and the main lobe at a depth of 70 mm was the narrowest for the 

‘FM-SAMI Increasing’ and 6 MHz constant frequency SAMI methods.  

Another consideration is the α parameter. Since the foci locations was fixed for all of the 

methods, the α parameter varied for each focus in each method. The results are summarized in 

Table III (Figure 21(k)). Since the focus at 70 mm is created with all of the elements, its α is 

equal to 0 for all methods. For the other foci the α value changes. The α values do not affect the 

lateral resolution and the FWHM values.  

5.2.3 Contrast experiments 

The method’s contrast was evaluated by imaging cysts at fixed depths within a commercial 

tissue-mimicking phantom according to the setup described in 4.2.3. The constant frequency 

SAMI at 3, 4.5 or 6 MHz, ‘FM-SAMI Increasing’ and ‘FM-SAMI decreasing’ methods were 

compared, but the location of the three axial multifoci were adjusted to the location of the cysts 

in the phantom (45, 70 and 100 mm) (Figure 22). Once the images were acquired, the contrast of 

each cyst was calculated based on [43], [45], [46]:  

 Contrast Ratio [dB] = 20 log10 (
μi

μo
) (27) 

where µi is the mean value of the pixels within a region inside the object (red squares in Figure 

22(a)), and µo is the mean value of the pixels within a region in the background outside the object 

(purple squares in Figure 22(a)). The contrast results for each method are presented in Figure 

22(g) and summarized in Table IV. For the deepest focus at 100 mm, the contrast of ‘FM-SAMI 

Decreasing’ improved by 7.2 dB compared to ‘FM-SAMI Increasing’, and was similar to the 

contrast of constant 3 MHz SAMI. For the shallowest focus at 45 mm, the trend was reversed, 
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such that the contrast of ‘FM-SAMI Increasing’ improved by 2 dB compared to ‘FM-SAMI 

Decreasing’, and was similar to the contrast of 6 MHz SAMI.  

 

Another important parameter is α that varies between each focal spot and each method (Table 

V). Changes in α contribute to variations in the amount of energy transmitted to each focus. A 

lower α value indicates that more elements are used for the focus generation, and hence its energy 

  

Figure 22. Contrast ratio experiments using cyst targets in a tissue-mimicking phantom. (a) Phantom illustration. 

The red and purple squares mark the areas inside and outside the cysts used for the contrast ratio calculation. 

Constant frequency SAMI (a) 3 MHz. (b) 4.5 MHz, and (c) 6 MHz. (e) ‘FM-SAMI Increasing’ from 3 to 6 MHz. 

(f) ‘FM-SAMI Decreasing’ from 6 to 3 MHz. (b)-(f) Focal depth is indicated by triangles and their colors encode 

the frequencies transmitted. These images are displayed with a 50 dB dynamic range. Axes are common to (a)-

(f). (g) Contrast ratio results for each cyst in (b)-(f). The color encodes the transmitted frequency, with 3 MHz 

(blue), 4.5 MHz (orange), and 6 MHz (yellow). 

 

 
TABLE IV 

CYST CONTRAST RATIO [dB] 

Method 

Depth 

SAMI 

3MHz 

SAMI 

4.5MHz 

SAMI 

6MHz 

FM-SAMI 

Increasing 

FM-SAMI 

Decreasing 

45 mm -16.5 -17.9 -18.8 -18.3 -16.3 

70 mm -20.6 -22.2 -22.3 -21.6 -21.2 

100 mm -26.8 -25.1 -23 -20.3 -27.5 

 

TABLE V 

]D[ 1/2| α 1αLPHA PARAMETER A 

Method 

Depth 

SAMI 3MHz SAMI 4.5MHz SAMI 6MHz 
FM-SAMI 

Increasing 

FM-SAMI 

Decreasing 

45 mm 
0.81 | 0.57 0.67 | 0.47 0.58 | 0.41 0.73 | 0.52 0.62 | 0.44 

70 mm 
>1 | 0.78 0.91 | 0.64 0.79 | 0.56 0.84 | 0.6 0.99 | 0.7 

100 mm 
0 0 0 0 0 
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is increased. Thus, the higher the α, the fewer the elements used for its generation. For example, 

this is why the contrast of the cyst at a depth of 70 mm for constant 3 MHz was the lowest.  

 

5.2.4 Ex-vivo experiments 

Further validation of the method was performed by imaging a turkey breast (Figure 23). 

SAMI and FM-SAMI methods with three axial multifoci at 30, 50 and 70 mm were generated 

and used to image the sample. The foci positions were selected based on features detected in 

TABLE V 

]D[ 1/2| α 1αLPHA PARAMETER A 

Method 

Depth 
SAMI 3MHz SAMI 4.5MHz SAMI 6MHz 

FM-SAMI 

Increasing 

FM-SAMI 

Decreasing 

45 mm 0.81 | 0.57 0.67 | 0.47 0.58 | 0.41 0.73 | 0.52 0.62 | 0.44 

70 mm >1 | 0.78 0.91 | 0.64 0.79 | 0.56 0.84 | 0.6 0.99 | 0.7 

100 mm 0 0 0 0 0 

 

 

 

Figure 23. Ex-vivo turkey breast experiments. Constant frequency SAMI (a) 3 MHz. (b) 4.5 MHz, and (c) 6 

MHz. (d) ‘FM-SAMI Increasing’ from 3 to 6 MHz. (e) ‘FM-SAMI Decreasing’ from 6 to 3 MHz. All subfigures 

are presented with a 60-dB dynamic range. Axes are common to all subfigures. Focal depth is indicated by 

triangles and their colors encode the frequencies transmitted. 
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the ex-vivo sample. Highest resolution was obtained for the 6 MHz frequency, while at the 

deepest depth of 70 mm, higher contrast was observed for the 3 MHz frequency. 

5.2.5 Safety of FM-SAMI 

The acoustic safety of the developed methods was evaluated by measuring the mechanical 

index (MI), the thermal index (TI) and the spatial peak temporal average (Ispta). The MI 

estimates the likelihood to engender mechanical bioeffects, the TI estimates the likelihood to 

generate undesired thermal heating bioeffects, and the Ispta represents the overall tissue heating 

[47]. 

These parameters were evaluated for the same configuration presented in Figs. 4 and 7, with 

three foci located at 30, 50, and 70 mm. The transmitted voltage by the Verasonics system was 

40 Vpp. The FM-SAMI method’s safety parameters were compared to that of constant frequency 

SAMI at these multiple depths. The needle hydrophone setup, as described in section 4.2.1, was 

used to evaluate the safety parameters. 

The MI was evaluated according to: 

 MI =
PNP

√fc

 (28) 

where PNP is the peak negative pressure in MPa and fc is the center frequency in MHz for each 

focus [48]. The MI values obtained for each focus, and summarized in Table VI, were below 1.9 

[49]. In addition, the MI of each frequency component in the ‘FM-SAMI Increasing’ and ‘FM-

SAMI Decreasing’ was similar to its corresponding frequency component in the constant 

frequency SAMI method. 

When the ultrasound beam is scanned, as in the case of SAMI, the TI model assumes that the 

greatest likelihood for the occurrence of undesired thermal effects is near the probe [50], [51]. 
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For soft tissue at surface, the TI was evaluated according to [52]: 

 TIS =
W01f𝑐

210[𝑚𝑊 ∙ 𝑀𝐻𝑧]
 (29) 

where TIS is the TI for soft tissue, W01 is the highest time-averaged acoustic output power value 

emitted from the most active 1 cm length of the transmitting aperture and the denominator 

represents the power required to raise the insonated tissue temperature by  1°𝐶 [53]. 

The TIS for the different SAMI versions were measured by placing the needle hydrophone 5 

mm from the transducer and scanning along 1 cm in lateral direction. This 1 cm was chosen to 

include the outer part of the aperture, where most of the energy is transmitted in SAMI. The 

results are summarized in Table VII and remain below the upper limit of 2 [50]. 

Finally, the Ispta parameter, which provides an estimation of the short-term effects of acoustic 

transmission on tissue, was calculated as the time average of intensity at a point in space, while 

the intensity is averaged over a scan repetition period (Table VII). All safety parameters tested 

were below the safety limit required [49], [50].  

TABLE VI 

MECHANICAL INDEX 

Method 

 

 

Depth 

SAMI 3 MHz SAMI 4.5 MHz SAMI 6 MHz 
FM-SAMI 

increasing 

FM-SAMI 

decreasing 

Pressure 

[MPa] 

Mechanical 

index 

Pressure 

[MPa] 

Mechanical 

index 

Pressure 

[MPa] 

Mechanical 

index 

Pressure 

[MPa] 

Mechanical 

index 

Pressure 

[MPa] 

Mechanical 

index 

30 mm 0.22 0.13 0.21 0.10 0.15 0.06 0.22 0.13 0.17 0.07 

50 mm 0.12 0.07 0.21 0.10 0.16 0.06 0.19 0.09 0.22 0.10 

70 mm 0.25 0.14 0.22 0.11 0.16 0.07 0.16 0.07 0.24 0.14 

 

TABLE VII 

THERMAL INDEX AND ISPTA 

Method SAMI 3 MHz SAMI 4.5 MHz SAMI 6 MHz 
FM-SAMI 

increasing 

FM-SAMI 

decreasing 
Safety limit 

TI 0.0011 0.0015 0.0015 0.0020 0.0022 2 

Ispta [mW/cm2] 0.62 0.55 0.4 0.54 0.64 720 
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6 Discussion and conclusions 

The SAMI method generates simultaneous axial multifoci imaging and enhances the depth of 

field, but all of the axial multifoci are generated with the same frequency. The FM-SAMI method 

developed here is an optimized method that makes it possible to transmit each focus at a different 

frequency simultaneously. This approach is aimed to provide high quality ultrasound imaging 

over an extended depth of interest and without compromising the framerate, and is useful for 

applications that require extended depth imaging of high dynamic range targets. Two distinct 

applications of FM-SAMI were presented here. The first is ‘FM-SAMI Increasing’, where the 

frequency gradually increases as a function of the foci depths. This approach can achieve a more 

uniform lateral resolution as a function of depth (i.e. constant FWHM), as is often done in 

successive focusing [54], [55]. This is not feasible with a constant frequency SAMI that uses the 

outer parts of the aperture on transmit, so that the aperture size cannot be reduced. Consequently, 

maintaining a constant F-number and a uniform lateral resolution as a function of depth is not 

feasible. By increasing the frequency as a function of depth, an effective compensation of the 

gradually increasing F-number can be achieved. One advantage is the creation of a more uniform 

image that is preferred by clinicians. Further, it facilitates tissue characterization abilities [56], 

TABLE VII 

THERMAL INDEX AND ISPTA 

Method SAMI 3 MHz SAMI 4.5 MHz SAMI 6 MHz 
FM-SAMI 

increasing 

FM-SAMI 

decreasing 
Safety limit 

TI 0.0011 0.0015 0.0015 0.0020 0.0022 2 

Ispta [mW/cm2] 0.62 0.55 0.4 0.54 0.64 720 
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enables to accurately segment organs in motion such as in cardiac imaging, conduct nonlinear 

parameter estimation and improve Doppler velocity estimation [57]. Additionally, depth-

independent PSF simplifies the use of image restoration techniques to enhance image quality 

[13]. Moreover, the method can be useful for applications that utilize nondiffracting beams such 

as X waves, and Bessel and axicon beams [58]–[60]. These methods maintain uniform DOF at 

the expense of lateral resolution. ‘FM-SAMI Increasing’ yields relatively high lateral resolution 

over an extended DOF, and therefore can be an improved alternative to these methods. Specific 

clinical applications include transabdominal pelvic ultrasound, where the ultrasound passes 

through the bladder to reach the female pelvis [61]. The low ultrasound attenuation in the urine, 

facilitate the transmission of the highest frequency to the deepest depth, which could improve 

image quality. Similarly, the method can be applied to imaging beyond cysts or fluid-filled areas 

and provide high quality images of the deep tissues.  

In ‘FM-SAMI Decreasing’, the foci frequency is gradually decreased as a function of depth. 

This yields a tradeoff between lateral resolution and penetration depth. The shallowest focus’ 

lateral resolution is maximized as a result of the high frequency, while the deepest focus’ contrast 

is enhanced due to reduced attenuation of the beam for the lower frequency. Specific applications 

of ‘FM-SAMI Decreasing’ include abdominal imaging of obese patients, where the reduction in 

frequency as a function of depth improves penetration and image quality [62]–[64]. In addition, 

it is useful for deep organ imaging [65], [66] such as the gallbladder, liver, and kidneys, and for 

early diagnosis of abdomen conditions such as abscess, malignancies and cancer [67], [68]. 

Moreover, the method can be beneficial for diagnosis and monitoring of clinical conditions such 

as gallstones [69], [70], renal calculi [71], [72], uterine fibroids [73], [74], and myocardial 

stiffening [75], [76]. Finally, because the frequency reduces with depth, the sensitivity increases 
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with depth. As a result, less dynamic range compression, such as time gain control, needs to be 

applied as a function of depth [77].  

The real-time FM-SAMI method uses a superposition of wavefronts, each with a different 

frequency, in a single acoustical transmission. The waveforms are engineered to eliminate the 

overlap between the superpositioned waveforms. This is done by transmitting the deepest focus 

with the entire aperture, while the rest of the foci are generated by only using the outer 

transducer’s elements. The fractional aperture that is reduced from the center of the transducer 

for each focus is denoted by α. On receive, the entire aperture is used. Since the PSF is defined 

as the product of the transmit and receive apertures, the side lobes and phase patterns are greatly 

reduced compared to one way focusing [1]. Here, in order to maximize the transmitted energy, 

apodization was not applied either on transmit or receive. In addition, the pulses used in this 

paper consisted of single cycles to maximize axial resolution. Moreover, the overlap between 

superpositioned waveforms increases when increasing the number of transmitted cycles. This 

translates into a larger α and reduces the energy for the axial multifoci. Thus, to reduce α, single 

cycle excitation is preferable.  

The implementation of FM-SAMI method was carried out using the arbitrary waveform 

generator feature in an ultrasound programmable system. Each transducer element was 

programmed to transmit the specific delays that generated each focal spot at a predefined 

frequency. Since the method does not require post-processing on receive, the built-in beamformer 

was used and the image was displayed in real time [78]. The transducer used in the experiments 

was P6-3, with a bandwidth of 3-6 MHz. This was the same transducer used in the constant 

frequency SAMI paper, and thus facilitate comparison between the methods. The superpositioned 

waveforms consisted of 3 axial multifoci at frequencies of 3, 4.5 and 6 MHz. An important factor 
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is the transducer’s frequency response, and the fact that it is not uniform across the transducer’s 

bandwidth (Figure 4(k)). Empirically, the frequency responses of all three frequencies used in 

this study were within 3 dB of the maximal frequency response. When designing the transmitted 

waveforms, one option is to take the frequency response into account and normalize the 

waveforms accordingly. However, it would require to intentionally reduce the amplitude of the 

frequencies that have the best response (in our case, 3 and 4.5 MHz, in order to match that of the 

6 MHz). This will reduce the contrast for these frequencies, and not affect their resolution. Here, 

we chose to maximize the transmitted energy, and therefore transmitted each frequency with its 

maximal amplitude. 

It is likely that this method can be applied to any other commercially available broadband 

transducer, however, SAMI and FM-SAMI implementation is optimal with phased array 

transducers. This is because these methods use the entire aperture both on transmit and receive. 

In phased array transducers, each element’s directivity is high and the entire aperture can 

contribute to the generation of the focal spot. On the other hand, linear arrays often utilize 

subapertures to create the focal spot. Each subaperture is composed of a few (typically 5-20) 

adjacent elements. The small number of elements used for the generation of each focal spot 

makes the implementation of the SAMI methods more limited. In addition, linear arrays usually 

have higher frequencies and designed for shallower imaging. This makes focusing with the entire 

aperture even more challenging. Phased array transducers typically have lower center frequencies 

designed to image large sectors where increased DOF is required. As a result, they are composed 

of smaller elements (on the order of half the wavelength), that contribute to their higher 

directivity. Since the transducer’s number of elements is similar between phased, linear and 

curved arrays, D is often smaller for phased arrays compared to linear arrays that have larger 
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elements. These considerations should be taken into account when implementing the SAMI 

method. 

The standard SAMI method was previously compared to synthetic aperture imaging, two-way 

focusing using a single focus at various depths, and to successive focusing [1]. Here, our aim was 

to validate the FM-SAMI methods, ‘FM-SAMI Decreasing’ and ‘FM-SAMI Increasing’, and 

compare them to the standard constant frequency SAMI, that was considered as the baseline. 

When comparing the FM-SAMI method to single frequency SAMI, foci with the same frequency 

for each method yielded similar lateral resolution and contrast. If variations in contrast were 

detected, these can be attributed to the fact that the α values can change across methods, since α 

is frequency dependent. The numerical simulations were focused on lateral resolution, beam 

width, DOF and attenuation. Simulations indicate a tradeoff between lateral resolution, DOF and 

attenuation as a function of frequency. Lower frequencies yield larger DOF and lower attenuation 

at the expense of a reduced lateral resolution. Thus, by implementing ‘FM-SAMI Decreasing’, a 

more continuous depth of field alongside a more uniform attenuation as a function of axial depth 

can be obtained. ‘FM-SAMI Increasing’ yielded the highest uniformity of lateral resolution, by 

reducing the FWHM of the deepest and intermediate foci, compared to constant frequency SAMI. 

However, since the deepest focus is generated with the highest frequency of 6 MHz, the 

attenuation increased and therefore the contrast is reduced compared to transmitting all foci at a 

constant frequency of 3 MHz. In a practical implementation, attenuation is further affected by 

the transducer’s frequency response. For the P6-3, the 6 MHz frequency response is reduced by 

35% compared to 3 MHz. Therefore, the attenuation for the highest frequency is further degraded 

compared to the values predicted. For ‘FM-SAMI Decreasing’, the lateral resolution of the 

shallowest focus generated at 6 MHz was maximized, while the contrast of the deepest focus 
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generated at 3 MHz was enhanced by 4.5 dB compared to the constant frequency SAMI at 6 

MHz. The SAMI methods can be engineered to any depth larger than D (given that focusing can 

be done with the entire aperture). Here, standard depths up to 100 mm were chosen in order to 

demonstrate the methods performance. In terms of acoustic safety, for the standard parameters 

used here, the SAMI and FM-SAMI methods comply with the acoustic safety regulations.   

One of the limitations of this study stems from its practical implementation using a 

programmable ultrasound system. On receive, the beamformer uses a predefined constant center 

frequency. Therefore, although different frequencies were used in the superpositioned waveform 

on transmit, the frequency for the receive beamforming was set to 4.5 MHz. Since the two-way 

PSF is the product of the transmit and receive PSFs, the maximal improvement in lateral 

resolution did not reach the theoretical values (except for the case of transmitting a center 

frequency of 4.5 MHz). In order to achieve the theoretical values, frequency-dependent 

beamforming should be applied to each focus. However, since the comparison between the 

methods was carried out experimentally, and all methods used the same constant receive 

frequency, the comparison is valid. Future implementation could further improve the method by 

adding a time sliding filter [18]–[20], or demodulation with a sliding CW frequency [79], [80], 

on receive. Such approaches will enable to tune the frequency for each beamformed focus. 

Another future application includes a frequency-dependent steering angle, that could be used for 

grating lobes elimination [81]. The method could also be combined with techniques for PSF 

engineering in order to reduce side lobes [43]. 

Overall, this improved frequency-dependent FM-SAMI method yields high quality imaging at 

an extended field of interest. The method can optimize tradeoffs between lateral resolution and 
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penetration depth. Validation of the method was performed through numerical simulations and 

experiments on resolution and contrast targets. 
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 תקציר

 דמיהפרט לכך שמדובר בשיטת ה. ואיאבחון רפאחת משיטות ההדמיה הנפוצות ביותר כיום ל נהאולטרסאונד הי

 היא אינה כוללת שימושבטוחה שכן גם לשיטת הדמיה  נחשבת , שיטה זונמוכה תוובעל המאפשרת הדמיה בזמן אמת

ר . שיטת הדימות הנפוצה והאיכותית ביותוכן אינה פולשנית חדירה גדולבנוסף, היא בעלת עומק  רינה מייננת.בק

שלב שידור והן בשלב ההן בסטית מפוקסת לנקודת מוקד חזית הגל האקו ,בשיטה זוחזור. -משתמשת בפיקוס הלוך

עומק חדירה  מאפשרתו אות לרעשהיחס מגבירה את , גבוהה לטרליתרזולוציה שיטת דימות זו מניבה  החזור למתמר.

 אחרות.ה וניותסאאולטרה הדמיההבהשוואה לשיטות יותר  גדול

מקד את בשלב השידור ניתן לה שנובעת מהעובדחזור -פיקוס הלוךב בשימושהעיקריות הכרוכות אחת המגבלות 

 זורהא. הפוקוס לאזורמבחינה מרחבית רק  יםמוגבל השיטה. לכן, בפועל, היתרונות של בודד הסיגנל הנשלח רק לעומק

מק ולהגדיל את עוכדי לשדר מספר נקודות פוקוס לעומקים שונים קד. ועומק המ גם האקסיאלי שבו הכתם מפוקס נקרא

 נרכשות תמונות מספר ,העניין בתמונה, מקובל להשתמש בשיטה דינמית לעדכון הפוקוס. בשיטה זו את אזורהמוקד ו

זו השיטה הממומשת כמעט בכל מערכת  ,בכל רכישה. כיום לאורך הציר האקסיאלי מיקום הפוקוסעדכון תוך 

חסרון השיטה  .גדולים יותרלאורך טווחי עומק ת גבוהה ובאיכותמונה מפוקסת אולטרסאונד קלינית, אשר מספקת 

 .יםנוצרש פוקוסיםהלמספר  תפרופורציונלי בצורה אטוטמון בקצב הרכישה שמ

חזיתות הגל הנשלחות. כל ( המבוססת על סופרפוזיציה של SAMI)מולטיפוקלית  ת הדמיהפותחה שיט ,לאחרונה

ה חזית גל מפוקסת לעומק שונה ושידורם יחד בו זמנית מאפשר לייצר מספר פוקוסים בעומקים שונים במקביל. בצור

דר בת יםמשודרשכל הפוקוסים הנשלחים . עם זאת, כיוון הרכישהבקצב איכות התמונה מבלי לפגוע לשפר את ניתן  ,זו

בחירת  מצד אחד, לביןגבוהה בין בחירת תדר גבוה שיאפשר רזולוציה לטרלית השיטה דורשת להתפשר קבוע,  ימרכז

ים בצורה משמעותית יותר תתדרים גבוהים מונחתדר נמוך שיאפשר להגביר את עומק החדירה של חזיתות שכן 

 כפונקציה של עומק ההדמיה. 

. במקרה הזה, כל SAMIה של אפשרות לריבוב תדר עבור כל אחד מהפוקוסים שנוצרים בשיט פיתחנובמחקר הזה 

שידורן ע"י המתמר אשר מתבצעת סופרפוזיציה של חזיתות הגל השונות  ,לאחר מכן .חזית גל מיוצרת בתדירות אחרת

על ידי הגדלת התדר באופן תדרים בשידור; הישנן שתי אפשרויות עיקריות לאופן ריבוב בשליחה בודדת. מתבצע 
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להשיג  ניתן לפצות על הרזולוציה הלטרלית שיורדת כפונקציה של העומק וכך, הפוקוסהדרגתי כפונקציה של עומק 

כפונקציה  השידורהדרגתית של תדרי  קטנהלופין, על ידי הי. לחעומק הסריקה לאורך כל אחידה יותר לטרליתרזולוציה 

 , מתקבלים עומק חדירה וניגודיות משופרים.של עומק הפוקוס

ניסויי  באמצעות תומאומת תאנליטי צורהמתוארת ב ,(FM-SAMI) יםמרובה תדר SAMIשיטה זו, המכונה 

. זהו ex-vivo דגימות ביולוגיותכן על ו הרקמ דמהמ םפנטועל על מטרות רזולוציה,  אשר בוצעורזולוציה וניגודיות 

שיטה ריבוב תדרים. ה בשילובהדמיה מולטיפוקלית ליצירת מספר נקודות פוקוס בשליחה בודדת היישום הראשון של 

 .מהיר הדמיהבקצב ובעומק מוקד גבוה  ,באיכות גבוהה ,בזמן אמתהדמיה  מאפשרת
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