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Abstract—Sound-velocity inhomogeneities degrade both
spatial and contrast resolutions, This paper proposes a new
adaptive imaging technique that uses the generalized coher-
ence factor (GCF) to reduce the focusing errors resulting
from the sound-velocity inhomogeneities. The GCF is de-
rived from the spatial spectrum of the received aperture
data after proper receive delays have been applied. Tt is de-
fined as the ratio of the spectral energy within a prespec-
ified low-frequency range to the total energy. It is demon-
strated that the low-frequency component of the spectrum
corresponds to the coherent portion of the received data,
and that the high-frequency component corresponds to the
incoherent portion. Hence, the GCF reduces to the coher-
ence factor defined in the literature if the prespecified low-
frequency range is restricted to dec only. In addition, the
GCF is also an index of the focusing quality and can be
used as a weighting factor for the reconstructed image. The
efficacy of the GCF technique is demonstrated for focusing
errors resulting from the sound-velocity inhomogeneities.
Simulations and real ultrasound data are used to evaluate
the efficacy of the propaosed GCF technique. The character-
istics of the GCF, including the effects of the signal-to-noise
ratio and the number of channels, are also discussed. The
GCF technique also is compared with the correlation-based
technique and the parallel adaptive receive compensation
algorithm; the improvement in image quality obtained with
the proposed technique rivals that of the latter technique.
In the presence of a displaced phase screen, this proposed
technique also cutperforms the correlation-based technique.
Computational complexity and implementation issues also
are addressed.

1. INTRODUCTION

EMOVING focusing errors resulting from sound-
Rvelocity inhomogeneities has been an important re-
search topic [1j-[6]. These inhomogeneities distort both the
amplitude and phase of the acoustic signal. Such sound-
velocity inhomogeneities also are known as phase aberra-
tions, and many methods have heen propoesed to restore
the degraded resalution. Flax and O’Donnell [1] proposed
modeling the sound-velocity inhomogeneities as a near-
field phase screen. Under this assumption, the inhomo-
geneities simply produce time-delay errors that can be esti-
mated by cross-correlating the signals from adjacent chan-
nels (1], [2], or those from individual channels and the beam
sum {3]. A similar approach models scund-velocity inhomo-
geneities as a phase screen displaced from the transducer
surface [4]. Acoustic signals then are backpropagated to an
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optimal depth before the correlation function is calculated.
The near-field, phase-screen model also can be generalized
to distributed sound-velocity inhomogencities. In this case,
the received signal is decomposed into spectral subbands
before the time delays are estimated [5]. Although the spe-
cific details are different, all the above methods use the cor-
relation function to find time-delay errors. Unfortunately,
the usnal reguirement for a two-dimensional array to avoid
integration errors has limited the widespread application
of such approaches, especially in elinical applications [6].

Focusing imperfections reduce the coherence of the re-
ceived signal and elevate the sidelobes of the radiation pat-
tern. Therefore, the development of an adaptive sidelobe-
reduction scheme is desirable. One such example is the par-
allel adaptive receive compensation algorithm (PARCA)
technique [7]-[10]. This technique does not make assump-
tions regarding the source of the focusing errors. Instead,
it directly estimatcs and reduces the unwanted sidelobe
contribution (i.e., the contribution of off-axis scatterers to
the on-axis signal). The PARCA approach requires the use
of parallel receive beams around a fixed transmit beam
{also known as single transmit imaging [11]) to estimate
the sidelobe contribution. To estimate the sidelobe contri-
bution, the original version of PARCA also requires the
application of the total least-squares (TLS) method for
every point in the image [7]; hence, it is computationally
demanding. To simplify the technique, a modified version
cailed PARCA2 was proposed [10]. Herc the formation of
parallel beams is approximated by Fourier transforming
the aperture data (i.e., the received channel data along
the array direction), and an iterative scheme is used to
replace the TLS method [10], [12]. In addition, based on
the relationship between parallel receive beams and the
Fourier spectrum over the aperture, the sidelobe filter and
the null filter were proposed to improve the beam quality
with a point target [13]. These filters suppress the sidelobe
level by scaling the received signal according to the ratio
of the amplitude of the received signal along the transmit
beam direction to the total sidelobe amplitude. The fikter
properties are determined by two adjustable parameters:
the filter order and a scaling factor. The scaling ratio gen-
erally can be viewed as the squarc root of the coherence
factor {14].

This paper proposes a more efficient approach for adap-
tive imaging based on the spatial spectrum of the aperture
data. Specifically, the spectrum of the aperture data (i.e.,
the channel data aleng the array direction) is used to deter-
mine the received signal coherence relative to the incoher-
ence. The signal coherence was described in the literature
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and is also known as the coherence factor (CF) [14]. It is
defined as:

|
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(1)

where S(z) is the received signal of channel i after proper
receive delays have been applied, and N is the total num-
ber of array channels [14]-[16]. Note that the time index
is omitted in (1). The numerator in (1) represents the en-
ergy of the coherent sum obtained in a conventional delay-
and-sum based beamformer, and the denominator is inter-
preted as the total incoherent energy that is N times the
incoherence sum. The CF can be used as an index of fo-
cusing quality. In this paper, such a notion is adopted and
applied to improve the beam quality. Specifically, the co-
herence factor will be generalized to cover objects with dif-
fuse scatterers. Moreover, the generalized coherence factor
{GCF) will be used as an adaptive weighting factor to each
image point. Simulations and real ultrasound data will be
used to evaluate the efficacy of the proposed GCF tech-
nique for both point targets and diffuse scatterers. Con-
trast resolution and other general characteristics of the
GCF technique also will be explored.

The paper is organized as follows. Frequency-domain
interpretation of the aperture data is described in Sec-
tion I1. The GCF-based adaptive weighting approach is in-
troduced in Secction I1I. Performance of the proposed tech-
nique for compensation of sound-velocity inhomogeneities
is evaluated in Section IV, and the implementation issues
are digcussed in Section V. Characteristics of the GCF also
are explored and compared to those of the original CF.
Moreover, the effectivencss of the proposed technique in
the presence of a displaced phase screen is compared with
existing approaches. The paper concludes in Section VI

IT. FREQUENCY-DOMAIN INTERPRETATION OF THE
APERTURE DATA

The channel data is the data received by each array
channel after the focusing delays are applied prior to the
beam sum. At a particular range, the time index is fixed
and, hence, can be omitted. At this range, the data re-
ceived by each channel i across the array also is called
the aperture data, and can be denoted 5(:) for 7 = 0 to
N —1, wherc N is the total number of array channels. The
N-point. discrete Fourier spectrum of the aperturc data
becomes:

N—-1
plk) = 3 S@)e =R
i=0 Nt (2)
=™ N S(i)e TR,

=0

where & = 0 to IV — 1 is the spatial frequency index, and
d is the pitch of the array with the array center defined
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as the zero-phase reference point. As described in [10],
the Fourier spectrum across the array can be viewed as
the approximation of multiple parallel receive beams cen-
tered at the transmit beam direction and equally spaced
by Asintf = A/(Nd), where 6 is the steering angle in a
sector scan and A is the wavelength. The dircct current

N1
{DC) component (ie., p(0) = 3 §(i)) representing the
i=0

coherent sum after typical dela;r‘and—sum operations cor-
responds to the received signal from the transmit beam
direction, and the high-frequency components correspond
to the scattered signals from other angles than the trans-
mit beam direction.

The top panels of Fig. 1 show the channel data and the
associated spectra across the receive array for a focused
point target located at 60 mm. In Fig. 1 and the sub-
sequent simulations, the phased array had 64 elements,
with a center frequency of 3.5 MHz and a half-wavelength
pitch. The top-left panel in Fig. 1 shows the channel data,
and the top-middle pancl shows the corresponding one-
dimensional Fourier transform of the aperture data at each
range, with the horizontal axis representing either the spa-
tial frequency index & from —N/2 to N/2—1 or sin(8) from
—1to 1 —2/N (from left to right). Note that the channel
data is demodulated to baseband and filtered before the
Fourier transform is caleulated along the array direction.
Because all of the array channels receive identical data
from a focused point target, the aperture data at a given
range are constant. Hence, the spectrum of such aperture
data becomes a sine function. The sine function also is
identical to the continuous-wave radiation pattern of the
samne aperture, except that the index k& is now related to
the steering angle rather than the spatial frequency. The
top-right panel is the projected spectrum of the middle
panel along the range direction, with each vertical division
representing 10 dB and the middle vertical line indicating
DC {i.e., the transmit beam direction). Note that the max-
imum along the range direction is used for the projection.

The second row of Fig. 1 demonstrates the case in which
the point is moved to 9° from the center line with the
other conditions being unchanged. This corresponds to a
stecring error of the receive array. It can be seen that the
received channe] data are no longer in phase, with the slope
of the channel data corresponding to the direction of the
point target. Thus, the aperture data at a particular range
is inodulated, and the corresponding spectrum across the
array becomes a shifted sine function, as shown in the
middle and the right panels. It is clearly shown that, when
a steering crror is present, the energy in the coherent suin
(i.e., the DC component) is non-negligible, although this
energy is primarily concentrated in the object direction.
In other words, the DC component (i.e., the beam sum)
is the sidelobe contribution from the off-angle target, and
this is what needs to be reduced as mmch as possible.

The bottom panels of Fig. 1 show the results in which
the focal point is moved to 30 min, and the point target is
still located at 60 mm (i.c., a range focusing error). There
is again a significant portion of the received signal in the
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Fig. 1. Channel data and the corresponding spectrum over the aperture of a point target. The top panels are with ideal focusing, the middle
panels arc with a steering crror, and the bottom panels arc with a range focusing error. In cach case, the left panel shows the channel dasa,
with the horizontal axis representing the channel index and the vertical axis denoting the range. The middle panel shows the spectrum at
each range. The right panel is the projection of the data shown in the middle panel.

non-DC portion of the spectrum (i.e., the angles outside
of the transmit beam direction). Fig. 1 demonstrates the
spectrum of the aperture data can be used to determine the
focusing quality. The focusing quality is directly related to
the ratio of the energy of the coherent sum to the total
energy (i.e., the ratio of the energy of the received signal
from the transmit beam direction to the total energy from
all directions). Because the total spectral energy is N times
the incoherent sum according to the Parseval’s relation for
the discrete Fourier transform, which can be expressed as:

2
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where S(7) is the signal received by channel 4 [17], the ratio
is the CF defined in (1). Intuitively, if the focusing qual-
ity is-good, the encrgy from the transmit beam direction
is high (i.e., the encrgy is more concentrated at the DC).

That is, good focusing quality results in a higher CF. In
addition, the DC portion is also the coherent sum and the
non-DC portion is related to the incoherent sum. Hence,
the CF (or similar quantities) can be used as an index of
the focusing quality and the basis of the proposed adap-
tive weighting technigue. Also note that the coherent and
incoherent sums are related to the main- and sidelobes of
the radiation pattern. Thus, the CF also represents the
ratio of maiulobe energy to total energy.

Focusing errors due to sound-velocity inhomogeneities
also are considered, using the normalized phase-aberration
profile shown in Fig. 2. The horizontal axis is the channel
index and the vertical axis shows the phase error after nor-
malization. The profile has a correlation length of 5 mun,
and the maximum phase error varies depending on specific
simulation conditions. The results are shown in Fig. 3. The
top panels of Fig. 3 show a maximum phase error of 7/4;
the middle panels show a maximum phase error of 7/2.
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Fig. 2. The normalized phase-aberration profile used in the simula-
tions of sound-velocity inhomogeneities. The horizontal axis is the
channel index, and the vertical axis is the normalized phase error.
The correlation length is 5 mm.

Both conditions are for the near-field assumption, i.e., the
time-delay errors occur at the face of the transducer. In
the bottom panels, the same aberration profile used in the
middle panels (i.e., 7/2 maximum phase error) is moved
to 20 mm away from the transducer. Fig. 3 shows that the
CF decreases as the maximum aberration increases. How-
ever, the coherence for the case with a displaced phase
screen is not necessarily lower than that for the near-field
case. In other words, although the displaced phase screen
generally decreases the similarity between signals received
by adjacent channels, this does not necessarily result in
a reduction in the signal coherence as determined by the
spectrum of the aperture data.

The results shown in Fig. 3 are for point targets; in clin-
ical situations, speckle-generating targets are more likely
to occur. Fig. 4 shows the results with a speckle-generating
target, in which the top panels are for perfect focusing, and
the middle and bottom panels are with the same aberra-
tion conditions as the ones used in the middle and bottom
panels of Fig. 3, respectively, Although the general trend
is still the same as in Fig. 3, in Fig. 4 the mainlobe gen-
erally hecomes wider and the non-DC level alsc increases
for a speckle-generating target. This is because a speckle-
penerating target inherently contains a certain degree of
incoherence. Thus, with diffuse scatterers, the definition
of the CF needs to be modified to take such inherent inco-
herence of speckle-generating targets into consideration.

Iil. ADAPTIVE WEICHTING BASED ON THE GCF

Section I demonstrates that the effects of focusing er-
rors are directly related to the ratio of the energy of the
coherent portion of the received data to the total energy,
and so an adaptive weighting technique can be developed
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based on this property. When the ratio is high, the fo-
cusing quality is good; thus the weighting is high so that
image intensity is maintained. However, the focusing qual-
ity is low when the ratio is low; hence, the weighting needs
to be low to reduce artifacts. Furthermore, because the
speckle-generating target inherently contains a certain de-
gree of incoherence, the notion of CF is now generalized
and will be referred to as the GCF. The GCF is derived
from the spectrum of the aperture data after proper re-
ceive delays have been applied. Specifically, the GCF is
defined as the ratio of the spectral energy within a pre-
specified low-frequency region to the total energy (i.e., the
ratio of the energy received from the angles around the
transmit beam direction to the total energy from all direc-
tions). The GCF over the aperture at a given range can
be expressed as:

energy in a low-frequency region

GCF =

total energy

plk)[?
k€low-frequency region (4)
= N—1 H

S Ip(k)[?
k=0

where p(k) is the spectrum of the received array data, and
N is the number of points in the discrete spectrum. The
discrete Fourier transform can be efficiently computed us-
ing the fast Fourier transform (FFT), and N is equal o the
number of channels in this case. The low-frequency region
is specified by a cutoff frequency My in the spatial fre-
guency index (i.e., from —AMp to Mp). The low-frequency
region can be viewed as the received signal from the angles
around the transmit beam direction. Note that an A of
zero means that the low-frequency range used to estimate
GCF is restricted to DC only. The procedure is illustrated
in Fig. 5(a).

Note that, although derivation of the GCF requires
the individual aperture data, the adaptive weighting only
needs to be applied at each image point. In other words,
the corrected signal @corrected of @ at & given range can be
expressed as:

oorrected = GOF - 2. (5)

A system block diagram for the proposed GCF technique
is shown in Fig. 5(b). After the echo signal is received
and digitized by the A/D converter, the received RF data
are demodulated down to baseband. The baseband beam-
former applics proper dynamic receive delays and phase
rotations to the basecband data before the data are stored
in the channel buffer. The GCF is then estimated using the
delayed baseband array data across the aperture at each
range, and the GCF should be caleulated for all range
points. Then, the beam sum data are weighted by GCF.
The weighting is done by multiplying the amplitude of the
beam sumn data by the corresponding GCF. The weighted
data then are sent to the beam buffer for further signal pro-
cessing, scan conversion, and display. Note that GCF can
be efficiently computed via the FFT. The computational
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Fig. 3. Channel data and the corresponding spectrum over the aperture of a point target. The top panels are for a maximum phase error of
7 /4, and the middle and bottom panels are for a maximum phase error of m/2. The top and middle panels are for a near-field phase screen;
the bottom panels are for a displaced phase screen that is positioned 20 mm from the transducer. In each case, the left panel shows the
channel data, with the horizontal axis represcnting the channel index and the vertical axis denoting the range. The middle panel shows the
spectrum at each range. The right panel is the projection of the data shown in the middle panel.

complexity is relatively low, and no iteration is needed. In
addition, as illustrated in Fig. 5(b), the proposed technique
easily can be incorporated into a baseband beamformer.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, simulated ultrascound data are used
to explore the efficacy of the GCF-weighting technique
in compensating for the focusing errors resulting from
sound-velocity inhomogeneities. The acoustic field simula-
tion program Field [I was used to simulate the received sig-
nal at each array element [18]. The simulated phased array
had 64 elements with a center frequency of 3.5 MHz and a
half-wavelength pitch. A sector scan from —30° to 30° was
performed and Nyquist beam spacing was used. Two types
of image ohjects—a point target and an anechoic object—

were simulated. In addition to simulated data, emulated
images using real ultrasound data also are presented.

A. Point Target Simulation

A point target simulation with focusing errors due to
sound-velocity inhomogencities is used to evaluate the
GCF technique and effects of the parameter Ady. Only
a near-field phase screen was simulated for all aberrated
cases. The used normalized aberration profile is the same
as that shown in Fig. 2. For all aberrated cases, the aber-
ration profile is applied on both transmit and receive. The
transmit focal point is 30 mm from the transducer, and
dynamic focusing is applied on receive. The point tar-
get is located at the depth of 30 mm. Fig. 6 shows the
projected beam patterns for the point target under dif-
ferent aberration conditions and different values of My.
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Fig. 4. Channel data and the corresponding spectrum over the aperture of diffuse scatterers. The top panels are for no phase error, and the
middle and bottom pancls are for a maximum phase error of 7 /2. The middle panels are for a near-field phase screen; the bottom panels are
for a displaced phase screen positioned 20 mm from the transducer. In each case, the left panel shows the channel data, with the horizontal
axis representing the channel index and the vertical axis denoting the range. The middle panel shows the spectrum at: cach range. The right

panel is the projection of the data shown in the middie panel.

Fig. 6(a) is the casc for no aberration. Fig. 6(b) represcnts
the case with a «/8 maximum phasc error at the center
frequency of 3.5 MHz. Fig. 6(c) shows the aberrated casc
with a 7/4 maximum phase error, and Fig. 6(d) is the
case with a 7/2 maximum phase error. It is obvious from
Fig. 6 that the beam quality is significantly improved after
adaptive weighting for each aberration case and My value;
the far sidelobes are all significantly suppressed by more
than 20 dB. The suppression of the near sidelobe decreases
as the maximum phase error and My increase. Note that
GCF weighting also suppresses the sidelobe level even if
no aberration is present. This suggests that contrast im-
provement, on unaberrated data also can be obtained due
to reduced sidelobes. In general, the best performance of
phase-aberration correction for a point target is obtained
when Mj 1s equal to zero (in terms of sidelobe reduction).
However, the GCF-corrected beam profile with Mg = 0

introduces larger variations in the near sidelobe level as
indicated by the two arrows shown in Fig. 6(d}. In this
case, the uncorrected beamn exhibits beam splitting due to
large phase aberration. The corrected beam has lower side-
lobes and makes beam splitting more pronounced. Such a
situation does not occur for a larger My. In other words,
a larger My (e.g., Mq = 1) should be used to prevent such
artifacts.

B. Anechoic Object Simulation

To further demonstrate the efficacy of the proposed
GCF technique for targets with diffuse scatterers and po-
tential improvement on contrast resolution, an anechoic
cyst in a speckle-generating background is simulated. The
center of the cyst is located at the depth of 30 mm. The
image size is 15 mm in the lateral direction and 10 mm
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Fig. 5. (a} Schematic showing how the GCF is calculated. (b) System block diagram for the GCF-weighting technique.

in the axial direction. The ancchoic object has a diame-
ter of 5 mm. Positions of the scatterers are uniformly dis-
tributed, and the scattering amplitudes are Gaussian dis-
tributed. Other simulation settings are the same as those
in the point target simulations for sound-velocity inhomo-
geneities,

Fig. 7(a) shows the simulated image under a 7/4 max-
imum phase error without correction. Figs. 7(b) and (c)
show the corrected images with GCF weighting when My
was set to zero and oue, respectively. Note that the images
are sector-scan images prior to scan conversion and display
over a 30 dB dynamic range. The vertical axis represents
range and the horizontal axis is azimuth. Fig. 7(a) shows
that the w/4 maximum phase error results in degradation

in image quality, as cvidenced by the “fill in” in the ane-
choic cyst region. Figs. 7(b) and (c) show that detection of
the cyst is improved after GCF correction for hoth My val-
ues used in the simulations. However, the corrected image
shown in Fig. 7(b) exhibits artificial black holes. The stan-
dard deviation of the image intensity was calculated in the
background region indicated by the right-hand rectangular
white box shown in Fig. 7(a). The standard deviation of
Fig. 7(b) is 3.94 dB higher than that of Fig. 7(a}; the stan-
dard deviation of Fig. 7(c) i1s only 1.06 dB higher than that
of Fig. 7(a). In other words, the GCF weighting introduces
large intensity variations when Mg is set to zero. These re-
sults suggest that it is inappropriate to set My to zero for
diffuse scatterers. In other words, the low-frequency re-
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Fig. 6. Projected bearn patterns for a point target. (a) No aberration. (b}—(d) = /8, n /4, and #/2 maximum phase errors, respectively, at
the center frequency of 3.5 MHz, Solid lines, uncorrected; dotted lines, GCF corrected with Mg = 0; dashed-dotted lines, GCF corrccted
with My = 1; dashed lines, GCF corrected with Afp = 2.

Fig. 7. Images of an anechoic cyst over a 50-dB dynamic range. The vertical axis is the range and the horizontal axis represents the agimuih.

(a) m/4 maximum phase error at the imaging frequency of 3.5 MHz. {b) GCF-corrected imnage with Mp = 0. {¢) GCF-corrected image with
Mo =1.
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Fig. 8. Standard deviation in the background region after correction
as a function of Mg. My = —1 corresponds to no correction being
performed.

gion used to estimate GCF for diffuse scatterers should be
wide enough to include the inherent incoherence from a
speckle-generating target. Thus, a larger M is generally
more preferable for this type of object.

For the four maximum phase errors—0 (i.e., no aberra-
tion), /8, /4, and 7/2—Fig. 8 shows the standard devi-
ation in the background region after GCF correction as a
function of My. Again, the standard deviation in the back-
ground is estimated from the region within the right-hand
white box shown in Fig. 7(a). Also note that a My value
of —1 corresponds to no GCF correction being performed.
Fig. 8 indicates that the standard deviation decreases as
the value of My increases. In addition, for My equal to
zero, the corresponding standard deviation after correc-
tion is much higher than that without correction. A large
standard deviation may indicate the presence of image ar-
tifacts.

Two indices related to contrast resolution are used to
evaluate the improvement in image quality: the contrast
ratio (CR) is defined as the ratio of the mean value in the
background to the mean value in a cyst region (2], and the
contrast-to-noise ratio (CNR) is defined as the CR divided
by the standard deviation of image intensity in the back-
ground region [3] (note that the background and cyst re-
gions are indicated by the right- and left-hand white boxes
shown in Fig. 7{a}, respectively). Fig. 9 shows the CR after
correction as a function of My for different maximun phase
crrors. Fig. 9 shows that the CR decreases as My increases.
Moreover, the contrast enhancement decreases as the max-
imum phase error increases. The ONR. after correction as
a function of My for the same four maximum phase errors
is shown in Fig. 10, which indicates that the best improve-
ment of CNR using GCF generally can be achieved when
My is equal to one. Again, such a result suggests the in-
herent incoherence from a speckle-generating target should
be taken into consideration to choose a proper M. For a
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Fig. 9. CR after correction as a function of My for different maximum
phase errors.

CNR

2 L
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M

Fig. 10. CNR after correction as a function of My for different max-
imum phase errors.

given value of My, the improvement of CNR decreases as
the maximum phase error increases. Furthermore, for Afy
equal to zero, the corresponding CNR after correction gen-
crally increases except for the case with a /2 maximum
phase error. This may be caused by the beam splitting ef-
fect with Mo = 0 in Fig. 6(d). The results shown in Figs. 9
and 10 indicate that both CR and CNR may need to be
considered when evaluating the contrast improvement.
Figs. 11{a)-{c) and (d)—{f) show the uncorrected and
GCF-corrected images with maximum phase errors of 0,
m/4, and /2, respectively. Based on Fig. 10, My = 1
was used for GCF correction. It is obvious that the detec-
tion of the cyst is significantly improved. but the adaptive
weighting technicue is less effective for the case with a n/2
maximum phase error. The CR and CNR values for the
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Fig. 11. Original and GCF-corrected images of a phantom with an anechoic cyst over a 50-dB dynamic range. The top row shows the
uncorrected images; the bottom row shows the corrected images. (a) and {d) No aberration. (b) and (&) 7/4 maximum phase error at the

imaging frequency of 3.5 MHz. (c) and (f) /2 maximum phase error.

TABLE I
CR anND CONR FOR THE SIMULATED TMAGES OF A PHANTOM WITH
AN ANECHOIC CysT.*

CR(dB)

0 a4 w/2
Uncorrected  32.32  23.07  13.54
GCF 54.67 38.81 2218

CNR

0 T/4 /2

Uncorrected 6.84 4.55 2.94
GCF 10.34 6.33 347

*0 means no aberration. 7/4 and /2 represent maximum phase
errors, respectively, at the imaging frequency of 3.5 MHz,

images in Fig. 11 are listed in Table I. Using GCF weight-
ing, the corrected images exhibit contrast improvements of
22.35 dB, 15.74 dB, and 8.64 dB for maximum phase er-
rors of 0, 7/4, and w/2, respectively. A higher CNR also is
obtained after adaptive GCF weighting. Note that the CR
and CNR of the unaberrated case also increase after the
GCF weighting. This is because the sidelobe level of an un-
aberrated beam also is suppressed by the GCF weighting,
as shown in Fig. 6(a).

C. Experimental Results

Three complete RF data sets with three different lev-
els of distortion were used to test the efficacy of the pro-

posed adaptive weighting method (all the raw data are
available from http://bul.eecs.umich.edu). The data sets
were the same as those used by O’Donnell and Flax [2].
The first data set was RF data acquired from a tissue-
mimicking phantom without distortion. The other two
data sets were acquired from the same phantom, except
that 1x and 2x distortion were introduced, correspond-
ing to maximum phase errors of 7 and 2w, respectively,
at the imaging frequency of 3.33 MHz. The distortion re-
sulted from a room-temperature vulcanizing silicon rubber
plate inserted between the array and the tissuc-mimicking
phantom. They were acquired using a 64-element, 3.33-
MHz phased-array transducer with a 17.76-MHz sampling
frequency. Dynamic receive focusing with an f/number of
2 was applied, and the transmit focus was at 60 mm. All
images arc displayed over a 50 dB dynamic range and are
shown in a prescan conversion format (i.e., the vertical axis
represents range and the horizontal axis is azimuth).

Fig. 12(a) is the image without distortion, and
Figs. 12(b) and (c¢) show images of the phantom with
1x and 2x distortion, respectively. Figs. 12{d)—(f) show
the corrected images of Figs. 12(a)—(c), respectively, using
GCF weighting with Mg set to 2. Note that all the images
arc normalized by the mean value of the homogeneous re-
gion located at the image center. These corrected images
show that the image quality is noticeably improved. Ta-
ble II lisés the CR and CNR values for the images shown
in Fig. 12. The two parameters are calculated using the
background and cyst region indicated by the black and
white boxes shown in Fig. 12(a). Using GCF, the corrected



A

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 50, NO. 2, FEBRUARY 2003

Fig. 12. Original and GCF-corrected images of a fissue-mimicking phantom over a 50-dB dynamic range. The top row shows the uncorrected
images; the bottom row shows the corrected images. {a) and (d) No distortion. (bv) and (e) 1% distortion. (¢} and (f} 2x distortion.

TABLE 11
CR aNxD CNR FOR THE IMAGES OF A TISSUE-MIMICKING PHANTOM.

CR(dB)
No distortion  1x distortion  2x distortion
Uncorrected 25.44 16.86 11.04
GCF 40.67 27.97 18.09
CNR
No distortion  1x distortion  2x distortion
Uncorrected 4.54 2.95 1.97
GCF 6.41 3.65 2.30

images have contrast enhancements of 15.23 dB {uo dis-
tortion), 11.11 dB (1x), and 7.05 dB (2x). Higher CNR,
values also were obtained after adaptive weighting, and the
corrected images with less distortion have both higher CR

and higher CNR values.

V. DISCUSSION

The simulation results show that the cutoff frequency
My affects the performance of the GCF technique. Weight-
ing by the coherence factor (i.e., GCF with Ay = 0) is
only suitable for point targets, but it may make the beam-
splitting effect more pronounced. Hence, a larger My {ie.,
My # 0) should be used. In addition, for diffuse scatter-
ers, My also should be sufficiently large in order not to
introduce image artifacts. However, the GCF technique
becomes less effective when My is too large. Based on the
results shown in this paper, the proper value of My for
diffuse scatterers is 1-3.

Characteristics of the GCF are further explored by nu-
merical simulations and compared to the original CF. It
was previously demonstrated that the CF approaches to
2/3 for one-dimensional arrays when the number of chan-
nels is sufficiently large and when there is no focusing error
[14]-{16]. For GCF, the coherent sum depends on the spe-
cific My used in the caleulations, and an analytical solution
is not likely to exist. Therefore, numerical simulations are
1sed to study the behavior with different cutoff frequen-
cies. For each case, simulations were performed based on
10 different realizations of the diffuse-scatterer distribu-
tions, and mean values and standard deviations were cal-
culated {shown in Figs. 13(a) and {b), respectively). In
Fig. 13 the solid lines correspond to My = 0 (le., the
original CF), the dotted lines are for My = 1, and the
dashed-dotted lines are for My = 2. Fig. 13 shows that, as
My increases, the mean increases irrespective of the num-
ber of channels. However, the standard deviation decreases
as My increases. In other words, the CF (i.c., GCF with
My = 0) has a larger variation. Such a variation may cause
image artifacts after the CF weighting. This agrees with
the previous results.

The GCF is defined here without taking noise inte con-
sideration. Tn real imaging situations the signal-to-noise
ratio (SNR) decreases as the imaging depth increases due
to tissue attcnuation, so the estimated GCF may be af-
fected by noise. Assume that Sioe and Ny, are the spec-
tral energies of the signals and noise within the prespeci-
fied low-frequency range, respectively, and that S, and
Nicial are the total spectral energies of the signals and
noise. The relationship between GCF without noise (i.e.,



LI AND LI: THE GENERALIZED COHERENCE FACTOR AND ADAFPTIVE IMAGING 139

Moan ol GCF

0.8}

o}

a7 N . —_— .
10 20 30 40 50 €0
Number of channels

(a)

Sld of GCF
Q<12|"

0.1|-

U‘UE’-
0.04|-

¢02r

30 40
Number of channais

(b)

Fig. i3. Simulated GCF with 10 different realizations of scatterer distributions. The sclid line is for My = 0, the dotted line is for My = 1,

and the dashed-dotted line is for My =

an infinite SNR) and the estimated GCF with a finite SNR.
(denoted by GCF’} can be obtained as follows:

S low + Arlow
Stotul -+ Ntotal
Stow , Swotat
Niotal (Nt tal  Stotal
Ntot'xl(l + SNR)
Slow Naw
(Stlowl ' SNR + Atlot.al)
1+ SNR.
(GCF-sNR+ Nm)
1+ 8NR
_ (GCF - SNR + 24t
1+ SNR. ’

where SNR = Wmﬂl and N is the number of points used
for the FFT. If the SNR is very low, the estimated GCF
can be expressed as:

GCF' =

Niow
Niotal

(2. ﬂf\?+ 1) 0

For the experimental data used in this paper, My was
set to 2 and N was 64. From (7), the estimated GCF should
be about 0.078 when the SNR is very low. This value is
close to the experimental value of 0.082. However, the pen-
etration depth can be defined as the depth in which the
SNR is equal to 1. In this case, the corresponding esti-
mated GCF can be expressed as:

2My+1
cop = (GCF+737)
2
_ GCE +40.078
- 2

(e.g., N =64, My =2).

GCF' =

GC

2. {a) and (b) show the mean and standard deviation values, respectively.

The (8) shows that the estimated GCF at the penetra-
tion depth (defined by SNR = 1) is half the ideal GCF.
The above results also show that, although the estimated
GCF is dependent on the SNR, the real GCF that needs
to be used for adaptive weighting still can be retrieved if
the SNR can be estimated. In addition, GCF’ also can be
applied directly in order to reduce the effects of a low SNR.

Performance of the proposed GCF tcchnique with a
displaced phase sereen is evaluated compared with the
correlation-based technique (1], [2] and PARCAZ2 [10]. The
simulation method is the same as that used by Ng et al. [5].
The displaced phase-screen profile is the same as the nor-
malized phase-aberration profile shown in Fig. 2. A sector
scan from —5° to 5° was performed. The maximum phase
error is 7/2 at the center frequency of 3.5 MHz. A point
source is located at a depth of 80 mn, with the transducer
being focused at the same depth; the simulation results
are shown in Fig. 14. Figs. 14(a) and (¢) show the simula-
tion results of the normalized receive bearn patterns in the
presence of a phase screen at 0 mm from the transduccer,
and Figs. 14(b) and (d) show the receive beam patterns
with the same phase screen at 40 mm. The lateral axis is
azimuth. Because a point target is imaged, Adg is chosen
as 0 for GCF calculations.

Tigs. 14(a) and (b) compare the GCF and correlation-
based techniques. As expected, the latter technique per-
forms very well for the near-field phase screen [Fig. 14(a)].
The GCF-corrected beam pattern is improved, exhibiting
lower sidelobes and a narrower mainlobe. However, the
GCF-corrected heam introduces large variations in side-
lobe level. This can be avoided by using a larger My (e.g.,
My = 1) with less sidelobe reduction. Fig. 14(h) shows that
the GCF technique performs well for a displaced phase
screen, outperforming the correlation-based technique for
the displaced phase screen situation. Figs. 14(c) and (d)
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Fig. 1. Projected receive beam patterns for a point target with a displaced phase screen. (a) and {c¢) Phase screen at 0 mm. (b) and
(d) Phase screen at 40 mm. Solid lines, no aberration; dotted lines, uncorrected; dashed lines, corrected by GOF weighting; dashed-dotted
lines, corrected by the correlation-based technique in (a) and (b), and corrected by PARCA?2 in (c) and (d).

compare the GCF technique and PARCA?2 (three iter-
ations were used for PARCAZ2). Fig. 14(c) shows that,
for the near-ficld phase-screen situation, the PARCA2-
corrected beam pattern has higher sidelobes than the
GCF-weighted beam pattern but with less variations.
Fig. 14(d) shows that the GCF technique also outperforms
PARCAZ2 for the displaced phase-screen situation.

The correlation-based technique using one-dimensional
arrays has shown limited success due to inadequate spatial
sampling of sound-velocity inhomogeneities in elevation.
Two-dimensional arrays have been suggested for obtain-
ing adequate performance in clinical situations [6]. Unlike
the correlation-based technique, however, the proposed
GCF technique only attempts to improve beam quality
regardless of the dimensionality of the array. Therefore,
for real-time applications using one-dimensional arrays,

the proposed GCF techuique is more suitable than the
correlation-based technique. Compared to PARCAZ2, the
GCF technique has lower computational complexity and
memory reqiirements, and no iterations are needed.

V1. CONCLUSIONS

This paper proposes an adaptive weighting technique
based on the GCF for reducing focusing errots in acous-
tic imaging, especially for the focusing error caused by
sound-velocity inhomogeneities. The technique is indepen-
dent of the source of the artifacts and can be imple-
mented efficiently. Thus, it also can be applied to re-
duce the focusing-delay accuracy, extend the transmit fo-
cal zone, or minimize the effects of sound-velocity inhomo-
geneities. Especially for sound-velocity inhomogencities,
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the simulation and experimental results demonstrate that
the proposed GCF technique corrects for both near-field
and displaced-phase errors. Furthermore, it is shown that
the SNR and the cutoff frequency My influence the per-
formance of the proposed GCF technique. The proposed
GCF technique performs better than PARCAZ, and its
computational complexity and memory requirements are
lower. In addition, no iteration is needed for the GCF tech-
nique. The proposed technique also performs better than
the correlation-based technique when a displaced phase
screen is present. The proposed GCF technique can be
incorporated into current medical ultrasonic imaging sys-
tems with only modest modifications.
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