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Spatial compounding has long been explored to reduce coherent speckle ncise in med-
ical ultrasound. By laterally translating a one-dimensional array, partially correlated
measurements made at different look directions can be obtained and incoherently aver-
aged. The lateral resolution, however, is limited by the sub-array length used for each
independent measurement. To reduce speckle contrast without compromising lateral res-
olution, a new spatial compounding technique using two-dimensional, anisotropic arrays
is proposed. This technique obtains partially correlated measurements by steering the
image plane elevationally with small inclinations. Incoherent averaging is then performed
by adding image magnitudes. Therefore, contrast resolution is improved only at the price
of a slightly wider elevational beam. Note that although anisotropic arrays have limited
steering capability in elevation, grating lobes are not considered influential since only
small inclinations are needed between measurements. Simulations have been performed
to show both the change in spatial resolution and the improvement in contrast resolution.
Results indicated minimal increase in the correlation length both laterally and axially. It
was also shown that detectability can be significantly enhanced by increasing the num-
ber of measurements or increasing the differential inclination between measurements.
This technique is therefore effective for reducing speckle noise while maintaining in-plane
spatial resolution. Furthermore, it demonstrates a new application of two-dimensional
anisotropic arrays in spite of their limited elevational steering capability.  © 1994 acagenic
Press, Inc.
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1. INTRODUCTION

Speckle is a common phenomenon in all coherent imaging systems. It arises from
random interference of echoes backscattered from targets within the same resolution
volume. Speckle appears as intensity variations imposed on the image, thus degrading
inherent target detectability. In medical ultrasound, its mottled appearance masks acous-
tic properties of tissue, which provide true diagnostic values. It is therefore an undesired
characteristic to be reduced.

The physical origin and statistics of speckle have long been studied [1-4]. Using a
random walk model, the accumulation of random scattering during image formation can
be described by the sum of a number of phasors. Each phasor is a complax number
representing both the strength and phase (i.e., relative spatial position) of a scatterer.
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If the number of phasors (i.e., the number of scatterers within a resolution volume)
is sufficiently large, the image intensity becomes exponentially distributed. In other
words, the acoustic signal-to-noise ratio (SNR), defined as the ratio of mean to standard
deviation of the scattered signal, is unity. Therefore, speckle noise is signal dependent
{i.e., noise power depends on local brightness) and acts like multiplicative noise.

Multiplicative noise filtering techniques have been proposed to reduce speckle [5-7].
They are not, however, particularly effective since the multiplicative noise model for
speckle is only a rough approximation [8,9]. To fully characterize speckle and develop
effective speckle reduction techniques, its spatial correlation, determined by the imaging
system’s point spread function, must be considered.

Compounding (i.e., incoherent averaging) techniques, such as spatial compounding,
frequency compounding and temporal compounding, have been proposed for speckle re-
duction by introducing incoherence during image formation [10-18]. These techniques
exploit the fact that the ensemble average of a speckle image is the same as the incoher-
ent average of the original object. Hence, speckle variations are reduced by incoherently
averaging partially correlated measurements without affecting the original intensity con-
trast. Speckle noise reduction results in an image with lower speckle fluctuations, i.e., an
image with improved contrast resolution. The improvement, however, is usually gained
at the price of spatial resolution.

Figure 1 illustrates the basic principles of spatial compounding with lateral array
displacements (i.e., lateral spatial compounding). In this case, the sub-array with a
length L, is laterally translated N times (N = 3) by a distance d to obtain ¥ independent
measurements of the same region of interest (ROI). Incoherence is introduced due to the
statistical independence of speckle viewed at different directions, and the correlation
between measurements is primarily determined by the fractional aperture displacement.
Depending on the coherence between measurements, speckle noise can be reduced by
as much as VN if N measurements are taken. Detailed analyses of speckle pattern
correlation and optimum array displacement for efficient compounding can be found
in [2,11-13]. In addition to reducing speckle noise, lateral spatial compounding also
provides better edge definition for specular targets. However, the lateral resolution is
determined by the sub-aperture size (L) used for each measurement rather than the
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Fig. 1 Hlustration of lateral spatial
compounding (N=3).

177



LI AND O’'DONNELL

overall aperture size (L,+(N —1)-d). In other words, improvement in contrast resolution
is compromised by reduced lateral spatial resolution.

Partially correlated measurements can also be obtained by other techn ques. Fre-
quency compounding, for example, divides the passband of input pulses into several
sub-bands in the frequency domain [14-18]. Contrast resolution is therefore enhanced
at the price of axial resolution due to the reduced pulse bandwidth. Similarly, temporal
compounding sums intensities sampled at a higher rate [18]. Contrast resolution is also
gained at the price of axial resolution.

All these techniques enhance contrast resolution by introducing incoherence either
axially or laterally. To date, no techniques have been proposed to reduce speckle fluctu-
ations by introducing incoherence in elevation, since one-dimensional arrays cannot steer
in this direction. With the evolution of anisotropic, two-dimensional (i.e., 1.5 dimen-
sional) arrays, compounding techniques exploiting elevational steering are o7 particular
interest [19-24].

Very large, two-dimensional, anisotropic arrays have been proposed to reduce the size
of the three-dimensional resolution volume, thus enhancing low contrast detectability as
well as presenting fine spatial detail [25-28]. These arrays, undersampled in tle non-scan
direction to reduce total channel number, can produce a full three-dimensional focus.
Due to the limited steering capability in elevation, however, they are not suitable for
three-dimensional imaging. Nevertheless, potential applications of this limited steering
capability should not be ignored. As shown in figure 2, these arrays can be used to obtain
partially correlated or uncorrelated measurements by steering the image plane over small
inclinations. Although grating lobes exist due to large interelement spacings in the non-
scan direction, they are not considered influential since only small inclinations are needed
for independent measurements. Therefore, contrast resolution can be improved without
degrading in-plane (i.e., lateral and axial) spatial resolution. It is the goal of this paper
to investigate elevational spatial compounding for anisotropic, two-dimensional arrays
including theoretical correlation analysis and simulation verification.

Image Plane

2D Array

Fig. 2 Illustration of elevational spatial compounding.
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The correlation between independent measurements is derived analytically in the
next section. Simulation results, including qualitative image comparison and quantitative
contrast resolution improvement, will be shown in section 3. Finally, this paper concludes
in section 4 with a discussion of the results.

2. CORRELATION ANALYSIS

Assuming the imaging system has a linear, space invariant point spread function, an
image can be obtained by convolving the point spread function with a scatterer distribu-
tion function. In other words, we have

o0

s(u) :/ a(u —u')b(u)du’ | (1)
where s(-) is the image, a(-) is the scatterer distribution function and b(-) is the sys-
tem’s point spread function. All functions are complex and in a three-dimensional space
denoted by u = (z,y, z). The complex cross-correlation function, ¢(u,, uz), of two mea-
surements, s;(u) and s;(u), is

clurus) ® sy(w)ss(ua)) = [ [ (a(u)a (@) bifw—usue—udu'an’, (2)

where {-) represents the ensemble average, bi(-) and by(:) represent the point spread
functions for s1(-) and s,(-) respectively. Assuming the insonified region is fully developed
speckle (i.e., it has a homogeneous distribution of scatterers with an average scattering
strength ag and uncorrelated microscopic structures), the autocorrelation of the scatterer
distribution function a(-) is

(a(u)a"(u")) = a26(u’ —u") 3)
where é(-) is the three-dimensional Dirac-delta function. Hence, Eq. (2) can be rewritten
as

c(uy,u;) = aj /_oo bi(uy — u')by(uy —u)du’ . (4)

Since a linear, space invariant point spread function is assumed, ,(-) and b(+) are simply
space shifted version of each other. In other words, b;(u) = b(u) = ba(u — ug), where
Wp is the three-dimensional displacement between two measurements. Therefore, Eq. (4)
becomes

cs{uy — uy) = c{uy,uy) = ag/ b(u; — u')b(u; —u' + up)du’ . (5)

—00

In other words, the correlation function ¢s(u; — u;) depends on both the point spread
function and the displacement between two measurements.

Coherence between images is often measured by the correlation coeflicient, i.e., nor-
malized coherence function. In other words, the cross-correlation function is evaluated
at (u; —uy) = 0 = (0,0,0). Therefore, we have

" "

c4(0) = a? /_Z b(uy — u')b(u; — u' — ug)du’ = a? /_Z b(u”)b(u” — uo)du” . (6)

The overall (two-way) point spread function is the product of transmit and receive
responses, i.e., b(u) = b,(u)b.{u), where b,(-) and b,(-) are transmit and receive responses
respectively. At the simultaneous focus of transmitter and receiver, b,(u) = b,(u) so that
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b(u) = b%(u). Assuming every image point is in focus, the three-dimensional point spread
function becomes separable, ie., b(u) = b (x)b,(y)b,(2), where by(z), b,(y) and b,(z)
represent the system’s response in the lateral, elevational and axial direction respectively.
The axial response b,(z) is simply the envelope of the wide band pulse used for insonifica-
tion. Given an aperture, lateral and elevational beam patterns (i.e., by(z) and b,(y)) can
also be obtained under the wide band condition. Without loss of genera]ity, we assume
here that the lateral and elevational patterns can be approximated by a continuous wave
model. In other words, the beam patterns in these two directions are simply obtained by
Fourier transforming the aperture function. Assuming a rectangular aperture, the lateral
beam pattern is

bie) = D e (1)
wLsind
T = Iy s (8)

where L is the array length in the scan direction, € is the azimuthal angle, and X is
the wavelength of the acoustic signal at the center frequency. Similarly, the elevational
beam pattern can also be found as b,(y) = sinc(y), where y = M Here H is the

array height in the non-scan direction and ¢ is the elevational angle. The two-way, three-
dimensional point spread function is therefore the product of the transmit pattern and
the receive pattern, i.e.,

b(u) = sinc?(z)sinc(y)bi(z) . (9)

With elevational spatial compounding, the displacement between two measurements is
only in the elevational direction. In other words,

u = (0,1,0) (10)
mH si
w = T (11)

where ¢ is the inclination between two measurements. Therefore,
co(0) = ag/// sinc(z)sinc?(y)sinc?(y — yo)bi(z)drdydz . (12)

Finally, the correlation coefficient (c.c.) is

c.c. def (s1(u)s3(u)) ~ ko o0 sinc(y)sine(y — vo)d y
[(s1(w)[2)(]s2(u)[2)]? /_oo () (y —yo)dy (13)

where kg is a constant ensuring the correlation coefficient is unity if yo = 0.

As shown in the above equation, the correlation coeflicient is determined only by the
inclination (i.e., yo) between measurements.

3. SIMULATION RESULTS

Images of a spherical, low contrast lesion made with a two-dimensional scuare array
are simulated using a method similar to that described previously for one-dimensional
arrays [27]. The array is densely sampled with 32 elements in the scan direction and
coarsely sampled with 8 elements in the non-scan direction. In other words, the array
element size in the non-scan direction is four times that in the scan direction. All im-
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ages consist of a 128x128 grid where the vertical axis represents the axial direction and
the horizontal axis azimuth, i.e., simulated images are in a sector format prior to scan
conversion. In this format, dimensions of the point spread function are space invariant.
Note that 128 beams in the lateral direction represent a 90° sector and 128 samples in the
axial direction represent approximately a 10 mm distance at a 10 MHz sampling rate. All
simulated lesions in this paper are centered on the array normal and are spherical in the
unscan converted format. These lesions are approximately elliptic in a two-dimensional
sector scan format. The envelope of the axial response has a Gaussian shape with a
35% fractional bandwidth. The lateral and elevational response, on the other hand, are
simply obtained by Fourier transforming the aperture function, i.e., a continuous wave
model is assumed. Although fundamental differences exist between continuous wave and
wide band systems, general principles involved in simulating speckle patterns still hold.

To simulate speckle patterns, a random walk model is used where each step in the
walk represents a received signal from a scatterer. Furthermore, the number of scat-
terers within a resolution volume is assumed large enough such that each image pixel
can be characterized by a Rayleigh distributed magnitude and a uniformly distributed
phase. Assuming a linear and space invariant point spread function, a speckle pattern is
generated by convolving a two-way (transmit and receive), three-dimensional (lateral, el-
evational and axial) point spread function with a three-dimensional target pattern. Each
pixel in this target pattern is a complex number with statistics as described above. On
the other hand, the mean of the amplitude is a constant over the entire background and
a different constant in the object. The ratio of these constants is a preselected local in-
tensity variation. Since linear convolution is used, every pixel in the pattern is assumed
in focus.

Figure 3 shows the correlation coeflicient as a function of the inclination between
two measurements. The solid line shows the results using Eq. (13) (i.e., correlation
between two complex images) and the dashed line shows the correlation between two
image magnitudes. The inclination in all examples is represented as a fraction of the
one-way, zero-crossing, elevational beam width. Note that a zero-crossing beam width
is defined as the width between the beam center and the first zero-crossing point in the
continuous wave pattern. It is roughly 1.13 times the 6 dB beam width of a two-way beam
pattern. From figure 3, it is shown that correlation between measurements decreases as
the inclination increases. The correlation between two complex images, however, is higher
than the correlation between two image magnitudes in all cases. Similar results have been
previously reported [3].

One example of elevational spatial compounding is shown in figure 4. The left panel
shows the original image of a spherical object with a 30 pixel radius (i.e., about 15° on
each side of the array normal). The mean intensity in the sphere is only 5 dB lower
than that in the background. The right panel shows the compound image with five
measurements (compound image of five). Both images have a 20 dB display range. Note
that for all the images in this paper, display dynamic range represents the thresheld
signal dynamic range. The inclination between images is one half of the elevational beam
width. Clearly, the texture becomes more uniform after compounding and the object
becomes more detectable. In other words, contrast resolution is improved by reducing
speckle variations.

More simulations are performed to further quantify the improvement in contrast res-
olution. Figure 5 shows the improvement in contrast-to-noise ratio (CNR) as a function
of the number of measurements. CNR is defined as the ratio of the difference in mean in-
tensity to the standard deviation of the speckle background on a logarithmic display [27],
ie.,

1010 L
CNR —i“’—(i) , (14)

where I; and I, are the mean intensities in background and lesion respectively, and o is
the standard deviation of the background. The standard deviation of a fully developed
speckle pattern is 4.34 dB on a logarithmic display [27]. The inclination between two
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Fig. 3 Correlation coefficients between measurements.

adjacent images is one-seventh of the beam width. As expected, CNR increases as the
number of images increases due to smaller texture variations (i.e., lower o). Since the
contrast is 5 dB between the object and the background, CNR for an "ideal” imager
1s 5/4.34 = 1.15. Therefore, it is shown that CNR can surpass the "ideal” imager by
applying elevational spatial compounding.

Figure 6 shows CNR as a function of inclination, expressed as the fraction of an el-
evational beam width. Clearly, CNR is improved by introducing incoherence between
images as the inclination increases. After a certain inclination (one beam width), how-
ever, two images are considered uncorrelated and the correlation coefficient approaches
zero. Therefore, the CNR cannot be further improved by increasing the differential in-
clination. Note that as the elevation increases, the two-dimensional slice area of the
three-dimensional lesion on the image plane becomes smaller since a sphericel object is
assumed. This produces a smaller differential mean intensity, i.c., a smaller 1}2\ There-
fore, the CNR with an inclination of 1.5 beam width is smaller than the CNR with an
inclination of one beam width, although the noise power (i.e., o) in both cases is very
similar.

Autocorrelation functions of the image magnitudes are shown in figures 7 and 8§ to
illustrate the change in speckle cell size due to compounding. Figure 7 shows axial auto-
correlation functions and figure 8 shows lateral autocorrelation functions. In both figures,
the solid line represents the original image, the dot-dashed line depicts a compound im-
age of three with a half beam width inclination between two adjacent measurements
(com32) and the dashed line represents a compound image of five with the same inclina-
tion {com52). In both cases, the correlation length hardly changes after compounding,
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Fig. 4 Images of a spherical object with (right} and without (left) elevational spatial
compounding.
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Fig. 5 CNR as a function of the number of measurements.
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Fig. 6 CNR as a function of inclination.
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Fig. 7 Axial autocorrelation function with elevational spatial compounding.
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Fig. 8 Lateral autocorrelation function with elevational spatial compounding.

i.e., the speckle spot size does not change. Since the speckle spot size is determined by
the point spread function, it is expected that two-dimensional spatial resolution is not

influenced by elevational spatial compounding.

Changes in in-plane resolution are further illustrated in figure 9, where a three-
dimensional point target is placed near the upper left corner in the image plane. The
average background intensity is about 20 dB lower than the intensity of the point target
and 5 dB higher than the average intensity inside the sphere. The left panel shows the
original image and the right panel shows the compound image of five with a half beam
width inclination. Both images have a 40 dB display dynamic range. Clearly, dimensions
of the point spread function are not changed. The brightness, however, is reduced due to
averaging since the point target is only present in the center image plane. With a ”two-
dimensional” point target (i.e., a wire), the average background brightness is expected
to be the same.

A maximum amplitude writing technique using only the maximum amplitude of
all measurements for each point is also investigated. It was shown that speckle contrast
reduction with this technique is almost as large as incoherent averaging but bright point
scatterers or specular reflectors are not lost [2]. Figure 10 contrasts images constructed
with this method (right) to a noncompounded image (left) of the same object used in
figure 9. Both images have a 40 dB display dynamic range and are normalized so that
they have the same averaged background intensity. As expected, brightness reduction
due to compounding can be avoided with this technique.
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Fig. 9 Images of a spherical object and a point target with (right) and without (left)
elevational spatial compounding.

4. DISCUSSION

In this paper, elevational spatial compounding for anisotropic, two-dimensional ar-
rays has been presented. This technique exploits the limited steering capabil ty of these
arrays to obtain independent measurements for incoherent averaging. Since inclinations

Fig. 10 Images of a spherical object and a point target with (right) and without (left)
the maximum amplitude writing technique.
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necessary for compounding are small, grating lobe effects of two-dimensional anisotropic
arrays are not significant. Theoretical correlation analysis between two complex images
has also been derived. It was compared to results using image magnitudes from simula-
tions. The correlation between measurements was shown to decrease as the inclination
increases. In addition, the correlation coefficient approaches zero if two images are over
one elevational beam width apart. Simulation results also showed that this method
can effectively improve contrast resolution without sacrificing in-plane spatial resolu-
tion. The improvement, however, is gained at the price of a slightly degraded elevational
beam.

Large, two-dimensional arrays were originally proposed to improve the quality of
three-dimensional focusing. With elevational spatial compounding, however, speckle re-
duction inevitably leads to loss in elevational spatial resolution. Note that the elevational
beam width after compounding can be described by (N — 1) * ¢ + w,, where N is the
number of measurements to be compounded, 4 is the inclination between two adjacent
measurements and w, is the original beam width. In other words, the increase in eleva-
tional beam width is simply (N — 1)* 8 assuming 8 is sufficiently small (e.g., smaller than
w,). Nevertheless, unlike other methods, elevational compounding can reduce speckle
variance without degrading in-plane spatial resolution. Ultimately, acceptance of this
method as a clinical tool will depend on the specific imaging task.

In traditional compounding techniques using one-dimensional arrays, partially corre-
lated measurements are made from the same object. Incoherence is introduced by mea-
suring at different look directions, spectral components or temporal positions. Elevational
spatial compounding, however, incoherently averages images of objects at slightly differ-

ent spatial positions. Therefore, the inclination between measurements should be limited
to avoid target misregistration. Misregistration can be further reduced using a maximum
amplitude writing procedure originally proposed for mechanical B-scan systems.

The compounding technique can also be viewed as a spatial averaging technique which
applies a linear, low-pass filter elevationally. On the other hand, the maximum am-
plitude writing technique performs a non-linear, rank-order filtering to reduce speckle
variations. Due to the fundamental difference between this method and other compound-
ing techniques, figure 3 not only describes the correlation between measurements to be
compounded, it also represents the auto-correlation function of a single speckle target.

Elevational spatial compounding requires multiple scans for incoherent averaging.
The image frame rate is therefore reduced. To maintain frame rate, parallel beamform-
ing schemes can be employed. For example, a broader elevational beam or multiple foci
pattern can be generated by array apodization or coded excitation on transmit. With par-
allel receive beamforming, elevational spatial compounding can be implemented without
sacrificing image frame rate or restricting maximal range in the image. Possible perfor-
mance degradation and increased hardware complexity must be further investigated.

Although the correlation between two complex images has been derived analytically,
the direct relation between the correlation coeflicient and CNR improvement is difficult to
obtain for a general scattering object. In particular, if more than two measurements with
small inclinations are used, interaction between nonadjacent measurements further com-
plicates the analysis. Nevertheless, it is expected that CNR increases as the correlation
between measurements decreases.

Finally, this paper shows an example of potential applications of two-dimensional
anisotropic, or 1.5 dimensional, arrays. Although these arrays have limited elevational
steering capability, other possible applications should be {urther explored.
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