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A Novel Pulse-Echo Technique for Medical be time consuming, particularly if implemented in real-time imaging
Three-Dimensional Imaging systems.
The objective of this contribution is to show that the CWAFT can
Ahmed Yamani be extended to the pulse-echo imaging systems while maintaining the

automatic focusing capabilities. In addition, considerable improve-
o _ _ ments in data acquisition and processing is obtained. This is achieved
Abstract—A new pulse-echo imaging technique for close near-field ap- py first, synthesizing a pulse whose frequency content is identical to

plications is proposed. Based on the theory developed for the continuous- - L :
wave automatic focusing technique (CWAFT), it uses instead, a frequency- the scanned frequencies originally used in the CWAFT and second,

domain phase compensation through a convolutional mechanism. in BY @pplying instead, the phase compensation in the frequency domain
addition, the scanned frequencies of the transmitted CW signals are through a convolutional mechanism. The pulse-echo nature of this
sent simultaneously in a pulse that is used for the data acquisition and new procedure (called, in this paper, PAFT) makes it suitable for
processing. The pulse-echo nature c_)f this technique makes i't a candidate near-field pulse-echo imaging found in nondestructive testing (NDT)
for further development and evaluation for ultrasonic three-dimensional . g . -

(3-D) medical imaging and nondestructive testing. Furthermore, the and in M. Fur_thermore,_lt will be shown that tht_a spike like" nature
“spike-like” nature of the back propagator in the frequency domain is  ©Of the correction factor in the frequency domain enables the use of

used to half the data acquired. This alleviates most of the drawbacks of only half the bandwidth required by the CWAFT with no apparent
the CWAFT in data acquisition and processing. Simulation results are |oss in image quality.

presented for both two-dimensional (2-D) and 3-D targets. Section II-A discusses briefly the theory of the CWAFT and
Index Terms—Automatic focusing, angular spectrum decomposition, exposes its drawbacks. In Section I1I-B we propose a new method
depth of focus, multifrequency reconstruction, pulse-echo imaging. based on the convolution theorem and show how the scanned

frequencies synthesize a pulse that is used to improve the data
acquisition and the processing time required to reconstruct high-
o ) ) } ] o quality images. The new procedure is validated in Section Il using
Ultrasonic imaging for medical diagnostic application is a wellgjnulated data for both two-dimensional (2-D) and 3-D imaging
established technique in clinical practice today. A variety of equiRystems. Section IV presents the conclusion and discusses possible

ment is based on electronically scanned phased-array tranSdUQﬁﬁﬁlementations of the proposed technique in MI systems.
which generate linear or sector-format images, displaying soft-tissue

structures typically up to 20-cm depth at a rate of 30 frames/s.

|. INTRODUCTION

Focusing is usually implemented electronically by means of delay Il. THEORY
lines, which are adjusted to compensate the differences in propagation
path from the focal point to the array elements. A. CW Automatic Focusing Technique

An important feature of any imaging system concerns its ability t0 The AFT theory will be briefly presented in this section, and the
unambiguously resolve the details of a target. In general, resolutign,yhack in data acquisition and processing inherent in the AFT
and ambiguity can be governed by a suitable choice of the collectiggqrithm will be outlined. It is assumed throughout this paper that the
aperture size, its shape, and the effective weighting function appligg, is collected using a series of measurements from a “point-like”
as the target information is recorded and processed to produces@sor. Such a sensor might consist of an array of omnidirectional
image. However, for a given set of focusing conditions, these propansgucers or a single transducer scanned over the received aperture.
erties can only be maintained over a limited region of image spacene AfFT algorithm is based upon a mathematical analysis
which is usually known as the depth of field or depth of focus (DORychnique, known as angular spectrum decomposition [2]. Data is
[1]. Beyond th|_s region, image degradation becomes un_accepta[?laﬁ’:orded over a range of frequencies within the bandwidth of a typical
Moreover, medical imaging (MI) systems usually operate in the ne@nsqucer, and the method can be applied in circumstances where
field of the recording aperture where the DOF s particularly smajhe (arget lies in the very close near field of the recording aperture.
and leads to difficulties in image interpretation. _ With reference to Fig. 1, let/ (x, y,0; f) represent the complex
~ It has been demonstrated in [1] that substantial improvements {l| and imaginary) ultrasonic pressure field measured over a 2-D
image quallty can.be achieved in the verylclose near field thr(.)ugh. erture located at = 0, where the frequency is scanned over the
use of time-domain compensation in continuous-wave (CW) imagifgnsdqucer bandwidth f. By 2-D Fourier transform, with respect to

systems. The only drawback of this CW automatic focusing techniqyg, spatial coordinates andy, this pressure field can be represented
(CWAFT) is that it requires sophisticated hardware and a con&deraBkg its angular spectrum

amount of data acquisition and processing. Being multifrequency in
nature, the three-dimensional (3-D) arrays needed to process the data RaS adu
A xSy, US = T, Y, Y]
are much too large for the random access memory (RAM) of any (52,55, 0; ) S S Ul 9,0 f)
commercial PC. Hence, external disk memory is needed and this can cexp[—i2m(wse + ysy)] du dy (1)
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N removed from the resultant angular spectrum. Upon application of the
X 2-D inverse Fourier transform with respect to the spatial frequencies
sz ands,, an in-focus 3-D image is obtained regardless of the axial
dimension of the target(s).

The intensity of a pixel ate,y, obtained from the CWAFT
algorithm can, thus, be expressed as

I(w,y) =|F s, [Fe[Fy [Foy [UGe,y, 0: )]
XB' (52,55, 0)] | 5=r0] " 5)
where F, *

a.s, 1] represents a 2-D inverse Fourier transform with

respect tos, ands,, while F¢[-] represents a 1-D Fourier transform

® b with respect tot. As can be seen from (5), the CWAFT algorithm
relies heavily on both temporal and spatial Fourier transforms.
Although, the algorithm can be efficiently implemented using more
commonly available computer hardware, such as array processors,
accelerator cards, or digital signal processing (DSP) chips, it will be
shown that a simplification of (5) yields a new AFT procedure which
greatly reduces the acquired data and the number of fast Fourier
transforms (FFT’s) used.

v

Fig. 1. Imaging configuration used.
B. Pulsed Automatic Focusing Technique
where First, the PAFT imaging procedure can be developed by transmit-

3 3 ting a pulsed signap(¢) say, that is synthesized by the scanned

B(s,. 59,2 f) = exp Z,%nfz \/1 _ <ﬂ> _ <l”> > frequencies used in the CWAFT such that the recorded complex
oTe T T nf nf

. ! . O u(z,y,05t) = Fr[U(x,y,0; f)].

is known as the propagator filter, is the phase velocity of the

waveformu(z, y, 0; t) over the aperture is related &z, v, 0, f) by
wave, andn is an integer equal to one for a fixed transmitterKnowing that the complex pressure field recorded atthearray
scanned receiver and equal to two for a simultaneously scanred@ment and due to a point-reflector can be expressed as
transmitter/_receivc_er [3]. If a target is located a distamérom i f—fo AnfR;
the transmit-receive aperture, then (2) represents the basis of a U(z,y,0: f) =1‘6Ct{T} exp <—] " )
multifrequency backward wave propagation imaging scheme. The
angular spectrum of the received complex acoustic pressure field ¥diere rect[-] is the rectangular function, an®; is the distance
be back propagated to the target plane by multiplying (2) by tfetween the point-reflector and tlith array element. It is shown
back propagator filte3 " (s., s,,2; f) to yield an in-focus target in [5] that the envelope of the transmitted pujse) is given by
image in the spatial image domain. It is interesting to note that ) <Mer)

Sin
=1+2

(M=1)/2

Z cos <227;R> (6)

n=1

Busse [3] viewed (2) as a series of images, in the spatial frequency "R,
domain, at different frequencies. By averaging these images over a(t) = T AR\
all the frequencies considered, followed by the application of a 2-D si <R_>
inverse Fourier transformation with respect to the spatial coordinates,
he obtained high-quality images as compared to the single-frequetidjere M is the number of frequencies originally scanned in the
reconstruction algorithm traditionally used in CW imaging system&WAFT, I = vt/2 denotes the variable in the range domain, and
However, this elegant approach, not only requires a prior target range iS @ maximum range related to the frequency sampling interval
information z, but it fails to produce in-focus images of a 3-D targeff by R.. = v/26f.
whose dimension in the-direction exceeds the DOF. In addition, Second, a close examination of (5) reveals that the product in the
undesirable distortions inherent in the backward wave propagatiyier brackets can be simplified using the convolution theorem [4],
algorithm [1] can further complicate any diagnostic process. Thig-.
problem has been solved t_)y the CWAFT [1].as,f10||9W§' FU[A(s2, 84.1) X B' (50255, 0)]l=10

Instead of back propagating (2) using the fillBT* (s, sy, z; f), o,
an inverse Fourier transform with respect fds used to yield the = A(ss, 8y, f) © B (82,59, )l y=ro ™
time-domain angular spectrud(s., s, 0,t). A new back propaga- where the time-domain angular spectrufits.., s,.) is given by
tor is derived in [1] to compensate 5|mult§1neous_ly the time-domaif s, s,.¢) = F. ,[u(x,y,0:t)].© denotes the convolution oper-
angular spectrum of targets situated at widely different ranges froftor. B (s, s,, f) = Fi[B'(s., s,.t)] Which can be easily shown
the transmit-receive aperture. This back propagator is given by g pe

son)z _ <SyA0>Z}} @  BGes )= TuosploinTo(f = folsinc{Tn(f = £ (©)

n n

m

B'(s,,5,;t) = exp |:—i27rfof |:1 — <
where T,, is the inverse of the frequency sampling interval

wheref, and\, are the frequency and the wavelength, respectivelyf,sinc(x) = sin()/mz, and f, defines the position, along the
at the center of the transducer bandwidth. The resultant datafrigquency axis, of the main beam of the sinc function and is given by
transformed back to the frequency domain via a one-dimensional Ao\ 2 o\ 2

f,q:fo[l_(sx ) _()} o

(1-D) Fourier transform. It is shown that at the center frequeficy

the nonlinear phase due to the propagator defined by (3) is completely "

n
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From (8) and (9), it can be concluded that for a given imaging

system, the backpropagatds’(s.,s,, f) can be generated and . —CWAFT
stored beforehand. This enhances the processing time of the PAFT. 09 [ / PAFT
Furthermore, as (7) describes the convolution at the ppiet fo r
which is equal to a sum of products, this can be rearranged in a form 0.8
suitable for vector multiplication as follows: ] E
If the number of frequencies scanned around the center frequengy 0.7 L |
fo in the CWAFT isM = 2N + 1, then thekth frequency can be -a o
written as g 0.6 2 t
[s~] F | |
fe=fo+kXxdf, k € [-N,N] 2 05 | 1 \
N : \.
and the angular spectrum of the acoustic pressure field at thg 0.4 |- f |
frequencyf,. can be written for simplicity as E : ; l E
< 0.3 [ ] ‘ ‘
A(sa, sy, fr) = Asyeyk 4 : , } 1
which can be put in an angular spectrum vector, in a simplified form, 0.2 7 5 \ \
as 01| . \,
— T F ; ~ |
A, = (AN,AN—M"',AON“-/A—NJ,-MA—N)iwsy 0 o q/[\j OV N
whereT” denotes the transpose operation. Similarly, the back propa- -20 -10 0 10 20
gator filter defined by (8) can be written in a vector form as x-axis in A
— "
Bwy = (B/—N» BI—N+1 T Brl)v T By, > B.IN’)sIsy- Fig. 2. Image of the two point reflectors of Fig. 1 obtained using CWAFT
and PAFT.

Using (5) and (7), the frequency-compensated angular spectrum can,
thus, be written as

A/(slv.,sy, fo) =A(sz, 5y, f) @ B/(Swasyaf”f:fo
:Is[l.sy ¢ §sws

the pulse-echo imaging systems as is the case in Ml and in NDT.
In addition, the automatic focusing is implemented through vector
" (10) products in the frequency-domain which reduces, considerably, the

. . N number of FFT's used.
Equation (5) is, thus, simplified to

I(x,y) = |F,L, [Zle -Eswsy]ﬁ (11) lll. SIMULATIONS

he f . lqorith b ed.| To test the PAFT algorithm as outlined in the previous section,
The frequency-compensating PAFT algorithm can be summarize drbomputer program was written to generate (simulate) the acoustic

the following steps. pressure field that would be observed at the receiving square aperture

1) Transmit the pulse(t) whose envelope is given by (6). when a pulsey(t) is transmitted. Fig. 1 shows the configuration of

2) At each point of the aperture, Fourier transform the receivedq-p imaging system operating in water at a wavelength of=
waveforms u(z,y,0:¢) to get the complex pressure fieldg mm, where the two point-targets are locatedrmk, and 112X,
Ulz,y,0; f). from a37\q transmit-receive aperture sampledh\af 2. Each target is

3) Apply a 2-D FFT, with respect to the spatial coordinateand  displaced from the central axis I6y25,. Since the near field of this
y, to get the angular spectrum(s.., sy, f) _ imaging system extends up to a rangé®t.5\¢, the point-reflectors

4) For each spatial frequensy ands,, form the vectorsd.,.,.  considered in this paper lie in the close near field of the receiving
and B, ., from the angular spectrum and the back-propagat@perture as is the case in MI. The transmitted pulse is synthesized by

filter, respectively. M = 21 frequencies centered #t. This yields a pulse bandwidth
5) Evaluate the vector multiplication as defined by (10). Af = 0.05fo, which is well within that of a typical transducer.
6) Apply a 2-D inverse FFT on the result, and form the imaggirst, the equivalence of the CWAFT and the PAFT is tested and

from the square of the magnitude of the data. it is found that the image obtained from the PAFT procedure is

The “spike-like” nature of the back propagator in the frequendgentical to its counterpart image obtained from the CWAFT. The
domain B’ (s., sy, f) can be used to further simplify the PAFTsmall discrepancies between the resulting images shown in Fig. 2,
procedure. With reference to (8) and (9), it can be seen that for argn be attributed to the extra forward and inverse FFT'’s required by
given spatial frequenci€s.., s, ), the position of the back propagatorthe CWAFT at each spatial frequency.
main beam is always below the center frequerfey This means  The “spike-like” nature of the back-propagator filter in the fre-
that for any frequencyf greater thanfo, the amplitude of the back quency domain is shown in Fig. 3, where it is clearly shown that
propagator is negligibly small, which reduces the contribution dhe main beam position is always below the center frequeficy
the lower side band ofi(s., sy, f) to the vector product defined as demonstrated in the previous section. This phenomenon is used
by (10). This implies that only the upper side band of the pulsdtere to further improve the processing time of the PAFT. When the
acoustic pressure field(z,y,0;t) and the lower side band of thelower side band of the back propagator is used in the compensation
back propagator are to be usedpriori, for successful operation process, the reconstructed image is found to be remarkably similar to
of the PAFT. The new procedure hence obtained is referred to that obtained from the PAFT. This result is shown in Fig. 4.
half-bandwidth PAFT. The target configuration shown in Fig. 1 is also examined using a

The contribution of this paper; although it seems simple in i8-D (37\o x 37)Ao) transmit-receive aperture with the point-targets
nature; is unigue in that it uses a pulsed signal for the data acquisitionated at75\, and 150\, and displaced from the central axis by
and processing. This enables the AFT procedure to be extended 26 )\,. When the half-bandwidth PAFT is used, a simultaneous in-
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0 ’ IV. CONCLUSION
X-axis m A In this paper, a new PAFT is developed for near-field ultrasonic
Fig. 4. Image of the two point-reflector of Fig. 1 obtained using FB-AFB-D imaging applications. Based on the theory developed for the
and HB-PAFT. CWAFT, it has been shown that the phase compensation can be used,

instead, in the frequency domain through a convolutional mechanism

focus image is obtained as shown in Fig. 5, where 1jie space which saves a great number of FFT's originally required by the
attenuation is included and is clearly shown. Had the CWAFT be€WAFT algorithm. Furthermore, the back propagator is shown to
used instead, thepd?"*! additional FFT's would have been usedhave a “spike-like” nature in the frequency domain whose main
where2" is the size of the FFT array considered. beam position is always less than or equaftoThis means that for

Finally, the case of a 3-D target consisting of eight point reflectorBequencies such that > fo, the magnitude of the back propagator
each located at the corner of a cube26h, side, is considered. For is negligibly small and, hence, its contribution to the compensation
this test, the center of the cube is placed on:faxis atl10A, from  process defined by (10) can be ignored. Due to the convolutional
a (37X x 37Xo) transmit-receive aperture, with two faces initiallynature of the compensation process defined by (10), the lower side
parallel to the aperture. To have a perspective view of this 3-D targbtind of the acoustic pressurenislled by the back propagator upper
the cube is then rotated by 2%nd 15 about thex andy axes, side band. This implies that the upper side band of the acoustic
respectively. When the half-bandwidth PAFT is used, a simultaneopi®ssure field:(x, y, t) is to be considered and that only the lower
in-focus image of the point-reflectors is obtained as shown in Fig. éide band of the back propagator can be stored and agwibri, for
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successful operation of the PAFT. Simulation results are presented Limitations of the Principal-Axes Theory
for both 2-D and 3-D targets and in-focus images are obtained.
The contribution of this paper; although seems simple in its nature;
is unique in that it alleviates most of the drawbacks of the CWAFT in Thorsten Schormann* and Karl Zilles
data acquisition and processing. In addition, the pulse-echo nature of
the PAFT, and the presence of many varieties of computer hardware
such as array processors, accelerator cards and DSP chips makesAlistract—The classical principal-axes transformation (PAT) has been
a good candidate for implementation in MI. used in numerous publications for three-dimensional (3-D) reconstruc-

Images reconstructed using conventional pulse-echo techniquestighs Py sequential alignment of histological sections. However, the PAT
can determine at mostl/2n(n + 1) parameters (scaling-rotation) in n

based on projection and, thus, are convolute_d by th? measuren}_ﬁmensions. Distortions (shearing) of histological sections can be described
system response (transducers and propagation media). Thus, highan affine transformation with n2 parameters. An analytical model
quality image reconstruction requires the use of wideband pulse-edhalevised for calculating rotational and scaling errors which can be
signals with higher dynamic range response. The proposed techniﬂg@rmmed by relating the transformation parameters of the PAT to the

. - . - act solution of a singular value decomposition (SVD) of the perturbation
however, is based on the backward wave propagation (dlﬁracnoﬁ’}(atrix. The results show that form and deformation of the form are

uses a narrow pulse to focus the image and, therefore, remove ii€rwined and that these results can be transferred to real data. The
effect of the measurement response. model is important for assessing the quality that can be expected with

Throughout the formulation of the AFT algorithm, it was assumedhe PAT for 3-D reconstructions if no multimodality reference is available

for simplicity, that the propagation medium has space attenuati

gigid transformation) and reveals the misalignment in terms of rotational
and scaling errors resulting from the PAT as derived in a previously

only. Consideration for medical imaging and NDT should i“dUdﬁublished paper [1].
frequency-dependent attenuation in the formulation. Comparisons

should be made between the technique and conventional beam-formé}4
point-spread function.

ex Terms—Affine transformation, principal-axes transformation,
registration, 3-D reconstruction.
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