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HOME ULTRASOUND SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a divisional under 35 U.S.C.
§120 of U.S. patent application Ser. No. 11/213,275, filed 26
Aug. 2005, which in turn claims priority under 35 U.S.C.
§119(e) from U.S. Provisional Application No. 60/604,883,
filed 27 Aug. 2004.

BACKGROUND

[0002] 1.Field

[0003] Embodiments of the present invention relate to
medical equipment and, in particular, to ultrasound equip-
ment.

[0004] 2. Discussion of Related Art

[0005] There is a growing need for a home-based imaging
system that would allow clinicians to have access to patients
and be able to make diagnostic decisions remotely. Conven-
tional imaging modalities (e.g., X-rays, computed tomogra-
phy, magnetic resonance and nuclear medicine) are not por-
table, and they are more suitable in centralized locations, e.g.,
hospitals and clinics, due to their size, cost, and training
required to operate them. On the other hand, ultrasound imag-
ing is safe, non-invasive, portable, inexpensive, relatively
easy to use, and capable of real-time imaging. However,
current general purpose ultrasound machines are not appro-
priate for being used at home because they are still bulky,
heavy and expensive. In addition, they need a trained special-
ist (e.g., sonographer) familiar with their operation and the
anatomy of internal organs to scan human body and collect
the images and other information for radiologists or other
physicians to make diagnostic and therapeutic decisions.
[0006] An alternative to the general purpose ultrasound
machine is an application-specific ultrasound machine, such
as portable ultrasound machines and ultrasonic measuring
devices. Many current portable ultrasound machines based on
the application-specific integrated circuit (ASIC) technology
tend to be relatively small, light, inexpensive, and are mainly
used in small hospitals and clinics. Although the size and cost
of these portable ultrasound machines have been reduced,
they are still difficult to operate and expensive for a home-
based imaging system. In addition, several compromises have
been made, ranging from the imaging modes supported to the
image quality provided. Ultrasonic measuring devices, such
as bladder scanners and fetal monitors, for example, signifi-
cantly reduce the cost and size compared to the portable
ultrasound machines as well as general purpose ultrasound
machines, but they do not provide real-time ultrasound
images that are valuable for remote diagnosis, consultation
and/or monitoring/screening.

[0007] In addition, since these application-specific ultra-
sound machines are designed based on fixed-function and
hardwired design approaches such as application specific
integrated circuit (or ASIC) to reduce the cost and size, they
also suffer from limited flexibility, which is one of the key
features required for a home-based ultrasound imaging sys-
tem.

[0008] Currently, most medical ultrasound examinations
are done in hospitals and clinics using general purpose or
portable ultrasound machines by clinicians such as sonogra-
phers, radiologists, and physicians, for example, and are
interpreted by radiologists or specially-trained physicians.

Dec. §, 2011

Carrying out a traditional ultrasound scan by an unskilled
individual at home is not currently allowed because it may
lead to missing pathologies and misdiagnosis.

[0009] Another drawback of conventional ultrasound
machines concerns beamforming of the received reflected
signal. The role of a receive beamformer in a medical ultra-
sound system is to condition receive signals in order to form
high-quality images. In the receive beamformer, a signal
received from each individual element in an ultrasound trans-
ducer is delayed and then combined together into a single
coherent signal.

[0010] Digital beamforming has been widely used in diag-
nostic medical ultrasound systems because it can reduce time
delay errors and provide lower side lobes and better image
resolution, compared with analog beamforming. In digital
beamforming, receive signals are quantized using analog to
digital converters (ADCs), delayed using digital circuits and
then summed together.

[0011] To be able to specify a time delay with accuracy, a
high speed ADC is required. From previous studies, a sam-
pling frequency of the ADC, f,, for accurate digital beam-
forming is known to be

fZ16/o €5

where f,, is the center frequency of transmitted ultrasound
signals. If the center frequency is 5 MHz, the ADC sampling
frequency must be higher than 80 MHz, which is still very
challenging to support in modern ultrasound machines even
with current very large scale integration (VLSI) technology
because of the number of ADCs required.

[0012] Therefore, in most medical ultrasound machines,
receive signals are quantized by ADCs with the sampling
frequency of 4{, (e.g., 20 MHz) and then interpolated to
simulate a sampling frequency of 16 f,. Depending on the
interpolation technique used, the digital beamformers can be
classified into an interpolator-based beamformer and a phase
rotator-based beamformer.

[0013] Inthe interpolator-based beamformer, an interpola-
tor is placed on each channel to interpolate the receive signal.
While a coarse time delay is achieved by controlling the
first-in first-out (FIFO) memory, a fine time delay is obtained
by changing interpolator’s coefficients. The interpolator-
based beamforming method can achieve an accurate time
delay and high contrast resolution. However, it requires a
finite impulse response (FIR) filter on each channel for inter-
polating the receive signal. Furthermore, clock frequency as
high as 161, might be needed during interpolation.

[0014] Alternatively, the fine time delay is obtained using a
phase rotator with the assumption that the receive signal is a
narrow-band signal. In the phase rotator-based beamformer,
the time delay is converted into a phase value using
¢,=2nf,At, where ¢, and A, are the phase value and the time
delay for the 1” point in receive beamforming, respectively. In
this method, the receive signals are quantized similarly as in
the interpolator-based beamforming method. Then, complex
baseband signals are obtained by demodulating the quantized
signals. Alternatively, complex baseband signals can be
derived from quantizing the demodulated receive signals. The
obtained complex baseband signals are first delayed by the
coarse time delay. Then, the phase of the delayed complex
baseband signal is rotated by the phase value in order to
compensate the phase distortion introduced by performing
beamforming on the complex baseband signal.
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[0015] Since the phase rotator-based beamforming per-
forms beamforming on the complex baseband signal, it does
not require interpolation filters and alleviates the high data
transfer rate requirement. Thus, the phase rotator-based
beamforming would be suitable for a low-cost beamforming
technique compared to the interpolator-based beamforming.
In addition, further reduction in the hardware complexity can
be achieved by dividing the conventional phase-rotator based
beamforming into two stages (i.e., coarse time delay adjust-
ment and phase compensation) since they have different hard-
ware requirements (i.e., high data transfer rate and computa-
tion, respectively).

[0016] Still another drawback of conventional ultrasound
systems relates to the signal-to-noise ratio (SNR) and reso-
lution of the system. For example, as described above in
medical ultrasound imaging systems, electrical signals are
applied to an ultrasonic transducer to generate ultrasound
waves, which are then transmitted into the human body for
imaging. To obtain high signal to noise ratios (SNR) and good
resolution, the electrical signals typically have high peak
power and short time duration. Although the time gain com-
pensation (TGC) is applied to the receive signals, it may be
difficult to obtain an appropriate SNR for an object deep
inside the body due to high attenuation in soft tissues. By
increasing the peak power of transmit signals, higher SNRs
may be obtained, but it is not desirable because high peak
power could potentially damage the ultrasonic transducer and
the soft tissues underneath. Therefore, it is necessary to
improve the SNRs of medical ultrasound systems without
increasing the peak power of transmit signals.

[0017] Coded excitation techniques are capable of improv-
ing the SNR by increasing the average power of transmit
signals instead of the peak power. In coded excitation, an
elongated signal, which is encoded with high time-bandwidth
(TB) product codes for increasing the average power and
preserving the spatial resolution, is transmitted and then the
reflected signal from the body is decoded into a short signal
by pulse compression. The expected improvement in SNR
from coded excitation, GSNR, is given by

GSNR=10 log oM @)

where M represents the relative time duration of the elongated
transmit signal with respect to that of the conventional short
transmit signal. However, it is practically difficult to achieve
the above SNR improvement due to the limited transmit
power efficiency (TPE) of the encoded transmit signal, which
is defined as the ratio of the transmit power available at the
output and input of an ultrasonic transducer. Therefore, when
selecting an encoding code, the TPE should be considered
with other desirable features, such as imaging resolution and
transmitter complexity.

[0018] Various TB codes, including Chirp, Golay and
Barker, have been extensively examined for coded excitation.
Among these codes, the Chirp codes can maximize the TPE
because they can be designed to have most of their energy
within the frequency bandwidth of the ultrasonic transducer.
The Chirp codes are commonly weighted by a window func-
tion (e.g., Hanning and Chebyshev) to attain acceptable imag-
ing resolution, i.e., narrow mainlobe width (MLW) and low
peak sidelobe level (PSL). However, the weighted Chirp
codes need a complex transmitter on each channel to amplify
their arbitrary values, i.e., a linear power amplifier.

[0019] The Golay codes can provide the narrow MLW and
minimal PSL with Golay sequences (i.e., +1 and -1).
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Although the Golay codes do not need complex power ampli-
fiers, paired firings are needed, leading to a reduction in frame
rates. In addition, for coherent summation between the
complementary pairs, additional hardware is needed to store
the results from pulse compression. Moreover, if there is
tissue motion during paired firings, severe artifacts are intro-
duced due to the incoherency between the complementary
Golay codes.

[0020] On the other hand, the Barker codes can provide the
narrow MLW and low PSL (e.g., —22 dB with the length of
13) without the need of paired firings and the complex power
amplifier. For further reduction in PSL, a sidelobe suppres-
sion filter can follow matched filtering when performing
pulse compression. However, the Barker codes suffer from
the low TPE due to their wide frequency bandwidth that is not
matched to that of the ultrasonic transducer. The low TPE
results in lower sensitivity and higher temperature in the
ultrasonic transducer due to high dissipated power. Therefore,
it is desirable to improve the TPE of the Barker codes when
using them as an elongated transmit signal in coded excita-
tion.

[0021] Asdescribed above, the receive signal is decoded by
pulse compression to improve the SNR and spatial resolution,
particularly in the axial direction. Two types of pulse com-
pression can be applied. In pre-compression, the receive sig-
nal is compressed by a pulse compressor on each channel
before receive beamforming. This approach can certainly
offer the effective compression of the receive signal. How-
ever, it requires multiple pulse compressors, resulting in a
high complexity in pulse compression. In post-compression,
the receive signals from multiple channels are coherently
combined together by the receive beamformer, and then the
beamformed signal is decoded by a single pulse compressor.
Although the post-compression method can reduce the com-
putational complexity in pulse compression significantly, it
introduces artifacts in the images due to distortions in the
elongated signals caused by dynamic receive focusing during
receive beamforming. Therefore, it is desirable to develop an
efficient pulse compression method for the Barker codes to
achieve effective pulse compression with an acceptable com-
putational complexity.

SUMMARY OF EMBODIMENTS OF THE
INVENTION

[0022] A home ultrasound system according to embodi-
ments of the present invention may be capable of adapting to
changing clinical needs and/or new applications, assisting
non-experts to acquire clinically usable data/images, updat-
ing the examination protocols (i.e., scanning, image forma-
tion and analysis) from a remote location, supporting new
clinical applications and/or adapting to changing clinical
needs, supporting an efficient power management for
improved portability and longer battery life, and supporting
remote diagnosis, consultation and/or monitoring/screening.
For some embodiments, the home ultrasound system includes
a home ultrasound machine, external computing devices,
local storage, central storage, and/or a remotely located diag-
nosis station. The home ultrasound machine may be used to
scan a patient at home and acquire ultrasound data. The
acquired ultrasound data may be transferred to the diagnosis
station via a communication network. The home ultrasound
machine may be located in a clinic, such as a local neighbor-
hood clinic, in a physician’s office, and/or in a hospital, such
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as in a hospital emergency room, for example. The home
ultrasound machine also may be located in a vehicle, such as
an aid vehicle, for example.

[0023] For some embodiments, the home ultrasound
machine may include an application-specific scan head,
reconfigurable hardware, a programmable processing unit,
configuration memory, a power manager, a system controller,
a network interface, a user interface, embedded storage, and
SO on.

[0024] The application-specific scan head may be change-
able to support different applications. The scan head may
include an identification memory that stores information
associated with a type for scan head. For some embodiments,
the home ultrasound machine may compare the scan head
type with a scan head type specified for a particular ultra-
sound examination and provide an error indication if the scan
head type and the scan head type specified for the particular
ultrasound examination do not match.

[0025] The scan head may transmit an ultrasound signal to
a patient and receive a reflected ultrasound signal. The
reflected ultrasound signal may be converted to a radio fre-
quency (RF) signal in the scan head. The scan head also may
encode the transmit signal with binary phase codes, such as
Barker codes, for example. The scan head may use an efficient
transmit power (ETP) coding process. The scan head may
encode the transmit signal with binary phase codes, such as
Barker codes, for example. The ETP-coding process consists
of three stages: generation of a principal transmit signal,
selection of an encoding kernel, and coding the generated
transmit signal with the selected encoding kernel.

[0026] For effective pulse compression with a low compu-
tational complexity, 2-stage pulse compression is applied to
the receive signals. This 2-stage pulse compression consists
of a pre-compressor using matched filters and a post-com-
pressor using a single sidelobe suppression filter. In each
pre-compressor, a matched filter is used to decode the receive
signals coded with the Barker codes to minimize the distor-
tion of the receive signal during receive beamforming. The
decoded receive signals are combined together during receive
beamforming.

[0027] A low-cost digital receive beamformer is provided
by dividing a phase-rotator based beamforming into two
stages (i.e., pre- and post-beamforming). In the pre-beam-
forming stage where high data transfer rate is needed, the
appropriate complex baseband samples with coarse time
delays are selected. The phase compensation requiring high
computation capability is performed in the post-beamform-
ing stage. In one embodiment, the pre-beamforming stage is
implemented on the low-cost reconfigurable circuit(s) while
the post-beamforming stage is implemented on the program-
mable digital signal processors. Thus, the cost reduction is
obtained in the phase-rotator based beamforming by utilizing
low-cost reconfigurable circuits and digital signal processors
and taking advantage of their hardware reusability.

[0028] The reconfigurable hardware may perform pre-
beamforming in which a coarse time delay adjustment may be
applied to the received signal. The reconfigurable hardware
also may perform the first stage of compression in which the
received signal may be decoded. The reconfigurable hard-
ware may be programmable gate array (PGA), a field pro-
grammable gate array (FPGA), a programmable logic device
(PLD), or an application specific integrated circuit (ASIC).
The programmable processor may be software on a digital
signal processor (DSP).
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[0029] The programmable processor may perform asecond
stage of compression in which the peak sidelobe level (PSL)
of the coherent beam formed following pre- and post-beam-
forming is filtered. Then, the beamformed signal is filtered
with the sidelobe suppression filter to reduce the PSL of the
decoded receive signals. The matched filter used in the pre-
compressor can be implemented by using only 2’s comple-
ment adders because the Barker codes are composed of binary
sequences. Thus, the matched filter can be placed in each
channel without creating a large computational burden. Only
a single sidelobe suppression filter, which can be imple-
mented using complex multipliers as well as adders, is needed
in the post-compressor. Therefore, the developed coded exci-
tation technique is a cost-effective solution to improve the
SNR in the medical ultrasound systems by enhancing the TPE
and minimizing the artifacts from dynamic receive focusing
while reducing the necessary hardware complexity.

[0030] The programmable processor also may perform
back-end processing such as B-mode, spectral Doppler,
color-flow and 3D processing, for example. To assist non-
clinical people in acquiring clinically usable data and/or
images, the programmable processing unit also may be uti-
lized in performing assisted guidance and application-spe-
cific analysis by taking advantage of the reusability of the
programmable hardware.

[0031] The reconfigurable hardware (HW) and the pro-
grammable processing unit may be capable of adapting to
changing clinical needs and/or new applications by down-
loading the corresponding configuration information either
locally (e.g., flash memory) or via the communication net-
work. This configuration information may be stored in the
configuration memory and utilized by the home ultrasound
machine.

[0032] For longer battery life, the home ultrasound
machine may provide an efficient power management based
on transducer contract analysis. Furthermore, different levels
of power saving modes are supported by adjusting the system
parameters as well as by changing the display intensity.
[0033] To support remote diagnosis, consultation and
monitoring/screening, the beamformed RF data, ultrasound
images, and measurement values may be transferred to the
diagnosis station by a communication network. The beam-
formed RF data may be processed by the diagnosis station
utilizing signal and image processor(s) or a personal com-
puter (PC) to generate ultrasound images and/or application-
specific measurement values in the hospital/clinic.

[0034] Alternatively, the beamformed RF data may be pro-
cessed by external computing devices such as a personal
computer (PC), for example, using software and/or hardware
at home. The acquired RF data, images and measurement
values from the external computing devices may be stored
locally and then directly transferred to the hospital/clinic.
[0035] In the hospital/clinic, the diagnosis station may be
used to review and analyze the transferred ultrasound data
and images. Alternatively, the diagnosis station may be used
to optimize the parameters for the back-end processing and
measurement algorithms to generate better quality images
and more accurate measurements. The diagnosis station also
may be utilized to generate and transfer the settings/param-
eters and algorithnis for ultrasound data acquisition and/or
signal/image processing used in the home ultrasound
machine. The ultrasound images and data may be converted
to standard formats, such as Digital Imaging and Communi-
cations in Medicine (DICOM) format, for example, and
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transferred into picture archiving and communications sys-
tem (PACS) for further diagnosis and/or permanent
archiving. Using the home ultrasound system according to
embodiments of the present invention, ultrasound examina-
tions could be performed at home by non-experts such as
patients and their family members, for example, and then
acquired ultrasound data including images can be transferred
to hospitals for interpretation by radiologists and/or trained
clinicians.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] In the drawings, like reference numbers generally
indicate identical, functionally similar, and/or structurally
equivalent elements. The drawing in which an element first
appears is indicated by the leftmost digit(s) in the reference
number, in which:

[0037] FIG. 1 is a schematic diagram illustrating a home
ultrasound system according to an embodiment of the present
invention;

[0038] FIG.2is ahigh-level block diagram ofthe scan head
depicted in FIG. 1 according to an embodiment of the present
invention;

[0039] FIG. 3 is a high-level block diagram of the recon-
figurable hardware (HW) depicted in FIG. 1 according to an
embodiment of the present invention;

[0040] FIG. 4 is a graphical illustration showing an
example of how a transmit focusing delay may be calculated
in case of strong and weak focusing when transducer ele-
ments are configured as a linear array transducer according to
an embodiment of the present invention;

[0041] FIG. 5 is a graphical illustration showing an
example of how focusing time delay for a pre-beamformer
and a post-beamformer can be calculated according to an
embodiment of the present invention;

[0042] FIG. 6 is a high-level block diagram of the program-
mable processing unit depicted in FIG. 1 according to an
embodiment of the present invention;

[0043] FIG. 7 a high-level block diagram of the signal and
image processor(s) depicted in FIG. 1 according to an
embodiment of the present invention;

[0044] FIG. 8 is ahigh-level block diagram of the guidance
as sister depicted in FIG. 7 according to an embodiment of the
present invention;

[0045] FIG. 9 a high-level block diagram of the applica-
tion-specific image analyzer depicted in FIG. 7 according to
an embodiment of the present invention;

[0046] FIG. 10 a high-level block diagram of the configu-
ration memory depicted in FIG. 1 according to an embodi-
ment of the present invention;

[0047] FIG. 11 a high-level block diagram of the network
interfaces depicted in FIG. 1 according to an embodiment of
the present invention;

[0048] FIG. 12 a flowchart illustrating the operation of the
power manager depicted in FIG. 1 according to an embodi-
ment of the present invention;

[0049] FIG. 13 is a high-level block diagram of the signal
and image processor(s) depicted in FIG. 1 according to an
embodiment of the present invention;

[0050] FIG. 14 a high-level block diagram of the two-stage
pulse compression for coded excitation of a transmit signal
according to an embodiment of the present invention;
[0051] FIG. 15 is a graphical illustration showing Barker
codes and their matched filtering according to an embodiment
of the present invention;
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[0052] FIG. 16 is a graphical illustration showing an elon-
gated transmit signal having the Barker codes illustrated in
FIG. 15 according to an embodiment of the present invention;
[0053] FIG. 17 is a flowchart illustrating efficient transmit
power (ETP) coding according to an embodiment of the
present invention;

[0054] FIG. 18 is a graphical illustration showing an ETP-
coded transmit signal according to an embodiment of the
present invention;

[0055] FIG. 19 is a high-level diagram of a two-stage pulse
compression of a transmit signal according to an embodiment
of the present invention;

[0056] FIG. 20 is a graphical representation of a matched
filter output according to an embodiment of the present inven-
tion;

[0057] FIG. 21 is a graphical representation of a sidelobe
suppression filter according to an embodiment of the present
invention;

[0058] FIG. 22 shows the results from the two-stage pulse
compression method for the receive signal according to an
embodiment of the present invention;

[0059] FIG.23isahigh-level block diagram illustrating the
pre-beamformer processing unit depicted in FIG. 3 according
to an alternative embodiment of the present invention
[0060] FIG. 24 is a high-level block diagram of the recon-
figurable HW depicted in FIG. 1 according to an alternative
embodiment of the present invention;

[0061] FIG. 25 illustrates an organization of the pre-beam-
forming delay LUT depicted in FIG. 3 according to an
embodiment of the present invention;

[0062] FIG. 26 is a high-level block diagram of the post-
beamformer processing unit depicted in FIG. 6 according to
an alternative embodiment of the present invention;

[0063] FIG. 27 illustrates an organization for the post-
beamformer LUT depicted in FIG. 6 according to an embodi-
ment of the present invention;

[0064] FIG. 28 illustrates an organization for the post-
beamformer LUT depicted in FIG. 6 according to an alterna-
tive embodiment of the present invention; and

[0065] FIG. 29 illustrates a pre-beamformer LUT accord-
ing to an alternative embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0066] FIG. 1is a schematic diagram of a home ultrasound
system 100 according to an embodiment of the present inven-
tion. In the illustrated embodiment, the home ultrasound sys-
tem 100 includes a home ultrasound machine 102 coupled to
a diagnosis station 104 via the communication network 106.
In the illustrated embodiment, external computing devices
108 with a local storage 110, and a central storage 112 are also
coupled to the home ultrasound machine 102 and the diagno-
sis station 104.

[0067] The illustrated home ultrasound machine 102
includes an application-specific scan head 120, reconfig-
urable hardware 122, a programmable processing unit 124,
home ultrasound system (HUS) configuration memory 126, a
power manager 128, a system controller 130, a network inter-
face 132, a user interface 134, and embedded storage 136
operatively coupled to each other. The illustrated diagnosis
station 104 includes patient information (PI) manager 140, a
network interface 142, a user interface 144 and a signal and
image processor 146 operatively coupled to each other. The
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illustrated diagnosis station also is coupled to a picture
archiving and communications system (PACS) 148.

[0068] The home ultrasound machine 102 may be used by
non-experts (e.g., nurses, patients or their family members) to
scan a patient and acquire ultrasound data. The settings and/or
parameters for the ultrasound examination may be down-
loaded from the diagnosis station 104 located in a hospital/
clinic. The home ultrasound machine 102 can be adapted to
multiple applications by changing the application-specific
scan head 120 and/or downloading different configuration
information for the reconfigurable HW 122 and the program-
mable processing unit 124.

[0069] Forsome embodiments, the first stage of beamform-
ing takes place in the reconfigurable HW 122 and the second
stage of beamforming takes place in the programmable pro-
cessing unit 124. Beamforming is used to improve the signal-
to-noise-ratio (SNR) and spatial resolution by coherently
summing the ultrasound signals from the scan head 120.

[0070] Theacquired data from the application-specific scan
head 120 may be processed in the reconfigurable HW 122 and
the programmable processing unit 124, and then the gener-
ated ultrasound images and the application-specific measure-
ment values may be transferred to a diagnosis station 104 in
the hospital/clinic for remote diagnosis, consultation and/or
monitoring/screening. Alternatively, the acquired data after
receive beamforming can be directly transferred to the diag-
nosis station 104 where optimized parameters may be used
for better image quality and more accurate measurements.

[0071] Alternatively, the acquired data may also be pro-
cessed in the external computing devices 108, and then the
generated ultrasound images and measurement values may be
transferred to the diagnosis station 104. In addition, the
acquired data including ultrasound images and measurements
may be transferred to the central storage 112 for permanent
archiving. The acquired data may be converted to standard
formats, such as DICOM, for example, and then connected to
the PACS 148.

[0072] FIG.2is ahigh-level block diagram ofthe scan head
120 according to an embodiment of the present invention. In
the illustrated embodiment, the scan head 120 includes a
transducer 202 coupled to an optional multiplexer 204. The
multiplexer 204 is coupled to a pulser 206 and a receiver 208
via transmit/receive (1T/R) switch 210. A transmit pattern
memory 212 is coupled to the pulser 206. The scan head 120
also includes a scan head 120 identification (ID) information
memory 214 that would be used to determine if the appropri-
ate transducer 202 has been connected for the specific exami-
nation. The information on the transducer to be used for the
particular examination would be provided as part of the
examination protocol and stored in the HUS configuration
memory 126. Thus, the ID information can be compared with
the information in the HUS configuration memory 126 to
determine if the appropriate transducer has been connected. If
incorrect transducer is connected, an error message can be
provided to the user via the user interface 134 (e.g., message
on display and/or sound).

[0073] The transmit information (i.e., focusing time delay
and transmit power) for the home ultrasound machine 102
may be stored in the transmit pattern memory 212. This
information may be initially obtained from the HUS configu-
ration memory 126 and dynamically updated by the beam-
forming delay calculator (described below with reference to
FIG. 6) in the programmable processing unit 124 in real time
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depending on a specific application and the power mode
selected by the user or the remote diagnosis station 104.
[0074] The transmit information stored in the transmit pat-
tern memory 212 may be converted to corresponding electri-
cal signals by the pulser 206, and the electrical signals may be
used to excite the transducer elements 202. The T/R switch
210 may be used to separate the transmit channel from the
receive channel and to protect the receiver 208 circuitry. The
multiplexer 204 may be used to multiplex the transducer
elements if the total number of transducer elements is differ-
ent from the number of active transducer elements used for
the examination (e.g., linear array and convex array). The
ultrasound acoustic signals may be generated by converting
the electrical signals into the acoustic waves via transducer
elements 202. The reflected acoustic signals are sensed by the
transducer elements 202 and converted into radio frequency
(RF) electrical signals.

[0075] Inthereceiver 208, the converted RF signals may be
amplified in proportion to the depth or the time in order to
compensate for signal attenuation (i.e., time gain compensa-
tion, TGC) after undergoing low noise amplification (LNA).
After LNA and TGC, RF electrical signals may be transferred
to the reconfigurable HW 122 for receive beamforming.
[0076] FIG. 3 is a high-level block diagram of the recon-
figurable HW 122 according to an embodiment of the present
invention. In the illustrated embodiment, the reconfigurable
HW 122 includes an analog-to-digital converter (ADC) 302
coupled to a demodulator 304. The demodulator 304 is
coupled to a pre-beamformer processing unit 306, which is
coupled to a pre-beamformer delay lookup table (LUT) 308.
[0077] Inthe reconfigurable HW 122, the RF signals from
the application-specific scan head 120 may first be digitized
by the ADC 302, e.g., at the sampling frequency of 4f, where
f, is the center frequency of the transducer elements 202. The
demodulator 304 may remove the carrier frequency using a
demodulation technique, such as quadrature demodulation,
for example. In the quadrature demodulation, the quantized
RF signal is multiplied with cos(2nf,t) and sin(2nf,t). After
low pass filtering, it becomes the baseband signal of complex
samples (i.e., I(t)+jQ(t)). Alternatively, the demodulator 304
may remove the carrier frequency by performing a demodu-
lation before digitization.

[0078] For some embodiments, in the reconfigurable HW,
demodulator 304 is coupled to a pre-compressor 310, which
is coupled to a pre-beamformer processing unit 306.

[0079] The complex baseband signals then may undergo
dynamic receive focusing in order to form high-quality
images. In one embodiment, a coarse time delay adjustment
may be applied to quantized in-phase and quadrature compo-
nents of the complex baseband signals.

[0080] Based on the geometry of transducer elements 202
and the applied beamforming technique, the programmable
processing unit 124 may compute transmit focusing time
delays. FIG. 4 shows an example illustrating how a transmit
focusing delay can be calculated in case of strong and weak
focusing when transducer elements 202 are configured as a
linear array transducer.

[0081] FIG. 4(a) illustrates an estimation of the transmit
pattern memory size and calculation of the transmit focusing
time delay for (b) strong focusing and (c) weak focusing As
shown in FIG. 4(a), the transmit pattern memory 212 size in
bits, M, may be determined by the minimal transmit focal
point, dz,, ,,,,, and the location of the transducer element that
is farthest away from the center, dX,;, ..., as follows:
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where Ad,, ... is the maximum delay distance, c is the sound
velocity, f, ., is the transmit sampling frequency in the appli-
cation-specific scan head 120 and N is the number of active
transducer elements. In case of strong focusing (e.g., a single
focal point at dz,, ), the time delays for the i transducer
element can be calculated by

Ady; Aoy + i ;= dapg @
R

Aty =
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where Ad,, , is the delay distance for the i transducer ele-
ment. Similarly, the time delay for j* transducer element is
given by
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where Ad,, is the delay distance for the j* transducer ele-
ment.

[0082] Strong focusing and corresponding receive beam-
forming techniques may be appropriate for obtaining better
image quality and more accurate measurements. However,
their frame rates may be limited because it is difficult to
generate more than two scan lines with a single firing. On the
other hand, weak focusing and following beamforming tech-
niques can increase the frame rates significantly because they
distribute acoustic energy in the transmit focal zone instead of
focusing on a single point as shown in FIG. 4(¢), so that they
can generate multiple scan lines with a single firing (e.g.,
quad beam and octal beam). In addition, weak focusing can
reduce the power consumption due to the reduced number of
firings to generate one frame of an ultrasound image. The time
delay for the i” transducer element in case of weak focusing
is given by

Aty =

6
Adyi A%y, +dzh ;= dag ®
e

c

where Ad,, ; is the delay distance for the i” transducer element
and dz,, is the distance between the center of transducer
elements and the focal point for the i” transducer element
within the transmit focal zone. Similarly, the time delay for j”

transducer element is given by

7
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c
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where Ad,, ;is the delay distance for the i transducer element
and is the distance between the center of transducer elements
202 and the focal point for the j* transducer element within
the transmit focal zone.

[0083] FIG. 5 shows an example illustrating how the
receive focusing time delay for the pre-beamformer process-
ing unit 306 (and the post-beamformer described below with
reference to FIG. 6) can be calculated in a dual-beam case
where two scan lines may be reconstructed with a single firing
of the pulser 206 according to an embodiment of the present
invention. For calculating the time delay for the i” firing, the
i receive channel, the k” sub-scan line, and the 17 axial
point, At, (i,j,k]), the distance between the axial point or
imaging point and the receive element or channel is com-
puted. This distance is given by

dui, jok, ) = (8)

\/[dX;mg(i, Jo ks D) = Arete (DI + [dimg iy J Ko D) = Aot (D]

where dx,,,, and dz,,,, are the location of the imaging point in
the lateral and axial directions, respectively, and dx,_,, and
dz,. ;. are the location of the receive element. The receive

time delay is defined by

dni, j, ko L 9
At ok, = 2O L LD ”
c

The time delay for the post-beamformer is obtained by adding
the transmit time delay (i.e., At,.(i,j,k,1)) and the receive time
delay via

AT o 1, K D =AT L (37 5 DAY, (17,6, D) (10)

The pre-beamforming delay represented as the number of
samples for the k” sub-scan line, Az, . (i,jk,]D), is given by

AT il =TT (i K DX, ] 11)

where T[.] is the truncation operator to remove the fractional
part and f, . _is the ADC’s sampling frequency. Similarly, the
pre-beamforming delay for the k—1? sub-scan line may be
obtained for the dual-beam technique.

[0084] This time delay represented in Eq. (11) may be
computed in real time or may be computed beforehand and
stored in memory such as the pre-beamformer delay LUT
308, for example. In one embodiment, the time delays in the
pre-beamformer delay LUT 308 may be initially obtained
from the HUS configuration memory 126 and dynamically
updated in real time by the programmable processor(s) 124.
To support various beamforming techniques, multiple pre-
beamformer processing units 306 can be integrated into the
reconfigurable HW 122 due to the flexibility of the reconfig-
urable HW 122. The configuration information for the recon-
figurable HW 122 may be obtained from the HUS configu-
ration memory 126 when the home ultrasound machine 102 is
powered on. This configuration information may be down-
loaded from the diagnosis station 104 via the communication
network 106 or may be updated locally using the external
storage device 110 (e.g., flash memory) by the user. The
pre-beamformed RF data may be transferred to the program-
mable processing unit 124 for the fine time delay adjustment
and back-end processing.
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[0085] FIG. 6 is a high-level block diagram of the program-
mable processing unit 124 according to an embodiment of the
present invention. In the illustrated embodiment, the pro-
grammable processing unit 124 includes a post-beamformer
delay lookup table (LUT) 602 coupled to a post-beam former
604. The post-beamformer 604 is coupled to a signal and
image processor 606. A beamforming delay calculator 608 is
coupled to the post-beamformer delay LUT 602 and a pro-
gram memory 610, which is coupled to the signal and image
processor 606.

[0086] For some embodiments, the post-compressor 612 is
performed after post-beamforming and before signal and
image processing.

[0087] The programmable processing unit 124 may per-
form three tasks: (1) computation of transmit and receive
focusing time delays, (2) post-beamforming in which the
phase compensation is applied, (3) post-compression where
mismatched filtering is applied, and (4) signal and image
processing for generating ultrasound images and performing
assisted guidance and application-specific analysis.

[0088] For some embodiments, the signal and image pro-
cessor 606 may generate the ultrasound images from the
beamformed RF data.

[0089] In some embodiments, the beamforming delay cal-
culator 608 may compute the transmit and receive focusing
time delays for the application-specific scan head 120, the
reconfigurable HW 122, and the post-beamformer 604 in the
programmable processing unit 124. Transmit focusing time
delays represented as Egs. (4) and (5) and two types of the
receive focusing time delays (i.e., the pre and post-beam-
forming delay) represented as Eqs. (10) and (11) may be
dynamically computed in the beamforming delay calculator
608 and then transferred to the transmit pattern memory 212,
the pre-beamformer delay LUT 308, and the post-beam-
former delay LUT 602.

[0090] In the post-beamformer 604, the phase of the pre-
beamformed complex baseband signals may be adjusted
before summation in order to compensate the phase distortion
introduced in phase-oration beamforming. After applying the
phase compensation by the post-beamformer delay via phase
rotation, the complex baseband data from all channels may be
coherently combined together in a summation stage. The
coherently summed data may be directly transferred to the
external computing device 108, the embedded storage 136,
and/or the diagnosis station 104 via the communication net-
work 106 for further processing and display. Alternatively,
the coherently summed data may be transferred to the signal
and image processor 606 for further processing.

[0091] FIG. 7 a high-level block diagram of the signal and
image processor(s) 606 according to an embodiment of the
present invention. In the illustrated embodiment, the signal
and image processor 606 includes a color/power Doppler
processor 702, a Doppler processor 704, a B-mode processor
706, a guidance assister 708, an application-specific image
analyzer 710, a three-dimensional (3D) processor 712, and a
scan converter 714 operatively coupled to each other. From
the beamformed RF data, the envelope’s magnitude informa-
tion may be acquired for B-mode, while phase information
may be utilized for color, power and spectral Doppler. The
Doppler processor 704 may measure whether structures (usu-
ally blood) is moving towards or away from the transducer
elements 202. The B-mode and color/power Doppler data
represented in polar coordinates may be spatially transformed
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via scan conversion to the geometry and scale of the sector
scan on the Cartesian raster output image.

[0092] The volumetric data, i.e., 3D data 712, may be
reconstructed with the scan-converted B-mode and color/
power Doppler data. Alternatively, the 3D data can be
obtained directly from the B-mode and color/power Doppler
data. The acquired B-mode, spectral/color/power Doppler
and/or 3D data may be stored in the embedded storage 136.
Alternatively, the acquired B-mode, spectral/color/power
and/or 3D data may be transferred to the central storage 112
and the diagnosis station 104 through the network interface
132. Additionally, the acquired B-mode, spectral/color/
power Doppler and/or 3D data may be utilized in the guidance
assister 708 and the application-specific image analyzer for
less trained operators (e.g., nurses, patients or their family
members).

[0093] The home ultrasound machine 102 will be typically
used by non-experts. It may be challenging for them to
acquire appropriate ultrasound images for medical purpose
without any guidance. FIG. 8 is a high-level block diagram of
the guidance assister 708 according to an embodiment of the
present invention that may be used to help non-experts
acquire clinically usable ultrasound data. In the illustrated
embodiment, the guidance assister 708 includes a transducer
contact analysis stage 802 coupled to an image quality analy-
sis stage 804.

[0094] Inone embodiment, the transducer contact analysis
stage 802 may detect scan lines arising from an improper
transducer (i.e., transducer elements 202) contact with the
underlying tissue of the patient during ultrasound examina-
tion. Those scan lines may be identified by measuring the sum
ofreturned energy along each axial direction where the return
energy can be estimated by performing inverse time gain
compensation (TGC). Alternatively, the transducer contact
analysis may be performed with the beamformed RF data
without performing inverse TGC.

[0095] The evaluation results based on the transducer con-
tact analysis may be indicated to the user via display and/or
voice. These contact analysis could be utilized to avoid the
excessive exposure of the ultrasound energy to patients. Addi-
tionally, these results could also be used to control the trans-
mitting power of the transducer based on the status of the
transducer contact. Receive beamforming and image analysis
parameters could also be changed when bad contact is
detected so that battery life can be extended. For example,
when there is a bad transducer contact, the ultrasound
machine could be switched to operate in a low-power con-
sumption mode.

[0096] At the same time, the image quality may be quanti-
fied based on several image quality metrics in real time and
the evaluation results may be indicated to the user and/or
recorded as part of the image sequence. New guidance stages
may be easily added to the guidance assister 708 due to its
programmability and flexibility.

[0097] To support multiple clinical applications, applica-
tion-specific evaluation stages may be integrated into an
application-specific image analyzer 710. FIG. 9 is a high-
level block diagram of the application-specific image ana-
lyzer 710 according to an embodiment of the present inven-
tion. In the illustrated embodiment, the application-specific
image analyzer 710 includes an amniotic fluid index mea-
surement stage 902, an umbilical artery Doppler index mea-
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surement stage 904, a strain measurement stage 906, and a
bladder volume measurement stage 908 operatively coupled
to each other.

[0098] For the illustrated obstetrics and gynecology appli-
cation, amniotic fluid indexes can be measured, by the amm-
otic fluid index measurement stage 902, for example, via
image segmentation based on the intensity, texture connec-
tivity, and other information. The measurement results may
be transferred to the diagnosis station 104 in the hospital/
clinic via the network interface 132, and the measurement
results may be used for initial diagnosis or screening of
patients.

[0099] The strain measurement stage 906 may compute
straining images based on deformation caused by pressure.
Not only the reconstructed strain image but also analysis
results, such as locations and sizes of less elastic tissues
(potentially cancerous), may be transferred to the diagnosis
station 104 in the hospital/clinic via the network interface
132. In addition, the bladder volume measurement stage 908
may be used to estimate the bladder volume by measuring the
bladder area. The bladder region may be identified by an
image segmentation algorithmi and/or other information/
techniques. These application-specific analyses may be con-
ducted with ultrasound data as well as several parameters
used in TGC, log compression, and/or other stages.

[0100] The system configuration parameters for various
processing units in the home ultrasound machine 102 may be
stored in the HUS configuration memory 126. FIG. 10 a
high-level block diagram of the HUS configuration memory
126 according to an embodiment of the present invention. As
shown in FIG. 10, these parameters may be downloaded from
the diagnostic station 104 via the communication network
106 or may be modified by the user via the user interface 134,
which may include external storage devices and/or a key-
board.

[0101] For some embodiments, the system configuration
parameters may be sent out to the application-specific scan
head 120, the reconfigurable HW 122, the programmable
processing unit 124, and the power manager 128. The HUS
configuration memory 126 may include information such as
the initial firing sequence for the pulser 206, initial settings
for the pre-beamforming LUT 308 and the post-beamforming
LUT 602, configuration information for the reconfigurable
HW 122, programs for the programmable processing unit
124, power management information for the power manager
128, and/or application-specific scan head identity informa-
tion for the ID information memory 214.

[0102] To update examination protocols and support
remote diagnosis, consultation and monitoring/screening, the
home ultrasound system 102 may provide improved network
interfaces. FIG. 11 a high-level block diagram of the network
interfaces 132 and 142 according to an embodiment of the
present invention. The network interfaces 132 and 142 may
facilitate information exchanges between the home ultra-
sound machine 102 and the diagnosis station 104 located in
the hospital/clinic. In addition to various system parameters
for HUS configuration memory 126 for the specific exami-
nation, diagnosis and other feedback may also be transferred
from the diagnosis station 104 located in the hospital/clinic to
the home through the network interfaces 132 and 142. The
network interfaces 132 and 142 may support the transfer of
the following data from home to hospital/clinic patient infor-
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mation, ultrasound data including images, RF data and mea-
surement values, and applied scanning and processing param-
eters, for example.

[0103] Similar to the network interfaces 132 and 142, the
user interface 134 may allow information exchanges between
the user and the home ultrasound machine 102. In some
embodiments, the user interface 134 may be a display for
display of the ultrasound images and the current parameters
and settings, a keyboard for changing certain parameters or
modes in the home ultrasound machine 102, a touch screen
for changing certain parameters or modes in the home ultra-
sound machine 102, sound and/of audio for helping the user
to operate the home ultrasound machine 102, for guiding the
user’s to proper scanning, and for getting user’s attention, a
communications interface for loading/storing certain param-
eters in the HUS configuration memory 126 and uploading
ultrasound data from the home ultrasound machine 102.
Communication interfaces may include standard interfaces
(e.g., USB and IEEE 1394).

[0104] In some embodiments, the home ultrasound
machine provides a power management method based on
transducer contact analysis.

[0105] Insome embodiments the power manager 128 may
provide different levels of power modes by changing several
system parameters used in the application-specific scan head
120, the reconfigurable HW 122, and the programmable pro-
cessing unit 124 as well as by adjusting the display intensity.
The decision on the power mode to be used may be made by
the user based on the trade-off between the desired image
quality and the battery time left. Alternatively, this decision
can be automatically made by the home ultrasound system
100 based on a predefined setting or by the diagnosis station
104 being operated by the clinician.

[0106] FIG. 12 shows the flowchart on how the power man-
ager 128 works. In a block 1202, an initial time threshold
value is first selected.

[0107] In a block 1204, the power manager 128 monitors
the voltage across the battery source (i.e., Vg, ;) and the
amount of current being provided by the battery source (i.e.,
15,7 Using these two parameters, the power being consumed
from the battery source is computed, and the energy left in the
battery is estimated.

[0108] Based on the current power consumption and the
battery energy left, the time left in the battery can be esti-
mated. In a block 1206, the process 1200 determines whether
the battery time left is more than the predefined threshold
value. If the battery time left is not less than the predefined
threshold value, the current power mode is not changed and
control of the process 1200 passes to a block 1208 in which
the time threshold value may be updated.

[0109] On the contrary, if the battery time left is less than
the current threshold value, the user may be asked to reduce
the current power consumption in the home ultrasound
machine 102 by reducing the display intensity (block 1210).
If the user chooses to reduce the display intensity in a block
1212, the user can reduce the display intensity by a predefined
amount and then control passes to a block 1214.

[0110] In block 1214, the user may be asked to reduce the
current power consumption in the home ultrasound machine
102 by degrading the image quality. If the user chooses to
degrade the image quality in block 1216, the user may select
a level of image quality degradation in order to prolong the
battery life. Different levels of image quality degradation may
be achieved by changing the system parameters used in vari-
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ous functional units (e.g., the application-specific scan head
120, the reconfigurable HW 122, and/or the programmable
processing unit 124).

[0111] The diagnosis station 104 may be used to support
remote diagnosis, consultation and/or monitoring/screening.
As FIG. 1 illustrates the diagnosis station 104 includes the
patient information (PI) manager 140, the network interface
142, the signal and image processor 146 that is similar to the
signal and image processor 606 in the home ultrasound
machine 102, and the user interface 144 operatively coupled
to each other.

[0112] For some embodiments, the PI manager 140 may be
used to provide the ultrasound examination protocols. In
addition, the PI manager 140 may handle the transferred
patient information and ultrasound data from the home ultra-
sound machine 102 to confirm whether the downloaded
parameters are appropriately applied during scanning and
processing. After this confirmation stage, the transferred
ultrasound data including images and measurement values
may be transferred to the signal and image processor 146 for
further processing and/or diagnosis.

[0113] The network interface 142 may handle the commu-
nications between the diagnosis station 104 in hospital/clinic
and the home ultrasound machine 102.

[0114] FIG. 13 is a high-level block diagram of the signal
and image processor(s) 146 according to an embodiment of
the present invention. The signal and image processor 146
used in the hospital/clinic has similar functionalities as the
signal and image processor 606 in the home ultrasound
machine 102 except that the signal and image processor 146
includes a semi-automatic/automatic image analyzer 1302
and not the guidance assister 708. While the signal and image
processor 146 may be implemented on the programmable
processing unit 124 for real-time processing, the signal and
image processor 146 in the diagnosis station 104 may be
implemented by software and hardware using generic per-
sonal computer(s) or programmable processor(s). The signal
and image processor 146 also may be used for converting the
generated ultrasound image to standard formats (e.g.,
DICOM) in order to improve the connectivity of the home
ultrasound system 100 with the existing PACS 148.

[0115] As described above in medical ultrasound imaging
systems, electrical signals are applied to an ultrasonic trans-
ducer to generate ultrasound waves, which are then transmit-
ted into the human body for imaging. To obtain high signal to
noise ratios (SNR) and good resolution, the electrical signals
typically have high peak power and short time duration.
Although the time gain compensation (TGC) is applied to the
receive signals, it may be difficult to obtain an appropriate
SNR for an object deep inside the body due to high attenua-
tion in soft tissues. By increasing the peak power of transmit
signals, higher SNRs may be obtained, but it is not desirable
because high peak power could potentially damage the ultra-
sonic transducer and the soft tissues underneath. Therefore, it
is necessary to improve the SNRs of medical ultrasound
systems without increasing the peak power of transmit sig-
nals.

[0116] Coded excitation techniques are capable of improv-
ing the SNR by increasing the average power of transmit
signals instead of the peak power. In coded excitation, an
elongated signal, which is encoded with high time-bandwidth
(TB) product codes for increasing the average power and
preserving the spatial resolution, is transmitted and then the
reflected signal from the body is decoded into a short signal
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by pulse compression. The expected improvement in SNR
from coded excitation, GSNR, is given by

GSNR=10 log, M (12)

where M represents the relative time duration of the elongated
transmit signal with respect to that of the conventional short
transmit signal. However, it is practically difficult to achieve
the above SNR improvement due to the limited transmit
power efficiency (TPE) of the encoded transmit signal, which
is defined as the ratio of the transmit power available at the
output and input of an ultrasonic transducer. Therefore, when
selecting an encoding code, the TPE should be considered
with other desirable features, such as imaging resolution and
transmitter complexity.

[0117] Various TB codes, including Chirp, Golay and
Barker, have been extensively examined for coded excitation.
Among these codes, the Chirp codes can maximize the TPE
because they can be designed to have most of their energy
within the frequency bandwidth of the ultrasonic transducer.
The Chirp codes are commonly weighted by a window func-
tion (e.g., Hanning and Chebyshev) to attain acceptable imag-
ing resolution, i.e., narrow mainlobe width (MLW) and low
peak sidelobe level (PSL). However, the weighted Chirp
codes need a complex transmitter on each channel to amplify
their arbitrary values, i.e., a linear power amplifier.

[0118] The Golay codes can provide the narrow MLW and
minimal PSL, with Barker sequences (i.e., +1 and -1).
Although the Golay codes do not need complex power ampli-
fiers, paired firings are needed, leading to a reduction in frame
rates. In addition, for coherent summation between the
complementary pairs, additional hardware is needed to store
the results from pulse compression. Moreover, if there is
tissue motion during paired firings, severe artifacts are intro-
duced due to the incoherency between the complementary
Golay codes.

[0119] On the other hand, the Barker codes can provide the
narrow MLW and low PSL (e.g., —22 dB with the length of
13) without the need of paired firings and the complex power
amplifier. For further reduction in PSL, a sidelobe suppres-
sion filter can followed matched filtering when performing
pulse compression. However, the Barker codes suffer from
the low TPE due to their wide frequency bandwidth that is not
matched to that of the ultrasonic transducer. The low TPE
results in lower sensitivity and higher temperature in the
ultrasonic transducer due to high dissipated power. Therefore,
it is desirable to improve the TPE of the Barker codes when
using them as an elongated transmit signal in coded excita-
tion.

[0120] Asdescribed above, the receive signal is decoded by
pulse compression to improve the SNR and spatial resolution,
particularly in the axial direction. Two types of pulse com-
pression can be applied. In pre-compression, the receive sig-
nal is compressed by a pulse compressor on each channel
before receive beamforming. This approach can certainly
offer the effective compression of the receive signal. How-
ever, it requires multiple pulse compressors, resulting in a
high complexity in pulse compression. In post-compression,
the receive signals from multiple channels are coherently
combined together by the receive beamformer, and then the
beamformed signal is decoded by a single pulse compressor.
Although the post-compression method can reduce the com-
putational complexity in pulse compression significantly, it
introduces artifacts in the images due to distortions in the
elongated signals caused by dynamic receive focusing during
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receive beamforming. Therefore, it is desirable to develop an
efficient pulse compression method for the Barker codes to
achieve effective pulse compression with an acceptable com-
putational complexity.

[0121] A method and apparatus for a coded excitation tech-
nique using efficient transmit power (ETP) coding and
2-stage pulse compression according to embodiments of the
present invention improve the SNR and spatial resolution in
the home ultrasound system 100. To improve the transmit
power efficiency (TPE), an elongated transmit signal based
on the binary phase codes (e.g., Barker) may be encoded by
the developed ETP coding where the frequency response of
transmit signals is matched to that of the ultrasonic trans-
ducer.

[0122] Insomeembodiments, the ETP-coding process may
include of three stages: generation of a principal transmit
signal, selection of an encoding kernel, and coding the gen-
erated transmit signal with the selected encoding kernel. For
effective pulse compression with a low computational com-
plexity, 2-stage pulse compression may be applied to the
receive signals. This 2-stage pulse compression includes of a
pre-compressor using matched filters and a post-compressor
using a single sidelobe suppression filter.

[0123] Ineach pre-compressor, the matched filter is used to
decode the receive signals coded with the binary phase codes
(e.g., Barker) to minimize the distortion of the receive signal
during receive beamforming. The decoded receive signals
may be combined together during receive beamforming.
Then, the beamformed signal may be filtered with the side-
lobe suppression filter to reduce the peak sidelobe level (PSL)
ofthe decoded receive signals. The matched filter used in the
pre-compressor may be implemented by using only 2’s
complement adders because Barker codes are composed of
binary sequences. Thus, the matched filter may be placed in
each channel without creating a large computational burden.
Only a single sidelobe suppression filter, which can be imple-
mented using complex multipliers as well as adders, may be
used in the post-compressor. The developed coded excitation
technique is thus a cost-effective solution to improve the SNR
in the medical ultrasound systems by enhancing the TPE and
minimizing the artifacts from dynamic receive focusing while
reducing the necessary hardware complexity.

[0124] FIG. 14 ahigh-level block diagram of circuitry 1400
for two-stage pulse compression for coded excitation of a
transmit signal according to an embodiment of the present
invention. In the illustrated embodiment, the scan head 120
includes an ETP-coded transmit sequence memory 1402
coupled to the transmitter/pulser 206 and to a two-stage pulse
compressor 1404. The two-stage pulse compressor 1404
includes a pre-compressor 1406 coupled to a receive beam-
former 1408, which is coupled to a post-compressor 1410.
The receive beamformer 1408 may include portions of the
reconfigurable HW 122 and the programmable processing
unit 124.

[0125] To improve the TPE, an elongated transmit signal
based on the binary phase codes (e.g., Barker) is encoded by
the developed ETP coding where the frequency response of
transmit signals is matched to that of an ultrasonic transducer.
The ETP-coding process consists of three stages: generation
of aprincipal transmit signal, selection of an encoding kernel,
and coding the generated transmit signal with the selected
encoding kernel. For effective pulse compression with a low
computational complexity, two-stage pulse compression is
applied to the receive signals.
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[0126] The pre-compressor 1406 may use matched filters to
decode the receive signals coded with the binary phase codes
(e.g., Barker) to minimize the distortion of the receive signal
during receive beamforming. The decoded receive signals
may be combined together in the beamformer 1408 during
receive beamforming. The post-compressor 1410 may filter
the beamformed signal with the sidelobe suppression filter to
reduce the PSL of the decoded receive signals.

[0127] For some embodiments, the matched filter used in
the pre-compressor 1406 may be implemented by using only
two’s complement adders because of the property of the
binary phase codes. Thus, the matched filter may be placed in
each channel without creating a large computational burden.
Only a single sidelobe suppression filter, which can be imple-
mented using complex multipliers as well as adders, may be
used in the post-compressor 1410. Therefore, the developed
coded excitation technique is a cost-effective solution to
improve the SNR in the medical ultrasound system 100 by
enhancing the TPE and minimizing the artifacts from
dynamic receive focusing while reducing the necessary hard-
ware complexity.

[0128] Insome embodiments, the ETP-coded transmit sig-
nal stored in the ETP-coded transmit sequence memory 1402
and is transmitted through the ultrasonic transducer (i.e., the
transducer elements 202). The ETP-coded transmit signal
also may be utilized for decoding the receive signal in the
two-stage pulse compression. The ETP-coded transmit signal
may be generated based on the binary phase codes (e.g.,
Barker). The PSL of the Barker codes used in the present
invention after matched filtering is given by

PSL= 13)
M
[0129] where M is the ratio of the time duration of an

elongated transmit signal in coded excitation with respect to
that of a conventional short transmit signal. FIG. 15 is a
graphical illustration showing Barker codes and their
matched filtering according to an embodiment of the present
invention. FIG. 15(a) illustrates the Barker codes and FIG.
15(b) illustrates their output from matched filtering. As seen
in FIG. 15(b), the PSL for the Barker codes with the length of
thirteen (i.e., +1,+1,+1,+1,+1,-1,-1,+1, +41,-1,+1,-1,+1)
illustrated in FIG. 15(a) is approximately 0.077 (i.e., =22.2
dB).

[0130] FIG. 16 is a graphical illustration showing an elon-
gated transmit signal having the Barker codes illustrated in
FIG. 15 according to an embodiment of the present invention.
The elongated transmit signal based on the Barker codes seen
in FIG. 15(a) is illustrated in FIG. 16(a) (time domain) and
FIG. 16(b) (frequency domain) for a 3.5-MHz ultrasonic
transducer. As seen in FIG. 16(5), the TPE of the elongated
transmit signal is low so that the transducer sensitivity may be
limited and the temperature at the transducer surface may
increase due to a large amount of power being dissipated.
[0131] Toimprove the TPE of the elongated transmit signal
based on the Barker codes, we have developed an efficient
transmit power (ETP) coding technique. FIG. 17 is a flow-
chart illustrating efficient transmit power (ETP) coding pro-
cess 1700 according to an embodiment of the present inven-
tion. In a block 1702, a principal transmit signal (i.e., s(t))
based on the Barker codes (i.e., b(k)) is first generated for an
ultrasonic transducer with a center frequency of f; (i.e.,
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as follows:

M-1
s) = Z b(k)S(z — kT)

=

(14)

[0132] where d(t) is the Dirac delta function. FIG. 18(a)
shows an example of principal transmit signals where the
Barker codes with the length of thirteen are used for a 3.5-
MHz ultrasonic transducer.

[0133] Inablock 1704, an encoding kernel may be selected.
An example encoding kernel for the ETP coding is illustrated
in FIG. 18(b) where a bi-phase rectangular window function
is shown. This encoding kernel can be any of the following
window functions and their combinations: bi-phase Ham-
ming window, bi-phase Hanning window, bi-phase Bartlett
window, bi-phase Chebyshev window, bi-phase Kaiser win-
dow, and so on. Depending on the desirable ETP improve-
ment and the hardware complexity in the transmitter/pulser
206, a particular encoding kernel may be selected. For
example, the bi-phase rectangular window function can be
driven by using a simple bipolar pulser, but the expected TPE
improvement may be limited due to its high frequency com-
ponents. On the contrary, the bi-phase Hanning window func-
tion may maximize the TPE improvement while it needs a
complex linear power amplifier to drive its arbitrary values
similar to the Chirp codes.

[0134] Inablock 1706, the principal transmit signal may be
encoded with the selected encoding kernel. FIG. 18(c) illus-
trates the ETP-coded transmit signal and FIG. 18(d) illus-
trates the frequency response of the ETP-coded transmit sig-
nal with that of the ultrasonic transducer.

[0135] For some embodiments, the ETP-coded transmit
signal is generated by convolving the principal transmit sig-
nal with the selected encoding kernel

e()=s(@)*w(z) as)

where e(t) is the ETP-coded transmit signal, w(t) is the
selected encoding kernel and * is the convolution operator.
FIG. 18(c) shows an example of the ETP-coded transmit
signals in case of e(t) and w(t) being FIG. 18(a) and FIG.
18(b), respectively. The frequency response of the ETP-
coded transmit signal is shown in FIG. 18(d) with that of a
3.5-MHz ultrasonic transducer. Compared to the elongated
transmit signal seen in FIG. 16(5), the power of the ETP-
coded transmit signal may be more concentrated in the fre-
quency bandwidth of the ultrasonic transducer, resulting in
higher efficiency. Both ETP-coded and elongated transmit
signals may be stored in the ETP-coded transmit sequence
memory 1402, and they can be utilized in two-stage pulse
compression as described below.

[0136] For alternative embodiments, the external comput-
ing device 108 may generate the transmit signal, select the
encoding kernel, and convolve the transmit signal with the
encoding kernel to generate the transmit signal encoded with
binary phase codes. The external local storage 110 may then
store the transmit signal encoded with the binary phase codes,
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which the home ultrasound machine 102 may access via the
communication network 106 and/or the network interface
132.

[0137] FIG. 8 shows the two-stage pulse compression tech-
nique according to an embodiment of the present invention
where matched filters and a sidelobe suppression filter are
used in the pre-compressor 1406 and post-compressor 1410,
respectively. The receive signal from the imaging target (i.e.,
r(t)) may be modeled with the ETP-coded transmit signal as
follows

#(t)=a-e(-AT) (16)

where a is the reflection coefficient and At is the time delay
corresponding to the location of the target. In the pre-com-
pressor 1406 on each channel, a matched filter is applied to
the receive signal based on the corresponding ETP-coded
transmit signal as like

r(t)y*e(-t)=a-e(t-At)*e(-1)

[0138] Incaseofthebi-phase rectangular window function,
the ETP-coded transmit signal may be composed of the
binary sequences (i.e., +1 or —1) so that the matched filter can
be implemented with two’s complement adders. It does not
require any complex multipliers. For other window functions,
the elongated transmit signal (i.e., without ETP coding) as
well as the corresponding ETP-coded transmit signal can be
utilized in matched filtering to remove the need for complex
multipliers. In fact, the elongated transmit signal may be
regarded as a subset of the ETP-coded transmit signal because
it can be produced by using the single-phase rectangular
window function.

[0139] FIG. 20 shows the output from matched filtering
when utilizing the ETP-coded and elongated transmit signals
as the matched filter kernel. As seen in FIG. 20(a), the ETP-
coded transmit signal shows similar results when transmitting
the elongated transmit signal after matched filtering, i.e., the
PSL is proportional to the length of the transmit signal. Even
when the elongated transmit signal (i.e., o(t)) is used as the
matched filter kernel, this characteristic may still be pre-
served as seen in FIG. 20(5). In the illustrated embodiments,
o(t) represents the elongated transmit signal.

[0140] After matched filtering, the pre-compressed receive
signals from all the channels may be coherently combined
together in the receive beamformer 1408. For reducing the
sidelobes in the lateral direction, apodization can be applied
as well. Thus, the beamformed receive signal, d(t), is given by

an

N-1 (18)
d@) = Z b(n) - r(n, 1) xe(—1)

n=0

where N is the number of channels on the receiver and b(n) is
the apodization coefficients.

[0141] After receive beamforming, a sidelobe suppression
filter may be used in the post-compressor 1410 to remove the
sidelobes in the axial direction. The sidelobe suppression
filter coefficients can be obtained from the published article
by Chen et al. entitled “A new algorithm to optimize Barker
code sidelobe suppression filters”, IEEE Transactions on
Aerospace and Electronic Systems, Vol. 26, pp. 673-677,
1990, by modeling the pre-compressed receive signal (i.e.,
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C(D)) as the convolution between the mainlobe and sidelobe
signals as follows:

CH=C,(NCH (19)
where
sin?(z fT) (20)
Clf) =
W (= [T)*
_ sin(2x fMT) (21)
C(f)=M+1- W

and C, (f) and C/(f) are the power spectral density of the
mainlobe and sidelobe functions, respectively. By perform-
ing the inverse Fourier transform of Eq. (21), the sidelobe
suppression filter coefficients are obtained. An example side-
lobe suppression filter is illustrated in FIG. 21.

[0142] Alternatively, the sidelobe suppression filter coeffi-
cients may be obtained based on the minimax and genetic
optimization approaches as well. The sidelobe suppression
filter has arbitrary values in its coefficients so that it may use
complex multipliers as well as adders. Therefore, it is practi-
cally difficult to implement the sidelobe suppression filter
with the matched filter in each channel. On the contrary, if
both the matched filter and the sidelobe suppression filter are
positioned after receive beamforming to reduce the hardware
complexity, severe artifacts are introduced due to the distor-
tions in the elongated transmit signals from dynamic receive
focusing. However, in the two-stage pulse compression
method, a matched filter is implemented in each channel to
minimize the signal distortion from dynamic receive focusing
while a single sidelobe suppression filter is used to reduce the
sidelobes after receive beamforming.

[0143] As described above, the sidelobe suppression filter
is applied to the decoded receive signal via matched filtering

N-1 (22)
d()  cy(0) = Zb(n)-r(n, Dxe(=1)| e ()

n=0

where c(t) is the sidelobe suppression filter kernel. If the
matched filter has successfully reduced the distortion in the
pre-compressed receive signal during receive beamforming,
the convolution operation for sidelobe suppression filtering
can be integrated with the summation as follows:

N-1 (23)
dW@ e,y = )" blm)-rin, 0+ e~ x,(0)

n=0

-1

= Z bn)-a-e(n, 1 — At)xe(—1) c5(1)

n=

[0144] Ifthe sidelobe suppression filter effectively removes
the sidelobes, the convolution amongst the receive signals,
the matched filter kernel and the sidelobe suppression filter
kernel could be given by

e(n,t-At)*e(=1)*c (1)=0(n,t—AT) 24)
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[0145] By using Eq. (24), Eq. (23) can be written by

N-1L (25)
A #cs(t) = Z b(n)-a-(n, 1 — A7)
n=0

[0146] As seen in Eq. (25), after the sidelobe suppression
filter, all the information for the imaging target (i.e., the
reflection coefficient and distance) can be obtained. FIG. 22
shows the results from the two-stage pulse compression
method for the receive signal according to an embodiment of
the present invention. FIG. 22(a) illustrates the ETP-coded
transmit signal and FI1G. 22(b) illustrates the elongated trans-
mit signal as the matched filter kernel. As seen in FIG. 22, the
sidelobes have been effectively removed by using the side-
lobe suppression filter while the mainlobe broadens slightly.
[0147] FIG.23isahigh-level block diagram illustrating the
pre-beamformer processing unit 306 according to an alterna-
tive embodiment of the present invention. In the illustrated
embodiment, the pre-beamformer processing unit 306
includes a selector 2302 coupled to a latch 2304, which is
coupled to a first-in-first-out (FIFO) memory 2306. An
address counter 2308 is also coupled to the FIFO memory
2306. The pre-beamforming delay, At(i,j,k,1) for the i? firing,
the j” receive channel, the k” sub-scanline and the I”” imaging
point is coupled to the selector 2302 and to the address
counter 2308.

[0148] The pre-beamforming delay, At(i,jk,l) for the i”
firing, the j* receive channel, the k? sub-scanline and the 17
imaging point, is represented as a binary number. In the
pre-beamformer processing unit 306, if the delay is ‘0’, the
latch 2304 holds the data stored in it. The latch 2304 is
updated by the incoming data from the demodulator 304
when the pre-beamforming delay is ‘1°. The latched content
is transferred to the first-in first-out (FIFO) memory 2306 for
post-beamforming. The pre-beamforming delay may also be
utilized for controlling the FIFO memory 2306. In the FIFO
memory 2306, only pre-beamformed complex baseband data
are sequentially stacked. This allows great coarse delay
memory savings and can be implemented in embedded
memory of low-cost reconfigurable devices.

[0149] In some embodiments, to support multi-beam and
synthetic aperture techniques, multiple pre-beamformer pro-
cessing units can be integrated into the pre-beamformer. FIG.
24 shows a block diagram for the reconfigurable HW 122
with multiple pre-beamformer processing units 306. In the
illustrated embodiment, the reconfigurable HW 122 includes
the demodulator 304 coupled to a buffer 2402, which is
coupled to multiple pre-beamformer processing units 306.
The pre-beamformer delay LUT 308 is coupled to the pre-
beamformer processing units 306 and a system parameter
LUT 2404 is coupled to the pre-beamformer delay LUT 308.
[0150] For generating multiple scan lines simultaneously,
different pre-beamforming delays are utilized in multiple
pre-beamformer processing units 306. As seen in FIG. 24, if
there are K pre-beamformer processing units 306, K scan
lines can be reconstructed by applying K different time
delays. For driving multiple pre-beamformer processing units
306, the buffer 2402 may be needed.

[0151] Alternatively, multiple scan lines can be recon-
structed by utilizing a single pre-beamformer processing unit
with memory in place of the buffer 2402. In order to recon-
struct multiple scan lines, the complex baseband data may be
stored in the memory and reused in the pre-beamformer pro-
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cessing unit 306. In this embodiment, the multiple scan lines
cannot be generated simultaneously. However, only a single
pre-beamformer processing unit 306 may be used for sup-
porting multi-beam and synthetic aperture techniques.
[0152] FIG. 25 shows an organization of the pre-beam-
forming delay LUT 308 according to an embodiment of the
present invention. The illustrated pre-beamforming delay
LUT 308 is organized as R rows and N columns. R represents
the total number of axial points corresponding to the penetra-
tion depth and R represents a number of receive channels. The
total number of axial points corresponding to the penetration
depth R can be represented as

R @

where d is the penetration depth. K represents the number of
pre-beamformer processing units 306 or the number of scan
lines for multi-beam and synthetic aperture techniques. As
can be seen in the pre-beamforming delay LUT 308, only
those axial points to be imaged have ‘1’, while the others have
‘0.

[0153] For some embodiments, the size of the pre-beam-
former LUT 308 may be reduced by reducing the redundancy
in the control words shown in FIG. 25. A control word is a
K-bit word for one of the R depths in FIG. 25. A first level of
LUT reduction may be obtained by dividing the pre-beam-
former LUT 308 into two lookup tables taking advantage that
only C out of the 2% possible control words are used. FIG. 29
illustrates the pre-beamformer LUT 308 according to an alter-
native embodiment of the present invention. In the illustrated
embodiment, the pre-beamformer LUT 308 includes a first
lookup table (LUT 1) 2902 that may store reduced control
words while a second codebook LUT (LUT 2) 2906 may be
used to decode the reduced control word to the original K-bit
control word. The first lookup table (LUT 1) 2902 may be
composed of R reduced control words that are log,C-bit long
while a second codebook LUT (LUT 2) 2906 is composed of
log,C K-bit long codes.

[0154] For some embodiments, the combination of variable
length coding (VLC) and run length coding (RLC) can be
used to further reduce the size of the LUT 1 2902. When
VLC/RLC encoding is used, the first lookup table (LUT 1)
2902 is coupled to a RLC/VLC decoder 2904, which may
provide RLC/VLC decoding of the control words. The RLC/
VLC decoder 2904 is coupled to the second lookup table
(LUT 2) 2906, which may store a code book for the decoded
the reduced control words.

[0155] Depending on the home ultrasound system 100
specification and complexity, the number of imaging points in
the axial direction can vary. For a high-end home ultrasound
system 100 or a high quality image, a large number of imag-
ing points (e.g., 4096 points) can be used. A small number of
imaging points (e.g., 512 points) can be used for a cost-
effective portable home ultrasound system 100 in order to
reduce the size of the FIFO memory 2306 in the pre-beam-
former processing unit 306 and the computational complexity
in the post-beamformer 604.

[0156] FIG. 26 is a high-level block diagram of the post-
beamformer processing unit 604 according to an alternative
embodiment of the present invention. In the illustrated
embodiment, the post-beamformer processing unit 604
includes a phase rotation stage 2602 coupled to a summation
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stage 2604. The post-beamforming LUT 602 is coupled to the
phase rotation stage 2602 and the system parameter LUT
2404 is coupled to the post-beamforming LUT 602.

[0157] For some embodiments, the phase rotation stage
2602 receives the complex baseband signals from the recon-
figurable HW 122 (or pre-beamformer) and adjusts the phase
of the pre-beamformed complex baseband signal. In one
embodiment, the phase rotation can be represented by

P(t—AD) 7
[ Q'(1-AD) [ -
[ cos(2r foATpos i jut) SN2 foATpos i 1) [ [I(t—A’r,;j,,‘,,) [
=sin(27 foATpos i jus) COS(27 folTros i jua) | | QU — A% ju0)

where Atppg ;7 is the post-beamformer delay for the i
firing, the j** receive channel, the k” sub-scanline and the 1?
axial point. The post-beamformer delay is given by

AtposikD)=Npos i N (17, 5 D=AT (0, j. k1) (28)

[0158] The phase rotation can be facilitated using complex
multiplication instructions available in the programmable
processing unit 124. One or more post-beamformer phase
delays and/or phase compensation values may be computed
in real time using a Coordinate Rotation Digital Computer
(CORDIC) algorithm. Alternatively, as described earlier, the
post-beamformer phase compensation values may be com-
puted in advance, stored in the post-beamformer LUT 602,
and utilized later in computing the phase rotation.

[0159] Thepost-beamformer LUT 602 may be organized in
several ways. FIG. 27 illustrates an organization for the post-
beamformer LUT 602 according to an embodiment of the
present invention. In the illustrated embodiment, the post-
beamformer LUT 602 includes two levels: the post-beam-
forming delay LUT, which is shown in FIG. 27(a), and the
generic cosine and sine LUT, which is shown in FIG. 27(b).
The post-beamforming delay corresponding to required
phase compensation may be stored in the first post-beam-
forming delay LUT shown in FIG. 27(a) and then utilized for
selecting the corresponding cosine and sine values in the
second post-beamforming delay LUT, which is shown in FIG.
27(b).

[0160] The illustrated post-beamformer LUT 602 includes
L rows corresponding to the number of imaging points and
log, D columns whereas D represents the precision of the
computed cosine and sine values in the second post-beam-
forming delay LUT shown in FIG. 27(b). The post-beam-
former delay may first be converted into the corresponding
phase value, and this value may be used for referring to the
cosine and sine values in the second post-beamforming delay
LUT shown in FIG. 27(5). The cosine and sine values may be
computed for the equally-separated phases from O to 27 radi-
ans.

[0161] FIG. 28 illustrates an organization for the post-
beamformer LUT 602 according to an alternative embodi-
ment of the present invention. In the embodiment illustrated
in FIG. 28, the post-beamformer delay LUT 602 is organized
with a single level LUT in which actual cosine and sine values
corresponding to the phase values for the post-beamforming
delay are sequentially stored.

[0162] After the phase of the complex baseband signal is
adjusted, as specified by the post-beamformer LUT 308, for
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example, the complex baseband data from all channels may
be coherently combined together in the summation stage
2604.

[0163] Although some embodiments have been described
with reference to an ultrasound machine being located in a
home, embodiments are not so limited. Fore example, the
ultrasound machine may be located in a clinic, such as a local
neighborhood clinic, in a physician’s office, and/or in a hos-
pital, such as in a hospital emergency room, for example. The
ultrasound machine also may be located in a vehicle, such as
an aid vehicle, for example

[0164] In the above description, numerous specific details,
such as, for example, particular processes, materials, devices,
and so forth, are presented to provide a thorough understand-
ing of embodiments of the invention. One skilled in the rel-
evant art will recognize, however, that the embodiments of the
present invention may be practiced without one or more of the
specific details, or with other methods, components, etc. In
other instances, structures or operations are not shown or
described in detail to avoid obscuring the understanding of
this description.

[0165] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure, process, block, or characteristic described
in connection with an embodiment is included in at least one
embodiment of the present invention. Thus, the appearance of
the phrases “in one embodiment™ or “in an embodiment” in
various places throughout this specification does not neces-
sarily mean that the phrases all refer to the same embodiment.
The particular features, structures, or characteristics may be
combined in any suitable manner in one or more embodi-
ments.

[0166] Thetermsusedin the following claims should notbe
construed to limit embodiments of the invention to the spe-
cific embodiments disclosed in the specification and the
claims. Rather, the scope of embodiments of the invention is
to be determined entirely by the following claims, which are
to be construed in accordance with established doctrines of
claim interpretation.

What is claimed is:

1. An apparatus for performing ultrasound examination of
a patient, comprising:

a scan head to transmit a transmit signal being encoded
using binary phase codes and to receive a reflected ultra-
sound signal from the patient;

reconfigurable logic having a first compression stage on
each channel; and

a programmable processor to perform a second compres-
sion stage,

wherein the first compression stage is to decode the
encoded reflected ultrasound signal,

wherein the reconfigurable logic and programmable pro-
cessor are to form the decoded reflected ultrasound sig-
nal into a coherent beam, and

wherein the second stage of compression is to filter a peak
sidelobe level of the coherent beam.

2. The apparatus of claim 1 wherein the reconfigurable
logic comprises a matched filter to decode the encoded
reflected ultrasound signal.

3. The apparatus of claim 2 wherein the matched filter
comprises two’s complement adders.

4. The apparatus of claim 1 wherein the binary phase codes
comprise Barker codes.
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5. The apparatus of claim 1 wherein the programmable
processor further comprises data stored therein to, when
accessed by a machine, cause a sidelobe suppression filter to
be applied to the coherent beam.

6. The apparatus of claim 1 wherein the programmable
processor further comprises data stored therein to cause the
coherent beam to undergo apodization.

7. The apparatus of claim 1, further comprising:

an external computing device to:

generate a transmit signal;

select an encoding kernel; and

convolve the transmit signal with the encoding kernel to
generate a transmit signal encoded with binary phase
codes; and

external memory to store the transmit signal encoded with

the binary phase codes.
8. The apparatus of claim 1 wherein the programmable
processor further comprises data stored therein to cause the
home ultrasound machine to:
generate a transmit signal;
select an encoding kernel; and
convolve the transmit signal with the encoding kernel.
9. The apparatus of claim 8 wherein the encoding kernel
comprises a window selected from a bi-phase rectangular
window, a bi-phase Hamming window, a bi-phase Hanning
window, a bi-phase Bartlett window, a bi-phase Chebyshev
window, and a bi-phase Kaiser window.
10. An apparatus for generating multiple scan lines while
performing ultrasound examination of a patient, the apparatus
comprising:
a scan head to transmit an ultrasound signal and to receive
a reflected ultrasound signal;

a pre-beamformer time delay lookup table (LUT) having
stored therein K sets of different time delays; and

reconfigurable logic having K pre-beamformer processing
units, each pre-beamformer processing unit to apply the
K sets of different time delays to complex baseband
signals produced from the reflected ultrasound signal to
construct K scan lines.

11. The apparatus of claim 10, further comprising a buffer
to drive the K pre-beamformer processing units.

12. The apparatus of claim 10 wherein the pre-beamformer
time delay lookup table (LUT) is organized as R rows and N
columns and wherein N and R represent a number of receive
channels and a number of axial points corresponding to a
penetration depth for the ultrasound signal transmitted from
the scan head, respectively.

13. The apparatus of claim 10 wherein the pre-beamformer
time delay lookup table (LUT) includes:

a control word lookup table having stored therein R

reduced control words that are log,C-bit long; and

a codebook having stored therein log,C K-bit long codes,

wherein the codebook is to decode at least one reduced
control word to produce an original K-bit control word.

14. The apparatus of claim 13, further comprising variable
length coding/run length coding (VLC/RLC) decoder
coupled between the control word lookup table and the code
book to decode at least one reduced control word prior to the
codebook decoding at least one reduced control word to pro-
duce the original K-bit control word.

15. An apparatus for generating multiple scan lines while
performing ultrasound examination of a patient, the apparatus
comprising;
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a scan head to transmit an ultrasound signal and to receive
a reflected ultrasound signal;
a lookup table (LUT) having stored therein a time delay;
amemory having stored therein complex baseband signals
produced from the reflected ultrasound signal; and

reconfigurable logic having a pre-beamformer processing
unit to apply the time delay to complex baseband signals
multiple times to construct multiple scan lines, respec-
tively.

16. An apparatus for performing ultrasound examination of
a patient, the apparatus to divide conventional phase-rotator
based beamforming into two stages, the apparatus compris-
ing:

reconfigurable logic to perform a first stage of beamform-

ing on a reflected ultrasound signal, the reflected ultra-
sound signal being reflected off the patient, the reflected
ultrasound signal having multiple channels associated
with multiple active transducer elements; and

a programmable processor to perform a second stage of

beamforming on the reflected ultrasound signal.

17. The apparatus of claim 16 wherein the reconfigurable
logic comprises a programmable gate array (PGA), a field
programmable gate array (FPGA), a programmable logic
device (PLD), and/or an application specific integrated circuit
(ASIC).

18. The apparatus of claim 16 wherein the programmable
processor comprises a digital signal processor.

19. The apparatus of claim 18 wherein the programmable
processor comprises software on a digital signal processor.

20. The apparatus of claim 16 wherein the reconfigurable
logic comprises:

circuitry to digitize the time gain compensated RF signal,

and

circuitry to demodulate the digitized RF signal and to pro-

duce for each channel a complex baseband signal from
the demodulated signal, wherein each complex base-
band signal includes an in-phase component and a
quadrature component.

21. The apparatus of claim 20 wherein the reconfigurable
logic comprises a lookup table having stored therein infor-
mation associated with a time delay for the baseband signals.

22. The apparatus of claim 20 wherein the reconfigurable
logic comprises circuitry to calculate a time delay for the
baseband signals.

23. The apparatus of claim 22 wherein the reconfigurable
logic comprises circuitry to apply a time delay adjustment to
the complex baseband signals based on the calculated time
delay.

24. The apparatus of claim 23 wherein the circuitry to apply
the time delay adjustment to the complex baseband signals
comprises:

a latch;

a first-in-first-out (FIFO) buffer; and

an address counter,

wherein the latch is to hold the complex baseband signals

from the demodulator if the delay is a logical “zero” and
to transfer the complex baseband signals from the
demodulator to the first-in-first-out (FIFO) buffer if the
time delay is a logical “one,” and wherein the address
counter is to use the time delay to sequentially stack the
complex baseband signals in the first-in-first-out (FIFO)
buffer.

25. The apparatus of claim 23 wherein the programmable
processor is to calculate a time delay for the baseband signals.
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26. The apparatus of claim 23 wherein the programmable
processor is to calculate phase compensation values for the
time delay adjusted complex baseband signals.
27. The apparatus of claim 26 wherein the programmable
processor is to adjust a phase of the time delay adjusted
complex baseband signals based on the phase compensation
values.
28. The apparatus of claim 26 wherein the programmable
processor comprises a lookup table having stored therein
information associated with phase compensation values for
the time delay adjusted complex baseband signals.
29. The apparatus of claim 28 wherein the programmable
processor is to sum the time delayed and phase compensated
baseband signal into a coherent beam.
30. An article of manufacture, comprising:
a machine-accessible medium having data that, when
accessed, results in a machine performing operations
comprising:
selecting a first power mode for an ultrasound machine;
selecting an initial threshold value for a time for a battery
in the home ultrasound machine;

determining an amount of power consumption for the
battery;

based on the amount of power consumption, estimating
an amount of energy remaining for the battery;

based on the amount of power consumption and the
amount of energy remaining, estimating a time
remaining for the battery;

if the amount of time remaining is greater than the initial
threshold value, then maintaining operation of the
ultrasound machine in the first power mode; and

if the amount of time remaining is less than or equal to
the initial threshold value, then selecting a second
power mode for the ultrasound machine.

31. The article of manufacture of claim 30 wherein the
machine-accessible medium further includes data that, when
accessed, results in a machine performing operations com-
prising reducing an intensity of a display for the ultrasound
machine.

32. The article of manufacture of claim 30 wherein the
machine-accessible medium further includes data that, when
accessed, results in a machine performing operations com-
prising degrading an image quality to increase battery life for
the ultrasound machine.

33. The article of manufacture of claim 30 wherein the
machine-accessible medium further includes data that, when
accessed, results in a machine performing operations com-
prising:

detecting scan lines arising from an improper contact with
the patient of the array of transducers; and

selecting the second power mode for the ultrasound
machine based on the improper contact.

34. An apparatus for performing ultrasound examination of

a patient, comprising:

a scan head to receive a reflected ultrasound signal from the
patient, wherein the scan head includes an identification
memory having stored therein information associated
with a type for the scan head;

a configuration memory having stored therein information
associated with a type for a scan head for a predeter-
mined ultrasound examination; and

a controller to compare the information associated with the
scan head type stored in the identification memory with
the information associated with the scan head type
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stored in the configuration memory and to provide an
error indication if the information associated with the
scan head type stored in the identification memory does
not match the information associated with the scan head
type stored in the configuration memory.

35. The apparatus of claim 34 wherein the scan head further
comprises:

a transmitter; and

a transmitter memory having stored therein information

associated with a firing sequence and/or transmit power
for the transmitter, wherein the transmitter is to generate
a radio frequency (RF) signal using the information
associated with a firing sequence and/or transmit power
stored in the transmitter memory.

36. The apparatus of claim 35 wherein the scan head further
comprises an array of transducers to convert the radio fre-
quency (RF) signal to an ultrasound signal and to transmit the
ultrasound signal to the patient.

37. The apparatus of claim 36 wherein the transmitter is a
low-voltage pulser.

16

Dec. §, 2011

38. The apparatus of claim 36 wherein the pulser is a
high-voltage pulser, wherein the scan head further comprises
a switch to isolate a transmit channel in the scan head from a
receive channel in the scan head, and wherein the scan head
further comprises a high-voltage multiplexer to select a set of
transducers from among the array of transducers.

39. The apparatus of claim 36 wherein the array of trans-
ducers is further to receive the reflected ultrasound signal
from the patient and to convert the reflected ultrasound signal
to a second radio frequency (RF) signal.

40. The apparatus of claim 39 wherein the scan head further
comprises receiver circuitry to amplify the second radio fre-
quency (RF) signal.

41. The apparatus of claim 36, further comprising a pro-
grammable processor having data stored therein to cause the
scan head to:

detect scan lines arising from an improper contact with the

patient of the array of transducers; and

adjust the transmit power of the scan head based on the

status of the transducer contact.
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