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Coded ultrasonography is intensively studied in many laboratories duerenirkable
properties: increased depth penetration, signal-to-noise ratio (SNiRjugd improved axial
resolution. However, no data concerning the spatial behavior of thesyme field generated
by coded bursts transmissions were reported so far. Five diffesaitation schemes were
investigated. Flat, circular transducer with 15 mm diameter, 2 MHz cemguéncy and 50%
bandwidth was used. The experimental data was recorded using thE R¥éhbrane hy-
drophone and collected with computerized scanning system developadlaboratory. The
results of measured pressure fields before and after compressieriven compared to those
recorded using standard ultrasonographic short-pulse excitatioringiease in the SNR of
the decoded pressure fields is observed. The modification of the gpatssiure field distri-
bution, especially in the intensity and shape of the sidelobes is apparertd Geduences
are relatively long and, intuitively, the beam shape could be expected verjesimilar to
the sound field of long-period sine burst. This is true for non-comptedistributions of ex-
amined signals. However, as will be shown, the compressed souns| fsloecially for the
measured binary sequences, are similar rather to field distributionsif slideband bursts.

Key words: coded excitation, ultrasonic field distribution, pulse compression, mafdtra-
tion, medical imaging.

1. Introduction

Coded transmission is a technique known and widely used in radar systems. T
idea of its application in the medical field is about twenty-five years old. @Gtlyre
the coded transmission in ultrasound techniques is a dynamically developingdmeth
that can be used in a wide range of applications such like ultrasonograppypler
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techniques and non-destructive testing. Increasing interest in catetission is re-
lated to the possibility to overcome the limitation in obtaining fine axial resolution and
long-range penetration. Two factors cause this limitation. First of all, attiemuig an
increasing function of frequency, but to get a better axial resolutionriecessary to
use a higher frequency (shorter wavelength). Secondly, althougltcamuse a higher
amplitude impulses when attenuation reduces the echo pulse amplitude, it mbst not
done without limit, because of undesirable side effects such as cavitatiocrease

of temperature — these effects in medical applications could be dangerdutaa-
age the tissue. The coded transmission enables to obtain longer rang@joamnéy
transmitting long coded pulse and compressing the echo using crosktornrevith

the transmitted signal (matched filtration), instad of increasing the amplitude ohthe
pulses. This causes a great signal-to-noise ratio (SNR) gain, so evesigtials that
were buried in a noise can be detected after compression.

There is an increasing quantity of papers written about the applicationdafdco
transmission to ultrasound examination®LPAKOWSKI and ERMERT [1] describe
the advantages of using nonlinear modulated pseudochirp (squarg iwaNgasonic,
non-destructive testing. An increase of the echo amplitude and improvesfiémnée
mainlobe-to-sidelobe ratio compared to the ordinary linear chirp can be etifand
additionally the generating hardware may be simplified with the use of this te@niqu

NowicKil et al. [2] present experimental results from using pulse compression with
Golay’s complementary sequences on tissue phantom. These resultsestymy gen-
etration preserving axial resolution and improvement of image contrastmpaxison
to sine excitation.

MISARIDIS et al. [3] present the coded excitation ultrasound system that use lin-
ear frequency modulated signals of 20duration. The transducer frequency weighting
function is taken into account in the design of the matched filter in this systemsighis
nificantly reduces the sidelobe level of the filter output. Phantom and climeajes are
presented and show a clear improvement of quality and depth penetratmmradson
to an ordinary pulse excitation system.

BEHAR and ADAM [4] investigate and present simulation results of the optimisa-
tion of the excitation/compression scheme for the ultrasound linear arregnsyshich
transmits linear frequency-modulated pulses. This scheme consists ata ohavin-
dow function for tapering the transmitted pulse, a choice of filtering funcaampti-
misation of chirp-to-transducer bandwidth and a choice of n-bit quaniiberauthors
show that with proper parameters of the coding system, benefits of thisqaehngain
in SNR and the penetration depth — can be obtained with minimised disadvantages —
range sidelobes.

Although there are many other papers written about the applications of tesl co
transmission in ultrasonography, the authors of this work couldn't figdreformation
about spatial field distribution of coded excitation. It is necessary to khevghape of
the field to designate possible artefacts connected to the presence dtmeidelobes.
The shape of a beam as well as the quantity and level of the sidelobedadesl ito the



DIRECT AND POST-COMPRESSED SOUND FIELDS ... 509

type of transducer and to the excitation signal driving this transduceau®e of the
increasing interest in coded transmission and the probable wider applichtimued
signals in ultrasonic imaging systems, measurements of the spatial field distribtition
linear modulation, Barker code and Golay sequences before anda@iftpression have
been done.

2. Coded transmission

The difference between a standard, short-burst transmission teehanigua coded
transmission is that in the latter, the emitted signal has a specific signature aad ha
rather extended time duration. Received echdeésare correlated with the replica of
the transmitted signai(¢) using cross-correlation according to Eq. (1).

o0

R(t) = / s(t)e(t — 7)dt. 1)

—00

This so-called matched filtration results in time compression of the receiveé®ch
while restoring a good axial resolution with a considerable increase of 8Rpossi-
ble to differentiate two classes of waveforms depending on their codingthigo- the
amplitude and phase-modulated. Phase modulation can be continuous oetedise.
Linear frequency-modulated waveform (chirp) belongs to the classrifraious phase
modulation. Barker and Golay codes represent the discrete phase trardutareality
the echoes can be very different from the transmitted signal, becatise o¥erall in-
fluence of scattering and frequency-dependent attenuation in tisgue dm ideal case,
neglecting the echoes distortion, the output correlation function can bexapated
correlating the transmitted function with itself. Examples of different codelstla@ir
autocorrelation functions are shown in Fig. 1, 2 and 3.
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Fig. 1. Linear modulation — chirp signal (a) and its autocorrelation fun¢tipn
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Fig. 2. Barker code (a) and its autocorrelation function (b).
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Fig. 3. Golay codes (a, c) its autocorrelation functions (b, d) and theo§@mutocorrelation function (e).
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As it can be noticed, the important feature of autocorrelation function sétbhedes
is the presence of time (or range) sidelobes. These sidelobes areredddsibutes,
because their presence introduces artefacts in the ultrasonic imagéngffes quality.
The shape and the peak-sidelobe level depend on the applied signal'sFtplin-
ear, non-apodized chirp the sidelobes are 13.2 dB below the main peageimiently
of the time-bandwidth product. The only way to obtain a better peak-sidelobkise
weighting in time or in frequency [5]. The most widely used binary codesha8arker
sequences. They are optimum in the sense that the autocorrelation fumesknsN
and the sidelobe level falls betweenl and —1, whereN is the number of subpulses
(elements). The compression ratio is proportional to the length of the codeykr no
Barker code larger than 13 elements has been found. The Golay compdeynzodes,
as shown in Fig. 3, have a very interesting property from the ultrasapbgrpoint of
view. As can be noticed, the sum of autocorrelation functions of Golagcbds no
sidelobes. This property comes from the reversed signs of sidelobdeualmmf the
compressed output.

This rather well-known behaviour of the three different coding algorithwas
shortly discussed before introducing the main goal of this paper, namely ishhe
shape of the scanning beam for these three codes, after the compisgdormed.

3. Measuring system

The measurements were made using a system constructed in IFTR PASstéis s
can scan ultrasonic field in line, plane or 3D cube with minimal raster 0.1 mm. Mea-
surements were taken by stationary hydrophone where ultrasonic lasadeoved by a
mechanical scanner controlled by PC computer. The system shown indeigsits of:

e mechanical scanner (ISEL)

e arbitrary function generator
(LeCroy 9109)
PC e power amplifier (ENI 3100LA)
wideband PVDF hydrophone
SAMPLING (Sonic 804-201)
A,\F,’,CPD‘L’YFElFE‘R — H OSCILLOSCOPE e amplifier (RITEC BR-640)
MOTION e sampling oscilloscope
CONTROL (HP 54503A)
ATTENUATOR AMPLIFIER e PC computer that controls
I:rl:l the scanner arbitrary function
ARBITRARY generator and sampling
FUNCTION oscilloscope.
GENERATOR

Fig. 4. Scheme of measuring system.
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There was a 2 MHz head with 15 mm diameter and 50% bandwidth used in measure
ments. The near-field distance for the transducer was 75.5 mm. The heaskeited
by one of the four signal types:

2 or 16 periods of sinus of frequency 2 MHz (as reference singnals)

the chirp signal with center frequency 2 MHz and bandwidth 1 MHz,

the Barker code, 13 bits long with carrier frequency 2 MHz,

complementary pair of Golay codes, 16 bits long, with carrier frequencyi2 M
and signatures:

{1,1,1,-1,12,1,-1,1,1,1,1-1,-1,-1,1,—1}and

e{1,1,1,-1,1,1,-1,1,-1,-1,-1,1,1,1,—1, 1}

The ultrasonic field was scanned in rectangle 6 by 10 cm that lied on a loigitud
nal axis of the head with the raster of 1 mm across, and 5 mm along the beaih. In
points the pressure variation was measured, and the maximum peak-togheakvas
specified. In case of coded signals the maximal value after compressi@peeified as
well, so the field distribution before and after compression was obtainedmBiimal
pressures obtained in the experiment reached ca. 1.5 MPa.

4. Results

The compression process results in SNR gain — about 15 dB for Bavéler £9 dB
for chirp and 20 for Golay codes. There is a small but visible narrowirttpe beam
too —about 1 mm at-6 dB, and 5 mm at-20 dB from a distance of 50 mm away from
the transducer (Fig. 5). The field distributions are presented in Fig.. 6Felisobars
on images are placed every 6 dB. As one can notice, there are some agl#ldhe
spatial field distributions of uncompressed codes (Fig. 8, 10, 12), whilkeirfields
of compressed signals (Fig. 9, 11, 13) the sidelobes are much smaller, asirp,
or there are almost no sidelobes, as for binary sequences. In coomptriseference
signals of long 16 periods and short two periods of sine (Fig. 6, 7) it &rclbat the
field distribution of code after compression became similar to the field distributian o
short-pulse, while before compression it used to be rather similar to the iséldhdtion
of a long signal.

[dB]
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Fig. 5. Changes of pressure on line sheer to the beam, 50 mm awaytteotransducer for chirp (a),
Barker code (b) and Golay code (c). Solid and dashed line denotestiy@essed and non-compressed
beam respectively.
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Fig. 6. 16 periods of sine.
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Fig. 8. Non-compressed chirp.
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Fig. 7. 2 periods of sine.
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Fig. 9. Compressed chirp.
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Fig. 10. Non-compressed Baker code.
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Fig. 12. Non-compressed Golay’s pair element.
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Fig. 13. Sum of cesspd Golay’s pair elements.



514 Z. KLIMONDA et al.

5. Conclusions

Presence of the spatial sidelobes in ultrasonic field distribution is chasgictéor
long or continuous excitation with narrow bandwidth, while for short signéls wide
bandwidth the sidelobes tend to disappear. The results of measurememthahthe
field distributions of uncompressed coded signals are similar to the field diginaf
comparable longsine excitation, but after compression it becomes more simiter to
distribution of short, wideband signal. Therefore, not only does the redttiration
of proper coded signals significantly increase the SNR, but it also résuistrong
reduction of spatial sidelobes of the beam. Thus, transmissions of lohgotted se-
guences, with the use of matched filtration will not introduce the artifactsexied
with the presence of spatial sidelobes of the beam to ultrasonic image.
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