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In Vitro Study of Coded Transmission in
Synthetic Aperture Ultrasound Imaging Systems

Ihor Trots, Yuriy Tasinkevych, Andrzej Nowicki amiarcin Lewandowski

Abstract—In the paper the study of synthetic transmit apertu
method applying the Golay coded transmission fordioz
ultrasound imaging is presented. Longer coded a&tait allows to
increase the total energy of the transmitted signout increasing
the peak pressure. Moreover signal-to-noise ratid penetration
depth are improved while maintaining high ultrastuimage
resolution. In the work the 128-element linear sducer array with
0.3 mm inter-element spacing excited by one cyntbthe 8 and 16-
bit Golay coded sequences at nominal frequency 4 Mak used. To
generate a spherical wave covering the full imaggon a single
element transmission aperture was used and adllémeents received
the echo signals. The comparison of 2D ultrasoundges of the
tissue mimicking phantom and in vitro measuremehtbe beef liver
is presented to illustrate the benefits of the dotlansmission. The
results were obtained using the synthetic aperigerithm with
transmit and receive signals correction based aingle element
directivity function.

d
Keywords—Golay coded sequences, radiation pattern, signaf/

processing, synthetic aperture, ultrasound imaging.

Utechniques for medical imaging mainly due to
accessibility, non-ionizing radiation, and realirmisplay. To
provide an accurate clinical interpretation thehleigt possible
image quality is required. The most commonly usedge
guality measures are penetration depth, spatialutisn and
image contrast. The penetration depth of the dtrad image
can be increased by applying longer signals andpcessing
them later on with the help of matched filter. Tdwnpressed
signal is similar to that obtained using a sindlers pulse but
with much higher amplitude. The spatial resolutioh the
ultrasound image can be improved by using the syiath
aperture (SA) method in which information is aceqdir
simultaneously by small transmit-receive apertyskeed in
different positions and then used to reconstruetftii image
from the collected data.

Several methods were proposed to form a synthpécare
for ultrasonic imaging. In synthetic aperture fdogs
technique (SAFT) imaging, at each time only a sngiray
element transmits a pulse and receives the ecinaldit, 2].
Multi-element synthetic aperture focusing (MSAF) @
alternate to SAFT [3].
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A group of elements transmit and
simultaneously, and transmit beam is unfocusednalae a
single element response. The acoustic power ansighal-to-
noise ratio are increased as compared to SAFT wheiegle
element is used. Synthetic transmit aperture nde{83 A) is
an alternate to a conventional phased array [4ga&h time a
single array element transmits an ultrasound palsé all
elements receive the echo signals. The advantagthief
approach is that full dynamic focusing can be aaptio both
transmit and receive modes, giving the highest intag
quality. The STA is done by splitting transmit apee into
several sub-apertures [5, 6]. At each time one apéyture
transmits an ultrasound pulse and all the elemeusive the
echo signals. In all this methods it is assumedtti@transmit
and receive elements are the point-like sources ted
namical focusing is realized by finding the getnoe
stance from the transmitting element to the imggpoint
and back to the receiving element. But when thenefd size
is comparable to the wavelength the influence efdélement
directivity on the wave field generation and reaaptecome

LTRASOUND imaging has become one of the prima,%ignificant and if ignored might be a source obesrand noise

S rtifacts in the resulting image. In this paper eveleavor to

modify the STA algorithm in order to take into aaob the

single element directivity to improve the qualityf the

resulting image. For this purpose the array elerizentodeled
as a narrow strip transducer with a time harmomigotm

pressure distribution over its width for the faelfl radiation
pattern calculation. An analytical expression fohe t
corresponding directivity function is available[i].

The main objective of this work is to implement tB&A
method and to apply longer complementary Golay dode
sequences which allows to increase of the transthihergy,
to improve the SNR and, as a result, the ultrasoumahe
contrast.

The comparison of 2D ultrasound images of the d¢issu
mimicking phantom as well as a beef liver pattetudyg in
vitro is presented. The results show that usingydéorGolay
coded sequences allows increasing penetration depth
image contrast maintaining spatial resolution.

Il. SYNTHETIC TRANSMIT APERTUREALGORITHM

As an alternate to the conventional phased arragiimg
technique a synthetic transmit aperture methodd#]be used.
It provides for the full dynamic focusing both iransmit and
receive modes vyielding the highest imaging quality.this
method, a full aperture is synthesized by usingipialfirings.
On each firing, a single element acts as a tratesngind all

receive signals
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elements as receivers. To synthesize Nxalement phased
array in both transmit and receive modésN independent
recordings are required. Conceptually, an STA systas all

the characteristics of a conventional phased aifhg. depth

of field is extended without any reduction in framse. The

focusing is performed by finding the geometric aligte from

the transmitting element to the imaging point aadkbto the

receiving element. The structure of the synthegiermure and
geometric relation between the transmit and receieenent

combination is shown in Fig. 1.
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Fig. 1 Geometric relation between the transmit @oaive element
combination and the focal point

When a short pulse is transmitted by the elemmerand the
echo signal is received by the elemenas shown in Fig.1, the
round-trip delay is

Ton =Tm + T, 1)
where (, n) is the transmit-receive element combination< 1

m, n < N. The corresponding delays forth andn’'th element
relative to the imaging point,p) are

2 :%(r —Jr2 X —2xirsin9), i=mn, (2)

wherex,, X, are the positions of tha'th and n'th elements,

The angular dependence is not taken into accounhen
applied point-like source model. But when the widththe
array element is comparable to the wavelength sparding
to the nominal frequency of the emitted signal, ploént-like
source model becomes inaccurate. The element iditgct
influences the partial contribution to the resytsignalA(r, 6)
in eq. (3) depending on the mutual position of tmaging
point and transmit-receive pair, determined by dhgleso,,

0, (see Fig. 1). In this section a modified STA imagin
algorithm which accounts for the element directiVfitnction

is developed and its influence dXr, 6) is analysed. The
underlying idea can be illustrated by the examgplews in
Fig. 2. In the case when the same element transanits
receives signal, the two scatterers located atpthiets with
polar coordinatesrf 6;), i=1,2 such thatry,=r,, would
contribute to the corresponding echo signal {t)
simultaneously, since the round-trip propagationetiz;./c,
i=1,2 is the same. Apparently, the contribution frahe
scatterer at the pointr,( 6;) would be dominant, since the
observation angle6 i, 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,) from (3), the partial contribution of the echo
Ymn(t) in addition to the correct signal from the oblgac
located at 1(,, 6,) (being small due to the large observation
anglebyy), would also introduce the erroneous signal from t
scatterer located at;( 6,). The latter signal is larger due to the
small observation anglé,,. The larger observation angles
appear in the imaging region close to the arrayrtape
Therefore, the most appreciable deviation frompghant-like
source model of the array element will occur théreolution
to the problem is proposed which accounts for theeovation
angle in accordance with the array element dirggtfunction.
Assume that the dependence of the transmit-readfi@ency
of a single array element versus the observatigteds known
and is denoted bf(6,), wheref,, is measured from the line
parallel toz-axis and passing through theth element center.
Thus, in order to suppress the erroneous infludram the
scatterer located at;( 6;) on the value of the resulting signal

respectively, and, 6 are the polar coordinates of the imagingi(r,, 0,), the partial contribution of the eclyg .{t) is weighted

point (, 6) with respect to the origin placed in the centiethe
transducer's aperture. In the case of thelement array for
each point in the image, the A-scan signal canXpeessed as

follows
N3 2r
ATO)=> ymn[? - rm,n],

m=1 n=1
whereym (1) is the echo signal ang, , is the round-trip delay
defined in (1) for the rf, n) transmit-receive element
combination. The first and the second summatiomespond
to the transmit and receive beam-forming, respeltiv

3

In the described above STA algorithm for each pwirthe
resulting image every combination of transmit-reeepairs
contributes according to the round-trip propagatiore only.

MODIFIED SYNTHETIC TRANSMIT APERTUREALGORITHM

83

by the corresponding value &B,.). This corresponds to the
superposed signal correction in accordance witlpees/e
contributions of individual scatterers located ta points (z,
01) and (2, 6,).

Xon
A A A A A A A A A A A A
HNlipns SUNREREYV(NAE RN NRER RN
O =0 O B 230
& (r,0)

Fig. 2 Influence of the scatterer located at th@tpo,, 6,) on the
value of resulting signa\(r,, 6,) for imaging point (5, 6,)
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The above considerations lead to the following rfication Tranariit Matched Filter
of the STA imaging algorithm

N N
ACO=YY FETE)Ymnl =) (@)

m=1n=1

Result

QPR —O=NORO
NN
QPN —=O=NOAO

wheref(r, 0), i=m,n are the corresponding observation angles
for the transmit-receive pair. Note, that the asglepend on +

5 5 10

the spatial location of the imaging poimf §). The directivity § § 2
function f(6) can be calculated in the far-field approximation 5'\/\/\/«/\/\/"\1\/\— * ‘1’\/V\A/VVVVV\I_ =2
for a single element of the array transducer ial@gous é é s
manner as in [7] .- 4 -4
f(g)=SNd/ASING) o (5) .

™/ Asiné 10

5

whered is the element width, and is the wavelength. The 0

-5
-10

above result applies to a narrow strip transdudér & time
harmonic uniform pressure distribution along itdthi It is
obtained by means of the Rayleigh-Sommerfeld foanlthe
far-field region. The result is in a good agreemevith
experimental studies as shown by the authors icited work.
For simplicity, we apply eq. (5) in the numericasults ) ) o ) )
presented in the next section. It should be ndfeat, we use All simulations in this work are carried out withpawerful

the angular respond@) in eq. (4) evaluated from eq. (5) forsoft_vvare,l_:ielt_al Il [12]. The program is d_eveloped_gs_pecially
some fixed value oft which corresponds to the nominalfor investigating ultrasound fields, and gives fiwssibility to

frequency of the transmitted signal. The far-fielgfimulate and callculate _ultrasound fields gnd dn@noqe's

approximation is admissible for the case of STAodtym OWN transducerField 1l is based on nu_menc_al analy5|_s and
discussed here. For the typical examples considaréts next 'uns under Matlab. The STA algorithm is used in the

section, the ratial/A =1.125 is assumed. The far-field limitNumerical examples presented in this paper. To laea
rmin=2d%% [8] is 2.5, which requirement is met in the Measurement numerous parameters have to be set. The

Fig. 3 Principle of side-lobes cancellation usiriy pf Golay
complementary sequences of length 8 bits

V.COMPUTERSIMULATION

considered numerical experiments. transducer used in the measurements described ifatdre
linear transducer L14-5/38. The parameters usedthi
IV. GOLAY COMPLEMENTARY SEQUENCES simulations are similar to those of the transdu€ae medium

in the simulations is homogenous and such parameteithe
attenuation and the speed of sound were set thebeame as
in experiments. The numerical results presentdeddn4 were

Ultrasound imaging allows to visualize structuresd a
organs in real-time, enabling an instantaneoushluation of

clinical situation. But real problems appear wheime t oo formed for a 128-element linear transducer awily 0.3
reconstruction of the deeply located organs is edeBor that |, pitch excited by one sine cycle burst pulse abainal
reason, coded excitation can be used making exéorna frequency of 4 MHz. The element pitch is abautvhere
procedure more precise and allowing visualizatidntf® o reqponds to the nominal frequency of the buatsep The
deeply located organs in 2D B-mode ultrasound imggi STA algorithm is employed. The transmit and receienents

Among the different excitation sequences proposed Lompinations give a total of 128x128 possible Rfnas. All
ultrasonography, Golay codes evoke more and moeeest in  yhoge Alines echo signals are sampled indeperydedtia
comparison with other signals. The reason of thet in the frequency of 40 MHz and stored in RAM

fact that Golay codes, like no other signals, sesprto zero
the amplitude of side-lobes. This type of completagn 60
sequences has been introduced by Golay in theesij@i. In
the seventies the Golay complementary codes we
implemented using interdigital transducers accognfor the
Doppler effect in surface acoustic waves (SAW) desi[10].
The pairs of Golay codes belong to a bigger familgignals,
which consist of two binary sequences of the saangthn,
whose auto-correlation functions have the sidedobgual in

Transducers Transducers
64

Depth [mm]

0o
magnitude but opposite in sign. The sum of thesm-au Lateral distance [mm] " Lateral distance [mm]
correlation functions gives a single auto-correlatfunction
with the peak of @and zero elsewhere [11]. Fig. 4 Simulation of multi-point scatterers for 18@ment linear

Fig. 3 shows the pair of complementary Golay segeen array: a) npt in_cluding_ directional diagram Qf etam) b) i_nclud_ing
their autocorrelations. and the zero side-lobes sfintheir element directional diagram. Marked area is magaiévidencing
autocorrelations ’ suppression of the “noise”-like spatial variatiaishe scattered

signal from the reflectors positioned near theddarcer surface

84
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The blurring of the scatterers placed near the tapelis
significantly diminished in the case of introducintpe
directional diagram of element in synthetic focgsaigorithm
as compared to the algorithm without this corretctio

In Fig. 5 a computer simulation of multi-scatterpteantom
when a 128-element linear transducer array wasieabps
shown. The one cycle as well as the pairs of comgidary
Golay sequences of the lengths 8 and 16 bits atinabm
frequency 4 MHz were used. The phantom attenuaiequal
to 0.5 dB/(MHz-cm). In the applied STA algorithmeth
element directivity correction scheme, discussefil8], was
implemented to improve the image quality near wansr
aperture.

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

Transducers
20 42 64 86 108

Transducers
20 42 64 86 108

Transducers
20 42 64 86 108

S

N
S

30 30

Depth [mm]
[
Depth [mm]
Depth [mm]
N
S

@
S
a
S

-3
S
@
S

70
0 38.4
Lateral distance [mm]

0 38.4 0
Lateral distance [mm]

38.4
Lateral distance [mm]

a) b) c)

Fig. 5 Comparison of 2D ultrasound images obtalmedomputer
simulation for 128-element linear array using: ag @ycle; b) 8-bit
Golay sequences; ¢) 16-bit Golay sequences

The obtained 2D ultrasound images clearly dematestiee
advantage of using the Golay coded sequences. Wéh
elongation of the coded sequences the acousticatggn
increases yielding a higher SNR, that leads tonaregse in
the penetration depth while maintaining both a=ziadl lateral
resolution. The latter depends on transducer aicofistd and
is discussed in [14]. The visualization depth whbka one
cycle was applied is equal to about 3 cm (Fig. Bdijile in
case of applying 8-bit Golay codes this depth iases to 5 cm
(Fig. 5b), and for longer 16-bit Golay codes thispth of
visualization increases up to 7 cm (Fig. 5¢).

In order to compare the lateral resolution the sresction
of phantom at depths of 10 mm and 30 mm is showfign6.
Note, the normalization is performing with respeot the
maximum values of the corresponding cross sectiahs
different depth.

In Fig. 6 it can be seen that the lateral resofutid the
different depths for all burst signals is the sanfs
anticipated, the lateral resolution illustrated Fig. 6 as a
function of depth is almost unchanged for the Galagles of
different length (being the function of the systbandwidth it
is independent of the code duration [8].

85

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

VI.

It's main part is an Ultrasonix - SonixTOUCH Resd#ar
System (Ultrasonix Medical Corporation, Canada) ifgoed
with a 128-element linear transducer array with @r8 pitch.
Ultrasonix enables a full control of transmissiom aeception
parameters for all 128 elements of the transduBesides, a
full access to raw RF data enables one to semdtitet PC for
further digital processing. Next, the processedadate
displayed on the monitor. All post processing aigpldy is
done on PC using Matl8b The processing creates 2D
ultrasound image focused in every point.

The 128-element linear transducer array excitedhay8
and 16-bit Golay coded sequences as well as a yole at
nominal frequencies 4 MHz were used in the expernmeA
single element in the transducer transmitting apenvas used
to generate an ultrasound wave covering the fudigenregion.
All elements were used for both transmitting andergng.
The RF echo signals sampled independently at 40 itz
processed by the STA algorithm. Experimental datrew
acquired by an Ultrasonix - SonixTOUCH Researchte3ys
(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 imag

The comparison of the 2D ultrasound images of igsuée
phantom obtained for one cycle, 8-bit and 16-bitla@o
complementary sequences is shown in Fig. 8. Thek pea
pressure level of excitation signals at the tranedwere set as

EXPERIMENTAL RESULTS ANDDISCUSSION
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low as possible to visually detect the echoes veckeusing 5 12.9 08 oo
one cycle burst transmission slightly larger th&e noise 2 —
£ :
level. The same peak pressure has been used faotted £
transmission. E
z
] i a) 20 30 40 50 60 70 50 90
One cycle 8-bits Golay code 16-bits Golay code
Transducers Transducers Transducers 1 : ; :
1 32 B4 o8 128 132 84 o5 128 1 32 84 88 128 8l 28.9.dB 7
10 10 15-0.6 25.3dB 1
< 04 23.2dB 22.7d8 1
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80 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

20

100 100
384 0

Lateral distance [mm]

o] 38.4

Lateral distance [mm]

Lateral distance [mm]

pattern study in vitro for different burst signaise shown.
Fresh beef liver sample was obtained from the ldcather
shop within 6-8 hours after slaughter. It was gefrated until
being transferred to the lab. Ultrasonic experimenere

The obtained 2D ultrasound images show an excelle?ﬁf‘dUCted within.7-9 hours of the removgl of thmeﬂifr_om the
performance of the coded excitation in terms ofréasing ?ch)Tnatlén:Q(SratzS;/éngu:Ii\ézrtr?:rrnnzlgsxﬁn |er2trrs1ersed Inewat
penetration depth. In the case of one cycle theestpation ) .
depth is equal only to 3cm (Fig. 8a). In the cas@-bit Golay The same peak pressure has been used for all Sawsb.
code the penetration depth increases up to 7 agn 8B). With
the elongation of the coded sequences to 16 hisadoustical
energy increases yielding higher SNR, that leadsitoncrease 9
in the penetration depth up to 8 cm (Fig. 8c). Nibit axial
and lateral resolution is the same for the all bsignals.

In order to compare quantitatively the SNR gain 11¢"
line from 128 RF-lines of the 2D ultrasound imageshown
in Fig. 9 and the SNR is calculated. For this psgthe noise
level which appeared straight after the signal erassen.

Fig. 9 shows that applying coded transmission i
comparison to one cycle pulse allows to improve ShNR by
about 15 dB. Elongating the coded transmissioneiéads to
the SNR increase by about 1.4 dB which is in agesgwith
the studies shown in [7] where the final outpu2ls times
larger L is the coded length) than the response to a single

a) b) c)
Fig. 8 2D ultrasound images of tissue mimickingrgben using:

a) one cycle; b) 8-bit Golay code; ¢) 16-bit Gotayle

One cycle
Transducers
32 64

8-bits Golay code
Transducers
64 96

16-bits Golay code
Transducers
32

128 1

32

128 0 64 128

96

96

Depth [mm]

0 38.4 0
Lateral distance [mm)]

38.4
Lateral distance [mm]

0 384

Lateral distance [mm)]
c)

Fig. 10 2D ultrasound images of beef liver patt&udy in vitro
using: a) one cycle; b) 8-bit Golay code; c) 16ilay code

As seen in Fig. 10 the air bubbles are observediwhie
almost impossible to avoid in case of in vitro expents. But
here they are helpful for qualitative estimationtbé image
Therefore, an improvement in the SNRM is obtained in quality parameters like the lateral resolution @odtrast. At
comparison with the single period burst transmissiglore the same time the basic liver structure is uncharigethe

realistically, for transmit two sequences per obsgon time, Presented experimental results. As expected, applgf the

. . . .. Golay coded transmission improves penetration deptd
the SNR improvement factor L . The SNR increase in s image contrast. The ultrasound penetration is ypedwlbled

turn leads to improvement of the penetration depil the fo the 16-bit Golay codes in comparison with theg cycle
contrast of the image. transmission, effectively extending the diagnosaielgion in
the practical medical application.

impulse; however, the noise increases by a factor/ 2L
(\/f for each correlation andy2 for the addition).
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The comparison of 2D ultrasound images of beefrlive
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VII. CONCLUSION [13] Y. Tasinkevych, I. Trots, A. Nowicki, P.A. LewinModified synthetic
. . . transmit aperture algorithm for ultrasound imadingltrasonics vol.
The purpose of this work was to improve the petietma 52, no. 2, pp. 333-342, 2012.

depth and the SNR in medical ultrasound imagingadinieve [14] A. NOWiCki,‘Z. Klimonda, M. Lewandowski, J. L_itnieyk‘i, P.A. Lewin,
the purpose the complementary Golay coded sequamsss | [0S, Diee s posk sompresec oot msdieen:coce
applied in the STA systems. The coded sequenceg wer

elongated from 8-bits to 16-bits which allowed narease the

penetration depth by about 2 cm. This is illustlaly the

comparison of 2D images. The assumption that tipdication

of coded transmission in the STA method in a stahda

ultrasound scanner could improve the penetratigrthdand

image contrast has also been confirmed by thetia study of

the beef liver pattern.

The new algorithm based on the array element angula
directivity function has been introduced into tfeneentional
STA method and the corresponding correction of lihek-
scattered RF-signals of different transmit-recepairs has
been madelt is shown that the far-field radiation patternaof
narrow strip transducer, calculated for the caseadatime
harmonic uniform pressure distribution over its tijdcan
serve as a good approximation for the above diiggcti
function. The results of numerical calculationsagssimulated
data have shown distinguishable improvement ofirtreging
quality of the scatterers situated in the regiorarnéhe
transducer aperture, the hazy blurring artifactseovable in
the case of conventional STA algorithm, are sulistin
suppressed.
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