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The objective of this paper is an experimental study of the most crucial parameters of the received acoustic
signals (e.g. signal-to-noise ratio (SNR), side-lobes level (SLL), axial resolution) obtained as a result of si-
multaneous emission of mutually orthogonal Golay complementary sequences (MOGCS) to demonstrate their
feasibility of being used in ultrasound diagnostics. Application of the MOGCS in ultrasound measurements
allows the image reconstruction time to be shortened without decreasing the resulting quality of reconstructed
images in comparison with regular complementary Golay coded sequences (CGCS). In this paper two sets of
16-bits long MOGCS were implemented in the Verasonics VantageTM (Verasonics Inc., Kirkland, WA, USA)
scanner. Ultrasound data were generated using a perfect reflector, a custom-made nylon wire phantom and
tissue mimicking phantom. Parameters of the detected MOGCS echoes like SNR, SLL and axial resolution were
determined and compared to that of the standard CGCS and the short two-sine cycles pulse. It was evidenced
that applying MOGCS did not compromise the parameters of the separated and compressed echoes in compa-
rison to the other types of transmitted signal — the CGCS and the short pulse. Concretely, both the MOGCS
and CGCS yield similar SNR increase in comparison to the short pulse. Almost similar values of the axial reso-
lution estimated at the full width at the half maximum level for all types of the transmitted signals were also
obtained. At the same time, using the MOGCS the data acquisition speed can be increased twice in comparison
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with the CGCS signal.
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1. Introduction

In ultrasound diagnostics image requirements are
becoming more and more demanding. Penetration
depth, signal-to-noise ratio (SNR), high resolution im-
age are the most important parameters in modern ul-
trasound diagnostics. The SNR and penetration depth
depend on the energy dissipation due to the propa-
gating acoustic wave attenuation in the medium. The
high-peak transmit power is strictly regulated by medi-
cal standards (IEC 60601-2-37). It limits the possibility
of the increase of SNR and penetration depth by ampli-
fying the transmitted signal power. On the other hand,
the axial and lateral ultrasound image resolutions de-
pend on the frequency of transmitted signal and the
beam width which is a function of the transmitted

wavelength and the aperture size. It is known that for
higher frequencies of the transmitted signal attenua-
tion increases, and this effect is particularly notice-
able at greater depths. To overcome this difficulty the
wide-band transmitting signals, or the so-called coded
sequences, combined with compression techniques of
the received echoes can be applied (NOWICKI et al.,
2003). The average transmitted power is proportional
to the code length. Coding of the transmitted signal
and compression of the received echoes allows increas-
ing the SNR and visualization depth without ampli-
fying the transmitted signal (TROTS et al., 2011). This
also allows the transmit frequency to be increased.
Among different excitation sequences proposed in ul-
trasonography, Golay codes have been receiving grow-
ing attention in comparison with other signals. This
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is due to their unique property which is the suppres-
sion of side-lobes influence in the signal. This type of
codes was first introduced by GoLAy (1961) and is
also known as complementary Golay coded sequences
(CGCS). A detailed discussion on the construction and
properties of the sequences as well as compression tech-
niques based on correlation of the received signals with
transmitted waveforms are described in (TROTS et al.,
2004).

Another crucial factor in ultrasound medical imag-
ing diagnostics is the frame rate or the speed of image
reconstruction defined as a number of reconstructed
images frames per second (FPS). Apart from com-
putational speed related to the image reconstruction
algorithm implementation and the hardware used, it
is physically limited by the speed of data acquisi-
tion, which depends on the acoustic wave speed in
the medium, depth of visualization and the number
of imaging lines. One possible solution to this prob-
lem is simultaneous transmission of several interroga-
tion signals. The corresponding echoes must then be
separated in reception yielding several frames recon-
structed in parallel. Efficient separation of echoes re-
sulting from different transmitted signals is only possi-
ble if the signals are orthogonal. Fortunately, it appears
that among different Golay coded sequences it is possi-
ble to find complementary pairs which at the same time
are orthogonal. Such sequences are known as mutually
orthogonal Golay complementary sequences (MOGCS)
(BAE, 2003). Mutually orthogonal complementary sets
(MOCS) have received significant research attention in
recent years due to their wide applications not only
in ultrasonography but in communications and radars.
For this reason, MOCS are gaining more and more in-
terest (WU et al., 2021; TIAN et al., 2021). Orthogonal-
ity of MOGCS means that the sum of cross-correlation
functions for corresponding sequences in two MOGCS
is zero. Applying the MOGCS the acoustic data ac-
quisition and, as a result, the frame rate of the image
reconstruction can be increased significantly. Several
ultrasound imaging approaches based on application of
the MOGCS were reported in the literature (CHIAO,
THOMAS, 2000; BAE et al., 2002; KiM, SONG, 2003;
PENG et al., 2006; ZHAO, LUO, 2018; KUMRU, KOY-
MEN, 2018). All above mention works are mainly fo-
cused on 2D B-mode image reconstruction and com-
parison of two sets of MOGCS simultaneous transmis-
sion with short pulse transmission. However, no pro-
found analysis of the MOGCS echoes proving the effi-
ciency of match filtering in the case of experimentally
obtained data was reported in the literature so far.

The goal of this work is an experimental study of
the received acoustic signals obtained as a result of si-
multaneous emission of different MOGCS sets to
demonstrate their feasibility of being used in ultra-
sound diagnostics. For this purpose the acoustic echoes
from a brass plate modelling a perfect reflector,

from a custom-made nylon wire phantom and tissue-
mimicking phantom (model 525 Danish Phantom De-
sign) were measured, analyzed and compared for dif-
ferent excitation signals. Specifically, the parameters
of the received signals, obtained as a result of simulta-
neous transmission of two 16-bits long sets of MOGCS
were compared with conventional CGCS and the short
two-sine cycles pulse excitation was conducted. Such
parameters like the pulse duration estimated at the
-6 dB and -20 dB level, signal SLL and the SNR were
estimated for the above three types of transmitted
signals. In the case of the MOGCS and CGSC emis-
sions the received signals were processed with matched
filters in order to separate the echoes and compress
them to suppress the signal side-lobes. The experimen-
tal measurements were carried out using commercial
ultrasound system Verasonics Vantage™ (Verasonics
Inc., Kirkland, WA, USA) equipped with a linear 128-
element probe L4-7.

2. Method

Conventional pair of the 16-bits CGCS, two 16-
bits long MOGCS sets and two-sine cycle pulse (short
pulse) at a nominal frequency of 5 MHz were generated
by the Verasonics Vantage™ research ultrasound sys-
tem using the 128 element linear ultrasound transducer
L7-4.

The block diagram of the experimental setup is
shown in Fig. 1.

Verasonics
Vantage™
research
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|

Reflector
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Fig. 1. Block diagram of the experimental setup.

First, the ultrasound echoes were collected using
a perfect reflector immersed in a water tank. The sig-
nals obtained from the reflector allowed estimation
of the compressed pulse duration for MOGCS, CGCS
and the short pulse excitation. Next, the measurements
were repeated with a custom-made wire phantom. The
phantom consisted of fine nylon wires (0.06 mm).
There were 22 wires arranged vertically and spaced
2 mm axially. The signals collected from the wire phan-
tom allowed comparison of the SLL for different types
of excitation. Finally, to compare the SNR for differ-
ent signals the experiments were carried out for a tis-
sue mimicking phantom (model 525 Danish Phantom
Design) with attenuation 0.5 dB/(MHz-cm).

To gain an insight into the MOGCS data process-
ing algorithm, it might be appropriate to consider the
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data acquisition scheme shown in Fig. 2. This dia-
gram depicts the approach, in which two MOGCS sets,
A; and B;, are transmitted by two neighbouring el-
ements of a linear array transducer. Specifically, the
transducer array element #1 transmits the code A;
and the element #2 transmits the code By during the
first transmission of MOGCS sets. Next, the element
#1 transmits the code As and the element #2 trans-
mits the code By during the second transmission. In
both transmit events the ultrasound echoes are ac-
quired simultaneously by all elements of the transducer
array. In the case of CGCS only one complementary
pair is transmitted by the element #1. It means that
during the first transmission the element #1 transmits
the code A; and during the second transmission the
element #1 transmits the code B;. In this paper only
one code from two sequences (code A1) was compared
and analyzed assuming that the compressed echo from
the second code is identical to the first with the dif-
ference that the side-lobes are in the opposite phase
(TROTS et al., 2004). The short pulse was transmitted
and received by the element #1 as well. Raw data were
collected with sampling rate of 25 MHz and stored in
the memory for further processing. Recorded echoes re-
sulting from MOGCS transmission were processed as
discussed in the Sec. 3. The CGCS echoes were pro-
cessed using conventional matched filtering technique
in order to compress recorded signals and suppress
the side-lobes (MISARIDIS, 2001). The signal process-
ing algorithms mentioned above were implemented in
MATLAB®.

a)
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Fig. 2. Transmission and receiving method using conven-
tional STA method (a); the CGCS in STA method (b); the
MOGCS in STA method for M = 2 (¢).

3. Theory

The main advantage of the CGCS is that they al-
low the side-lobes to be suppressed yielding significant
improvement of the SNR over the short pulse excita-
tion (1-2 cycles of operating frequency) (TROTS et al.,
2004). In contrast to the short pulse excitation, the
CGCS requires two consecutive transmissions to gene-
rate a single scan line of the image. This means that
data acquisition lasts two times longer for the CGCS
in comparison to the short pulse excitation. This draw-
back can successfully be overcome by applying the
MOGCS. The MOGCS are essentially different pairs
of CGCS possessing the mutual orthogonality property
(BAE, 2003). It allows two or more different comple-
mentary pairs of CGCS to be transmitted simultane-
ously without interfering with each other. As a result
two image lines can be constructed after two trans-
missions. In this work the 2-order mutually orthog-
onal set was used. If the 4- or 8-order mutually or-
thogonal set will be used, the 4 or 8 image lines can
be constructed after two transmissions. This principle
was described in details in the work (TROTS, 2015;
TROTS et al., 2015). This enables increasing the data
acquisition rate in comparison with the CGCS or even
with the short pulse, if more than two MOGCS sets are
used simultaneously (TROTS et al., 2004). On reception
the echoes corresponding to simultaneously transmit-
ted MOGCS can be separated using Golay codes com-
pression algorithm, briefly presented below. Specifi-
cally, consider a set of L-bits long codes A; and B;,
i=1,2,..., M, being a complementary pairs (i.e. A4y
is a complementary pair #1 and By Bs is a comple-
mentary pair #2) which obey the following condition
(TROTS et al., 2015):

2L, n=0,
Ra() s R = {01 "0
(1)
2L, n=0,
R Rp,(n) =
B (n)+ 32(71) { 0, n#:o’

where the autocorrelation function R of the coded se-
quence in Eq. (1) is defined as follows (MISARIDIS,
2001):

L-1-n

> S(k)S(k-n), n=0,..,L-1,
R(n)=4 k=0 (2)
R(-n), n=-(L-1),...,-1,
and S(k), k =0,..., L-1 denotes the coded sequence A;,

B;,i=1,2 of the length L. Furthermore, the two CGCS
pairs A; and B; are said to be mutually orthogonal
pairs, or MOGCS pairs, if the sum of the corresponding
cross-correlation functions vanishes:

S Rap, 0. (3)

i,5=1
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The cross-correlation functions in Eq. (3) are de-
fined as follows (TSENG, Liu, 1972):

L-1-n

=0

n=0,..,L-1,
Ra,B,(n) = (4)

L-1-n
>, Ai(k-n)B;(k),
k=0
n=-(L-1),..,-1.

Thereby, the CGCS pairs A; and B;, i = 1,2, com-
prise the MOGCS set if they simultaneously obey Eqs (1)
and (3). The main consequence of the mutual orthogo-
nality, defined in Eq. (3), is the ability to transmit two
CGCS pairs simultaneously without interfering in re-
ception. The echoes corresponding to different CGCS
pairs comprising the MOGCS set can be efficiently
extracted from the received signal using Golay codes
compression algorithm, briefly discussed below.

To illustrate this, consider the following example of
2 sets of MOGCS (similar codes were used in experi-
mental measurements). Two orthogonal sets of { A, B}
can be written as follows:

A;=[1 11-111-1 111 1-1-1-1 1-1],

)

]
Ap=[1-11 11-1-1-1 1-1 1 1-1 1 1 1]
]

B;=[1 11-11 1-1 1-1-1-1 1 1 1-1 1

By=[1-11 11-1-1-1-1 1-1-1 1-1-1-1],

where the orthogonal Golay sequences of the length
of L = 16 bits were assumed. The two code sequen-
ces {A;, B;} are transmitted by two transducer ele-
ments {#1 and #2}. Specifically the orthogonal signals
{A1,B;} are transmitted first. Then, the correspond-
ing echoes are detected and stored for further pro-
cessing. Next, the process is repeated for the second
pair of orthogonal signals {As, Bo}. The detected sig-
nals being a superposition of echoes corresponding to
{A;,B;} can be compressed by adding together the
correlation functions of each of the received sequences
with the sequence transmitted by the same transducer
element. For example, in order to recover the echo for
transducer element #1 (i.e. the pair A; that was trans-
mitted by transducer element #1), for the first and
second transmissions one should compute the sum of
cross-correlation functions of the received signals S;
with corresponding transmitted codes A;, i = 1,2 us-
ing Eq. (3) as follows:

2
Py = Z Rs;a,- (5)

i=1
4. Results and discussion

In Fig. 3 the RF echoes reflected from the perfect
reflector are shown.
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Fig. 3. RF signal reflected from a perfect reflector for the
short pulse transmission (a); the MOGCS echo being a su-
perposition of the codes A; and Bitransmitted by the ele-
ments #1 and #2, respectively (b); the MOGCS echo being
a superposition of the codes A2 and Bs transmitted by the
elements #1 and #2, respectively (c); a first sequence from
the pair of CGCS A; transmitted and received by the ele-
ment #1 (d). All echoes were detected by the element #1.

Specifically, the short pulse echo is shown in Fig. 3a.
The RF echoes recorded by the element #1 being a su-
perposition of thel6-bits long MOGCS codes A; and
By, Ay and By are shown in Figs 3b and 3c, respec-
tively. Finally, a first sequence from the pair of con-
ventional CGCS code A; is shown in Fig. 3d. In the
case of CGCS the codes Ajand A were transmitted
successfully by the element #1 which was also used
for the detection of the reflected signals.

In Fig. 4 the comparison of the signals envelopes
reflected from the brass plate (see Fig. 3) are shown.
In the case of MOGCS and CGCS the signals were
compressed prior to the envelope detection. The half
maximum (measured at the —6 dB level) time dura-
tion of the envelopes for both MOGCS and CGCS
were approximately equal 0.34 us. The corresponding
value for the short pulse was 0.42 us. The above val-
ues of the time duration expressed in units of spatial
distance were 0.52 mm for coded excitation (MOGCS
and CGCS) and 0.65 mm for the short two-cycle pulse.
The time duration of the envelopes measured at the 0.1
level (20 dB) was 0.88 us for the MOGCS, 1.0 us for
the CGCS and 0.72 us for the short pulse transmis-
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Fig. 4. Comparison of the processed RF echoes obtained
from the perfect reflector using the short pulse, the
MOGCS, and the CGCS transmitted signals.

sion. These corresponded to 1.36 mm for the MOGCS,
1.54 mm for the CGCS, and 1.1 mm for the short pulse
transmission.

In Fig. 5 the envelopes of the RF signals collected
from the nylon wire phantom are shown.
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Fig. 5. Comparison of the processed RF echoes from
the nylon wire phantom obtained using the short pulse,
MOGCS and CGCS transmitted signals.

In the case of the MOGCS and the CGCS the sig-
nals were compressed prior to the envelope detection.
To compare the efficiency of the MOGCS echoes se-
paration the SLL at different depths was estimated
and compared to those obtained for the conventional

CGCS compressed signal. The results are shown in
Fig. 6. The SLL for the short pulse was also estimated
for comparison. As can be seen from Fig. 6 the SLL for
all types of transmission signals increases with depth.
The results in Fig. 6 also demonstrates that simulta-
neous transmission of the the MOGCS and separation
of the received echoes using compression technique do
not influence significantly the SLL of the MOGCS in
comparison with conventional CGCS transmitted suc-
cessfully.
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Fig. 6. The SLL vs. depth for the processed signals obtained

from the wire phantom (see Fig. 5).

In Fig. 7 the received echoes (the absolute values)
collected from the tissue-mimicking phantom (model
525 Danish Phantom Design) which consist of nylon
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Fig. 7. Comparison of the SNR for tissue-mimicking
phantom echoes obtained using the short pulse (a); the
MOGCS (b); the conventional CGCS (c) transmission.
The absolute values of the received echoes are shown.
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filaments twisted more than one time per mm located
every 10 mm axially are shown. For more objective
comparison the measurements were performed without
amplifying echo signal. Because of this, the imaging
range was limited to only 20 mm in the case using Go-
lay codes. The SNR value estimated (MISARIDIS, 2001)
at the depth of 10 mm and 20 mm was 15.56 dB and
10.47 dB for the MOGCS and 15.55 dB and 10.40 dB
for the conventional CGCS. In the case of the short
two-cycle pulse only the SNR value at the depth of
10 mm could be obtained. It was equal 12 dB.

The 2D B-mode reconstructed images of the wire
phantom using the MOGCS as well as CGCS and for
comparison the two-cycle pulse are shown in Fig. 8.
The phantom consists of 22 nylon wires arranged at
angle 10° vertically and spaced 2 mm axially.
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Two-cycle pulse Golay pair

Transducers Transducers

b =

Depth [mm]

Depth[mm]

=]

(1] 384 4] 384 1] 384
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Fig. 8. Comparison of the 2D B-mode images of the
wire phantom obtained using the short pulse (a);
the MOGCS (b); the conventional CGCS (c) trans-

mission.

The obtained 2D ultrasound images clearly demon-
strate that image resolution is almost the same in all
cases. Due to the fact that the measurements were car-
ried out in water (no attenuation of the transmitted
signal), the penetration depth is also the same. The re-
constructed time for case MOGCS (Fig. 8b) decreases
twice in comparison to CGCS and is the same for the
two-cycle short pulse. Using MOGCS 4 or higher or-
der, the image reconstructed time can be reduced that
allows increasing frame rate proportionally (HUANG,
2005). As a result in the case of 4-th order MOGCS
the four coded sequences set is transmitting by four
transducers during one transmission and as a result
the 4 image lines can be constructed after two trans-
missions. In the case of 8-th order MOGCS the eight
coded sequences set is used and as a result after two
transmissions the 8 image lines can be constructed.

5. Conclusions

In this work we compared the SNR, the SLL and
axial resolution of the compressed echoes resulting
from simultaneous transmission of the two sets of 16-
bits long MOGCS, successful transmission of the con-

ventional CGCS pair and the short two-cycle pulse
transmission. The results confirmed that simultane-
ous transmission of the MOGCS and separation of
the combined RF echoes on the receiver side does not
worsen the parameters of the signals in comparison to
the conventional CGCS. At the same time, transmis-
sion of two MOGCS sets allows maintaining the axial
resolution and data acquisition speed as in the case of
the short pulse transmission. The frame rate can be
further increased if more than two sets of the MOGCS
are used. The results demonstrate the advantage of
MOGCS in the modern ultrasound diagnostics com-
pared to the conventional short pulse excitation and
CGCS.
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