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Complementary Golay coded sequences (CGCS) have several advantages over conventional short pulse trans-
mitted signals. Specifically, CGCS allow the signal-to-noise ratio (SNR) to be increased. Moreover, due to
matched filtering and compression, echoes resembling the short pulse waveform with substantially higher
amplitude can be obtained. However, CGCS require two subsequent transmissions to obtain a single compressed
signal. This decreases the data acquisition rate and the frame rate of ultrasound imaging by two-fold. To alleviate
this problem, mutually orthogonal Golay complementary sequences (MOGCS) can be used. MOGCS allow the
simultaneous transmission of two CGCS pairs to be implemented, yielding the acoustic data for two image frames
in one data acquisition cycle.

The main objective of this work was an experimental study of the most crucial parameters of the received
acoustic signals, e.g. the signal-to-noise ratio (SNR), the side-lobes level (SLL) of the signal and the axial reso-
lution, obtained from simultaneous transmission of two pairs of CGCS comprising a MOGCS set to demonstrate
their feasibility of being used in ultrasonography. For this purpose, a simultaneous synthetic transmit aperture
method (SSTA) was proposed. The SSTA is based on MOGCS transmission and simultaneous reconstruction of
two image frames from a single data acquisition cycle. This doubles the image reconstruction rate in comparison
with conventional CGCS signals.

In this paper, the ultrasound data from a perfect reflector, commercial phantoms and in vivo measurements
were analysed. Two 16-bit long CGCS pairs comprising the MOGCS set were programmed and transmitted using
the Verasonics Vantage™ research ultrasound system equipped with a Philips ATL L7-4 linear array ultrasound
probe. It was shown that the signal parameters and overall quality of reconstructed B-mode images did not
deteriorate when using the MOGCS in comparison to the conventional CGCS and short pulse signals explored so
far.

1. Introduction ultrasound waves in tissue increases approximately linearly as a func-

tion of frequency [2] and limits the resolution at greater depths. Hence,

In ultrasound diagnostic image requirements are becoming more and
more demanding. Penetration depth, signal-to-noise ratio (SNR), axial
and lateral resolution, side-lobe level (SLL) and contrast-to-noise ratio
are the most frequently used parameters characterising the quality of
ultrasound images. The SNR and penetration depth depend on the en-
ergy dissipation along the propagation path due to acoustic wave
attenuation in the surrounding medium. On the other hand, the axial
and lateral resolutions of the ultrasound image depend on the frequency
of the transmitted signal and the aperture size [1]. Attenuation of
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the maximum penetration depth (dependent on SNR) and axial resolu-
tion (dependent on operating frequency) are the two most important and
contradicting parameters in ultrasound imaging. Therefore, to visualise
the deeper parts of the examined body, the peak power of the interro-
gating pulse must be increased. However, the maximum peak power is
restricted by medical standards (IEC standard 60601-2-37). To over-
come this difficulty, wide-band interrogating signals, and coded se-
quences in particular, can be applied [3]. The energy of the transmitted
signal is proportional to the code duration. Compression, involving
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match-filtering, allows for increasing the amplitude and the SNR of the
recorded echoes and the penetration depth, without amplifying the
transmitted signal [4]. This also allows the transmit frequency to be
increased, which yields resolution improvement. Different approaches
to the problem of signal compression and SNR improvement have been
reported in the literature. For example, in [5] a ‘pseudo-chirp’ (chirp -
linear frequency modulated signals) excitation and equalisation filtering
was proposed for phased arrays imagers to increase the SNR of ultra-
sound images. In [6], a method based on pulse elongation and decon-
volution, implemented as a stabilised inverse filter, was proposed to
reduce the range side-lobes. The optimal waveform was obtained using a
minimum mean-square error optimisation approach. In [7], the spec-
trally matched signals with constant amplitude and nonlinear frequency
modulation were analysed for side-lobe reduction of the compressed
pulses and in [8] pre-distorted chirp signals were studied experimentally
to evaluate the influence of the frequency weighting from the trans-
ducer’s bandwidth on the efficiency of side-lobe reduction. Application
of the Barker codes and mismatched filter for high-frequency ophthal-
mologic imaging was proposed in [9], whereas in [10] the pseudo-
random binary sequence (m-sequence) was studied. Increased range
resolution and SNR improvement over a short pulse signal were
demonstrated experimentally through imaging evaluation and flow
measurements. Recently, the Golay codes have been receiving growing
attention in comparison to the other transmitted signals Introduced by
M. J. E. Golay in [11], these are also known as the complementary Golay
coded sequences (CGCS). The CGCS have a unique property of total side-
lobe suppression as a result of matched filtering and signal compression.
The compressed waveform is similar to the conventional short pulse
with much higher amplitude (theoretically, the amplitude increase can
be up to 2L, where L is the number of bits of the code sequence [12]).
Fundamental properties of the CGCS, including matched filtering and
compression techniques, were discussed in detail in [13]. The major
drawback of the CGCS is that transmission of each sequence of the
complementary pair has to be transmitted subsequently. This causes a
two-fold reduction of the data acquisition rate which, in turns, results in
a corresponding decrease in the ultrasound image reconstruction frame
rate. The frame rate or the speed of image reconstruction is defined as
the number of reconstructed images (frames) per second (fps) and is one
of the most crucial factors in ultrasound medical imaging diagnostics.
Apart from computational speed related to the image reconstruction
algorithm implementation and the hardware used, it is physically
limited by the speed of data acquisition, which depends on the acoustic
wave speed in the medium, depth of visualisation and the number of
scan-lines reconstructed. The main drawback of the CGCS, as mentioned
above, can be alleviated by applying the mutually orthogonal Golay
complementary sequence (MOGCS) excitation signals [14]. Mutual
orthogonality (defined in the next section) allows for two different CGCS
pairs (comprising a MOGCS set) to be transmitted simultaneously. The
echoes corresponding to different complementary pairs can be extracted
from the received signal and processed using CGCS matched filtering
and compression techniques [13]. This enables simultaneous acquisition
of the acoustic data for two image frames, thus compensating for the
frame rate reduction due to the subsequent transmission of two CGCS.
Several ultrasound imaging approaches based on MOGCS trans-
mitting have been reported in the literature [15-18]. In [15], the clas-
sical beamforming method based on ‘delay-and-sum’ dynamic receiver
focusing B-mode imaging was proposed. A 64-element transducer array
was divided into two parts comprised of even and odd numbered ele-
ments. Each part was excited with different 16-bit long pairs of a MOGCS
set. Therefore, different CGCS pairs transmitted along different scanlines
yielded two interlaced image frames. This method, however, required at
least four consecutive transmissions to be combined in order to alleviate
the grating lobe issue, which inevitably appeared due to every other
element excitation. In [16], a simultaneous transmit multi-zone focusing
method using modified orthogonal Golay codes designed for small-scale
systems (e.g. hand-held, portable ultrasound systems) was discussed.
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The sum of two MOGCS focused at two different depths was simulta-
neously transmitted along the same scan-lines and received with each
array element. In this method, matched filtering was performed after
beam-forming to simplify the system design, which introduced addi-
tional errors in the image reconstruction. The B-mode images of
numerically simulated data were presented and no experimental veri-
fication was performed. Moreover, in this method, five states, i.e. &+ 2,
+1 and 0, of the transducer excitation voltage would be necessary. This
would require complicated electronics especially when the number of
transducer elements to be excited is large (192 elements in the cited
work) and is inconsistent with the simplicity of small-scale systems
design. In [17], a method for high frame rate sector imaging was pro-
posed. It was based on simultaneous excitation of the MOGCS pair, each
of them corresponding to the emission of a plane wave with a different
transmission angle. The received echo signals corresponding to different
angles were extracted and two images of different regions within the
imaging area were obtained. Finally, the two images were combined
into a single frame of the sector mode image. Similarly, as in [16], the
sum of two MOGCS was transmitted simultaneously by every element,
yielding similar system hardware design requirements as mentioned
above. In [18], the approach analogous to [17] was used for the trans-
mission of two diverging waves instead of plane waves to obtain a single
frame of an even wider sector mode image. The majority of papers
dealing with MOGCS excitation signals mainly concern the imple-
mentation of the classical beamforming (dynamic receive focusing) and
plane or diverging wave imaging methods. The synthetic transmit
aperture (STA) method, in contrast to the methods mentioned, provides
full dynamic focusing in transmit and receive modes [19-21]. This al-
lows high-resolution imaging to be obtained. In the STA method, several
elements (up to 16 elemental transducers [21]) are used in transmit
mode at any time. This limits the energy of the transmitted pulse-wave
and visualisation depths. In this context, application of the CGCS and
MOGCS in particular seems to be promising to alleviate this problem.
Specifically, it was shown in [22], application of the L-bit long CGCS
allowed for improving the SNR by approximately /I in comparison with
the short pulse excitation signal in the case of B-mode images obtained
using the STA approach. Some preliminary results of the MOGCS-based
STA imaging are discussed in [23,24]. However, the analysis was limited
to numerical simulations only and no experimental verification was
conducted. In [23], the authors limited themselves to considering two-
bit long MOGCS comprised of four pairs, thus repeating transmission
of the same coded sequences several times (Eq. (5) in [23]), which is
misleading. Moreover, the mutual orthogonality property for the ele-
ments of a MOGCS set comprised of four CGCS (Eq. (4) in [23]) was
incorrectly defined. Specifically, according to [14], the sum of all cross-
correlations must vanish; therefore, the expression for partial echoes
extraction from the received signal (Eq. (6) in [23]) leads to incorrect
results. In turn, in [24], the possibility of MOGCS application in STA is
briefly mentioned only in the context of classical beam-forming and
plane-wave imaging methods discussed in the cited works [15-17]. The
work presents preliminary results of numerical simulations without
profound comparative analysis and experimental verification. Further-
more, no profound analysis of the MOGCS radio-frequency (RF) echoes
showing the efficiency of match filtering (i.e. extraction of the echoes
corresponding to different CGCS pairs comprising the MOGCS set from
the received signal) in the case of experimentally obtained data has been
reported in the literature so far.

The main objective of this work is the experimental study of the RF
signals obtained as a result of the simultaneous transmission of two
CGCS pairs comprising a MOGCS set to demonstrate their feasibility for
use in ultrasound diagnostics. For this purpose, the acoustic echoes from
a brass plate modelling a perfect reflector and from a general purpose
phantom (model 525, Dansk Fantom Service [25]) were measured,
analysed and compared for different excitation signals. Specifically,
such parameters of the received signals, like the pulse duration at the —6
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dB and —20 dB levels, the signal SLL and the SNR, obtained from
simultaneous transmission of two 16-bit long CGCS pairs comprising a
MOGCS set were estimated and compared with those obtained using
conventional CGCS and short (one-sine cycle of operating frequency)
pulse signals. For MOGCS and CGCS transmissions, the received signals
were first processed with matched filters in order to extract corre-
sponding echoes (MOGCS) and compress them to suppress the signal
side-lobes. Next, the signal parameters were determined and compared
to those of the short pulse transmitted signal. Experimental measure-
ments were conducted using a Verasonics Vantage™ commercial ul-
trasound system (Verasonics Inc., Kirkland, WA, USA) equipped with a
Philips ATL L7-4 linear array ultrasound probe.

Moreover, the simultaneous synthetic transmit aperture (SSTA) im-
aging method based on the simultaneous transmission of two CGCS pairs
comprising a MOGCS set and simultaneous reconstruction of two image
frames was proposed and studied using experimental data. The method
illustrates the simultaneous reconstruction of two high-resolution B-
mode image frames obtained using MOGCS acoustic echoes from a
single data acquisition cycle and presents a comparison with B-mode
images obtained using conventional short pulse and CGCS transmitted
signal. For this purpose, the STA acoustic data were collected from a
general purpose phantom (model 525, Dansk Fantom Service [25]) and
a cyst phantom (model 571, Dansk Fantom Service [26]). Moreover, the
STA data were acquired in vivo by imaging the abdominal aorta and
common carotid artery of a human volunteer (one of the co-authors).
The B-mode images were synthesised and compared for the proposed
SSTA with MOGCS signals and conventional STA with short pulse and
CGCS excitation signals. To the authors’ best knowledge, experimental
studies of STA imaging with simultaneous frame synthesis using MOGCS
signals has not been explored in the literature so far.

The rest of the paper is organised as follows. The next section pre-
sents a brief overview of the theoretical aspects of the CGCS and
MOGCS. In the Section 3, the details of the experimental set-up are
explained. Sections 4 and 5 present the experimental results obtained
using MOGCS, CGCS and short pulse transmitted signals and the dis-
cussion, respectively. Finally, Section 6 briefly summarises the pre-
sented work.

2. Theory

The main advantages of the CGCS over the short pulse transmitted
signal are the ability to obtain a compressed signal with suppressed side-
lobes and SNR improvement. However, in contrast to the short pulse, the
CGCS requires two consecutive transmissions to obtain the compressed
signal. This means that data acquisition takes two times longer for the
CGCS in comparison to the short pulse. This drawback can be success-
fully overcame by applying the MOGCS signal [14]. Concretely, consider
two L-bits long CGCS pairs A; and B;, i = 1,2, (i.e., A; A is a comple-
mentary pair #1 and B; B, is a complementary pair #2) which obey the
following condition [13]:

Ra 0+ Ros) = {3 2 R o) 4 o) = {3 w

The autocorrelation function of the coded sequence in Eq. (1) is
defined as follows [28]:

R() = { S SIStk —n),n=0-L—1, @
R(—n)yn=—(L—1)- —1,

where S(k),k = 0---L —1 denotes the coded sequence A;, B;, i = 1,2 of
the length L. Furthermore, the two CGSS pairsA; and B; are said to be
mutually orthogonal pairs, or MOGCS pairs, if the sum of the corre-
sponding cross-correlation functions vanishes

2
> Rus =0. 3)
ij=1
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The cross-correlation functions in Eq. (3) are defined as follows [27]:

L—1-n
> o AK)Bi(k—n),n=0-L—1,
L—1-n

Zk:o Ailk =

Thereby, the CGCS pairs A;and B;, i = 1, 2, comprise the MOGCS set if
they simultaneously obey Egs. (1) and (3). The main consequence of the
mutual orthogonality, defined in Eq. (3), is the ability to transmit two
CGCS pairs simultaneously. The echoes corresponding to different CGCS
pairs comprising the MOGCS set can be efficiently extracted from the
received signal using the Golay codes compression algorithm, briefly
discussed below. Specifically, consider an example of the MOGCS set
comprised of two 16-bit long CGCS pairs {A, B} shown in Table 1
(similar codes were used in the experimental measurements):

The sequences {A;, B;} are transmitted by two adjacent elements
{say, #1 and #2} of the array transducer. Specifically, the Golay coded
sequences {A1, By} are transmitted first. Then the corresponding echoes
are detected and stored in the memory for further processing. Next, the
procedure is repeated for the sequences {A, B2}. The partial echoes
corresponding to the Golay coded sequences{A;, B;}, i = 1,2 can be
extracted from the received signals and compressed by adding together
the cross-correlation functions of each of the received signals with cor-
responding transmitted sequences. Concretely, in order to recover the
echo corresponding to the sequence A={A;, Ay} transmitted by the
transducer element #1, for the first and the second transmissions, one
should compute the sum of cross-correlation functions of the received
signals S; with corresponding transmitted codes A;, i = 1,2 using Eq. (3)
as follows:

Ry (n) = ()]

mBi(),n = —(L— 1) — 1,

2
Pyr= Rsa 5)
i=1

In this work, the cross-correlation functions were computed in
Matlab® using xcorr routine from the Signal Processing Toolbox.

It should be noted that Egs. (1) and (3) can be generalised on M
MOGCS sets, each comprised of M/2 CGCS pairs [14]. In this case,
however, the mutual orthogonality property of any two MOGCS sets
means that the sum of all combinations of the cross-correlation functions
computed for all M/2 CGCS pairs in each of the two MOGCS sets must
vanish. Extraction of the particular echoes from the received signal
resulting from simulations transmission of M CGCS pairs is not as
obvious and straightforward anymore.

3. Method

A pair of 16-bit long CGCS, two pairs of 16-bit long CGCS comprising
a MOGCS set and a short pulse (one sine-cycle) at a nominal frequency of
5.2 MHz and 20.83 MHZ sampling rate were generated by the Vera-
sonics Vantage™ (Verasonics inc., Kirkland, WA) research ultrasound
system equipped with the Philips ATL L7-4, 128 elements linear array
transducer. The block diagram of the experimental setup is shown in
Fig. 1.

First, the ultrasound echoes from a perfect reflector (brass plate
immersed in a tank filled with degassed water) were collected. The
signals obtained from the reflector allowed the efficiency of MOGCS and
CGCS compression to be assessed. For this purpose, the compressed
signal duration at —6 dB and —20 dB amplitude levels were measured

Table 1
16-bit long CGCS comprising a MOGCS set.

A; 111-111-11111-1-1 Az 111-111-11-1-1-1111-1
-11-1 1

By 1-1111-1-1-11-111-1 B, 1-1111-1-1-1-11-1-11-1
111 -1-1
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Fig. 1. Block diagram of the experimental setup.
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Fig. 2. STA acoustic data acquisition diagram using two pairs of CGCS
comprising the MOGCS excitation signal.

and compared to that of the short pulse. Also the SLL (defined here as the
ratio of the side-lobes level to the main-lobe level of the signal envelope)
was determined using the signals reflected from the brass plate and
compared for the three modalities tested, i.e. MOGCS, CGCS and short
pulse, respectively. To compare the SNR, the ultrasound RF echoes were
collected from the general purpose phantom with attenuation 0.5 dB/
[cm x MHz] (which corresponded to 5.7 Np/[m x MHz]). The SNR,
defined here as the ratio of the average signal power to the RMS noise
power [28] was determined at different depths from the recorded RF
signals and from the echoes along the central line of the synthesised B-
mode images of the general purpose phantom and compared for the
MOGCS, CGCS and short pulse excitation signals. The average signal
power was computed over the echo samples in the 1.5 mm (5 wave-
lengths, the wavelength approximately equals 0.3 mm) window centred
around the peak amplitude at given depth, whereas the RMS noise
power was computed over the samples in the 10 mm (about 34 wave-
lengths) window starting from 100 mm where practically no signal is
observed and only noise is present (see Fig. 5 and Fig. 7). For computing
the SNR, SLL and axial resolution the sample rate of corresponding
signals was increased by a factor of 16 in Matlab® using the interp
routine.

Finally, simultaneous reconstruction of two high-resolution image
frames from acoustic data obtained using the MOGCS signal collected
during a single data acquisition cycle was demonstrated. For this pur-
pose, the STA data were collected from the general purpose phantom
and the cyst phantom. Moreover, the STA data were also acquired in
vivo using the human abdominal aorta and common carotid artery of a
volunteer (one of the co-authors). Longitudinal scans of both arteries
were performed using all three modalities tested, i.e. MOGCS, CGCS and
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short pulse, respectively. The B-mode images obtained using the pro-
posed SSTA image reconstruction method with the MOGCS excitation
signals and the conventional STA method with the CGCS and short pulse
excitation signals were compared.

3.1. Simultaneous synthetic transmit aperture imaging method

To gain insight into the SSTA image reconstruction method proposed
here, it might be appropriate to consider the STA data acquisition
scheme shown in Fig. 2. This diagram depicts the case in which two
CGCS pairs A = {A1,A2} andB = {B;, By}, comprising the MOGCS set
(see Table 1) are transmitted by two adjacent elements of a linear array
transducer. Specifically, the transducer array element #1 transmits the
code A; and the element #2 transmits the code B; during the first
transmission of the MOGCS. Next, the element #1 transmits the code A,
and the element #2 transmits the code B, during the second trans-
mission. In both transmit events the ultrasound echoes are acquired
simultaneously by all elements of the transducer array in receive mode.
Next, the transmit sub-aperture is moved along the transducer by a
specified number of elements. In the experimental results shown in the
next section, the two-element stride was applied. Therefore, for the
example considered, elements #3 and #4 are used in the next acquisi-
tion in transmit mode and all elements are recording back-scattered
signals. This process is repeated until the last element of the probe is
reached.

When the data acquisition cycle is finished, the RF signals are pro-
cessed using the SSTA image reconstruction method proposed here.
Specifically, first the echoes corresponding to the CGCS A = {A;,A}
andB = {B;,By} are extracted. To this end, the cross-correlations
defined in Eq. (3) are computed for the codes A = {A;, Az}
andB = {B,B,} and all 128 RF signals recorded for each transmit sub-
aperture. This yields 128-by-64 compressed echoes corresponding to
the CGCS A = {A;,A2} and B = {B;, By}. These echoes comprise two
STA RF data sets corresponding to the transmitted CGCS A = {A;,A,}
andB = {Bi,B:}, respectively. Next, the RF data sets are processed using
conventional STA image reconstruction method simultaneously,
yielding two B-mode image frames - ‘frame A’ and ‘frame B’ (see nota-
tion of the examples shown in the next section).

The same two-element transmit sub-aperture and two-element stride
were used for the short pulse excitation and conventional CGCS exci-
tation signals. In the case of CGCS excitation signal, only one comple-
mentary pair A = {A;,Az} (see Table 1) was transmitted. The RF data
were recorded and processed using the conventional STA method [21]
and the obtained images were compared with those obtained using the
SSTA image reconstruction method.

For the case of the MOGCS and CGCS excitations, a full data acqui-
sition cycle required 128 transmissions and 16,384 RF signals were
recorded. In the case of the short pulse only 64 transmissions and 8192
RF signals were required. The raw data were collected with the sampling
rate of 20.83 MHz and stored in the PC memory for further processing.
All signal processing algorithms mentioned above were implemented in
Matlab®.

4. Results
4.1. Perfect reflector measurements

The RF signals detected from the perfect reflector for different
transmitted signals are shown in Fig. 3.

Specifically, the short pulse echo is shown in Fig. 3(a). The RF
echoes, being a superposition of the 16-bit long MOGCS codes A; and By,
Ay and By, are shown in Fig. 3(b) and Fig. 3(c), respectively. Similarly,
the echoes corresponding to the CGCS sequences A; and Az are shown in
Fig. 3(d) and (e). The signals were transmitted by elements #63 and #64
and recorded by element #64 of the probe. All RFs collected were nor-
malised to their maximum values.
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Fig. 3. Normalised RF signals collected from the perfect reflector for the short pulse transmission (a), the MOGCS echo being a superposition of the codes A; and B;
(b), the MOGCS echo being a superposition of the codes Az and B, (c), the CGCS echo resulting from A; sequence transmitted (d), the CGCS echo resulting from A,
sequence transmitted (e). Elements #63 and #64 were used in transmit mode; the echoes were detected by element #64.

In Fig. 4, the envelopes of the signals reflected from the brass plate
(see Fig. 3) are shown. In the case of MOGCS and CGCS signals, the RF
echoes were compressed using the match filtering technique prior to
envelope detection. For the MOGCS, the envelope of code A is shown
only. The same code A = {A;,A,} was used as the CGCS example in the
Fig. 3(d) and (e). The half maximum (measured at the —6 dB level) time
duration of the envelopes for the MOGCS and CGCS was determined to
be 0.33 ps and 0.3 ps, respectively. The corresponding value for the short
pulse was 0.36 ps. The above values of the time duration expressed in
units of spatial distance were 0.51 mm and 0.46 mm for coded excitation

MOGCS and CGCS, respectively. The corresponding value for the short
pulse excitation was 0.55 mm. The time duration of the envelopes
measured at the 0.1 level (-20 dB) were 0.58 us for the MOGCS, 0.66 us
for the CGCS and 0.61 ps for the short pulse transmission. These corre-
sponded to 0.89 mm for the MOGCS, 1.01 mm for the CGCS and 0.94
mm for the short pulse transmission, respectively.

In Fig. 4, the SLL values determined at specific points of the curves
are also shown. Specifically, the SLL values for the MOGCS and CGCS
signals were at least —20.6 dB and -22.2 dB, respectively. The corre-
sponding value for the short pulse was —20.1 dB.

depth, mm
) 40.8 41.2 41.6 42.0 424 42.8
T T T
—— MOGCS
09 CGCS 7
= = =short pulse

0.8
o 07F
el
o]
B 06
—
9
R T B MRt A
é 04
z

03

-20.8 dB
0.2 l -22.1dB
(DN SRS SR i ---------------
gEm— ~\>/
53 54.5

time, us

Fig. 4. The normalised envelopes of the processed RF echoes obtained from the perfect reflector using the short pulse, the MOGCS and the CGCS transmitted signals.
Elements #63 and #64 were used in transmit mode; the echoes were detected by element #64.The text arrows show the SLL values determined at specific points of

the curves.
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Fig. 5. The normalised amplitudes of the received RF echoes obtained from the general purpose phantom using the short pulse (a), the MOGCS (b) and the con-
ventional CGCS (c) transmission. The absolute values of the received echoes are shown. Elements #63 and #64 were used in transmit mode; the echoes were detected

by element #64. For the peaks of the echo amplitudes, the SNR values are shown.

signal. In the case of the short pulse, the corresponding values at the
depths of 10 mm and 20 mm were 16.5 dB and 8.5 dB, respectively.
The B-mode images of the general purpose phantom obtained using
the SSTA image reconstruction method with the MOGCS excitation
signals are discussed in Section 3.1, and the conventional STA method
with the CGCS and short pulse excitation signals are shown in Fig. 6. The
peak-to-peak transmitted voltage was set to a value of 3.2 V to demon-
strate the increase in visualisation depth for the MOGCS and CGCS over
the short pulse signal for small excitation acoustic power levels. The
final reconstructed images (envelopes of the beamformed RF signals
corresponding to the image lines) were then normalised to their

4.2. Phantom measurements

In Fig. 5, the normalised amplitudes of the received echoes collected
from the general purpose phantom are shown.

The echoes were recorded using element #64 of the probe; the peak-
to-peak transmitted voltage was set to a value of 3.2 V to emphasise the
advantage of the MOGCS and CGCS over the short pulse excitation. The
recorded echoes were normalised to their maximum values. The range of
depth for which it was possible to determine the SNR for short pulse
signal was limited to 20 mm. The SNR values estimated for the MOGCS

signal at the depths of 10 mm, 20 mm and 30 mm were 21.7 dB, 13.1 dB
and 9.2 dB and 22.1 dB, 14.4 dB and 7.3 dB for the conventional CGCS maximum amplitudes value prior to visualisation.

width, mm width, mm width, mm width, mm
-10 0 10 -10 0 10 -10 0 10 -10 0 10

depth, mm
depth, mm
depth, mm

MOGCS: frame A MOGCS: frame B CGCS short pulse

Fig. 6. The B-mode images of the general purpose phantom obtained using the SSTA image reconstruction method with the MOGCS excitation signals discussed in
the Section 3, and the conventional STA method with the CGCS and short pulse excitation. All images displayed in the log scale over 50 dB dynamic range. The peak-

to-peak transmitted voltage was 3.2 V.
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Fig. 7. Normalised echo amplitudes along line #64 of the synthesised B-mode images of the general purpose phantom shown in Fig. 6 for the short pulse (a), MOGCS
(b) and CGCS (c) transmitted signals. The SNR values determined at different depths are shown.

In Fig. 7, the normalised echoes amplitudes along line #64 of the
synthesised B-mode images of the general purpose phantom (see Fig. 6)
are shown for different transmitted signals.

Image line #64 coincides with the central column of point scatterers
of the general purpose phantom (see Fig. 6), spaced 10 mm along axial
direction. In Fig. 8, the SNR determined from the echoes depicted in the
Fig. 7 as a function of depth is shown.

As can be seen from Fig. 8 the SNR values for the MOGCS and CGCS
transmitted signals did not differ significantly except for the depths
above 55 mm where a 2-2.5 dB decrease in the SNR was observed for the
MOGCS signal in comparison to the CGCS signal. The corresponding
decrease in the SNR value for the short pulse signal varied from about 6
dB to 10.7 dB in the entire considered depth range.

The B-mode images of the cyst phantom obtained using the SSTA
image reconstruction method with the MOGCS excitation signals are
discussed in the Section 3.1, and the conventional STA method with the
CGCS and short pulse excitation signals are shown in Fig. 9. The peak-to-
peak transmitted voltage was set to a value of 3.2 V to demonstrate the
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25| / §
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Fig. 8. The SNR determined from the echoes along line #64 depicted in Fig. 7
for different transmitted signals.

increase in visualisation depth for the MOGCS and CGCS over the short
pulse signal.

In the case of the MOGCS transmitted signals, two image frames
(frames A and B in the Figs. 6 and 9) were synthesised simultaneously.

4.3. In vivo measurements

The B-mode images of the human abdominal aorta and common
carotid artery are shown in Figs. 10 and 11. The images were obtained
using the SSTA image reconstruction method with the MOGCS excita-
tion signals and the conventional STA method with the CGCS and short
pulse excitation signals. The final reconstructed images were then nor-
malised to their maximum amplitude in the image.

To make a comparison of mutual sensitivity of the tested modalities,
the received RF signals recorded by a single element of the probe for
different transmitted signals are shown in Fig. 12. The recorded echoes
were normalised to the maximum value of the CGCS signal to show the
range of the amplitude difference.

The peaks of the time-traces depicted in Fig. 12 correspond to the
signal reflection from the top surface of the common carotid artery at the
depth of 10 mm. The amplitude of echoes recorded using the short pulse
were at least five times smaller (-13 dB) than that recorded using CGCS
transmission. In the case of the MOGCS excitation signal, the decrease in
amplitude was —0.6 dB in comparison to the CGCS signal.

5. Discussion

The experimental results presented in this work confirmed the
effectiveness of the MOGCS set comprised of two CGCS pairs to be used
in ultrasound diagnostic measurements as the transmit signal. It com-
bines the advantages of the CGCS and eliminates its disadvantage, which
is the two-fold decrease in the data acquisition and image reconstruction
rates. The most important parameters of the recorded RF signals were
evaluated and compared for the MOGCS, CGCS and short pulse excita-
tion methods. Specifically, the axial resolution was estimated using the
half maximum (measured at the —6 dB level) time duration of the en-
velopes of the RF signals from the brass plate, shown in Fig. 4. About 9%
degradation of axial resolution was observed for the MOGCS in
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width, mm width, mm width, mm width, mm
-10 0 10 -10 0 10 -10 0 10 -10 0 10

MOGCQCS: frame A MOGCS: frame B CGCS short pulse

Fig. 9. The B-mode images of the cyst phantom obtained using the SSTA image reconstruction method with the MOGCS excitation signals as discussed in the Section
3, and the conventional STA method with the CGCS and short pulse excitation. The cysts with a diameters of 8 mm, 4 mm and 2 mm are visualised. All images
displayed in the log scale over 50 dB dynamic range. The peak-to-peak transmitted voltage was 3.2 V.

width, mm width, mm width, mm width, mm
-10 0 10 -10 0 10 -10 0 10 -10 0 10

MOGCS: frame A MOGCS: frame B CGCS short pulse

Fig. 10. B-mode images of the experimental data acquired in vivo from the human abdominal aorta obtained using the SSTA image reconstruction method with the
MOGCS excitation signals as discussed in Section 3, and the conventional STA method with the CGCS and short pulse excitation. All images are displayed in the log
scale over a 60 dB dynamic range. The peak-to-peak transmitted voltage was 20 V.

width, mm width, mm width, mm
-10 0 10 -10 0 10 -10 0 10

MOGCS: frame A MOGCS: frame B CGCS short pulse

Fig. 11. The B-mode images of the experimental data acquired in vivo from the human common carotid artery obtained using the SSTA image reconstruction method
with the MOGCS excitation signals as discussed in Section 3, and the conventional STA method with the CGCS and short pulse excitation. All images are displayed in
the log scale over a 40 dB dynamic range. The peak-to-peak transmitted voltage was 20 V. The vertical line in the leftmost panel indicates the position of the RF
echoes depicted in Fig. 12.



Y. Tasinkevych et al.

Ultrasonics 115 (2021) 106434

0.3 T T T
02k Anorm=-13 dB |
(@)
0.1 *
0 ) ™ MAA. M B Abrs o A WY )
10 15 20 25 30 35 40 45
[}
Fg 1 T A N 6 odB T T T T T
= o=t —— MOGCS
g
0.5 -+ (b)
: ML
% 0 Mot L o, . o o b I L
Z, 10 15 20 25 30 35 40 45
1 T T T T T T
Anorm=y <8 [——cacs]
4 (e
o L.
35 40 45

depth, mm

Fig. 12. Magnitude of the processed RF echoes from the human common carotid artery shown in Fig. 11 for the short pulse (a), MOGCS (b) and CGCS (c) transmitted
signals. The echoes were recorded with element #31 (marked with a vertical line in the leftmost panel in Fig. 11) during transmission #16 in the STA data acquisition

scheme (see discussion in Section 3.1).

comparison to the conventional CGCS signal. The spatial duration of the
compressed signals increased from 0.46 mm for the CGCS to 0.51 mm for
the MOGCS signal. In the case of the short pulse excitation, 17% and
8.3% degradation of axial resolution was observed in comparison to the
CGCS and MOGCS signals, respectively. The spatial duration of the short
pulse was 0.55 mm.

The side lobe level (SLL) was estimated from the envelopes of the RF
signals reflected from the brass plate immersed in degassed water. As
can be seen from Fig. 4, the SLL of the MOGCS compressed signal was
about —20.6 dB. The corresponding values for the CGCS and the short
pulse were about-22.1 dB and —20.1 dB, respectively. These results
confirm the efficiency of side-lobe cancelation due to matched filtering
and compression of the coded transmitted signals.

The SNR values for the MOGCS, CGCS and short pulse transmitted
signals were compared using RF echoes recorded by a single element of
the probe from a general purpose phantom. Very similar SNR values
were obtained for the CGCS and MOGCS signals at the depth of 10 mm,
whereas at the 20 mm depth the SNR of the CGCS signal was 1.3 dB
higher than the SNR of the MOGCS signal. On the other hand, at a depth
of 30 mm, the MOGCS signal had 1.9 dB better SNR than the CGCS. In
the case of the short pulse signal, 5.2 dB and 4.6 dB decreases in the SNR
in comparison with the MOGCS signal were observed, which corre-
sponded to 24% and 35% degradation of the SNR. Also, the SNR values
at different depths were determined from the echoes (see Fig. 7) along
line #64 of the synthesised B-mode images of the general purpose
phantom. Again, it can be seen from Fig. 8 that the SNR values obtained
using the MOGCS and CGCS transmit signals did not differ much.
Maximum degradation of the SNR corresponding to the MOGCS echoes
was observed at depths above 55 mm and was about 2.5 dB. Moreover,
the coded transmission using CGCS and MOGCS yielded an increase in
the SNR from 6 dB to 10.7 dB over the short pulse signal for the entire
range of depths considered. A slight decrease in the SNR value at a depth
of 10 mm can be observed in Fig. 8 for all three modalities. This dete-
rioration of the SNR as well as the decrease in the signal amplitude,
shown in Fig. 7, can be explained by the fact that the coherent sum-
mation of the RF signals from different transmit and receive sub-
apertures in the STA image reconstruction method becomes less

effective and burdened with large errors in the vicinity of the transducer
face [21].

Finally, the proposed SSTA method was tested using experimental
data obtained from the general purpose and cyst phantoms, and the data
acquired in vivo from human abdominal aorta and common carotid
artery measurements. Specifically, the results obtained for the MOGCS
signal are shown in the Fig. 6 and Fig. 9 through Fig. 11 (frames A and
B). The images were reconstructed simultaneously as discussed in Sec-
tion 3.1, thus enabling the synthesis of two image frames from acoustic
echoes obtained during a single data acquisition cycle. For comparison,
the B-mode images obtained using the conventional STA with CGSS and
short pulse transmitted signals are also shown. It can be seen (by visual
assessment) that the proposed SSTA method with the MOGCS signal
allows for obtaining two frames of the comparable quality to those ob-
tained using the conventional CGCS signal. This allows the frame rate to
be increased twice by using the MOGCS set in comparison to the con-
ventional CGCS, maintaining better visualisation depth in comparison to
the short pulse transmit signal at the same time. Also, it can be seen from
Fig. 9 that both the MOGCS and CGCS interrogating signals better
perceived the visualisation depth of cysts located at depths greater than
50 mm. The resolution of the B-mode images was similar for different
excitation signals. In a standard clinical application, a rather higher
frequency (over 7 MHz) would be used to acquire carotid scans, while
the abdominal aorta would be examined using a convex transducer.
However, the purpose of our in vivo experiment was only to show that
the introduction of the MOGCS imaging system does not deteriorate the
quality of the imaging with naturally better sensitivity and depth of
penetration.

6. Conclusions

In this work, we conducted a comparative analysis using experi-
mentally obtained acoustic data to confirm that, by using two CGCS
pairs constituting the MOGCS set, the data acquisition and frame rates
can be increased two-fold in comparison with conventional CGCS.
Specifically, the SSTA method proposed in this paper, which uses the
MOGCS transmit signal, has shown the possibility of simultaneous
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reconstruction of two image frames from a single data acquisition cycle
without a noticeable decrease in image quality. Moreover, despite
simultaneous transmission of two different interrogating signals, effi-
cient extraction of the echoes corresponding to different codes of the
MOGCS set was demonstrated experimentally. For this purpose, the
SNR, the SLL and axial resolution of the compressed echoes resulting
from simultaneous transmission of two sets of 16-bit long CGCS signals
comprising the MOGCS set, successive transmission of the conventional
CGCS pair and the short pulse transmission were evaluated and
compared. The results confirmed that simultaneous transmission of the
MOGCS and extraction of the combined RF echoes on the receiver side
does not worsen the parameters of the signals in comparison to con-
ventional CGCS. At the same time, transmission of the MOGCS sets al-
lows for maintaining the axial resolution and data acquisition speed, as
in the case of the short pulse transmission. Moreover, using the CGCS
and MOGCS transmitted signals combined with compression of the
received echoes allowed the SNR to be increased without increasing the
transmitted amplitude [29]. Hence, the high peak power of the inter-
rogating signal is no longer required. The gain in SNR and visualisation
depth increase in comparison to the short pulse result from the
compression of the CGCS and MOGCS echoes. This is the advantage of
the CGCS and MOGCS over the short pulse interrogating signal, i.e. that
more acoustic energy can be transmitted without increasing the peak
transmitted power.

These results experimentally demonstrate the advantage of the
MOGCS for use in modern ultrasound diagnostics compared to the
conventional short pulse and CGCS excitation signals.
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