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Abstract—For several years, the standard in ultrasound im-
aging has been second-harmonic imaging. A new imaging tech-
nique dubbed “super-harmonic imaging” (SHI) was recently 
proposed. It takes advantage of the higher—third to fifth—
harmonics arising from nonlinear propagation or ultrasound-
contrast-agent (UCA) response. Next to its better suppres-
sion of near-field artifacts, tissue SHI is expected to improve 
axial and lateral resolutions resulting in clearer images than 
second-harmonic imaging. When SHI is used in combination 
with UCAs, a better contrast-to-tissue ratio can be obtained. 
The use of SHI implies a large dynamic range and requires 
a sufficiently sensitive array over a frequency range from 
the transmission frequency up to its fifth harmonic (band-
width > 130%). In this paper, we present the characteristics 
and performance of a new interleaved dual frequency array 
built chiefly for SHI. We report the rationale behind the design 
choice, frequencies, aperture, and piezomaterials used. The ar-
ray is efficient both in transmission and reception with well-
behaved transfer functions and a combined −6-dB bandwidth 
of 144%. In addition, there is virtually no contamination of 
the harmonic components by spurious transducer transmis-
sion, due to low element-to-element crosstalk (< 30 dB) and 
a low transmission efficiency of the odd harmonics (< 46 dB). 
The interleaved array presented in this article possesses ideal 
characteristics for SHI and is suitable for other methods like 
second-harmonic, subharmonic, and second-order ultrasound 
field (SURF) imaging.

I. Introduction

a decade ago it became possible to improve ultrasound 
image quality by exploiting the nonlinear nature of 

wave propagation. The technique is called tissue second-
harmonic imaging and is based on the selective imaging 
of the second-harmonic frequency. compared with funda-
mental imaging, second-harmonic imaging has a higher 
resolution and is less sensitive to near field artifacts, clut-
ter, and off-axis scatterers [1]. as a result, second-har-
monic imaging has been the standard in tissue imaging 
for several years. nonlinear effects are not just exploited 
in tissue imaging. In fact, the selective imaging of the 
second-harmonic band was originally intended for ultra-

sound contrast agent (Uca) enhanced imaging [1]. Used 
in this way, the technique improved the contrast-to-tissue 
ratio (cTr) compared with fundamental imaging, thus 
enabling better imaging of blood flow [2].

several other methods have been proposed to exploit 
the nonlinear behavior of Ucas. a new and promising 
imaging modality for the nondestructive imaging of Ucas 
is subharmonic imaging [3]–[6]. This imaging method is 
primarily intended to estimate blood perfusion by accu-
rately quantifying the refresh of Ucas in a vascular bed 
after Uca destruction [4]. The principal advantage of 
Uca subharmonic imaging compared with Uca (second) 
harmonic imaging is that subharmonic signals are not gen-
erated in tissue at diagnostic pressures and frequencies 
maintaining a high cTr [5]. The optimal subharmonic 
imaging technique described in literature insonifies the 
Uca using a low-pressure excitation pulse—that is still 
higher than the Uca pressure threshold for subharmon-
ics—at twice the Uca’s resonance frequency [4].

another promising Uca imaging modality utilizing 
nonlinear Uca behavior is second-order ultrasound field 
(sUrF) imaging or radial modulation imaging. In this 
method, a low-frequency low-pressure pulse is transmit-
ted (0.5–2 MHz), which manipulates the contrast agent 
around resonance by altering its scattering properties. In 
conjunction with the low-frequency pulse, a high-frequen-
cy pulse (3–14 MHz) is transmitted to detect the changes 
in scattering [7], [8]. The main advantage of this imaging 
technique is that it allows for Uca detection at clini-
cally high frequencies—higher frequencies than the reso-
nant frequencies of the Ucas. Example in-vivo b-mode 
results were presented by Masoy et al. [7], who obtained 
contrast-enhanced images of pig kidneys with a cTr of 
15 to 40 db.

recently, a new imaging modality dubbed “super-
harmonic imaging” (sHI) was proposed. The modal-
ity improves on second-harmonic imaging by combining 
the third to fifth harmonics arising from nonlinear wave 
propagation or contrast-agent response [2]. Tissue sHI 
efficiently suppresses near-field artifacts, reverberations, 
and off-axis artifacts in addition to the enhanced lateral 
and axial resolution. The resulting images showed more 
details than those produced by second-harmonic imag-
ing [1]. recently, this was confirmed in simulations and 
in-vitro experiments conducted by Ma et al. [9]. sHI is 
also promising for Uca-enhanced imaging. It has been 
demonstrated by bouakaz et al. [2] that the cTr increas-
es as a function of the order of the harmonic frequency. 
Thus, sHI in combination with contrast agents produces a 
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higher cTr than second-harmonic imaging, while at the 
same time minimizing shadowing effects. Until now, imag-
ing with harmonics higher than the second one has been 
hampered by snr issues, due to the progressively lower 
energy content of these harmonics.

a traditional phased-array design is inadequate for the 
implementation of the above imaging modalities. In the 
case of sHI, the principle of transmission at the funda-
mental and receiving the third to fifth harmonic implies 
a −6-db bandwidth > 130%, a considerably larger band-
width than that achievable with a conventional array con-
figuration. although −6-db bandwidths as high as 140% 
are reported in the literature for single-element transduc-
ers made from a 1–3 single crystal-epoxy composite, the 
actual peak bandwidth at −6 db reported for single crys-
tal arrays are in the order of 95% [10]–[12], which is not 
sufficient for sHI. next to the bandwidth demand, the 
implementation of sHI requires an array to be efficient in 
transmission—to generate significant higher harmonics—
and sensitive in reception, as the reflected harmonic en-
ergy will be low.

This paper presents the rationale behind, construction 
of, and performance measurements of a very broadband 
array primarily intended for both tissue- and Uca-en-
hanced cardiac medical imaging. The array is mainly op-
timized for sHI, but is also capable of regular second-har-
monic imaging. Furthermore, the suitability of the array 
for Uca techniques such as subharmonic and sUrF im-
aging is discussed.

II. The design

A. Requirements

The requirements for the new array can be listed as 
follows:

 1)  Very broad bandwidth. For sHI, the principle of 
transmission at the fundamental and receiving 
the third to fifth harmonic implies a −6-db band-
width > 130%.

 2)  High efficiency in transmission. For optimal image 
quality in the cases of tissue sHI and second-har-
monic imaging, the peak pressure at focus should be 
as close as possible to the 1.9-MI limit allowed by 
the Fda.

 3)  High sensitivity in reception. In the case of the imag-
ing modalities based on harmonics, the amplitude of 
the reflected signal at higher harmonic frequencies 
will be low for both nonlinear propagation and Uca-
produced harmonics. noise levels of ultrasound im-
aging systems are generally in the order of 10 μVrms, 
thus, a receive sensitivity of ~10 μV/Pa is required.

 4)  Have a good acoustic field with grating lobes of ac-
ceptably low amplitude. cobbold [13] states that 
grating lobe levels should be 30 to 40 db below the 
central lobe response at the receiving frequency of 
interest.

The main application of the array will be echocardiog-
raphy, which adds the following requirements:

 1)  a small enough footprint to facilitate imaging 
through the ribs. Generally cardiac transducers have 
a footprint of about 15 × 15 mm.

 2)  be optimized for an imaging depth of 0.5 to 15 cm.

B. Design Options

several designs meet the bandwidth requirement for 
sHI [2, [14]–[22]. In the following paragraphs, we list these 
alternatives and consider their advantages and disadvan-
tages.

The first option is to stack 2 active layers (usually PZT 
or a PZT composite) with different resonance frequencies 
on top of each other for each array element [14]–[17]. ad-
vantages of this configuration are a limited total footprint 
of the array and ease of manufacture. Its main disadvan-
tage is the electromechanical coupling between both ac-
tive layers. This causes troughs in the frequency response 
of the transducer, if the resonance frequencies of both 
active elements are close to each other. Hossack et al. [14] 
presented a study on a transducer design consisting of 
a piezoelectric layer and an active (piezoelectric) match-
ing layer. a proper adjustment of the phase response of 
the active matching layer and the subsequent addition of 
the responses of both active layers yielded a well-behaved 
broadband transfer function. Zhou et al. [15] showed in 
a finite element analysis study that the transfer function 
of a dual active layer transducer could be improved fur-
ther with matched filtering. However, fairly complicated 
electronics [14], [16] and knowledge of the phase trans-
fer function of each element are required for successful 
implementation. also, the choice of matching layer char-
acteristics is not straightforward, because the active layer 
used in transmission has a significantly different resonance 
frequency than the layer used in reception.

a second alternative was reported by akiyama et al. 
[17]. They presented an ultra broadband transducer used 
in a mechanical sector scanner. The design features a PZT 
layer for transmission and a PVdF layer for reception. The 
PVdF layer functions well below its resonance frequency 
to guarantee electromechanical decoupling. However, the 
absolute sensitivity of PVdF applied in this manner is 
generally low.

The third option is a horizontal stack topology, where 2 
low-frequency arrays are positioned laterally on both sides 
of a central high-frequency array [18]. The main advantage 
of this design is that the initial performance of each subar-
ray is not modified. disadvantages are the limited overlap 
of both acoustic beams and the increased footprint in the 
elevation dimension relative to a regular array design.

The fourth alternative is an interleaved configuration 
as proposed by bouakaz et al. [2], [22], where the even ele-
ments are used in transmission and the odd elements are 
used in reception. The main advantages of this design are 
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the full overlap of the transmission and receive beams and 
a small footprint. disadvantages are its relatively compli-
cated manufacture and its intrinsically reduced sensitiv-
ity, because only half the elements are used in reception, 
which is necessary to keep the footprint size limited.

a final option is capacitive micromachined ultrasound 
transducers (cMUTs). cMUT transducers with −6-db 
bandwidths of 130% have been reported in literature [19], 
[20]. However, cMUTs are held back by challenges such as 
achieving high output pressures [21], their inherent nonlin-
earity, and relatively high crosstalk [19]. one of the most 
important difficulties of cMUT technology is the contra-
dictory requirement regarding the gap height to get both 
a high sensitivity in reception and a high output pressure 
in transmission [21]. Mills reported pulse-echo gains of 
cMUT transducers, which were between 10 and 20 db less 
than a comparative PZT transducer [20].

after careful consideration of the advantages and dis-
advantages of each option, the interleaved design is cho-
sen. next to obvious advantages such as fully overlap-
ping beams and a low footprint, there are no fundamental 
problems associated with this design. There is no direct 
electromechanical coupling between the elements, because 
the acoustic stacks for transmission and reception includ-
ing the associated circuitry are fully separated. also, the 
use of piezoceramics, such as PZT, single crystal, or pi-
ezocomposites, ensures the linear operation regime, even 
at high output pressures. In this way, any transmission of 
harmonics due to device nonlinearity, which considerably 
reduces the dynamic range of the imaging system, can 
be prevented. This fact is particularly important for sHI, 
because the level of higher harmonics generated by either 
nonlinear propagation or Uca response will be low.

The design does have an intrinsically reduced sensitiv-
ity in reception. However, this is alleviated by the fact 
that—like all designs with completely separate active ele-
ments for transmission and reception—each element can 
be acoustically matched and electrically tuned for its spe-
cific role.

C. Frequency

after selecting a design, the transmission frequency has 
to be chosen. This frequency influences other characteris-
tics of the array, such as the receive frequency, layer thick-
nesses, and element dimensions.

For fundamental imaging, the transmission frequency 
used in clinical echocardiography is ~3.5 MHz [23]. For 
both tissue- and Uca-enhanced second-harmonic imag-
ing, the fundamental transmission frequency used in clini-
cal echocardiography ranges between 1.6 and 1.8 MHz 
[23]. It is expected that for tissue sHI, the transmission 
frequencies will be lower still. The optimal transmission 
frequency for tissue sHI is intrinsically dependent on the 
level of the third to fifth harmonics at distances typical for 
cardiac imaging. consequently, the level of these harmon-
ics is determined by 2 competing phenomena: nonlinear 
propagation and attenuation. To find the optimal trans-

mission frequency for sHI, we used a combination of non-
linear and linear simulations. Forward propagation was 
simulated using the burgers equation, which describes the 
propagation of finite-amplitude plane progressive waves. 
The solution was found as a complex Fourier series us-
ing the iterative computation scheme given by cobbold 
[13]. The back propagation was assumed to be linear. The 
acoustic nonlinearity parameter (b/a) was taken to be 
5.8, and the attenuation was modeled as α = a. fb with 
a = 0.52 db cm−1 MHz−b and b = 1. Furthermore, a den-
sity of 1060 kg/m3 and an acoustic wavespeed of 1529 m/s 
were used. These values were reported for human fetal or 
dog cardiac tissue [24]. calculations were performed for 
transmit frequencies between 0.5 and 1.8 MHz. The initial 
MI was kept at 1.5. The imaging depth was taken between 
0.5 and 15 cm. The intensities of the first 5 harmonics and 
the super-harmonic versus the transmission frequency are 
shown in Fig. 1 for an imaging depth of 10 cm. The simu-
lations showed that the frequency giving the optimal com-
promise between the rapidity of the build-up of harmonics 
at short distances and the attenuation of the harmonics at 
large distances was ~1 MHz. This frequency was chosen 
as the resonance frequency of the low-frequency subarray. 
correspondingly, a resonance frequency of ~4 MHz was 
opted for the high-frequency subarray.

The optimal frequency for tissue sHI generally agrees 
with the requirements for Uca-enhanced sHI, because 
the Ucas used for cardiac applications are resonant at 1 
to 5 MHz [25]. More specifically, sonoVue (bracco diag-
nostics Inc., Milan, Italy) and definity/luminity (bristol-
Myers squibb, new york, new york) have reported reso-
nance frequencies in the range of 1.5 to 3.1 MHz [7].
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Fig. 1. The intensity of the first 5 harmonics and the super-harmonic ver-
sus the transmission frequency at an image depth of 10 cm. The intensity 
values are relative to 1 Pa. The forward propagation is modeled using 
the burgers equation; the back propagation is assumed to be linear. The 
acoustic nonlinearity parameter (b/a) was 5.8 and the attenuation was 
modeled as α = a. fb with a = 0.52 db cm−1 MHz−b and b = 1. The den-
sity was 1060 kg/m3 and the acoustic wavespeed 1529 m/s. The initial 
MI was 1.5.



D. Element Geometry

The next feature to be established is the geometry of 
the 2 subarrays. The number and size of the array ele-
ments have a profound effect on characteristics such as 
the acoustic wave field, but they also affect the ease of 
manufacture.

1) Elevation Dimension: The elevation dimension of the 
low-frequency subarray was chosen to be 16 mm. This 
value was small enough for the ultrasound beam to pass 
unimpeded between the ribs, but still as high as possible 
to optimize the energy transferred into the medium. due 
to the method used to interleave the elements, the eleva-
tion size of the high frequency subarray was 13 mm.

2) Lateral Dimension: Kerf/Pitch: The spacing between 
the elements of the final interleaved array is a compromise 
between the desire to waste as little as possible of the 
footprint real estate and the ability to merge both subar-
rays reliably—a critical step in the production process. If 
the elements of improperly merged subarrays touch each 
other, the element transmit efficiency and receive sensi-
tivity are suboptimal. crosstalk levels are also increased. 
Practical experience showed that an interelement spacing 
of 50 μm was optimal.

The width of the elements for both subarrays was 
the same to facilitate the array production process. The 
principal compromise for the lateral element size/pitch 
is the desire to have an as high as possible pitch-to-kerf 
ratio, while still having acceptable grating lobe levels at 
the highest intended transmitting frequency for the tissue 
imaging modalities (which is 1.6 to 1.8 MHz for tissue 
second-harmonic imaging). The effects of grating lobes are 
less important for Uca imaging, because Ucas exhibit a 
very nonlinear pressure-dependent response at pressures 
above 50 to 100 kPa [26]. The FIEld II simulation pro-
gram [27], [28] was used to evaluate the peak intensities 
of the fundamental grating lobe relative to the main beam 
versus the subarray pitch at transmission frequencies of 
1.7 to 1.8 MHz and a steering angle of 35°. The element 
elevation size was 13 mm, and the geometric elevation 
focus was 6 cm. no lateral focus was applied. The simula-
tions were performed using 3 cycle sine bursts, which were 
Gaussian apodized. The propagation medium was assumed 
to be lossless. The peak intensities of the second-harmonic 
grating lobe relative to the main second-harmonic beam 
were estimated from the fundamental levels using the Fu-
bini solution for weakly shocked plane waves produced 
by a monofrequency source [13]. a graph detailing the 
peak intensities of the simulated grating lobe versus the 
subarray pitch is shown in Fig. 2. note that the subarray 
pitch was twice the element width plus twice the 50-μm 
element spacing of the final interleaved array. a subarray 
pitch of 0.5 mm yields a lateral element size of 0.2 mm 
(Fig. 2). For this chosen pitch, the second-harmonic levels 
in the grating lobe were ~−45 db at 1.7 MHz, ~−38 db 
at 1.75 MHz, and ~−33 db at 1.8 MHz relative to the 

second harmonic of the main bundle. The positions of the 
grating lobes in these cases were −83°, −79°, and −77°, 
respectively. The obtained characteristics match the re-
quirements for grating lob levels, which should at least be 
30 to 40 db below the central lobe response [13].

To keep the total footprint size practical, the final in-
terleaved array consisted of a total of 88 elements, 44 of 
which were used in transmission and 44 were used in re-
ception. This yielded a total footprint of 16 × 22 mm.

E. Choice of Piezomaterial

To optimize the receive sensitivity, research was con-
ducted to select the optimal piezomaterial for an array 
with the selected frequency and aperture. after the piezo-
material was selected, the matching and backing materials 
were chosen to optimize each subarray for bandwidth.

a preselection of commercial piezomaterials was 
made by careful consideration of their datasheet proper-
ties and by using the KlM model [29]. of these select-
ed piezomaterials, custom arrays (18 elements, element 
size 13 × 0.2 mm, pitch 0.5 mm, resonance frequencies 
3–4 MHz, backing 5.3 Mrayl, no matching layers) were 
constructed to compare their performance in both trans-
mission and reception. columns 1 and 2 of Table I provide 
a summary of custom array characteristics. The arrays 
with large element variance were repoled in an attempt to 
improve performance. a voltage of 300 V dc was applied 
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Fig. 2. The relation between the fundamental peak grating lobe intensity 
versus the subarray pitch, simulated using Field II. The grating lobe 
intensity was normalized by the main beam peak intensity. note that the 
subarray pitch was double the element width plus double the 50-μm ele-
ment spacing of the interleaved array. The peak second-harmonic intensi-
ty of the grating lobe was estimated from the fundamental using the Fu-
bini solution. The simulations were performed using Gaussian apodized 
3-cycle sine bursts at center frequencies of 1.7, 1.75, and 1.8 MHz. The 
element elevation size was 13 mm and the geometric elevation focus was 
6 cm. The beam was unfocused in the lateral direction and steered 35°, 
the propagation medium was assumed to be lossless. The solid horizontal 
lines are at the intensity levels at which the grating lobe levels are low 
enough for high-quality imaging [13]. The subarray pitch used in the 
final interleaved array is indicated by the black arrow.



over the element electrodes for about 30 min. This voltage 
was chosen to prevent overpoling of single crystal material 
and equals ~700 V/mm.

The performance of the custom arrays was evaluated 
in terms of

The maximal peak of the receive transfer function •	
(shortened in this article as sensitivity) and the maxi-
mal peak of the transmit transfer function (shortened 
in this article as efficiency) of each element.
The snr. The snr was determined for continuous •	
ultrasound at the element’s resonance frequency and 
a pressure of 1 Pa.

Table II summarizes the performance results of all 8 
custom arrays. We consider the essential characteristics of 
each array, such as the resonance frequency, the mean and 
standard deviation of the sensitivity and efficiency, the 
−6-db bandwidth, and the impedance and the snr while 
receiving a 1-Pa pressure wave.

The custom array constructed of cTs 3203Hd PZT 
was the most sensitive in our study, and this piezomaterial 
was used for the interleaved array.

a few remarks have to be made. In this study, no cor-
rection for differences in piezomaterial acoustic impedance 
was made, because preliminary calculations indicated that 
the correction factors were small compared with actual 
sensitivity differences—even when comparing composite 
piezomaterial to PZT. also, the sensitivity as expressed 
in microvolts per Pascal is influenced by the resonance 
frequency of each array element. The resonance frequen-

cies of the undiced slabs of piezomaterial lay between 4.0 
to 4.9 MHz. However, KlM model simulations established 
that the effect of variation of the resonance frequency was 
less than 1 db. Therefore, no correction was made for this 
effect.

The custom arrays based on composite piezomaterial 
had a somewhat low sensitivity. a retrospective investi-
gation using an optical microscope showed damaged ele-
ments due to the dicing process. The arrays built using 
single crystal material had low mean sensitivities with 
high standard deviations and similar −6-db bandwidths 
compared with PZT-based arrays—even after repoling. 
This was different from earlier studies, in which single 
crystal material was found to be superior in performance 
to PZT [10], [12], [30], [31]. Part of the explanation is that 
the array element height-to-width ratio was ~2:1, which 
is not ideal for 33-mode vibrations. also, the effects may 
be related to dicing difficulties. The custom arrays were 
diced using a diamond saw. a visual inspection using a 
microscope of the array elements showed that small chips 
had broken off the brittle single crystal material during 
dicing. Temperature-dependent degradation of the single 
crystal properties could not have been the cause, because 
the custom array production process takes place at low 
temperatures (below 70°c).

III. array Prototype

The transducer consisted of 2 interleaved subarrays 
with 88 transducer elements in total. The low- and high-
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TablE I. custom-array and Final Interleaved-array characteristics. 

custom array
Interleaved-array 
low-frequency subarray

Interleaved-array 
high-frequency subarray

number of elements 18 44 44
resonance frequency (MHz) 3–4 1 3.7
Element size (mm × mm) 13 × 0.2 16 × 0.2 13 × 0.2
Pitch (mm) 0.5 0.5 0.5
Piezomaterial Various cTs 3203Hd cTs 3203Hd
Matching layers — 1 2
backing (Mrayl) 5.3 3.2 3.2
lens — Elevation, focus 6 cm Elevation, focus 6 cm

TablE II. custom-array Performance Parameters. 

custom 
array Id Material type

res. 
freq. 

(MHz)

receive transfer −6 db 
bandwidth 

(%)

Transmit transfer Imp. at res. freq. snr if receiving 
1 Pa wave 

(db)
Mean 

(μV/Pa)
std. dev. 
(μV/Pa)

Mean 
(kPa/V)

std. dev. 
(kPa/V) Mag. Phase (°)

1 cTs 3203Hd 3.2 21 0.8 41 32.5 1 440 −18 24
2 Ferroperm Pz29 3.1 10.6 1.1 43 15.8 1.3 530 −36 16
3 Morgan PZT 5K.1 3.4 13.7 1.3 41 20.5 2.1 450 −22 17
4 Trs PZT HK.1Hd 3.6 14.4 0.4 47 31.1 1.1 330 −17 18
5 cTs 50-50 composite 3.3 7 1.2 51 4.6 0.8 440 −77 14
6 cTs 60-40 composite 3.3 3.3 0.6 68 1.8 0.3 470 −86 3
7 omega PZnT 1.6 15.6 3.8 48 5.5 1.8 850 −45 11

 after repoling: 2.0 15.6 3.7 45 7 2 800 −38 11
8 Trs PMn-30%PT 3.4 5.5 0.8 46 5.9 1.1 340 −50 18

 after repoling: 3.4 12.6 0.7 47 16 1.2 380 −35 15



frequency elements were mechanically separated and elec-
trically decoupled. That enabled the optimization of each 
element (e.g., matching layers, electrical tuning) for its 
specific role. both the low- and high-frequency subarrays 
were built using cTs 3203Hd piezomaterial. The subar-
ray optimized for transmission had a resonance frequency 
of 1.0 MHz and consisted of 44 elements. The low-fre-
quency elements had a single matching layer and a back-
ing of 3.2 Mrayl. The low frequency element size was 
16 × 0.2 mm and the subarray had a pitch of 0.5 mm. 
The subarray optimized for reception had a resonance fre-
quency of 3.7 MHz and was composed of 44 elements. 
The high-frequency elements had 2 matching layers on the 
front and a backing with an impedance of 3.2 Mrayl. The 
high-frequency element size was 13 × 0.2 mm, and the 
subarray had a pitch of 0.5 mm. a lens with a geometric 
elevation focus at an axial distance of 6 cm was attached 
to the final interleaved transducer. The total footprint of 
the interleaved transducer was 16 × 22 mm. The electrical 
tuning of the final interleaved transducer to the imaging 
machine was optimized for sHI. a coil was mounted in 
series with each element of the low-frequency subarray, 
and a coil was fitted in parallel to each element of the 
high-frequency subarray.

Each subarray was constructed separately and cut with 
a diamond saw. The kerf between the elements was 0.3 mm 
for both subarrays. after cutting of the 2 subarrays, spe-
cial tooling was used to merge the 2 subarrays, ensuring 
that the adjacent elements did not touch each other and 
aligning the front of both subarrays on the same plane.

The final interleaved transducer is shown schematically 
in Fig. 3. a summary of its characteristics is given in 
columns 3 and 4 of Table I. The transducer was manufac-
tured by oldelft Ultrasound, delft, The netherlands.

IV. acoustic characterization

The final interleaved transducer was characterized by 
measuring its efficiency in transmission as well as its sen-
sitivity in reception. For that, we determine the transmit-
and-receive transfer functions of all the elements. also, 
lateral and elevation beam profiles were measured at high-
pressure ultrasound. Finally, the array’s electrical and me-
chanical crosstalk was measured.

A. Transfer Functions

1) Definitions: The transducer transmit transfer func-
tion, Ttrans(ω), is defined as

 T
p
VT

trans
| |
| |

( )
( )
( )

,w
w
w

= 0  (1)

with p0(ω) the pressure at the transducer surface and 
VT(ω) the voltage over the transducer electrodes.

The receive transfer function, Trec(ω), is defined as

 T
V

pa
rec

T-open| |
| |

( )
( )

( )
,w

w
w

=  (2)

with VT-open(ω) the open circuit voltage over the trans-
ducer and pa(ω) the pressure received on the transducer 
surface.

The transfer functions are calculated using the meth-
ods described in [32].

2) Setup: The experimental setup consisted of a water-
filled tank. The array was attached to its sidewall. a cali-
brated source was mounted in a holder controlled by an 
xyz-system; see Fig. 4(a). The source was a flat circular 
piston transducer (V310, 2.25-MHz center frequency, di-
ameter 6.35 mm, Panametrics, Waltham, Ma).

For the transfer function measurements, the source 
was excited by an arbitrary waveform generator (33250a, 
agilent, loveland, co), which produced 600 cycle sine 
bursts with an amplitude of 5 V. Each array element was 
connected to a computer-controlled matrix switch (cus-
tom built). The received signal was digitized by a digitizer 
card (dP235, acqiris, Geneva, switzerland) at a sampling 
rate of 100 MHz. The waveform generator was connected 
to a computer through GPIb, and the matrix switch was 
controlled using an Ethernet connection.

The acoustic pressures were low, so nonlinear propa-
gation could be disregarded. also attenuation was ig-
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Fig. 3. schematic showing the various parts of the final interleaved ar-
ray.



nored, because the propagation distance in water was 
only ~20 cm. The exact diffraction correction function 
posted by Goldstein et al. [33] was used to calculate on-
axis pressures from the pressure produced at the source’s 
surface. The elements of the high-frequency subarray were 
13 mm long in the elevation direction. The spatial aver-
aging correction factor, S(ω), was calculated by simulat-
ing the complete wave over the elevation range (−6.5 to 
6.5 mm) produced by the calibrated source at the axial 
distance (~23 cm) using Field II [27], [28] and calculat-
ing the mean pressure. S(ω) was recalculated for the ele-
ments of the low-frequency subarray, because their size 
was 16 × 0.2 mm.

B. Beam Profiles and Crosstalk Measurements

beam profiles of the final interleaved array were mea-
sured with a hydrophone (diameter 0.2 mm, Precision 
acoustics, dorchester, UK) mounted in a xyz-system; 
see Fig. 4(b). The elements of the low-frequency subarray 
were excited by an 8-cycle Gaussian apodized sine burst at 
1 MHz and amplitude of 60 Vpp, which was produced by 
a multichannel programmable ultrasound system (oPEn 
system, lecoeur Electronique, chuelles, France, first re-
ported in [34]). The signals received by the hydrophone 
were digitized by an oscilloscope (9400a, lecroy, Geneva, 
switzerland) with a sampling frequency of 100 MHz and 
transferred to a computer for further processing.

The electrical and mechanical crosstalk was measured 
by exciting an element of either the low-frequency or the 
high-frequency subarray by a 3-cycle Gaussian apodized 
sine burst at the element’s resonance with an amplitude of 
12 Vpp. The response of all elements was measured and 
recalculated for the open circuit case ( )V resp

open . The cross-
talk was defined as

 Crosstalk resp
open

excit
= ×

æ
è
ççç

ö
ø
÷÷÷÷20 log ,

V
V

 (3)

where Vexcit is the excitation voltage, which is measured 
over the electrodes of the excited element.

V. results: Interleaved array characteristics

A. Low-Frequency Subarray

The transmit-and-receive transfer functions of both the 
low- and high-frequency subarrays are shown in Fig. 5. 
The average efficiency (defined in this article as the maxi-
mum of the transmit transfer function) of the elements of 
the low-frequency subarray was ~22 kPa/V; see Fig. 5(a). 
The average −10-db bandwidth was 86%. after tuning, 
the average efficiency increased to ~98 kPa/V; see Fig. 
5(a). The −10-db bandwidth was lowered from 86% to 
55%. The transmit transfer function of the tuned elements 
shows that the efficiency of the third and fifth harmonics 
was, respectively, ~46 db and ~55 db below that of the 
fundamental.

Fig. 6 details the variation in element behavior by 
showing the normalized efficiency of the elements at reso-
nance. The standard deviation of the normalized efficiency 
at resonance of the low-frequency subarray was ~1.9 db; 
see Fig. 6. The peak negative pressure reached ~1.6 MPa 
at a focal distance of 6 cm, if the elements of the low-
frequency subarray were excited with a 2-cycle 1-MHz 
Gaussian apodized sine burst of amplitude 120 Vpp. The 
peak negative pressure reached 2.0 MPa, if a similar exci-
tation signal 3 cycles in length was applied.

In Fig. 7, the normalized time pulse at focus is dis-
played, which was produced by exciting the elements of 
the low-frequency subarray with a 2-cycle 1-MHz Gauss-
ian apodized sine burst of amplitude 120 Vpp. The lateral 
focus of 6 cm was equal to the geometric elevation focus. 
The top panels show the fundamental and third-harmonic 
components; the lower panels detail the fourth and fifth 
harmonics. The fundamental −6-db pressure pulse length 
was ~2.9 μs at focus, and it decreased to 1.7, 1.4, and 
1.3 μs for the third, fourth, and fifth harmonics, respec-
tively. In Fig. 8(a), the lateral beam profiles of the fun-
damental up to the fifth harmonic recorded at a lateral 
focal distance of 6 cm (is equal to the geometric eleva-
tion focus) are presented. The lateral −6-db beam width 
was 4.6, 2.6, 2.1, 1.7, and 1.5 mm for the fundamental, 
second, third, fourth, and fifth harmonic, respectively. In 
Fig. 8(b), lateral beam profiles of the second-, third-, and 
super-harmonic components are displayed. The super-
harmonic component is defined as the combination of the 
third, fourth, and fifth harmonics. The −6-db beam width 
of the super harmonic was 1.9 mm.

B. High-Frequency Subarray

The elements of the high-frequency subarray had an 
average sensitivity (defined in this article as the maxi-
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Fig. 4. (a) setup to obtain transfer functions and snr measurements 
and (b) setup to obtain beam profiles and crosstalk measurements.



mum of the receive transfer function) of ~9 μV/Pa, with 
a −10-db bandwidth of 93%; see Fig. 5(b). after electri-
cal tuning, the average sensitivity increased to ~31 μV/
Pa. The −10-db bandwidth of the elements was lowered 
from 93% to 50%. The standard deviation of the normal-
ized efficiency at resonance of the high-frequency part was 
~0.4 db (Fig. 6). In transmission, the untuned elements 
of the high-frequency subarray had an average efficiency 
of ~20 kPa/V.

C. Crosstalk

The inter-element crosstalk is shown in Fig. 9. Fig. 9(a) 
displays the crosstalk versus the element position relative 
to the excited element. The peak crosstalk amplitude was 
normalized by the excitation voltage. Fig. 9(b) shows the 
corresponding time delay. The mechanical crosstalk be-
tween the elements of the low-frequency subarray ranged 
from −53 to −31 db relative to the transmitted signal, 
depending on the distance between the active element 

and the element of interest; see Fig. 9(a). notice the lo-
cal minimum in the mechanical crosstalk 3 elements away 
from the excited element; this was caused by diffraction 
effects in the backing. The large standard deviations of 
the 4 elements closest to the excited element in Figs. 9(a) 
and 9(b) were caused by overlap and interference of elec-
trical and mechanical crosstalk. The large standard devia-
tion in time delay of the excited element in Fig. 9(b) was 
caused by clipping of the receive circuitry. The mean ele-
ment-to-element travel distance of the pressure wave was 
0.8 mm, as was calculated from the mean relative time 
delay of 0.47 μs between the peak values of the mechani-
cal crosstalk of each element; see Fig. 9(b). The crosstalk 
between the elements of the low-frequency subarray was 
not significant (< −60 db) for elements further away than 
10, except for elements at a distance of 16. In this case 
the crosstalk was ~−37 db with a standard deviation of 
5.0 db compared with the excitation signal. The time de-
lay between the element and the excited element was 0 μs, 
implying purely electrical crosstalk. This crosstalk was ex-
plained by the wiring configuration.

Peak crosstalk from the low- to the high-frequency ele-
ments was ~−60 db relative to the transmitted signal 
with a standard deviation of 3.7 db.

VI. discussion

A. Performance of the Interleaved Array for SHI

The frequency response of the final interleaved array is 
shown in Fig. 10. Its combined −6-db bandwidth exceeds 
144%, whereas traditional arrays generally have 80% to 
90% bandwidth. The graph summarizes the key charac-
teristics of the implemented concept for the interleaved 
array in terms of bandwidth and efficiency.

The interleaved array consists of 2 separate subarrays, 
which are merged during manufacture. This is a criti-
cal step, and improperly merged arrays suffer from high 
crosstalk levels.

1) The Low-Frequency Subarray Used in Transmission: 
The resolution of a b-mode picture is determined by such 
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Fig. 6. The element variation of both subarrays by showing the effi-
ciency (defined as the maximum of the transmit transfer function). The 
efficiency was normalized to the mean efficiency of either the low- or 
high-frequency subarray.

Fig. 5. (a) Transmit transfer function of the low-frequency subarray; the mean and standard deviations are based on measurements of 8 elements. 
(b) receive transfer function of the high-frequency subarray; the mean and standard deviations are based on measurements of 8 elements.



transmission beam characteristics as the length of the im-
aging pulse and the bundle profile. The effect of imaging 
schemes on the (axial) resolution is not treated, because it 
is considered to be out of the scope of this article.

The axial resolution is related to the time duration of the 
pressure pulses produced by the transducer (Fig. 7). Two 
main observations can be made. First, the pulse lengths 
of the third, fourth, and fifth harmonic are progressively 
shorter than the one of the fundamental. second, the time 

trace of the fundamental is relatively long. This stems 
from the rather narrow bandwidth of the transmit trans-
fer function of the tuned low frequency subarray (55% at 
−10 db). because of the intrinsic relation between the 
length of the fundamental pulse and the axial image reso-
lution, it is highly desirable to increase the bandwidth. 
This goal can be achieved by either electrically tuning the 
low-frequency subarray off resonance or by use of a mul-
tiple resonance circuit. both methods exchange transmit 
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Fig. 7. The normalized fundamental, third-, fourth-, and fifth-harmonic components of a pressure signal recorded at focus. The lateral focus of 6 cm 
was equal to the geometric elevation focus. The elements of the low-frequency subarray were excited using a 2-cycle Gaussian apodized sine burst 
at 1 MHz with amplitude 120 Vpp.

Fig. 8. (a) lateral beam profiles of the fundamental up to the fifth harmonic at focus. The lateral focus of 6 cm was equal to the geometric elevation 
focus. The intensity values are relative to 1 Pa. The elements of the low-frequency subarray were excited using an 8-cycle Gaussian apodized sine 
burst at 1 MHz with amplitude 60 Vpp. (b) Zoomed lateral beam profiles of the second-, third-, and super-harmonic component at focus. The lateral 
focus of 6 cm was equal to the geometric elevation focus.



efficiency for bandwidth, resulting in a lower peak pres-
sure at focus—and, consequently, less energy in the high-
er harmonics—at the same excitation voltage. However, 
with the limited output voltage of our imaging system 
and a short excitation pulse of 2 cycles, the final inter-
leaved array produced a maximum peak negative pressure 
of 1.6 MPa at focus. because this is below the MI limit 
of 1.9, the electrical tuning was not optimized further for 
bandwidth.

The lateral resolution is best investigated using lateral 
beam profiles; see Fig. 8(a). The profiles show the progres-
sively smaller −6-db beam width of the higher harmon-
ics. The most striking is the super-harmonic component 
shown in Fig. 8(b): its on-axis intensity is almost equal to 
the second harmonic, but it has an off-axis energy distri-
bution similar to the third harmonic. This decreases the 
so-called haze in an image and by that improves the 2-d 
image quality. The −6-db super-harmonic beam width is 

59% smaller than the fundamental and 37% smaller than 
the second-harmonic beam width. similar values were re-
ported by bouakaz et al. [1], who found the −6-db beam 
width of the super-harmonic component to be 50% small-
er than the fundamental and 30% smaller than the second 
harmonic in nonlinear wave propagation simulations of 
circular symmetric transducers. However, this compari-
son is not completely suitable. More appropriate would be 
to compare super-harmonic beam profiles to the optimal 
second-harmonic beam profiles produced using a trans-
mission frequency of 1.6 to 1.8 MHz [23]. but the graph 
does demonstrate the potential of sHI, not only from a 
beam-width perspective but also because of the lower off-
axis energy of the super-harmonic component at almost-
equal-to-second-harmonic on-axis pressure intensity.

2) The High-Frequency Subarray Used in Reception: 
next to the characteristics of the transmission beam, the 
image quality is further affected by the sensitivity of the 
subarray used in reception and the noise characteristics 
of the imaging system. The untuned elements of the high-
frequency subarray had an average sensitivity of 9 μV/
Pa, which is more than 50% less than that of the custom 
array made of the same piezomaterial (see Table II). This 
is caused by the extra attenuation of the lens on the array 
and the optimization for very wide bandwidth. The final 
interleaved array in combination with the oPEn system 
can detect a pressure as low as 3 Pa with 10-db snr. 
by far the largest noise contribution (17 μVrMs over a 
20-MHz band) originates from the oPEn system. To 
improve total system snr, preamplifiers for each high-
frequency element could be added in the handle. The nec-
essary circuitry will be relatively simple, because no high-
voltage protection circuitry is needed for the elements in 
sHI mode.

currently, the electrical tuning of the final interleaved 
array is optimized for sHI. The high-frequency subarray 
is tuned on a single resonance, making the transducer 
plus circuitry quite narrowband (its −10-db bandwidth is 
lowered from 93% to 50%). For sHI broadband electrical 
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Fig. 9. (a) Peak element-to-element mechanical crosstalk of the low-frequency subarray relative to the excited element. The average and standard 
deviation are based on measurements of 9 elements. (b) Time delay of peak mechanical crosstalk of the low-frequency subarray relative to the excited 
element. The average and standard deviation are based on measurements of 9 elements.

Fig. 10. The transmission transfer functions of the untuned low- and 
high-frequency subarrays combined to illustrate the interleaved array 
concept. The transfer functions are normalized by the peak transmission 
transfer of the low-frequency subarray.



tuning is preferable, such as using a matching circuit with 
multiple resonances distributed over the required pass 
band of 2.5 to 5.5 MHz. In both cases, the phase response 
of the matching circuit should be taken into account as 
well. In the future, programmable electrical tuning will be 
installed, yielding a transducer capable of efficient second-
harmonic imaging and sHI.

3) Transducer-Generated SHI Contaminants: because 
the energy of the super harmonics generated by either 
nonlinear propagation or Uca response is quite low, the 
contamination of the sHI component by transducer-pro-
duced signals at these frequencies should be minimized. 
For this, 2 transducer characteristics are essential. First, 
the low-frequency subarray should have a low efficiency 
at the super-harmonic frequencies. second, the crosstalk 
between the low- and high-frequency subarrays should be 
minimized.

The transmit transfer function of the tuned low-fre-
quency subarray showed that the third-harmonic efficien-
cy was ~46 db below its fundamental; see Fig. 4(a). The 
subarray’s fifth-harmonic efficiency was more than 55 db 
lower than its efficiency at the fundamental. by using a 
Gaussian modulated sine burst with a center frequency 
at the low-frequency elements’ resonance with a −6-db 
bandwidth similar to or slightly larger than the elements’ 
fundamental band, the energy produced by the transduc-
er at the third- or fifth-harmonic frequency can be kept 
< −100 db. Thus, although the energy of the third- and 
fifth-harmonic components due to either nonlinear propa-
gation or Uca response is quite low, the energy content 
of spuriously transmitted odd harmonics by the array is 
negligibly low.

crosstalk from the low- to the high-frequency elements 
was ~−60 db, due to the fact that the low- and high-
frequency parts are in essence completely separate arrays. 
The high-frequency elements are quite insensitive at the 
frequencies generated by the low-frequency part during 
sHI and possible crosstalk artifacts in b-mode images are 
kept to a minimum.

The crosstalk between the low-frequency elements is 
important, because it has a detrimental influence on the 
transducer’s ability to perform beam steering by effectively 
making the elements less omnidirectional. McKeighen [35] 
reported that crosstalk values of −30 db are considered 
acceptable for most imaging situations. crosstalk between 
low-frequency elements was < −31 db, so the interleaved 
array performed superior to this value.

4) Abdominal SHI: sHI is also suitable for abdominal 
imaging. because there is no size constraint on the array 
footprint in this application, the number of elements could 
be increased to 128; 64 elements used in transmission 
and 64 used in reception. In this case, the footprint size 
would be 16 × 32 mm instead of the current 16 × 22 mm. 
advantages of this modification would be an increased 
maximum lateral focal distance (~10 cm instead of the 
current ~6 cm) and higher peak pressures at focus using 

equal excitation voltages. as the current interleaved array 
in conjunction with regular ultrasound equipment is al-
ready capable of reaching the 1.9-MI limit using a 3-cycle 
imaging burst, this means that the array’s fundamental 
compromise between efficiency and bandwidth would shift 
more to bandwidth.

B. Potential Imaging Methods

The final interleaved array is suitable for new Uca im-
aging techniques such as subharmonic imaging or sUrF 
imaging due to its broad bandwidth. The role of each 
subarray changes for these imaging techniques. For sub-
harmonic imaging, the high-frequency elements are used 
in transmission and the low-frequency elements in recep-
tion. In the case of sUrF imaging, both element types 
are used in transmission and reception. To facilitate these 
different roles, the electrical tuning has to be changed and 
optimized for each application. a possible problem is the 
existence of grating lobes produced when transmitting us-
ing the high-frequency elements. These grating lobes are 
caused by the fact that the subarray pitch of 0.5 mm is 
large relative to ultrasound wavelengths of 0.3 to 0.5 mm. 
For example, if a 4-MHz square wave is transmitted, a 
grating lobe of −10 db relative to the main beam is lo-
cated 45° off the main beam.

The following sections treat subharmonic and sUrF 
imaging in combination with the final interleaved array, 
with the emphasis on usable imaging frequencies and grat-
ing lobes.

1) Subharmonic Imaging: First of all, the frequencies 
necessary for subharmonic imaging in cardiac applications 
are discussed in relation to the transfer function of the 
final interleaved array. chomas et al. [4] report that the 
best subharmonic response is produced—while minimiz-
ing bubble instability—by using a transmission frequency 
that is twice the Uca’s resonant frequency. Ucas used for 
cardiac applications are resonant at 1 to 5 MHz [25]. The 
final interleaved array is suitable for subharmonic imag-
ing of Ucas with resonance frequencies between 1 and 
2.4 MHz, because the high-frequency subarray is efficient 
up to ~4.8 MHz; see Fig. 10. depending on the frequency 
of the subharmonic component, either the low- or high-
frequency subarray should be used in reception.

The other topic of discussion is the influence of grating 
lobes. There exists an onset pressure threshold for the pro-
duction of subharmonics by Uca. below this threshold no 
subharmonic component can be detected. chomas et al. 
[4] reported a pressure threshold of 200 kPa. by keeping 
the peak pressure in the grating lobe below this threshold, 
only the Uca in the main beam will produce significant 
subharmonic response. In this case, the existence of grat-
ing lobes can be disregarded. This implies that there is 
a frequency-dependent maximum of the peak pressure in 
the main beam. To study the aforementioned relation, we 
investigated the appearance of grating lobes in the acous-
tic field produced by the final interleaved array at varying 
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transmission frequencies using the FIEld II simulation 
program [27], [28]. The element size was 13 × 0.2 mm 
with a subarray pitch of 0.5 mm. The simulations were 
performed using 3-cycle sine bursts that were Gaussian 
apodized. The geometric elevation focus of the beam was 
6 cm, but no lateral focus was applied. The beam was 
steered 35°, and the propagation medium was assumed 
to be lossless. In Fig. 11(a), a graph is shown detailing 
the peak intensities of the simulated grating lobe versus 
the transmission frequency, and in Fig. 11(b), the angle 
of the grating lobe is shown versus the transmission fre-
quency. It can be deduced from Fig. 11(a) that the maxi-
mum peak pressures of the main beam for subharmonic 
imaging reduce from 600 kPa at 2.5 MHz to 360 kPa at 
4.5 MHz. These pressures are common for nondestructive 
Uca imaging. The actual pressure threshold value for the 
generation of subharmonics depends on the bubble type 
and the excitation frequency. Typical threshold values for 
free gas bubbles are around 60 kPa, if excited at twice 
the bubbles’ resonance frequency [36]. For Ucas such as 
levovist (schering aG, berlin, Germany), optison (GE 
Healthcare, chalfont st. Giles, UK), definity, and son-
azoid (GE Healthcare, chalfont st. Giles, UK), threshold 
values around 300 kPa were reported [37]. For sonoVue 
(bracco research, Geneva, switzerland), the subharmonic 
pressure threshold was found to be 40 kPa [6].

2) SURF Imaging: First, the frequencies necessary for 
sUrF imaging in cardiac applications in relation to the 
transfer function of the final interleaved array are dis-
cussed. Masoy et al. [7] state that the difference between 
the low- and high-frequency bursts should be on the or-
der of 7 to 10 times for sUrF imaging. In the case of 
echocardiography, that would imply a low-frequency pulse 
of ~0.6 MHz and a high-frequency pulse of ~4 to 5 MHz. 
The combined bandwidth of the interleaved array is suf-
ficient for sUrF imaging, albeit at relatively low frequen-
cies. For example, if a manipulation pulse of 0.6 MHz is 

used, an imaging pulse of ~4.2 MHz could be used. as the 
manipulation pulse pressures are usually in the order of 50 
to 100 kPa [7], the normalized −10-db transmit efficiency 
of the untuned low-frequency subarray at 0.6 MHz (Fig. 
10) is sufficient.

second, the effect of grating lobes on sUrF imaging 
is discussed. It turns out that grating lobes caused by 
transmitting at higher frequencies are of minor impor-
tance for sUrF imaging. although the high-frequency 
imaging pulse (~5 MHz) used in sUrF would produce 
significant grating lobes, the low-frequency manipulation 
pulse (~0.7 MHz) used to alter Uca scattering proper-
ties would not. Therefore, the final image subtraction step 
used in sUrF imaging removes the Uca response from 
the grating lobes of the high-frequency imaging pulse.

3) Other Possibilities: although the details are not cov-
ered in this article, the interleaved array is also suitable for 
other advanced imaging techniques. Examples are source 
prebiasing to reduce tissue harmonics in Uca imaging 
[38] or third-harmonic transmit phasing to either enhance 
the tissue second harmonic in tissue imaging or reduce the 
tissue second harmonic in Uca imaging [39].

VII. conclusion

The interleaved array presented in this article possesses 
optimal characteristics for tissue and Uca-enhanced sHI. 
In addition, this array is suitable for a wide range of other 
experimental and clinical imaging modalities, such as sec-
ond-harmonic, subharmonic, and sUrF imaging.

With considerably less variation in response over the 
elements, much lower element-to-element crosstalk, a 
higher fundamental transmission efficiency, reduced third- 
and fifth-harmonic transmission efficiency, and improved 
sensitivity in reception, the interleaved array described in 
this article is a large improvement over the array reported 
by bouakaz et al. [22] in 2004.
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Fig. 11. (a) The relation between the fundamental peak grating lobe intensity versus the transmission frequency, simulated for the final interleaved 
array using Field II. The grating lobe intensity was normalized by the main fundamental beam peak intensity. The element size was 13 ×  0.2 mm 
with a subarray pitch of 0.5 mm. The simulations were performed using 3-cycle sine bursts, which were Gaussian apodized. The geometric elevation 
focus of the beam was 6 cm; no lateral focus was applied. The beam was steered 35° and the propagation medium was assumed to be lossless. (b) 
The angle of the grating lobe versus transmission frequency. The beam was steered 35°.
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