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ARTICLE INFO ABSTRACT

Keywords: In this paper, a technique combining Diverging Beam with Synthetic Aperture Technique (DB-SAT) is demon-
Beamforming strated that utilizes only limited number of active elements yet provides better quality images at higher frame
Diverging beam rates than possible with Conventional Focused Beamforming (CFB). The DB-SAT has been investigated in si-
Res‘)l“tifm mulations and experiments on wire and tissue-mimicking phantoms, and the results are compared with routinely
;’{g;};ztijp erture used CFB with Linear Array (CFB-LA). The estimated lateral resolution at the focal point was 0.41 mm and

0.34mm for CFB-LA and DB-SAT, respectively, in simulations. These were estimated to be 0.78 mm and
0.71 mm, respectively, in experiments. Experimentally computed contrast resolution (contrast-to-noise ratio) for
the cyst located at 60 mm depth were 0.50 (1.31 dB) and 0.58 (2.33 dB) for CFB-LA and DB-SAT, respectively.
The frame-rate achieved by DB-SAT was 8 times and 2 times higher than that achieved by CFB-LA when transmit
sub-apertures had an overlap 0% and 75%, respectively. Therefore, it can be concluded from the results that DB-
SAT using 8 active transmit elements and 64 active receive elements yields better quality images at higher frame-
rates than those obtained using CFB-LA with 64 active elements in transmit and receive. Since there is a re-
duction in the number of active transmit elements in the case of DB-SAT, it leads to a reduction in the overall

system complexity.

1. Introduction

Ultrasound (US) is the second most widely used imaging modality in
medical diagnostic applications due to its non-invasive, non-ionizing,
and real-time imaging capabilities [32]. The two most popular techni-
ques in US imaging are using Phased Array (PA) and Linear Array (LA),
both of which employ Conventional Focused Beamforming (CFB) ap-
proach. Typically, CFB approach utilizes fixed focusing during trans-
mission and dynamic focusing during reception. The CFB based imaging
techniques are routinely used in most commercial US scanners. In PA
imaging [18], all transducer elements are active during both trans-
mission and reception. Echoes received by all the transducer elements
are beamformed to obtain a single A-line. An image is formed from
many such A-lines, which are obtained by focusing and steering the
beam in different directions using appropriate time delays. As com-
pared to PA imaging, LA imaging activates a group of transducer ele-
ments (i.e., active sub-aperture) to obtain a single A-line. The active
sub-aperture is then electronically translated over the entire transducer
aperture to obtain many such A-lines, which are then juxtaposed to

form the final image. Another important difference between these two
imaging techniques has to do with the type of transducer used. Typi-
cally, the array-transducer used in PA imaging has inter-element se-
paration of A./2 (i.e., pitch = A./2, where A is the operating wavelength
of the transducer) while the one used in LA imaging has a pitch of A.
Trade-offs in US imaging system involve image quality, field-of-
view, frame-rate, cost and complexity of the system. The resolution of
an image can be improved by increasing the frequency of the US signal,
but it limits the depth of penetration. Cost and complexity of an US
system are dictated by the number of parallel transmit and receive
channels used during data acquisition [2]. Since PA imaging uses RF
data from all the elements during beamforming, it is more complex and
expensive compared to LA imaging for a given linear array footprint.
Nevertheless, even a regular ultrasound LA scanner is not affordable for
routine scanning in resource poor settings in developing countries
[30,12,27,29]. Typical low-cost ultrasound system comes with 32
transmit and receive channels or less and use delay and sum beam-
forming implemented on FPGA [27]. Ultrasound systems having CFB
with 64 active transmit and receive elements are regularly used in
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clinical practice, and are considered to provide acceptable image
quality for reliable diagnosis. Therefore, systems that can use fewer or
equal number of active elements compared to that used in a low-cost
system, yet provide image quality better than that obtained from rou-
tinely used systems employing 64-active elements and CFB, can be
considerd as desirable.

Efforts to miniaturize the US scanner and make it more affordable
has been an area of active research over the years. To reduce the sys-
tem’s complexity, the notion of synthetic aperture radar was adapted to
medical US [3]. The Synthetic Aperture Technique (SAT) [36] makes
use of only one channel to acquire data and form an image. Here, a
single transducer element is activated at a time to transmit an un-
focused beam and backscattered echoes are received by the same ele-
ment. Likewise, all transducer elements are activated sequentially and
RF data from all transmits are stored in the memory, which are then
beamformed and processed to obtain the final image. This technique is
less complex, but the resulting compromise in image quality has been
an issue for biomedical applications. There has been a significant
number of works that have tried to overcome the limitations of SAT and
adapt it for biomedical imaging as detailed below.

Initial efforts were made towards utilizing the concept of SAT to
reduce the complexity of the PA imaging systems [34,13,10]. These
approaches generally used fewer active elements to reduce the hard-
ware complexity at the expense of frame-rate, which sometimes com-
promised the real-time imaging capability. Specifically, Trahey and
Nock [34] employed a technique, which uses an available number of
active elements to form a single A-line and the process of image for-
mation is same as the PA imaging. This technique retained the real-time
imaging capability, however, it compromised on the image quality
when compared to the full-PA imaging. Karaman et al. [13] proposed
an imaging approach, which transmits a defocused beam from the
subaperture (5 active elements) and echoes were received in all ele-
ments using sub-aperture multiplexing. This process was repeated by
moving the transmit sub-aperture, one element at a time. Johnson et al.
[10] proposed a phased subarray imaging method, where the sub-
apertures (4 active elements) were used to focus and steer the beam in
different directions to form RF images and then these were laterally
upsampled, interpolated, weighted, and coherently summed to form the
final image.

Several methods have been reported that exploit synthetic aperture
approach for LA imaging [16,5,35]. In general, these methods have
used sparse and/or Multi-element Synthetic Transmit Aperture (MSTA)
to achieve higher frame-rates and/or better image quality when com-
pared to LA imaging. However, in order to retain frame rates without
sacrificing possible image quality, these techniques utilized active ele-
ments over the full-receive aperture leading to a hardware-wise com-
plex and expensive system. Recently, a 2R-SAT has been proposed for
less complex US system with LA transducer that uses only two channels
during data acquisition [19]. Data acquisition is similar to the SAT, but
only two elements are used to receive the echoes. This technique, when
used with the coded-excitation on transmit, was shown to yield sig-
nificantly better signal-to-noise ratio (SNR) and depth of penetration
when compared to the traditional SAT. However, the frame-rate is only
comparable to those achievable in CFB-approaches.

In addition to the above efforts, recent developments in ultrasound
modality have aimed at achieving very high frame-rate imaging
(> 1000 fps). This is achieved using plane-wave transmit or diverging
waves with a virtual source behind the transducer [21,8,24]. Further,
compounded plane waves or diverging waves are used to improve the
contrast and resolution. Here, plane waves or diverging waves are
steered in different directions and spatial compounding approach is
used to obtain a final image. However, these methods require high
channel count in transmission and reception, thus leading to very so-
phisticated and complex systems. Recently, another method was de-
veloped by Gong et al. [6] to achieve a very high frame-rate system
using sub-apertures in a linear array to emit diverging beam. Even
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though it uses subaperture, it still involves excitation of all transducer
elements simultaneously as is done in plane wave imaging.

In summary, although a number of techniques have been in-
vestigated and reported in the literature that exploit STA approach,
none have explicitly investigated a combination of diverging beam and
SA with sparse transmit and sparse receive for LA imaging. Almost all of
the prior works utilized diverging beams with an aim to achieve high
frame-rate or to improve lateral resolution without worrying about
complexity of the system. In this work, we propose a technique that
combines Diverging Beam with Synthetic Aperture Technique (DB-SAT)
for LA imaging to provide less complex system, which uses only one 8-
channel pulser IC, having superior lateral resolution and higher frame-
rates than CFB-based LA imaging. This is accomplished by employing a
sparse, multi-element transmission of diverging waves and performing
SA beamforming. Further, we have investigated the effects of a reduc-
tion in the number of active receive elements on the image quality.
Specifically, we have calculated and compared the frame rate, contrast,
axial resolution, and lateral resolution obtained from CFB with Linear
Array (CFB-LA) and DB-SAT.

This paper is organized as follows. The DB-SAT is presented in
Section 2 along with the beamforming algorithm and methods used in
simulation and experiment. Section 3 presents results from the simu-
lation, experimental validation of simulation results, and comparison of
example in-vivo image obtained using the CFB-LA and DB-SAT. Dis-
cussion and conclusions based on this work are reported in Section 4.

2. Materials and methods
2.1. Diverging beam with synthetic aperture technique (DB-SAT)

The DB-SAT imaging sequence is shown in Fig. 1. During transmit, a
diverging beam is sent out from the active elements (N = 8) of the
transducer array by supplying appropriate delay values. The back-
scattered echoes are received by active receive elements of the trans-
ducer array and stored for further processing. This process is continued
by electronically translating the active transmit sub-aperture with or
without an overlap, until all the transducer elements are used. The lo-
cation of active receive elements is chosen based on the position of the
virtual source, for example, the active receive elements for the 8th
emission (transmit active elements located at 57-64) is shown in Fig. 1.
For each transmission from the sub-aperture, the echoes received by the
active receive elements (pre-beamformed RF data) are stored sepa-
rately. The stored data are beamformed using Delay and Sum (DAS)

Transmission:
Emission#1 Emission#8 Emission#16

Virtual
h, eee ASources

Transmit i Transducer
Sub-ap errure“’i [ oo oo g (X array
N,=8

iverging ;
waves

Reception: Shown for Emission # 8

Partial receive apertures aperture

Fig. 1. A sketch depicting the transmit-receive sequence in DB-SAT without
overlap of transmit sub-aperture.
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algorithm, which is explained a few paragraphs below from here.
Note, the choice of using 8 active elements during transmit in this
study is mainly because of the following two reasons.

1. Increase in the size of the transmit sub-aperture (i.e., particularly
more than 16 elements) leads to a degradation in the image quality
due to axial lobes, which was previously reported by many authors
[13,26,17].

. Ready availability of 8-channel HV-Pulser IC module, which is state
of the art [23,7].

Delay values that are used to activate transducer elements to emit a
diverging beam are computed using (1), which was previously reported
in the literature [13,26]. The number of virtual sources and the inter-
spacing of the virtual sources depend on the overlapping of transmit
sub-aperture that is used to obtain the final image. A systematic eva-
luation of the influence of these parameters on the image quality is
reported in Section 3.4 later.

Xy

T, =
" 2czq

(€8]

where, x, is the distance of the n™ element from the center of the
transmit sub-aperture, and d is the inter-element spacing, and c is the
speed of sound.

In this study, 24 is chosen as dN,/2, is the distance from the virtual
source to the transducer array, which is 1.2 mm to produce a transmit
beam as wide as the full sector image (i.e., beam divergence
angle = 90°). A thorough investigation of virtual source distance from
the transducer array on image quality metrics is reported in Appendix
A.

The stored pre-beamformed RF data are processed using the DAS
algorithm to form post-beamformed RF data. DAS beamforming is
performed at each point ‘p’ in the raw RF data using (2).

Ne Ny
S(p) =Y Y wyRF;(t—7)
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where RF;; represents RF data, obtained using i emission from transmit
sub-aperture and reception from the jth element, N, and N,, represents
the number of emissions from transmit sub-aperture and number of
receive elements, respectively, (xy zp) is the focus point in the image, «
represents time taken from the virtual source to the focus point and
back to the receive element, and w; represents the corresponding
apodization weights.

2.2. Field II simulations

Simulations were done using Field II® software [9]. Linear array
transducer was modeled separately for CFB-LA and DB-SAT with ac-
quisition parameters as listed in Table 1. To obtain CFB-LA RF data, the
active aperture (i.e., 64 elements) was made to focus the beam at
40 mm depth by incorporating appropriate time-delays. Echoes were

Table 1

Transducer parameters used in field II simulation.
Parameters DB-SAT CFB-LA
Number of elements (N) 128 128
Transmit Active elements (N,) 8 64
Inter-element spacing 0.3mm 0.3mm
Element width 0.275 mm 0.275 mm
Element height 4mm 4mm
Centre frequency 5 MHz 5 MHz
Sampling frequency 40 MHz 40 MHz
Transducer-Phantom spacing (z-start) 5mm 5mm
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received from the same active aperture and then beamformed using
dynamic receive focusing (with dynamic aperture having F-
number = 2) to obtain single A-line. This transmit-receive process was
repeated to acquire 128 A-lines by electronically translating the active
aperture one element at a time. All these A-lines were then populated
next to each other to obtain the final image. In DB-SAT, pre-beam-
formed RF data were collected and beamformed using the aperture
containing the active receive elements. To study the effect of the
number of active receive elements used in beamforming, it was varied
as 128, 96, 64, and 32. However, to reduce the near field clutter, a
dynamic aperture (with F-number = 2) was used until the number of
active receive elements were reached. B-mode images were formed by
applying band-pass filtering, envelope detection and log compression
on the beamformed RF data [1]. The dynamic range of the images was
set to 60 dB in simulations.

A computer phantom was simulated that contained 30 point-scat-
terers arranged in 3 columns, each column having 10 point-scatterers.
The point scatterers were separated by a distance of 10 mm both in the
axial and lateral directions. This computer-generated phantom was
imaged separately using the CFB-LA and DB-SAT. Axial and lateral re-
solutions at different depths were estimated using the full width at half
maximum (FWHM) (—6 dB) value obtained from the axial and lateral
profile of the scatterer at that depth, respectively. Further, the im-
provements in depth of penetration of DB-SAT by increasing the am-
plitude of the excitation signal were also investigated. To study this, a
computer phantom that was simulated by incorporating an attenuation
coefficient value of 0.5dB/[cm MHz] was used. The amplitude of the
excitation signal was increased from 15.7 to 48.6 V (~ 3 times), which
was the maximum realizable in the SONIX TOUCH Q+ US scanner
(refer to Table V4 in the manual, page no. 247) used in experimental
validation. Note that unlike CFB, we employ diverging beam and this
perhaps provides an opportunity for increasing the amplitude of the
excitation signal without possibly worrying about the biosafety aspects.
Nevertheless, the scope of the work reported in this paper is just to
explore this possibility. Some additional discussions are made in the last
section.

In order to analyze the image contrast, a computer cyst phantom
was simulated with dimensions 70 mm X 40 mm X 5mm (height x
width x length), that contained cysts of different sizes and also hy-
perechoic regions. Cyst phantom image for both techniques were ob-
tained by repeating the data acquisition process in the same way as
described before. The attenuation was set to 0.5 dB/[cm MHz]. To make
simulations more realistic, white Gaussian noise was added to the si-
mulated RF data corresponding to a SNR of 40 dB.

In order to compare the image contrast performance of different
techniques, Contrast Resolution (CR) and contrast-to-noise ratio (CNR)
were estimated for cysts present on the right side in the image by taking
a 3mm X 3mm region of interest. The CR and CNR were calculated
using (4) and (5), respectively [25].

CR = (sout_sin)
Sout (4)
CNR = 20log10 |s02u,—s,-,,2|
(Gin + O.Oul) (5)

where s;, and s,,, are the mean values of target and background, re-
spectively, and o;, and o, are the corresponding standard deviations.

2.3. Experiments

Experiments were performed using SONIX TOUCH Q + © US scanner
(Ultrasonix, Analogic Corporation, Peabody, MA, USA). A 128-element
linear array transducer (L14-5/38) operating at a center frequency of
5MHz and a sampling frequency of 40 MHz was used for this purpose.
In the case of CFB-LA, post-beamformed RF data were acquired by
setting the transmit focus to 40 mm. In the case of DB-SAT, pre-
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Fig. 2. A cross-sectional view of the tissue-mimicking phantom model that was
used in experiments. The phantom geometry, along with dimensions, is de-
scribed.

beamformed RF data were acquired and beamformed using DAS algo-
rithm as explained in simulation section. The estimation of lateral re-
solution, axial resolution, and formation of B-mode images were similar
to what was explained in the simulation section. The dynamic range of
the images was set to 60 dB in experiments as well.

To validate the results obtained from a simulated point scatterer
phantom, a wire phantom was constructed and imaged. This phantom
was made using a set of 16 wires made of Nylon having a diameter of
0.36 mm each. The wires were arranged in two columns, each having 8
wires separated by 10 mm laterally and axially. This complete setup
was immersed in a water bath and the cross-section of the wires were
imaged. The axial and lateral resolution values were computed from the
8 wires positioned at different depths and located at 5 mm in the lateral
direction.

The image contrast was assessed in experiments on a tissue-mi-
micking phantom that was made using agar-gelatin-water mixtures
[11]. The phantom had overall dimensions 75 mm X 75 mm X 75 mm
(height x width x length), that contained cysts of different sizes and
regions with high scatterer density, which ran along the length of the
phantom. The phantom cross-section view is shown in Fig. 2. To
manufacture this phantom, a cuboid-shaped mold was made using
polypropylene with a provision for inserting different-sized cylinders at
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different positions. The phantom material was prepared by mixing 5%
by the weight of gelatin and 4% by the weight of agar with deionized
water at 80 °C and was stirred well until the temperature came down to
about 30 °C. Thereafter, this mixture was poured into the mold with the
cylindrical inserts in place and allowed to cool at 4 °C for approximately
12 hrs. Later, the cylindrical inserts were carefully removed. To obtain
the high scattering regions, nylon wires, having a diameter of 1 mm
were inserted into the holes present in the phantom.

In order to explore and understand the potential of the DB-SAT
further, RF data were collected from right-hand biceps of a 28-year old
male volunteer using CFB-LA and DB-SAT, and were beamformed se-
parately. Thereafter, B-mode images were formed in a similar way as
explained earlier in the simulation section.

3. Results
3.1. Point scatterer imaging

Fig. 3 shows B-mode images of the computer phantom obtained
using CFB-LA and DB-SAT with different number of active receive
elements. It can be readily observed that the DB-SAT provides depth
independent lateral resolution for all cases considered, except for 32
receive elements. However, the lateral resolution obtained using 32
receive elements is still comparable to that obtained using CFB-LA. It
can also be noticed that the images obtained using DB-SAT are noisier
when compared to that obtained from CFB-LA. Fig. 4 depicts the plot of
the axial and lateral resolutions, estimated as the FWHM from point
scatterers located at different depths in the image (center column),
obtained by CFB-LA and DB-SAT using various number of active receive
elements. In the case of CFB-LA, the lateral resolution value increases
significantly beyond the focal depth (i.e., 40 mm), indicating poorer
resolution as we can see in Fig. 4(a). On the other hand, DB-SAT with
active receive elements greater than 64 maintains the improved re-
solution throughout the depth. For example, at 80 mm depth, the lateral
resolution of the DB-SAT shows about 4 times improvement over that
obtained in the CFB-LA. On the other hand, one can see from Fig. 4(b)
that the axial resolution is almost same for all the techniques at all
depths. Notice the abrupt change in the axial resolution at larger depths
in the case of DB-SAT with 32 receive elements. This is due to the loss in
energy of the main lobe signal at larger depths, which resulted in the
amplitude of the axial lobes [26,28] comparable to that of main lobes
and affected the calculation of axial resolution.

Fig. 5 compares the B-mode images of the computer phantom ob-
tained using CFB-LA and DB-SAT with full receive aperture at two

a b C d dB
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Fig. 3. Simulated B-mode images of phantom containing 30 point-scatterers obtained using (a) CFB-LA, and DB-SAT for different active receive elements, (b) 128, (c)

96, (d) 64, and (e) 32.



B. Lokesh, A.K. Thittai

a
4 : - :
—CFB
- 128Rx
3 —8—-96Rx ]
“¢64Rx o
-0--32Rx o

Lateral resolution [mm]

Depth [cm]

Axial resolution [mm)]

Ultrasonics 91 (2019) 150-160

b

0.8 —— : : ,
—cFB
- 128Rx .

0.6 J6Rx F e
~4-64RX / “o
-0--32Rx i

1

0.4 -
0.2 1
0 L 1 L J

Depth [cm]

Fig. 4. Plots of the estimated (a) lateral resolution and (b) axial resolution at different depths obtained in simulations when using different methods, i.e., CFB-LA, DB-
SAT with various active receive elements. The results were obtained from point scatterers positioned at 0 mm lateral location.
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Fig. 5. Simulated B-mode images of a phantom containing 30 point-scatterers
obtained using (a) CFB-LA, (b) DB-SAT with full receive aperture and (c) DB-
SAT with full receive aperture, but the excitation signal is 3 times of that used in
(b). The attenuation was set to 0.5 dB/[cm MHz].

different transmit pulse amplitude settings. One can notice that the
scatterers located beyond 60 mm are not visible in the image obtained
using CFB-LA, whereas they are visible in the images obtained using

4
g —CFB-LA
2 T DB-SAT
o O
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% -20
=
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-20 -10 0 10 20

Lateral Distance [mm]

Fig. 6. Plots of normalized lateral profile obtained at 60 mm taken from point-
scatterers images obtained in simulations when using CFB-LA, DB-SAT with full
receive aperture having excitation signal that is same as CFB-LA and 3 times
(DB-SAT High) greater than what was used in CFB-LA.

DB-SAT. As would be expected, the visibility of the scatterers is more
prominent when the amplitude of the excitation signal is increased.
Fig. 6 compares the normalized lateral profile obtained by taking the
cross section at 60 mm depth of the images shown in Fig. 5. In DB-SAT,
the amplitude of received echo is improved by about 10 dB when the
excitation signal is increased by 3 times.

3.2. Computer cyst phantom

Fig. 7 shows B-mode images of the computer cyst phantom obtained
using CFB-LA and DB-SAT with different number of active receive
elements. Although subtle, one can notice that the shape of the cyst is
distorted in the case of CFB-LA (observe that the cyst is slightly ellip-
tical, which is prominent in the deeper seated cysts), whereas it is re-
tained in DB-SAT images. However, the image obtained using DB-SAT
with 32 receive elements is poor compared to those obtained with other
active receive elements. The CR and CNR values calculated from the
images shown in Fig. 7 are summarized in Table 2. The letter ‘R’ refers
to the cysts present on the right side in the image. These values ob-
tained from cysts present in CFB-LA images are larger when compared
to DB-SAT using different number of active receive elements.

3.3. Wire phantom

Fig. 8 presents the B-mode images obtained in experiments per-
formed on the wire phantom. The experimental results corroborate with
the simulation results shown in Fig. 3. DB-SAT demonstrates an im-
provement in the lateral resolution for all active receive elements, ex-
cept the one containing 32 receive elements. The improvement was
quantified in terms of estimated lateral resolution values (i.e., FWHM)
as shown in Fig. 9(a). Clearly, the DB-SAT provides better lateral re-
solution than that obtained from CFB-LA due to the dynamic focusing
during both transmission and reception. The lateral resolution obtained
using CFB-LA deteriorates significantly after the focus point as we ob-
served in simulations. The plot of the axial resolution obtained using
CFB-LA and DB-SAT with various active receive elements is shown in
Fig. 9(b). The obtained axial resolution is comparable between CFB-LA
and DB-SAT with different active receive elements, which is consistent
with what we have observed in the simulation.

Fig. 10 compares the B-mode images obtained in experiments per-
formed on the wire phantom using CFB-LA and DB-SAT with full re-
ceive aperture at different amplitude of the pulser excitation signal. One
can clearly notice that the brightness of the point scatterers are in-
creased, when the amplitude of the excitation signal was increased,
which is quantified in Fig. 11 that compares the normalized lateral
profile taken at 60 mm depth of the images shown in Fig. 10. The
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Fig. 7. Simulated B-mode images of cyst phantom obtained using (a) CFB-LA, DB-SAT for different active receive elements, (b) 128, (c) 96, (d) 64, and (e) 32. The
attenuation was set to 0.5 dB/[cm MHz].

Table 2

Calculated CR and CNR values for simulated cyst phantoms.

CFB-LA DB-SAT (128 Rx) DB-SAT (96 Rx) DB-SAT (64 Rx) DB-SAT (32 Rx)

CR CNR(dB) CR CNR(dB) CR CNR(dB) CR CNR(dB) CR CNR(dB)
R1 0.9667 14.9758 0.9161 11.6863 0.9074 11.6061 0.9106 11.2332 0.8790 11.0737
R2 0.9858 16.6595 0.9124 11.4547 0.9033 11.3260 0.8984 11.0250 0.7768 7.2132
R3 0.9816 17.0902 0.9237 12.6838 0.9178 12.1111 0.9040 12.1937 0.7766 9.1498
R4 0.7256 6.7309 0.7753 7.8068 0.7707 7.3541 0.7401 5.6351 0.5046 1.3188
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Fig. 8. B-mode images of a phantom containing 30 point-scatterers obtained in experiments using (a) CFB-LA, DB-SAT for different active receive elements, (b) 128,

(c) 96, (d) 64, and (e) 32.
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Fig. 9. Plots of the estimated (a) lateral resolution and (b) axial resolution at different depths obtained in experiments when using different methods, i.e., CFB-LA,
DB-SAT with various active receive elements. The results were obtained from point scatterers positioned at 5 mm lateral location.
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Fig. 10. B-mode images of a wire phantom obtained in experiments using (a)
CFB-LA, (b) DB-SAT with full receive aperture and (c) DB-SAT with full receive
aperture, but the excitation signal is 3 times of that used in (b).

10 —CFB-LA

Amplitude [dB]

L L

10 -5 0 5 10
Lateral Distance [mm]

L

15

7%

-15 20

Fig. 11. Plots of the normalized lateral profile at 60 mm depth taken from wire
phantom images obtained in experiment when using CFB-LA, DB-SAT with full
receive aperture having excitation signal that is same as CFB-LA and when DB-
SAT that employed excitation signal amplitude that was 3 times greater than
what was used in CFB-LA (DB-SAT High).

amplitude of the received echo obtained using DB-SAT improved by
about 11 dB compared to that obtained from the CFB-LA when same
excitation signal was used. The amplitude of the received echo im-
proved further (21 dB compared to CFB-LA), when the excitation vol-
tage signal was increased by 3 times.
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3.4. Tissue-mimicking phantom

Fig. 12 shows B-mode images of a tissue-mimicking phantom ob-
tained using CFB-LA and DB-SAT with various number of active receive
elements. As described earlier, the amplitude of excitation signal used
in the case of DB-SAT was 3 times that of CFB-LA. One can notice that
the B-mode image obtained from CFB-LA provides slightly better con-
trast than that obtained by DB-SAT. This is due to the presence of
slightly-higher levels of side lobes in the case of DB-SAT than in the case
of CFB-LA. Further, one can observe that the “points with high scat-
tering” are having same spread at all depths in the images obtained
using DB-SAT when compared to that obtained from CFB-LA. Interest-
ingly, an improvement in the contrast with reduction in the number of
active receive elements was observed in experiments, which is opposite
to what we observed in simulations.

Furthermore, notice the appearance of vertical dark streaks in the
images of a tissue-mimicking phantom obtained using DB-SAT. This is
possibly due to lack of transmit aperture overlap in sparse scheme
employed during transmit. In order to validate this, we used 25%, 50%,
and 75% sub-aperture overlapping during transmit, while fixing the
receive aperture (for example, N, = 64). Fig. 13 shows the B-mode
images obtained using CFB-LA, DB-SAT without overlap and with var-
ious transmit sub-aperture overlaps. In the case of DB-SAT, we can
readily observe that the vertical dark streaks are reduced as the overlap
of the sub-aperture is increased. The reduction in the vertical dark
streaks is quantified using Normalized Fourier Spectrum, which is
shown in Fig. 14. The spectrum was estimated from an average of 10
lateral profiles taken at a depth of around 4 mm. It can be noticed that
the prominent frequency spikes corresponding to the vertical streak
artifact are reduced as the overlapping of transmit sub-aperture is in-
creased. The CR and CNR values calculated from cysts present on the
right side in the images shown in Fig. 13 are summarized in Table 3. It
can be observed that overall the CR and CNR values are comparable
between that obtained using CFB-LA and DB-SAT, but the latter yields
better contrast values for the case of 75% transmit sub-aperture
overlap, especially, at 60 mm depth.

3.5. In-vivo example

Fig. 15 shows B-mode images of biceps obtained using CFB-LA and
DB-SAT. The DB-SAT setting had a transmit sub-aperture overlap of
75% for different number of active receive elements. The B-mode
images obtained using the different receive aperture settings seem
visibly comparable to that obtained using CFB-LA.

-50

10 -60

[mm]

Fig. 12. B-mode images of a tissue-mimicking phantom obtained in experiments using (a) CFB-LA, DB-SAT for different active receive elements, (b) 128, (c) 96, (d)

64, and (e) 32.
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Table 3
CR and CNR values for images obtained in experiments.

Ultrasonics 91 (2019) 150-160

Fig. 13. B-mode images of a tissue-mi-
micking phantom obtained in experi-
ments using (a) CFB-LA, DB-SAT with 64
active receive elements, (b) without an
overlap, (¢) 25% overlap, (d) 50%
overlap, and (e) 75% overlap. One can
notice vertical dark streaks prominently
within the region inside the red boxes.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this ar-
ticle.)

[mm]

3.6. Comparison of frame rate

Frame rate was calculated and compared among the CFB-LA and
DB-SAT techniques. Table 4 presents the frame rate obtained from CFB-
LA and DB-SAT with different transmit sub-aperture overlap. The the-
oretical frame-rate was computed using (6)

Frame rate < =
2N,

(6)
where N, is the number of emissions to obtain 128 A-lines, z is the depth
of imaging, which was set to 80 mm, and c is the speed of sound
(1540 m/5s).

The frame rate achieved using DB-SAT without overlap is 8 times
higher than that obtained using CFB-LA with a single focus. Even with a
sub-aperture overlap of 75%, DB-SAT provides a better frame-rate than
CFB-LA. In general, for imaging larger depths CFB-LA employs multiple
focal zones, which decreases the frame rate by a factor equal to the
number of focal zones. However, this is not the case with DB-SAT since
all the points are focused during the reconstruction. Therefore, the

CFB-LA DB-SAT (No overlap) DB-SAT (25%) DB-SAT (50%) DB-SAT (75%)
CR CNR(dB) CR CNR(dB) CR CNR(dB) CR CNR(dB) CR CNR(dB)
R1 0.9184 12.3663 0.8961 10.8249 0.8976 11.0361 0.9154 11.68529 0.9340 12.6147
R2 0.9501 13.4305 0.8953 10.8704 0.8975 11.41374 0.9153 11.5272 0.9269 12.1557
R3 0.8388 10.0283 0.8023 8.8395 0.8026 8.7140 0.8190 9.2874 0.8200 9.4645
R4 0.5093 1.3193 0.5862 2.3396 0.5962 2.5565 0.6019 2.7706 0.5978 2.7564
c d dB
0
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= 20
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£
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Fig. 15. In-vivo images of biceps obtained using (a) CFB-LA, DB-SAT with 75% transmit sub-aperture overlap for different active receive elements, (b) 128, (c) 64,

and (d) 32.
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Table 4
Theoretical frame-rate achieved by CFB-LA and DB-SAT with
various transmit sub-aperture overlap.

Technique Frame rate
CFB-LA 75
DB-SAT without overlap 601
DB-SAT with 25% overlap 458
DB-SAT with 50% overlap 310
DB-SAT with 75% overlap 158

frame-rate improvements using DB-SAT will be even higher compared
to when CFB-LA employs multiple focal zones.

4. Discussion and conclusion

In this paper, a technique combining the diverging beam transmit
through limited number of active elements and SAT has been proposed.
The proposed DB-SAT is shown to yield better lateral resolution
throughout the depth, both in simulations and experiments, unlike CFB-
LA which has the best resolution only at the focus. These characteristics
are achieved by the DB-SAT using only 8 active elements during
transmit, thus paving a way for a less complex system design compared
to the CFB-LA. In addition to this, the DB-SAT achieves higher frame
rate than that achieved by CFB-LA for various transmit sub-aperture
overlaps.

In the study of number of active receive elements used in beam-
forming, a major discrepancy was found between simulation and ex-
perimental results when using cyst phantom. It was observed that re-
ducing the number of active receive elements tended to reduce the
contrast in simulations, whereas, an improvement was noticed in ex-
periments. This is due to the differences in the homogeneity of the in-
sonification experienced by the simulated and experimental phantom,
respectively, as shown in Fig. 16. This difference may be due to the
dissimilarity between the attenuation characteristics of the simulated
and actual phantom. It may also be due to the differences in element
directivity of the simulated transducer to that of the actual transducer.

Ultrasonics 91 (2019) 150-160

Nevertheless, this leads to reduced clutter when using a smaller number
of active receive elements in the case of experiments.

The image quality can be further improved by incorporating adap-
tive weighting during beamforming. Several adaptive weighting
methods such as generalized coherence factor, phase coherence factor,
minimum variance beamforming, etc., have been reported in literature
to improve the quality of an ultrasound image [15,4,31]. Specifically,
we had investigated and reported on further improvement in lateral
resolution by incorporating a simple Sign Coherence Factor (SCF)
weighting during beamforming [17].

Even though we investigated increasing the amplitude of the ex-
citation signal in the case of DB-SAT to increase the SNR and depth of
imaging, it has an upper limit due to the safety of patient as well as the
transducer. There are several works reported in the literature to in-
crease SNR and depth of imaging by using coded excitation during the
transmission without increasing the amplitude or length of the excita-
tion signal [22,20,14]. The Golay and Barker encoding are the widely
used methods, but they compromise in the frame-rate. Other methods
like chirp excitation may require changes to the pulser-side hardware.
The recently introduced coded excitation sequences, for example, Ha-
damard, was shown to improve SNR and depth of imaging in Plane
wave/diverging wave imaging without sacrificing the frame-rate
[33,6,37]. The methods like Hadamard encoding can be used in DB-SAT
to further increase SNR and the depth of imaging without additional
hardware and without sacrificing the frame-rate.

To summarize, we proposed a technique that combines diverging
beam using limited number of transmit elements with Synthetic
Aperture Technique for Linear array imaging. The investigations
through simulations, experiments on phantoms, and in-vivo example
demonstrated that DB-SAT provides improved lateral resolution at
higher frame rates when compared to the routinely used CFB-LA.
Although the concepts of the diverging beam and synthetic transmit
aperture themselves are well studied in literature combining them in a
manner to achieve a reduction in the complexity, yet obtain better
quality images at improved frame rate is novel and significant, espe-
cially, for the development of affordable scanners for resource-poor
countries.

Depth [mm]

10 0

[mm]

10 10 0

[mm]

10

10 0
[mm]

10
[mm]

Fig. 16. Two low resolution B-mode images obtained in simulations (a&b) and experiments (c&d) using DB-SAT for the two transmit locations, active transmit

elements located at 33-40 (a&c), and 89-96 (b&d), respectively, are shown.
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Appendix A. Analysis of virtual source distance from the transducer array on image quality metrics using simulations

The analysis of virtual source distance from the transducer array (z4) on the image quality metrics is presented here. The value of z4 was varied as

1.2mm, 2.9 mm, 4.5 mm, and 0 mm, which corresponds to beam divergence angle of 90°, 45°, 30°, and 0°, respectively. It can be observed from Fig.
A1 that the lateral resolution improves and the contrast decreases as the value of zq decreases. Thus, there is a trade-off between the lateral resolution
and contrast of an image as the value of z4 is changed. Notice that both lateral resolution and contrast resolution are poor in the case of unfocused
beam i.e., zqg = 0.
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Fig. Al. Plots of the estimated (a) lateral resolution and (b) contrast resolution obtained in simulations when using DB-SAT with different virtual source distances
from a transducer array. Here, z4 = 0, represents the unfocused beam from the transmit sub-aperture.
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