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SYSTEMS AND METHODS FOR BEAM ENHANCEMENT
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent
Application No. 61/259,346, entitled “SYSTEMS AND METHODS FOR SCAN BEAM
SIDELOBE REDUCTION WHILE REDUCING THE MAINLOBE USING DYNAMIC
RESOLUTION?”, filed on November 9, 2009; and U.S. Provisional Patent Application
No. 61/259,938, entitled “SYSTEMS AND METHODS FOR SCAN BEAM SIDELOBE
REDUCTION WHILE REDUCING THE MAINLOBE USING DYNAMIC
RESOLUTION?, filed on November 10, 2009; the full disclosure of which are

incorporated herein by reference.
TECHNICAL FIELD

[0002] This disclosure relates to beamforming and more particularly to
systems and methods for beam enhancement, such as through sidelobe reduction and/or

mainlobe shaping.
BACKGROUND OF THE INVENTION

[0003] In sonographic systems, acoustic signals are transmitted by a
scanhead into a body or other subject and reflected signals are received by the scanhead
for image processing. The reflected signals are used by the sonographic system to form
images of the structure of the body matter (e.g., a patient’s tissue) or other subject of
interest. A scanhead used in such sonographic imaging is typically a hand held enclosure

which contains one or more independent transducers and possibly other electronics.

[0004] The transducers of a sonographic system scanhead convert electrical
energy to mechanical (acoustic) energy radiating away from its surface when
transmitting and mechanical (acoustic) energy impinging upon its surface to electrical
energy when receiving. An individual portion of transduction material is called an
element which is often manufactured as a particular geometric shape such as a rectangle.
Typically, these transducer elements are arranged in a regular pattern (an array) with
their centers arranged as a line to form a linear array or phased array, along an arc to

form a curved array, or in a grid to form a 2D array. Usually this regular pattern of
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transducer elements has a repeated spacing as measured from element center to element
center which is called the pitch. In sonographic imaging operations transducer elements
are generally used in groups. The total extant of such a group of transducer elements in a
dimension is the aperture in that dimension. For example, for a linear array, one
dimension is the height of the transducer element while the other dimension is the

number of transducer elements used times the pitch.

[0005] An ultrasonic beam may be formed, whether in transmit or receive
operation, through appropriate use of the foregoing groups of transducer elements. For
example, a receive beam is formed by adjusting one or more attributes of the transducer
element signals (e.g., delaying and/or weighting to provide transducer element
beamforming signals corresponding to transducer elements of the selected aperture) and
summing these transducer element beamforming signals to provide a beamformed signal
having a maximum signal response corresponding to a particular point (the particular
point being a “focal point”). The foregoing transducer element signal attributes are
referred to herein as beamforming parameters. Such beamforming parameters are
typically utilized to form beams to reject clutter (e.g., undesired reflected signals etc.)

received from undesired areas (e.g., directions other than a desired “look direction”).

[0006] In particular, the delays are applied to the transducer element
signals from the group of transducer elements such that if a narrow pulse were emitted
from the focal point, the signals having been thus delayed would arrive at a summing
device at the same time and therefore would result in the largest value. This same
narrow pulse coming from any other point than the focal point would not arrive
simultaneously at the summer and therefore would not sum to be as large a signal. A
beam having a particular shape (e.g., width, length, direction, etc.) may be formed
through use of appropriate beamforming parameters. For example, a mainlobe that is

“pointed” in a desired “look” direction may be formed.

[0007] Independent from the application of delays to create beams, an
aperture may be apodized. Apodization is the process of applying potentially unique
gain values (weighting) to the transducer element signals before they are summed.
Particular apodization functions may be applied to apertures for generating beams having

desired attributes, such as reduced sidelobes and thus to further reject clutter. There are
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many standard weighting functions that can be applied to an aperture, but there are three
that are particularly exemplary. These are uniform weighting (also known as
rectangular, box car, sinc, or unapodized), Hanning (also known as Hann) weighting, and
cosine weighting. Hanning weighting (1+cos(x)) and cosine weighting (cos(x)) are
related to one another in that Hanning weighting is a raised cosine function. Other
mathematical functions which may be used for aperture apodization in ultrasound
imaging systems are Hamming, Blackman-Harris, or other application specific window

functions.

[0008] The beam formed by uniformly weighted aperture is termed a Sinc
beam, the beam formed by Hanning weighted aperture is termed Hanning beam, and the
beam formed by cosine function weighted aperture is termed cosine apodized beam. An
object is scanned by sequentially shifting an ultrasound beam (e.g., Sinc beam, Hanning
beam, or Cosine apodized beam) to form an image. Depending upon the
implementation, an ultrasound image can be formed either by Sinc beam or Hanning

beam or beams of other types.

[0009] When beamforming parameters (e.g., delays) are continuously
adjusted so that the focal point moves along a particular direction, a dynamically focused
beam is created. In providing beam scanning for sonographic imaging, these dynamic
beams are usually formed so that the focal point follows a straight line in Cartesian space
for linear arrays or along a single angle from an apex in either phased or curved arrays.
For example, by sequentially adjusting the beamforming parameters of the transducer
element signals a series of beams may be formed to scan a volume of interest (e.g., a
particular area or depth within a patient may be scanned). Information from a plurality
of such scanned beams can be aggregated to generate an image of the scanned volume of
interest (e.g., an ultrasound image of a sub-dermal portion of a patient). For example, in
ultrasound B-mode operation, an image is generated from multiple lines of echo data
received from a plurality of ultrasound beams of different look directions (e.g., beams
scanned in different look directions). Such image generation from scanned beams is

referred to herein as scanned volume imaging.
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0010] It is known that the monochromatic signal acquired by the Hanning
beam is mathematically equal to summing the signal acquired from the Sinc beam with
the average of signals acquired from two spatially shifted neighboring Sinc beams,
provided that these beams are spaced according to Nyquist theorem. That is, the first
null of the left Sinc beam and the first null of the right Sinc beam must be aligned with
the peak of the center Sinc beam. Based dn these properties, by processing signals
acquired from three adjacent Nyquist spaced Sinc beams, a technique has been proposed
to improve the performance in radar applications. However, in ultrasound imaging, the
line density is selected according to multiple system parameters for optimal image
quality, thus setting the sampling spacing from beam to beam or scan line to scan line
according to Nyquist criterion generally cannot be satisfied. Furthermore, in ultrasound
imaging dynamic beamforming, as may be used in providing the aforementioned
scanned sample beams, is usually implemented in conjunction with a variable aperture.
In other words, different aperture sizes are used for forming beams at different depths.
Thus, the clutter reduction technique based on proéessing Sinc beam, such as may be
implemented for radar, often cannot be adopted for use in ultrasound scanned volume

imaging.

[0011] FIGURE 1A illustrates the aforementioned scanned volume
imaging. Specifically, transducer 11, having transducer elements E1 to EN, shown in
FIGURE 1A may be operated to provide such scanned volume imaging. In operation,
transducer element signals of transducer elements E1 to EN are processed to form
receive beams directed to particular areas within volume being imaged 15. Such beams
may be formed to collect information regarding objects (also referred to as objects of
interest) within volume being imaged 15, such as object 12 (e.g., fluid filled region) and

object 13 (e.g., tissue structure) present below surface 16 (e.g., skin surface).

[0012] It should be appreciated that the higher the signal to clutter ratio in
the signals (e.g., beamformed signals) used in scanned volume imaging, the higher the
contrast resolution (e.g., better tissue differentiation) will be in the generated image. One
source of signal clutter are the aforementioned sidelobes which typically accompany the
mainlobes of the generated beams. The presence of undesired sidelobes in association
with desired mainlobes can be seen from the illustration of FIGURE 1A. Specifically,
the mainlobes illustrated in FIGURE 1A each have sidelobes associated therewith (e.g.,
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sidelobes SL5 associated with mainlobe ML5, the combination of which are shown in a
dashed line portion to help in distinguishing these lobes from the composite
representation). The number and level of the sidelobes and their structure define how
much of the off-axis undesired echoes are integrated into the resulting beamformed
signal, thus cluttering the desired echoes of the object of interest. The ability to reduce
the sidelobes improves the contrast resolution or the differentiability of objects of

interest, such as tissues in an image.

[0013] Another source of image degradation is the width of the mainlobes
used to collect image information. For example, the width of the mainlobe defines how
an object within a volume being imaged is spread by the beam. Thus, the width of the
mainlobe typically relates to the detailed resolution of an image. Accordingly, it is often
desirable that the beams formed for the aforementioned scanning have a narrow focus so

that objects of interest in the generated images can be well defined.

[0014] From the above it can be appreciated that the width of the mainlobe,
the level of the sidelobes, and the structure of the sidelobes (e.g., how fast the sidelobes
roll off from the mainlobe) have great significance to image quality. For example,

higher resolution images can be achieved with very well-defined beams.

[0015] Signal processing for image generation using transducer 11 of
FIGURE 1A may include forming beams using a selected aperture (e.g., a selected group
of transducer elements, such as transducer elements E11-E15) by appropriately
implementing beamforming parameters (e.g., delays and/or weights) for the transducer
element signals received by the transducer elements of the selected aperture. For
example, delays of the beamforming parameters may be selected to provide mainlobes
ML11-ML15 having desired focal points (e.g., applying appropriate delays to provide
beams to scan a particular depth of volume being imaged 15). Additionally, the
beamforming process may involve applying appropriate weights (apodization process) to
the signals received from the transducer elements of the selected aperture, such as to
reduce sidelobes associated with the mainlobes. Thus, the beam forming parameters
utilized in generating beams may comprise complex values such that the signal received

from transducer elements may be modified both in magnitude and phase.
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[0016] Although generally reducing the sidelobes of the beam, use of the
aperture apodization process spreads the mainlobe. Undesirable results associated with
the use of the foregoing typical beamforming using an apodization processes are
illustrated by FIGURES 1B-1D. FIGURE 1B shows tissue mimic phantom 150
(generally representing volume being imaged 15 shown in FIGURE 1A) which is
composed of fluid filled region A on the left (such as may correspond to a portion of the
volume being imaged of FIGURE 1A comprising object 12) and tissue region B on the
right (such as may correspond to a portion of the volume being imaged of FIGURE 1A
comprising object 13). Tissue region B is assumed to comprise a cluster of point
scatterers (e.g., point scatters 14) of equal scattering cross-sections. An image is formed
when a volume being imaged, represented here by tissue mimic phantom 150, is
insonified with a sequence of ultrasound beams formed by the linear array of elements
EI-EN. Since little scattering intensity will be received from fluid filled region A, the
resulting image (in an ideal situation) would hold no gray scale displayed for fluid filled
region A, whereas tissue region B would display a distribution of dots with similar

intensity to those shown in the mimic phantom.

[0017] As discussed above, in conventional ultrasound imaging systems,
the aperture of an array is either apodized with a deterministic mathematical function to
partially suppress the sidelobes (thereby widening the mainlobe) for improvement of
image contrast or not apodized to maintain a narrower mainlobe thereby yielding smaller
imaging dot size with increased clutter. Each results in a degradation of image quality

and will display a distorted image.

[0018] FIGURE 1C shows the two different beam configurations discussed
above to illustrate the problem. Beam By is an unapodized beam (e.g., a Sinc beam
formed using a uniform weighting function to define beamforming weighting
distribution) providing a more narrow mainlobe having sidelobes with relatively high
levels. Beam By is an apodized beam (e.g., a Hanning beam formed using a raised-
cosine weighting function to define beamforming weighting distribution) providing a
more wide (spread) mainlobe having sidelobes with relatively low levels. The
magnitude of the beams illustrated in FIGURE 1C are logarithmically compressed and
the sidelobes are scalloped and gradually roll off.
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[0019] It is assumed that beams By and By are used to image a same area,
specifically a portion of tissue region B of tissue mimic phantom 150 of FIGURE 1B.
Beam By generates object of interest representation 101 (as may be used in aggregating
an image generated by scanning a plurality of beams By in different look directions
within the area represented by tissue mimic phantom 150) resulting from reflected
signals (e.g., reflected by point scatters 14) received by the mainlobe. Beam By further
generates artifacts 101-1 to 101-8 (also as may be aggregated into a generated image as
undesired clutter) resulting from reflected signals received by the sidelobes. Likewise,
beam By generates object of interest representation 100 (as may be used in aggregating
an image generated by scanning a plurality of beams By in different look directions
within the area represented by tissue mimic phantom 150) resulting from reflected
signals (e.g., reflected by point scatters 14) received by the mainlobe. Beam By further
generates artifacts 100-1 to 100-4 (also as may be aggregated into a generated image as
undesired clutter) resulting from reflected signals received by the sidelobes. As can be
seen in FIGURE 1C, although the same area of an object was imaged, object of interest
representation 100 as provided by beam By is spread compared to object of interest
representation 101 provided by beam By. Also as can be seen in FIGURE 1C, more
(albeit smaller) artifacts are generated by beam By (artifacts 101-1 to 101-8) than
artifacts generated by beam By (artifacts 100-1 to 100-4).

[0020] A sonographic image may be generated by scanning a plurality of
either beam By or beam By to insonify a volume being imaged. For example, the
representations created by scanning a respective one of beams By and By throughout the
area represented by tissue mimic phantom 150 may be aggregated to form an image of an
object of interested. However, as can be appreciated from the illustration of FIGURE
1C, when using beam By the object of intérest in the generated image may be relatively
sharp because the object of interest representations (e.g., object of interest representation
101) are relatively small but the number of artifacts (e.g., artifacts 101-1 through 101-8)
is high as a result of the more prominent sidelobes. The artifacts associated with the use
of beam By also extend a long distance from corresponding ones of object of interest
representations, further degrading the generated image. Also as can be appreciated from
the illustration of FIGURE 1C, when using beam By the object of interest in the

generated image is less sharp because the object of interest representations (e.g., object
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of interest representation 100) are relatively large but the number of associated artifacts
(e.g., artifact 100-1 through 100-n) is low as a result of the less prominent sidelobes.
Moreover, the artifacts associated with the use of beam By extend a shorter distance
from the object of interest representation. Each of the foregoing beam forming
techniques, therefore, results in generated images which often are of a lower quality than
desired. As can be appreciated from the foregoing, achieving a well-defined beam

without significant sidelobes for providing quality imaging has proven illusive.
BRIEF SUMMARY OF THE INVENTION

[0021] The present invention is directed to systems and methods which
provide beam sidelobe reduction such as through use of dynamic resolution (DR) beam
synthesizing techniques. Dynamic resolution beamforming techniques of embodiments
of the invention provide enhanced beam mainlobe attributes in addition to providing
beam sidelobe reduction by synthesizing a DR beam from a plurality of beams (referred

to as sample beams).

[0022] Embodiments implement a DR beam synthesizing technique by
acquiring a plurality of beamformed signals from sample beams for each scanned area of
a volume being imaged. For example, both a first sample beam (e.g., an unapodized
beam such as may be formed using a sinc function to define beamforming weighting
distribution) and a second sample beam (e.g., an apodized beam such as may be formed
using a cosine function to define beamforming weighting distribution) are formed for
each scanned area (e.g., each look direction) of a volume being imaged (e.g., tissue
areas). The resulting sample beam signals (e.g., the beamformed signal using an
unapodized function and the beamformed signal using an apodized function) are utilized
to synthesize a beamformed signal corresponding to that of a signal from a high-
resolution, low side-lobe beam through operation of DR beamforming techniques herein.
According to preferred embodiments of the invention, sample beams may be weighted
and combined in a DR beamforming technique to yield a minimized total power. The
resulting DR beam preferably has reduced sidelobes with relatively little or no spread of

the mainlobe.
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[0023] In an improved dynamic resolution (IDR) beam synthesizing
technique of embodiments, a DR beam is segmented for synthesizing an IDR beam
having desired attributes. For example, a DR beam may be segmented into its mainlobe
component and its sidelobe component, such as using a sample beam (e.g., the
aforementioned second sample beam). These beam components are preferably
independently manipulated or otherwise processed, such as to alter one or more attributes
thereof (e.g., applying different weighting). IDR beam synthesizing techniques herein
operate to synthesize IDR beams from the manipulated segmented beam components
(e.g., greater weighting for the mainlobe component and lesser weighting for the sidelobe

component) by recombining these beam components to synthesize an IDR beam.

[0024] A sharpening function may be applied to DR/IDR beams, if desired,
to provide an even further enhanced beam. DR/IDR beams having a sharpening function
applied thereto are referred to herein as enhanced dynamic resolution (XDR) beams.
XDR beams, having had a sharpening function applied, provide a mainlobe that is
narrower than the corresponding DR/IDR beam. Additionally, the sidelobes of such

XDR beams can be further suppressed at a level to achieve better image quality.

[0025] Although embodiments of IDR and XDR beam processing may
utilize beam synthesis of DR beam processing as discussed above, the use of DR beam
synthesis is not a limitation of the application of the concepts herein. For example,
embodiments of IDR and/or XDR beam sharpening processing may be applied with
respect to the Sinc beam and the cosine apodized beam without using the DR beam (e.g.,

minimum power beam by processing Sinc and cosine apodized beams).

[0026] One feature of embodiments of the invention is to optimize the
focus performance of every beamformed sample in the sample space of a generated
image. Another feature of embodiments of the invention is minimizing spectral leakage
and improving spectral resolution in pulse wave (“PW”), continuous wave (“CW”), and
color flow processing with or without coded excitation and code patterns. A still further
feature of the invention is that embodiments may readily be adapted for use in many
types of systems, such as multi-line beamforming, synthetic aperture beamforming and

high frame rate beamforming.
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[0027] Embodiments of the concepts herein may be applied to ultrasound
imaging to provide beam sidelobe reduction. However, the concepts herein are not
limited to applicability with respect to ultrasound imaging. Embodiments may be
applied with respect to visible light, infrared, radio frequency, and other infaging
techniques.

[0028] The foregoing has outlined rather broadly the features and technical
advantages of the present invention in order that the detailed description of the invention
that follows may be better understood. Additional features and advantages of the
invention will be described hereinafter which form the subject of the claims of the
invention. It should be appreciated by those skilled in the art that the conception and
specific embodiment disclosed may be readily utilized as a basis for modifying or
designing other structures for carrying out the same purposes of the present invention. It
should also be realized by those skilled in the art that such equivalent constructions do
not depart from the spirit and scope of the invention as set forth in the appended claims.
The novel features which are believed to be characteristic of the invention, both as to its
organization and method of operation, together with further objects and advantages will
be better understood from the following description when considered in connection with
the accompanying figures. It is to be expressly understood, however, that each of the
figures is provided for the purpose of illustration and description only and is not intended

as a definition of the limits of the present invention.
BRIEF DESCRIPTION OF THE DRAWING

[0029] For a more complete understanding of the present invention,
reference is now made to the following descriptions taken in conjunction with the

accompanying drawing, in which:

[0030] FIGURES 1A-1C illustrate the need for sidelobe reduction and the

problems inherent when attempting to reduce sidelobes in a conventional fashion;

[0031] FIGURES 2A and 2B show a system adapted to provide dynamic
resolution, improved dynamic resolution, and/or enhanced dynamic resolution

processing according to embodiments of the invention;

10
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[0032] FIGURE 3A shows examples of a first sample beam and a second
or auxiliary sample beam as may be used by a dynamic resolution beam synthesis

technique according to embodiments of the invention;

[0033] FIGURE 3B shows an exemplary dynamic resolution beam as may
be synthesized from the sample beams of FIGURE 3A according to embodiments of the

invention;

[0034] FIGURE 4 shows a representation of an image generated using a

DR beam of an embodiment of the invention;

[0035] FIGURES 5A and 5B show details of embodiments of the system of
FIGURE 2 adapted to synthesize a dynamic resolution beam, such as that of FIGURE

3B, according to embodiments of the invention;

[0036] FIGURE 6 illustrates exemplary operation of the DR-XDR
processor of FIGURES 5A and 5B according to embodiments of the invention;

[0037] FIGURES 6A-6C illustrate combining the signals of a first sample
beam signal and a second or auxiliary sample beam signal for dynamic resolution beam
synthesis in accordance with the operation of a process of FIGURE 6 according to

embodiments;

[0038] FIGURES 6D-61(3) illustrate isolation of a mainlobe signal
component from a first sample beam signal for improved dynamic resolution beam
synthesis in accordance with the operation of a process of FIGURE 6 according to

embodiments

[0039] FIGURES 6J-6L(4) illustrate use of a beam shaping function in
operation of an iteration of enhanced dynamic resolution beam synthesis in accordance

with the operation of a processes of FIGURE 6 according to embodiments;

[0040] FIGURES 7A-7C graphs of exemplary sample beams and an
enhanced dynamic resolution beam synthesized therefrom according embodiments of the

present invention,

11
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[0041] FIGURE 8 shows one example of the concepts of this invention

applied to one dimensional processing;

[0042] FIGURE 9 shows various beams processed using different sets of

parameters according to embodiments of the invention;

[0043] FIGURE 10 shows the relationships between various beams

processed according to embodiments of the invention;

[0044] FIGURE 11 illustrates the difference between the magnitude of two
mainlobe beam signals when a large amplification factor is applied to an auxiliary

sample beam of an embodiment herein;

[0045] FIGURE 12 shows one example of a beam shaping function utilized

according to an embodiment of the invention;

[0046] FIGURES 13A and 13B show mainlobe splitting to reduce the

residual mainlobe the sidelobe of a dynamic resolution beam and the resulting beam;

[0047] FIGURE 14 shows an example of an enhanced dynamic resolution

beam after multiple iterations of an embodiment of the present invention;

[0048] FIGURES 15A - 15G show generation of new component signals

with different beam properties according to an embodiment of the invention; and

[0049] FIGURES 16A - 16E show beams utilized in beam decomposition

and synthesis according to embodiments of the invention.
DETAILED DESCRIPTION OF THE INVENTION

[0050] FIGURE 2A shows an embodiment of an ultrasound imaging
system adapted according to an embodiment of the invention. It should be appreciated
that the exemplary embodiment is described with reference to ultrasound imaging in
order to provide a more concrete example to aid in understanding the concepts herein.
However, the concepts of the present invention are not limited to application with respect

to ultrasound imaging. Thus, the concepts herein may be applied with respect to a

12
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number of technologies wherein reflection of transmitted signals are used, such as visible

light, infrared, and radio frequency imaging techniques.

[0051] Ultrasound imaging system 200 is shown comprising system unit
210 in communication with scanhead 220. System unit 210 of embodiments comprises a
processor-based system operable to control a transducer (e.g., transducer 11 shown in
FIGURE 1A) of scanhead 220 to transmit and receive ultrasound signals using scanned
beams 221 to provide scanned volume imaging. Accordingly the processor-based
system of system unit 210 of embodiments processes received ultrasound signals to
generate image 211, displayed on display 212, representing a portion of volume being
imaged 201. Detail with respect to imaging systems which may be adapted according to
the concepts of the present invention is provided in co-pending and commonly assigned
United States patent application serial number 12/467,899 entitled “Modular Apparatus
for Diagnostic Ultrasound,” the disclosure of which is hereby incorporated herein by

reference.

[0052] Further detail with respect to an embodiment of ultrasound imaging
system 200 is shown in the high level functional block diagram of FIGURE 2B. As
shown in FIGURE 2B, a transducer of scanhead 220 may comprise an array of
ultrasound elements (e.g., transducer 11 of FIGURE 1A with transducer elements E1-
EN) in communication with transmit/receive circuitry 221 (such as may comprise
amplifiers, buffers, multiplexers, etc.) and operable to controllably transmit and receive

ultrasound signals.

[0053] System unit 210 of FIGURE 2B comprises beamformer 213,
DR/IDR/XDR beam'synthesis processor 214, ultrasound image processing circuitry 215,
and display 212. Beamformer 213 operates to provide beamforming with respect to
signals provided to/from transducer 11. DR/IDR/XDR beam synthesis processor 214
operates to provide dynamic resolution beam synthesis processing as described herein.
Ultrasound image processing circuitry 215 operates to form ultrasound images (e.g., B-
mode, M-mode, Doppler mode, 3-D, 4-D, etc.) using dynamic resolution (e.g., DR, IDR,
and/or XDR) beam signals synthesized by DR/IDR/XDR beam synthesis processor 214,
such as for display upon display 212.

13
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[0054] It should be appreciated that additional and/or alternative functional
blocks to those illustrated in FIGURE 2B may be utilized according to embodiments of
the invention. For example, one or more analog to digital converters (ADC) and/or
digital to analog converters (DAC) may be utilized, such as where digital beam forming
or digital signal processing is implemented by ultrasound imaging system 200.
Moreover, the functional blocks may be distributed differently than shown in FIGURE
2A. For example, beamformer 213 may be disposed in scanhead 220, such as where a

“thin wire” link is desired between scanhead 220 and system unit 210.

[0055] It is possible to optimize the signal to clutter ratio in the signal
associated with interrogated tissue locations based on an adaptive beamforming process,
as may be implemented by beamformer 213. In an adaptive beamforming process, a
series of matrix operations of the magnitude and the phases of the signals from all
transducer elements (or some selected subset of the transducer elements) is used for
every sample location. The dimension of the matrix typically is proportional to the
dimension of the array aperture. When the aperture is large as in conventional
ultrasound imaging systems, for example, 32, 64, or 128, the processing power required

for implementation is very high and may be prohibitive for some system applications.

[0056] Sample beam beamformers 213a and 213b of beamformer 213
utilize a delay-and-sum beamforming process for generating beamformed signals for
interrogated tissue locations within a scanned volume according to embodiments. Delay-
and-sum beamforming is done by integrating the signal received from transducer
elements (all or some selected subset of the transducer elements) after the arrival time
differences among transducer elements are compensated. The output from the
beamformer is a beamformed signal that changes its magnitude and phase depending

upon distribution of scattering cross sections of tissue.

[0057] In operation according to an embodiment, a first set of beamforming
parameters (e.g., a first set of delays and/or weights) provide the first sample beam
simultaneously with a second set of beamforming parameters (e.g., a second set of delays
and/or weights) providing the second sample beam. For example, sample beam
beamformer 213a may implement a first set of beamforming parameters for forming a

first sample beam (e.g., an unapodized beam) while sample beam beamformer 213b
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implements a second set of beamforming parameters for forming a second or auxiliary
sample beam (e.g., an apodized beam). Accordingly, sample beam beamformers 213a
and 213b simultaneously provide two different beamformed signals for dynamic

resolution processing according to embodiments of the invention.

[0058] From the foregoing, it should be appreciated that in a beamformed
signal, signals from a plurality of transducer element (all or some selected subset of
transducer elements) are integrated into a single, beamformed signal. Thus the phase and
the magnitude of the signal (e.g., echo signal) received at the individual transducer
elements is lost. It is therefore a technical challenge to improve the beamformed signal
post beamforming. However, using the DR, IDR, and/or XDR beam synthesis concepts

herein, it is possible to improve the beam performance post beamforming.

[0059] Embodiments of ultrasound imaging system 200 implement
dynamic resolution (DR) beam synthesis, improved dynamic resolution (IDR) beam
synthesis, and/or extended dynamic resolution (XDR) beam synthesis techniques
described herein. For example, a DR beam synthesis technique may be implemented by
DR/IDR/XDR beam synthesis processor 214 of ultrasound imaging system 200
acquiring a plurality of beamformed signals provided by sample beam beamformers 213a
and 213b of beamformer 213 for each scanned area of an object (e.g., tissue) being
imaged to synthesize a DR beam. The signal of a synthesized DR beam may be further
processed by DR/IDR/XDR beam synthesis processor 214 of ultrasound imaging system
200, such as using segmentation techniques described herein, to provide IDR and/or

XDR beam synthesis.

[0060] A DR beam synthesis technique according to embodiments of the
invention simultaneously acquires two beamformed signals from an interrogated tissue
location. For example, both a first sample beam (e.g., beam By of FIGURE 3A) and a
second or auxiliary sample beam (e.g., beam A of FIGURE 3A) are formed using
beamformer 213 for every sample point in each scanned area (e.g., each look direction)
of volume being imaged 201. One way to minimize the sidelobes in a synthesized DR
beam (e.g., beam Bo of FIGURE 3B) is by forming such sample beams having phase,
shape, and magnitude that minimizes the sidelobes when the sample beams are combined

to synthesize the DR beam. Accordingly, as can be appreciated from the illustration of
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FIGURE 3A, the sample beams of embodiments are adapted to provide peaks and nulls
which cooperate to synthesize a DR beam having desired attributes when these sample

beams are combined. That is, the sidelobes associated with a first sample beam B, (6)

may be reduced using a second or auxiliary sample beam A(@) to result in a better

quality DR beam B, (9) .

[0061] Embodiments of a DR beam synthesis technique of the present
invention for minimizing sidelobes may be implemented with a first sample beam
formed with no apodization and a second sample beam, or auxiliary sample beam,
formed by apodizing the aperture using a cosine function (e.g., cos (0)). For example, an
unapodized beam pattern (beam By of FIGURE 3A) from an array can be described by a

sinc function sinc(6). The function sinc (8) is oscillatory with zero crossing at 8 = +nz
or sinc (+ ) =0 whereas sinc (0)=1. If abeam pattern from an array is apodized using

the cosine function (e.g., beam A of FIGURE 3A), the cosine apodized beam is
symmetrically split into two geometrically shifted component Sinc beams whose two
peaks are aligned with the first sidelobe of the un-apodized beam, with a null placed at
the origin A(0) = 0; 4 is the second sample beam or the cosine apodized beam. Thus, the
cosine apodized beam can be used as an auxiliary sample beam for sidelobe reduction
when applied to an unapodized sample beam formed using a sinc function. It should be
appreciated that, although a Sinc beam and cosine apodized beam are referenced herein
to demonstrate the DR beam synthesis process, other combinations of sample beams can
be used to process signals for image reconstruction with improved image quality in

accordance with the concepts of the present invention.

[0062] The sample beamformed signals resulting from the sample beams
are utilized by DR/IDR/XDR beam synthesis processor 214 of FIGURE 2B to synthesize
a signal corresponding to a DR beam (e.g., Bo of FIGURE 3B) of the present invention.
For example, using geometrical and/or morphological properties of the sample beams,
signals from the sample beams are combined to synthesize a DR beam having desired
characteristics. Where the sample beams provide geometrical and/or morphological
properties which combine to cancel undesired attributes (e.g., sidelobes), DR beam
synthesis of embodiments may operate to sum the sample beams (e.g., Bo= By + aA).

However, where the sample beams provide geometrical and/or morphological properties
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which combine to increase undesired attributes (e.g., sidelobes), DR beam synthesis of
embodiments may operate to subtract the sample beams (e.g., Bo= By - aA).
Accordingly, it should be appreciated that the mathematical relationships provided herein
with respect to the use of sample beams in synthesizing DR beams may implement a
change in sign depending upon the combining/canceling characteristics of the particular

sample beams utilized.

[0063] As will be better understood from the discussion which follows, a in
the foregoing examples defines a fractional amount of signal received from the second
sample beam which is used to cancel the undesired portions of the first sample beam.
The parameter o is used according to embodiments to provide a balance between
sidelobe mitigation and mainlobe spreading in DR beam synthesis. Accordingly, DR
beams synthesized through operation of dynamic resolution beamforming techniques
herein preferably have reduced sidelobes with relatively little or no spread of the

mainlobe.

[0064] The following discussion is offered to aid in better understanding
the DR beam synthesis process of embodiments of the invention. When first sample

beam B, (6’) is used to scan a volume being imaged, the resulting beamformed signal

I,(8) received by scanning first sample beam B,(8) on the object O(6) can be described
as I,(0)= _[O(qé ~0)*B,(¢—6)d¢. Assume that first sample beam B,(6) canbe

decomposed into two components B,,,(€) and B(#), where beam component B, (0)
is the desired beam component (e.g., mainlobe) and beam component B, (9) is the

undesired beam (e.g., sidelobes) and where B, (0)= B,,, (6)+ B (9). Thus,

— *um

1,(6)= [0(¢~6)*B, (¢~ 0)dp = 1,,,(6)+1,5(6).

[0065] Second sample beam A(@) may be an auxiliary beam which “looks”

or points in the same direction (9) as that of first sample beam B,(#). Assume that

second sample beam 4(6) can also be decomposed into two components 4,,(6) and

4;(0), where 4(8)= 4,,(6)+ A, (). Thus;
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1,(0)= IO(¢ ~0)* Alp—0)dg =1,,(0)+1(0). From the above, DR beam B,(6) can
be formed according to B,(6)= B, (0)+aA(0)= B, (8)+ad,, (0)+ B, (6)+ a4, ().
Thus the sidelobe signal B, (9) can be reduced by determining ¢ to minimize the

difference of ||B s (0)+ ad (0]|2 or min ("B s (0)+ ad, (6?]|2 ) This is effectively

equivalent to min (”I s (0)+ad 4 (0X|2 )

[0066] In order not to degrade the mainlobe of the DR beam according to
embodiments of the invention, it is desired that the beam signal component resulting
from the mainlobe of the second or auxiliary sample beam of ,,, (6) be as small as
possible. - That is, a non-zero of ,,, (9) typically results in at least some spreading of the
mainlobe of B,,,(6) in synthesized DR beam B, (). In order to not alter the look or
pointing direction of sample beam B, (6?) when combined with second sample beam
A(6), second sample beam A(6) of embodiments comprises a null placed in
correspondence with mainlobe B,,,(6) of the first sample beam. In other words, if
A4(0)=0, and B, (0)=B,,, (0) then when the clutter energy from sidelobes are

- minimized as a result of the cancellation process B, (9)+ a4(8), the look or pointing
direction of B, (6) will not be altered except the mainlobe may be slightly spread due to

the process of B, (9) +aA,, (9)

[0067] The parameter alpha, o, may be bounded by predetermined
minimum and maximum values. For example, the parameter alpha of embodiments is
preferably bounded between 0 and 1 to avoid errors resulting from data acquisition or
other numerical processes. It should be appreciated that there may be situations wherein
canceling the clutter signal from a sample beam (e.g., the foregoing Sinc beam) by using
the signal from a second sample beam (e.g., the foregoing cosine apodized beam) is not
practical. For example, when the clutter level is extraordinary high, or signal from an
undesired direction is so high that higher performance sidelobe cancellation beam better

than that readily achieved from the second sample beam may be desired. In such a
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situation, the value of the parameter @ may be set to a predetermined maximum

acceptable value (e.g., 1) according to embodiments of the invention.

[0068] Alpha being zero represents a situation that the sidelobe is low in
the first sample beam (e.g., Sinc beam) and no signal is needed from the second or
auxiliary sample beam (e.g., cosine apodized beam) for sidelobe cancellation in DR
beam synthesis. In contrast, when alpha is equal to 1, signals received from the second
or auxiliary sample beam (e.g., cosine apodized beam) attributed to the sidelobes are
needed for cancellation of the sidelobes of the first sample beam (e.g., Sinc beam) for
DR beam synthesis. Accordingly, in the Sinc beam/cosine apodized beam DR beam
synthesis example of embodiments, where a=0 the synthesized DR beam is the Sinc
beam (Bo = By + 0A = By + 0A = By), whereas where o=1 the synthesized DR beam is
araised cosine or Hanning beam (B = By + A = By + 1A). Values of o between 0 and
1 provide a synthesized DR beam mainlobe varying in width between the mainlobe of
the Sinc beam and the mainlobe of the raised cosine apodized beam, with sidelobes
reduced in accordance with a fractional amount of signal received from the cosine

apodized beam sidelobes.

[0069] Optimization processes may be implemented to calculate the
amount of signals needed from the second or auxiliary sample beam (e.g., cosine
apodized beam) for the cancellation of undesired portions of the first sample beam (e.g.,
Sinc beam). Although different choices of objective function can be used in such an
optimization process, in the DR beam synthesizing process of embodiments of the
present invention. A criterion based on minimizing the power of the clutter signals in the
beam may be chosen to compute the above described parameter . That is, the
parameter o of embodiments of the present invention effectively defines the fractional
amount of the second or auxiliary sample beam signal to be combined with the first
sample beam signal to synthesize a DR beam, and thus an objective function for
selecting the parameter o such that when the sample beams are combined the power of

the clutter signals are minimized may be chosen according to embodiments.

[0070] In the DR beam synthesizing process of embodiments of the present
invention, the parameter & may be changed dynamically from sample to sample (e.g.,

look direction to look direction). Since the parameter & of embodiments is chosen by
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minimizing the total clutter powers of the beam based on measurement from the sample
beams (e.g., a Sinc beam and cosine apodized beam) in the sidelobe cancellation process,
a good balance of detailed and contrast resolution may be achieved for every sample in a
DR processed image. For example, at a sample location where the sidelobe is high, the
parameter o may be set to a high or upper bound limit (e.g., 1 in the foregoing
example), and the second sample beam is utilized to synthesize a DR beam having a low
sidelobe, whose roll-off rate is fast. However, the width of the mainlobe of the
synthesized DR beam may be spread by the influence of the second sample beam, and
thus the image resolution may be poorer. At a sample location where little clutter is
received from its neighbor, the parameter & may be set to a low or lower bound limit
(e.g., 0 in the foregoing example), and the second sample beam essentially remains
unutilized in synthesizing a DR beam. Since no apodization is utilized in such an
embodiment, the mainlobe of the synthesized DR beam is narrow. Thus, the sidelobe
cancellation parameter in an image varies from zero to one in the foregoing example. As
aresult, the DR beam synthesizing process effectively makes best tradeoff possible from

detailed and contrast resolution in an image.

[0071] To illustrate the foregoing concepts, beam Bo of FIGURE 3B shows
a representation of a DR beam B, (9) synthesized from the sample beam signals of

sample beams By and A (e.g., B,(6)= B, (0)+ad(#), where o =1). The sidelobe of

Beam Bo has been greatly reduced. However, the mainlobe was relatively broadened as
compared to the mainlobe of the Sinc beam, as shown by W1 of FIGURE 3A and W2 of
FIGURE 3B. Although such a spread mainlobe generally reduces the resolution of the
resulting image, improved image quality is provided by the DR beam of such an
embodiment through a balance of relatively slight mainlobe spread and significant

reduction in sidelobes.

[0072] FIGURE 4 shows a representation of an image generated using DR
beams synthesized according to an embodiment of the invention. In particular, FIGURE
4 illustrates image 460, showing an object of interest (e.g., object of interest
representations 400 aggregating to represent an object of interest) within a volume being
imaged, as generated from scanning sample beams (e.g., sample beams By and A of

FIGURE 3A) to synthesize a DR beam (e.g., DR beam Bo of FIGURE 3B). As shown,
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in FIGURE 3B, the dynamic range of the display for image 460 corresponds to the
information in the DR beam signal between the lower cutoff, G, and the upper cutof,
Gy. No sidelobe artifacts are visible in image 460 because the sidelobes of synthesized
DR beam have fast fall off and the images the sidelobes do create are below the lower
cutoff, G. The generated images corresponding to point scatterers 14 are spread only
slightly in image 460 because of the reduction in the mainlobe width of the DR beam.
Thus the texture of the image is well preserved and little or no artifacts are present in

either regions A or B of image 460.

[0073] FIGURES 5A and 5B show additional details of embodiments of
ultrasound imaging system 200 adapted to synthesize a DR beam (e.g., DR beam Bg of
FIGURE 3B) using a plurality of sample beams (e.g., sample beams By and A of
FIGURE 3A). The exemplary systems of FIGURES 5A and 5B utilize beamformer 213
to form two sample beam signals for DR beam synthesis. Beamformer 213 of the
illustrated embodiments comprise various signal processing, weighting, and combining
circuitry, as may be operable under control of a control processor, such as DR/IDR/XDR

beam synthesis processor 214, to form sample beam signals as described herein.

[0074] In the illustrated embodiments, the signals provided from the
transducer elements (e.g., transducer elements E1-EN as shown in FIGURE 1A) are
processed by amplifiers 51-1 to 51-N, such as may comprise low noise amplifiers
providing transducer signal amplification for subsequent beamforming processing.
Elements 52-1 to 52-N provide signal phase adjustment (delay) for each transducer
element signal and elements 53-1 to 53-N provide signal amplitude adjustment
(weighting) for each transducer element sighal. Elements 52-1 to 52-N and 53-1 to 53-N
thus both apply beamforming parameters to the transducer element signals. Combiners
54 and 55 provide combining (e.g., summing) of the transducer element signals to form a
resulting beam signal. Accordingly, elements 52-1 to 52-N and combiner 55 cooperate
to provide sample beam beamformer 213a of embodiments of the present invention and
elements 52-1 to 52-N, elements 53-1 to 53-N, and combiner 54 cooperate to provide

sample beam beamformer 213b of embodiments.
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[0075] Inthe embodiment of FIGURE 5A, appropriately delayed
transducer element signals are combined at combiner 55 to provide a Sinc beam signal as
the aforementioned first sample beam signal. Appropriately delayed and weighted
transducer element signals are combined at combiner 54 to provide a cosine apodized
beam signal as the aforementioned second or auxiliary sample beam signal. In operation
according to an embodiment of the invention the Sinc beam and cosine apodized beam

are simultaneously formed (e.g., using a same set of transducer element signals).

[0076] Beam signal conditioning and/or processing may be provided
according to embodiments prior to, in combination with, or subsequent to DR beam
synthesis processing, if desired. For example, the cosine apodized beam signal of the
illustrated embodiment is provided to quadrature band pass filter 56-1 while the Sinc
beam signal is provided to quadrature band pass filter 56-2 for facilitating DR beam
synthesis processing in the vector space. Additional or alternative sample beam signal
conditioning may comprise analog to digital conversion (e.g., where a digital signal
processor (DSP) is used in synthesizing DR beams herein), amplification, noise

canceling, etc.

[0077] The Sinc beam signal and cosine apodized beam signal are provided
to DR/IDR/XDR beam synthesis processor 214 of the illustrated embodiment for DR
beam signal synthesis. The embodiment of DR/IDR/XDR beam synthesis processor 214
illustrated in FIGURE 5A includes a plurality of beam processing circuits, shown here as
DR processing 511, IDR processing 512, and XDR processing 513, to provide dynamic
resolution processing as described herein. It should be appreciated, however, that
embodiments of the invention may not implement all of the beam processing circuits of
the illustrated embodiment. For example, embodiments may implement only DR
processing (e.g., DR processing 511) as described herein or a combination of DR
processing and IDR processing (e.g., DR processing 511 and IDR processing 512), if
desired. DR/IDR/XDR beam synthesis processor 214 may comprise a general purpose
processor operable under control of an instruction set to provide operation as described
herein, a DSP, an application specific integrated circuit (ASIC), a programmable gate
array (PGA), etc. configured to provide beam processing circuits as described herein.
Operation of such a DR/IDR/XDR beam synthesis processor is described more fully
below with reference to the process of FIGURE 6.
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[0078] It should be appreciated that the beam signals synthesized according
to embodiments of the invention are utilized in image generation, such as the
aforementioned generation of ultrasound images. Accordingly, the output of
DR/IDR/XDR beam synthesis processor 214 of embodiments is provided to circuitry for
such image generation. For example, the synthesized dynamic resolution beam signals
of the illustrated embodiment are provided to detect and compress circuit 59, such as to
remove the phase of the signal and to provide mapping of the magnitude of the signal for
scan conversion. Scan converter 501 of embodiments transforms the magnitude of the
signal from the acquisition space into the display space for presentation to the user via

display 212.

[0079] One of the problems of implementing a cosine apodized beam is the
combining of the transducer element signals (e.g., at combiner 54 of FIGURE 5A). The
cosine function oscilates between -1 and +1. Thus, when performing a weight and a
sum, one transducer element signal (channel) may be -1 while and another transducer
element signal (channel) may be +1, whereby there is a probability that one channel will
cancel out the other channel. The positive and negative values in each channel associated
with the use of the cosine function may cause cancellation in the delay-and-sum process
in the beamforming resulting in dynamic range limitation. Moreover, since the cosine
function goes from -1 to + 1 and thus crosses zero, certain transducer elements will
receive a very small signal. To overcome this problem, front end circuitry of an image
processing system (e.g., an A to D converter of the front end circuitry) may need to have

a very wide dynamic range.

[0080] The foregoing problems associated with the use of a cosine
apodization are avoided in the embodiment of FIGURE 5B, wherein a raised cosine
apodized beam (e.g., Hanning beam) is formed by beamformer 213. Thus, instead of
using the beamformers to directly form a cosine apodized beam, the embodiment of
FIGURE 5B operates to form a raised cosine apodized beam (e.g., a Hanning beam) in
addition to a Sinc beam for use in DR beam synthesis. Thereafter, a second or auxiliary
sample beam signal used in the DR beam synthesis described above may be calculated
by taking the difference between the signals of the first sample beam (here a Sinc beam)
and the raised cosine apodized beam. Accordingly, in the embodiment of FIGURE 3B,

appropriately delayed transducer element signals are combined at combiner 55 to provide
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a Sinc beam signal as the aforementioned first sample beam signal. Transducer element
signals weighted in a raised cosine function are combined at combiner 54 to provide a
raised cosine apodized beam signal. An advantage of forming such a raised cosine
apodized beam on the front end is that combiner 54 only need deal with positive signals,

thereby further suppressing noise.

[0081] In ultrasound ‘imaging, dynamic focusing is often implemented in
conjunction with a variable aperture. In other words, different aperture sizes are used for
forming beams at different depths. Generally, it is preferred to increase the aperture size
as depth increases to maintain resolution at various depths in an image. The Sinc beam
and the cosine apodized beam can be formed using apertures of different sizes that vary
with depth. Since the number of channels implemented in a beamformer is generally
limited, the aperture size for beamforming stops growing at certain depth when the all
channels available for beamforming are utilized. From this certain depth on, all received

channels are used to form beam with a constant aperture.

[0082] In generating a raised cosine beam signal for example, the inputs to
amplifiers 51-1 to 51-N of the embodiment illustrated in FIGURE 5B represent signals
from the particular transducer elements of the transducer. For a beamformer of N
channels, the largest aperture comprises N transducer elements to form-beams with N
channels. When the aperture varies with depth, certain calculations may only need to use
a subset of the transducer elements (e.g., a raised cosine function for various depths may
be calculated for the selected transducer elements or selected aperture). In a preferred
embodiment, for every raised cosine function calculation, the system of embodiments
looks for the best set of weighting (e.g., settings for appropriate ones of elements 51-I to

52-N and 53-1to 53-N) to achieve best DR beam using two sample beams.

[0083] After the signals are combined by combiners 54 and 55 of FIGURE
5B, the resulting beam signals are themselves combined by combiner 57, providing
subtractive combining in the illustrated embodiment, to provide a second or auxiliary
sample beam (here a cosine apodized beam) for use in DR beam synthesis according to
embodiments. It should be appreciated from the discussion above that the raised cosine
or Hanning beam, as initially generated by combiner 54, may be the resulting beam from

DR beam synthesis processing in particular situations (e.g., where the parameter o =1 in
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embodiments). Thus, rather than regenerate a raised cosine apodized beam from the first
sample beam and second or auxiliary sample beam, embodiments may utilize the raised
cosine apodized beam originally generated by combiner 54. The output of combiner 54
is therefore shown coupled to DR/IDR/XDR beam synthesis processor 214 to provide
the raised cosine apodized beam signal thereto, in addition to the first (Sinc beam) and

second (cosine apodized beam) sample beams.

[0084] The Sinc beam signal and cosine apodized beam signal are provided
to DR/IDR/XDR beam synthesis processor 214 of the illustrated embodiment for
dynamic resolution beam signal synthesis as described herein. Accordingly,
DR/IDR/XDR beam synthesis processor 214 of the embodiment of FIGURE 5B may be
configured as discussed with respect to FIGURE 5A above.

[0085] As with the embodiment of FIGURE 5A discussed above, beam
signal conditioning and/or processing may be provided according to embodiments of the
present invention prior to, in combination with, or subsequent to DR beam synthesis
processing, if desired. For example, in the embodiment of FIGURE 5B DR/IDRXDR
beam synthesis processor 214 operates in the RF realm (i.e., signals are combined as RF
signals) and the synthesized dynamic resolution beam signal of the illustrated
embodiment is provided to quadrature band pass filter 56 for signal conditioning.
Additional or alternative beam signal conditioning may comprise analog to digital
conversion (e.g., where a digital signal processor (DSP) is used in synthesizing DR

beams herein), amplification, noise canceling, etc.

[0086] As with the embodiment of FIGURE 5A, the DR beam signal
synthesized by DR-XDR processor 214 of the embodiment of FIGURE 5B is provided to
circuitry providing image generation. Specifically, the synthesized DR beam signal of
the illustrated embodiment is provided to detect and compress circuit 59, such as to
remove the phase of the signal and to provide mapping of the magnitude of the signal for
scan conversion. Scan converter 501 of the illustrated embodiment transforms the
magnitude of the signal from the acquisition space into the display space for presentation

to the user via display 212.
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[0087] FIGURE 6 shows detail of an embodiment of a dynamic resolution
beam synthesizing process, as may be provided by DR/IDR/XDR beam synthesis
processor 214 of FIGURES 5A and 5B, for achieving sidelobe reduction of a scan beam
according to the concepts herein. In particular, in the embodiment illustrated in FIGURE
6 the processes shown above the upper dotted line provide DR beam synthesis
correspond to operation of DR processing 511 of FIGURE 5A, the processes shown
between the upper and lower dotted lines provide IDR beam synthesis corresponding to
operation of IDR processing 512 of FIGURE 5A, and the processes shown below the
lower dotted line provide XDR beam synthesis corresponding to operation of XDR
processing 513 of FIGURE 5A.

[0088] In operation of DR processing 511 of DR/IDR/XDR beam synthesis
processor 214 of embodiments, the first sample beam signal and second or auxiliary
sample beam signal, preferably weighted using the parameter o, are combined to
synthesize a DR beam signal. Accordingly, at process 601 a first sample beam (e.g., a
Sinc beam) having mainlobe 601-1 and sidelobes 601-4 formed for each sample point in
a scanned area (e.g., each look direction) of an object being scanned (e.g., tissue area) is
acquired. Additionally, a second or auxiliary sample beam (e.g., a cosine apodized
beam) having mainlobe 601-2 and sidelobes 601-3 formed for each sample point in a

scanned area of a volume being imaged is acquired. In operation according to process

9
601 of an embodiment the first sample beam signal I, (including mainlobe signal

— -
component [ y)s and sidelobes signal component /.s) and second or auxiliary beam
-
signal I. are acquired using the aforementioned Sinc and cosine apodized beams for

every sample.

%
[0089] The first sample beam signal 7, and second or auxiliary beam

signal 70 of the illustrated embodiment are input into process 62 which computes the
parameter « for use in the weighted combining of the sample beams. As discussed
above, the parameter o is a sidelobe cancellation parameter in the DR beam synthesizing
process of embodiments and is used in synthesizing a DR beam from the sample beams

(e.g., Sinc and cosine apodized beams). In an alternate embodiment, the computation of
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the parameter & may be omitted and, thus, the process flow may proceed directly to

process 602, as shown by dashed line 610.

[0090] The following vector analysis is helpful in understanding the

computation of the parameter o in process 62 as may be used according to embodiments
-
of the invention. The aforementioned first sample beam (e.g., Sinc beam) signal /. can

- - -
be decomposed into two components such that I, = I, + I . The unity
— —— e
Echo Mainlobe  Sidelobe
received

s
IuM
-

, and the
‘I uM

- -
vectoru,,, defines the look direction of the mainlobe, wherein uw =

uS

- -
unity vector u,; defines the look direction of the sidelobe, wherein u,; = . The
I uS

_)
aforementioned second or auxiliary sample beam (e.g., cosine apodized beam) signal /.

-

IL‘

-

can be represented by I, =|/ |u, . When the second or auxiliary sample beam (e.g.,

cosine apodized beam) is aligned with the sidelobe of the first sample beam (e.g., Sinc

>
beam), the unity vector of the second or auxiliary (e.g., cosine apodized) beam, u, , will

be aligned with the unity vector of the sidelobe component of the first sample beam with

!

- -
opposite phase (e.g., Sinc beam). That is, u, =—u,g , where i, ==%. Thus, the

c

~

}

- -
sidelobe components of the first sample beam signal 7, along u, is

> - - - - -
> S\ JTel] — - - - I I - o]
— _u c —_ c — c ¢ __ —_Tu_ ¢
(Iu.uusjuc_ =T U=l 0 qu, =L et =al, , where a = N
IC IC IL' IC ‘IC
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[0091] It should be appreciated that the DR beam synthesizing processes

herein can be applied to all samples for an image by computing the parameter

—

NACEATAEN

2

for every sample located at different depths of every
—)

Ic(n,zrw

- -
scanning beam. For example, I,(n,z,) and I,(n,z, ) are the signals acquired at depth z,

from the n" unprocessed first sample beam (e.g., an unapodized Sinc beam in the

foregoing example) and the second or auxiliary sample beam (e.g., an apodized cosine

- - -
apodized beam in the foregoing example). Thus, I,,(n,z,) =1,(n,z, )+ a(n,z, ) (n,z,).

As discussed above, it is desirable according to embodiments of the invention that the
value of the parameter a(n,z,) be bounded between 0 and 1, or 0< a(n,z,) <1. For
example, in a case when the clutter from the undesired direction is very large at the
sample location (n,z,) then a(n,z,) is set to one in the DR beam synthesis process to
maximize the amount of sidelobe suppression. In this example, 100% of the signal

acquired from the second or auxiliary sample beam (e.g., cosine apodized beam) is

summed to the signal from the first sample beam (e.g., Sinc beam) at this time.

_—)
However, by doing so the mainlobe 7, (n, zn) is spread as a result of the summing
process. That is, some spreading of the mainlobe occurs at samples (n, zn) when
a(n,z,)# 0. Thus, in the DR synthesization process of embodiments, a(n,z,)

dynamically changes from sample to sample depending upon the power of the clutter

near the sample location (n,z,) .

[0092] The case a =0 represents a situation that clutter received from a
Sinc beam is relatively small that no signal from the cosine apodized beam is needed for
suppressing the sidelobe to reject the clutter. In this case, the object being imaged is
delineated by the mainlobe of the Sinc beam whose width is spread according to the

diffraction limited resolution.

[0093] The case a =1 represents another situation that the clutter received
from the Sinc beam is so large that 100 percent of the signals received from the cosine

apodized beam is used to suppress the sidelobes. This results in a Hanning beam with a
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mainlobe that is spread much larger than diffraction limited resolution for object
delineation. Delineating an object being imaged with different resolution may cause
perceptive distortion of the object for image interpretation. Further, in an extreme
situation where the clutter is so strong that the sidelobe of the Hanning beam (when

a =1) is not sufficient to suppress (or roll off) the clutter, the sample is contaminated

with clutter that degrade the image quality.

[0094] Signal components attributed to the mainlobe or the sidelobes of a
beam can be segmented in the IDR and XDR process of embodiments of the invention.
By manipulating the signals acquired from the DR beam and the cosine apodized beam, a
category of signal components corresponding to beams of different shapes with different
geometrical properties can be produced. The desired si‘gnal components with much
sharper mainlobe and low sidelobes can be synthesized to equalize the mainlobe

resolution and sidelobe level to improved the image quality.

[0095] The parameter & (n, zn) indicates the amount of clutter, its strength

and how it is distributed near a sample point, and can be used to control the other
beamforming parameters to sharpen the mainlobe and attenuate the sidelobe in the IDR
and XDR process of embodiments of the invention. The parameter tables 63 of the
illustrated embodiment comprise lookup tables to map the desired beamforming
parameters using & . These processing parameters may be predetermined for a variety of
depths and conditions, may be calculated dynamically based on various operating
conditions and parameters, etc. In one embodiment, parameters of processing parameter
tables 63 are set to coincide with the depth and look direction on an aperture by aperture

basis for each scan beam signal.

[0096] From the foregoing, DR beams of embodiments are formed by
combining the signal from the Sinc beam with & percentage of the signal from the

cosine apodized beam to reduce the sidelobe, where @ may be determined according to

>

. o . -1 o] . .
the minimum power criterion that results in o = —“—zc according to embodiments. In
—

z

5
other words, the DR beam signal /pz of embodiments is synthesized according to
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- -
- - - - -
Ip=1+al =1 - Lo 210 I, . Accordingly, process 602 of embodiments of the
ﬁ
IC

5
invention operates to form the DR beam signal /pz from a weighted sum of the Sinc and

5
cosine apodized beam signals. For example, a DR beam signal, I pr , corresponding to a

synthesized DR beam, B, (49) , may be formed from a sum of the Sinc beam, B, (9) ,

signal Fu and the weighted cosine apodized beam, A(G), signal 7c (e.g.,
B,(0)= B,(8)+ ad(#)) at process 602.

{0097] The synthesized DR beam, B, (6’) , corresponding to the DR beam

signal, I pr, formed at process 602 has mainlobe 602-1 with reduced or minimized

sidelobes 602-3. FIGURES 6A through 6C illustrate synthesizing a DR beam signal,

_)
I pr , corresponding to a synthesized DR beam, B, (9) , from a sum of the Sinc beam,

- -
B, (9), signal 7, and the weighted cosine apodized beam, A(H), signal 7. (e.g.,

u

B,(0)= B,(6)+ aA4()) in accordance with the aforementioned operation of process 602

using sample beams as provided by beamformer 213. Specifically, FIGURE 6A shows
-
Sinc beam signal /. received from the Sinc beam (first sample beam) and FIGURE 6B

ﬁ
shows the cosine apodized beam signal . received from the cosine apodized beam

(second or auxiliary sample beam). FIGURE 6C shows a synthesized DR beam resulting

: -
from the sidelobe component being removed from Sinc beam signal 7, in the case

where o = 1.

[0098] As described above, one technique for synthesizing a DR beam

- -
signal is to combine the Sinc beam and cosine apodized beam signals /. and I. (e.g.,

- - -
Ipr=I.+al., 0<a<1). However, instead of forming a cosine apodized beam to

synthesize the DR beam, embodiments such as that of FIGURE 5B discussed above form
a raised cosine beam (e.g., Hanning beam) for use in synthesizing a DR beam. For

example, operation of process 602 using sample beams as provided by beamformer 214

30



WO 2011/057252 PCT/US2010/056000

of FIGURE 5B provides DR beam signal synthesis comprising taking the difference

- - -
between the signals of a raised cosine beam and a Sinc beam [ pr = [+ a(1-1.),
0<a<1. Let I, be the raised cosine beam, then I, = I +a(f,, —fu),O <a<l).

Such an embodiment may operate to form a cosine apodized beam from the raised cosine
beam and the Sinc beam, thus aligning the cosine apodized beam with the sidelobes of

the Sinc beam. The use of such a cosine apodized beam in DR beam synthesis
substantially suppresses the sidelobes of Sinc beam signal 7. while avoiding spread of

.9
the mainlobe of the Sinc beam signal 7. .

[0099] The DR beam signal synthesized at process 602, providing
suppressed sidelobes and minimized mainlobe spread, may be utilized by ultrasound
imaging system 200 for generation of high quality images. However, embodiments of
the invention provide additional dynamic resolution beam synthesis processing to further
improve the synthesized beam characteristics. Accordingly, processing according to the
illustrated embodiment proceeds to process 603 for additional dynamic resolution beam

synthesis.

[0100] In operation of IDR processing 512 of DR/IDR/XDR beam
synthesis processor 214 of embodiments, certain geometrical and morphological
properties of different beams (e.g., one or more of the sample beams and/or synthesized
DR beam) are utilized in further processing dynamic resolution beams. In particular, the
signals of a beam are decomposed into two components: a component corresponding to
mainlobe and another component corresponding to the sidelobes. These component
signals are then recombined (weighted sum) to create a new signal corresponding to a
new beam (an IDR beam of embodiments of the present invention) with very narrow

mainlobe and very low sidelobes.

[0101] Process 603 of the embodiment illustrated in FIGURE 6 provides
processing of a synthesized DR beam signal and one or more sample beam signals (e.g.,
the second or auxiliary sample beam signal) to segment component beams. Signals from
these component beams are then used to compose a new signal as if it is received from a

high performance beam ( an IDR beam ) . The signal decomposition and reconstruction
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process is operated at every sample point at each look direction to optimize the detailed

and contrast resolution of the entire image according to embodiments of the invention.

[0102] Beam segmentation, manipulation, and recombination by operation
of process 603 to provide synthesis of IDR beams according to embodiments is
illustrated in FIGURES 6D-61. As discussed above, where the parameter o > 0 DR beam
synthesis according to embodiments will result in mainlobe spread in addition to
suppression of sidelobes. IDR beam processing as provided by process 603, and as
illustrated in FIGURES 6D-61 (for a =1.), operates to avoid such mainlobe spread by
segmenting the mainlobe from the first sample beam (unspread from combining with the
second or auxiliary sample beam) using the synthesized DR beam. To segment the

mainlobe from the first sample beam, process 603 of embodiments computes the

minimum between the DR beam (I, = I, +a (f,l -1, ) ) and the second or auxiliary

s - - - -
beam (1.:), M = (o(] DR )MIN(lI DRl:lI cl) where ¢ provides phase alignment, to give a
mainlobe spread component as shown in FIGURE 6D. This mainlobe spread component
(M ) essentially comprises that part of the synthesized DR beam which is not the

mainbeam of the first sample beam ( 7.). Accordingly, the mainlobe spread component

may be subtracted from the DR beam to provide a first sample beam mainlobe

component, I3y =1pg —M , as shown in FIGURE 6E. It should be appreciated that

the first sample beam mainlobe component ( /. ) of FIGURE 6E provides a more

_.)
narrow mainlobe than that of a DR beam ( / pr ) synthesized through the above described
combining of sample beams and thus may be utilized in providing high quality image

generation.

[0103] The exemplary embodiment represented in FIGURES 6D and 6E
efficiently split the signal of the first sample beam (e.g., Sinc beam Yu) into two
components, a mainlobe component ( / . ) and a sidelobe component (})uS ). The

magnitude of sidelobe component signal ._f)us

represents the clutter signal received by

the sidelobe of the first sample beam in a neighborhood near to the sample point. The
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N
magnitude of the mainlobe component (/.. | represents the signal received in an area

insonified by the mainlobe of the first sample beam at the sample point that is spread
according to the width of the mainlobe. The signal to clutter ratio varies from point to
point depending upon the object being insonified. An image often is thus blemished at
different levels by the clutters. Although it seems plausible that a clear, unblemished
image can be reconstructed by retaining only the component signal from the mainlobe of
the first sample beam and eliminating the component from its sidelobe, this is not
necessarily so. It has been discovered for an imaging area where the magnitude of signal
from the sidelobe are small relative to the magnitude of the signal from the mainlobe,
removing the sidelobe component signal may result in improvement of image quality;
but for other areas where the magnitude of signal from the sidelobe are large relative to
the magnitude of the signal from the mainlobe, eliminating all signals from sidelobe in
an image may generate a number of spotty “dark” areas that may cause problems in
image interpretation. This is because the sidelobe of a beam integrates echo signal
received from an extended area near to the sample point. At a sample point where the
signal received from the mainlobe is much lower than that is from its sidelobe, the clutter
component signal functionally interpolates the shape of the object that is helpful for

image interpretation.

[0104] Accordingly, a signal derived from a new beam that is formed by
weighted sum of the mainlobe component signal and a small amount of sidelobe
component signal is preferred accordingly to embodiments of the present invention. In
process 603 of embodiments of the invention, the weights for mainlobe signal and
sidelobe signal are programmed and selected depending upon the magnitude of the signal
from the mainlobe, the magnitude of the clutter signal from the sidelobe, the sidelobe
signal to the mainlobe signal ratio and/or the DR parameter & at each sample point to

optimize the image quality.

[0105] Further dynamic resolution processing according to process 603 of
embodiments is represented by FIGURES 6F and 61, wherein a mainlobe and a sidelobe
rolloff, such as may be provided as an appropriately weighted sidelobe component, is
added to the segmented first sample beam mainlobe component to synthesize an IDR

beam. The sidelobe component signal shown in FIGURE 6F is segmented from the
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signal of the the first sample beam, for example the Sinc beam. It is known that the
sidelobe level of the Sinc beam is rolling off with angle (or distance ) at arate ~ 6
db/octave that is relatively slow as compared to the DR beam when « > 0. Specifically,
for the Hanning beam, (a DR beam when « =1), the sidelobe is rolling off with angle at
arate ~ 18 db/octave that is much faster than that of the Sinc beam (DR beam when

a=0). A component signal I »s can be extracted by taking the difference between the

signal of the DR beam I,,, and the mainlobe signal I,, segmented from the Sinc beam,

or faS :iDR —fm-
[0106] FIGURE 6G shows signal fas corresponding to a beam whose

sidelobes are geometrically distributed following the DR beam ( for example, the

Hanning beam when o =1) with small residual mainlobe of the DR beam as a result of

the subtraction process. As shown in FIGURE 6H and 61, the signal fas may be
attenuated by a parameter y where y <1 then integrated with the signal ZM to create a

new signal I,=I,+ }/f T representing a signal corresponding to a beam (an IDR
aN uM as aN

beam ) whose lobe is geometrically distributed with angle ( or distance ) as shown in

FIGURE 61. The center of the mainlobe of the IDR beam is as narrow as or more narrow
than the mainlobe of the Sinc beam I,,,. The low amplitude skirt of the mainlobe is then

gradually spread and blended with the sidelobe that is rolling-off at a rate of the DR

beam. Since y is chosen be smaller than one according to embodiments of the
invention, the sidelobe will be attenuated by 20logy db. For example, when y=0.125,
the sidelobe is attenuated by 18 db. Parameter y can be selected at each sample point

adaptive to its beamforming parameter ¢, the magnitude of component signal of

different types or their ratio for optimal image quality.

[0107] It should be appreciated that the previous example shows the

mainlobe of a Sinc beam I, can be segmented from the DR beam (when a =1 ) in the

IDR process. A mainlobe narrower than the mainlobe of the Sinc beam I ,, can also be
segmented from the other DR beams when 0 <« <1. For example, when o =0

Iop = I,. As in the IDR process, the signal corresponding to a narrow mainlobe
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component beam fa » May be segmented by computing

—

Lo =TDR -M :iDR ”‘¢<jDR)NHN(|fDR jc

)=1,-¢(I,)MIN(|Z,|,|Z.|) - FIGURE 61(1)

> >

shows the segmented component beam I_,, which is narrower than the mainlobe of the
Sinc beam fuM . Further, a component signal fas can be segmented by computing

Iy=1I,-1I, that I isacomponent signal corresponding to the sidelobe of the DR

beam when o =0 as shown in FIGURE 6I(2). A new IDR beam can be formed by

—

computing I, =1, +yI,. I, is a signal corresponding to the new beam whose

sidelobe is attenuated by 18 db; however, the roll-off rate of the sidelobe is the same as
that of the DR beam (for & =0) at 6db per octave. FIGURE 6I(3) shows the mainlobe,
the sidelobe, the sidelobe roll-off rate of the DR beam, and the IDR beam when a =0

and a =1 in logarithmic scale, respectively.

[0108] It should be appreciated that the signal corresponding to the
mainlobe of the other DR beams, I,,, when 0 < <1, can be similarly segmented
according to embodiments of the invention. The width of the segmented mainlobe of DR

beam increases with « and I, <T,, for 0O<a <1. The sidelobe of the segmented IDR

beam I, for 0<a <1 is attenuated by 20log 7 db and the sidelobe roll-off rate

increases from 6 db per octave to 18 db per octave with o for0<a <1.

[0109] It should be appreciated that the sidelobe component of the
synthesized DR beam is substantially suppressed, although some spread of the mainlobe
is present. The mainlobe of the DR beam is de-spread and its sidelobe rolloff rate is
further improved, using a segmented component signal that is properly scaled in the IDR
process. The IDR processing parameter y is selected to compose a signal corresponding
to a synthesized beam whose mainlobe width is narrower or as narrow as the diffraction
limited beam. The magnitude of an IDR mainlobe is gradually rolling-off and blended
with the sidelobe whose level is determined by the parameter y. The peak of the
sidelobe of the IDR beam is first attenuated then continually rolling-off at a rate

following the sidelobe of the DR beam according to embodiments. Such an IDR beam
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may be utilized to form an image with improved perceived image contrast and detailed

image resolution.

[0110] The IDR beam signal synthesized at process 603, providing
suppressed sidelobes without mainlobe spread, may be utilized by ultrasound imaging
system 200 for generation of high quality images. However, preferred embodiments of
the invention provide additional dynamic resolution beam synthesis processing to further
improve the synthesized beam characteristics. Accordingly, processing according to the
illustrated embodiment proceeds to process 604 for additional dynamic resolution beam

synthesis.

[0111] In operation of XDR processing 513 of DR/IDR/XDR beam
synthesis processor 214 of embodiments, the mainlobe width of a synthesized beam
(e.g., the foregoing IDR beam) is further sharpened by an extended DR (XDR) beam
synthesis process of preferred embodiments of the present invention. The beam is
progréssively or iteratively shaped through an XDR process for better beam control
according to embodiments of the invention. A beam sharpening function of a XDR
beam synthesis process may shape the mainlobe and the sidelobes of the processed beam
to obtain a signal that is similar to a signal having been received from a beam with an
extremely narrow mainlobe and very low sidelobes. For example, the mainlobe resulting
from XDR beam synthesis of embodiments has a width corresponding to a transducer
aperture substantially larger than that actually used in forming the sample beams from

which the XDR beam is synthesized.

[0112] Process 604 of the XDR beam synthesis process illustrated in
FIGURE 6 creates a sharpening function 604-1 for use in synthesizing an XDR beam
signal having a sharpened mainlobe. Such a sharpening function is applied at process
605, preferably iteratively, to a mainlobe component (e.g., mainlobe 605-1) to narrow the
beam. As with IDR beam synthesis discussed above, an appropriately weighted sidelobe
component (e.g., sidelobe 605-3), is added to the mainlobe component to synthesize a
XDR beam (e.g., XDR beam 605°) having desired rolloff. Iterative control 606 of the
illustrated embodiment works in cooperation with the sharpening function generation of
process 604 and the sharpening function application of process 605, to iteratively

sharpen the mainlobe of a synthesized XDR beam. For example, in the illustrated
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embodiment, # is the number of iterations desired for XDR processing to achieve the
resulting synthesized XDR beam signal which is output at process 607. Each iteration of
the XDR beam processing shown in FIGURE 6 provides an enhanced new synthesized
beam, represented by XDR beam 605’ of that iteration.

[0113] In sharpening (narrowing) attributes of the mainlobe of a beam
provided to an XDR beam synthesis process of embodiments (e.g., the mainlobe
component of the first, unapodized, sample beam, which also corresponds to the
mainlobe of embodiments of a synthesized IDR beam) are manipulated for providing a
beam shaping function. In understanding a beam shaping function of embodiments, it
should be appreciated that mainlobe spreading in the above example where a DR beam is
synthesized by combining a first and second or auxiliary sample beam (e.g.,

B,(6)= B,(6)+ ad(6)) results from the situation that the magnitude of the second or

auxiliary sample beam in the angular interval defined by the mainlobe of the first sample
beam is not nullified. As a percentage of signal from the second sample beam is
summed to that of the first sampled beam for a reduction of sidelobe component signal of
the first sample beam, the signal component from the mainlobe of the first sample beam
will also be summed with the signal component from the second sample beam by the
same percentage. For example, as is depicted in FIGURE 3 A the dual peak mainlobe of
the cosine apodized beam (the second or auxiliary beam in the illustrated embodiment) is
composed of the two geometrically shifted Sinc beams, one is located to the left of the
Sinc beam mainlobe and the other is located to the right of the Sinc beam mainlobe. The

mainlobe of a DR beam will intercept with the dual peak mainlobe of the cosine
apodized beam at a look direction +¢, where |6’,| <6,. Where 6, is the zero crossing
of the mainlobe that defines beam resolution which amounts to 26, when the sidelobe

cancellation factor DR beam is . Since a is bounded between 0 and 1 in the DR beam

of embodiments, when a =0, 90| =7z and when a =1, [01| =27 . Thus, while summing

the signal acquired from the cosine apodized beam with that of the Sinc beam will reduce

the clutter received from Sinc beam I, (n,z,) in the region of |<9| =0,. The mainlobe of

the Sinc beam is also being spread as a result of the summing beam signals in the region

of -0,<60<46,.
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[0114] However, if the signal received from the cosine apodized beam is
amplified by a factor of «, then the location of the intersection between the cosine

apodized beam and the DR beam, 6, will be moved up and down along the mainlobe of
the DR beam depending upon the gain factor x . The larger the gain x the closer 6, is
to the center of the main DR beam. When « approaches zero, |¢9,| =6,. Ifthe

magnitude of the signal from the segmented mainlobe of the DR beam is to compare

with the amplified signal from the cosine apodized beam and x being the amplification

- —>
factor, the intersection point between x|/ .| and |I.s/| will be located at +8,,, , where

|6?Dml < 7z . The higher the amplification factor x the closer +8,,, is to the origin. Note

that 2|49Dm| is the spread of the mainlobe and the smaller the value |0Dm| the better the

resolution. For example, the raised cosine or Hanning beam (e.g., a synthesized DR
beam where the first sample beam is a Sinc beam, the second or auxiliary sample beam is
a cosine apodized beam, and the parameter o=1) is the Sinc beam combined with the
cosine apodized beam. Accordingly, subtracting a component signal from the Hanning
beam, that is computed by taking the minimum of the gain-raised (e.g., ¥ >1) cosine
apodized beam and the Hanning beam gives a beam with sharpened mainlobe. The
process is effectively creating a beam shaping function to sharpen the mainlobe of the
Hanning beam. As the mainlobe of the Hanning beam is sharpened the sidelobe
structure of the Hanning beam is also modified resulting in a new beam with very narrow
mainlobe and very low sidelobe thereby improving both the detailed resolution and the

contrast resolution of the image.

[0115] FIGURES 6J-6L illustrate XDR beam synthesis using a beam
shaping function of embodiments. In providing a beam shaping function of
embodiments, the mainlobe component of a beam for which XDR beam synthesis
processing is to be provided (e.g., a first sample beam, a synthesized DR beam, a
synthesized IDR beam, or a previous iteration synthesized XDR beam) is split into two

components (e.g., a narrow mainlobe component and a residual mainlobe component)
ﬁ
through operation of process 604 as illustrated in FIGURE 6J. For example, [ is split

- -
into components I uw_» (the narrow mainlobe component) and 7. s (the residual
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mainlobe component) using a beam shaping function, such as beam shaping function

y(8) of FIGURE 6K, where Iy p =Ipr —ollDr )MIN{T DR K|i0|} and

- - -

Twt_s_n=1Tuw—1Tuw_n. An XDR beam may be synthesized at process 605 by weighted
summing of the component signals as illustrated in FIGURE 6L. For example, an XDR

_.)
beam, / xor, may be formed by combining a weighted (u) narrow mainlobe component

- -
(1w _n), a weighted (p) residual mainlobe component ( /s _s ), and a weighted (y)

sidelobe component ( [ s ), wherein the weighting factors (y, p, and y) may be selected

based upon.

[0116] As the peak of the DR beam is aligned with the null the cosine
apodized beam, the peak of the beam will not be altered by the process of

A

[0117] Thus be the peak of the signal |f, M_n| is theoretically equal to the

— —

furt_n =Tpr —elipr MIN{Ipg

» K

peak of the signal |f DRl ; O max (|f,,M_n ) = max (’f DR l) . In implementation, numerical

error in the apodization process may cause minute misalignment of the first sample beam

and the second sample beam that may result in a reduction of amplitude in the process

beam 'f,m_nl . A scale factor u is introduced for gain equalization such that

4 max ( lfuM_n ) = max (lf DR |) . At the first iteration, the signal I, corresponding to the

mainlobe of the first sample beam ( the Sinc beam) is decomposed into two components

—_ i — -
Ly and Tws_s1. Since I, | is a signal from a narrower beam than 7, that is

1

— -
aligned with the 7,,,, and Jws_s_1 is a signal component located away from the center of

the beam for flM_l , a new mainlobe 7, v w1 can be formed by combining the signals

—

- - N -
Ly and LTwe sz or Iy 4 = w1 TP Luwi_s_1, where p<1. When p=1,

1

—

Ly e = I, , the mainlobe of the DR beam is not altered. When p <1 the new

mainlobe 7, v w1 18 formed that the center of the lobe is narrow where as the outside
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skirt of the lobe is formed by the attenuated component signal of p I.n s 1. Since the

—- -
new mainlobe 7, ,,, , is created from components 7, | and p Iwr_s 1 that is

- - -
decomposed from ., the lobes I ,, , and I spread in the same angular interval.

The beam of signal 7, v w1 Spread contiguously connected to the sidelobe of the DR
.—_)
beam /gs.

[0118] From the foregoing it can be appreciated that one may form a XDR

-

beam by computing I XDR_1 = ,ulfuM_l +p, Luw s 1+, Ia_s. The XDR process can be

iterated by feeding the XDR beam formed at the processor for n times until a satisfactory

mainlobe is generated in the n-iterated XDR beam

- - nd -
Lo o= Mdps o+ Py Lua_s_nty, La_s. The scale parameters u,'s in each iteration can

be set to one by normalizing the parameters p, without a loss of generality. The

parameters 7, 's can be set differently in each iteration; however, ,'s may be also set

equally to simplify the computation in all iterations. When the mainlobe of the XDR
beam is split in each iteration, the magnitude of the signal at the skirt of the new

mainlobe is attenuated according to the parameter p, to set the skirt level at 20log p, db

down from the new mainlobe.

[0119] FIGURES 6L(1) — 6L(4) demonstrate how a XDR beam is formed
in one iteration of the XDR process provided by processes 604 and 605 according to an

embodiment of the invention. Parameters used for the processing example are set as the
following: a =1k =2; u=1; p=%0.125; and . ¥ = 0.015625. The signal fuM

corresponding to the mainlobe of the first sample beam (a Sinc beam)is segmented in the

IDR process as shown in FIGURE 6L(1). By raising the gain of the second sample beam

(a cosine apodized beam ) by setting x = 2, the signal fuM is decomposed into two
components: fuM_l and f,m_s_l where T, =fuM-1 +iuM_S_l' These two signal
components are then combined into I, v_ua 1> @ signal corresponding to a new mainlobe

that is composed with narrow mainlobe constructed by beam of fuM_l and an attenuated
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skirt of corresponding to lobes of fuM_ s 1- The lobe attenuation coefficient p is set at

0.125 that implies the new mainlobe transitionally rolling-off, at 18 db down where the

skirt is starting blended with the sidelobe. p can also be set at negative value to force

the mainlobe to cross zero as shown in FIGURE 6L(2). It has been found that negative

first sidelobe enhances the border of the object resulting in improvement of tissue

differentiation for some imaging application. The far sidelobe of the T xpg_1 Deam is

blended with the segmented sidelobe of DR beam I  that is attenuated by the factor

7 =0.015625, or by 36 db. The XDR beam, the first sample beam (a Sinc beam or a DR
beam for a =0, I, prazo) @nd the DR beam 7, pra=t for =1 are overlaid in FIGURE

6L(3). FIGURE 6L(4) plots the XDR beam in logarithmic scale. As demonstrated the
mainlobe of the XDR beam is much narrower than the Sinc beam and the sidelobe level
is substantially lower than the DR beam that is rolling of at 18 db/octave in the example.
Operation of processes 604 and 605 may be repeated to progressively narrow the

synthesized XDR beam mainlobe.

[0120] As with the IDR beam synthesized above, the mainlobe component
segmented through operation of the above XDR process provides a narrow beam.
However, embodiments of the invention operate to combine weighted residual mainlobe
and sidelobe components (e.g., 0<p<1 and 0<y<1) to provide desired rolloff and sidelobe

level with respect to the XDR beam synthesized.

[0121] It should be appreciated that new component signals with different
beam properties may also be generated by arithmetically combining different component

signals that are segmented based on the principles herein. For example, the segmented

component signal M as shown in FIGURE 6D may be combined with a component

—

signal P that is created according to P =¢ (I DR.a=0 )mm( I DRa=b

,II DRl ) to obtain a new

component signal I, where I, =M +P. I, is a component signal corresponding
to a mainlobe spread less than the Hanning mainlobe but more than those from other

segmented mainlobes such as 7,,,, I, forall a's and those signals from the mainlobe

of any I xpr D€am, I xor_u - Lhis process is graphically depicted in FIGURES 15A —
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15C. Three component signals I,,,,,1,,,] xor_u » €ach acquired from a segmented
mainlobe of different beamwidths where I,,,,, > 1,,, > I ;s ,, , are overlaid in FIGURE

15D. Taking the difference between signals I ,,, and I ,, to obtain a signal I, s Mm
which represents the signal acquired from a sidelobe component beam as shown in

FIGURE 15E. Similarly, a signal I s_n canbe segmented by taking the difference
between signals 7, and I xor_u » that represents a signal acquired from a sidelobe
component beam as shown in FIGURE 15E. Sidelobe component signals 7 S Mo I s M

may be scaled and combined with T xor_n (O Obtain a new signal which is equivalent to

the one is acquired from a shaped mainlobe. For example, the beam corresponding to the

signal T, = Tpn 4 +025I, ,, +0.125I, ,, is shown in FIGURE 15G. The shaped

mainlobe I cn €an be combined with other sidelobe components signals with desired

roll-off to obtain a signal of the desired beam.

[0122] The DR, IDR and XDR signal segmentation techniques of
embodiments of the present invention are based on synthesis and decomposition of
component beams according to the narrow band geometrical and morphological
properties among the Sinc beam, the cosine apodized beam, the Hanning beam, and other
beams. However, it can be shown that the concepts herein are similarly effective when a
broadband signal is beamformed and processed as for general imaging application.
FIGURES 7A-7C show graphs of exemplary spatio-temporal profiles of the sample
beams and an XDR beam synthesized therefrom according the concepts described above
to illustrate the results of beam synthesis of the present invention. An array of 32
transducer elements are excited by Gaussian pulses centered at 3.5 MHz with 2 MHz of
bandwidth. Applying proper time delay and different weights to the signals received by
each element to focus a point at 60 mm, the pdint is spread differently depending upon
the properties of the beam. Sample beam 71 of FIGURE 7A comprises an unapodized
first sample beam (e.g., a Sinc beam), second or auxiliary sample beam 72 of FIGURE
7B comprises an apodized beam (e.g., a Hanning beam or raised-cosine apodized beam),
and XDR beam 73 is synthesized using the first sample beam and second or auxiliary

sample beam according to the concepts of this invention. FIGURE 7C shows that
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resulting mainlobe of XDR beam 73 is more narrow than the mainlobe of sample beam
71 of FIGURE 7A with little or no sidelobes. Likewise, the mainlobe of XDR beam 73
of FIGURE 7C is more narrow than the mainlobe of sample beam 72 of FIGURE 7B
(the apodized beam).

[0123] FIGURE 8 further illustrates an example of the concepts of the
invention applied to one dimensional processing. Graph 800 shows Sinc beam 801,
Hanning beam 802 and synthesized beam 803 produced by the concepts taught herein.
Specifically, graph 800 is a Fourier spectrum showing spectral components of a signal
comprising ten sinusoids a0 to a9 spread from normalized frequencies from -0.35 to
0.25. The dynamic range of these signals is 140 dB with signal a3 at 0 dB and signal a7
at minus 140dB. Uniformly distributed noises at minus 133 dB are added to the test
signal and below this noise level. As can be seen, if the Fourier transform is taken on the
test signal without using a window function, only the strong spectral components al, a2,
a3, a4 and a5 are resolved. The other signals a6, a7, a8, a9 and a0 are corrupted by the
composite sidelobes of these strong components. The spectral peak of each spectral
component represents the mainlobe of a sinc function whose sidelobe is rolling off at a
rate of 6dB per octave. The sidelobes of the strong components swamp the frequency
and do not allow the detection of a0, a9, a8, a6, and a7. When the signal is Hanning
apodized, the overall sidelobe level is lower that is rolling off at a faster rate or 18 dB per
octave. As a result, additional signal of a6 is resolved. However, as shown by Hanning
beam 802, the main beam is spread and spectral components a7, a8, a9 and a0 are yet un-

resolved.

[0124] Cosine apodized Fourier spectrum may be obtained by replacing
each spectral component by the average of its two most adjacent neighbor spectral
components. Using an unapodized component and a cosine apodized component, the
DR/IDR/XDR spectrum can be calculated. The clutter cancellation parameter o is
calculated for every spectral component in the Fourier spectrum. The sidelobe of every
spectral component are then suppressed from the DR process, followed by setting

#=Lly=1p=1, and ¥ =2 in the XDR process of embodiments. As shown by

synthesized beam 803, all spectral components are resolved, including those components

whose levels are embedded in the noises: a7, a8 and a0.
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[0125] FIGURE 9 shows Sinc beam 905, Hanning beam 906, DR beam
901, XDR1 beam 902, XDR2 beam 903, and XDR3 beam 904 processed using different
sets of parameters. Sinc beam 905 is not apodized, and Hanning beam 906 is apodized.
DR beam 901 results by using only the DR processing, as discussed above. By using the
XDR process discussed herein, XDR1 beam 902, XDR2 beam 903, and XDR3 beam 904

can be produced.

[0126] FIGURE 10 shows Sinc beam 1001, Hanning beam 1002, and
cosine apodized beam 1003. Note that the cosine apodized beam is used as a steering
beam to control the power level. The cosine apodized beam is used to move the gain up
and down, so as to detect where the system should cut the Sinc beam. The minimum of
the Sinc beam and the cosine apodized beam will determine where the main beam

crosses the zero axes.

[0127] From the foregoing it can be appreciated that operation of the XDR
beam synthesis process further narrows the mainlobe of an ultrasound beam and/or the
sidelobes are further reduced, such as through application of nonlinear and linear signal
processing in which the DR beam signal is decomposed into different component signals.
These component signals may then be used to synthesize a new beam signal (an XDR
beam signal) that corresponds to a virtual beam of which the mainlobe is narrow and the
sidelobe is low. Alternatively, XDR beams of embodiments may be synthesized by
essentially not forming the aforementioned DR beam but rather proceeding directly to

the XDR process of FIGURE 6, such as by maintaining ¢ at a constant (e.g., 1 or 0.5).

[0128] It should be appreciated that the foregoing DR/IDR/XDR beam
synthesis techniques may be implemented in a number of different imaging techniques.
For example, DR/IDR/XDR beam synthesis techniques may be implemented with
respect to linear scan conversion, spatial compounding, etc. For multi-beam spatial
compounding, the detected signals from spatially displaced beams may be integrated to
reduce the coherent speckle. To enhance the resolution, a unapodized beam and a
Hanning beam can be simultaneously formed to obtain a DR/IDR/XDR signal from each

look direction prior to compounding process is taken place.
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[0129] Although embodiments have been described above with reference to
one dimensional transducer arrays, it should be appreciated that the concepts of the
present invention are applicable to multidimensional transducer arrays. For example, the
concept of DR/IDR/XDR beam synthesizing can be directly applied to two dimensional
(2D) beamforming.

[0130] Having described providing DR, IDR, and XDR beam synthesis
according to embodiments of the invention above, detail with respect to various
functions and implementations of DR, IDR, and XDR beam synthesis will be provided
below. It should be appreciated that the functions and implementations set forth below
may be utilized in the systems and methods described above to provide DR, IDR, and/or

XDR beam synthesis according to embodiments of the invention.

Beam Decomposition and DR/IDR/XDR Beam Synthesis

[0131] In operation according to embodiments of the invention the signal
acquired from a DR beam at a particular location can be computed by minimizing the
power of the formed beam in each look direction. Since the power of a beam changes at
each beam location, the mainlobe width and sidelobe level of a DR beam is optimized
according to the power minimization criteria according to embodiments of the invention.
Based on geometrical and morphological properties of the DR beam, the first and second
sample beams, signals corresponding to different component mainlobe and sidelobe
beams can be segmented. These component beams are further decomposed and new
beams with desired properties are then synthesized by arithmetically manipulated these
component beams. Signal corresponding to each new beam are computed according to
the DR, IDR and XDR beam decomposition and synthesis process of embodiment of the
invention. The processes of constructing the signal corresponding to a synthesized beam
with desired properties using the decomposed component beams are implemented
according to embodiments of the invention in process 601, 602, 603, 604 and 605 of
FIGURE 6. These processes are graphically depicted in great detail using signals in
combination of the first sample beam, the second sample beam, the un-apodized beam
(a =0), the Hanning apodized beam (& =1), the DR beam of other a’s (0<a <1) as
shown in FIGURES 3A, 6A-6L(4), and 15A-15G.
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[0132] The beam decomposition and synthesis processes of embodiments
of the invention may be implemented in software and/or hardware configurations. Such
beam decomposition and synthesis processes can be cither implemented before QBP (
quadrature band passed ) filtering or post QBP filtering as shown in FIGURES 5A and
5B. Methods based on FIGURE 5B are preferred since the process is more robust in
presence of noises after the signals acquired from the first and the second beams are

filtered by the QBP filter.

[0133] Beam decomposition, as described herein, may be utilized in
dynamic resolution beam synthesis according to embodiments of the invention. In a

further, more detailed, example of sample beam decomposition and synthesis in

accordance with embodiments of the invention, let 7, and I, be two acquired sample
signals (e.g., echo from distribution of scatterers O(p)) received by using Sinc beam B,

and cosine apodized beam B, that are spread angularly in ¢. Since the amplitude of the

received signals are an integration of all echoes from the insonified scatterers that are

weighted by the amplitude of each beam at every angular directions, these sample signals

may be represented as I, (z,60) = IO(z,@—go)B" (z,0)do and
I.(z,0)= IO(Z,Q—(D)BC (z,¢)dg; thus the signal from a new beam B, can be

computed by summing signals /

u

and I_ according to the following equation.
I,(z,6)= _[O(z, 0— ¢))(B" (z,9)+aB,(z, ¢))d(o =1,(z,0)+al,(z,6); where

B,=B, +aB,.

[0134] As discussed above, signals received from the cosine apodized
beam can be combined with the signal received from the Sinc beam to obtain a new

signal. This new signal is effectively received from a new beam of reduced sidelobe

level by making the trade of broadening its mainlobe. For example, let I, =1, +al, .

With respect to the signal I, the geometrical and the morphological properties of its
corresponding beam B, vary with the parameter « . Generally, the mainlobe is

monotonically broadening with the parameter & while the sidelobe level is
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monotonically reduced and the sidelobe roll-off rate is monotonically increased when «

is greater or equal to zero and smaller or equal to one, 0<a <1.

[0135] The beam properties for different values of a (0,0.25,0.5,1) are

-

depicted using FIGURES 16A and 16B. When a =1, I, =1, =1+, ; where I, is the

- - - -

Hanning beam (raised cosine apodized beam). When a =0,1, =1, =1, ; where I, is the
Sinc beam. In the Hanning beam, the first sidelobe is -18 db lower than the first sidelobe
of the Sinc beam. The Hanning sidelobe is rolling off at a faster rate at 18 db/octave
versus the sinc sidelobe that is rolling off at a rate of 6 db/octave. However, the

mainlobe of the Hanning beam would be 50% broader than that of the Sinc beam.

[0136] It should be appreciated that the Sinc beam and the cosine apodized
beam oscillate in opposite phases when @ > 7 as shown in FIGURE 16C. Thus, in the

process of B, = B, +aB, at angular locations greater than +7 , cancellation in

magnitude of the sidelobes of the Sinc beam occurs in all angular locations at > +7 .
However, at the angular location +7 < @ <127 where the first sidelobe of the Sinc beam
is located, the sidelobe cancellation process results in shifting the zero crossing point and

spreading the mainlobe of the B, beam.

[0137] Also shown in FIGURE 16C, the first zero crossing of the Sinc

>
beam is located at 7 , thus 7, (+ 7)=0. When a beam B, is formed according to
B, =B, +aB, to obtain the signal Ia, since there is no contribution from the Sinc beam

at location *7 to the formation of the B, beam, the magnitude of the I, beam at +r

will be equal to the magnitude of the cosine apodized beam that is scaled by « , or

I(t7)=al (t7). Atthebeam pointing direction, the gain of the B, beam is

maximized whereas the gain of the cosine apodized beam B, is minimized, or

B,(0)=B, > B.(0)=0 forany a. The gain of beam B, is always greater than the

<|B

[

gain of B, at the angular location 8 <*7 for any . When 0<a <1, |aBC
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thus, « Ij < Tc . Therefore, if the minimum of signals between |/ | and |/,| are taken,
RN 1, ,f0r|t9| <6,
Mn_a=min{1a,lc}= . ;
14|, for|6]>6,

[0138] where M, , is the signal received from the minimum beam that is
formed by taking the absolute minimum gain at all angles @ between two beams B, and
B,; 6, is the angle where beams B, and B, are intersected and 6, < 7.
Cy5Chas-Co5,C; shown in FIGURE 16C are the intersection points between beams B,
and B, ; Z,,Z,,s,Z,5,Z, are the zero crossing points of beam B, ’s for |
a=0,ad=025a=0.5, and o =1 respectively. Notice that as « increases from zero to

one, the zero crossing progressively moves from 7z to 27 . The mainlobe of beam

B, ’s is spreading as the parameter o increases while the sidelobe level decreases.

[0139] Setting the phase (o(M n_a) of the signal M »_o the same as the

phase of the signal received from the beam B_, orgo(M:_aj = qo(jz ) , then

- - N ¢7(jZ:in ’jbr|9|5;62
n_a=(o(1a)min{la,lc}= N ;
(o(laj Ia|, for|6|> 6,

M

-

where go([aj is the phase of the signal I—; .

[0140] Since beams B, and B, are intersected at &, , thus

B,(6,)=B,(0,). Also, at the beam pointing direction, B, (0)=B, . and B,(0)=0.

amax

- - -
When M ._. is subtracted from I, to obtain a new signal I, or

m_n_a
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Al *j 6<0
- - o I =L, |, for|0| <@,
Iam_n_a :Ia—M"—a = ¢( aj[ ¢ ‘ C‘ f 5
0 ,for|0|2¢9a
2
for 0<a <1.
I is a signal whose amplitude is maximized at € =0; The

[0141] “emone

magnitude of I spreads from its peak symmetrically toward zero at +6,. The

am_n_«a

- - -
operationof [, =1, , ,+M._o implies that signal J, is decomposed into two

24

— - —
components: 1 and M ._o. Component signal 7, represents a signal

am_n_a m_n_a

which is bound in a region of

am_n_a

corresponding to a component beam ¥

-0, <0<86,. The peak of signal I is aligned with the peak of IZ . Component

am_n_a

- -
signal M ._. is aresidue signal of I, which corresponds to a component beam L S

that retains the sidelobe structure of beam B, in the regions of § <6, and 9> 6, .

[0142] The mainlobe of the Sinc beam is angularly bounded in the region

of -x<0<7x. Since g, < lﬂ'l , the beam width of component beam ¥, , (signal

—

I,__o) is narrower than that of the Sinc beam. Further, ‘¥,,,, , ,(0) =3, (0), the

a

maximum gain of beam ¥, , and its pointing direction is also not altered.

[0143] The mainlobe of the Sinc beam B,,, and the beam

Yo n a0 =¥ am » o are overlaid in FIGURE 16D. A new component beam ¥

as_n_0
can be decomposed from the mainlobe of the Sinc beam B, according to

¥ =B, -Y¥ Y,, ., o is aresidual mainlobe beam that consists of dual

as_n_0 " “um am_n_0° as_n_

lobes whose peak is aligned with the nulls of the component beam ¥ By

am_n_0"
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minimizing the amplitude or the power of the signal received by the component beam

b4 the resolution would be asymptotically approaching to beamlP“’"—"—" .

am_n_0?

[0144] It should be appreciated that the mainlobe of the Sinc beam may be
segmented according to the following process. FIGURE 16E shows that beams B, and

B, are summed to form beam B,_, , the Hanning beam. Since B, (7)=0, and

a=l>

B, (7)=B,(x)=0. Thusabeam B,, canbe created by taking the minimum
between the amplitudes of beams B, and B,. By assigning the phase of beam B,

the same as the phase of beam B, _, , the magnitude of the beam B,,  will be the same as

that of B, when & <. Inthe region of 8 > 7, the magnitude of B,,  will be the same

as that of beam B,_,. Thus the mainlobe of the Sinc beam B, may then be segmented

um

by B, =B,,-B, OVY and the sidelobe of the Sinc beam can be segmented by

am_n_1?

removing the mainlobe B, from the Sinc beam B, by B, =B,—B, =B, —¥

am_n_1"

[0145] The signals from these beams are effectively computed according to

e
the following process. Setting the parameter « to one: a =1, then I, =1 +1,. Since

[_)u(iﬂ.):() thus, Z'=Z,+Z for Ié’lz;z. Thus
1 ->\|-
‘ qo(]l)lc ;for|¢9|<7z
I i I i —>\|[=
Mn_lzgp(ll)n’]ln{]l,fc}=< q)([lj[c Q( )]4—] }
>3- -
L (0([1) I+ ,f0r|61 >

_)
[0146] The phase of M . 1 18 set to be the same as the vector I, by letting

1\7,,“1 = go(j1 )Mn_1 - A null will be placed at & =+7 when the amount of signal from

N - S
beam M, is removed from the signal of I, in the subtraction process of I,~ M, 1..

Since the width of the mainlobe of the Sinc beam is defined by the angular region
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between —7 and +7 , the mainlobe of the Sinc beam thus is segmented:

juM =jl_.A_4.n_1-

[0147] The sidelobes of the Sinc beam can thus be obtained by

- - -

- - - -
Is=1,—-1,, ;and the sidelobes of I, canbe obtained by Ias =1, — I.ur. Since the

DR i signal is the signal received from different beams at different sample locations with

- - - -
minimal clutter power using different &, or Ipr_i = I.. Given I and I ,aDR

beam of embodiments of the invention can be synthesized by summing the mainlobe

- -

- - -
I with different amounts of [as such that Ipr = T+ ; Where y <1.

[0148] The result shows that the beam width of the synthesized DR beam

_)
associated with the DR beam signal 7oz is the same as the diffraction limited Sinc beam

whereas the sidelobe of the synthesized DR beam associated with the DR beam signal

- -
A s is lower than the Sinc beam and the sidelobe of the minimum power beam I, for

all signals in an image.

[0149] The signal Ipr from the DR beam, comprises two component

- -
signals, a component signal from the sidelobe 7, or the reduced sidelobe y I, and a

_)
component signal received from the mainlobe. Keeping the signal from the sidelobe I

N
IuM may be

ﬁ
(or 124 mgj unchanged, the component signal from segmented main beam

further split into component signals that include at least one component corresponding to

-

5
anew mainlobe [ws_» whose beam width is much narrower than that of from |I.x|; and

other components decomposed from the residue signals into new sidelobes that are split
-
from the mainlobe of /.. Beams from the desired direction form a mainlobe where

——)
signal [ is received. From the same direction, practically no signals can be received
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N
from 7. due to the location of the null in the cosine apodized beam. In other words,

_)
essentially no signal is present in /. from the desired direction (e.g., look direction).

[0150] When an amplification factor x is applied to ., only signal from

the undesired location is amplified, with little signal being from the desired direction.

> -
IuM andKIc

Thus, the difference between the magnitude of two signals represent a

signal from a beam whose mainlobe is effectively narrower when x is large. This

property is shown in FIGURE 11.

[0151] Let the segmented mainlobe be B,,, (0) and the signal received by

B, (6) be 7le = IBMM (8)o(6)d6 = [; B, (8)o(6)d6. 7“M represents the signal

received when the object is weighted summed according to the weight distribution of

B, (6) from 6=-z to @ =z ; where B, (6< -7)=0,B,, (0> ~7)=0. At thelook

N
direction of the beam corresponding to the signal 7.s, b, is maximum gain of beam

B,,,(6) whereas at the same look direction, the signal from the cosine apodized beam

[0152] Amplifying the signal acquired from the cosine apodized beam with
an amplification factor x, effectively is equivalent to applying a gain of x to the cosine
apodized beam. If the signal received from the cosine apodized beam is subtracted from
that of the Sinc beam results in a new beam having the mainlobe shaped by a beam
shaping function. This beam shaping function is a function of the gain x . Such a beam
shaping function not only shapes the mainlobe, but it also modifies the structure of the
sidelobe, thus simultaneously reducing its level. Since the cosine apodized beam will

intersect with the Sinc beam at 6 =6, , at the point of intersection B, (9 )=B,(6 )

m m

5
From the above, a component signal M ,_n, extracted by computing the minimum value

between the magnitude of | px| and x|/ .|, has the following properties:
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A;,,=¢(7DRJM{ z}w(zm)mm{
] ¢(7qu,(
")

where go(] m) is the phase of the signal 7. ; and

-

I pr

-

IuM

-

+las

-

K NP

- -
=Mn_m+Mn_S

L|, forlo|<e,

-

IuM

-

K e

- -
where; M, » = (D(IuM )min

—

=
]uM

, forr=|6|>6,

¢(1a$)l€ 1), for x|1:|<|I | at any @ when |6’|27z
Mn_S=¢(IaS)min{laS ,K'Ic}: 5 N N N )
go[[as) 15|, for \Is|< x|l |,at any @ when and |9|Z7r

- -
where ¢(I aSJ is the phase of the signal 7.s.

- -
Thus, component signals M ._» and M,_s vary their property depending upon how the

amplified cosine apodized beam is interacted with the mainlobe and the sidelobe of the
DR beam, and the morphology of these component beams at the beam amplification

factor x .

[0153] Assume the case that x is chosen large enough such that

- - - - -
M, s= (0([ as] If the signal M , is subtracted from I oz, all signals received from

Los|.

the sidelobes

N
I aS‘ will be removed. Also, as a result from the subtraction process, a

- -
new null is created at £ 6, where beams /. and x /. are intersected

(B,,(8,)=B,(8,), as shown in FIGURE 11). This is effectively equivalent to splitting

N
the signal from the mainlobe of the DR beam 7. (in the region — 7z > 6 > 7 where the

mainlobe of the beam is bounded) into two new signal components; one is from a newly

R
formed narrowed mainlobe, /us_» which is bounded by 6, <6 <8, and 6, < r; the
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N
other . s is from a newly formed two sidelobes that are in the region of 720> 6,

and -7 <0<-0,.

[0154] Constructing an image using signals acquired from a beam of a
narrower mainlobe improves the image quality. However, completely eliminating the
component signal from the segmented sidelobe in a subtraction process may introduce a
hole in an image that degrades the image quality. For better control, the amount of

component signal being subtracted from the DR beam, a parameter 77 <1 is introduced

removed

according to embodiments, wherein 771\7 » represents a fraction of signal |1\7 p

from the DR beam to synthesize a desired high quality beam.

[0155] As an amount of signal 771\7 » 18 subtracted from signal received

from the DR beam I .M » the new signal is effectively equivalent to being received from a

beam having the mainlobe shaped by a beam shaping function. The mainlobe of this
processed beam is shaped to result in narrower mainlobe and the sidelobe is reduced by

this function. For example,

(0; for IQI =0, a new null created in the main lobe

c

ga(fuM)(lfuM’—nK‘ch = go(fuM)VuM’(l—an]; for ](9] < 6,,anew main lobe
()

uM

; for 8, < [0[ <; residual side lobe split form the main lobe

(l—n)'fuM
((1-7)1; for |6|> =; all side lobes

Notice that the above shows the mainlobe ’f uM' being shaped by a shaping function

w, (6) result in a new mainlobe I, M m 10 the region |6’| <@, . This new mainlobe may be

represented as

1-771(..—c =fuM 1-nx '[}BC(B)O(H)CM
| J.

-

‘[uM

-

IuM

v, (0)= (0(—’uM)

P ;
uM_m ¢’( uM) ’]uM BHM(H)O(Q)Q'H )

~ [ Bu (6)0(6)d0-nx [ B.(6)0(6)do
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Since the gain of the mainlobe of the Sinc beam B, (6) is not zero when |9| <0,

Lnw=[" [1—77K B,(9) )BuM(e)O(Q)w: [ v(6)Bi(0)0(8)d0= [ By, (6)0(6)do

where B, ,(0)=w(6)B,(0) and y (8)= (1 -ﬂKMJ . This shows the main

B, (6)
beam is shaped according to the ratio of the gain of the cosine apodized beam and that of

the Sinc beam in the region defines the beam intersection point 6, and |6’| <0,. The

morphology of the shéped beam will depend on the parameters 7 and x .

[0156] The foregoing shows the mainlobe of the DR beam is modified by a
beam shaping function y(6) (illustrated graphically in FIGURE 12) when |6| <6, . The

shaping function (9) of embodiments has the following properties:

1. v (O) =1 since B, (0) = 0; in other words, at the desired look direction, the

gain of the beam is maximized and not altered in the signal processing.

2. When 1 and x are both zeroes, the morphology of the beam is the same as
the DR beam and y(6) =1 forall 6.
3. Since B, ( (9) is smaller than B, (9) in the mainlobe region, then y (0) <1

when |9| <6,. Thus, beam B

M m (9) is always narrower than beam B, (9)

4. Since both B, (9) and B, (6’) are symmetrical at the beam look direction,

the beam shaping function is a symmetrical function.

[0157] The beam shaping function y/(ﬁ) changes the gain of the beam in
the region|9| <8,. The amount and the morphology of the shaping beam will depend on
the parameters 77 and x. when both 7 and « are zeroes. Since both B,(6) and
B,,,(0) are symmetrical at the beam look direction, the beam shaping function () is a
symmetrical function. Since |t9m| < 7, the beam width of B,,, (6’) is always narrower

than that of B, (6).
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[0158] The foregoing component signals M, » and M »_s vary depending
upon how the amplified cosine apodized beam is interacted with the mainlobe and the
sidelobe of the DR beam and the morphology of these component beams at amplification
factor x . When the amplification factor x is small, location of +6, is closer to 7 .
Thus, the mainlobe of the processed beam will be relatively less narrowing as compared
to that from the processed beam with large amplification . When the amplification
factor x is small, interaction between the cosine apodized beam and the sidelobe of the

DR beam is more complicated. The morphology of the sidelobes of the processed beam

will depend on the relative amplitude of the sidelobe of the DR beam |faS| and the

magnitude of the sidelobe of the cosine apodized beam after an amplification factor is

applied Klf c,. , since the signal from the component ’A_j n_SI is preferably set in-phase

—

I, and

with the DR beam and its magnitude represents the smaller of the two signals

K’jcl . Therefore, when I]Tf n_S‘ is subtracted from the DR beam, the signal of the
sidelobe will always be smaller that results in suppression the sidelobe.

[0159] The subtraction process for segmenting the component signals
suggests that the phase of both the subtrahend and the minuend signals should be kept
identical. For imaging applications where only the magnitude of the signal is of interest,

it is equally effective in implementation of magnitude only operations. In this case, it is

desired that the sign of the signal of both the subtrahend and the minuend signals are

kept identical. In other words, replacing any operation of (o(f,) by sign(f,) in the
DR/XDR process. For example, replacing ¢(fa> by
sign (fa ) = sign (real (fa )) +i*sign (imag (fa )) when the algorithm is implemented to

process the beamformed signals after they are quadrature band-passed and decimated

into real and imaginary data stream. In this context, real (fa) stands for real part of the

signal fa and imag(fa) is the imaginary part of the signal fa . By doing so, the

DR/XDR process operates on the real part and the imaginary part of the bandpassed data

separately. The processed signal components will also comprise two parts, the real part
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real (f X) and the imaginary part of imag (f ¥ ) . Then the real part and the imaginary

part of the processed signal are recombined into I, = real (fa ) +i*imag (fa) . Signal I,

is then detected, compressed and scan-converted into the resultant image video.

[0160] For 2D gray scale imaging only applications, however, the phase of
the signal can be neglected in the DR/IDR/XDR process. In this case, only the
magnitude of signals is needed in the DR/IDR/XDR process. Furthermore, in the XDR
process, instead of processing the magnitude of the signals, signal power can be used to
reduce the computation. Since a division and detection process is incorporated in the DR
process of embodiments, the computational cost may be relatively high. For low cost

implementation, the DR process may be skipped, trading performance for cost or speed.

[0161] The algorithm can also be implemented before the signal is

quadrature band-passed. Then in the signal subtraction process, @ (I RF) is replaced by

sign (I RF) for the effective component signal segmentation.

[0162] As previously described, the signal received from the mainlobe of

I,

the Sinc beam can be fum segmented by processing the signals «{ | and |f1| whenx =1.

Subsequently, I

um

can be further split by processing the signals KII:| and lj"m’ by

settingx >1. When x is set to a value smaller than 1, for example, setting x = 0.22225;
one may also form a beam with the mainlobe size approximately equal to the Hanning
beam. This broader mainlobe can be further split using the process as described

previously. A new beam can then be synthesized with different component signal.

[0163] Removing the foregoing component signals from the signal
obtained from the DR beam effectively creates a beam sharpening function. This
function sharpens the mainlobe and reduces the sidelobe of the processed beam.

FIGURE 13A shows the mainlobe being split using x =2, setting p =0.0625 to reduce

the residual mainlobe, and setting  =0.125 to reduce the sidelobe of the DR beam
which is the sidelobe of the fl in this case. The resulting signal

I = ,uj n_m+ pf n_s+ 7/? es and its corresponding beam are depicted in FIGURE 13B. It
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is important to note that because of the reduction in artifacts allowed by the narrowing of
the mainlobe and the attenuation of sidelobes, it would be advantageous to over sample
the object of interest thereby achieving a sharper display image than is currently

possible.

[0164] It should be appreciated that the process of taking the minimum
signal between the DR beam with an amplified cosine apodized beam at different
amplification factors and setting the phase of the minimum signal to be in-phase with the
DR beam can be applied again and again to obtain a signal corresponding to a beam with
desired mainlobe of narrow width and desired low sidelobe level. That is, the XDR
beam synthesis process of segmenting a signal into components and shaping the beam

using different amplification factors x, sidelobe reduction parameters y and beam
shaping parameter 7 can be repetitively applied to the processed beam to obtain a new

processed beam with desired mainlobe and sidelobe properties. These properties may be
defined according to imaging parameters such as detailed resolution, contrast resolution
and dynamic range in the imaging process. Beams after 10 iterations with different

processing parameters are shown in FIGURE 14,

[0165] More sidelobe level control can be achieved by attenuating (e.g.,
multiply by an attenuation factor that is smaller than one) the segmented residual
sidelobe of the mainlobe if desired. For example, the gain and attenuation factor in the
DR and XDR process can also be set as a function of & to adapt to power of the sidelobe

at every sample.

[0166] The analysis described above is based on geometrical properties
among the narrow band formulation of the Sinc beam, the cosine apodized beam, the
Hanning beam, and other beams. However, it can be proved and experimentally shown
that the concepts herein are similarly effective when broadband signal is beamformed
and processed as for general imaging application. Moreover, the concepts can be
directly applied to spectral analysis, two dimensional array beamforming, multiple-beam

spatial compounding, and multi-beam parallel beamforming.
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[0167] Note that it is possible to use variations of the implementation of the
DR/IDR/XDR techniques herein to achieve different results. For example, the vector
format may be represented by real and imaging parts and DR, IDR, and XDR can be
processed in real and imaginary parts separately. To keep the phase unchanged is
equivalent to keeping the sign of the real or the sign of the imaginary part unchanged.
Magnitude only processing in RF domain can be accomplished by keeping the sign of
the signal unchanged instead of keeping the phase unchanged.

[0168] Different sequences of applying gain and attenuation factors or
representing gain or attenuation as a mathematical functions can be achieved, if desired.
Forming a beam for constant & (any ' <1) followed by an XDR process for resolution
enhancement and sidelobe suppression. Using two beams, an embodiment may apply
min to segment component beams or component signals and then compounding
component signals to synthesize new beams, using gain and attenuation factors to

construct a new beam.

[0169] Embodiments may recursively form new beams with multiple gain
and attenuation factors to arrive at a new high performance beam. Thus, the concept

applies to higher dimensional beamforming. For example:

_)
Let k; be an amplification factor for the signal from the cosine apodized beam /. and

0<K'jSK :

max?

Let 1 be enhancement factor of processed mainlobe; 21;

Let o be attenuation factor of processed sidelobe; I P jl <1

K=[KI K, oo Kn}u{ﬂq to wee un};p—:[pl Py eee p,,};

Start

- - -

Let 11 =Iapr; set the first processed signal from the processed beam be I
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Jj=1
while j<n

Calculate

real (]\}n) =sign (real (Z))*mlr{kj *|real (I_:J, real (I—;]}

imag ( —;] =sign (imag (I_; j)*rmn (kj *limag (]_:j imag (ZJJ,

real (I;j =real (I_;j—real ( _)n j; imag (I;) =imag (Z)-—imag (AZ, );
real (I_;j =real ( —)n );imag (1—;) =imag (]\Z, j;

Method 1

(1)

Method 2

b

> >

real (I_;j

real (]\; . j

o)

imag (I jj

— - - - - -
real ([,41) =, *real (IM)+pj *real (Isj;imag (IM) = H; ¥imag (IMj+pj *imag [Isj;

J=i+k
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end

Output real (Inj; and imag ([nj

Exemplary DR/IDR/XDR Beam Synthesis Algorithms

[0170] To aid in understanding the concepts of the present invention
described above, an exemplary DR/IDR/XDR beam synthesis algorithm as may be
implemented by DR/IDR/XDR beam synthesis processor 214 of FIGURES 2A, 2B, 5A
and 5B is provided below. It should be appreciated that the algorithm set forth is but one
example of an algorithm which is operable to provide DR/IDR/XDR beam synthesis in

accordance with the concepts of the present invention.

Let 7c be the signal from cosine apodized beam at the xth beam and the yth sample;
Let 7,, be the signal from Sinc beam at the xth beam and the yth sample;

Extract signal —.;a sample by sample by computing

> -
Ico ], .
@ =——

-

1.

if a>1, set a=1, a <0, set a =0,

Then compute

- - -
]a :Il[+a1c;

If IDR beam synthesis is desired, then start the IDR process as follows:

}z

-

I

c

R , for@<rx

Ia

-

I.

> 3

M, =min{
, for@>rw

-
La
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Segment into component signals
- - - - -
Tam :Izz"'Mn;IaS =Ja—Ian :Mn;

- -
Compounding signals /.v and I.s into a new signal (synthesized IDR beam signal);

- - -
Toor =Tam+ygas;

If XDR beam synthesis is desired, then start the XDR process as follows:

)

-

I.

-

N IaDR

- -
M, .= ¢(IaDR)*min(7c*

- - -

Tom 1 =1, pp—Mn_3;

Form a new sidelobe component

- - -
Ian_s =IaM_IaM_];

Form the XDR beam
- - - -
I xpr =]aM_l+plan_s+7las .

To form an XDR beam using an iterative method according to embodiments of the

invention:

Method 1

.—)
Let x; be an amplification factor for the signal from the cosine apodized beam I. and
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O<KjSK' ;

max ?

Let 1 be enhancement factor of processed mainlobe x>1;

Let p; be attenuation factor of processed sidelobe;

Start

PCT/US2010/056000

Set the first processed signal from the processed beam to be 11 and save the IDR

- -
mainlobe component /. in the buffer 7.

- - - -
Let I1=1Iapr and I, =1om;

Let the XDR beam comprise of only the sidelobe component;

Let I)(DR=7IaS;
J=1

while j<n

Calculate

-

-
I,

M, ;= ¢(IQDR)*min(Kj *

- - -
Iam_j :IaDR—M”—j;

1 abDR

J

;lim

X—>0
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- - -
Ixor = Ixpor+p; In_s .
2

‘[r =Iam_j ;
J=i+l
end

-

- -
I xpr :I)mR'i'/J*]am_n;

Method 2

5
Let x; be an amplification factor for the signal from the cosine apodized beam 7. and

0<k; < Kpps
Let u; be enhancement factor of processed mainlobe; x4, >1;

Let p be attenuation factor of processed sidelobe;

Start

- - -
Let I1 = I apr; set the first processed signal from the processed beam be I
Jj=1

while j<n

Calculate
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]Q,,:(p(f_;)*min[kj* j;

Ic Ij

2

- - -
IM=Ij—Mn;
- -
IS:Mn;

Tin=p,*Iu+p;*Is;

J=i+

end
N
Output I

[0171] [0141_a] Referring again to FIGURE 6, in implementing the

foregoing exemplary methods as signals from the n#h Sinc beam and cosine apodized

beam at depthz : 1, (n,z) and I,(n,z) are acquired in 601, the beamforming parameter
- 12 - -2
« is then computed in 62 according to a criterion that the power of ‘Ial = II“ + aICI is

minimized and the DR beam I ,, =1 is formed in 603.

[0172] Parameter & is then passed through Look up table 63 to obtain the
beamforming parameters 4, p,, «;, 7, and y, useful for IDR and XDR beam

decomposition and synthesis that are appropriate for an imaging application. Since the

parameter & indicates the relative amount of the desired signal and the undesired clutter
at a sample location (7,z), clutter is small as ¢ is small and large as « is large,
parameters 1, p,, k;, 7,, and y¢ useful for IDR and XDR beam decomposition and

synthesis can be a function of « .

[0173] The desired properties of a synthesized beam for best image quality
vary depending upon a number of system parameters such as: the element pitch of the

scan head, the number of channels available in the beamformer, the line density in an
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image, the number of parallel beams being used, the frequency and bandwidth of the

signal of insonification,.., etc.; thus different sets of parameters u, (), p, (@), & (a)

,7»(@) and yg(a) are preferred for different imaging applications. The particular

functional relationship can be experimentally determined based upon the image
characteristics desired, the objects being imaged, the configuration of the imaging

system, etc.

[0174] The DR beam 7, , and parameters His Pis Ky V> Vs areused in
processor 603 to form the desired IDR beam. The DR beam, the IDR beam and the

beamforming parameters can also be used to iteratively form XDR beam in processors

604 and 605.

[0175] FIGURES 6L(1) - 6L(4) show an example decomposing a DR beam
of a =1 using parameters x =2, p=0.125,y =0.015625, n =1 to synthesize an XDR

- - - -
beam by computing Ixpr = Iam_«+ 0 Lan_s+y Las using Method 1, described above. The
3db FWHM is 0.71227 which is 21.6% narrower than that of the Sinc beam. Since for
a =1, the DR beam is a Hanning beam whose peak sidelobe level is -31 db. In the XDR

beam synthesis process, the parameter y is used to attenuate the Hanning sidelobe
20*1og10(y) =—36.12 db that results in ~31+20*log10(y) =—67.12 as shown in

FIGURE 6L(4). The sidelobe roll-off rate of the synthesized XDR beam is the same as
the Hanning beam at -18 db/octave.

[0176] Consistent with the foregoing dynamic resolution beam synthesis
techniques, DR/IDR/XDR beam synthesis of embodiments performs the following
operations in synthesizing XDR dynamic resolution beam signals, wherein the signal

acquired from the nth Sinc beam at depth z: 1 (n, z) =1, (n,z)+ I, (n,z) and the signal

acquired from the nth cosine apodized beam at depth z:7,(n,z)=1I_(n, z)+ jI,(n, z):

For "[C(}’Z,ZXI #0;
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Iur(n’Z)Icr(n’z)+‘[ui(n’z)1ci(n’z) .
I m2)+1, ()

cr

calculate a(n,z)=—

compute Iy (n,2) =1, (n,z)+al,(n,z);

Let Iy, (n,z)=real(l,, (n,z));IDR_i (n,z) =imag(l,, (n,z));
LetI,,(n,z)=real(l, (n,z));IDR_i (n,z) =imag(l,(n,z));

Let sI. =sign (IDR_, ); sl; = Sign(IDR_i>

compute ml, =sI, *min(’IDR_, (I’l,Z)I,K'

]c,r (n,z)l) ;

ml, =sl, *min(,IDR_r (n, Z)I,K'

1., (n.z));

set Lyg (11,2) = 1 g (1, 2);

if sign(Ipe_, (n,2))*sign(L, (n,2)) > 0&ml, #|L,, , (n.)
L, (m:2) = Iy, (1,2) +(p=1)mL (n,)

end if sign(I, , (n,z))*sign(I,,(n,2))> 0 &ml, #|L,, , (n2)|;

Lior i (n’Z) =1Ipp (”,Z)+(,0—1)ml,. (n,z);

end.

[0177] Although the present invention and its advantages have been
described in detail, it should be understood that various changes, substitutions and
alterations can be made herein without departing from the spirit and scope of the

invention as defined by the appended claims. Moreover, the scope of the present
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application is not intended to be limited to the particular embodiments of the process,
machine, manufacture, composition of matter, means, methods and steps described in the
specification. As one of ordinary skill in the art will readily appreciate from the
disclosure of the present invention, processes, machines, manufacture, compositions of
matter, means, methods, or steps, presently existing or later to be developed that perform
substantially the same function or achieve substantially the same result as the
corresponding embodiments described herein may be utilized according to the present
invention. Accordingly, the appended claims are intended to include within their scope
such processes, machines, manufacture, compositions of matter, means, methods, or

steps.
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CLAIMS
What is claimed is:

1. A method comprising:

obtaining a first signal using a first sample beam having a first mainlobe and one
or more sidelobe;

obtaining a second signal using a second sample beam having a second mainlobe
and one or more sidelobe, wherein a shape of the first mainlobe is substantially different
than a shape of the second mainlobe; and

synthesizing a desired beam to provide a third signal using the first signal and the

second signal and a weighting factor.

2. The method of claim 1, wherein the first sample beam and the second

sample beam are obtained simultaneously.

3. The method of claim 1, wherein the first sample beam comprises an

unapodized beam and the second sample beam comprises an apodized beam.

4. The method of claim 3, wherein the first sample beam comprises a Sinc

beam and the second sample beam comprises a cosine apodized beam.

5. The method of claim 1, wherein the shape of the first mainlobe and the
shape of the second mainlobe are selected to provide a peak of one of the first and
second mainlobes in juxtaposition with a null of the other one of the first and second

mainlobes.

6. The method of claim 1, further comprising:
selecting the weighting factor to provide the synthesized desired beam having one

or more reduced sidelobe as compared to the first and second sample beams.

7. The method of claim 6, wherein the selecting the weighting factor further
comprises:

selecting the weighting factor to provide an acceptable balance between the
reduced sidelobe of the synthesized desired beam and increased mainlobe width as

compared to the first sample beam.
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8. The method of claim 6, wherein selecting the weighting factor comprises:
restricting selection of a value for the weighting factor to a range of values

between 0 and 1, inclusive.

9. The method of claim 8, wherein the selecting the weighting factor further
comprises:
selecting a high value of the range for the weighting factor when clutter within

one of the first and second signals is high.

10. The method of claim 8, wherein the selecting the weighting factor
comprises:
selecting a low value of the range for the weighting factor when clutter within

one of the first and second signals is low.

11.  The method of claim 1, further comprising:

repeating the obtaining a first signal, obtaining a second signal, and synthesizing
a desired beam a plurality of cycles; and

dynamically changing the weighting factor from cycle to cycle of the plurality of
cycles to select the weighting factor to provide an acceptable balance between reduced
sidelobe and increased mainlobe of the synthesized desired beam of each cycle of the

plurality of cycles.

12. The method of claim 1, wherein the obtaining the first signal and
obtaining the second signal comprise:
insonifying an object; and

receiving returned ultrasound signals at a transducer of an ultrasound system.

13. A method comprising:

segmenting a beam signal into a mainlobe component and a sidelobe component;

independently processing at least one of the mainlobe component and the
sidelobe component; and

recombining the mainlobe component and the sidelobe component as

independently processed.
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14.  The method of claim 13, wherein the independently processing at least
one of the mainlobe component and the sidelobe component comprises:

weighting the at least one of the mainlobe component and the sidelobe
component differently than the other one of the mainlobe component and the sidelobe

component.

15.  The method of claim 14, wherein the weighting the at least one of the
mainlobe component and the sidelobe component differently comprises:
weighting the sidelobe component to have a lesser weighting than a weighting of

the mainlobe component for the recombining.

16.  The method of claim 13, wherein the recombining the mainlobe
component and the sidelobe component comprises:

combining a non-null sidelobe component with the mainlobe component.

17.  The method of claim 13, wherein the recombining the mainlobe
component and the sidelobe component provides synthesizing of a beam having a

desired shape and geometrical properties.

18.  The method of claim 17, wherein the desired shape and geometrical
properties of the synthesized beam comprise a sharper mainlobe than the segmented
beam and a sidelobe adapted to provide a balance between mainlobe resolution and

sidelobe level for improved image quality.

19.  The method of claim 13, further comprising:
repeating the segmenting, independently processing, and recombining for a
plurality of cycles to optimize detail and contrast resolution in an image generated using

signals from the recombined mainlobe and sidelobe components.

20.  The method of claim 19, wherein the plurality of cycles comprise a

plurality of look directions.

21.  The method of claim 13, wherein the beam signal which is segmented into
the mainlobe component and the sidelobe component is provided by a synthesized beam

technique.
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22. The method of claim 21, wherein the synthesized beam technique
comprises:

obtaining a first signal using a first sample beam having a first mainlobe and one
or more sidelobe;

obtaining a second signal using a second sample beam having a second mainlobe
and one or more sidelobe, wherein a shape of the first mainlobe is substantially different
than a shape of the second mainlobe; and

synthesizing a beam to provide the beam signal using the first signal and the

second signal and a weighting factor.

23. The method of claim 22, wherein the first sample beam comprises an

unapodized beam and the second sample beam comprises an apodized beam.

24.  The method of claim 23, wherein the first sample beam comprises a Sinc

beam and the second sample beam comprises a cosine apodized beam.

25. The method of claim 22, further comprising:
selecting the weighting factor to provide the synthesized beam having one or

more reduced sidelobe as compared to the first and second sample beams.

26. The method of claim 25, wherein the selecting the weighting factor
further comprises:

selecting the weighting factor to provide an acceptable balance between the
reduced sidelobe of the synthesized beam and increased mainlobe width as compared to

the first sample beam.

27. A method comprising:

segmenting a beam signal into a mainlobe component and a sidelobe component;
applying a beam sharpening function to the mainlobe component; and
recombining the mainlobe component and the sidelobe component after

application of the beam sharpening function to the mainlobe component.
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28. The method of claim 27, wherein the beam sharpening function
comprises:
subtracting a weighted component of a sample beam signal from the mainlobe

component.

29. The method of claim 28, wherein the subtracting the weighted component
of the sample beam signal comprises:
taking a minimum of the weighted component of the sample beam signal and the

mainlobe.

30. The method of claim 28, wherein the subtracting the weighted component
of the sample beam signal comprises:
iteratively subtracting differently weighted sample beam components from the

mainlobe component.

31. The method of claim 28, wherein the weighted component of the sample

beam comprises a weighted mainlobe component.

32. The method of claim 28, wherein the sample beam comprises a signal

provided by an apodized beam.

33.  The method of claim 32, wherein the apodized beam comprises an

apodized cosine beam.

34. The method of claim 27, wherein the recombining the mainlobe
component and the sidelobe component comprises:

combining a non-null sidelobe component with the mainlobe component.

35. The method of claim 27, wherein the beam signal which is segmented into
the mainlobe component and the sidelobe component is provided by a synthesized beam

technique.
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36. The method of claim 35, wherein the synthesized beam technique
comprises:

segmenting a first beam signal into a mainlobe component and a sidelobe
component;

independently processing at least one of the mainlobe component and the
sidelobe component; and

recombining the mainlobe component and the sidelobe component as

independently processed.

37. The method of claim 35, wherein the independently processing at least
one of the mainlobe component and the sidelobe component comprises:

weighting the at least one of the mainlobe component and the sidelobe
component differently than the other one of the mainlobe component and the sidelobe

component.

38. The method of claim 37, wherein the weighting the at least one of the
mainlobe component and the sidelobe component differently comprises:
weighting the sidelobe component to have a lesser weighting than a weighting of

the mainlobe component for the recombining,

39. The method of claim 35, wherein the synthesized beam technique
comprises:

obtaining a first signal using a first sample beam having a first mainlobe and one
or more sidelobe;

obtaining a second signal using a second sample beam having a second mainlobe
and one or more sidelobe, wherein a shape of the first mainlobe is substantially different
than a shape of the second mainlobe; and

synthesizing a beam to provide the beam signal using the first signal and the

second signal and a weighting factor.

40.  The method of claim 39, wherein the first sample beam comprises an

unapodized beam and the second sample beam comprises an apodized beam.

41.  The method of claim 40, wherein the first sample beam comprises a Sinc

beam and the second sample beam comprises a cosine apodized beam.
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42. The method of claim 39, further comprising:
selecting the weighting factor to provide the synthesized beam having one or

more reduced sidelobe as compared to the first and second sample beams.

43.  The method of claim 42, wherein the selecting the weighting factor
further comprises:
selecting the weighting factor fo provide an acceptable balance between the
" reduced sidelobe of the synthesized beam and increased mainlobe width as compared to

the first sample beam.
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