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Abstract—The paper presents the study of synthetic transmit Till now, in the SA methods it is assumed that tizesmit

aperture method applying the Golay coded transomsfir medical
ultrasound imaging. Longer coded excitation alldewsncrease the
total energy of the transmitted signal without @asing the peak
pressure. Signal-to-noise ratio and penetratiorthdepe improved
maintaining high ultrasound image resolution.

In the work the 128-element linear transducer awif 0.3 mm
inter-element spacing excited by one cycle and &hand 16-bit
Golay coded sequences at nominal frequencies 4 Mbfz used.
Single element transmission aperture was usedrtergee a spherical
wave covering the full image region and all theveats received the
echo signals. The comparison of 2D ultrasound imagethe wire
phantom as well as of the tissue mimicking phani®mresented to
demonstrate the benefits of the coded transmis3iba.results were
obtained using the synthetic aperture algorithrith wtransmit and
receive signals correction based on a single elend@ectivity
function.

and receive elements are the point-like sources ted
dynamical focusing is realized by finding the getnice
distance from the transmitting element to the imggpoint
and back to the receiving element. But when thenetd size
is comparable to the wavelength the influence efdlement
directivity on the wave field generation and reg@pbecomes
significant and if ignored might be a source obesrand noise
artifacts in the resulting image. In this work tegnthetic
transmit aperture (STA) algorithm [1], which takésto
account the single element directivity to improke tjuality of
the resulting image, is applied to reconstruct stteasound
image.

The main objective of this work is to implement tB&A
method in ultrasound imaging where only one element
transmits unfocused wave-field and all array eleseaceive

Keywords— Golay coded sequences, radiation pattern, synthetige echo signals. The application of longer completary

aperture, ultrasound imaging.

Tthan the other medical imaging techniques sinieritore
accessible, less expensive, safe, simpler to udepeoduces
real-time images. However, to provide an accurditeical

interpretation the highest possible image quaktydquired.

|. INTRODUCTION

Golay coded sequences allows to increase of tmesrrigted
energy which improves the SNR and, as a result, the
ultrasound image contrast.

HE ultrasound imaging has become much more prevalentThe performed simulation was carried out usingFtetd 11

simulation program [2] in the MATLAB environment. The
128-element linear transducer array with 0.3 mrohpéxcited
by a one cycle and the 8 and 16-bit Golay codedessues at
the nominal frequency of 4 MHz and the sampling raft 40

The most commonly used image quality measures auHz was used in the experiments. The comparisor2Df

penetration depth, spatial resolution and imagerash The
penetration depth of the ultrasound image can beased by
applying longer signals and compressing them latemwith
the help of matched filter. The compressed signhaimilar to
that obtained using a single short pulse but witlkcimhigher
amplitude. The spatial resolution of the ultrasoimdge can
be improved by using the synthetic aperture (SAjhoet in
which information is acquired simultaneously by #ma
transmit-receive apertures placed in different fimss and
then used to reconstruct the full image from thiéected data.
In the simplest case a single element transmitardocused
wave and then it is switched to receive the badieeal
signal which yields a low resolution image line.n@wing the
data obtained from a large number of emissionsi®adle to
obtain a high resolution image.
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ultrasound images of the wire phantom and the dissu
mimicking phantom is presented. The results shat tising
longer Golay coded sequences allows to increasetiztion
depth and image contrast maintaining spatial réieoiu

Il. SYNTHETIC TRANSMIT APERTUREMETHOD

STA method is a contrast to the conventional beamifty
one, were only imaging along one line in receivimgised. In
the STA method every image line is imaged as mangg as
the number of elements used. This will create armkegmount
of low resolution images which are summed up t@terene
high spatial resolution image. This method is keraative to
conventional phased array. At each time a singkeyalement
transmits an ultrasound pulse and all elementsuwetiee echo
signals [3, 4]. The advantage of this approachha & full
dynamic focusing can be realized in both transmidt geceive
modes, giving the highest image quality.

The simple model for the STA ultrasound imagingiigen
in Fig. 1. In transmission only a single elementuged. It
creates a cylindrical wave (in the elevation pl#me shape of
the wavefront is determined by the height of tren$ducer)
which covers the whole region of interest. The ine echo
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comes from all imaging directions, and the receiseghals
can be used to create a whole image - in other svalicbf the
scan lines can be beamformed in parallel. The edeshage
has low resolution because there is no focusingansmit,
and therefore in the rest of this report it is edlla low-
resolution image. After the first low-resolution age, is

the imaging region close to the array aperture rdfoee, the
most appreciable deviation from the point-like ssumodel
of the array element will occur there. A solutioa the
problem, which accounts for the observation angte
accordance with the array element directivity fioct is
proposed. Assume, that the dependence of the tiiaresmive

acquired another element transmits and a second logfficiency of a single array element on the obsowaangle is

resolution image is created. After all of the tidunser
elements have transmitted, the low-resolution irsagee
summed and a high-resolution image is created.

emission # 1 emission # 2 emission # N
element #1 element #2 element # N
0000000 [OBCOO000) - -+« |DO0O000H
receive with all elements
OOOODODO| |ONCOODOR) «---
low resolution !ow resolution low resolution
image# 1 image #2 image #N /

summation \/

high resolution image

Fig. 1 Low-resolution images combined to produtégh resolution
image

In the SA ultrasound imaging methods for each pigirithe
resulting image every combination of transmit-rgeepairs
contributes according to the round-trip propagatiore only.
The angular dependence is not taken into accounthén
applied point-like source model. But when the widththe
array element is comparable to the wavelength spording
to the nominal frequency of the emitted signal, plo@nt-like

source model becomes inaccurate. Here, a STA imagin

algorithm, which accounts for the element diretgi¥unction
and its influence is applied [5].

The underlying idea can be illustrated on the felig
example, shown in Fig. 2. Here, it is assumed, thatsame
element transmits and receives signal. Two scastdoeated
at the points with polar coordinates, ©;), i=1,2 such that

rim=r>m would contribute to the corresponding echo signag?

Ymm(t) Simultaneously, since the round-trip propagatiiome
2ri/c, i=1,2 is the same. Apparently, the contribution fridve

known and is denoted W{0,,), wheref,, is measured from the

line parallel toz-axis and passing through tiheth element
center. Thus, in order to suppress the erronedlueice from

the scatterer located at;,(6;) on the value of the resulting

signal A(r,, 0,), the partial contribution of the echyg(t) is
weighted by the corresponding value d€0,,). This
corresponds to the superposed signal correcti@tdéordance
with respective contributions of individual scatiex located at
the points (3, 8;) and (2, 6,).

transmit—receive
element #m

X
X
E
0, Em
8, =0 " (r.8)

n ) reflector #2.

(focus point)
Hm L
Z
o (r,9)

. reflector #1 .
Fig. 2 Influence of the scatterer located at thietpo,, 6;) on the

value of resulting signd\(r,, 6,) for imaging point iy, 6,)

The above considerations lead to the following rication
of the synthetic focusing imaging algorithm

N N or
A(r,e):ZZf(em)f(en)ym,n(?—rm,nj, (1)

m=1n=1

wheref;(r, 6), i=m,n are the corresponding observation angles

for the transmit-receive pair. The modification thie STA

thus is expressed by a weighted summation of phpper

delayed RF signals (as in the case of conventiid). The

corresponding weight&8,,), f(6,) in the transmit and receive
odes are calculated by means of the single element

irectivity function. Note, that the angles depemdthe spatial
location of the imaging pointr(6). The directivity function
f(8) can be calculated in the far-field approximatifan a

scatterer at the pointy( 6;) would be dominant, since the
observation angleb,, coincides with the direction of
maximum radiation for therth element, whereas its transmit-
receive efficiency at the angbg,, is much smaller for the case
of the scatterer at the point,,(6,). Thereby, evaluating the
value ofA(r,, 6,), the partial contribution of the eclygq(t), in
addition to the correct signal from the obstacleated at 1(,,
0,) (being small due to the large observation afglg would
also introduce the erroneous signal from the seatiecated IIl. GOLAY COMPLEMENTARY SEQUENCES

at (¢, 0,). The later signal is larger due to the small Ultrasound imaging allows to visualize structuresd an
observation anglé;,. The larger observation angles appear inrgans in real-time, enabling an instantaneousijuation of

single element of the array transducer in analegoanner as
in [6]

sin(7d / Asing) co
/d/Asin@

whered is the element width, antis the wavelength.

f(6) = 8, @)
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clinical situation. But real problems appear wheme t transducer array with 0.3 mm pitch excited by ome ycle
reconstruction of the deeply located organs is eéeBor that burst pulse at a nominal frequency of 4 MHz. Themaint
reason, coded excitation can be used making exd&onna pitch is about, wherei corresponds to the nominal frequency
procedure more precise and allowing visualizatidnttee of the burst pulse. The STA algorithm is employddhe
deeply located organs in 2D B-mode ultrasound im@gi transmit and receive elements combinations givetal of
Among the different excitation sequences proposed 128x128 possible RF A-lines. All these A-lines edignals
ultrasonography, Golay codes evoke more and moéeeeist in  are sampled independently at a frequency of 40 MHd
comparison with other signals. The reason of tlest in the stored in RAM.
fact that Golay codes, like no other signals, sepprto zero
the amplitude of side-lobes. This type of completagn o
sequences has been introduced by Golay in theesiK. In
the seventies the Golay complementary codes we
implemented using interdigital transducers accognfor the
Doppler effect in surface acoustic waves (SAW) desi[8].
The pairs of Golay codes belong to a bigger familgignals,
which consist of two binary sequences of the sangthn,
whose auto-correlation functions have the sidedobgual in

Transducers Transducers
64

Depth [mm]
Depth [mm]

magnitude but opposite in sign. The sum of thes®-au Lateral distance [mm) b) Lateral distance [mm]
qurelatlon functions gives a single auto-correfatfunction Fig. 4 Simulation of multi-point scatterers for 8@ment linear
with the peak of @and zero elsewhere [9]. array: a) not including directional diagram of et b) including
Fig. 3 shows the pair of complementary Golay seqe®n element directional diagram. Marked area is maggiéividencing
their autocorrelations, and the zero side-lobes sifintheir suppression of the “noise™like spatial variatiarighe scattered
autocorrelations. signal from the reflectors positioned near theddarer surface
5 Trensmt s Machedfler e The blurring of the scatterers placed near thetapers
H H 5 significantly diminished in the case of introducinte
SMWVWA— % SWVWW— =§ directional diagram of element in synthetic focgsigorithm
§ g 2 as compared to the algorithm vyithout this.correrctio
+ In Fig. 5 a computer simulation of multi-scatterph&ntom
i § F when a 128-element linear transducer array wasiepjis
E'VV\A/VV"\A/‘— * S\/V\A/WVVV\I_ =§ shown. The one cycle as well as the pairs of c_omeh_iary
é ; E Golay sequences of the lengths 8 and 16 bits atimam
3 B -4 frequency 4 MHz were used. The phantom attenuaiequal
. = to 0.5 dB/(MHz-cm). In the applied STA algorithmeth
' element directivity correction scheme, discussed5in was
s implemented to improve the image quality near wacsr
5 aperture.
) L ) __10 L One cycle 8-bits Golay code 16-bits Golay code
Fig. 3 Principle of side-lobes cancellation usimady pf Golay Transducers Transducers Transducers
comp|ementary sequences of|ength8bits 20 42 64 86 108 20 42 64 86 108 20 42 64 86 108

10

IV. COMPUTERSIMULATION

All simulations in this work are carried out withpawerful
software,Field 1l. The program is developed especially for
investigating ultrasound fields, and gives the [mkty to
simulate and calculate ultrasound fields and defjnone’s 50
own transducerField Il is based on numerical analysis anc e
runs under Matlab. The STA algorithm is used in the
numerical examples presented in this paper. ’ Lateral distance [mm] e ’ Lateral distance [mm] e ’ Lateral distance [mm] o

To simulate a measurement numerous parametersthave a) b) )
be set. The transducer used in the measurementsities  rig 5 Comparison of 2D ultrasound images obtalnedomputer
later is the linear transducer L14-5/38. The patamseused in  simulation for 128-element linear array using: B¢ aycle; b) 8-bit
the simulations are similar to those of the tracsduThe Golay sequences; c) 16-bit Golay sequences
medium in the simulations is homogenous and such
parameters as the attenuation and the speed ofl seeme set ~ The obtained 2D ultrasound images clearly demotestre
to be the same as in experiments.The numericalltsesiadvantage of using the Golay coded sequences. hih
presented in Fig. 4 were performed for a 128-eléntiprar €longation of the coded sequences the acousticatggn
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increases yielding a higher SNR, that leads tonanease in
the penetration depth while maintaining both axziadl lateral
resolution. The latter depends on transducer aicofisid and

is discussed in [10]. The visualization depth whka one
cycle was applied is equal to about 3 cm (Fig. Bdjile in

case of applying 8-bit Golay codes this depth iases to 5
cm (Fig. 5b), and for longer 16-bit Golay codesttepth of
visualization increases up to 7 cm (Fig. 5c¢).

In order to compare the lateral resolution the £resction
of phantom at a depths of 10 mm and 30 mm is shiown
Fig. 6. Note, the normalization is perform with pest to the
maximum values of the corresponding cross sectiahs
different depth.

Cross section at a depth of 10 mm
0.9 - 8—bits Golay

0.8 - — 16-bits Golay
0.7
0.6
0.5F
0.4F
0.3
0.2+
0.1+

Norm. Amplitude

64
Transducer elements

86
a)

Cross section at a depth of 30 mm

One cycle
— — — 8-bits Golay
—-— - 16-bits Golay

a9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1F

Norm. Amplitude

64
Transducer elements

b)

Fig. 6 Comparison of the lateral resolution at temif 10 mm
(a) and 30 mm (b) when one cycle, 8 and 16-bit Gotales used

In Fig. 6 it can be seen that the lateral resotuta the
different depths for all burst signals is the sanfes
anticipated, the lateral resolution illustrated Fig. 6 as a
function of depth is almost unchanged for the Gaagtes of
different length (being the function of the systbemdwidth it
is independent of the code duration [11].

V. ULTRASOUND IMAGING SYSTEM

A simplified block diagram of the experimental getwsed
in this work is shown in Fig. 7.

ULTRASONIX RF—data
PC
TX, RX
A K
image
data
A A A
[TTTTT]1 transducer ( )

pulse Monitor
wave . J

Fig. 7 Block diagram of the ultrasound imaging eyst
It's main part is an Ultrasonix - SonixTOUCH Resdar

System (Ultrasonix Medical Corporation, Canada)ipgogd
with a 128-element linear transducer array withr@r8 pitch.

334

Ultrasonix enables a full control of transmissiomda
reception parameters for all 128 elements of thasuiucer.
Besides, a full access to raw RF data enablesmeend it to
the PC for further digital processing. Next, theqassed data
are displayed on the monitor. All post processingd display
is done on PC using Matl8b The processing creates 2D
ultrasound image focused in every point.

In synthetic aperture imaging all scan lines (fulage) are
created in each and every firing, while in standard
beamforming only a single line is created. The amadf raw
RF data needed in the STA algorithm for Blelement
ultrasound transducer for reconstruction of a singtage is
proportional to D OMON and the number of delay-and-

sum operations i D OM ON?, where D is the number of

samples in a single RF line. Thus, for the 128-elemarray,
used in experiments, for 10 cm penetratiDg = 5500 at 40

MHz sampling frequency) storage requirement =i90*10°
samples or= 0.7 Gb of RAM (for 8 bytes per sample in
Matlab® double precision format). And the total number of
delay-and-sum operations in the STA image recoattm
algorithm is=11.5*10.

VI. EXPERIMENTAL RESULTS ANDDISCUSSION

The 128-element linear transducer array excitedhey8
and 16-bit Golay coded sequences as well as a yole at
nominal frequencies 4 MHz were used in the expeanmeA
single element in the transducer transmitting apertwas
used to generate an ultrasound wave covering thénfage
region. All elements were used for both transnittiand
receiving. The RF echo signals sampled indepengdesttl
40 MHz and processed by the STA algorithm. Expenile
data were acquired by an Ultrasonix - SonixTOUCHKd2ech
System (Ultrasonix Medical Corporation, Canada).

The tissue mimicking phantom model 525 Danish Rirant
Design with  attenuation of background material
0.5 dB/(MHz-cm) was used. It consists of severalomy
filaments twists 0.1 mm in diameter positioned gvércm
axially. This phantom allows to examine the axiatl dateral
resolution at various depths in the ultrasound iag

The comparison of the 2D ultrasound images of ibsue
phantom obtained for one cycle, 8-bit and 16-bitlago
complementary sequences is shown in Fig. 8. Thek pea
pressure level of excitation signals at the traneduvere set
as low as possible to visually detect the echoesived using
one cycle burst transmission slightly larger thae noise
level. The same peak pressure has been used farottexl
transmission. The obtained 2D ultrasound imagesvsan
excellent performance of the coded excitation irmte of
increasing penetration depth. In the case of ordecthe
penetration depth is equal only to 3cm (Fig. 8a)thke case of
8-bit Golay code the penetration depth increasesoup cm
(Fig. 8b). With the elongation of the coded seqesno 16
bits the acoustical energy increases yielding éigNR, that
leads to an increase in the penetration depth ug tm
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(Fig. 8c). Note that axial and lateral resolutisrthie same for
the all burst signals.

One cycle 8-bits Golay code 16-bits Golay code

Transducers
32 64 86
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0
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384

0
Lateral distance [mm]

384

a) b) c)
Fig. 8 2D ultrasound images of tissue mimickingmtban using:
a) one cycle; b) 8-bit Golay code; c) 16-bit Gotayle

In order to compare quantitatively the SNR gain 1¢"
line from 128 RF-lines of the 2D ultrasound imageshown
in Fig. 9 and the SNR is calculated. For this pagthe noise

level which appeared straight after the signal erassen.
1

o | One cyde‘
T 08 —_—
= 10.2 dB
o
g 0.6
<. 0.4
£
S 0.2F
z
0
a) 30 40 50 60 70 80 90
1 T T
) 28.9dB —— 8-bits Golay code
o8- !
%_ 6 25.3dB
el
< 0.4 23.2dB 22.7dB
g . 18.7dB
S02r i 11.7dB
0 i bt T, s 2 A Joo R W T TP T P TN
b) 10 20 30 40 50 60 70 80 90
! I 30.1d8 | ] |:‘ %
[0} i —— 16-bits Golay code
T 0.8 |
2 28.2 dB
gosf 4
< 23.7dB 23.1dB
04
g 19.3dB
g 0.2 l 12.8 dB
n IRRTYNL, YRS | TORRTTIV | XUTRVSTON Ty L gl b L o
C) 0 10 20 30 0 50 60 70 80 920
Depth (mm)

Fig. 9 The RF-lines of the tissue mimicking phantesing: a) one
cycle; b) 8-bit Golay code; c) 16-bit Golay code

Fig. 9 shows that applying coded transmission
comparison to one cycle pulse allows to improve ShiR by
about 15 dB. Elongating the coded transmissiongwsads to
the SNR increase by about 1.4 dB which is in agesgnwith
the studies shown in [9] where the final outpuRlstimes

larger L is the coded length) than the response to a sindglee 2D ultrasound

335

impulse; however, the noise increases by a factow/ 8L
(\/f for each correlation andy2 for the addition).

Therefore, an improvement in the SNR+2L is obtained in
comparison with the single period burst transmissidore
realistically, for transmit two sequences per obseon time,

the SNR improvement factor igL . The SNR increase in its
turn leads to improvement of the penetration depid the
contrast of the image.

The comparison of the B-mode images of the cyshiama
(model 571 Danish Phantom Design) with attenuatbihe
background material of 0.5 dB/(MHz-cm), and obtdirfer
one cycle, 8-bit and 16-bit Golay code transmissisen
presented in Fig. 10. The phantom consists of kea®n of
cyst regions with the diameter 2, 4, and 8 mm itisted in
depth which enables the evaluation of the contasivise
ratio through the whole penetration depth.The sgmak
pressure has been used for all signal bursts.

One cycle 8-bits Golay code 16-bits Golay code

Transducers
32

Transducers
32

Transducers
32 64 96

Q

128 64 96 128 64 96 128

Depth [mm]
Depth [mm]
Depth [mm]

100 100

0 38.4

Lateral distance [mm]

0 38.4

Lateral distance [mm]

a) b) c)

Fig. 10 2D ultrasound images of cyst phantom usij@ne cycle;
b) 8-bit Golay code; c) 16-bit Golay code

384
Lateral distance [mm]

The results in Fig. 10 demonstrate the benefitappflying
the Golay coded transmission for ultrasound diagioag. the
improved contrast in both the shallow and the desgpon.
The ultrasound penetration is nearly doubled fa& 116-bit
Golay codes in comparison with the single cyclagmission,
effectively extending the diagnosable region in fractical
medical application.
in VII. CONCLUSION
This work has addressed the problems in medical
ultrasound imaging: improving of the penetratiorpttieand
gaining the SNR. To solve these problems, the cemehtary
pairs of Golay coded sequences were used. The cmopaf
images show that elongated coded
sequences from 8-bits to 16-bits increase the petiwt depth
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by about 2 cm. Applying of the coded transmissiothie STA
method in a standard ultrasound scanner could d@ligavove
the penetration depth and image contrast. Intraclucif this
method in medical ultrasound would increase théieffcy
and quality of the ultrasound diagnostic.

Also the new algorithm based on the array elemagular
directivity function implementation into the conviemal STA
method and corresponding correction of the backerem RF
signals of different transmit-receive pairs is praed. It is
shown that the far-field radiation pattern of aroer strip
transducer, calculated for the case of a time harnaeniform
pressure distribution over its width, can serve aagood
approximation for the above directivity functionhd results
of numerical calculations using simulated data hakewn
distinguishable improvement of the imaging qualitfy the
scatterers situated in the region near the tramsdajperture,
the hazy blurring artefacts, observable in the cafe
conventional STA algorithm, are substantially sgsged.
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