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Abstract

Ultrasound imaging is still one of the most used clinical imaging
modalities thanks to its real-time output, its ease-of-use, its porta-
bility and low cost, and also because it is safe to use, as it operates
without potentially harmful radiation. From its inception, ultrasound
imaging strongly relied on hardware innovations to be the enabler
for new disruptive imaging modalities and inventive system archi-
tectures. The latter is essential to building a�ordable products for
medical service providers.

Today, the primary challenge in ultrasound system design is the
accelerated pace with which new ultrasound imaging and diagnostic
modes are emerging: To be competitive, a state-of-the-art imaging
system today must support more than a dozen di�erent operation
modes. Also, the amount of required processing resources for the latest
modalities easily exceeds several TFLOP/s. To keep up with this race
requires new ultrasound system architectures, which are more 
exible
and powerful, and most importantly scalable.

In this thesis, we explore several hardware innovations for future
ultrasound systems, with a focus on replacing analog system parts
with digital solutions. First, we address the challenges around 3D
imaging: We explore fully-digital beamformers for fully-sampled matrix
transducers to replace existing mixed analog-digital solutions, which
are less 
exible. We demonstrate that a fully-digital 10'000-channel
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beamformer can be implemented on a single chip, which only consumes
30.3 W. We also investigate the design of a 1024-channel multiplexer
matrix probe to be used in research.

We then shift our focus to advanced 2D imaging: We explore a
new system architecture, which combines the bene�ts of powerful and

exible software-de�ned ultrasound systems with the cost-e�ciency of
the latest o�-the-shelf accelerated (CPU+GPU) computing systems.
To showcase our concept, we design a unique ultrasound probe, which
embeds an entire 64-channel ultrasound front-end within the probe
handle, and provides access to the digitized sensor data over a 25 Gbit/s
�ber-optics interface. This digital optical connector entirely replaces
the expensive analog cable harness used in conventional probes. We
connect our probe to an o�-the-shelf PC equipped with a powerful
GPU to build a fully operational ultrasound imaging system with
performance comparable to medium-to-high-end traditional systems at
a small fraction of the cost. Our innovative \LightProbe" architecture
relies entirely on commodity hardware for processing, which can be
easy-upgraded when more demanding modalities arise. With the
designed system, we demonstrate that advanced compute-intensive
ultrasound modalities can be implemented at low cost.



Zusammenfassung

Die Ultraschallbildgebung ist nach wie vor eine der am h•au�gsten
verwendeten Modalit•aten der klinischen Bildgebung. Sie zeichnet sich
durch ihre Echtzeitausgabe, ihre einfache Handhabung, ihre Porta-
bilit •at und ihre niedrigen Kosten aus, und ist zudem sicher in der
Anwendung, da sie ohne potenziell sch•adliche Strahlung arbeitet. Von
Anfang an war die Ultraschallbildgebung stark auf Hardwareinnova-
tionen angewiesen, die neue revolution•are Bildgebungsmodalit•aten
und innovative Systemarchitekturen erst m•oglich machten. Letzteres
ist unerl•asslich, um erschwingliche Produkte f•ur medizinische Dienst-
leister zu entwickeln.

Die gr•osste Herausforderung, der sich ein Entwickler von Ultra-
schallsystemen, heute gegen•ubersieht, ist das immer schnellere Auf-
kommen neuer Ultraschallbildgebungs- und Diagnosemodi. Um heute
ein hochmodernes Bildgebungssystem verkaufen zu k•onnen, muss es
mehr als ein Dutzend verschiedener Betriebsarten unterst•utzen. Dazu
kommt, dass die neuesten Bildgebungsverfahren mehrere TFLOP/s
an Verarbeitungsresoucen ben•otigen. Um mit diesem Wettlauf Schritt
zu halten, sind 
exiblere, leistungsf•ahigere aber vor allem skalierende
Ultraschallsystemarchitekturen erforderlich.

In dieser Arbeit werden mehrere Hardwareinnovationen f•ur zuk•unf-
tige Ultraschallsysteme untersucht, wobei der Schwerpunkt auf dem
Ersatz analoger Systemkomponenten durch digitale L•osungen liegt.
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Zuerst befassen wir uns mit den Herausforderungen rund um die 3D-
Bildgebung. Wir untersuchen volldigitale Strahlformer f •ur vollst •andig
abgetastete Matrixwandler, um bestehende gemischt analog-digitale
L•osungen zu ersetzen, die weniger 
exibel sind. Wir zeigen, dass ein voll-
digitaler 10'000-Kanal-Strahlformer auf einem einzigen Halbleiterchip
implementiert werden kann, der lediglich 30,3 W Stromverbrauch hat.
Wir untersuchen auch, wie eine 1024-Kanal-Multiplexermatrixsonde
f•ur den Einsatz in der Forschung konstruiert werden kann.

Anschliessend konzentrieren wir uns auf die moderne 2D-Bildgebung:
Wir erforschen eine neue Systemarchitektur, die die Vorteile leistungs-
starker und 
exibler softwarede�nierter Ultraschallsysteme mit der
Kostene�zienz der neuesten handels•ublichen GPU-beschleunigten
Computersysteme kombiniert. Um unser Konzept unter Beweis zu
stellen, haben wir eine spezielle Ultraschallsonde entwickelt, die ein
komplettes 64-kanaliges Ultraschall-Frontend in den Handgri� der
Sonde einbettet und den Zugri� auf die digitalisierten Sensordaten
•uber eine 25 Gbit/s Glasfaser-Schnittstelle erm•oglicht. Diese digitale
optische Verbindung ersetzt vollst•andig den teuren analogen Kabel-
baum, der bei herk•ommlichen Sonden verwendet wird. Wir verbinden
unsere Sonde mit einem handels•ublichen PC, der mit einer leistungs-
starken Graphikkarte ausger•ustet ist, und bauen so ein voll funk-
tionsf•ahiges Ultraschallbildgebungssystem auf, dessen Leistung mit
der von herk•ommlichen Systemen der mittleren bis gehobenen Klasse
vergleichbar ist, und das zu einem kleinen Teil der Kosten. Unsere
innovative ÿLightProbe"-Architektur setzt bei der Datenverarbeitung
vollst•andig auf handels•ubliche Hardware, die problemlos aufger•ustet
werden kann, wenn in der Zukunft anspruchsvollere Bildgebungsver-
fahren aufkommen. Mit dem entwickelten System zeigen wir, dass
auch moderne rechenintensive Ultraschallmodalit•aten mit geringem
Kostenaufwand umsetzbar sind.
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Chapter 1

Introduction

1.1 Motivation

Medical ultrasound imaging is the second-most used clinical imag-
ing modality after X-ray imaging and the most-used cross-sectional
imaging technique [1]. Compared to other cross-sectional imaging tech-
niques such as X-ray-computed tomography (CT), magnetic resonance
imaging (MRI) or positron emission tomography (PET), ultrasound
imaging has lower cost, is portable, and operates without potentially
harmful ionizing radiation. Moreover, ultrasound imaging produces a
real-time image output and thus provides a higher temporal resolution
compared to other imaging modalities just producing still images.

From the beginning, the evolution of ultrasound imaging strongly
relied on technology enablers provided by the semiconductor industry
[2]: This started with the �rst real-time ultrasound systems in the
1980s made possible by microprocessors and integrated delay lines
enabling electronic beam-steering, and continues until today, with
software-based imaging enabled by latest graphics processing units
(GPU), and miniaturization allowing to build ultra-compact hand-
held imaging devices.
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2 CHAPTER 1. INTRODUCTION

Even though ultrasound imaging is considered a mature technology,
many innovations are still made today [3]. Moore's Law powers many
of these innovations and allows more and more sophisticated processing
to be applied to the raw ultrasound data. High-frame-rate imaging [4]
is one of the recent achievements only made possible with the high-
performance compute resources available today. In high-frame-rate
imaging, ultrasound images are captured and processed at a frame-rate
of several kilohertz. This technological break-through enabled several
new ultrasound imaging applications such as:

ˆ ultrafast contrast imaging [5], allowing imaging below the di�rac-
tion limit using micro-bubble contrast agents,

ˆ shear-wave elastography[6], enabling quantitative measurements
of tissue properties,

ˆ vector 
ow imaging [7], providing quantitative vector blood 
ow
information with high spatial and temporal resolution,

ˆ functional ultrasound imaging [8], capable of visualizing brain
activity in real-time.

Another recent achievement powered by Moore's Law is to extend
conventional 2D imaging to 3D imaging [9]. In 3D imaging, a volume
of the body is captured instead of only a cross-section. Even though
3D and 4D ultrasound (multiple volumes over time) are available
in state-of-the-art high-end ultrasound systems, 3D/4D ultrasound
is not yet widely adopted by medical practitioner outside the �eld
of obstetrics [10, 11] and cardiology [12]. Reasons for this are the
lack of substantial evidence of the bene�ts of 3D ultrasound over 2D
ultrasound [13], the currently still inferior spatial/temporal resolution
of 3D ultrasound compared to 2D ultrasound, and the high-cost in
acquiring a system with 3D capability. Further hardware innovations
are required to �x current resolution issues and lower the cost. Once
achieved, 3D imaging may be a similar technological enabler to spark
many new applications has high-frame-rate imaging did.

Continued innovation on the ultrasound hardware and system
design is thus key to make new applications possible and to bring them
from the lab into the health-care services such that patients can bene�t.
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1.2 Ultrasound Imaging in a Nutshell

During an ultrasound examination a trained operator, called Sonog-
rapher, sweeps anultrasound probeover the body part under exami-
nation. The ultrasound imaging system provides the operator with a
real-time image of a cross-section through the body below the probe.
By sweeping the probe back and forth allows the operator to picture
the internal three-dimensional structures in the body.

Ultrasound Probe

Body Under
Investigation

Analog Frontend

Digital Processing

Backend System

Figure 1.1 { A conventional ultrasound imaging system.

A typical conventional ultrasound system as depicted in Fig. 1.1
consist of anultrasound probe, which is connected to abackend system.
The backend system provides a control interface and a display to show
the output image. The ultrasound probe is the part applied to the body
during the investigation and embeds the electro-acoustical transducer
used to send and receive ultrasound signals. The backend system
contains the analog front-end electronics and the digital processing
and control unit. An ultrasound image is formed in three steps:

Signal Acquisition The ultrasound system uses its probe to emit
an acoustic pulseinto the body under examination. If the pulse
hits a material transition , the pulse is partially re
ected due to
the change in acoustic impedance. The backscatteredechosare
then captured again by the probe.
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Beamforming From the received echo signals the system computes
a re
ectivity map indicating how much energy has been re
ected
from a given point in space.

Post-Processing In a post-processing step, a human-readable black
& white image is formed out of the re
ectivity map, where 'white'
indicates a region of highechogenityand 'black' a region of low
echogenicity (anechoic region).

In the �nal image, water shows up as black, while tissue shows up as
gray regions with di�erent shades of gray depending on its echogenicity.
The boundaries between bones and tissue show up as clear white lines
due to the hard re
ection at the bone-tissue transition. Water �lled
cysts show up as black regions as the enclosed water has a homogeneous
acoustic impedance and thus does not scatter back the acoustic pulse.

1.3 Current System Design Trends

Today, the following trends can be observed in ultrasound imaging
systems design:

Small Portable Systems: A digital ultrasound probe is directly
connected to a smartphone, which displays the image and controls
the probe using an ultrasound imaging 'app' [14{ 16]. These very
compact systems can be used by the physician at the patient
bedside with the same naturalness and ease as stethoscopes
have been used for decades. In order to achieve compactness,
the ultrasound probe integrates the entire analog front-end and
performs the bulk part of the processing in the probe. This allows
to directly connect the probe with a smartphone over USB or
WiFi. These systems require a very high degree of integration
while providing limited diagnostic functions, mostly limited by
thermal constraints on the probe.

Software-De�ned Systems: Conventional system rely on custom
hardware implementations (ASIC, FPGAs) to perform the pro-
cessing. Software-de�ned systems [17] perform the processing
in software using GPUs [18{ 20] or on multicore (DSP) proces-
sors [21, 22]. Software-de�ned systems can leverage the latest
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commodity hardware to reduce cost and are more 
exible as new
imaging functions can be implemented by simply writing the
required software application.

3D Ultrasound Systems: 3D systems capture image volumes in-
stead of cross sections [23,24]. This allows capturing the three-
dimensional geometry of an organ in an instant without having
the operator to picture the organ while sweeping the probe. This
enables precise volume measurements and allows to visualize fast
moving parts such as the heart valves, which are moving too
fast to conceive the 3D geometry by sweeping the probe over it.
However, 3D systems require an ultrasound probe with a matrix
transducer containing several thousand elements [25,26] as op-
posed to the 2D systems, which operate with a linear transducer
array with a few hundred elements. This two-order of magnitude
increase in the number of front-end channels heavily complicates
the system design and requires substantially increased processing
resources.
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1.4 Thesis Overview

In this thesis, I am going to investigate several research questions
towards the design of next-generation ultrasound systems with a focus
on replacing analog system parts with digital solutions.

This thesis follows a holistic approach and covers all major ultra-
sound system components over the entire ultrasound imaging pipeline
from the transducer probe, over the front-end electronics to the pro-
cessing hardware including the imaging algorithms.

An overview of the structure of the thesis is given in Fig. 1.2. The
thesis extends over the three main ultrasound system design trends
(mobile, software-de�ned, 3D) previously elaborated and over the
three steps required to acquire an ultrasound image (signal acquisition,
beamforming, and post-processing). In the �rst part, the challenges
of fully-digital 3D systems were addressed (Ekho , Chapter 2) before
a matrix probe was built for 3D imaging (MuxHead , Chapter 3).
Later, the work was extended to 2D imaging by designing a digital
ultrasound probe (LightProbe ) to build a complete software-de�ned
imaging system (UltraLight , Chapter 4). At last, advanced imag-
ing modalities were implemented on our system to demonstrate that
it delivers the required performance (High-Speed Bubble Tracking,
Chapter 5). Fig. 1.2 also gives an overview of main on-going follow-up
projects enabled by contributions of this thesis.

Software-
defined

3D
Imaging

LightProbe
64-cha Digital Probe

Mobile
Imaging

MuxHead
1024-cha Matrix Probe

UltraLight
Ultrafast System

Ekho
10k-cha Beamformer

Chapter 4

Chapter 4

Bubble Tracking
200fps

Chapter 3 Chapter 2

Chapter 5

Project Dependencies

Signal Acquisition HW Processing HW Advanced Modalities

Mobile-LightProbe
follow-up

Vector Flow
follow-up

Figure 1.2 { Thesis overview and follow-up projects.
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Due to the holistic approach, the contributions of this thesis enabled
two ultrasound imaging system to become operational:

1. an ultrafast software-de�ned 2D system, and

2. an experimental 3D imaging system.

The main hardware components built for these systems during this
thesis are depicted in Fig. 1.3. An exemplary output image is shown
for both systems, in order to demonstrate they are both operational.

Signal Acquisition HW Processing HW Output Image

MuxHead
1024-cha Matrix Probe

LightProbe
64-cha Digital Probe

UltraLight
Ultrafast Imaging System

Ekho
10'000-cha Beamformer

VS13
500 fps Imaging

3D-PW
3D wire phantom

2D

i

3D

Figure 1.3 { The main ultrasound hardware components built.

The following sections provide for each sub-topic a summary of
the prior work, the main challenges and the contributions made in
this thesis. Additionally, external contributions and project involve-
ments are declared.
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1.4.1 A Transducer Probe for 3D Imaging

The breakthrough in 3D ultrasound imaging was achieved by the
introduction of multidimensional transducer arrays in combination
with parallel processing. The Duke T2 ultrasound imaging system [27]
was the �rst real-time 3D system. It used a two-dimensional array
transducer of 289 elements to perform a 65° pyramidal scan of 24� 24
image-lines at a rate of 8 frames per second. In order to improve
the quality of the image, system designer increased the number of
elements in the two-dimensional array up to a point (ca. 1000) until
it became unfeasible to connect every single element of the array to
the back-end system due to the cabling limitations. To overcome this
cabling issue and to support several thousands of elements, micro-
prebeamformers were introduced into the transducer probe [25, 28].
Micro-prebeamformers are active analog circuits, which steer a patch
of elements (typically 25-36 elements) to a �xed direction in order to
form a single signal for the entire patch, and therby reduce the number
of required cables by more than an order of magnitude. However, this
limits the synthetic steering 
exibility of the transducer array in the
digital back-end processing, which deteriorates the overall system reso-
lution. Besides the reception of echoes, the transducer probe must also
be able to emit acoustic pulses. For su�cient transmit beam control,
each element in the transducer array must be individually controllable.
State-of-the-art matrix probes incorporate the entire TX circuitry
(TX-beamformer and high-voltage pulser) in the transducer probe [29].

Getting access to such a state-of-art 3D ultrasound transducer probe
for research purposes is not easy. Moreover, a transducer probe with
integrated analog pre-beamformers is not of interest for basic research,
since access to the unaltered raw signals of each channel is desired.

In the scope of this thesis (Chapter 3), an ultrasound transducer
probe for this purposes was developed based on an existing prototype
in a collaborative project with Fraunhofer IBMT, Germany. The
people contributing to the collaborative project at Fraunhofer where:
Peter-Karl Weber (project lead at IBMT), Christoph Risser and Holger
Hewener (hardware and software modi�cations on theDiPhAS for
connecting the matrix probe), Christian Degel and Daniel Speicher
(matrix transducer design), and Manfred Moses (technical assistance).

The DiPhAS imaging system with its support for matrix probes
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was published with acknowledgments of the author in [20].

1.4.2 High-Performance Beamforming for 2D/3D

Being able to capture raw ultrasound data for 3D imaging is only half
of the problem: One major challenge of fully-sampled beamforming
for 3D ultrasound lies in the amount of processing required to recon-
struct the re
ectivity information from the captured signals of the
transducer head. Especially demanding is managing the required pulse
propagation delays for the beamforming process. Most conventional
2D systems use look-up-tables to store all delays for every channel and
image point. Due to the vast amount of required delays, this is not
possible for 3D systems: For an imaging system with 10 k transducer
elements and 126� 126� 1000 image points, 159 G delay values are
required. Assuming each delay is represented in 10 bit, storing 198 GB
of delay information is manageable. Accessing the delays however
is very challenging: For a target frame-rate of 15 Hz, the required
access bandwidth is 24 Tbit/s.

The same issue occurs on a lower level for high frame rate 2D
systems, which beamform only a 2D plane from a few hundreds of
channels but at a very high frame-rate of several kilohertz. Since many
di�erent transmission patterns are alternated between the individual
frames, many di�erent sets of delays are required. Consequently, for an
exemplary 128 channel system running at a frame-rate of 4 kHz, 2.1 G
delays (128� 1000� 128� 128) need to be accessed at a rate of 66 Gbit/s.

Due to the massive amount of data to be stored, for both 3D systems
and high-frame-rate 2D systems, the delay values need to be brought
to the beamformer processing unit from an o�-chip high-capacity high-
bandwidth memory subsystem. Transferring data at this rate will
consume an enormous amount of power and deteriorate the systems
compute e�ciently. Thus, the delays have to be fully or partially be
computed on-chip to �t within a reasonable power budget. Computing
the delays on-chip is not trivial either. In order to get the required
delay, the time-of-
ight of the ultrasonic pulse from its emission center
to the image point, and back to the receiving element needs to be
computed, which involves the evaluation of several square-roots.

To alleviate the computational burden and to avoid the square-
root evaluations, [30{ 33] propose to approximate the delay pro�les,
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required for each channel-scanline-pair, with a few parameters. This
strategy, however, does not reduce the amount of data su�ciently to
completely obviate an o�-chip memory subsystem. Similar to [34], we
propose to compute all delays online and on-chip, directly from the
underlying geometry. The geometry can be parametrized with a few
constants in the order of tens of kilobits easily, which is easily storable
on an application-speci�c-integrated-circuit (ASIC). However, with
this approach, the square-root computations can no longer be avoided
and hence need to be handled e�ciently in hardware.

In the scope of this thesis (Chapter 2), a scalable and recon�gurable
hardware architecture for fully-digital integrated beamforming was
be developed, which requires no external memory and processes the
data at the information rate.

The architecture exploits several algorithmic innovations developed
during the authors Master's Thesis, which aim to reduce the com-
putational e�ort for beamforming to a minimum. These algorithmic
innovations are only brie
y summarized in Section 2.3.4 and are also
used in the ultrasound system described in Chapter 4.

This part of the work contributed in large parts to the two Nano-
Tera.ch research projectsUltrasoundToGo and BioDev .

1.4.3 Ultrafast Digital Probes

Increased digital computation capabilities at lower power consumption
are also in high need for the next generation 2D ultrasound systems:
In ultrafast imaging [35, 36] a 2D plane is reconstructed at a frame
rate of several kilohertz, which is at the physical limit de�ned by
the pulse propagation time. This modality opens up new diagnostic
and imaging possibilities, like the sub-wavelength structural mapping
and measuring the blood 
ow of deep vascular systems down to the
capillaries by tracking micro bubbles [37], or breast tumor detection
by extracting the tissues sti�ness by tracking its movement upon
mechanical excitation [38]. Advanced beamforming techniques are
based on more accurate models for wave propagation and can thus
achieve better imaging resolution [39]. However, up to now, real-time
or near real-time performance of these new modalities is hardly reached,
and large compute clusters are required to provide the results in a
meaningful time. Accelerating these computations and ultimately
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enabling them to run on lower cost hardware can be the tipping point
for these modalities to break-through in everyday medical diagnostics.

Digital ultrasound probes are a promising architectural design
choice to reduce system cost as they can leverage readily-available
commodity hardware for processing: In contrast to their conventional
analog counterpart, digital ultrasound probes integrate the analog
front-end in the housing of the probe handle and provide a digital
interface instead of requiring an expensive coaxial cable harness to
connect. Current digital probes target the portable market and perform
the bulk of the processing (beamforming) on the probe, which enables
the probe to be connected to commodity devices such as tablets or
smartphones running an ultrasound application to display the image
and control the probe. Thermal constraints limit the number of front-
end channels as well as the complexity of the processing. This prevents
current digital probes from supporting advanced modalities such as
Vector Flow or Elastography requiring high-frame-rate (HFR) imaging.

In the scope of this thesis (Chapter 4), we proposed a novel ultra-
sound system architecture, which uses anultrafast digital probe. Our
proposed ultrafast digital probe (LightProbe ) is equipped with a
high-speed optical link (> 25 Gb/s) providing sustainable raw samples
access to all channels, which allows the processing to be performed
on the connected device without thermal power constraints. The new
architecture allows building systems at lower cost, which at the same
time provide su�cient computing capability for advanced modalities.
As a proof-of-concept, we designed and built an entire ultrasound
imaging system from scratch following our proposed architecture. To
this end, we connected ourLightProbe to a GPU-equipped PC and
built the UltraLight platform, the �rst to our knowledge ultrafast
imaging system using a digital probe.

The LightProbe project was an independent follow-up project
on the UltrasoundToGo Nano-Tera.ch project. The Nano-
Tera.ch NextStep Ph.D. tutoring program enabled the Light-
Probe project. The NextStep program allowed Ph.D. Students to
apply for funding to �nance collaborative follow-up projects. Fraun-
hofer IBMT contributed the piezo-electric transducer as well as initial
technical guidance to the LightProbe project.
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1.4.4 Advanced Imaging Modalities

As elaborated at the beginning of this chapter, several new advanced
imaging modalities require an ultrasound system capable of ultrafast
imaging. Our UltraLight system promises to reduce the cost of
such a system to facilitate the adoption of these new modalities by the
health-care services. In order to demonstrate that theUltraLight
system in-fact can perform these novel advanced imaging modalities,
a �rst advanced modality has been implemented during this thesis:

Ultrafast Bubble Tracking

Localizing and tracking of individual bubbles is an operation required
for several new imaging modalities: In ultrafast ultrasound localization
microscopy (uULM) individual bubbles injected into the blood 
ow
are localized to map the vascular network below the di�raction limit.
Additionally, by tracking the bubble movement over time, the streaming
velocity of the 
uid can be measured. For reliable localization and
tracking of bubbles, an ultrafast imaging system providing a frame rate
above 100 Hz over multiple seconds is required. Due to the enormous
amount of data (> 1 GB), data-rates (> 10 Gbit/s) and the required
processing performance, ultrafast imaging is currently supported only
in large research systems or expensive high-end commercial systems.

As part of this thesis (Chapter 5), we demonstrate for the �rst time
that high-speed bubble tracking can be implemented on a low-cost
ultrasound system based on a digital ultrasound probe connected to a
standard PC over a high-speed digital link. The ETH MSc student Pas-
cal Armin Jud signi�cantly contributed to this demonstration as part of
his semester project, which was supervised by the author of this thesis.
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1.5 Summary of Contributions

The most important contributions of this thesis are:

1. An energy-e�cient full-integrated 10k channel 3D beamformer
(Ekho ) for medical ultrasound imaging has been designed. It
demonstrates for the �rst time that it is possible to implement
the entire 3-D delay and sum beamforming fully in digital,
and on one single chip without requiring any power-hungry
o�-chip memories.

2. An optimized 1024-channel analog 4:1 multiplexer ultrasound
probe (MuxHead ) for 3D imaging has been built, and �rst
test images were successfully acquired.

3. A 64-channel digital ultrasound probe (LightProbe ) with an
integrated RX/TX front-end and equipped with a high-speed
optical link has been developed from scratch. It is the �rst
ultrasound probe featuring an optical link and the �rst digital
probe providing real-time raw sample access to the front-end
data. The probe has the highest number of front-end channels
(64) integrated within an ultrasound probe described in the
literature and is the �rst digital probe supporting ultrafast
imaging.

4. For the LightProbe an advanced power and thermal man-
agement system has been developed, which allows exploiting
the heat capacity of the device to safely support the tem-
porary operation of imaging modes whose thermal power
dissipations exceeds the passive cooling capabilities of the
device.

5. By connecting the LightProbe to a GPU-equipped PC, a
complete ultrasound imaging platform (UltraLight ) has
been built. The platform is fully functional and provides
real-time imaging using a pixel-based beamformer running
on the GPU. Additionally, raw data can be captured at a
kilo-hertz rate for o�ine processing.

6. Advanced imaging modalities have been implemented on the
UltraLight system to demonstrate the 
exibility and power
of this novel software-de�ned system architecture.
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Chapter 2

Ekho: A Single-Chip
3D-Beamformer

2.1 Introduction

2.1.1 Motivation

Despite the upraise of modern medical imaging methods such as X-ray
computed tomography and magnetic resonance imaging, ultrasound
imaging is still popular and competitive due to its low cost, portability,
and safety. Up to now, most ultrasound systems used are 2D systems,
which have a probe that is applied to the body under investigation
and provide an image of a cross-section. A trained operator sweeps
the probe to get an impression of the 3D object. In 3D imaging,
a volume is captured instead of only a cross-section. Compared to
conventional 2D imaging, 3D imaging has several bene�ts [11]: Since
a full volume is captured, the operator no longer has to sweep the
probe to �nd a good view. This signi�cantly shortens the examination
time for the patient [54]. Moreover, it allows the examiner to review
the captured data o�ine, using several di�erent diagnosis approaches,
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such as creating any cross section (also unconventional ones impossible
to create with a physical probe), render the volume with di�erent 3D
rendering modes or do precise 3D volume measurements.

Ultimately, it has been shown that 3D imaging increases the diag-
nostic accuracy [10]. Also, photorealistic 3D renderings simplify patient
communication, and remote diagnosis is enabled [55]. Moreover, future
hand-held 3D devices will allow even nonspecialist personnel to look
into the body, facilitating point-of-care diagnostic [56].

2.1.2 Challenges

Implementing a real-time 3D ultrasound imaging system is an extremely
challenging task. Traditional 2D systems acquire images sequentially
line-by-line: First, an ultrasonic beam focused along a line is emitted.
If the beam hits a material transition, it is partially re
ected. From the
received echos, the image points (focal points) along that line (called
scanline) are computed (beamformed). Since it takes a particular
time for the pulse to penetrate the tissue, reach the maximal desired
imaging depth and propagate back to the transducer, the maximal
pulse repetition rate is limited. To compose a 3D volume, many more
scanlines are required than for a 2D plane. If all those scanlines were
acquired sequentially, it would take an untenable amount of time to
acquire the entire volume resulting in a very low frame rate. A known
solution to this problem is to send out a less focused beam or even a
divergent beam [57] and to compute several scanlines from just one
isoni�cation. This techniques is called parallel receive beamforming
and used in commercial 2D and 3D systems [58, 59].

Today's high-end 2D systems operate with a probe composed of an
array of up to 256 electro-acoustic transducer elements, that are fully-
sampled. To achieve the same lateral resolution in 3D, a matrix array
with a size of 256� 256 elements is required. Connecting and processing
so many elements is a problem: Since every image point depends
on the signal of every transducer, the processing e�ort is increased
signi�cantly in 3D systems compared to 2D systems. Multiplexing [60]
and sparsely sampled arrays [2,61] have been proposed to only sample
a subset of all transducers at a time. However, today's commercial
high-end 3D systems rely on fully-sampled arrays to overcome the poor
image quality of sub-sampled arrays, namely their inability to emit and
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capture su�cient acoustic energy as well as the image clutter they cause
due to increased side-lobes [25]. These systems [23, 24] use massive
analog preprocessing integrated directly into the probe to reduce the
number of channels signi�cantly. In an analog pre-beamforming stage a
group of neighboring transducer elements is steered to a �xed direction
with the help of analog delay lines, and a single output signal per group
is produced. This reduces the number of outputs from several thousand
to only a few hundred and hence simpli�es the cabling of the probe to
the processing device and alleviates the digital processing e�ort [26].

Recently, several fully-digital hardware architectures for fully-
sampled matrix arrays have been proposed [30,56,60,62] that integrate,
instead of only an analog pre-beamforming stage, a complete digital
beamformer right into the transducer head. Moving all the processing
into the digital domain promises higher pro�t from technology scal-
ing enabling to build more 
exible systems, and scaling them up to
higher complexity levels. So far, no digital processing system supports
fully-sampled matrix arrays with several thousands of elements on
which all channels are sampled concurrently and continuously. Such
a system has to process an incoming data-stream of severalTbit =s.
For an exemplary system with 100� 100 channels sampled at16 MHz
with 16 bit, a data rate of 2:56 Tbit =s has to be processed.

However, this is not the main challenge. The main challenge of
a fully-sampled, fully-digital 3D beamformer lies in managing the
required pulse propagation delays for the beamforming process. Most
conventional 2D systems use look-up-tables (LUT) to store all delays
for every channel and focal point, but this is not possible for 3D
systems: The total number of required delays is enormous. For an
imaging system with 10 k transducer elements and 126� 126� 1000
focal points, 159 G delays are required. Storing these delays is barely
manageable. If each delay is represented in10 bit, 198 Gbyteof memory
are required. The bandwidth to access these delays is critical: For
a frame rate of 15 Hz the required bandwidth to access the delays is
23:8 Tbit =s, which exceeds the input data rate of the receive elements
(2:56 Tbit =s) by almost an order of magnitude. Supporting such an o�-
chip data rate will require a lot of power and a sophisticated memory
system. Therefore the delays have to be fully or partially computed
on-chip to �t within a reasonable area and power budget.
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2.1.3 Contributions

As part of this thesis [40, 41], we designed a scalable hardware ar-
chitecture optimized for large-scale 3D beamforming that performs
the entire delay computation on-chip, without the need of external
memory. Similar to [34], we propose to compute all delays online
and on-chip, directly from the underlying geometry, which can be
parametrized with very few constants. In our architecture, we only
need around36:6 kbit of constants to describe the entire geometry,
which can be easily stored on-chip. Consequently, the entire delay
computation needs to be performed on-chip as well. We minimize
the computation e�ort by sharing as many computations between the
individual channels as possible.

We designed two versions of this architecture. A �rst version as
proof of concept, and a second, fully-complete version, which is ready
for silicon implementation:

1. The �rst architecture version [40] targets a fully-sampled
100� 100 matrix array and provides enough processing power
to beamform an imaging volume of 128� 128� 1000 points at
15 Hz. We estimate the area (19:1 cm2) and power (480 W)
cost of this design for a mature130 nm technology, which
would allow the co-integration with the analog high-voltage
front-end electronics. Since this architecture could be eas-
ily distributed on multiple chips, an implementation in this
mature technology would be split overseveral chips.

2. For the second version [41], we decided to switch to an ad-
vanced technology (28 nm SOI), that allows the integration of
the entire beamforming in a single digital chip. This digital
chip can then be connected to several dedicated high-voltage
frontend chips.

Moreover, we ported the delay computation part of this architecture
to FPGA and compared it with another delay computation implemen-
tation by our UltrasoundToGo project collaborators. This compar-
ison is not covered explicitly by this thesis but can be found in [46,48].

In this chapter, we focus on the second version [41] and present the
�rst complete pre-silicon implementation in 28 nm SOI of a fully-digital
delay and sum beamformer for fully-sampled transducers arrays en-
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abling 3D beamforming on a single chip. The proposed implementation
requires no external memory and could be integrated right into the
transducer head. Our contributions are:

ˆ We present a complete and fully-functional single-chip beam-
former implementation, which includes all processing blocks
(pre-processing, delay compuationand delay-and-sum beamform-
ing) required to compute image points out of the raw digital
samples captured by the analog frontend.

ˆ We minimize the computational e�ort for beamforming by de-
signing a bandpass beamformer, which operates on critically
sampled signals at all stages during processing and hence avoids
unnecessary computations.

ˆ We introduce a new delay index computation method with in-
creased accuracy and reduced circuit complexity, which computes
all required delays on-chip from only a few constants.

ˆ We integrate a microcoded control unit into our beamformer for
increased 
exibility and to further reduce the number of required
constants for the delay computation

ˆ We perform a rigorous error analysis to assess the beamforming
quality of our optimized bandpass beamformer.

ˆ We quantify the overall implementation loss of our optimized
digital chip implementation.

ˆ By having an entire and complete design, we can evaluate the
power/area tradeo�s between the di�erent components.

Our beamformer computes298:1 MFP=s and up to 40 scanlines
in parallel. It requires 1:68 cm2 chip area and its core power �ts
in a 30:3 W power budget. This is a factor of 11� improvement
in area and 16� in power compared to the �rst version [40]. Our
beamformer architecture (Ekho) is scaleable: For a 100 channel 2D
setup, Ekho requires1:68 mm2 chip area and dissipates303:4 mW,
while still providing 298:1 MFP=s.

The rest of the chapter is organized as follows: After related
work (Section 2.2), we give a short introduction to ultrasonic imaging
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and elaborate on the bandpass processing we applied to minimize the
beamforming e�ort (Section 2.3). Subsequently, we elaborate our online
delay computation (Section 2.4) and our beamformer architecture
(Section 2.5). We summarize (Section 2.6) the detailed error analysis.
Finally, we present the implementation results (Section 2.7) and close
with comparison (Section 2.8) and conclusions (Section 2.9).
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2.2 Related Work

We de�ne a system asfully digital if the received signal of every trans-
ducer element is processed digitally. If analog processing is used to
reduce the number of digital processing channels, we de�ne the system
as partially-analog. Today's commercial 3D systems are partially-
analog systems: TheiE33 xMatrix Echocardiography Systemfrom
Royal Philips [23] uses analog pre-beamforming [25] in the head to re-
duce the number of channels for 3D imaging. The latestX6-1 xMatrix
transducer head [63] for this system has 9212 active elements. The
piezoelectric array is directly stacked onto a micro-beamformer ASIC,
which contains for each of the 9212microchannelsa high-voltage trans-
mitter, a receive ampli�er, and an analog delay line. The Acuson
SC2000 3D ultrasound system from Siemens [24] performs real-time
volume imaging with the 4Z1c transducer head. This actively-cooled
1:5� 3:5 MHz transducer head contains a PCB-Stack with 120 ASICs
to perform partial beamforming in the head to reduce the number
of cables [26]. To support a high frame rate, theAcuson SC2000
performs digital parallel receive beamforming of up to 64 beams on
the pre-beamformed signals at a rate of160 MFP=s [59].

The main disadvantage of partially-analog systems using pre-
beamforming is decreased 
exibility: A subarray can only steer to one
direction at a time and therefore only allows to compute focal points in
the area to which the subarrays are currently steered. A fully-digital
solution does not share this limitation but needs to acquire large
amounts of digital samples. Special sampling schemes, multiplexing,
and duty-cycling are used to reduce that amount: TheSonic Window
from Analogic [64] is a small fully-digital handheld device using a
fully-sampled 3600 element transducer matrix to visualize C-mode
(2D) images of the tissue right under the skin creating the illusion
of looking through the skin [56, 62]. The device only captures four
samples per shot and channel to minimize the processing e�ort and to
�t the limited power budget of a portable device. This minimalistic
sampling scheme is unsuitable for high-frame-rate high-resolution 3D
imaging. The Sonic Millip3De [30,60] is a die-stacked digital-front-end
accelerator for 3D synthetic aperture imaging for a 128� 96 transducer
matrix. To reduce the processing e�ort, the system uses twelve-fold
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multiplexing to process only a subset of 1024 channels at a time. Also,
the channels are only sampled in a burst-wise fashion with a duty cycle
of around 2% to reduce the amount of raw data to process. It uses
pre-computed section-wise quadratic approximations to obtain the
delay pro�les. Per channel-scanline pair, 9 constants are needed. The
constants are provided by several dedicated LPDDR2-800 memories
to achieve the required access bandwidth for their speci�cation.

If all channels are sampled continuously and concurrently as in
our proposed system, the current solutions either provide modest
processing performance or are gigantic systems: TheCSC2032 RX
Beamformer from Cephasonics [34] is a single-chip 32 channel digital
2D/3D beamformer that beamforms 4 scanlines in parallel. Similar
to our proposed beamformer, this device computes all required delays
online and on-chip from the geometric speci�cation. Similarly, [65]
presents an ASIC design of a 16 channel single-chip 2D beamformer
able to compute 4 scanlines in parallel. The delays are computed with
a quadratic approximation using precomputed coe�cients. To provide
su�cient processing power for a 3D system with thousands of channels
and a decent frame rate, hundreds of these chips are required.

The SARUS research system [66,67] is an extremely 
exible but
huge experimental ultrasound system supporting the digital acquisition
of 1024 independent receive channels with a sampling rate up to
70 MHz. It contains more than 320 Gbyte of RAM and uses 320 Xilinx
Virtex-4 FPGAs for processing. In its current con�guration [66], the
system acquires data from all 1024 channels simultaneously, but can
only process 256 in real-time. In this real-time operating mode, it
produces320 MFP=s. The propagation delays are computed online on
the FPGAs recursively and iteratively [31,32]. Per channel-scanline
pair, 5 parameters (100 bit) are needed [33]. The parameters are
stored on dedicated SRAMs.

In ultrafast 2D imaging [4,35] or synthetic aperture imaging [36],
the entire imaging plane is beamformed in every shot from an unfo-
cused transmission. These imaging schemes provide frame-rates of
up to several kilohertz and require equally high focal point and delay
computation rates as for 3D imaging. However, far fewer channels
need to be processed. Since Ekho can be scaled down to support such
setups, a comparison with these 2D systems is appropriate. In [68] a
128 channel synthetic aperture 2D beamformer built from 4 Virtex-5
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LX330 FPGAs is presented. 16 scanlines are computed in parallel
at a sampling rate of 40 MHz. This results in 640 MFP=s. The de-
lays are computed online but only for every 32nd focal point. The
remaining delays are interpolated.

Today, software-based beamformers provide su�cient processing
power for 2D imaging: Graphic processing units (GPU) are used for
beamforming in both commercial [69] and research systems [19]. In
the later, two GTX-480 GPUs are used for 2D synthetic aperture
beamforming of 32 channels at a rate of614 MFP=s. The delays
are computed online on the GPUs. In [21] 4-cores of a single 8-core
TMS320C6678 KeyStone DSP are used to beamform 20 MFP=s from
64 channels. All delays are pre-computed.

FPGA, GPU, and DSP beamformers provide enough processing
power for 2D or partially-analog 3D systems. For fully-digital systems,
a dedicated ASIC is still required for su�cient processing power at
a reasonable power budget.
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2.3 System Level { Beamformer Design

2.3.1 Ultrasound Imaging in a Nutshell

Medical ultrasound imaging [2, 70] visualizes changes in acoustic
impedance of the tissue by emitting a high-frequency pulse with an
array of piezoelectric transducers (Fig. 2.1a, 2.1b). If the pulse hits
a material transition, it is partially re
ected (scattered) due to the
change of acoustic impedance (Fig. 2.1c). The re
ected echos are then
registered by the transducer array. In a computational process called
beamforming, a map of the re
ectivity of the volume under investi-
gation (h(~rFP )) is computed from the received signals (Fig. 2.1d): In
order to do that, for a set of points in the volume, called focal points,
all received signalsr i (t) need to be summed up according to the time
it took the pulse to travel from its emission point ~rTX to the focal
point ~rFP and back to the corresponding receiving element~rRX ;i :

h(~rFP ) =
N RXX

i =1

wi r i

�
tpeak +

j~rTX � ~rFP j + j~rFP � ~rRX ;i j
c

�
: (2.1)

The number of receive elements is denoted withNRX and tpeak is a
global time o�set to align the receive signals with the peak of the
impulse responsep(t) of the system (see Fig. 2.1d). The signal con-
tributions are weighted with an apodization weight1 wi to suppress
side lobes caused by the aperture shape [2]. The pulse is assumed
to travel with an average speedc of 1540 m=s. In a subsequent post-
processing step, the output of the beamformingh(~rFP ) is converted
into a displayable image. This step usually involves envelop extraction
of the high-frequency pulse, transformation of the coordinate system
(scan conversion), compression of the dynamic range and application
of resolution enhancement techniques [2].

1Currently Ekho supports only static apodization ( wi independent of ~rFP ).
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Focal Point
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Transducer Element
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a) Geometry
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d) Received Signals

Figure 2.1 { Principle of ultrasound imaging illustrated in 2D: a) The imaging
volume is de�ned by a set of focal points . These are arranged along radial
rays (scanlines). Changes in acoustic impedance are modeled as discrete
re
ectors ( scatterers ). b) A pulse is emitted into the volume of interest.
By delaying and weighting the transmit signal of each transducer element,
a virtual point source placed behind the transducers is emulated. This
placement creates a divergent beam that concentrates the transmitted
energy on several adjacent scanlines. c) The pulse is partially re
ected
when a scatterer is hit. d) For each focal point, the received signals are
added up according to (2.1) . A scatterer will manifest itself by causing a
constructive interference on the neighboring focal points proportional to
its re
ectivity. p(t ) is the impulse response of the system, which peaks at
tpeak . This delay needs to be considered as well during beamforming.
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2.3.2 System Overview

As illustrated in Fig. 2.2, we separate the capture of an ultrasound im-
age in three stages:signal acquisition, beamformingand post-processing
{ each executed by a di�erent part of the ultrasound imaging system:
The signal acquisition stage involves the entire process of generating
and sending out a pulse and receiving the echos, including the analog
to digital conversion and some basic digital preprocessing such as
�ltering, demodulation, and decimation. This stage requires one or
several high-voltage mixed-signal ASICs connected to the transducer
elements. From the resulting digital samples, the focal point values
are computed in the subsequentbeamforming step. Due to the stream-
line nature of this operation, this stage is highly suited for a digital
ASIC implementation. Finally, a displayable image is created in the
post-processingstage. A processor-based system is ideal for this task,
due to its 
exibility and the relaxed computational requirements. In
this work, we mainly focus on the beamforming stage. We also address
the interfaces to the neighboring stages, since reducing the data rate
on them directly reduces the power required to transfer data.

Signal Aquisition Postprocessing

Transducer Matrix

Imaging Volume
Computed Focal Points

Final Image

this work

PC

Beamforming

Analog Signals
Digital Samples

Analog Frontend

BF ASIC

1.1 1.2 1.3

 

Figure 2.2 { Overview of an ultrasound imaging system. Only the receive
path is shown. The analog signals received by the transducers elements
are ampli�ed (1.1) and converted to the digital domain (1.2) by the analog
frontend (AFE). Digital demodulation and decimation (1.3) are performed
within the AFE to reduce the data rate to transmit the signals to the
beamformer. The beamformer computes the focal points and sends them
to the post-processing system.
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2.3.3 Beamformer Speci�cations

The Ekho hardware architecture presented in this paper has been
developed to cover many ultrasound imaging scenarios, including 2D
and 3D. Many settings can be adapted by changing con�guration
registers or altering the executed program code. Other settings require
hardware modi�cations, easily obtained thanks to our parametrizable
architecture. In the following, we focus on a very demanding 3D
con�guration, as a showcase for Ekho. We also brie
y cover a simpler
2D setup. Ekho's recon�gurability is further elaborated in Section 2.5.3
and App. 2.10. The selected 3D beamformer speci�cations are suitable
for general purpose abdominal and gynecological applications: We
target a 100� 100 = 10 k-element 8 MHzbandwidth2 phased3 matrix
array, which is superior to today's commercial high-end systems, such
as the iU22 from Philips, which operates with a transducer head with
9212 elements and only a 1-6 MHz broadband frequency range [71].

Our targeted imaging volume is a spherical cut (Fig. 2.3a) with
72° � 72° opening angle with a penetration depth of 500� . We want
to reconstruct this volume with a rate of f V = 15 Hz at the resolution
limit of the acoustical system. Our beamformer is designed to compute
the focal points at a su�cient rate to meet these targets: To sample
the volume at the resolution limit of the acoustic system, the scanlines
need to be placed � ! = �= (2d) = 0:01 rad apart [58], whered is the
size of the aperture, i.e., the size of the transducer array in our case.
Given the 72° � 1:26 rad opening angle, the entire volume is spanned
with 126� 126 scanlines (SL) all originating from the transducer matrix
center. We de�ne the j; k -th scanline as the set of points given by
~rSL;j;k (� ) = � � ~uj;k with � � 0 and where~uj;k describes the direction
of the scanline. The focal points are placed equidistant with distance
� � on the scanlines as illustrated in Fig. 2.3b. To cover the entire
penetration depth, 500�= (� � ) focal points are required per scanline.
The `; j; k -th focal point is placed at

~rFP [`; j; k ] = ` � � � � ~uj;k ; ~uj;k =

0

@
sin(� j ) cos(' k )

sin(' k )
cos(� j ) cos(' k )

1

A : (2.2)

2We assume a 4-12 MHz broadband frequency range.
3 �= 2 element pitch
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a) Imaging volume subdivision
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` � � �
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b) Focal point placement

Figure 2.3 { Beamformer Speci�cations (simpli�ed): (a) Transducer matrix
with the imaging volume (red) with the two opening angles � OA and � OA
and the diagonal opening angle � (blue). The point ~r is expressed in
spherical coordinates (black). The grid (red) illustrates the subdivision of
the imaging volume in subsections. Only a subsection (green) is isoni�ed
and the corresponding scanlines (black) are beamformed. (b) The focal
points are placed on scanlines de�ned by a vector ~uj;k . The scanlines
are separated by � � = � ' = � ! in polar and elevation angle, and by
� � in radial distance.
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As previously elaborated, the number of isoni�cations per volume is
physically limited and several scanlines need to be acquired concur-
rently. The maximal pulse repetition rate (PRI) can be estimated
as f PRI,max � c=(2 � 500� ) = f c=1000 = 8 kHz, which results in
f PRI,max =f V = 533:3 available shots per volume. Consequently, at
least 126� 126� f V =f PRI,max = 29 scanlines need to be acquired con-
currently. We subdivide the entire volume in 441< 533:3 sections as
sketched in Fig. 2.3a such that each section is covered by 6�6 = 36 > 29
scanlines. The sections are acquired and beamformed sequentially, one
section at a time. We create a divergent beam by placing a virtual
point source behind the transducer matrix [57] to concentrates the
emission in that section.

2.3.4 The Case for Bandpass Processing

The electro-acoustic transducers used for ultrasound imaging have a
bandpass transfer function. We model this property by assuming that
they block all signal energies outside a single band of interest with
bandwidth B centered around frequencyf c. For typical transducers,
B � f c can be assumed. The received signalsr i (t) inherit this bandpass
property, opening up several possibilities to exploit it throughout the
system (see Fig. 2.4), to increase its power e�ciency. Most systems
use simple analog frontends (AFE) that sample the analog signal with
a sampling rate much higher than the Nyquist rate 2f c + B and send
the digital samples unaltered over a high-speed LVDS link to the
beamformer. However, the required data rate can be minimized by
performing digital demodulation and decimation within the AFE [21,
72] to obtain complex-valued digital baseband samples at a rate ofB
(Fig. 2.4.a-b). Additionally, disturbing imperfections, like inter-channel
or dynamic intra-channel o�sets are e�ectively removed by the implicit
high-pass �ltering during the digital demodulation and decimation. In
many beamformer designs, the focal point spacing along the scanline
� � is chosen with respect to the sampling ratef s of the AFE, i.e.,
� � = c=(2f s). However, the beamforming output along a scanline
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Figure 2.4 { Simpli�ed processing chain in the beamformer. An illustrative
spectrum of the signal at the di�erent processing stages is shown as well.
a) The raw analog signal enters the system. The useful information (1.2)
is concentrated in a frequency band of width B centered around f c . Signal
contributions (1.1) outside this band are considered noise. b) The analog
frontend (AFE) digitizes the signal and performs digital demodulation and
decimation to produce critically-sampled complex-valued baseband samples.
c) The baseband signal is interpolated and converted to an analytic signal
before beamforming. d) The analytic beamformed signal is undersampled
such that non-destructive aliasing (2.1) occurs. e-f) The signal envelope
is extracted from the analytical signal.
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can be approximated in the far-�eld4 with

h(~rSL;j;k ) ( � ) �
N RXX

i =1

wi r i

�
tpeak +

2�
c

+ 
 j;k;i

�
: (2.3)

Assuming this approximation holds, it is apparent, that the bandpass
signal property is preserved during the delay and sum beamforming
operation. Analytical sampling techniques can be used to under-
sample h(~rSL;j;k ) (� ) along � to reduce the number of focal points
that need to be computed [73]. In order to do this, all input sig-
nals r i (t) are converted �rst to their analytic representation 5 prior
the beamforming stage. Since our beamformer receives samples that
represent the baseband representationrBB ;i (t) of r i (t), the analytical
signal representation

r A ;i (t) = exp(i2 �f ct) r BB ;i (t) (2.4)

is obtained with a simple multiplication (Fig. 2.4.c) Again assuming
that the far-�eld approximation holds, the analytical property is pre-
served during beamforming, i.e., the now complex-valued beamformer
output is an analytical signal representation with B and f c scaled
by 2=c. Analytical signals can be uniformly undersampled with a
sampling rate equal to their bandwidth without causing undesired
aliasing (Fig. 2.4.d). This reduces the required spatial sampling rate
from (� � ) � 1 � (2f c + B ) � 2=c real samples to (� � ) � 1 = B � 2=c
complex samples.

In ultrasound imaging with typically f c � B , this techniques
reduces the number of focal points by a factor of at least 3 and
consequently reduces the number of required delays by the same factor.
On the other side, complex-valued signals need to be processed, and a
small error will be introduced due to the assumption that the bandpass
property is preserved during beamforming. We analyze in Section 2.6
how severe this error is.

In postprocessing, the signal envelope cannot be taken directly
from the undersampled analytical signal. The undersampled analytical

4 j~rFP j � j ~rTX j and j~rFP j �
�
�~rRX ;8 i

�
�

5The analytical representation xA (t ) of a real-valued signal x(t ) is de�ned as
xA (t ) = x(t ) + iHx (t ), whereas H is de�ned such that all negative frequencies of
the complex-valued signal xA (t ) are zero [74].
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signal �rst has to be converted into the baseband representation

hBB (~rFP ) ( � ) = hA (~rFP ) ( � ) exp (i2�f c� 2=c) ; (2.5)

from which the envelope is extracted by computing the magnitude of
the complex valued signal (Fig. 2.4.d-f). Computing the magnitude of a
complex-valued signal involves multiplying with its complex-conjugate
counterpart. This self-multiplication causes a self-convolution in the
frequency domain and hence doubles the required sampling rate to
represent this signal. In order to avoid aliasing, the beamformer output
either needs to be upsampled (interpolated) by a factor of at least 2
along the radial distance or the distances between the focal points (�� )
need to be reduced by a factor of at least 2, such the re
ectivity map
is sampled at a su�cient rate. The same applies to the polar and the
elevation angle. Our chosen �! requires upsampling by a factor of at
least 2 to avoid aliasing in the envelope extraction step. In ultrasound
imaging, this technique is also known as IQ interpolation [58]. Choosing
less focal points at the cost of interpolation during post-processing
reduces the beamforming e�ort, i.e., the number of required delays, by a
factor of 8. If the RF signals along the scanlines are required for further
processing, they can be retrieved without loss from the undersampled
analytical signal by applying an appropriate interpolation �lter and
taking only the real-valued signal part.

To summarize: by using bandpass processing throughout the sys-
tem, we minimize the input data rate of the beamformer and reduce
the number of focal points and delays to compute by a factor of at
least 3 in radial and 2 in both axial directions each. This results in
a total reduction by a factor of at least 12. Also, the beamformer
output data rate is reduced by a factor of 6, assuming that complex
samples require around twice as many bits compared to real samples.
Considering that a considerable part of the power is dissipated in the
IO pad drivers, the data rate reduction at the interfaces translates
directly to signi�cant power savings.

The �nal beamformer speci�cations for our exemplary 3D system
are summarized in Tbl. 2.1. Given these speci�cations, the number of
focal points per second our beamformer needs to compute is more than

Qspec = 1262 � 1000 FP� 15 Hz = 238:1 MFP=s : (2.6)

Without the bandpass processing it would be2:9 TFP=s.
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Table 2.1
System Speci�cations

Speed of sound in tissue c 1540 m=s

Transducer Head:
Transducer center frequency f c 8 MHz
Transducer bandwidth B 8 MHz
Transducer matrix size 100 � 100
Wavelength � c=f c = 0 :1925 mm
Transducer pitch �= 2
Transducer matrix dimensions d 50� = 9 :63 mm

Beamformer:
Imaging Volume ( � OA � ' OA � dpd ) 72° � 72° � 500�
Calculated Volumes per Second f V 15 Hz
Focal Points per Volume 126 � 126� 1000
Angular Focal Point Spacing � � , � ' �= (2d)
Radial Focal Point Spacing � � c= (2B )
Required Focal Point Throughput Qspec 238:1 MFP =s
Parallel Computed Scanlines 6 � 6 = 36
Shots for one Volume 441 Shots
Pulse Repetition Rate f PRI 6:6 kHz
Volume splitting 21 � 21 Sections

2.4 Online Delay computation

In this section, we elaborate how the e�ort to compute the delays
is minimized: In every shot, de�ned by a di�erent emission origin
~rTX , a delay t tot (~rTX ; ~rFP ; ~rRX ;i ) is needed for each computed focal
point ~rFP and receive element~rRX ;i :

t tot (~rTX ; ~rFP ; ~rRX ;i ) = tpeak +

dTX ! FPz }| {
j~rTX � ~rFP j +

dFP ! RX ;i
z }| {
j~rFP � ~rRX ;i j

c
(2.7)

For our system with 126� 126� 1000 focal points and 10000 channels,
158:8 G individual delays are required in total for one volume. To
avoid storing and accessing these delays, we propose to compute
them online. To enable an on-chip memory only solution, we assume
that only the 441 positions of the emission origins~rTX , a few (252)
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constants required to compute the focal points~rFP [`; j; k ] with (2.2),
and the coordinates of the receive elements~rRX ;i are stored. Note
that due to the symmetry and positioning, 2 � 100 values are su�cient
to store all ~rRX ;i . To e�ciently compute the delays from the given
constants, a lot of the required computations can be shared and used
to contribute to several delays: During a shot,~rTX is constant. This
means the distancedTX ! FP is only computed once for each~rFP and
all ~rRX ;i . For the distance

dFP ! RX ;i =
p

(xFP � xRX ;i )2

| {z }
(� x )2

+ ( yFP � yRX ;i )2

| {z }
(� y )2

+ ( zFP )2

| {z }
(� z)2

(2.8)

the computation of � A = (� x)2 and � B = (� y)2 + (� z)2 can be
shared among the receive elements in the same row or column.(� z)2

is independent of the receive element becausezRX ;i = 0 holds for
all elements.

Table 2.2
Required computations to calculate all delays required for the

evaluation of a single focal point

Quantity + =� � p

~rFP [`; j; k ] 0 3 0
dTX ! FP 5 3 1

� A = (� x)2 100 100 0
� B = (� y)2 + (� z)2 2 � 100 + 1 100 + 1 0p
� A + � B + dTX ! FP 2 � 10000 - 10000

Each focal point ~rFP [`; j; k ] = ` � � � � ~uj;k is computed only once
per volume since a di�erent section of focal points is evaluated in each
shot. To do this e�ciently, the x; y; z components of all 36 vectors
� � � ~uj;k used in one shot are precomputed on-chip with the help of
a small processor. A small program executed on this processor also
controls which scanlines, i.e., which vectors, have to be computed in a
speci�c shot. Note that if this information were stored naively in a
table, this table would need 441 entries, one for each shot, and each
entry would contain 6 � 6 = 36 indexes of at least14 bit each to point to
one of the 126� 126 scanlines. This would require another222 kbit of
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memory, which we e�ciently avoid with our small processor. Internally
we neither compute distancesd nor times t. To avoid the division
by c and the deduction of a speci�c sample index to select from the
input stream, all values are mapped to the delay index domain, i.e.,
d 7! d � f D =c and t 7! t � f D , where (f D ) � 1 is the resolution in time
with which the delays are computed, and the samples are selected.

Tbl. 2.2 lists the required operations to compute all delays to
evaluate a single focal point. The operations required to precompute
� � � ~uj;k are neglected. It is apparent that the 10000 square-root
evaluations are by far most critical. To realize an online on-chip
computation, it is imperative to have a hardware-e�cient square-root
computation algorithm.

2.4.1 Hybrid Square-Root Computation (HSQRT)

We have developed a novel very e�cient square-root computation
algorithm: In general, the focal points are evaluated sequentially and
in a speci�c order. This implies that there is some correlation in the
result of two consecutive square-root computations. We propose a new
method to compute the square-root that exploits this correlation to
e�ciently choose a smart starting point for the following standard
iterative bit-by-bit calculation. To model this correlation, we assume
that the absolute di�erence between two consecutive results is bounded
by � , i.e.,

�
�p xn �

p
xn � 1

�
� < � . The iterative bit-by-bit calculation

is based on [31{ 33]. Our method operates on �xed-point number
representations and computesy =

p
x up to B I integer bits and BF

fractional bits. The computation is exact in the sense that, assuming
a quantized �xed-point input x, the quantized6 exact result y =
QB I ;B F f

p
xg is indistinguishable from our result ŷ = HSQRT

p
x. A

piece-wise constant approximation of the square-root (Fig. 2.5) delivers
the starting point for the bit-by-bit method. The sections are placed
equidistant in y with distance 2N b � � and are de�ned by their starting
point si and their value ci =

p
si . Nb is a design parameter of our

method, which will be discussed later. By storing the indexk of
the section used in the previous computation, we can determine the
current section by only comparing x with sk and sk+1 : If x is smaller

6Rounding to the next value, not truncation.
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Figure 2.5 { Piece-wise constant approximation sections for the Hybrid
Square-Root Computation Algorithm: The absolute di�erence between
two consecutive computations jyn � yn � 1 j is assumed to never exceed �
shown in red.

than sk the index is decremented, if it is larger thansk+1 the index
is incremented, otherwise the index is kept7. This section tracking
algorithm implements a mapping function f : X ! K that returns the
corresponding section indexk for a given input value x. This mapping
function can be expanded to support a wider set of applications8 as
we will elaborate later. From k, a piece-wise constant approximation
ŷ0 = ck is obtained. Note that since ck = k � 2N b , this approximation
returns a preliminary result of the B I � Nb most signi�cant bits of
the �nal result ŷ =

p
x. In the subsequentm = Nb + BF steps of

the bit-by-bit calculation, the remaining bits are computed. In each
step, depending on the sign ofD i = ( ŷi � 1 + 2 N b � i )2 � x, the value
(2N b � i ) corresponding to the currently determined bit is added or
not to ŷi � 1 to get ŷi . To avoid the squaring in each step, not only
ŷi but also the di�erence

� i = ŷ2
i � x; � 0 = sk � x (2.9)

is propagated through the iteration. Using � i , the D i can be computed
using shift and add operations only, which enables a very e�cient

7At the cost of more comparisons, changes of x exceeding more the one section
can be supported to allow 2 N b < � .

8 If larger jumps than � occur in a sporadic but deterministic manner, additional
logic can handle these special cases.
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implementation in hardware:

D i = ( ŷi � 1 + 2 j )2 � x; j = Nb � i (2.10)

= ŷ2
i � 1 � x + 2 � ŷi � 1 � 2j + 2 2j (2.11)

= � i � 1 + 2 j +1 ŷi � 1 + 2 2j : (2.12)

After m steps we obtainŷm . The error
p

x � ŷm is con�ned in the
interval [0; 2� B F ) and has a non-zero mean. The error interval is
moved to [� 2� (B F � 1) ; 2� (B F � 1) ) by adding 2� B F to ŷm if D 0 = ( ŷm +
2� B F � 1)2 � x � 0. This makes the result indistinguishable from the
true value

p
x quantized to BF fractional bits. Our modi�ed bit-by-bit

calculation method based on [31{ 33] is show in Algo. 1.

1: function ISQRT (� 0 = sk � x; ŷ0 = ck )
2: for i  1; m do
3: j  Nb � i
4: D i  � i � 1 + 2 j +1 ŷi � 1 + 2 2j

5: if D i < 0 then
6: ŷi  ŷi � 1 + 2 j

7: � i  D i

8: else
9: ŷi  ŷi � 1

10: � i  � i � 1

11: end if
12: end for
13: Rounding Correction:
14: j  � BF � 1
15: D 0  � m + 2 j +1 ŷm + 2 2j

16: if D 0 < 0 then
17: ŷ  ŷm + 2 � B F

18: else
19: ŷ  ŷm

20: end if
21: end function

Algorithm 1 { Modi�ed ISQRT Algorithm
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2.5 Beamformer Architecture

Fig. 2.6a illustrates the top-level diagram of the beamformer (BF)
ASIC architecture. This architecture is an improvement of [40, 75].
In every shot, all focal points within a section are beamformed. The
computation order of these points has an impact on the data and
compute coherency that can be exploited: Within the section, we
compute the focal points on a per-nappe basis as shown in Fig. 2.6b.
We use the term nappe to describe the set of all focal points equidis-
tant from the transducer array center, i.e., j~rFP j = const. On each
nappe, the focal points are computed sequentially, line-by-line. This
order assures that the assumed correlation exploited in our HSQRT
algorithms holds. Also, the computation of the nappe is aligned to
the pulse propagation such that only a small interval of the received
signal needs to be bu�ered for the computation. If the focal points
were computed on a per-scanline basis, the entire signals would have
to be stored. The received signal of each transducer is bu�ered and
processed by an assigned beamformer channel (BFC). Every BFC
selects and contributes a value to the adder tree to form the cur-
rently computed focal point. The computed focal points are then
sent to the post-processing system. The global control and the shared
computations are performed in a separate unit.

2.5.1 Global Control and Computations

The global control and computation unit controls the operation of
the entire beamformer. It also performs all shared delay index com-
putations, i.e., it computes � A, � B and dTX ! FP . As part of this
task it incorporates a small programmable unit (uC-Engine) that
plans the order in which the sections are computed and precomputes
the corresponding vectors. The bit-widths were chosen such that
the �nal delay index is o� by at most 1 interpolated sample with a
probability < 30%. This stringent quality metric assures that our
architecture can cope with many imaging scenarios without requiring
any re-evaluation, unlike a metric that only considers the �nal output
image in a particular application.

The data
ow of the global control and computation unit is depicted
in Fig. 2.7: The System Control handles the top level control of the
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Figure 2.6 { Top level architecture of the our Beamformer ASIC. (a) A
beamformer channel (BFC) (1.1) is assigned to each transducer element and
selects the value to contribute to the currently computed focal point. The
global control and computation unit (1.2) performs the shared computations
and contains the programmable unit for the scanline geometry computations.
An adder tree (1.3) sums up the outputs of the all BFCs forming the
�nal focal point. (b) Computation order of the focal points within a
subsection (green).

beamformer. It handles the startup procedure, starts the beamforming
process when the isoni�cation begins and reports the completion of the
beamforming computations. During startup and when the computation
of a new shot starts, it activates the uC-Engine, which then computes
the required vectors for the next shot. The vectors are double bu�ered,
such that one bank is available for the uC-Engine to store its result
and the other one can be accessed to compute the coordinates of the
focal points required for the currently computed shot. Since one focal
point is computed per cycle, a second low-latencyFast Control unit
is employed to control the computations.

The uC-Engine is a straightforward instruction based computation
unit. Its main goal is to provide the possibility to describe the higher-
level control 
ow of the beamformer with a program to avoid over-
speci�c control units and huge constant tables that instruct which
operation, i.e., which scanline, is computed in which shot and in
which order (see Lst. 2.1). The16 bit instructions are stored in a small
dedicated memory. The uC-Engine has two data paths: One main8 bit
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path for general purpose programming, with a small 16-word register
�eld, that is partially mapped to the outer control units to in
uence
the control 
ow. A small arithmetic logic unit supports additions
and comparisons to allow the programming of a simple control 
ow
with conditional branches and address computations. The second data
path is a tailored 19-22 bit data path to compute the vector values.
The trigonometric functions are implemented as a con�gurable22 bit
look-up-table. The read address for the LUT is provided directly by
the ALU output of the �rst datapath. Currently, we support 2 8 = 256
LUT values. For our current setup we store all 126,sin � j and cos� j

values9 (2 � 126 = 252) in the LUT. We do not exploit the sine and
cosine symmetries to reduce the number of required constant. The
LUT output is fed to an instruction-controlled multiply-store unit to
compute the vector values. The computed vector values can then be
written out to the scanline vector bank using a special instruction.
The write address is again provided directly by the ALU of the �rst
data path. The programmable uC-Engine can be easily extended and
allows 
exible in-system recon�guration of the beamformer.

In total, 36:6 kbit of constants are required to compute the delays:
2 � 126� 22 bit for the sine and cosine LUT-entires, 441� 64 bit to store
information related to the shots like the ~rTX positions, 200� 9 bit for
the ~rRX and 64� 16 bit to store the instructions for the uC-Engine.

2.5.2 Beamformer Channel

The architecture of the beamformer channel (BFC) is shown in Fig. 2.8.
The task of the BFC is to convert the incoming baseband samples into
the analytical representation by a complex modulation and return the
value that corresponds to the delay associated with this channel. A
2� 16 bit data-path10 is used for the complex signals, which is typically
supported by an ultrasound AFE with integrated demodulation and
decimation [72]. For su�cient beamforming quality, the delays are
computed with sub-sample precision, and the corresponding values
need to be interpolated. We compute the delays with a precision that
relates to a sampling rate of 8f c, which lies in the suggested span

9Since � k = ' j 8j = k, 2 � 126 values are su�cient.
10 An aggressively optimized 3D system may be able to operate with a lower

bit-width (Section 2.6). Our conservative choice enables wider compatibility.
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Figure 2.7 { Global Control and Computation Unit: Several control units
are implemented hierarchically: A System Control unit communicates with
the outside world. A programmable uC-Engine controls which scanline
is computed in which shot and order. It does so by precomputing the
36 scanline orientations vj;k = � � � ~uj;k used in one shot and storing
them in a double bu�ered memory. A Fast Control unit organizes the
one-per-clock-cycle computations, i.e., controls j; k and `. The coordinate
of the currently computed focal point ~rFP is obtained by multiplying the
iterating vj;k with `. The ~rTX , which is �xed for one shot, is provided by
a programmable look-up table, implemented as a single port memory. The
forward delay dTX ! FP is only computed once. The shared computations
for the backward delay (� A r , � B c ) are performed 100� each; once for
each row and column, respectively.

of 4f c to 10f c [73, 76]. The computed sample is multiplied with a
con�gurable static weight (apodized) and then passed on to the adder
tree, which is implemented as a binary tree to minimize latency.

Interpolation & Modulation

Our target sample selection precision is 8f c. The input sampling rate is
B . Hence the required interpolation factor isQ = 8 f c=B = 8. To have
su�cient interpolation quality we consider the M = 6 neighboring
samples, which corresponds to a �lter order ofM � Q = 48 with respect
to the output. Since our beamformer computesPBF = 36 scanlines
in parallel from one shot using the same input data, and the focal
point density along a line (� � ) � 1 = B � 2=c in space corresponds
to the sampling rate B of the baseband samples, each interpolated
and modulated sample is usedPBF=Q = 4 :5 times on average. To
avoid unnecessary computations, we pre-compute all interpolated and
modulated samples and store them in a ring bu�er.
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The execution order of the complex modulation and the interpo-
lation can be exchanged: If the interpolation is performed before the
modulation, M real-complex multiplication are required per complex
output sample for the interpolation and 1 complex-complex multipli-
cation is needed for the modulation. This equals to 2M + 4 real-real
multiplications. If the modulation is performed �rst, the modulation
is not required in our case (f c = B , exp(i2�f ck=B) = 1 ; 8k) but
then a complex-valued bandpass interpolation �lter is required, which
needsM complex-complex multiplications per complex output sample.
This equals to 4M real-real multiplications. To reduce the number of
multiplications, we perform the interpolation before the modulation.
The interpolation is implemented with a polyphase �lter, and the
modulation uses a LUT to store the complex carrier coe�cients.

Note that other systems [33] compute the interpolated value on the

y from the two neighboring samples. Di�erent from those systems,
we critically sample the input signal. Hence, just considering the two
neighboring samples will not provide su�cient interpolation quality.
Therefore, more samples (M ) have to be considered, which means that
\on-the-
y computation" not only comes at a higher computational
cost but also a drastically increased bandwidth to the BFC bu�er.

Bu�er Size and Arrangement

The pre-interpolated, pre-modulated analytical samples are stored
in a bu�er. The computation of the focal points is aligned to the
propagation of the ultrasonic pulse, i.e., all focal points on the`-th
nappe (j~rFP j = d` = ` � � � ) are computed within 2� �=c seconds.
To compute the focal points on the `-th nappe, the samples corre-
sponding to the interval

[ min
j~r FP j= d`

dtot ; max
j~r FP j= d`

dtot ]=c (2.13)

with dtot = j~rTX � ~rFP j + j~rFP � ~rRX ;i j are needed in the bu�er. As
shown in Fig. 2.8b, the required samples lay within a slowly shifting
time span around

t ref (d` ) = dref (d` )=c= (2 d` + dTX )=c (2.14)
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a) BFC Architecture

t

d`
t ref (d` )tmin (d` ) tmax (d` )

Bu�er Size

tpre�ll

b) Required Samples in Bu�er

Figure 2.8 { Beamformer Channel (BFC) architecture: (a) The BFC Archi-
tecture. (b) The plot shows qualitatively the required time span of samples
in gray needed in the bu�er for beamforming depending on the depth d`
of the currently computed nappe. Before the computation can start, the
bu�er needs to be �lled with samples covering the timespan tpre�ll .

with dTX = j~rTX j. Using dref (d` ), the interval of required samples
can be expressed as

[dref � � dmin (dref ); dref + � dmax (dref )]=c : (2.15)

In our setup,

max
dref

� dmin (dref ) � d̂ and (2.16)

max
dref

� dmax (dref ) � sin(� =2)d̂ + dTX (1 � cos(�)) ; (2.17)

both hold for all receive channels, whered̂ =
p

2d=2 is the maxi-
mum distance of a receive element from the transducer matrix cen-
ter point, d is the width and height of the transducer matrix and
� = 2 arccos

�
cos2(� OA =2)

�
is the diagonal opening angle (see Fig. 2.3a

and Tbl. 2.1). Considering that we only compute a subset of all focal
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points on a nappe per shot de�ned by a speci�c virtual source place-
ment (dTX � tan(� section =2)d=2), we can tighten the second bound to

max
dref

� dmax (dref ) < sin(� =2)d̂ + dTX (1 � cos(� section )) (2.18)

< sin(� =2)d̂ + d=2 : (2.19)

This results in a required bu�er size of

(d̂ + sin(� =2)d̂ + d=2)Qf c=c= 697:1 samples: (2.20)

Note, that the bu�er size of every BFC could be adapted to the
assigned receive elementi by choosingd̂i = j~rRX ;i j. We did not do this
in this design. Also, note that these bounds are not tight. Having an
analytical expression for the required bu�er size enables easy hardware
recon�guration for speci�cation changes. We have chosen a bu�er
size of 1024 samples mainly to support also other placements of the
virtual sources resulting in di�erent constraints and more importantly
to avoid a costly modulo computation to get from the sample selection
index provided by the delay computation to a ring bu�er address.
The bu�er is implemented with a 1024 � 32 bit single port memory.
Read and write cycles are alternated with 5=6 read duty cycle. At
the beginning of the shot, the bu�er needs to be pre�lled with � max

samples covering the timespantpre�ll as illustrated in Fig. 2.8b.

Local Delay Index Calculation

In each BFC the delay computation is �nalized by the local delay index
computation (LDIC) unit. This unit computes

dtot ;i =
p

� A + � B + dTX ! FP : (2.21)

The square-root computation is performed by our HSQRT algorithm,
which exploits the correlation between two subsequent computed values
to e�ciently �nd the starting point for the subsequent iterative compu-
tation. The HSQRT implementation shown in Fig. 2.9a is performed
in two stages: Stage I realizes the mapping functionf : X ! K and
Stage II implements the ISQRT computation.

To cover the entire imaging volume,B I = 13 integer bit are com-
puted. One fractional bit ( BF = 1) is computed to reduce �xed-point
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Figure 2.9 { Local Delay Index Calculation (LDIC): (a) HSQRT circuit: The
input x (27 bit ) is compared with sk 0 and sk 0+1 with k0 the section index
from the previous square-root calculation. Depending on the comparison
result, the section index for the current calculation k is determined and the
corresponding sk and ck are fed as a starting value to the ISQRT pipeline.
Note that by de�nition, the three LUTs providing the si values (twice for
compaison and once for the starting value) implement nothing else than a
squaring function and a �xed bit-shift, i.e., si = ( i � 2N b )2 = i 2 � 22N b . The
LUT providing ci is nothing but a hard-wired bit-shift, i.e. , ci = i �2N b . The
iterative square-root computation is completely unrolled in the hardware
implementation. (b) shows the i -th ISQRT stage with j = Nb � i .

calculation errors in the subsequent addition with dTX ! FP . This re-
stricts the parameter Nb to the set f� 1; : : : ; 13g. By choosing this
parameter, the circuit complexity can be traded o� between Stage I
and Stage II: Nb = � 1 relates to a LUT-only solution without the
Stage II and Nb = 13 to a fully-iterative implementation requiring no
Stage I. Also, to assure that our proposed mapping function works,
the correlation constraint 2N b � � has to be ful�lled. A small Nb will
cause large LUTs in Stage I, but requires very few iterative stages
in Stage II. A large Nb reduces the LUT sizes in Stage I, but will
require more iterative stages in Stage II. The main concern with more



48 CHAPTER 2. EKHO - 3D BEAMFORMER

iterative stages are the required pipelining registers to keep the longest
path in the ISQRT from getting critical.

Our evaluations have shown, that for an implementation in the
mature UMC 130 nm technology [77] or on an FPGA, these pipelining
registers are dominant. In these cases, the minimal area is achieved
with an Nb around 8. For this choice, the correlation constraint is
violated in a sporadic but deterministic manner when larger jumps
occur as the focal point computation jumps to the next line or nappe.
These cases can be easily handled by extending our mapping functionf :
X ! K such that the section indexk is stored at the beginning of a line
or nappe and reloaded when the computation jumps to a new nappe or
line. Having this additional circuit, the change between two subsequent
computations can be bounded with� = max(� �; � ! �dpd ) � f D =c, which
holds during normal focal point computation advancement. In the
advanced technology used for this implementation, the pipelining
register price is very low, such that the minimal area is achieved with
Nb = 12, which would not require any advanced mapping function
that can compensate for jumps violating the correlation constraint.
The cost for this advanced mapping function is very low since most of
it is handled by the fast control unit in the global computation and
calculation unit. We kept this logic for Ekho's FPGA compatibility.
Note that these jumps could also be solved by increasing the number
of comparators in the mapping function to correctly handle jumps
larger than 2N b . However, this would also mean that more LUTs
are required and, also that, this is less scalable because the extended
jump distance cannot be easily estimated, since it heavily depends
on the size and aspect ratio of the subsections of the imaging volume
computed per shot.

For the �rst computed focal point, the section index needs to be
known. In the worst scenario, a starting index for each scanline-receive-
element pair is required. For 10k channels and 441 shots, this would
mean another 4410000 constants, because a di�erent set of scanlines is
computed in each shot. However, this can be avoided for most cases:
One solution is to let the mapping function converge to the correct
section by itself by feeding it with the input of the �rst focal point.
This can be done during the bu�er pre-�ll time. The solution we used
for this design is to choose 2N b > d̂ � f D =c+ � � , such that the very
�rst focal point always lies within the �rst section so we can initialize
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the mapping functions of all BFCs with 0 in every shot.
The ISQRT hardware implementation is straightforward and illus-

trated in Fig. 2.9b. The circuit is designed such that the bit-widths
are minimized in every stage. Note that in each stage the bit-width
to represent ŷi increases by one, and the bit-width to represent � i

decreases by one. Further, the addition of 2j and the mux in the
ŷ path do not really exist, in fact, ŷi is only concatenated with the
inverted sign bit of D i .

2.5.3 System-Level 
exibility

Our beamformer architecture can be easily adapted for di�erent ap-
plications (see also App. 2.10): Changing the number of channels
just implies changing the number of BFC channels. The focal point
computation rate can be increased by replicating parts of the global
control and computation unit and the bu�er and LDIC parts in the
BFCs. Note that our beamformer can be converted to a 256 channel
2D beamformer by just reducing the number of BFCs and changing
the software. Di�erent isoni�cation strategies are easily supported,
i.e., to support plane wave imaging, only thedTX ! FP computation
part in the global control and computation unit needs to be replaced.
Keep in mind that the timespan available in the bu�er might need
to be adapted. A further extension allows placing the scanlines in
an arbitrary fashion in space (not restricted to be originating from
the transducer center). Such geometries are supported with minor
changes in the global control and computation unit. However, the
bu�er sizes need to be adapted accordingly. Furthermore, it requires
to use the iterative-only design of the HSQRT implementation, since
no computation correlation can be assumed anymore. Note that with
an analog pre-beamforming stage, this high system 
exibility cannot
be reached: The subarrays can only be steered to a single direction at
once, thus limiting the space in which focal points can be computed
from the pre-beamformed signals.
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2.6 Error Analysis and Imaging Results

Since Ekho is only a beamformer and not a complete ultrasound
imaging system, the error analysis is focused on showing that an imple-
mentation of Ekho does not insert considerable implementation loss to
a perfect reference beamformer evaluating Eq.(2.1) precisely. This is
the standard methodology to assure that only the beamformer imple-
mentation is evaluated and not the entire imaging system, which mainly
governs the overall image quality. Ekho has 3 main error sources:

ˆ Bandpass beamforming: As elaborated in Section 2.3, the beam-
former output is only approximately a bandpass signal, and thus
analytical undersampling introduces errors.

ˆ Delay index computation: The delay index quantization and its
�xed-point precision calculation will result in non-ideal sampling
instants of the receive signals.

ˆ Fixed-point computations: The receive signals are processed,
i.e., interpolated, modulated, apodized, added, with �xed-point
precision. The rounding to a certain precision introduces an
additional quantization error.

2.6.1 Methodology

To assess thebandpass beamformingerror and the �xed-point computa-
tions error we resort to a 2D beamformer with a linear transducer array.
This was done for several reasons: First, we want our beamformer to
be applicable to 2D systems as well. In 2D systems, the SNR of the
receive signals is better due to the larger transducer element size [26].
Therefore the beamformer must operate with higher bit-width in 2D
systems in order not to introduce any signi�cant errors. Also, in the
2D case, only 100 channels are added up to form one focal point. The
adding up of 10'000 channels in the 3D case will more likely average
out randomly introduced computation errors. Assessing the quality in
2D will assure that our beamformer provides su�cient quality also for
this scenario. However, only assessing the 2D case, will not validate
the required precision in the adder tree for 3D. Nevertheless, since the
adder tree covers only 1:3% of the area forNRX = 100, its precision
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can be increased with minimal impact. Furthermore, the simulation
time for a 2D system is orders of magnitudes lower than to simulate
the complete ultrasonic system for the 3D case.

Our 2D system has inherited the parameters of our 3D system
listed in Tbl. 2.1. Instead of a matrix array, only a linear transducer
array with 100 elements is considered. The imaging volume is reduced
to a plane (72� � 500� ), and instead of 21� 21 shots (each shot used
to compute 6� 6 scanlines) only 21 shots are performed, and in each
shot, 6 scanlines are computed. The physical part of the ultrasonic
system is simulated with Field II [78,79]. The double-precision golden
model and the bit-true model of the RTL implementation are run in
MATLAB 8.3 2014a by MathWorks. The bandpass property of the
transducer is modeled by setting the impulse response to those of a
180 order FIR bandpass �lter with cuto� frequencies at f c � 0:8 � B=2.
The factor 0:8 is to assure that our de�nition of bandwidth is satis�ed,
i.e., no signal energy remains outsideB . The volume is excited with
a 4-period sine pulse shaped with a Hanning window. The virtual
sources for each shot are placed at� 6:28 cm\ � C;i with � C;i the center
angle of the computed section in that shot. To the simulated signals,
a 1=t2 time gain compensation pro�le is applied. For beamforming,
a static Hanning apodization is applied. In the post-processing, the
focal points are interpolated, scan converted and log-compressed.

2.6.2 Bandpass beamformer loss

In order to assess the errors introduced by the analytical undersamp-
ing, we compare the beamforming results of a bandpass beamformer
with (� � ) � 1 = B � 2=c and � ! scanline separation, with an lowpass
beamformer with (� � ) � 1 � (2f c + B ) � 2=c and � != 2 scanline sepa-
ration. The output of both beamformers, i.e., the focal points values
are shown in the �rst and last column of Fig. 2.10. Each pixel rep-
resents a focal point. Note that the lowpass beamformer requires 6
times more focal points than the bandpass beamformer in the 2D
case. The two middle rows in Fig. 2.10 show a preliminary image
after focal point interpolation 11 and envelop extraction. Note that
there is no noticeable di�erence in the major features, except for some

11 Interpolation only applied to the bandpass BF output.
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di�erences in the background noise: We use the Peak Signal-to-Noise
Ratio (PSNR) to quantify the di�erence. The PSNR between two
images (x i;j ; yi;y ) is computed with:

PSNRdB = 20 log10 S � 10 log10
1

NM

NX

i =1

MX

i =1

(x i;j � yi;y )2 (2.22)

with S the maximal occuring value. Note that the beamforming
process introduces speckle noise, visible in Fig. 2.10b, and that a
di�erence in noise should not be considered as an error in beamform-
ing. With a PSNR of 45:0 dB on the linear image, we conclude that
bandpass beamforming only creates minor image deteriorations and
can be safely applied.

2.6.3 Delay index accuracy

The delay index computation is assessed for the 3D system speci�ed in
Tbl. 2.1 by comparing the true delay with the output of our hardware
implementation: Remember that we compute the delays in the delay
index domain, i.e., t 7! t � f D , in which the �nal value k = t � f D has to
be rounded to an integer value to select from the bu�er the interpolated
sample closest to the true delay value. We compare the true delay
without any quantization ktot,true = t tot f D =c with the quantized true
value Q(ktot,true ) = round(t tot f D =c) and the output of our hardware
implementation ktot,HW = round(kTX ! FP,HW + kFP ! RX,HW ).

To reduce the simulation e�ort, 100 receive channels were chosen
randomly from all 10k channels. The delay computation was simulated
for all 441 shot, i.e., for all 126� 126� 1000 focal points. Three �gures
of merit were chosen: The mean absolute error, the max absolute error,
and the error variance. The errors are reported in Tbl. 2.3. We report
the delay computation accuracy for the forward (kTX ! FP ) and back-
ward (kFP ! RX ) as well as the total (ktot = kTX ! FP + kFP ! RX ) delay.

Accuracy of forward/backward delay computation

Both the forward ( kTX ! FP ) as well the backward (kFP ! RX ) delay are
computed with 1 bit fractional precision. The mean absolute error
and the variance of the error (see Tbl. 2.3 and Fig. 2.11) match the
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Figure 2.10 { Beamforming quality comparison: All images show absolute
values. Fig. 2.10a show the linear output and Fig. 2.10b the same outputs log
compressed to 80 dB. BF FP shows the output of the bandpass beamformer
(� � ) � 1 = 2 B=c and RF FP the output of the RF beamformer (� � ) � 1 =
2(2f c + B )=c. Each pixel represents the value of one focal point. BF post
and RF post show a preliminary image after interpolation and envelop
detection. Note they only show di�erences in the background speckle noise
but for BF post 6 times less focal points were required to produce the
image. The PSNR between the two preliminary images are 45:0 dB for the
linear image and 23:4 dB for the log-compressed image respectively. Note
that the later value highly depends on the applied log-compression.
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Figure 2.10 { The log compressed version of Fig. 2.10a.
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Table 2.3
Delay index accurancy: Simulation results (upper part) and

expected quantization errors (lower part).

Comparison mean jej max jej var e

kTX ! FP,HW vs kTX ! FP,true 0.111 0.432 0.018
kFP ! RX,HW vs kFP ! RX,true 0.128 0.385 0.022

ktot,HW vs ktot,true 0.344 1.284 0.104
ktot,HW vs Q(ktot,true ) 0.273 1 0.199

kFP ! RX vs Q(kFP ! RX,true ) 0.125 0.25 (2� 1)2=12 = 0:021
ktot,true vs Q(ktot,true ) 0.25 0.5 (20)2=12 = 0:083

expected value from quantization quite well (0.111, 0.128 vs 0.125)
and (0.018, 0.022 vs 0.021). This implies that our computed value
considering all the �xpoint computations including the square root
computation has the same error statistics as if the value were computed
with double point precision and quantized afterward. Therefore we
conclude that we have no implementation loss.

Total delay computation error

The total delay is the sum of the forward and backward delay (ktot =
kTX ! FP + kFP ! RX ). Since this operation is performed in �xed-point
precision and the results have to be rounded to an integer sample
selection index, an additional error is introduced. If we compare the
true value with our hardware implementation, we get a mean error of
0:344 samples, and if we compare it with the quantized true value, we
see that our computation is never o� by more than one sample.

Periodic errors

As elaborated in [80], periodic errors of the focusing delays over the
receive elements cause undesired side-lobes. The introduction of pe-
riodic errors is assessed as in [33] by computing the power spectral
density (PSD) of the backward delay computation error over all re-
ceive elements in a row for a single scanline and averaging the PSD
over all points along the scanline. As shown in Fig. 2.12, the in-
troduced error is approximately white with a small ( � 8 dB) mean
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Figure 2.11 { Delay index computation error of one receive element at ~rRX =
(0:0048; 4:81 � 10� 5 ;0) along the scanline � j = ' k = 0 :575. The top image
shows the backward delay computation error kFP ! RX,true � kFP ! RX,HW
and the bottom image shows the total delay error ktot,true � ktot,HW .

o�set. The noise level matches the expected one from quantization
at 10log (2� 1)2=12 = � 16:8 dB. Since there are no peaks at non-zero
frequency exceeding the quantization noise 
oor, we conclude that
there are no periodic errors introduced and thus no undesired sidelobes
created by the delay calculation.

To summarize: Our forward and backward delay computation
to 1 bit fractional precision is considered exact in the sense that the
introduced errors are indistinguishable from the quantization error
of the output value. The total delay computation is o� by at most
one sample with 27:3% probability.

2.6.4 Fixed-point implementation loss

The overall implementation loss was assessed by comparing the Point
Spread Function (PSF) between our �xed-point precision hardware
implementation and a double-precision reference beamformer. Both
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Figure 2.12 { Power spectral density of the error kFP ! RX,true � kFP ! RX,HW
(blue) of the scanline � j = ' k = 0 :5750 over all 100 receive elements in
one row at ~rRX ;i = ( xRX ;i ; 4:81 � 10� 5 ;0) averaged over all points along
the scanline. The red line indicates the expected error for the given
quantization.

operated on the same input data with the same section-wise imaging
strategy and were performed with the 2D setup elaborated before. The
contour plot of the PSF (Fig. 2.14) shows no signi�cant di�erence until
the noise 
oor is hit at � 60 dB. The projected PSF reveals a slightly
increased side-lobe at� 3:3� of 7 dB. Furthermore, we assess the 2D
image of a synthetic kidney (Fig. 2.13): The PSNR of the image gen-
erated by our implementation is 37:9 dB with respect to the reference
image. This relates to a hardly perceptible implementation loss.
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Figure 2.13 { Image comparison between the double-precision reference
beamformer with f D = 120 MHz and our hardware implementation. An
arti�cal kidney scan was simulated with �eld II. A kidney scattering map
(kidney example) available on [81] was used to create an arti�cial phantom
consisting out of 400'000 scatteres. The image is log-compressed and
shows 60 dB.
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Figure 2.14 { Simulated point spread function (PSF) of a single scat-
terer positioned at (0 ; 0; 48:1 mm) indicated by the black plus. The
top contour plot shows the �; � cross-section of the PSF (lines at
� 5,� 10,� 20,� 30,� 40,� 60 dB) and the bottom plot a RMS projection
on the angle thereof. The two double-precision golden model with
f D = 120 MHz (solid) and f D = 64 MHz (dotted) delay resolution are
shown in blue. Our hardware implementation is shown in red. The black
crosses in the bottom plot indicate the center angles of the 21 shots. In
each shot 6 scanlines were computed.
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2.7 Pre-silicon Implementation Results

The beamformer was implemented for the STMicroelectronics28 nm
SOI process and synthesized12 for a 400 MHz clock frequency. The
core supply voltage is0:6 V and the supply voltages for the memory
periphery and array are 0:7 V and 0:8 V respectively. It operates with
a clock frequency off clk = 384 MHz for the following reasons: First, it
is a multiple of the rate B with which the input samples arrive at the
beamformer. It is further equal to the product of Q � M � B such that
two multipliers are su�cient for the interpolation circuit. The data
rate of the interpolated samples is thenf clk =M , which results in a
BFC bu�er write/read ratio of 1 : 5. This relates to an instantaneous
focal point computation rate of Qinst = f clk � 5=6 = 320 MFP=s. One
nappe needs to be computed in 2��=c = 1 =B seconds. Therefore
f clk =B = 48 cycles are available per nappe, of which only in 40 cycles
a sample can be read from the single-port bu�er. Thus 40> 36
scanlines can be computed in parallel. Considering the maximal pulse
repetition rate (PRI) of the system ( f PRI,max = 7:59 kHz) and the time
to pre-�ll the bu�ers with � max samples, the beamformer can compute
Qe� = (1 � 6� max f PRI,max =f clk )Qinst = 298:1 MFP=s in average, which
exceeds our minimal speci�cations ofQspec = 238:1 MFP=s, required
to meet the target speci�cations.

2.7.1 Estimated Area

The beamformer was synthesized for a subset of all channels, i.e.,
NRX = f 4; 9; 16; :::; 100g receive channels to determine how the area
of the di�erent units grows with NRX . In a second step, we used this
knowledge to extrapolate the results toNRX = 10000 channels. Note
that these channel-subsetbeamformers are fully functional for our
intended setup: Several instances of them can be distributed across sev-
eral chips, and their outputs could be summed up in the post-processing
step, resulting in an indistinguishable output compared to the single

12 The synthesis and the back-annotated power estimations were performed with
Design Compiler 2013 by Synopsys. The RTL and gate-level simulations were
performed with ModelSim 10.0d by Mentor Graphics. The 
oorplan was created
with Cadence Encounter 12.0. MATLAB 8.3 2014a by MathWorks was used to
run the golden model to verify the hardware implementation.
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chip implementation. The synthesis results are shown in Fig. 2.15.

20 40 60 80 100
0

0.5

1

1.5

2

N
RX

A
re

a 
[m

m
2 ]

Cell Area

 

 
BF (Tot)
AT
BFCs
BF config
GC
GC compute
SHT mem

20 40 60 80 100
0

0.01

0.02

0.03

Cell Area Closeup

N
RX

A
re

a 
[m

m
2 ]

Figure 2.15 { Post-synthesis area results for BFs with di�erent number of
BFC instances ( NRX ). Note that the BFCs grow dominant in area with
increasing channel count.

The total area of all BFCs, the Adder Tree (AT) and the BF Con�g
(which contains storage elements for the static apodization weight and
the positions of the receive elements) grow linear withNRX . The fast
computing part of the global control and compute unit (GC compute),
i.e., the part that computes � A and � B , grows with the square-root
of NRX . The remaining parts of the global control and compute unit,
e.g., the programmable unit and all the remaining constant memories
remain constant, since they do not depend onNRX . The numerical
results and gate equivalents (NAND2X3) for 100 channels are listed
in Tbl. 2.4 ( A100). Since the overall beamformer area grows linearly
with NRX , we can upper bound the required area by

A(NRX ) � A100
NRX

100
; NRX > 100: (2.23)

With A100 = 1:68 mm2, this result in a total area of A(10 k) � 1:68 cm2.
Note that the area required to store the constants for the delay index
computation grows irrelevant. So does the area for the uC-Engine.
Further note that the area required for the non-BFC parts covers
only 5.6% for 100 channels. This means there is not much area loss
if the BF would be distributed over several chips and a single chip
implementation is not required to pro�t from the shared computations.

A lot of related work [30,33] focuses on minimizing the computation
e�ort per channel. However, as we have just demonstrated, if compu-
tations can be shared between channels, they rapidly grow irrelevant.
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Table 2.4
Area and Power Estimations for a Beamformer with NRX = 100.

Entity Area [ µm2 ] GE Power [mW]

BF (total) A100 = 1.675 M 3.421 M P100 = 303.4

BFCs 1.582 M 3.231 M 264.561
Adder Tree 22.678 k 46.320 k 4.211

BF con�g 10.227 k 20.888 k 1.427
GC (with SHT mem) 37.596 k 76.789 k 8.897

GC compute 21.939 k 44.810 k 3.863

The only thing that matters for the delay computations is the number
of computations performed individually withing each channel. This
strategy is also valid for 2D beamformers with only 100-300 channels.
The BFCs dominates the circuit complexity. Fig. 2.16 illustrates how
the BFC is composed of its sub-blocks. The interpolation and mod-
ulation part depends on the transducer bandwidth since this de�nes
the data rate to be processed in this part. In the �rst architecture
version [40], this was less dominant because we considered a transducer
head with half the bandwidth, i.e., 4 MHz instead of 8 MHz. The
per channel part of the delay index computation only covers 9.5%
and has around the same size as the two multipliers required for the
apodization. The bu�er is the most dominant part.

0% 25% 50% 75% 100%

Power
Area

Interp. Modula. Bu�er LDIC Apod

Figure 2.16 { Estimated Area and Power distribution in within one BFC.

We show the proposed chip-level 
oorplan in Fig. 2.17a and the

oorplan of a 5 � 5 channel BFC cluster in Fig. 2.17b. The BFC cluster
can be placed and routed separately and instantiated in a grid over the
entire BF chip. The input pads can be realized as micro-pads placed
on top of the BFC cluster. The shared computations are performed
in the center part of the chip and distributed outwards.
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Figure 2.17 { Floorplan of the single-chip beamformer: (a) shows the chip-
level overview with 10x10 BFC clusters, each cluster (1.1) contains 100
channels. The global compute and calculation unit (2.1) and the adder tree
(green, 2.2) along with the other auxiliary circuits are placed plus-shaped
(light blue) in the middle [area exagerated]. The shared computations
are performed along the branches of the GC unit and distributed by row
(blue, 1.2) and column (red, 1.2) to the BFC clusters. To avoid long path
propagation delays to distribute the shared computations along the chip,
we successivley delay the computations in the BFC clusters by inserting
pipelining registers at the yellow borders (3.1). This latency needs to be
compensated in the adder tree. (b) one BFC cluster with 5 � 5 channels.

2.7.2 Estimated Power

We report the post-synthesis power simulation results in Tbl. 2.4
(P100). The power numbers for aNRX = 100 channel beamformer were
obtained as follows: ANRX = 4 channel beamformer was simulated,
and for all circuit blocks the power dissipation was computed. For
each block, the power was extrapolated toNRX = 100 according to
the increase in area of that block. The reported numbers include the
clock tree but not the power dissipated in the I/O pads. Again we
upper bound the power dissipation with

P(NRX ) � P100
NRX

100
; NRX > 100: (2.24)
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With P100 = 303:4 mW, we obtain a total core power dissipation of
P(10 k) � 30:3 W. The power dissipated for DRAM memory accesses
is equally important: With our on-chip delay computation we avoid
accessing delays from an o�-chip memory:500 W would be required
to access all delays from an LPDDR3 memory assuming an access
datarate of 23:8 Tbit =sand an energy usage of20 pJ=bit for the memory
module and PHY13.

13 Using the Micron System Power Calculator [82] and [83].
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2.8 Comparison with Related Work

The processing e�ort for a beamformer depends on the number of focal
points it produces per secondQout and over how many channelsC it
needs to sum up contributions. Accordingly, we de�ne that C beam-
forming operations are required to produce one focal point. In Tbl. 2.5
we compare the processing throughput � = C � Qout expressed in
beamforming operations per second (BOPS) for di�erent beamformers
reported in literature. Also, we report the power dissipation Pdiss and
power e�ciency in BOPS per Watt. Our achieved processing power
and power e�ciency are unmatched by any other system to the best
of our knowledge. This is reached not only because of the advanced
technology, but also thanks to our approach to reducing the delay com-
putation e�ort jointly over all channels and avoiding o�-chip accesses,
instead of optimizing only on a per-channel basis as in related work.
Furthermore, due to the bandpass processing, unnecessary oversam-
pling is avoided, and a larger volume is covered with the same number
of focal points. However, this advantageous feature of our design is not
considered in the power e�ciency metric. Sonic Millip3De [30], the
only other fully-integrated solution, is the only system that processes
more channels. It uses an entirely di�erent imaging strategy than
we do: Instead of concentrating the transmission into a subvolume
and doing many shots at a high rate (6:6 kHz) while acquiring all
channels, this system performs only very few shots with a completely
un-concentrated transmission at a very low rate (192 Hz) and acquires
only 1/12 of all its channels at a time. Therefore, the processed input
data rate (4096� 1024� 192� 1 Hz = 0:81 GS=s) is orders of magnitude
smaller than what our system processes (8 MS=s� 10000 = 80 GS=s).
To compensate for the little energy received from those unconcentrated
transmissions, 16 shots are performed and summed up. To get the
delays, two piece-wise quadratic approximation sections are used per
scanline receive element pair for each transmission. To achieve the
required access bandwidth of6:2 Gbyte=s and storage capacity for the
constants, 6 2 Gbit x16 LPDDR2-800 memories are used. Even by
comparing with their power estimate for an 11 nm technology node,
we are 2:3� more power e�cient in a 28 nm technology node. This
is achieved, by completely avoiding external memory accesses as well
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as our optimized beamformer architecture. SARUS exceeds our fo-
cal point computation rate but processes fewer channels. The delay
index computation method [33] needs 5 parameters requiring100 bit
of storage per channel and scanline. Considering our speci�cations
with 126 � 126� 10000 = 163 M channel-scanline pairs, this methods
requires 1:98 Gbyte of memory. We only need36:6 kbit . Compared
to the �rst architecture version [40], we have improved the area and
power consumption by 11� and 16� respectively.

Table 2.5
Comparison with related work. Top 3D, bottom 2D systems.

System C Qout � Pdiss � =Pdiss Tech.
[cha] [MFP =s] [GBOPS] [W] [GBOPS =W] [nm]

[30] Millip3De 12288 10.2a 126 2.94b 42.9 11
[66] SARUS 256c 320 82 n/a n/a n/a
v1 [40] 10000 269 2693 480 5.6 130
v2 [41] 10000 298 2981 30.3 98.4 28

[65] ASIC 16 40 0.64 n/a n/a 180
[19] dual GPUd 32 614 20 n/a n/a n/a
[68] 4 FPGA e 128 640 82 n/a n/a n/a
[21] DSPf 64 20 1.28 n/a n/a n/a
v2 for 2D [41] 100 298 29.81 0.303 98.4 28

a A volume with 4096 � 50 � 50 focal points is computed at 1 Hz.
b Reported power (11 nm), without transducer and ADC.
c 1024 channels are supported but only 256 for real time processing.
d For beamforming: two GTX-480 GPUs.
e Four Virtex-5 LX330.
f 4-cores of a 8-core TI TMS320C6678 KeyStone DSP.

Compared to state-of-the-art 2D systems ourNRX = 100 beam-
former provides a processing throughput that exceeds a dual GTX-
48014 GPUs setup [19] by almost 50% and is with303 mW core power
dissipation suited for mobile applications. Compared to the quad
Virtex-5 LX330 FPGA solution [68] our integrated approach provides
only 2:75� less processing throughput at a much smaller form factor
and power budget. The 8-core TI Keystone DSP based solution [21]
targets low-power, low-cost ultrasound devices. However, since our

14 One GTX-480 can be expected to consume 200 � 300 W under full load.
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processing throughput is 23� higher and the DSP will most likely
consume an order of magnitude more power, it will not compete with
the power e�ciency of our integrated approach. Compared to the
ASIC beamformer [65] including an on-chip delay computation based
on a per-channel quadratic approximation, we are about 10� more
area e�cient 15 in terms of technology normalizedGBOPS=mm2.

15 Circuit area ( 180 nm) without apodization weight computation: 14:4 mm2 .
Comparison: (29 :81=1:68)=(0:64=14:4) � (28=180)2 = 9 :7.
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2.9 Conclusions and Outlook

In this work, we have presented a pre-silicon implementation of the
�rst fully-digital single-chip beamformer for 3D ultrasound. The
beamformer requires no external memory, uses only1:68 cm2 chip
area and dissipates30:3 W. This is enabled by processing the data
at the information rate using bandpass processing and reducing the
computation e�ort for the beamforming delays. The later is achieved by
a clever sharing of computations in combination with a programmable
unit. This unit additionally enables software system con�guration.
Our parametrizable beamformer can be used for high-performance 2D
imaging as well, at a very low power budget of303 mW.

In the future, our single-chip beamformer can be integrated directly
in the transducer head, enabling a new class of fully-digital 2D and 3D
ultrasound systems. These systems will provide more 
exibility in a
smaller form factor. Our chip can replace the analog pre-beamforming
stage of today's 3D systems, which will ultimately allow building
high-performance portable 3D ultrasound systems.
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2.10 Appendix - Ekho Recon�gurablilty

The Ekho architecture is highly parameterizable: The system con�g-
uration is speci�ed in a �le similar to Tbl. 2.1 and the entire hard-
ware including the software con�guration �les are composed semi-
automatically. If the speci�cations are outside the parametrization
domain of the hardware, an error is reported. The center frequencyf c

and bandwidth B can be modi�ed easily, but so far not without minor
manual hardware changes. Reductions by integer multiples could be
done conceptually without hardware changes, but the required modi-
�cations in the control circuits of the interpolation and modulation
circuit are not yet in-system con�gurable. Furthermore, the coe�cient
LUTs for the interpolation and modulation are currently hardwired
but could be made con�gurable with minor overhead. The number
of receive elements and their placement is handled by the parametric
hardware description. Currently, planar rectangular phased arrays
with any number of channels and aspect ratio are supported. This
includes 1D arrays for 2D imaging systems. The imaging volume can
be expanded at the cost of frame rate or resolution. Both can be
done by simple reprogramming without hardware modi�cations. The
volume computation rate (frame rate) can be increased by reducing
the numbers of focal point per volume (software) or by increasing
the focal point computation rate. The focal point computation rate
can be increased by replication. More complex scanline placements
and di�erent isoni�cation schemes can be adopted by expanding the
global control and computation unit.

To show how easily Ekho can be recon�gured, we brie
y outline
how the 3D beamformer elaborated in the paper was recon�gured into
the 2D beamformer used in Section 2.6: There are both hardware
and software modi�cation required. Afterward, further con�guration
options for Ekho are elaborated.

2.10.1 Ekho for 2D

Hardware modi�cations

For the 2D setup, a linear array of transducers is su�cient. Therefore,
we changed the transducer matrix con�guration in the parametric
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architecture from Ncha,x = 100; Ncha,y = 100 to Ncha,x = 100; Ncha,y =
1. This automatically composed a 100 channel beamformer.

Con�guration/software modi�cations

To adopt the new geometry, the con�guration �les to be loaded into the
beamformer had to be updated: These contain the element positions
and apodization weights for all channels and the positions of the virtual
sources used in each shot. Furthermore, a few control registers had
to be con�gured di�erently in the global control unit. Finally, the
software for uC-Engine was adapted for 2D imaging and loaded into
the beamformer. Lst. 2.1 shows a code snippet used for 3D imaging.

1 [ ... ]
mprodi 0 # load dr (LUT pos 0)

3 add wy0 cnty tmp # compute cos (wy) index
mprodadd cosptr tmp # mult iply with cos (wy)

5 add wx0 cntx tmp # compute cos (wx) index
mprodadd cosptr tmp # mult iply with cos (wx)

7 mwriteclr PBFc 2 # store result in buffer
addi PBFc 1 PBFc # incr PBFc

9 eq PBFc SPBF tmp # if PBFc >= SPBF
jpc tmp SHOTDONE # -> shot done

11 addi cntx 1 cntx # incr cntx
eq cntx Swx tmp # if cntx >= Swx

13 jpc tmp RESETCNTX # -> next l ine
jp LP1 # else -> cont inue

15 RESETCNTX :
clr cntx # cntx = 0

17 addi cnty 1 cnty # incr cnty
jp LP1 # continue

19 [ ... ]

Listing 2.1 { uC-Engine code snippet: Line 2-7: Computation of the z-
coordinate (� � cos(� j ) cos(' k )) of the scanline vector ~vj;k . Line 8-10:
Check if all scanline vectors for one shot have been computed. Line 11-
18: Counter logic to compute the scanline vectors within a sub-section
in a prede�ned order. Since the vectors are written linearly into the
double-bu�er, the computation order will be maintained, when the shot is
beamformed.
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Performance

Since we modi�ed the hardware only in the number of channels, the
instantaneous focal point computation rate Qinst = 320 MFP=s is
preserved, and still 40 scanlines can be computed parallel. Again the
e�ective performance Qe� will be a bit lower, due to the time to pre-�ll
the bu�ers with the data from the next shot.

Changing the Imaging Strategy

In Section 2.6 a �ne-grain section-wise imaging strategy is used. Other
strategies can be implemented without hardware changes: By decreas-
ing the �eld of view to � OA = 68:6� (' OA = 0 � ), 120 scanlines are
required to cover the imaging plane. This allows a coarse-grain section-
wise imaging strategy with only three shots, which pushes the frame
rate to approximately f PRI,max =3 � 2:7 kHz.

2.10.2 Further Con�guration Options

If fully coherent data from one time instant is desired, the entire
plane, i.e., all 120 scanlines, should be computed in parallel from one
single shot. This is achieved by two possible modi�cations: a) If the
target frame rate remains 2:7 kHz, the acquisition system can capture
one shot and idle during the time it would take for the other two
shots. The beamformer is continuously processing and thus provides
already enough processing power. However, the computation is no
longer aligned with the propagation of the ultrasonic pulse: During
an acquisition burst, new data is produced faster than it is processed.
Thus more bu�ering is required. One can either increase the size of the
BFC bu�er or add an additional bu�er before the interpolation stage.
The later requires less capacity. Additionally, to support 120 scanlines,
the size of the double bu�ers for the scanline vectors has to be increased
accordingly. b) If the entire plane has to be computed in each shot
captured with f PRI,max = 8 kHz, the processing power is no longer
su�cient, and the beamformer needs to be replicated partially such
that the simultaneous computation of three focal points is supported,
i.e., Qinst = 960 MFP=s is achieved. This is easily done by replicating
threefold the shared computation part of the global computation unit,
the adder tree, as well as the BFC bu�ers and the LDIC units.





Chapter 3

MuxHead: A 1024-element
Probe for 3D Imaging

3.1 Introduction

3.1.1 Motivation

2D systems use an ultrasound probe with a lineararray of transducer
with up to 300 elements [71] to capture an image with good resolution
and �eld-of-view. 3D systems require amatrix of transducer elements
to capture the required signals for 3D volume reconstruction. To
provide a �eld-of-view and resolution comparable to 2D systems, the
matrix must contain thousands of elements (32� 32 and more).

In most 2D probes, each transducer element is directly connected
over a micro-coaxial cable to the backend system. For 3D matrix
probes with more than a thousand transducer elements, connecting
every element individually over a cable to the backend system is
unfeasible, since it would require an intangible amount of micro-coaxial
cables. The resulting cable harness would be very expensive and
bulky, and very hard to handle by the ultrasound operator. Thus

73
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any ultrasound probe for 3D imaging must perform some sort of pre-
processing within the probe to simplify the cabling design. Commercial
matrix transducer probes such as the X6-1 by Philips [63] with 9212
elements thus implementanalog-prebeamforming[25] in the probe to
reduce the number of cables. Analog-prebeamforming1 combines the
receive signals of a patch of transducer elements to one channel. This
technique has two main disadvantages:

ˆ First, the actual raw signal of each and every element is lost and
with it part of the information acquired by the probe.

ˆ Second, a signi�cant amount of active analog electronics is re-
quired to be integrated into the probe, to implement the analog
delay and sum operation. These active components dissipate
a lot of power, which can heat the probe beyond acceptable
temperatures.

Commercial probes, such as the 4z1c matrix probe by Siemens [26]
are thus actively-cooled through the cable.

While these commercial matrix probes are highly advanced and
enable useful modalities for sonographers, they are of limited use for
researchers interested in having access to the raw signal data from the
individual ultrasound transducers. Moreover, these proprietary probes
can only be operated with the completely closed commercial systems
they were designed for. To facilitate research on 3D ultrasound, an
open matrix probe is desired, which can be connected to existing
ultrasound research systems and provides open access to the raw signal
from all transducer elements.

Current state-of-art ultrasound research systems [84,85] provide 256
ultrasound channels. Connecting matrix probes with 1024 and more
elements is thus not easily possible. To solve this issue, researchers
either built their own high-channel-count ultrasound system [66], or
they connected and synchronized several existing 256-channel systems
[86,87] to obtain a total channel count of 1024 to connect all elements
of a matrix probe for 3D imaging. Both options come at a considerable
time and cost e�ort. From a cost and usability point of view, it is
desirable to have a matrix probe that can be connected to a single
already existing research system.

1See Section 2.1 for details
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3.1.2 Contributions

As part of this thesis, we designed in collaboration with the Fraunhofer
Institute for Biomedical Engineering (IBMT) a 32 � 32 ultrasound
transducer matrix probe with an integrated 4:1 multiplexing and
ampli�cation stage. The probe can be connected over a 256-micro-
coaxial cable harness to an existing 256-channel research ultrasound
system that provides raw RF data access. The design is based on an
early prototype by IBMT. In summary, our contributions are:

1. We present the MuxHead , an open 1024-element handheld
matrix probe for 3D imaging.

2. Compared to the early prototype, we completely redesigned
the hardware of the probe to achieve a handheld form-factor
and to connect the MuxHead to a research system.

3. We performed a complete 3D imaging simulation of theMux-
Head to �nd an imaging setup for the in-vitro test.

4. We programmed the required processing pipeline to compute
volumes out of the captured raw data and visualize them.

5. We show in-vitro test results to demonstrate that the Mux-
Head can successfully acquire 3D volumes.

Our optimized PCB stack for the MuxHead requires only a volume
of 30� 33� 112mm3, which �ts in a casing for handheld operation.
The designed communication protocol between theMuxHead and
the research system provides reliable operation with precise and fast
switching between the multiplexing con�gurations. With a �rst imaging
test, we demonstrate that the MuxHead can successfully acquire and
resolve individual nylon wires of a wire phantom in water by using
plane-wave imaging.

The rest of the chapter is organized as follows: Next, we describe the
overall system architecture (Section 3.2) of theMuxHead connected
to a research system, before the implementation details (Section 3.3)
of the MuxHead are elaborated. Then we explain the simulation
setup and the imaging strategy (Section 3.4), which we have selected
for the in-vitro test (Section 3.5), which is presented afterwards. We
then close with discussions and conclusion (Section 3.6).
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3.2 System Overview

The overall system architecture of the 3D ultrasound research system
is depicted in Fig. 3.1: A 32� 32 1024-element matrix transducer probe
is connected to a 256-channel ultrasound research system. The probe
embeds a 4:1 multiplexing stage, which allows connecting a subset or all
of the 1024 elements to the 256system channels. Given that the signal
output of a single matrix element is rather weak due to its small size,
the probe also provides an ampli�er for every system channel for cable
impedance matching and to boost the signal before it is sent over the
coaxial cable harness. For fast and reliable control of the multiplexer
stage, the probe embeds a microcontroller. The microcontroller is
connected with the research system over several auxiliary signals used
for synchronization and control as wells as an I2C bus for con�guration.

Research SystemMuxHead

Matrix Transducer
(32x32)

Coaxial Cable Harness
(256 ��Coax)

256 RX/TX
channels

Integrated
4:1 Muliplexing &
RX Ampli��cation

Figure 3.1 { System Overview of our 3D ultrasound system: It consists out of
our MuxHead connected to a 256-channel research system. The MuxHead
operates with a 32 � 32 transducer matrix and provide an integrated 4:1
multiplexing and receive ampli�cation stage. The probe is connected with
the system over a 256-channel micro-coaxial cable harness.

3.2.1 Multiplexer Operation

After power up and con�guration over I 2C, the MuxHead observes
the auxiliary signals provided by the connected research system to
change the con�guration of the multiplexing stage in the right moment.
During operation, the probe enumerates through di�erent multiplexer
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con�gurations, which are programmed over the I2C bus. Besides
changing the multiplexer con�guration between individual acquisitions,
the MuxHead also allows di�erent multiplexer con�gurations for the
transmit and receive phase within one acquisition: TheMuxHead can
switch instantaneously from the transmit to the receive con�guration
to be immediately ready to receive the backscatter signals after the
transmit pulse has been sent.

3.2.2 Multiplexer Setup

The 32 � 32 transducer matrix is divided in 256 2� 2 patches of
neighboring elements as illustrated in Fig. 3.2. Every patch has a �xed
assignment to a system channel. All four transducer elements in the
patch have their own programmable switch to connect the element
to the assigned system channel.

R1

R2

R3

R4

R5

C1 C2 C3 C4 C5C0

R0 E0 E1 E2 E3 E4 E5

E32 E33 E34 E35 E36 E37

E64 E65 E66 E67 E68 E69

E96 E97 E98 E99 E100 E101

E128 E129 E130 E133 E134 E135

E192 E193 E194 E195 E196 E197

S-0 S-1 S-2

S-16 S-17 S-18

S-32 S-33 S-34

Columns: 32

R
ow

s:
32

2x2 Multiplexer Patches

32x32 Matrix Transducer

Figure 3.2 { Matrix transducer multiplexer assignment: All 1024 elements
(E0 to E1023) are assigned to a system channel (S-0 to S-255) in 2 � 2
patches of four transducer elements.

This setup provides high-
exibility as it allows the user to connect
none, just one, any subset or all elements of the patch to the system
channel. If multiple elements are connected simultaneously to the
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system channel, they act as one larger transducer element: During
transmit, all elements will jointly emit the same acoustic wave. During
receive, all their receive signals will be added up because piezo-electric
transducers can be modeled as a voltage source.

3.2.3 Circuit Details of a Channel

A simpli�ed circuit diagram of a single channel is depicted in Fig. 3.3.
We show channelS-0, but all 256 channels are built exactly the same
way. The circuit diagram shows the piezoelectric elementsallocated to
the channel, the multiplexing stageas well as theampli�cation stage,
the micro coaxial cable and a typical RX/TX frontend circuit, as it
can be found in most ultrasound systems.

MuxHead - Channel System - RX/TX Channel

TX Path

RX Path

��Coax

RX Amp

TX Amp

RX Amp

TX

RX

E0

E1

E32

E33
Bleed

Resistor

S-0

Mux-Switch

HV 
Protection

Mux-Stage Ampli��er-Stage

HV 
Switch

T/R 
Switch

Figure 3.3 { Circuit diagram of a single system channel ( S-0), showing the
multiplexing and ampli�cation stage integrated in the MuxHead , as well
as the cable and the TX/RX frontend in the connecting system.

Four piezoelectric elements (E0, E1, E32and E33) are connected over
four switches to the system channel (S-0). Given that a piezoelectic
transducer can be modeled as a capacitive load, a bleed resistor per el-
ement provides a discharge path to eliminate residual voltage build up.

To avoid having separate RX and TX wiring from the system to the
probe, the RX and TX path share the same coaxial wire. Otherwise,
twice the amount of micro-coaxial cables (512 instead of 256) would be
needed to connect the probe. Sharing the cable makes the ampli�cation
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stage more complicated: During the transmit phase, up to� 100 V
pulses are sent by the system through the cable to stimulate the
piezoelectric elements for acoustic emission. The sensitive receive
ampli�er needs to be protected from this high-voltage (HV) pulses.
During transmit, the HV pulses pass through the anti-parallel diode
pair to reach the multiplexing stage. To protect the ampli�er input,
it is AC-coupled to the multiplexing stage and has an HV protection
circuit to limit the input voltage. The ampli�er output also has an
HV protection and automatically disconnects from the shared channel,
when a voltage above a threshold (2:7 V) is observed, in order not to
drive back a signal during transmit. The ampli�er not only boosts
the signal (by 6 dB) during the receive phase, it also matches the
output impedance of the piezoelectric element (a few k
) to the cable
impedance (typ. 65 
).
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3.3 Implementation

The MuxHead probe consist of the following four main parts: the
matrix transducer, the probe electronics, which are distributed over
a stack of �ve PCBs, the cable harnessand a 3D-printed housing. A
photograph of the MuxHead is shown in Fig. 3.4.

Figure 3.4 { Photograph of the MuxHead with the housing lid removed. {
Photo courtesy of Fraunhofer Institute for Biomedical Engineering (IBMT)

The main design goal for theMuxHead was to �t all the required
electronics in the smallest possible volume to enable a handheld form-
factor. Given that our probe features 1024 transducer elements in
total and requires 256 instances of the channel circuit described before,
a highly space-optimized implementation is critical to achieving a man-
ageable overall probe size that allows comfortable holding of the probe.

3.3.1 Matrix Transducer

The 32 � 32 matrix transducer was designed and manufactured by
Fraunhofer IBMT. The transducer has a center bandwidth of 4 MHz
and an element pitch of 300µm. Every row of elements provides its
own 
exible PCB connector. The 
ex PCBs have been speci�cally
designed to connect to our PCB stack and to minimize the routing
overhead on the PCBs, as explained later.
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3.3.2 Stack Design & Probe Electronics

We achieve a form factor of 30� 33� 112mm3 for the probe electronics
with a highly space-optimized PCBs stack. Given the tremendous
amount of inputs (1024) and outputs (256), the overall design had to
be optimized to ease the signal routing on the PCBs.

The PCB stack as shown in Fig. 3.5 consist out of four identical
Multiplexer Boards (Mux Board) and one Control Board. The stack
connects to the matrix transducer through 32 
ex PCBs. The stack
provides four cable connectors (one per Mux Board) to connect to
the cable going to the backend system. Each connector carries 64
system channels. An additional auxiliary connector provides the power
and control signals.

Control Board

Mux-Boards
4x

Flex-PCB
(to connect to one
 transducer row)

Flex-Connectors
32x

Aux Connector

Cable
Connectors

x4 64 cha

Figure 3.5 { Photograph of the PCB stack with no cables connected. A
single 
ex PCB used to connect to the transducer matrix to the MuxBoard,
is visible in the lower left corner.

A simpli�ed block diagram of the PCB implementation is shown in
Fig. 3.6: The 32-row matrix is split in 16 double-rows. For each matrix
double-row, which covers 16 2� 2 patches, a 64-element multiplexing
and ampli�cation stage is implemented: The multiplexing is realized
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with two 32-channel 2:1 integrated HV switch chips (HV9201, Mi-
crochip Technology) providing integrated bleed resistors. The switch
state is controlled through a latchable shift-register. The ampli�cation
stage is implemented with two octal operational ampli�ers (MAX4805,
Maxim Integrated), providing HV in/output protection and an auto-
matic HV switch to disconnect the ampli�er output. This 64-element
multiplexing and ampli�cation stage is implemented 16 times in total
with four instances on each of the four Mux Boards.

0 31Flex 0 31Flex

Odd Row Even Row(e.g. E0-E31) (e.g. E32-E63)

32 32

8 8

16

256

16x

32x 2:1
Mux

(HV2901)

8x
Amp

(MAX4805)

Plug Plug

32x 2:1
Mux

(HV2901)

8x
Amp

(MAX4805)

uC

(PIC32MX)
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LE

SDIN SDIN

16
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Y
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C

C
LRIIC

TEMP
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P
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R±2V
±5V
3.3V

Vpp/Vnn

Control Board

256 ��Coaxial Cables Aux & Power Signals

to 1024 Piezoelectic Elements

AEN

Figure 3.6 { Simpli�ed block diagram of the implementation of the multi-
plexing/ampli�cation stage in the MuxHead including the microcontroller
subsystem to control the operation.

The control board PCB hosts the microcontroller and a temperature
sensor. The temperature sensor allows checking whether the electronics
integrated into the probe produce excessive heat. The microcontroller
(PIC32MX440F128, Microchip Technology) interfaces the multiplexer
shift-register lines over a high-speed 16-bit parallel master port for fast
programming of the switches. The ampli�cation stage can be manu-
ally deactivated when not needed. The connecting backend system
communicates with the microcontroller over I2C for con�guration and
uses two signalsSYNC and CLR for control during imaging.
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In total, the MuxHead needs seven external power supplies to
operate the multiplexer and ampli�ers: � 2 V and � 5 V for bias and
ampli�er supply, 3:3 V for the digital part, and the transmit voltage
suppliesVpp , Vnn for the level-shifters of the high-voltage switches in the
multiplexers. All voltages are supplied by the connecting ultrasound
system through the cable.

Fig. 3.7 shows a side view of the PCB stack with the Control Board
on top and four Mux Boards plugged as a stack from below. Each
Mux Board carries 4 multiplexing and ampli�cation stages and has its
own cable connector for 4� 16 system channels. Power and control
are provided from the Control board through the stack connectors
to the entire PCB stack.

4mm

4mm

4mm

4mm

80Mux Board

4x Cable Connectors
(64 Channels per Board)

Flex Connectors
(8 per Board)

Aux Connector
(Power & Control)

MUX AMP MUX AMP

Power
Routing

Microcontroller
Control Routing

Signal 
Routing F

Signal 
Routing B

Flex PCBs
(32 in Total) Control Board

Mux Board

Mux Board

Mux Board

Front (F) Back (B)
CONN CONN

Figure 3.7 { Side view of the PCB stack, which consists out of four Mux
Boards and one Control Board . Four Multiplexing and Ampli�cation stages
(see Fig. 3.6) are placed per Mux Board (two on each side). Signal routing
is reduced by staggered placement of the 
ex PCB connectors. The analog
signals are routed within the Mux Board (orange, pink). Power (red)
and control (blue) is routed through the stack connectors to reach the
entire PCB stack.

To reduce the wire routing within the PCB, the 
ex PCBs from the
transducer connect right next to their corresponding mux stage. To
achieve this, 
ex PCBs with di�erent length, orientation and o�set have
been designed and connected to the matrix transducer in a repeating
pattern. Fig. 3.8 shows the 
ex PCB design in detail.
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1
2
3
4

5
6
7
8

Flex PCBs to Transducer
(8 rows)

9-32

Mux-Board PCB Stack
(4 Boards)

Flex
Connectors

(4 per Side)

Cable
Connectors
(64 Channels 

per Board)

Figure 3.8 { Optimized 
ex PCB design to connect the 32 matrix rows to the
Mux Boards. Eight 
ex PCBs with di�erent orientation, length and o�set
connect 8 matrix transducer rows to one Mux Boards. The 
ex pattern
is repeated for all four Mux Boards.

3.3.3 MuxHead Con�guration and Operation

To con�gure the MuxHead over I2C, we implemented a con�gura-
tion tool running on the connecting research system. With this tool,
multiplexer con�gurations can be created and programmed into the
MuxHead : With the current MuxHead �rmware, the probe can
store eight switch con�gurations. Switch con�guration sequenceswith
a length of up to 32 can be composed out of these eight con�gurations.
This programming model reduces the memory requirements as switch
con�gurations are often used multiple times in a sequence. As an
example, in the default sequence (TX , RX1 , TX , RX2 , TX , RX3 ,
TX , RX4 ) the same transmit con�guration ( TX , all elements active)
is used four times { each time with a di�erent element of the 2 � 2
patch active during receive phase (RX1-4 ).
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During continuous imaging operation, the connecting system uses
the SYNC signal to trigger the switching to the next con�guration in
the sequence. TheCLR signal resets the sequence counter and is used
to align the sequencing in theMuxHead with the imaging system.

The speci�c control operation and its timing are shown in Fig. 3.9.
This control operation has been speci�cally designed to avoid any
control signal corruption from the HV transmit pulses and to mitigate
noise injection on the receive signals. To achieve this, the system
synchronizes with theMuxHead only between theTX-RX cycles, i.e.,
when no HV pulses are emitted and no backscattered signals received.

SYNC

TX RX TX RX

tTR tTR

PHASE

CHANNEL

SYNC

SHIFT

tTR

1) SYNC: RISING EDGE

C-TX

2) Shift & load TX and shift RX, don't load RX yet

C-RX

LATCH

SWITCH

7.2��s 7.2��s

3) Ready for TXtC

~5��s

TX RXPHASE CONFIG

TX con��g 
switch stable

RX
stable

4) TR delay expires

5) Load RX

6) Next shot

~5��s

16��s

Figure 3.9 { MuxHead control operation and timing: TOP : Overall operation
with SYNC signal, operation phases ( Config , TX , RX ) and analog signal
present on the system channel (red: HV pulse, green: received echo).
BOTTOM : Close-up on the internal control timing: After detecting a
rising edge on SYNC (1) the transmit con�guration is shifted and loaded
into the switches (2), followed by shifting the receive con�guration in. Now
the system is ready for TX (3). After a con�gurable delay (4) the receive
con�guration is activated (5) to receive the echos.
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Upon detection of a rising edge ofSYNC the MuxHead plays back
an entire TX-RX cycle : First, the microcontroller shifts the transmit
con�guration into the switches and activates it. Then, the receive
con�guration is pre-loaded into the shift registers of the switches.
This con�guration phase takes a �xed amount of time tc. Now, the
MuxHead is ready for transmitting (TX), and the connecting system
can send the HV pulses to theMuxHead to emit an acoustic wave.

When a programmable delay (tTR ) since the sync event expires,
the MuxHead switches from the transmit to the receive con�guration.
Since the receive con�guration is already preloaded in the shift-register
and only needs to be latched into the switches, this switching oc-
curs instantly. Now, the MuxHead is in receive (RX) mode and
is amplifying and forwarding the received echos to the connecting
system. The MuxHead waits in the receive con�guration until the
next rising edge ofSYNC is detected, which starts the next TX-RX
cycle in the sequence. If theCLR signal is high during the rising
edge of SYNC , the sequencing reset.

Note that triggering the switching from the TX to RX con�guration
with an expiring timer on the MuxHead is much more reliable and
precise than observing a control signal sent by the research system
due to the following reason: Given that the control signals share the
same cable as the system channels, heavy pulsed noise is injected
on the control lines during the TX phase, when the HV pulses are
sent. These injected pulses can prematurely trigger theMuxHead
to change its multiplexer con�guration.

Similarly, the I 2C interface is not used during imaging, as digital
communication is either corrupted by the HV pulses or the data
transfer may add noise on the susceptible receive signals.
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3.4 MuxHead Simulation

Before the in-vitro tests with the actual device, we performed a com-
plete 3D imaging simulation of the MuxHead to �nd a useful imaging
setup and to verify our processing pipeline that computes volumes
out of the captured raw data.

3.4.1 Setup

The ultrasound simulation of the MuxHead is performed using Field II
[78,79]. We simulate all 1024 transducer elements with a simple 3D
point-scatter phantom. The point-scatters are placed on a 3D grid
in the volume below the transducer. For the transmit scheme we use
9 plane waves with an inclination distributed equally between� 20°
with respect to the y-plane. For the transmit pulse, a 4 period4 MHz
sine is used. The setup is depicted in Fig. 3.10.

The processing pipeline applies a square TGC compensation before
performing standard bandpass DAS-beamforming using a static 2D-
Hanning apodization over the matrix transducer (see Section 2.3).
For each of the nine transmit events, i.e. plane-wave emissions, a
low-resolution Cartesian volume is computed. The nine volumes are
then coherently compounded to obtain the high-resolution volume, on
which the signal envelop is extracted before log-compression.

3.4.2 Results and Discussion

In Fig. 3.10, the computed 3D volume is visualized as a 3D contour
plot as well as a ray-trace rendering. The contour plot shows the signal
amplitude (re
ectivity) on several planes through the volume. The
translucent ray-trace rendering visualizes the volume with the same
camera orientation as the other two plots in this �gure. Fig. 3.11 show
several cuts through the volume. All visualizations reveal that the scat-
ters are well resolved on theyz-plane at x = 0. The further the scatters
are away from this plane, the weaker their signal and resolution are.

This is expected, as we only steer the transmit plane-wave along
the yz-plane at x = 0 (see the setup in Fig. 3.10). Considering
the dimensions of the matrix transducer, no signal is emitted in the
regions further apart from this plane. Hence the scatters cannot be
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seen. Furthermore, because there is no angular diversity from di�erent
plane-wave emissions in thex-axes direction, the resolutions of the
scatters are as low as when just using one single plane-wave emission
with 0° inclination straight down (see xz-plane at x = 0 in Fig. 3.11).
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Figure 3.10 { MuxHead simulation with 9 coherently added plane waves:
Left : Setup with matrix transducer (black square) and scatteres (red
crosses) in volume distributed on a 3D grid. The lines (black) indicate the
vectorial direction of the 9 plane-waves. Middle : Contour plots through
x-0 , y-0 and z-f -1,-2.5,-4 g planes (see also Fig. 3.11). Left : Translucent
ray-trace volume rendering with 15 dB dynamic range and the y-axes
colored from red (negative) to blue (positive).

Due to this imaging setup, the yz-cut-plane at x = 0 depicted in
Fig. 3.11 can also be considered as a normal 2D plane-wave image, but
with one crucial di�erence: By using a matrix transducer, dynamic
elevational focus can be applied2. In 2D imaging, the elevational
focusing is what de�nes that one actually gets a cross-section through
the body under investigation and not a superimposed signal of the
entire volume below the transducer. In normal 2D imaging, the focusing
on the elevational plane is achieved passively by depositing an acoustic
lens on the transducer, which provides a �xed focal-length focus on
the elevational plane perpendicular to the transducer surface. Matrix
transducers allow dynamic focusing at all focal-depths resulting in
better image quality.

2Dynamic elevational focus is also applied in 1.25D and 1.5D commercial system,
where multi-row array transducers are used to improve the 2D image.
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Figure 3.11 { MuxHead simulation: Cuts through the volume along xz/ yz-
planes through origin as well as cuts along the xy -plane at depths 1:75 cm
and 2:5 cm. Not all point scatters (red crosses) are visible due to the
chosen transmit strategy.
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3.5 In-vitro tests

After having de�ned a �rst simple TX setup and veri�ed with simu-
lations that it could produce useful images with the MuxHead , we
setup a �rst in-vitro test.

3.5.1 Setup

The overall in-vitro test setup is shown in Fig. 3.12: The MuxHead
is connected to the 256-channelDiPhAS research system [20, 85]
developed and provided by IBMT. For the transmit settings we use
the setup described in the previous section. During receive, the raw
signals from the MuxHead are sampled with 80 MS=s and stored on
disk, before they are processed o�ine with our processing pipeline.

Figure 3.12 { MuxHead in-vitro test setup showing the overall test setup
with the water tank phantom and the MuxHead connected to the DiPhAS
research system.

The phantom setup is shown in Fig. 3.13. For the phantom, we use
a water bath containing a highly-re
ective metal cylinder with a nylon
wire phantom placed on top of it. The MuxHead was positioned
such that the top surface of the metal cylinder is at a depth of4:5 cm
in the water. The nylon wire phantom was rotated around the z-
axis by 45° such that the nylon wires pass diagonally through the
volume (see Fig. 3.13b).
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a) Phantom setup b) Closeup

Figure 3.13 { MuxHead in-vitro phantom setup. a) shows the metal cylinder
with a nylon wire phantom placed on top of it. b) shows a closeup of the
exact phantom positioning for the output shown in Fig. 3.14 and Fig. 3.15.

3.5.2 Results and Discussion

In Fig. 3.14, the computed 3D volume from the in-vitro test is visualized
as a 3D contour plot as well as a ray-trace rendering. The �gure also
includes a plot of the geometric setup, which shows the position and
orientation of the transducer, the plane-wave emission directions and
the location of the metal surface at 4:5 cm depth. The 3D contour
plot visualizes cross sections at the depths of the nylon wires (2:5 cm
and 3:5 cm) as well as the metal surface of the cylinder (4:5 cm). In
the translucent ray-trace rendering, the metal surface is visible on
the bottom, and seven individual nylon wires can be made out in the
center part. The weak signal on the top part is image clutter. Fig. 3.15
shows several cuts through the computed volume.

As elaborated in the previous section, the chosen transmit setup
produces a normal 2D plane-wave image at theyz-plane at z = 0. On
this cut (see Fig. 3.15), the metal surface can be seen on the bottom as
well as �ve nylon wires in the middle section. On the top, there is signal
clutter caused by the switching from transmit to receive con�guration
followed by the activation of the receive ampli�er. The later manifested
as a dot artifact below the center of the matrix at depth 0:8 cm.
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Figure 3.14 { MuxHead in-vitro measurement using 9 coherently added plane
waves: Left : Orientation of matrix transducer (black square) and metal
surface in water bath (red). The lines (black) indicate the vectorial direction
of the 9 plane-waves. Middle : Contour plots through z-f -2.5, -3.5, -4.5 g
planes (see also Fig. 3.15). Left : Translucent volume ray-trace rendering
with 17 dB dynamic range and the y-axes colored from red (negative) to
blue (positive). On the rendering the metal surface can be seen on the
bottom and seven nylon wires can be made out in the middle section.

Overall, the main features of the test setup are well visible. Right
below the transducer matrix, the resolution of the nylon wires matches
the results from the simulation qualitatively. As already observed in
the simulation, the signal response is weaker, the further it is away
from the center region. As explained before, the resolution on the
x-axes is again inferior due to lack of transmit steering in this direction.

With this �rst and elementary test, we have veri�ed that 3D
volumes can be successfully captured with theMuxHead .

3.5.3 Thermal Dissipation Test

To verify that the power dissipation from the electronics in the Mux-
Head does not excessively heat the probe, we con�gured theDiPhAS
system to perform TX-RX cycles with a repetition rate of 10 kHz con-
tinuously. We measured the temperature within the MuxHead using
the integrated sensor. The internal temperature settled at 34.5° C,
which results in plenty of safety margin to the 43° C allowed by medical
regulations for surfaces in contact with human skin.
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Figure 3.15 { MuxHead in-vitro measurement: Cuts through the volume
along xz/ yz-planes through origin as well as cuts along the xy -plane at
depths 2:5 cm and 3:5 cm with 15 dB dynamic range.
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3.6 Discussion and Conclusion

With the MuxHead , we have implemented a 32� 32 ultrasound matrix
probe for 3D imaging. The MuxHead suits the needs for researchers
as it provides full access to the raw analog ultrasound signals from all
its 1024 transducer elements. TheMuxHead integrates a 4 : 1 analog
multiplexing stage to simplify the cabling and to reduce the number
of required channels in the connecting system to 256. This ultimately
allows connecting theMuxHead to 256-channel research systems such
as the DiPhAS , which are readily available on the market.

We successfully connected theMuxHead to the DiPhAS re-
search system and demonstrated its operation with a �rst simple
3D imaging setup.



Chapter 4

LightProbe & UltraLight:
Software-De�ned Ultrasound
using Digital Probes

4.1 Introduction

4.1.1 Motivation

Traditional ultrasound imaging systems operate with a passive trans-
ducer probe, where the piezo elements in the probe are connected
directly over an analog coaxial cable harness to a backend system.
The backend system contains the analog front-end to send ultrasound
pulses and to receive echos, as well as the digital processing unit to
compute the output image. Moreover, the backend system provides
a control interface for the sonographer and a display to observe the
imaging output in real-time.

Today, two trends in ultrasound system design can be observed: On
one hand, towardssoftware-de�ned ultrasound imaging, where the en-
tire signal processing is performed in software [17]. In the past, general

95
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processing units did not provide enough compute power and custom
hardware solutions were required to compute the image from the raw
probe signals. Today, the image formation is increasingly performed
in software on graphics processing units (GPUs) [18{ 20] and multicore
processors [21,22,47]. These new system architectures have not only
enabled new imaging modalities (Ultrafast Imaging [4,88], Vector Flow
Imaging [89,90], Elastography [91]), but have also reduced system cost,
as no ultrasound-speci�c hardware is needed for processing.

The Aixplorer (Supersonic Imaging) or the DiPhAS (Fraunhofer
IBMT) are two examples of such software-de�ned systems. Both
systems adopt the ultrafast system architecture paradigm [88, 92],
which proposes that the raw digitized data should be directly sent
to a GPU for processing.

The required high-bandwidth link to transfer raw data from the
analog-to-digital converters (ADCs) into the memory of the GPU is
one of the main challenges forsoftware-de�ned systems: A 256-channel
system sampling all channels simultaneously with 12 b and 30 MS/s
produces raw data at a rate of almost 100 Gb/s.

The second system trend is towardsdigital ultrasound probes: These
probes no longer need an expensive and bulky analog cable to connect,
but provide a wired or wireless digital interface such as USB or Wi-Fi
to connect to a commodity device such as a smartphone, tablet or PC,
which runs an ultrasound software application to control the probe and
to display the image. To provide this connectivity, the digital probe
embeds the analog front-end in the probe housing and performs at
least part if not all of the digital processing on the probe [14{ 16]. On-
probe processing is inevitable as already a 16-channel probe sampling
with 12 b at 30 MS/s produces data at a rate of 5.8 Gb/s, which
already exceeds what standard links, such as USB 2.0 (max. 0.48 Gb/s),
USB 3.0: (5 Gb/s) or Wi-Fi 802.11n (max. 0.6 Gb/s) can provide.

Digital probes connected to a smartphone or tablet running an ul-
trasound app are widely used to build portable systems such as the Mo-
biUS PE System (MobiSante, Redmond, USA) [93], the Philips Visiq &
Lumify (Philips Healthcare, NL) [16,94], the Clarius Handheld Wireless
Scanners (Clarius, CAN) [95] or the iQ (Butter
y Network, USA).

While these digital probes provide already good imaging quality
for standard B-mode, they do not (yet) support the more demanding
modalities such as Ultrafast Imaging, Vector Flow or Elastography.
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The main reason for this is that digital probesare thermally-limited
devices [15], meaning that the amount of power that can be dissipated
within the probe is limited, as otherwise, the probe would become
too hot. The surface temperature of a device in direct contact with
the patient must be kept below 43° C to comply with medical safety
regulations (IEC 60601-1 [96]). This thermal limitation restricts the
number of receive channelsand the complexity of the processingfeasible
to implement on a digital probe: Even tough the power consumption
per receive channel has decreased signi�cantly in the past years, from
100 mW down to 40 mW [29, 97], a 64-channel probe still consumes
2.6 W in the receive path alone. Thus, digital probes typically operate
with no more than 16 receive channels (ampli�er, ADC) and use
time-multiplexing [14] or analog pre-beamforming [98] to support
larger transducer arrays and to have enough thermal budget left
for on-probe processing. However, to support ultrafast modalities,
all transducer channels should be sampled simultaneously and more
complex processing is required. Fitting both into the thermal budget
of a probe cannot easily be achieved.
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4.1.2 A Novel Ultrasound System Architecture

To resolve this issues, we propose a novel ultrasound system architec-
ture, which relies on anultrafast digital probe that samples all channels
simultaneously and uses ahigh-speed digital linkto transfer the raw
channel data to an o�-the-shelf PC subsystem, where the processing
is performed without thermal power constraints.

This architecture combines the 
exibility of software-de�ned sys-
tems and the cost-e�ciency of digital probes. We expect such an
architecture to come with signi�cant cost savings as it requires only a
minimal amount of ultrasound-speci�c hardware, i.e., just the probe
and a refurbished housing for the PC with a console keyboard. Also,
the expensive coaxial analog cable harness is no longer needed, which
itself has a signi�cant contribution to the price of the system. While
it has been demonstrated that tablets and smartphones [99] could
provide su�cient compute power on their embedded GPUs for software
beamforming, these devices today do not yet provide su�cient external
I/O bandwidth to sustainably receive the raw data. We, therefore,
focus on a PC-based processing system for the time being.

The challenge to build an ultrafast digital probe is to include a
high number of front-end channels (64 or more) and a high-speed
(> 10Gb/s) link into the probe within thermal limits.

In this thesis, we demonstrate that this challenge can be addressed
by combining the following three approaches elaborated in detail
in Section 4.3:

1. First, we equip the probe with a �ber optical link to provide
su�cient link bandwidth ( > 25Gb/s).

2. Second, we reduce the average power consumption for normal
B-mode imaging by exploiting the ultrafast imaging capabili-
ties of the probe.

3. Third, we develop a thermal management solution that en-
ables high-performance operation modes with a power dissi-
pation exceeding the passive cooling capabilities of the probe.
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4.1.3 Contributions

As part of this thesis [42{ 44], we designed a complete and fully-
functional ultrasound imaging system to demonstrate the feasibility of
our newly proposedultrafast digital probe system architecture. The
system has been designed and published in several steps:

1. In our �rst work [42], we have introduced the LightProbe
concept, i.e., using an optical link to connect a programmable
digital probe to remove the bandwidth bottleneck to enable
low-cost ultrasound systems with increased capabilities. An
early system prototype with a reduced number of channels was
used to estimate the power consumption in di�erent operation
modes to assess the feasibility from a power dissipation point-
of-view.

2. In our second work [43], we have presented theUltraLight
system, which is a complete software-de�ned ultrasound imag-
ing system consisting of our digital transducer probe, called
LightProbe , connected to a standard PC equipped with a
GPU. The system allows rendering B-mode images on the
GPU from the raw digital samples captured by the probe.

3. In our latest work [44], we focused on the �nal LightProbe
design, discussed in detail design decisions and hardware de-
tails, performed extensive quality and performance evaluation
on di�erent imaging methods and introduced the thermal
management needed to operate such a device.

In this chapter, we focus on the results from our latest work [44]
as well as the details on the overallUltraLight system.

In summary, our contributions are:

1. We present UltraLight , to the best of our knowledge, the
�rst ultrafast imaging system based only on a 64-channel
digital probe and o�-the-shelf system components.

2. We presentLightProbe , a fully-functional hand-held digital
transducer probe. The �nal version of the probe uses a
64-element 4 MHz linear phased-array and integrates a 64-
channel 100 Vpp recon�gurable TX/RX front-end including
analog-to-digital conversion (up to 32.5 MS/s @ 12 bit). The
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probe integrates a Xilinx Artix 7 FPGA that provides a high
degree of in-probe con�gurability to support di�erent transmit
and pre-processing schemes. To provide real-time raw data
access, the probe features an optical link interface achieving
data transmission rates of up to 26.4 Gb/s.

3. We demonstrate that, even with only passive cooling, a digital
probe can support continuous plane-wave imaging with a
frame rate of 47 Hz inde�nitely.

4. We also demonstrate how high-frame-rate imaging (200-
500 fps) can be safely supported in a digital probe, despite
high peak power consumption (10.7 W) and high link band-
width requirements (15.36 Gb/s).

5. We implement the required interfaces and software applica-
tions to connect the LightProbe to a standard PC and
demonstrate full real-time system operation of various con-
ventional and ultrafast imaging modes.

The UltraLight system was used in various projects including
the high-speed bubble tracking demonstration in Chapter 5. Other
notable projects using theUltraLight system not explicitly covered
in this thesis were:

On-head Data Compression: Performing data compression within
the probe reduces the load of the digital link, which reduces
the power dissipation and lowers the IO requirements for the
connecting device. Decimation & demodulation was implemented
on the LightProbe , and it was veri�ed that the image su�ers
no quality impact. Alternative compression schemes based on
compressive sensing were explored in collaboration with Adrien
Besson and Dimitris Perdios from LTS5 at EPFL.

LightProbe for Mobile Imaging: Mobile imaging with the Light-
Probe has been explored in two student projects carried out by
Matthias Br•agger, where he extended theLightProbe hardware
with a WiFi radio module and explored novel imaging techniques
to reduce the data load for the radio link as well as the power
consumption in the ultrasound front-end. Real-time imaging at
1 fps could be demonstrated over a low-rate WiFi link.
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Vector Flow Imaging: Ramon Aerne demonstrated in his Master
Thesis that vector 
ow imaging could be implemented on the
UltraLight system. He implemented the required algorithms
on the system and performed in-vitro experiments to show that
vector 
ow can be measured.

The rest of the chapter is organized as follows: After related work
(Section 4.2), we elaborate the main design decisions (Section 4.3)
before we outline the system architecture (Section 4.4) and implemen-
tation (Section 4.6). We show extensive measurements (Section 4.8-4.9)
to demonstrate our system works, produces excellent images and does
not overheat. Finally, we discuss our the results (Section 4.10) and
close with conclusions.
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4.2 Related Work

4.2.1 Taxonomy

We de�ne an ultrasound transducer probe asdigital, if the analog
signals received by the transducer are converted to the digital domain
within the probe, and either the raw or processed digital signals are
output by the probe. In contrast to it, we call a probe analog if it
outputs analog signals. We further di�erentiate between active and
passive analog probes:

4.2.2 Analog Probes

Passive analogprobes contain no active electronics at all and just
consist of the piezoelectric transducer array, where each element is
individually connected directly to the analog cable. Given a 256-
element transducer array, 256 analog cables are required to connect
the probe, which requires an expensive micro-coaxial cable harness
along with a sizeable high-pin-count plug. To reduce the number of
cables, someanalogprobes embody integrated high-voltage multiplexer,
that enables to connect only a subset of the entire array at a time to
the cable [100,101]. A 192-element transducer probe with integrated
3:1 multiplexer for example, only requires 64 analog cables to connect.
But it also allows just to use one-third of the array at a time. We
call such probesactive analog as they contain some kind of active
electronics. Active analog probes come in many 
avors and they may
even contain the entire TX frontend [102], such that the full array
can be used during transmit while having connected the probe to
the backend system using integrated multiplexer. Someactive analog
probes feature an analog pre-beamforming stage [25, 103, 104], that
allows to steer a group of neighboring element to a �xed direction by
using programmable analog delay lines in order to produce a single
output signal per group and to reduce the number of required analog
cables, which is especially important to make matrix probes for 3D
imaging feasible that feature close to 10'000 elements [63]. Another
approach reducing the number of cables is high-frequency per-sample
time-division multiplexing [105,106]. However, this method requires a
high-quality, high-bandwidth analog cable as the signals are modulated
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on analog pulses with a frequency of several hundred MHz. Chapter 2
and Chapter 3 provide more information on this topic.

While analog probes increasingly got more sophisticated, they still
have to be connected to a dedicated backend system providing the
required analog-to-digital conversion stage and rely on an expensive
micro-coaxial cable harness to do so. Also, as the number of cables
in the harness is increasing to support more and more elements in
the array, the ergonomics for the operators su�ers as the cable gets
heavier and sti�er.

4.2.3 Digital Probes

Digital probes output digital signals. Thus, they no longer need a bulky
coaxial analog cable harness. However, they must provide a large band-
width digital link. If the link provides insu�cient bandwidth to output
the raw digital sample stream directly, some sort of preprocessing in
the probe is required to reduce the amount of data to be transferred.
We call probes able to output raw samplesultrafast digital probes and
probes deploying on-probe processingcompressing digital probes.

Several compressing digital probes are described in the literature:
Performing the entire beamforming process on the probe reduces the
amount of data to transfer. [14] presents an ultrasound transducer
probe with an integrated 16-channel frontend equipped with a Xilinx
Spartan 6 FPGA for on-head beamforming and USB 3.0 to connect
with a smartphone. The head has a size of 180� 55� 5 mm3 and
consumes 8.16 W, which heats the system internally to 82.3° C and
the transducer surface to 35° C. The MobiUS PE System (MobiSante,
Redmond, USA) and Philips Lumify (Philips Healthcare, NL) are two
commercial transducer probe with an integrated frontend that can be
connected to a PC or tablets over USB 2.0. Due to the limited USB
link bandwidth, data must be preprocessed in the probe. However,
as the thermal budget in the probe is limited, only simple processing
is permitted on-probe, which allow only to implement basic imaging
modalities. The battery-powered handheld Clarius Handheld Wireless
Scanners (Clarius, CAN) connects to tablets or smartphones over a
Wi-Fi 802.11n [95], which is even slower than USB 2.0. The ACUSON
Freestyle (Siemens Healthcare, GER) is another commercial wireless
scanner using a proprietary wireless link.
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Recently, synthetic aperture sequential beamforming (SASB) [107]
has been proposed as a method to reduce data bandwidth required
for a digital probe [15]. SASB is a two-stage beamforming method,
which consists a �rst stage low-complexity on-probe beamformer, which
combines the data from all channels to a single channel followed by
a second stage beamformer in the connecting device, that combines
the data from multiple acquisitions to form an image. While it has
been shown that SASB produces better images than conventional
methods [108], it does not reach the quality of synthetic transmit
aperture (STA) imaging [36], where data from all channels is combined
over multiple acquisitions in a single beamforming step.

To fully support ultrafast imaging, the raw data of all channels
must be accessible in real-time to the processing unit, which is only
provided by direct digital probes.

4.2.4 Real-time Raw Sample Access

Real-time access to the raw sample streams, as we propose with
our ultrafast digital probe, is currently only provided by high-end
systems targeting research: The Vantage system (Verasonics) available
in di�erent con�gurations from 64 to 256 channels consists of a box
housing the frontend electronics, which is connected to a workstation
over 8 PCI express 3.0 lanes [84]. This link provides data rates up to
6.6GB/s (52.8Gb/s). If this link is insu�cient to stream the data, it
provides local bu�er memory of 64MB/channel. Similarly, DiPhAs
(Fraunhofer IBMT) [20] provides a 256 channel frontend connected
to a GPU-enabled PC over PCIe all integrated into the same casing.
The 256-channel ultrasound advanced open platform (ULAOP-256,
University of Florence) [109] is a modular system featuring both FPGAs
(Altera, ARRIA V GX) and DSPs (Texas Instruments, 320C6678)
for massive con�gurable on-system processing. The platform can
be connected to a host PC over USB 3.0. The synthetic aperture
research ultrasound system (SARUS) [66,67] is a huge but very 
exible
1024-channel experimental ultrasound system that features 320 Xilinx
Virtex-4 FPGAs for processing and more than 320 GB of RAM. It can
sample all of its 1024 channels simultaneously with a sampling rate
up to 70 MHz, but can only process 256 in real-time.
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4.3 Designing an Ultrafast Probe

4.3.1 Avoid Heat from Processing

High-frame-rate (HRF) imaging is extremely compute-intensive. [4]
estimates several TFLOP/s are required for gray-scale compounded
plane-wave ultrafast imaging. The �rst problem to solve when design-
ing a digital probe for ultrafast imaging is to move the power-hungry
processing from the probe into the PC, where there are no thermal
power constraints. Current state-of-the-art GPUs like the Nvidia
Tesla V100, provide su�cient processing power (15 TFLOP/s) and
I/O bandwidth (1.2 Tb/s) for this task.

However, this requires the digital raw data from all channels to
be transferred from the probe to the PC: A 64-channel probe sam-
pling with 12 b at 32.5 MS/s produces a data stream of 24.96 Gb/s.
This rate is not yet supported with current common interfaces like
USB 3.1 (10 Gb/s) and USB 3.2 (20 Gb/s). USB Type C allows sim-
plex datarates up to 4x10 Gb/s, along with an auxiliary USB 2.0 and
supply power. However, currently available copper-based USB Type C
cables providing these rates are restricted to less than 1 m length,
which would make the handling of the probe uncomfortable for the
user. Higher data-rates are possible with optical links, which can be
easily scaled to even higher data-rates to support even more channels.
Optical links also impose no practical limits on the length. Optical
point-to-points links providing 40 Gb/s or even 100 Gb/s are widely
used in data centers today, as they provide higher throughput at lower
energy consumption compared to copper-based solutions [110]. We
thus decided to equip our probe with a link based on the Quad Small
Form-factor Pluggable (QSFP) standard, which allows data rates of
up to 40 Gb/s over an optical �ber, requires as little as 1 W, and is
readily available at low cost (100-200$ USD).

Being able to stream raw data from the probe also allows bu�ering
entire acquisitions sequences (several GB) for o�ine processing, as high-
bandwidth high-capacity memory is easily provided in the connecting
PC system. Providing this bu�ering in the space and power constraints
of the probe is not easily possible. O�ine processing is interesting
for applications, where real-time output is not needed, i.e. for Vector
Flow Imaging, where the output can be computed o�ine before a
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slow-motion playback is provided to the operator.

4.3.2 Exploit Ultrafast Imaging to Reduce
Energy Consumption

Plane-wave imaging allows to obtain a comparable B-mode image [111]
with much fewer shots than what is required for conventional line-by-
line imaging: [112] reports that a good image can already be produced
with 21 plane-waves. Considering plane-wave imaging with a pulse
repetition frequency (PRF) of 5 kHz, a complete frame can be captured
in a short pulse burst taking only 4.2 ms. Assuming a target frame-rate
of 25 Hz, the front-end can be turned o� for almost 90% of the time.
On top of this, also less energy is required fortransmit due to the
lower number of transmissions.

Figure 4.1 { Ultrasound front-end power consumption for B-Mode imaging
at 25 Hz: Conventional imaging may use the whole frame time period to
scan the entire �eld-of-view (FoV). Ultrafast methods capture the entire
FoV with much fewer shots. This drastically reduces the required energy
to capture a frame as less energy-intensive transmissions are required and
the front-end can be powered down for a large share of the time.

Line-by-line imaging requires many more shots to scan the entire
�eld-of-view (FoV) sequentially. As this scanning process may take as
long as the entire frame period, the front-end may not be turned o�.
As illustrated in Fig. 4.1, performing B-mode imaging with plane-wave
isoni�cation allows to signi�cantly reduce the averagefront-end power
consumption. This relaxes the thermal budget of the probe and allows
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placing more channels in the digital probe. To materialize these power
savings, the front-end hardware of the probe must support power
down modes with fast transition times and low power sleep states.
Our probe is optimized for this (Section 4.6.2) and equipped with a
dynamic power management system(Section 4.7.2), which activates
the best possible power mode at all times. The achieved energy savings
and quality impact will be quanti�ed in Section 4.9.

4.3.3 Boost Mode for High-Frame Rate Imaging

Performing normal rate B-Mode imaging with ultrafast methods has
allowed us to reduce theaveragepower consumption of the front-end
su�ciently to equip the probe with a front-end that allows simultaneous
sampling of all transducer channels. This enables high-frame-rate
(HFR) imaging required for Vector Flow or Elastography. However,
operating the probe continuously in HFR imaging will result in a
power consumption which no longer allows keeping the probe's surface
temperature within regulatory requirements with passive cooling only.

On the other hand, many HFR applications not necessarily require
continuous operation. A vector 
ow slow motion video or elastography
map only requires a brief acquisition sequence taking no longer than
a few seconds to capture. One option is to operate the probe in
a dual-mode operation, where the probe is operated by default in
normal-rate B-mode imaging. With this mode, the right position of
the probe can be found before activating an advanced mode requiring
HFR imaging. By dynamically controlling the imaging parameters
(e.g., frame-rate) of the normal mode the probe can be kept at a
temperature, which allows that the HFR boost-modeto be activated
for a certain duration and periodicity inde�nitely, without ever having
to turn the system o� for cooling.



108 CHAPTER 4. LIGHTPROBE & ULTRALIGHT

4.4 System Architecture

Fig. 4.2 shows the system level architecture of ourUltraLight
imaging system: It consists of our digital transducer probe, called
LightProbe , connected to a host PC. While the probe is mainly
responsible for theraw signal acquisition, including the ultrasound
isoni�cation, analog-to-digital conversion, and data transmission, the
host PC runs the ultrasound imaging application, which controls the
probe and performs theprocessing.

Figure 4.2 { UltraLight System Block Diagram: Our digital transducer
probe, called LightProbe , connects to a host system over a unidirectional
digital optical link. Control (USB 2.0) and power (max. 15 W) are provided
over a single USB Type C. The PC is equipped with an adapter to move
the raw data received over the optical link into the main memory.

Tbl. 4.1 summarizes the hardware speci�cations of the probe. The
probe integrates the piezo-electric transducer array along with a 64-
channel ultrasound front-end. It features a Field-Programmable-Gate-
Array (FPGA) for control, data aggregation, and processing as well as
multiple communication interfaces and a power supply module. The
probe connects to the host PC over a unidirectional optical link for
raw data transfer, and a USB Type C cable to provide power (max.
15 W) and a communication channel to control the probe. On the PC,
an adapter-card provides the optical link connector.
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Table 4.1
LightProbe Hardware Speci�cations

System - 64 RX/TX channels with size of 25 � 45 � 220 mm3

- Xilinx Artix-7 FPGA (XC7A200T-2), 1 GB DDR3 Memory

Interfaces - up to 26.4 Gb/s optical interface over QSFP
- USB Type C (Power max. 15 W, USB 2.0 for control, UART)
- Wireless LAN IEEE 802.11b/g/n (not used in this work)

TX stage - per channel con�gurable bipolar 64 pulse sequences
- 100 Vpp, 0.625 to 20 MHz pulse frequency
- Delay Range 102.4� s, Delay Resolution 0.78 ns

RX stage - Bandwidth 14 MHz (AAF), 12 b up to 32.5 MS/s ADC
- digitally controlled, variable gain ampli�cation: -5 to 31 dB

The USB connector or the integrated WLAN module also allows
connecting the probe to portable devices such as tablets or smartphones.
For these cases, the required data bandwidth on the digital link has
to be reduced with on-probe processing, which is not discussed in this
work. Fig. 4.3 summarizes the possible use-cases for theLightProbe .

Figure 4.3 { Possible LightProbe Application: Since the LightProbe con-
tains all relevant hardware for ultrasound imaging it can be connected to a
large range of devices enabling many di�erent kind of application scenarios.
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4.5 Host PC Implementation

To demonstrate real-time software-de�ned imaging, theLightProbe
is connected to a host PC providing su�cient processing resources:
Besides raw processing power, su�cient interface and bus bandwidth
is required to sink the data streamed from the probe and forward it to
the processing units. For ourUltraLight system, we use a standard
PC with a Quad-Core Intel Xeon 3.5 GHz Processor and 64 GB DDR4
memory. The PC is equipped with an NVIDIA GTX1080 Graphics
Controller with 8 GB RAM.

Figure 4.4 { The UltraLight system in operation. The pictures shows the
host PC and the LightProbe in an earlier state without the housing.

To interface the optical high-speed link with the PC, we imple-
mented a QSFP to PCIe 3.0 link adapter using a Xilinx Kintex Ul-
trascale KCU105 development board. We used this board since it
was readily available and only a small fraction of its resources was
utilized. In practice, the adapter can be implemented much simpler
and cheaper as elaborated in detail in Section 4.10.2.

A picture of the overall UltraLight system is shown in Fig. 4.4.
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4.6 LightProbe Hardware Implementation

The main goal when designingLightProbe was to realize a probe that
could be considered truly handheld. To achieve a very compact design,
the LightProbe is implemented with a specially designed PCB stack,
which is shown in Fig. 4.5. The stack has a size of 220� 25� 45 mm3,
consists of two 32-channel TX boards, a high-voltage supply module,
an interface board, and a motherboard. The latter carries an FPGA
module and provides the RX stage and the optical connectors. See
Fig. 4.6 for pictures of the individual PCBs. The following subsections
describe the di�erent subsystems of the probe in detail.

Side-View:

Figure 4.5 { The LightProbe PCB stack with the piezoelectric transducer.
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Figure 4.6 { The PCBs of the LightProbe shown in detail. Temperature
sensors (shown in yellow) are placed to monitor the temperature at critical
locations close to all major heat sources.

4.6.1 Ultrasound Transducer Array

The LightProbe is currently equipped with a custom 64-element
4 MHz linear phased-array transducer fabricated by Fraunhofer IBMT
(Germany). More details about the transducer can be found in [43].
Since the transducer is connected to the front-end with a plug, it
can be easily replaced. We support transducer arrays with up to
64-elements without the need for multiplexing. To support transducers
with up to 256 elements the PCB stack could easily be extended with
a 4:1 multiplexer board.
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4.6.2 Ultrasound Front-End

The ultrasound front-end supports 64 channels and is built from
discrete components. A detailed block diagram of the front-end is
shown in Fig. 4.7. It contains the hardware to emit ultrasonic pulses,
as well as to amplify and digitize the received echoes: The pulse
waveforms are generated by aTX-Beamformer (TXBF) and converted
to high-voltage signals required to excite the piezoelectric transducer
elements by aHV-Pulser. On the receive path, a TX/RX-Switch
(T/R) blocks the high-voltage pulses to protect the sensitive analog
receive front-end (AFE), which contains the ampli�ers and the analog-
to-digital converters (ADC). The components for the front-end are
chosen to provide low power consumption, good and fast power down
modes, and enable a compact implementation.

For the TX pulser, an integrated 8-channel chip (HV7350, Mi-
crochip) is used, which employs a special direct-coupling topology for
the gate drivers such that no additional supplies besides the positive
and negative transmit voltage (� 50V) and a control supply are re-
quired to power the drivers. Leakage currents through the high-voltage
MOSFETs can signi�cantly contribute to the heat generation as even
small currents may cause a large dissipation due to the large current
drop (100V). We chose this chip due to its fast (< 500� s) power down
mode reducing the MOSFET leakage below 10� A ( < 1mW).

Dedicated 8-channel TXBF chips (LM96570, TI) are used that
create the pulser MOSFET control signals. The TXBF supports
per-channel con�gurable bipolar pulse sequences with a frequency
of 0.625 to 20 MHz over a delay range of 102.4� s with a resolution
of 780 ps. Using TXBF chips does not allow completely arbitrary
waveform generation, but simpli�es the transmit path design compared
to implementing the TXBF on the FPGA, which would require more
I/O pins on the FPGA and more PCB routing space to connect all
HV MOSFET switch signals to the FPGA. To support 64 channels,
eight TXBF and pulser chips are placed on two 32-channel TX boards
plugged to the motherboard from both sides.

The RX stage digitizes the received echoes. The ultrasound echoes
cover a large dynamic range of over 100 dB, due to the attenuation
of the acoustic pulse as it is traveling through tissue. In practice,
the full dynamic range is not needed all time, and an ADC with
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Figure 4.7 { Detailed top-level block diagram of the LightProbe , showing
how the various subsystems are connected within the probe.

lower dynamic range can be used in combination with a variable
gain ampli�er (VGA), which adjusts its ampli�cation over time while
capturing data. We selected an integrated analog front-end (AFE)
chip (AFE5851, TI), which provides both a VGA (-5 to 31 dB) and an
ADC (12b up to 32.5 MS/s). The variable gain ampli�cation pro�le
is digitally programmed, and its playback is triggered by the FPGA.
The chip supports 16 channels at a very low power consumption of
just 39 mW per channel. To achieve this power e�ciency, two channels
share a 65 MS/s ADC in a time-multiplexed manner, which results in
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a half-sample period time-o�set between the odd and even channels.
This o�set is compensated in the FPGA on the probe, such that the
connecting system receives fully aligned samples. We selected this
component due to its low active power consumption and because it
supports two power-down modes (64mW and 5mW per chip), which
can be can be excited very quickly (< 50� s and < 200� s). Four AFE
chips are used to provide 64 channels.

The AFE inputs are protected from the HV TX pulses with eight
8-channel T/R switches (TX810, TI) that clamp the input signal. The
digital samples from the AFE are transferred to the FPGA (6.24 Gb/s
per AFE chip) over a high-speed serial interface. All front-end chips
are kept in sync with the required reference clocks and con�gured
over a Serial Peripheral Interface (SPI) bus operating with up to
75 Mb/s. A custom hardware SPI accelerator in the FPGA enables
fast recon�guration of the TX delays in the TXBFs between shots.
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4.6.3 Final LightProbe Assembly

Fig. 4.8 shows the �nal LightProbe assembly, with the probe in
its milled aluminum housing and the two cables required to connect
the probe to a PC.

Figure 4.8 { The LightProbe in its milled aluminum housing. Two ca-
bles (USB and QSFP) are required to connect the probe to the PC for
ultrafast imaging: The USB for power and control, and the optical �ber
(QSFP) for data.
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4.6.4 FPGA Subsystem

The FPGA aggregates the data from the ADCs and implements the
high-speed link to the host system. A microprocessor instantiated on
the FPGA runs the �rmware to communicate with the host system
and to control the probe.

The FPGA is provided on a compact (4� 5 cm2) commercial module
(TE0712, Trenz Electronics). It features a Xilinx Artix-7 FPGA
(XC7A200T-2FBG484C) with four 6.6 Gb/s transceivers to connect
the optical interface. The module has 8 Gb of DDR3 memory and
256 Mb Quad-SPI Flash for con�guration and operation. The chosen
FPGA has plenty of spare resources to implement on-probe bu�ering
or processing to connect as well with portable devices. We selected this
module to speed up the implementation time of our probe and give us

exibility for future on-probe processing. Thus it is not particularly
optimized for low power consumption.

Figure 4.9 { LightProbe FPGA Top-level diagram: It features the control
infrastructure ( upper half ) and the receive data-path ( lower half ). The
control infrastructure is built around a soft-microcontroller (MicroBlaze)
equipped with the required peripherals. A hardware �nite-state-machine
(LP FSM) orchestrates the overall signal acquisition by sending the required
synchronization signals (TX-, TGC-, RX-trigger) with precise timing. The
main data-path contains the AFE interface ( AFE Link), which produces
per acquisition a raw data packet containing the samples of all channels.
The data-packet may be processed in the processing domain on the probe,
before it is forwarded to the optical interface block ( Aurora Link ).
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The FPGA design (Fig. 4.9) contains a Xilinx MicroBlaze soft-
core microcontroller with 256 kB memory equipped with the required
peripherals (timer, interrupt controller, I/O peripherals). A custom
hardware �nite-state-machine (LP FSM) is used to orchestrate the
overall ultrasound acquisition depending on the settings requested by
the connecting system. This state-machine allows precise PRF control
and assures that the right number of samples are captured and that
the acquisition is in sync with the transmit pulse and the TCG pro�le.

The receive data-path on the FPGA from the AFE interface to
the optical link contains three stages:

1. First AFE Link abstracts the high-speed data-streams from
the AFEs and interacts with the LP FSMto produce a data
packet, which contains the raw samples from all channels over
a con�gurable time-period properly aligned to the transmit
event.

2. Second, the packet is forwarded to theprocessing domain,
where any potential preprocessing block can easily be instan-
tiated and connected. Even though we postulate and allow a
complete software-de�ned system architecture, we still allow
performing hardware preprocessing in the FPGA on the probe.
In the current design, we placed a delay adjustment (DelAdj )
block that applies a f s=2 delay �lter to the odd channels to
compensate for the time-interleaved sampling of odd and even
channels of our AFE chip. Additional processing blocks can
be easily added.

3. Third, the processed packet is forwarded to theAurora Link
which sends it to the PC using the Xilinx Aurora 8b/10b pro-
tocol taking care of DC-free coding and link synchronization.
Due to the coding loss, only 80% of the link bandwidth is
used for payload data. On the PC, the packet is received,
and its content is written into main memory using a direct-
memory-access (DMA) transfer.

The maximal data rate of our optical link is 26.4 Gb/s given by the
maximal transducer speed of the FPGA transceivers (4� 6.6 Gb/s).
Given our 4 MHz transducer we operate the ADC with a 20 MS/s
sampling rate producing a peak data rate of only 15.36 Gb/s. Con-
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sidering coding loss and protocol overhead, the link is run at reduced
speed (6.25 GHz) providing a raw bandwidth of 25 Gb/s over the
four �bers in our cable.

Note that there are plenty of spare resources available on the FPGA
(FF, LUT, DSP < 30%) to extend the data-pipeline with additional
processing. The FPGA utilization is reported in Table 4.2.

Table 4.2
Utilization of the Xilinx Artix-7 FPGA

(XC7A200T-2)

Resource Used Available Utilization

LUT 28'226 133'800 21.1%
LUTRAM 8'602 46'200 18.6%
FF 34'329 267'600 12.8%
BRAM 97 365 26.6%
DSP 64 740 8.6%
IO 152 285 53.3%
GT 4 4 100.0%
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4.7 System Operation and Firmware

In this section, we �rst outline how an ultrasound imaging applica-
tion running on the PC interacts with the LightProbe and what
operations are performed to trigger an ultrasound acquisition until
the captured raw data is available on the main memory of PC for
processing. In subsections that follow, we then describe the program-
ming model and provide some insight into the power and thermal
management systems implemented on the probe.

After powering up and self-check, theLightProbe waits for an
application to be launched on the PC. When an application is started,
the LightProbe has to be �rst con�gured over USB for the desired
imaging mode by setting the transmit and receive parameters. The
optical link is enabled, and the QSFP-to-PCIe adapter is initialized.
The ultrasound application can now use the probe for imaging. Upon
issuing a trigger signal, theLightProbe emits the ultrasonic pulses,
captures the echoes and sends the data to the host PC. TheLight-
Probe then waits for the next trigger signal or to be recon�gured
for another scenario.

To ease ultrasound application development, we provide a Python
library that abstracts away the driver interactions. After having
con�gured the probe, with a simple data = libLP.getNext() call, the
required commands to trigger an acquisition are sent to the probe, the
data is transferred, and a handle to the captured raw data is returned.

4.7.1 Programming Model

The LightProbe provides a 
exible model to program acquisition
sequences (Fig. 4.10). The basic building block of a sequence is ashot.
A shot contains the transmit event, i.e., the emission of an ultrasound
wave, followed by the receive phase, i.e., the period during which the
echoes are captured. ATX pro�le de�nes the parameters (delays,
pulse shape) of the emitted wave. Multiple shots can be combined to
a burst. Within a burst, every shot can use a di�erent TX pro�le.

Since changing the TX pro�le requires to recon�gure the TXBF
chips, a short re-con�guration phase is inserted. Depending on the
triggering settings, shots, burst or multiple bursts can be launched
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with a single trigger command issued by the ultrasound application
running on the host PC.

Figure 4.10 { Acquisition Sequence Programming ( Left ): A burst contains
multiple shots. A shot is a TX event followed by a RX phase.

4.7.2 Dynamic Power Management

As elaborated in Section 4.3, fast and good power down modes are re-
quired to bene�t from the power savings possible by imaging strategies
that allow duty-cycling of the front-end.

To keep the probe as cool as possible all unneeded modules must
be prevented from generating heat. In a complex system as theLight-
Probe , where individual supplies can be turned o�, and many chips
support many di�erent power modes, the size of the combined state
space of feasible system power states explodes. We selected the most
useful in terms of transition time and the power savings they provide:

ready (RDY ): the entire front-end is powered up, the RX path is
sampling, and the TX path is ready to emit pulses. The probe
has to be in this state to acquire raw data.

power down (PDN ): the front-end power supplies are shut down.
Recover operation from this mode takes 350 ms due to the time
required to recharge the supply domains.

receive power down (RX-PDN ): the power supplies remain on, but
the TR switches, the TX pulsers, and the AFE are put in power
down, which also disables the AFE-FPGA link. Recovering from
this mode requires to re-synchronize the AFE-FPGA links, which
takes 25 ms.



122 CHAPTER 4. LIGHTPROBE & ULTRALIGHT

receive standby (RX-STBY ) the TR switches, the TX pulsers, as
well as the ADC, are in standby. The AFE-FPGA link is only par-
tially powered down to keep the synchronization, which enables
to resume operation in only 600� s.

The dynamic power management, which is part of the �rmware,
automatically activates the power down state with the highest possible
power savings to keep the average power consumption as low as possible
(Fig. 4.11, Right ). To do this, it �rst computes the length of the idle
period (t idle ) between two bursts from the current imaging settings
(FPS, PRF, RX period) and then selects the best possible power mode
to enter given its transition time and overhead. The selected mode
is activated immediately after the last receive phase of the burst. A
timer is set to schedule the wakeup, such that the probe will be back
in RDY shortly before the next shot starts.

Figure 4.11 { Dynamic power management: If the idle period ( t idle ) between
two bursts is long enough for a power state transition (yellow, blue), the
corresponding power mode is activated to reduce the power dissipation
during the idle period.

4.7.3 Dynamic Thermal Management

Digital ultrasound probes, like other devices embedding active elec-
tronics, are thermally limited systems, which means for some operating
modes they can produce more heat than can be dissipated. Continued
operation within these operating modes can cause the device to heat up
to a point where it exceeds prescribed thermal limits for safe operation.
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Some ultrasound probes use active cooling. Air cooling is not a
viable option since air inlets and moving rotors would impede proper
disinfection of the probe. One solution is to use liquid cooling through
the cable, which has been implemented in probes for 3D imaging
[26]. However, to keep complexity and cost within reasonable bounds,
passive cooling is the only option.

As it will take some time for the probe to heat up, one possible
solution is to support some imaging modes only for a limited period
of time until the probe has reached a critical temperature and needs
to be put down for cooling. This mode of operation is already known
from commercial digital probes for the portable market. Many systems
do not allow uninterrupted operation and require the probe to be
periodically turned o� for cooling. For example, the Sonon 300 series
Wi-Fi transducer probes (Healcerion, KOR) supporting B- and Color
mode imaging are speci�ed for a maximal 10 min operation with 10 min
resting time [113]. Other probes [95] can be equipped with an external
fan for longer scanning time or provide a docking station to cool probes
back down to their operable temperature range. In our view, this
provides not a good user experience to the operator, as the examination
may need to be interrupted. Sustainable operation is thus preferable.

Providing sustainableoperation with passive cooling only, requires
the average dissipated powerto stay below a certain level to assure that
the surface temperature never exceeds 43° C to comply with medical
safety regulations (IEC 60601-1) [96].

One way to ensure this, is to restrict the probe to modes, which
when operated continuously inworst-caseconditions (high ambient
temperature) never heat the probe beyond 43° C. This puts overly
strict restrictions on the system, as it is seldom in worst-case conditions
and some modes do not need to be operated continuously. Another
approach is to adapt the operation mode (or its parameter) depending
on the current temperature of the probe.

The �rmware of LightProbe features dynamic thermal manage-
ment to enable this kind of thermal aware operation: The probe is
equipped with multiple temperature sensors that are used as an input
for our thermal control algorithms. As highlighted in Fig. 4.6 temper-
ature sensors are placed at critical locations close to all major heat
sources, which are the FPGA, the optical transceiver, the AFE chips,
the TX pulsers, and the HV supplies. For each temperature sensor
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we de�ne a maximal tolerable valueTmax ;i , such that when reached,
the outside surface temperature does not exceed regulatory limits. We
de�ne the thermal margin Tm as the minimal margin over all sensors.
The �rmware computes Tmax ;i every second:

Tm = min
i

Tmax ;i � Ti (4.1)

The milled aluminum housing of the LightProbe (see Fig. 4.12)
features thermal contact areas to the FPGA and PCB stack to ease
heat spreading, and provides su�cient heat capacity to temporarily
sink the heat during high-performance modes without increasing the
surface temperature signi�cantly.

Figure 4.12 { The open milled aluminum LightProbe housing. The housing
provides on both sides heat contact areas to ease heat dissipation from
the PCB stack to the housing surface. On the contact areas the gray
anodization has been milled away.
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In this work, we implemented two thermal controllers:

ˆ First, a Thermal-Aware-Performance (TAP) controller that
adapts imaging settings (the frame-rate in this work) to keep
the probe below a given temperature.

ˆ Second, aBoost-Mode (BM) controller that allows dual-mode
operation of a continuously operabledefault mode (B-mode)
and a boost mode (2 seconds of 210 Hz imaging) with a power
consumption exceeding the sustainable cooling capabilities. The
boost mode can be activated on-demand with a de�ned periodic-
ity (every 5 seconds) to provide a consistent Quality of Service.

The �rst controller (TAP) sets the frame-rate depending on Tm by
inserting a delay dth (Tm ) between the triggering of the bursts. The
dynamic power management (Section 4.7.2) takes care of activating
the best power down mode between bursts. Designing the controller
responsedth (Tm ) is not straight forward as the controlled variable,
i.e., the temperature, reacts with a delay to control inputs, i.e., frame-
rate changes. Controlling a system with a delayed response using a
standard P(ID)-controller is susceptible to instability. Instability can
be avoided by setting the slope of the linear control response very

at. However, the slope cannot be set arbitrarily 
at as, at a certain
temperature, a speci�c frame-rate is required to avoid the system from
overheating. In our case, controller and thermal stability was not
achievable with a linear control response.

Figure 4.13 { Non-linear control response used by the TAP controller.

We thus designeddth (Tm ) as a one-sided quadratic function (Fig. 4.13),
which has a low response when su�cient thermal margin is available
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(stability) and a progressive response on decreasing thermal margin
(overheating avoidance).

dth (Tm ) =

(
�T 2

m + �T m + 
; if Tm � �
0; otherwise

(4.2)

If the probe is cool enough (Tm > � = 10° C), the thermal man-
agement does not interfere, and the probe runs at the con�gured
frame-rate. For smooth frame-rate changes and to remove sensor noise,
a �rst-order IIR low-pass �lter is applied to dth . Currently, TAP only
sets the frame-rate. Other settings could be controlled as well. We
use this controller to provide normal B-mode imaging at best possible
performance (frame-rate) in all temperature conditions.

The second controller (BM) uses a TAP controller with a modi�ed
set-point (� set to 15° C) to let the probe cool down during default mode
to build up additional thermal margin for the boost mode. A LED
informs the user when the system is thermally ready (Tm > T m, bst rdy

= 10° C) to switch to the boost mode. The user can do so by pressing
a button on the probe. By choosing the set-point of the default
mode (using � ) and the thermal margin for activation ( Tm, bst rdy )
appropriately depending on the heat output of the boost mode, it can
be ensured that the boost mode can be activated with a lower bounded
duty cycle, without ever overheating the system.



4.8. METHODS 127

4.8 Methods

4.8.1 Imaging Quality Assessment

To assess the imaging quality of theLightProbe , we implemented
several imaging strategies (both conventional and ultrafast) and quan-
ti�ed the achieved contrast and resolution. For the resolution and
contrast measurements, a CIRS 054GS phantom (0.5 dB/cm-MHz) is
used. If not stated otherwise a 4 MHz 2 period [+1,-1,+1,-1] transmit
pulse is used. All channels were sampled with a sampling frequency
of 20 MHz, and the RF data was processed o�ine.

For all strategies, the following processing steps were performed:
The raw RF data was bandpass �ltered and converted into analytical
signals. Dynamic receive beamforming was performed on a polar grid
with a dynamic Hanning apodization. The beamforming grid composes
out of 91 radial lines with 0.86° axial spacing and 192.5� m radial point
spacing and covers a �eld-of-view of 78° and a depth of 0-19.3 cm.
After beamforming we performed 2D scanline interpolation, envelop
extraction and scan-conversion. The quality metrics were extracted,
and the images were log-compressed for displaying.

The following imaging strategies were evaluated:

TXF1 Conventional line-by-line imaging with dynamic receive focus-
ing on 91 scanlines (0.86° spacing, 78° �eld-of-view) and a �xed
transmit focus at 5 cm.

TXF2 Same as TXF1 but with sequential multi-zone transmit focus-
ing to 5 and 10 cm. The scanlines from the two acquisitions with
di�erent transmit focus were linearly blended over the depth.

STA64 synthetic transmit aperture imaging [36] with 64 sequential
single element isoni�cations. 64 low-resolution images were co-
herently summed to one high-resolution image (HRS) before
envelop extraction.

PW31 coherent-compounded plane-wave imaging using 31 waves with
angles from -15° to +15° with 1° increments.

VS13 synthetic aperture imaging with 13 virtual sources [114,115]
placed behind the transducer on a 90° 6.3 mm radius arc. The
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13 LRS images were coherently combined.

VS13-CE same as VS13, but extended with coded excitation [116,
117] using two 48 bipolar pulse sequences emitted with 8.88 MHz.
The two acquisitions were decoded and combined before fed to
the normal processing pipeline.

For every strategy, we quantify the resolution at di�erent depths
with the full-width at half-maximum (FWHM) of the vertical point
targets in the phantom. The theoretical FWHM in degrees of the
system assuming full use of the aperture for transmit and receive is
according to [2] � th = 1 :206�=a � 360=2� = 2 :11° with a the transducer
aperture size (1.26 cm) and� the wavelength (0.385 mm).

Contrast is quanti�ed using the anechoic cylinders in the phan-
tom using the contrast ratio (CR) [2] and the contrast-to-noise-ratio
(CNR) [118]:

CR =
� out � � in

� out + � in
; CNRdB = 20 log10

� in � � outp
(� 2

in + � 2
out )=2

; (4.3)

with � the mean and � 2 the variance of the B-mode image within
and around the cyst.

The signal-to-noise ratio (SNR) as a function of depth is computed
along the center line in the B-Mode picture before log-compression
using mean and standard deviation values obtained from 100 consecu-
tively captured images of a CIRS 040GSE phantom using VS13:

SNRdB (z) = 20 log10(� (z)=� (z)) : (4.4)

4.8.2 PRF, Frame-Rate and Power Measurements

The maximal achievable pulse repetition frequency (PRF) is physically
limited by the time it takes the acoustic pulse to reach the desired
imaging depth and for the echoes to return to the transducer. In a
real system, the achievable PRF is further limited by con�guration
overheads between acquisitions and the data-sinking capabilities of
the receive path. Since the digital link of LightProbe allows to
stream the received data o� the probe continuously, we can operate
the system perpetually with a very high PRF as opposed to systems,
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which have to periodically stall their operation to deplete internal
bu�ers over a low-rate link.

For the power and PRF measurements, we con�gured the probe
to take 2048 samples per shot, which takes 102.4� s with a sampling
rate of 20 MHz. Thus, a maximum PRF of 9.8 kHz can be reached in
theory. To measure the consumed power, the probe was supplied with
a Keysight N6705B DC Power Analyzer instead of the PC using USB.

4.8.3 Thermal Control

Both thermal-aware controllers where implemented and executed on
the LightProbe , while the power consumption and achieved frame-
rate was captured. Pro�ling starts from a cold system (21° C ambient
temperature). The probe was con�gured for the PW31 imaging scheme
with the 31 acquisitions performed in 6.5 kHz PRF burst. To obtain
more conservative results, we chose PW31 over VS13 as it requires more
shots per frame compared to the powered-optimized VS13 operating
with 13 shots only. For normal B-mode imaging, the free-running frame-
rate is set to 210 Hz. The thermal controller will reduce the frame-rate
to a steady-state value that is thermally sustainable. This high free-
running frame-rate is chosen to force reasonably fast convergence to
the steady-state value. The boost-mode is con�gured as a 2 second
period of acquiring PW31 frames at a rate of 210 Hz. This setting
is reasonable to capture a 
ow sequence, which can be replayed at
lower frame-rate. Controller input and output variables are extracted
over a debug interface.
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4.9 Results

4.9.1 Imaging Quality Assessment

Fig. 4.14-4.16 show the imaging output for all strategies. We show a
wide-angle image of the CIRS phantom down to 9 cm with the vertical
point targets aligned on the center axis of the transducer. The lateral
(axial) resolution is quanti�ed for every point target by measuring the
FWHM in degrees. We plot the depth resolution pro�le and report
the average resolution over the depth 2-9 cm.

The system resolution is almost perfectly achieved for STA64 and
PW31 over the entire depth, which is expected for these strategies.
For TXF1 and TXF2 this is only the case at their transmit focal
depths (5 and 10 cm), which is expected as well. VS13 achieves a
slightly worse resolution but also needs by far the least amount of
shots to obtain an image. The coded-excitation in VS13 impairs the
resolution only marginally.

For contrast, we show the image section around the anechoic
cylinder at 4 cm depth and report the CR and CNR using the regions
indicated in the image. As expected STA64 provides a poor contrast
(CNR: 3.42 dB) due to the little amount of acoustic energy emitted into
the tissue by using only a single transducer element for transmission.
Using all elements for transmit yields a better CNR for the other
synthetic aperture based methods PW31 and VS13 (CNR: 6.86 dB and
7.03 dB). As expected, the best contrast is achieved with conventional
sequential scanning (TXF1, TXF2) which uses transmit focusing (CNR:
7.60 dB and 7.58 dB). Coded excitation boosts the penetration depth
and increases the VS13 contrast at 4 cm depth from 7.03 dB to 7.17 dB
and at depth 7 cm from 3.56 dB to 6.63 dB (see Fig. 4.16), but requires
twice the number of shots and has a more energy intensive TX pulse.

This evaluation con�rms that with ultrafast methods (PW31 &
VS13) almost the same imaging quality can be achieved for still images
as with standard methods. Compared to TXF2, the ultrafast methods
PW31 and VS13 require 6� and 14� fewer shots, while dropping
the average resolution less than 0.3° (VS13) and the contrast less
than 0.72 dB (PW31).
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Figure 4.14 { Imaging quality of the LightProbe for di�erent transmit
strategies (TXF1, TFX2 ): For each strategy, the lateral (axial) -6 dB
point spread is measured at multiple depths (red circles), as well as the
contrast [CR] and contrast-to-noise [CNR] ratio of an anechoic region. For
the lateral resolution we report the average angle spread for the points at
2-9 cm depth. The resolution pro�le shows the theoretical system FWHM
resolution (red line) in degrees � th . For each strategy the number of
required acquisition per frame ( shots) is listed.



132 CHAPTER 4. LIGHTPROBE & ULTRALIGHT

STA64 PW31
# Shots: 64 # Shots: 31

R
es

ol
ut

io
n

[5
0

dB
]

C
on

tr
as

t
[4

0
dB

]

CR: 0.43 CNR: 3.42 dB CR: 0.77 CNR: 6.86 dB

Figure 4.15 { Imaging quality of the LightProbe for di�erent transmit
strategies (STA64, PW31 ). See Fig. 4.14 for detailed plot description.



4.9. RESULTS 133

VS13 VS13 with CE
# Shots: 13 # Shots: 2 � 13

R
es

ol
ut

io
n

[5
0

dB
]

C
on

tr
as

t
[4

0
dB

]

CR: 0.73 CNR: 7.03 dB CR: 0.75 CNR: 7.17 dB

C
on

tr
as

t
de

ep
[4

0
dB

]

CR: 0.46 CNR: 3.56 dB CR: 0.73 CNR: 6.63 dB

Figure 4.16 { Imaging quality of the LightProbe for di�erent transmit strate-
gies (VS13, VS13 with CE ). See Fig. 4.14 for detailed plot description.
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4.9.2 Achievable PRF and Frame-Rate

In the standard case, where the TX pro�le needs to be updated between
the shots, all delays (1.8 kb) are programmed into the TXBF chips in
25� s with our SPI-HW-accelerator. In this case, theLightProbe
achieves a PRF of 6.5 kHz.

The maximal frame-rates we can achieve for the various imaging
strategies with a 6.5 kHz PRF are listed in Tbl. 4.3.

Table 4.3
Achievable Frame-Rate with 6.5 kHz PRF

MODE # Shots max. FPS
per Image [Hz]

TXF2 2 � 91 36
TXF1 91 71
PW31 31 210
VS13 13 500

VS13 CEy 2 � 13 250
QS64y 2 � 13 102
y estimated values

With all strategies, we reach a frame-rate above 30 Hz. With
VS13, we can achieve 500 Hz. The high-frame-rate operation is demon-
strated with videos1. In the next chapter (Chapter 5), we will use the
LightProbe to track trajectories of individual gas bubbles at 200 fps.

For these very high frame-rates, we bu�er the raw data on the
PC's main memory and interrupt the acquisitions after a few sec-
onds to store the data on disk to process it later o�ine. Note that
these high frame-rates are sustainable by state-of-the-art GPU-based
beamformers [18, 19].

4.9.3 Power Measurements

Fig. 4.17 shows a detailed power breakup of theLightProbe for
di�erent power state and operation modes: If the probe is in RDY
state (8.1 W) and not emitting pulses, more than half of the power

1http://hdl.handle.net/20.500.11850/283465
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(4.4 W) is spent in the ultrasound front-end. The most signi�cant
contribution to the front-end power is the AFE (2.45 W). Thus the
AFE should be turned o� whenever possible. If the PRF and frame-rate
settings allow, the front-end can enter theRX-STBY or RX-PDN
power mode in between acquisitions consuming only 1.9 W or 1.26 W.
In idle periods > 350 ms, the front-end can be powered down (PDN )
consuming as little as 25 mW. If the probe is performing high-frame-
rate ultrafast imaging (VS13, 500 Hz), the probe power consumption
rises to over 10 W due to the additional power spent for emitting pulses.
If the probe is performing normal-rate B-mode imaging (VS13, 30 Hz)
the power consumption decreases below the idle level (RDY ) as more
power is saved with power management than used for transmission.

We report the front-end power consumption separately from the
FPGA subsystem and the optical link. Note that we focused on this
work on reducing the consumption of the front-end as it cannot be
scaled down as easily as the digital counterparts. Currently, 3.64 W
are spent for the FPGA subsystem and the optical link independent
of the operating mode. As elaborated in Section 4.10.3 these parts
can be further optimized.

Tbl. 4.4 reports the ultrasound front-end power consumption for
various imaging modes (TXF2, TXF1, PW31, VS13) running at their
maximal possible frame-rate as well as rates for B-mode imaging (30
and 50 Hz). Even though the modes provide substantially di�erent
maximal frame-rates (36-500 Hz), all modes consume around 7.1 W at
their max-rate, as raw data is acquired with the same 6.5 kHz PRF.
VS13 provides a 14� higher frame-rate compared to TXF2 at the
same power consumption.

Table 4.4
Ultrasound front-end Power with Dynamic Power Management

MODE max. FPS Avg Pwr Avg Pwr Avg Pwr
(6.5kHz) max. FPS 50 Hz 30 Hz

TXF2 36 Hz 7.1 W n/a 6.3 W
TXF1 71 Hz 7.1 W 5.5 W 3.9 W
PW31 210 Hz 7.1 W 3.0 W 2.4 W
VS13 500 Hz 7.1 W 2.2 W 2.0 W
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Figure 4.18 { Measured ultrasound front-end power consumption for di�erent
imaging strategies (TXF2, TXF1, PW31, VS13) and frame-rates (30 Hz
to max) with and without dynamic power management active.

Fig. 4.18 shows the measured ultrasound front-end power during
imaging for various modes and frame-rates (30 Hz tomax), with and
without dynamic power managementactivated. If it is deactivated
and no power down modes are utilized, the front-end power consists of
a static contribution ( RDY power, 4.4 W) and a contribution growing
proportionally with the frame-rate accounting for the power dissipated
for ultrasound pulse emissions (TX). With dynamic power management,
the average power consumption can be substantially reduced when
there is su�cient idle time ( t idle ) between frames to put the front-end
into a power-down mode. At 30 Hz power savings of -6% (TXF2),
-29% (TXF1), -50% (PW31) and -57% (VS13) can be achieved. For
normal B-mode imaging a frame-rate of 30 Hz is su�cient. If ultrafast
imaging (PW31, VS13) is used at this low rate, the average power
consumption is drastically reduced (-62% 2.4 W PW31, -68% 2.0 W
VS13) compared to conventional imaging (TXF2, 6.3 W) as the front-
end can be powered down longer between frames. Note that without
dynamic power management, the savings with ultrafast imaging would
be less than half, only -29% in PW31 and -32% in VS13. This shows
that dynamic power management is crucial to realize the potential
savings ultrafast method o�er.
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4.9.4 Thermal Control

Fig. 4.19 shows the TAP controller performance starting from a cold
system (21° C) until the system reaches a steady-state.

Figure 4.19 { Measured performance of the LightProbe using the Thermal-
Aware-Performance (TAP) controller: The top plots shows the average
power consumption of the front-end (blue) along with the instantaneous
frame-rate (FPS, red). The lower plot shots the thermal margin Tm in ° C
(red) and the manipulated variable dth of the controller (blue). Controlling
the frame-rate in combination with activating the provided power down
mode allows the system to reach a steady state, which still provides a
frame-rate of 48 Hz.

At �rst, the system is running with the con�gured free-running
frame-rate (210 Hz) for 3 min, heating up until the thermal margin ( Tm )
is reduced to 10° C and the controller throttles the systems frame-rate
by adding a delay (dth ) in between capturing frames. Immediately
after throttling starts, the added delay dth is long enough (> 0.8 ms)
to activate RX-STBY between frames, which reduces the average
power consumption. The system continues to slowly heat up for the
next 15 minutes until it reaches a steady state withTm > 5° C and a
frame-rate of 47 Hz (1.5 kHz PRF in average). If the system would
further heat up, e.g., when a more power intensive transmit pulse is
used, dth would be further increased until at 20 ms there is enough
time to activate RX-PDN .

Fig. 4.20 (Left ) shows a thermal camera (FLUKE Ti95) image
of the housing of the probe showing that the outside temperature
stays below 43° C. Note that the transducer tip is currently the hottest
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part of the probe. This is only the case if the tip is not touching any
surface (skin or phantom) serving as a cooling path. Note that the
transducer temperature can be easily reduced by providing a heat
conductance path to the metal housing, which is currently not given
as the connecting parts (Fig. 4.8) are made out of ABS plastic.

Figure 4.20 { Thermal Performance: Left : Thermal camera picture of the
LightProbe in thermal regulation. The housing temperature is < 37° C
and the transducer 41 ° C, both are not exceeding 43 ° C. Right : Noise
measurement depending on depth and temperature.

Fig. 4.20 (Right ) shows the SNR of a B-mode image (VS13)
along the center-line as a function of depth at di�erent internal probe
temperatures at the AFE chips. Over our temperature range (30-
50° C) the noise performance is constant.

While simple controllers, such as the TAP, successfully avoid over-
heating, they do not provide a consistent QoS, since after providing the
peak performance for a few minutes, they throttle the system and stay
in throttled mode inde�nitely, unless the probe is turned o� for cooling.

Fig. 4.21 shows the system performance using theboost-mode(BM)
controller, which supports dual-mode imaging with a frame-rate con-
trolled default mode (D-Mode) and a Boost-Mode that can be activated
on-demand. After startup the D-Mode provides again peak perfor-
mance for a few minutes (20-100s) before it is throttled. Activating
the Boost-Mode at a high rate (150-300s in Fig. 4.21) accelerates the
heating process. Note that now the frame-rate of D-Mode (D-FPS)
drops su�ciently low ( dth > 20 ms) to activate the second power down
modeRX-PDN in between frames. At one pointTm reachesTm, bst rdy
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= 10 ° C (@ 280s) and the user is no longer allowed to activate Boost-
Mode for a few seconds until the system has cooled a bit. When
Boost-Mode is not activated for a while, the system cools, and D-FPS
is increased again (@ 350s). We demonstrate a consistent Boost-Mode
launch rate (once every 5 seconds) by keeping the activation but-
ton pressed (400-450s). During these 50 s 11 Boost-Mode bursts are
launched. Even now, D-Mode still provides a frame-rate> 6 Hz.

With the BM controller, we demonstrate that we can ensure the
temporary use of a high-performance mode dissipating more energy
than what is thermally sustainable in continuous operation, while still
providing a consistent QoS for the operator.
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4.10 Discussion and Comparison

Our power results in Tbl. 4.4 con�rm that digital probes can signi�-
cantly reduce (more than -60%) the average front-end power consump-
tion during normal rate (30 Hz) B-mode imaging by implementing
ultrafast imaging methods in combination with duty-cycling of the
front-end. In all normal-rate B-mode scenarios (VS13, PW31: 30-
50 Hz), we can apply duty-cycling to reduce the overall front-end
power consumption to even lower values (2.0-3.0 W) than the idle
consumption of an always-on front-end (RDY , 4.4 W).

This is a very fundamental observation as digital probes with many
channels (> 32) are often regarded infeasible as an always-on front-
end is assumed and the consumption of the ADC is simply added
up, without considering the additional power saving potential that
using more ADCs can provide.

4.10.1 Comparison with Related Work

In Tbl. 4.5 we compare the LightProbe with both systems and
concepts reported in the literature as well as commercial systems:

With the LightProbe we can support the same imaging modalities
(B/M-Mode, Color Doppler) as current digital probes for portable
imaging do [16, 93{ 95, 113, 119{ 121]. On top of this, we support
modalities that are typical of high-end systems, which we demonstrated
so far with the high-speed-imaging example.LightProbe provides
real-time raw sample access. This feature is currently only supported
by top-of-the-line software-based commercial and research systems
[17,20,66,84], but without the need for any external device that houses
the ultrasound front-end and provides the cable connector to connect
the probe. The LightProbe provides true continuous RF access
(� 240 Mb/s per channel)2, which is comparable to the capabilities
of the 256-vantage system (206 Mb/s per channel) given its 6.6 GB/s
sustained data access [84]. Even thoughLightProbe supports only
one-fourth of the number of channels of these high-end systems, we are
able to do so at a lower cost, power budget, and smaller form factor.

2The 240 Mb/s relate to the currently set sampling rate of 20 MS/s.
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Table 4.5
Comparison with Related Work

System ADCaLink Mode Connects to

MobiUS PE [93] ? USB B PC
Usan [119] 8 USB B Dedicated Tablet
Visiq [16] ? USB B/M, Doppler Dedicated Tablet
Lumify [94] ? USB B/M, Color Doppler Smartphone/Tablet
iViz [120] ? Cable B, Color Doppler Dedicated Tablet
Clarius [95] ? Wi-Fi B, Color Doppler Smartphone/Tablet
Sonon300c [113] ? Wi-Fi B Smartphone
Freestyle [121] ? UWB B, Color Doppler Dedicated Device

[15] 64b Wi-Fi SASB -
[122] 192c Wi-Fi SASB (Vector Flow) Tablet
[14] 16 USB 3.0 B/C (MUX) Smartphone
[123] 1 USB 2.0 B (MSAS) PC
[124] 1 Wi-Fi B/3D Display

LightProbe 64 Optical d any (RF access) PCd

DiPhAs [20] 256 PCIe any (RF access) PC
Vantage [84] 256 PCIe any (RF access) PC

a Number of ADC in commercial system rarely made public.
b System-level design study for a wireless probe.
c No probe hardware. Probe emulated with SARUS for demonstration.
d Smartphone & tablet possible over USB/Wi-Fi.

Supporting ultrafast imaging at high frame-rates with a digital
probe requires an elaborated power and thermal management as the
peak power consumption in the probe may exceed 10 W (VS13, 500 Hz).
The thermal control management allows using these modes with a
de�ned periodicity safely.

Compared to the 16-channel (128 with multiplexing) digital ultra-
sound probe [14] equipped with USB 3.0 to connect to smartphones,
our 64-channelLightProbe provides 4� more channels and even has
a 30% lower overall probe power consumption (5.84 W vs. 8.16 W)
for B-mode imaging (VS13 50 Hz). The probe mentioned above has
a similar size (180� 55� 35 mm3) and performs the beamforming on
the probe (FPGA) and the postprocessing on the smartphone's GPU.
Under operation, the system heats up internally to 82.3° C and the
transducer to 35° C, allowing sustainable B-Mode operation as the
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LightProbe does. Note that many digital probes not even supporting
ultrafast imaging do not allow uninterrupted operation and require
the probe to be periodically turned o� for cooling. For example, the
Sonon 300 series Wi-Fi probes (Healcerion, KOR) are speci�ed for
a maximal 10 min operation with 10 min resting time [113]. Clarius
probes [95] can be equipped with an external fan for longer scanning
time or provide a docking station to cool probes back down to their
operable temperature range.

4.10.2 Possible Extensions

Note that the LightProbe hardware presented in this work has the
required interfaces (USB, Wi-Fi) to connect to tablets and smart-
phones as well. Given the reduced data bandwidth of these interfaces,
additional bu�ering or processing (beamforming) may be implemented
on the LightProbe 's FPGA.

Implementing conventional digital beamforming (not ultrafast) is
not critical from a power point of view: As shown in [41], powerful
integrated digital beamformer (100-channel, 300 M focal points per
second) consume a few hundreds of mW, which is very little compared
to the more than 2.0 W used in the front-end.

The adapter that allows connecting the optical link of the Light-
Probe to the PC is currently implemented with a commercial FPGA
Development Board (Xilinx KCU105, 3000$) plugged into a PCIe slot.
This solution can easily be replaced with a more cost-e�cient solution:
Changing the protocol of the �ber link from Aurora to Ethernet allows
using an o�-the-shelf server-grade QSFP Ethernet network card on
the PC side. This brings the adapter cost down to 300-400$.

4.10.3 Potential for Power and Size Reduction

LightProbe is a prototype to demonstrate the capabilities an ultrafast
digital probe may provide and to show how the main system-level
challenges (interface speed, power/thermal management) can be solved.
The current probe is built entirely with o�-the-shelf components readily
available. Thus there is a large improvement potential to reduce the
size and power consumption if state-of-the-art components were used
as described in recent literature:
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While the current AFE is already very e�cient (38.3 mW/cha
@ 20 MS/s, measured), state-of-the-art literature systems can reach
38.6 mW/cha @ 40 MS/s [97], which is a 2� energy e�ciency increase in
mW/cha per MS/s. These power �gures are already reached by recent
(2017) 32-channel AFEs (AFE58JD32, TI) consuming 42mW/ch @
40 MS/s. Our optical link uses a module consuming 0.87 W @ 25 Gb/s.
State-of-the-art modules like the ECUO Optical Fire
y (Samtec) using
VCSEL array technology can transfer 168 Gb/s using< 1W (TX) with a
footprint of 2 cm2, resulting in a 6� higher link power e�ciency and 7 �
size reduction. Similarly, the latest 16 nm Xilinx UltraScale+ FPGAs
provide high-speed transceiverswith twice the power e�ciency (50 Gb/s
@ 0.5 W) and realize digital functionality with a 2.4� performance
increase per Watt over the older 28 nm FPGA generation currently
used in LightProbe . We estimate 1.2 W can be saved on the FPGA
subsystem. By replacing the activeT/R switches with passive ones
(e.g., MD0101, Microchip), another 0.73 W could be saved. The current
HV/LV-supplies were highly optimized for footprint ( � 50 V in 9 cm2)
at the cost of good conversion e�ciencies under low load. Currently,
around half of the front-end power during power down modes (RX-
STBY and RX-PDN ) is lost in the converters, as these supplies were
designed for high-e�ciency at their nominal load.

If all these changes were implemented, we estimate that the total
consumption in RDY can be reduced by 2.4� from 8.08W to 3.3 W
(see Fig. 4.17Right ). Considering this 2.4� possible reduction, we
expect even HFR imaging (VS13, 500 Hz) can be operated with a
total probe consumption of around 6 W. The power consumption and
size may be reduced even further if the FPGA is replaced by an
application-speci�c-integrated-circuit (ASIC) that co-integrates part of
the transmit and receive path with the transceivers for the optical link.

The LightProbe is larger compared to commercial probes. Given
that the PCBs are only sparsely populated (Fig. 4.6) and the previously
mentioned improvements, we expect that a simple PCB re-layout
would reduce the probe length by 2� . By switching to the latest fully-
integrated TX chips such as the STHV1600 (STM) the TX boards are
no longer needed as TXBF, Pulser and T/R can be implemented with 4
chips using the same space only the T/R switches need now. This halves
the probe thickness, resulting in a size comparable with current probes.
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4.11 Conclusions

We have presented a 64-channel digital ultrasound transducer probe
(LightProbe ), which con�nes the entire ultrasound front-end in the
probe handle and outputs the raw data samples in real-time over a
high-speed optical link. Moreover, we have presented an ultrasound
imaging system (UltraLight ) built around our 64-channel digital
probe connected to a desktop PC performing real-time software-de�ned
imaging on the GPU.

The LightProbe not only supports ultrafast imaging, but it also
exploits its ultrafast capabilities to reduce the power consumption
during normal-rate B-mode imaging with smart duty-cycling of the
front-end. A novel thermal management approach allows theLight-
Probe to exploits the thermal capacitance of the casing to support
the intermittent operation of high-performance modes whose power
dissipation exceeds the sustainable passive-cooling capabilities. Our
thermal management ensures periodic activation of these modes with-
out ever having to turn o� the probe for cooling, providing a consistent
quality of service to the operator.

Our work shows that using digital probes instead of analog probes
is a feasible system architecture option for future cart-based software-
de�ned ultrasound systems, as they allow to build powerful and cost-
e�cient systems thanks to the minimal amount of ultrasound speci�c
hardware required. Also, our approach to increase the number of
receive channels to support ultrafast imaging to reduce the average
front-end power consumption may be leveraged in future mobile sys-
tems to support more modalities.



Chapter 5

UltraLight Case-Study:
High-Speed Bubble Tracking

5.1 Introduction

5.1.1 Motivation

Conventional medical ultrasound imaging is fundamentally limited by
di�raction: Clinical system achieve a resolution of 100µm to 1 mm
depending on the operation frequency. In the past years, several
super-resolution techniques for ultrasound imaging were proposed
to overcome these resolutions limits [125]: Ultrasound localization
microscopy (ULM) [37] is a super-resolution technique that allows
mapping the vascular system by pinpointing and tracking tiny gas
microbubbles injected into the blood 
ow.

Despite their small size of a few micrometers diameter, microbub-
bles appear as detectable blurred spots in the ultrasound image as
they generate a large backscatter response due to the high acoustic
impedance di�erence of the gas in the bubble compared to the sur-
rounding blood or tissue. Following and tracking the center of each
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bubble allows to map vessels precisely and beyond the resolution limit
of the system. As the bubbles 
oat in the bloodstream, they can reach
speeds of several cm/s. To reliably track the bubbles at these speeds
and to increase the tracking accuracy, capturing the ultrasound images
at a frame rate above100 Hz over many seconds is required.

In [37] ultrafast ultrasound localization microscopy (uULM) for
deep super-resolution vascular imaging is introduced and demonstrated
on a rat brain in an in-vivo experiment: Within 150 seconds, 75'000
ultrasound images were captured with a rate of 500 frames per second.
By tracking bubbles over multiple frames, microvessels with less than
10µm in diameter could be mapped.

Since then micro bubble tracking algorithms have been improved
in tracking robustness [126] and better trajectory reconstruction when
a high number of bubbles are present per frame [127, 128].

However, up to now, uULM has only been demonstrated on large
and expensive ultrasound research systems, due to the required ultra-
fast imaging capabilities. Our goal is to show that high-speed bubble
tracking can be implemented on a low-cost ultrasound system.

In the previous Chapter 4 [42{ 44], we have presented theUltra-
Light system, a low-cost ultrafast-capable imaging platform based on
a digital ultrasound probe connected to an o�-the-shelf GPU-equipped
PC for software-de�ned imaging. The platform features a 4 MHz
64-channel digital ultrasound probe, which integrates the analog front-
end and connects to the PC over a25 Gbit=s �ber optical link. The
link allows transferring the raw RF samples from all channels to the
PC in real-time. The system can perform imaging at kHz rate and
thanks to the raw channel data access, allows implementing any imag-
ing modality in software, by just writing the required "ultrasound
application" to run on the PC using commodity hardware such as
high-performance processors and GPUs.
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5.1.2 Contributions

As part of this thesis [45], we demonstrate for the �rst time high-speed
ultrasound bubble tracking with a low-cost software-de�ned ultrasound
system. With our system, we can precisely track gas bubbles with a
frame-rate of 200 Hz. Before implementation, we simulated the imaging
system and computed a median bubble localization accuracy of 5.1� m
and 11.7� m in lateral and axial direction respectively, with a correct
bubble detection and step tracking rate of 95.8% and 99.1%. In the
experimental setup we were able to track 376 gas bubbles over 3-237
frames over a length of 0.03-29.4 mm with velocities up to 49.6 mm/s.
In summary, our contributions are:

ˆ An implementation of an ultrasound bubble tracking system on
the UltraLight ultrafast imaging platform.

ˆ A detailed bubble tracking performance evaluation, by feeding
the system with simulated raw data, where bubble positions and
movement are precisely known.

ˆ An experimental demonstration, where we demonstrate gas bub-
ble tracking in carbonated water at 200 Hz.

The rest of the chapter is organized as follows: First, we describe the
overall system architecture (Section 5.2), including the data capturing
process and the implemented bubble tracking algorithm. Then, we
describe our experimental veri�cation setups (Section 5.3), consisting
of a simulation experiment and a phantom experiment to assess real-
world performance. Finally, we present the results (Section 5.4) and
close with discussion (Section 5.5) and conclusions (Section 5.6).

The ETH MSc student Pascal Armin Jud contributed the im-
plementation of the tracking algorithm and its evaluation to this
chapter as part of his semester project, which was supervised by the
author of this thesis.
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5.2 Ultrafast Bubble Tracking System

Fig. 5.1 shows the system overview of our low-cost bubble tracking
system implemented on theUltraLight system (Chapter 4): The
UltraLight system consists of our digital transducer probe connected
to a host PC over an optical link. The probe incorporates the piezo-
electric transducer array along with a 64-channel transmit/receive
front-end and an FPGA for data serialization and control. For the
host PC, an o�-the-shelf PC is used (Quad-Core Intel Xeon3:5 GHz
with 64 Gbyte DDR4 RAM). The PC is equipped with a �ber optics
PCIe 3.0 adapter card to interface with the probe, and an NVIDIA
GTX1080 Graphics Card with 8 Gbyte RAM for processing.

Figure 5.1 { System overview of our low-cost bubble tracking system: A digital
ultrasound probe ( LightProbe ) captures ultrafast raw RF channel data
and sends it over a �ber optics link to a host PC. On the PC, the raw data
is beamformed on a GPU and fed to our bubble tracking pipeline, which
outputs bubble trajectories to be further used for super-resolution imaging.

Ultrafast raw ultrasound RF data is acquired with our digital probe
and sent to the host PC. On the PC, the raw data is beamformedon
the GPU to create a sequence of frames. An o�inebubble tracking
processing pipeline then detects and tracks bubbles over the frames
of the sequence to extract their trajectories. In the following, each
step is explained in detail.
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5.2.1 Raw Data Acquisition

Our probe operates with a4 MHz 64-channel phased array. Standard
plane-wave ultrafast imaging with a phased-array would result in a very
narrow �eld of view. We thus use a synthetic aperture imaging method
(VS13) with 13 virtual sources (VS) placed behind the aperture on a 90°
arc with 6:3 mm radius to create diverging waves. A4 MHz 2-period
pulse is used for transmit. Per transmit-receive cycle, 2500 samples are
taken simultaneously from all 64 channels with 12 bit at20 MS=s. The
13 acquisitions to compose a frame are captured in a short burst with
a pulse repetition rate of 3 kHz to reduce motion artifacts. Frames
are captured with a controlled frame rate of 200 Hz. At this rate, all
bubbles moving less than20 cm=s only move less than1 mm between
frames. The raw RF data size of a single frame is3:1 Mbyte, which
results in a raw data stream of5 Gbit=s that has to be streamed from
the probe to the PC. The raw data stream is sent over the �ber optics
link to the PC where the PCIe 3.0 adapter card receives the raw data
and transfers it to the PC's main memory. By default, the system
captures and displays B-mode images at normal frame rate (20 fps) for
proper probe positioning. Upon user request, a 2 second (400 frames)
bubble tracking sequence is captured with prior settings.

5.2.2 Ultrafast B-Mode Beamforming

A sequence of 400 B-mode frames is computed from the raw data.
To do so, the raw RF signals of the 13 VS acquisitions required to
compose a frame are transferred to the GPU, where they are �ltered,
beamformed and coherently compounded to form a single B-Mode
gray-scale frame on a high-pixel-density Cartesian grid (48µm=px axial,
50µm=px lateral). Compared to our systems theoretical resolution
(193µm axial, 2.11° lateral), this pixel-density corresponds to a 4�
oversampling in the axial direction and assures 4� lateral oversampling
after a depth of 5:5 mm. The oversampling assures that no relevant
information is lost that could help to later exactly pinpoint the bubbles
in the B-mode image. The overall data-size of the high-pixel-density
B-mode sequence is13 Gbyte.
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5.2.3 Bubble Tracking

Our bubble tracking pipelineimplemented in Matlab loads the 400
frame B-mode sequence, �rst removes static background, then detects
and localizes bubbles in each frame, and �nally fuses the bubble
positions to trajectories:

Background Suppression

The static background is suppressed with a temporal average �lter:
First, the background is computed as the average B-mode image over
the sequence, which is then subtracted from each frame.

Bubble Detection and Localization

Our bubble detection approach is based on [127]: To detect bubbles
in a frame, the background-suppressed image is convoluted with a 2D
Gaussian kernel approximating the point-spectral-function (PSF) of
a bubble with expected size. Local maxima in the �ltered image ex-
ceeding a threshold are considered bubble positions. An initial bubble
position estimate is set to the center coordinate of the pixel in input
B-mode image that corresponds to the local maxima. These initial
positions are re�ned with a local spline interpolation of the B-mode
image by 8� to obtain the position with a gird-accuracy of ca. 6µm.

Bubble Trajectory Formation

Bubble trajectories are formed by tracking individual bubbles over
multiple subsequent frames. We implement the approach proposed
in [128], which exploits the fact that given the high-frame-rate, bubbles
are most likely to appear in frame n close to the position they were
in frame n � 1. By pairing bubbles between consecutive frames, they
are tracked through the entire sequence of frames. For increased
tracking robustness we adopted the partial assignment algorithm for
bipartite graph pairing that enforces a mutual minimal paring distance
proposed by [128].

Our bubble tracking pipeline produces an array of trajectories: Each
trajectory consists of a start frame number and a list of coordinates for
all consecutive frames the bubble could be tracked until it was lost. We
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post-process the trajectories, i.e., remove short trajectories (tracking
over less than 3 frames) and compute the bubble speed for each step in
the trajectory. The trajectories could now be further processed to form
a super-resolution image or a vector 
ow image. Our system visualizes
the bubble trajectories in a slow-motion playback of the 200 fps imaging
sequence with the trajectories plotted over the B-mode image.

5.3 Experimental Veri�cation

5.3.1 Simulation Experiments

The performance of our bubble tracking system was assessed with
two simulations: A �rst simulation with randomly moving bubbles
to quantify the general detection/tracking performance, and a sec-
ond simulation of an arti�cial vessel tree inspired by [127] to assess
the discrimination of vessels with an inter-vessel distance below the
resolution of our system.

For the �rst simulation, a region of 10 � 10 cm was simulated with
50 bubbles moving along straight trajectories through a homogeneous
speckle background. The bubble starting point and direction was cho-
sen randomly within the simulated area. The speed was set randomly
between (0-13:3 mm=s ).

For the vessel discrimination study, single bubbles moving through
a vessel structure were simulated. A 10� 10 cm speckle region was
used as background. The vessels structure was placed at5 cm depth
and consisted out of two parallel5 mm long vessels with a3 mm long
reconvergent bifurcation in the middle. The distance between the main
vessels and the bifurcated vessels was125µm and 62:5µm respectively.
To asses vessel discrimination along both axes, the vessel structure was
simulated with lateral and axial placement orientation with respect
to the transducer. 1'000 frames were simulated.

Field II [78, 79] was used to simulate our probe and to obtain
the raw RF data the probe would capture and send to the PC. The
simulated raw data was fed to the processing pipeline (beamformer,
bubble tracking) described before in Section 5.2.
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5.3.2 Phantom Experiment

The real-world performance of our bubble tracking system was eval-
uated in a phantom experiment: Fig. 5.2 sketches the setup. A
water tank of 10 cm height was �lled with carbonated water. Ta-
ble salt was added to stimulate the creation of small gas bubbles.
The diameter of the small ascending gas bubbles was measured to
be approximately 200µm.

Figure 5.2 { Sketch of the setup and close-up picture of the water tank
showing the small ( 200µm diameter) gas bubbles rising up (highlighted
with red circle).
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5.4 Results

5.4.1 Simulation

In the simulation of the randomly moving bubbles, our bubble tracking
system was able to track the bubbles with a bubble detection rate
(ratio of the number of detected bubbles to the number of set bubbles)
of 95.8%. The median spatial error of the detected bubble positions
was 11:7µmm (mean 17:18µm) and 5:1µm (mean 25:4µm) in axial
and lateral direction respectively. 99.1% of the bubble transitions
from one frame to the next could be properly tracked. The average
absolute speed error was0:235 mm=s.

The results of the vessel discrimination simulation are shown in
Fig. 5.3: We show a maximum intensity persistence (MIP) image
[129] of the background-suppressed B-mode sequence overlaid with
the found bubbles (left) and bubble trajectories (middle), as well as
cross sections (right) through the normalized MIP image and the
normalized bubble trajectories density through that cross sections
(accumulated over a1 mm neighborhood). The MIP image representing
conventional di�raction-limited imaging does not allow to discriminate
the vessel structure. The persistence image (see lateral) only shows an
unrecognizable brighter region around the vessel structure. The drawn
bubble trajectories, however, allow clear discrimination of the four
vessels, including the bifurcated section, which is separated by only
65:5µm. If the vessel separation is reduced to31:25µm, the vessels
can no longer fully be discriminated in the lateral case.

5.4.2 Phantom Experiment

In the phantom experiment, our bubble tracking system was able to
track 376 gas bubbles over the 400 frame 200 fps sequence. Bubbles
were tracked over 3-237 frames (median 7) and a trajectory length of
0.03-29:4 mm with a top speed of49:6 mm=s. Our system can visualize
the found trajectories by rendering a looped playback of the captured B-
mode sequence with overlaid bubble trajectories. The animation of this
experiment can be downloaded here1. Fig. 5.4 shows frame 100/400 of

1http://hdl.handle.net/20.500.11850/293097
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Axial Vessels Lateral Vessels

Figure 5.3 { Results of the vessel discrimination simulation with the vessel
structure placed with lateral and axial orientation. From top to bottom:
Detected bubbles positions (blue) and trajectories (red). In the background
the MIP image (20 dB). On the right, cross-section view through the
MIP image (black) at x = 0 mm and z = 50:5 mm and the normalized
bubble trajectory density (red) passing through that cross section (super-
resolution image).
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this animation. Bubbles found in the current frame are indicated with
red circles. All trajectories found up to the current frame are drawn
as lines. The lines are colored according to the instantaneous speed
of the bubble. The experimental tracking precision is quanti�ed by
comparing all trajectories longer than 5 mm (64 trajectories) compared
to a smoothed spline-�tted version thereof. The low mean absolute
path di�erence ( 1:7µm axial and 4µm lateral) indicate a high system
tracking precision with little positioning noise. Also, note the high
qualitative tracking �delity with which the gas bubbles are tracked
as the accelerate on their curvy ascent.

Figure 5.4 { Output frame 100/400 of our bubble tracking system during the
phantom experiment. Bubbles detected in the current frame are marked
with red circles. Trajectories found up to the current frame are drawn as
lines. The color of the line indicates the instantaneous speed of the bubble.

After capturing the sequence (2 s) and running the high-pixel-
density beamforming on the GPU (30 s), about 3 minutes are required
to run the bubble tracking algorithm in Matlab before the system
outputs the slow-motion playback.
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5.5 Discussion

The bubble localization accuracy of our system using simulated RF
data is the order of 10-30µm, which is signi�cantly below the di�raction
resolution of our system (ca. 200µm axial, 920µm lateral at 2:5 cm
depth). With the vessel discrimination simulation, we were able
to show that we can discriminate structures with a separation of
62:5µm. Smaller lateral structures (31:25µm) could no longer be
discriminated, which matches the determined mean lateral spatial
error of 25:4µm. Compared to [127], our simulated vessel separation
is slightly better (62.5 vs. 100µm) despite our much lower transducer
bandwidth ( 4 MHz vs. 30 MHz), which we explain with the di�erent
system noise model used.

Currently, our phantom experiment is performed with 200µm gas
bubbles in carbonated water. While we demonstrate precise tracking
(< 5µm trajectory noise) at high speed (up to 50 mm=s), future work
is required to assess the tracking performance of smaller bubbles (1-
10µm). Overall, our results provide a proof of concept that ultrafast
bubble tracking can be implemented on low-cost software-de�ned
ultrasound systems operating with digital probes. We show that the
capturing rate (5 Gbit=s) and amount (> 1 Gbyte) of raw RF data
including the processing can be handled by such ultrasound systems.

5.6 Conclusions and Future Work

In this paper, we have presented an ultrasound bubble tracking system,
which can precisely track gas bubbles at high speed. The system was
built entirely by writing the required 'application' for our software-
de�ned ultrasound system. Our system can be built at very low cost
compared to other ultrafast-capable systems currently used for bubble
tracking. Apart from the digital probe, which can be manufactured for
a few k$, our system relies entirely on o�-the-shelf system components
(PC, GPU), which keeps the overall cost down.
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Summary and Conclusions

Hardware innovations have been and keep being the primary enabler
for novel medical ultrasound modalities: At �rst, development sys-
tems with increased hardware functionality are required to explore
and investigate disruptive ideas. Once the research community has
managed to demonstrate that these ideas work in the lab, a second
round of hardware innovations is required to design system prototypes
that can later be engineered into products, that bring these ideas out
into the world to the medical service providers.

In this thesis, we investigated several new hardware innovations
to drive this process forward. We started by addressing the various
challenges around 3D ultrasound imaging: First, we have designed with
the MuxHead a matrix ultrasound probe, which provides access to the
analog signal of all transducer elements. Having access to such a probe
is crucial for researchers exploring and designing imaging algorithms
for 3D imaging. Second, we demonstrated with the fully-integrated
beamformer Ekho that digital beamforming is getting feasible for
very large transducer matrices with up to 10'000 elements. Providing
cost-, power- and space-e�cient compute elements able to stem the
tremendous computational load required for 3D imaging is most vital
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for 3D ultrasound to leave its niche application and bring its inherent
bene�ts to other modalities.

We then shifted our focus to high-performance 2D ultrasound
imaging: We explored with the LightProbe a novel 2D ultrasound
system architecture, which combines the bene�ts of the latest powerful
software-de�ned ultrasound systems with the cost-e�ciency and ease-of-
use of the latest ultra-portable systems. TheLightProbe is a unique
ultrasound probe embedding the entire ultrasound front-end within the
probe handle and providing real-time access to the raw digitized sensor
data over a high-speed �ber-optics interface. With the LightProbe ,
we then built our own, fully operational ultrasound imaging system,
which we call UltraLight . The UltraLight system relies entirely
on commodity hardware for processing. With theUltraLight system,
we could demonstrate that advanced modalities such as high-frame-rate
imaging, do not require expensive equipment, but can be implemented
as well on very cost-e�cient hardware.

6.1 Overview of the main results

The main results and contributions can be summarized as follows:

Reducing IO with Bandpass Data Representation

In an ultrasound imaging system, large amounts of data need to be
moved at high speed between components. These data movements
signi�cantly contribute to the complexity and power dissipation of the
system. First, digitized raw data must be transferred from the analog-
to-digital converters to the beamforming hardware. In a 256-channel
2D system, data-rates of 100 Gbit/s and more are required for this
link. In a fully-sampled 10'000-channel 3D system data-rates of several
Tbit/s may be required. Second, the beamformed image data must
be moved out of the beamforming hardware to the post-processing
unit. In a conventional 2D imaging system, which acquires the image
line-by-line, this link is uncritical as the required bandwidth is in the
order of a few Gbit/s. In today's parallel 2D and 3D systems, which
acquire many lines or even the entire image at very high frame-rate,
the required bandwidth for the beamformed data is in the order of
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100 Gbit/s as well. Compressing the transferred signals is thus very
desirable to simplify the system design and save power. Fortunately,
ultrasound raw data, as well as the beamformer output data, are
bandpass signals. This bandpass property allows compressing the
signals by changing the data representation from the RF domain to
the bandpass domain without impairing the image quality.

The Ekho beamformer architecture presented in this thesis has
been designed to minimize I/O by leveraging this approach: The raw
input data is accessed in its critically-sampled bandpass representation.
This is considered as a lossless compression of the raw data with a
�xed guaranteed compression factor. Typically a compression factor
of 2-3� can be achieved. Higher compression-rates are possible if the
raw signal was heavily oversampled. Similarly, the beamformed output
volume is critically bandpass sampled to reduce the output bandwidth
without impairing the image quality. Compared to a Nyquist sampled
volume, the amount of data is reduced by 12� for 3D imaging and
by 6� for 2D imaging.

The bandpass signal representation is used as well in theUltra-
Light system to speed-up the data transfer to the GPU beamformer,
and it can be activated on the LightProbe to compress the data
on the �ber-optics link.

Minimizing the Beamforming E�ort

The beamforming compute complexity grows proportionally to the
number of pixel/voxels computed. Beamforming images at high-rate or
beamforming volumes thus demand for much more compute resources
than conventional 2D imaging.

Luckily, switching to a bandpass signal representation also helps
to reduce the beamforming e�ort as the computation of pixel/voxels
with redundant information is avoided. This requires a modi�ed
beamformer, which directly outputs bandpass data. Consequently, the
bandpass representation does not only reduce the output rate by 12�
(6� for 2D); it also reduces the beamforming e�ort.

We demonstrated and evaluated this bandpass beamforming ap-
proach in detail on the Ekho 3D beamformer, and used it again later
to boost the performance of theUltraLight system.
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Avoiding Precomputed and Externally-Stored Delay Tables

Beamforming for 3D ultrasound is extremely compute-intensive { es-
pecially when considering fully-digital beamforming on fully-sampled
transducer matrices: several Tbit/s of raw sensor data has to be com-
bined with Gbytes of delay information to compute a volumetric image.

We have already elaborated on how to reduce IO bandwidth. How-
ever, reducing raw data input and image output streams has only
limited impact if the delay information required for beamforming
has to be loaded from external memory: In a typical 3D system, for
2.5 Tbit/s of input data, 24 Tbit/s delay data is required.

In this thesis, we showed that a naive implementation, which loads
all delay information from o�-chip memory, would consume 500W in
the DDR interface alone. We thus designed forEkho a new delay
index computation method with increased accuracy and reduced circuit
complexity, which computes all required delays on-chip from only a few
constants. To even further reduce the number of required constants
for the delay computation, we integrated a microcode control unit
into our beamformer, which allows 
exible programming of a range
of 3D imaging strategies. Overall, the combined methods reduced
the memory requirement from Gbytes to below 50 kbit, such that no
external delay memory is needed anymore.

Pushing the Frontiers of Fully-Digital 3D Beamforming

By combining all the approaches as mentioned above, we could demon-
strate with Ekho that fully-digital beamforming of large matrices is
feasible: Overall, our single-chip 28 nm 10'000-channel beamformer
implementation, which includes all processing blocks required to com-
pute image points out of the raw digital samples, consumes 30.3 W and
achieves a state-of-the-art beamforming e�ciency of 98.4 GBOPS/W.

The implementation may also be scaled down for more e�cient 2D
imaging: A 100-channel 2D-version ofEkho consumes only 0.3 W.

Replacing the Analog Probe Cable with a Fiber-Optics Link

Conventional ultrasound probes connect to the backend system over a
coaxial cable harness, which composes out of hundreds of individual
micro-coaxial cables that are attached to the piezoelectric transducer
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elements in the probe. The cable harness should remain 
exible and
light for ergonomics, which makes it expensive and relevant for system
cost. The cable cost and size is increasingly critical for 3D systems
using matrix probes with several thousands of elements.

In this thesis, we explored the replacement of this analog cable
by a �ber-optics link for 2D systems. We could demonstrate that a
�ber-optics link provides su�cient bandwidth to transport the raw
ultrasound signal from the probe to the connecting system. The imple-
mented 25 Gbit/s link solution based on QSFP is low cost (100-200$
USD) and can be easily scaled up to even higher data rates. Compared
to an analog cable harness, the �ber is thinner and lighter, resulting
in increased ergonomics, has no length limitations and is immune to
electrical interference, which may simplify the use of ultrasound in
dual-modality applications with MRI.

Exploit Ultrafast Imaging to Save Power in the Front-End

In ultrafast imaging, the entire image is acquired with a single ultra-
sound wave emission. Multiple emissions may be combined for better
image contrast and resolution. Ultrafast imaging enables frame-rates
of several kHz, which is substantially higher to what conventional
line-by-line systems provide. Conventional line-by-line systems may
perform hundreds of wave emissions until su�cient image lines are
acquired to compose an image. So far ultrafast imaging has been
mainly considered as an enabler for high-frame-rate imaging, and it
took the research community a while until an image quality comparable
to conventional line-by-line imaging was achieved.

With the ultrasound system we have built, we could demonstrate
that the energy required to acquire the raw data for a single image is ap-
proximately proportional to the number of ultrasound wave emissions.
This relation implies that ultrafast imaging inherently requires less en-
ergy to acquire an image of the same quality as conventional methods.

This observation allowed us to explore in this thesis ultrafast imag-
ing as a method to save power: We could show with ourLightProbe
that we can reduce the ultrasound front-end power consumption by
68% to 2.0 W by using ultrafast methods for 30 Hz imaging compared
to a conventional line-by-line method consuming 6.3 W. The image
quality was only marginal impaired.
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Digital Ultrasound Probes are not Limited by Peak Power

Prior to this work, digital ultrasound probes with many front-end
channels (64 and more) were considered infeasible. A simple calculation
was used to argue this: A decent ultrasound receive-channel consumes
100 mW under operation. Placing 64 front-end channels in a probe
would thus result in a power dissipation of 6.4 W for the receive
path alone. Additional substantial power will be dissipated in the
transmit path needed to emit ultrasound waves. Dissipating the
resulting overall power over the housing of the probe without letting
the surface temperature exceeding the allowed 43° C for medical devices
is considered unrealistic.

However, the calculation mentioned above assumes continues oper-
ation of the front-end electronics, which is no longer required when
ultrafast imaging methods are used for normal-rate (30 Hz) imaging
and the front-end can be heavily duty-cycled. This duty-cycling results
in a signi�cant reduction of the power dissipated in average, which
is relevant for thermal considerations.

With the LightProbe we could demonstrate that even with only
passive cooling, a 64-channel digital probe can support continuous
plane-wave imaging with a frame rate of 47 Hz inde�nitely.

We also showed how high-frame-rate imaging (200-500 fps) could
be supported safely in a digital probe, despite highpeak-power con-
sumption (10.7 W). Continuously dissipating such a high power would
exceed the sustainable passive-cooling capabilities of the probe, given
prescribed surface temperature regulations. We introduce a novel ther-
mal management approach to allow theLightProbe to exploits its
thermal capacitance to support an intermittent operation of such high-
performance modes without ever letting the surface temperature exceed
regulatory limits. In order to provide a consistent quality of service to
the operator, our thermal management ensures periodic activation of
these modes without ever having to turn the probe o� for cooling.

Digital Probes are a Viable Architecture Option

Overall our work on digital ultrasound probes proves that such probes
are a viable architecture option for future ultrasound systems:

Our UltraLight system demonstrates that digital probes allow
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building high-performance imaging systems without performance com-
promises using only a minimal amount of ultrasound speci�c hardware,
which can be con�ned within the probe handle. As the LightProbe
is highly con�gurable and all processing is performed in software, new
imaging modalities can be easily implemented by writing the required
"ultrasound app" for our system. Conclusively, we could show

1. that using digital probes instead of analog probes is a feasible
system-architecture option for future cart-based software-
de�ned ultrasound systems, as they allow to build powerful
and cost-e�cient systems due to the minimal amount of
ultrasound speci�c hardware required, and

2. that increasing the number of receive channels in a digital
probe to support ultrafast modalities, can reduce the average
energy consumption of the probe, even though it increases
the peak power consumption. This design concept can also be
leveraged to build future portable systems supporting more
modalities.
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6.2 Outlook

In this work, we investigated several new approaches to improve
current ultrasound systems by replacing analog components with
digital solutions. However, certain aspects still leave room for further
improvements, which will be explained in the following.

While we have shown that fully-digital 3D beamforming is get-
ting feasible for fully-sampled matrix transducer, we did not address
the challenges on how to design the very high-channel-count analog
front-end for such a probe. Having such a front-end is particularly
interesting when considering that the digital beamformer could be
directly integrated into the transducer probe. Such an architecture
would enable a new class of fully-digital 3D ultrasound systems, which
provide more 
exibility in a smaller form-factor. Indeed, our �ndings
from the LightProbe project on how to reduce front-end power can
be applied to matrix probes as well.

Also, it is not yet entirely clear if the raw signal of every element in
a fully-sampled matrix array is required for decent-quality 3D imaging.
In the past years, row-column-addressed fully-sampled arrays [130]
have emerged as a viable alternative. These arrays can short-circuit all
elements in a row or column and thus only needN front-end channels
instead of N 2 to operate a N � N matrix. However, beamforming
e�ort stays high for these probes as still, a volumetric image has to be
computed. Ekho could be adapted to support such matrix transducers.

Further increasing the number of front-end channels is also the
next intermediate step for digital probes. Our current implementation
supports 64-channels. This number is su�cient for most available phase
array transducers. However linear and curved transducers typically
feature 128, 192 or even 256 elements and would pro�t from more
channels to avoid multiplexing.

Also, currently our digital probe is built entirely from standard
components including an FPGA. Increasing the degree of integration
by designing a custom ASIC, can further reduce size and power con-
sumption for digital probes especially since high-bandwidth inter-chip
communication can be avoided altogether.

Moreover, additional work is required to ease the programming of
software-de�ned ultrasound systems. As elaborated, state-of-the-art
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systems have to deal with data rates in the order of 100 Gbit/s. Writing
optimized code for these rates is challenging. To relieve the general-
purpose compute units (e.g., GPUs) from simple stream-like processing,
one could consider extending the high-rate interface adapters with
simple, programmable stream-processors for light-weight operations.
These stream-processors could be used to perform typical ultrasound
preprocessing operations, such as signal �ltering and correlation, such
that data arrives already pre-processed in memory. Similar approaches
are already deployed in 100G network adapters for packet �ltering
and protocol handling.
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PCB Gallery

This appendix list the most relevant PCBs that have been created
for this thesis.
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A.1 MuxHead

A.1.1 Multiplexer Board

Photograph

Layout

Project: MuxHead
Description: Multiplexer Board for the MuxHead : Contains

a 256-to-64 multiplexing stage and 64 receive am-
pli�ers to boost the signals and match the cable
impedance.

Designers: Pascal Alexander Hager (Initial Design)
Active Technologies (DFM Revision)

Year: 2015

Size: 33� 110 mm
# Layers: 10

# Power Supplies: 7
# Component: 179

# Nets: 492
# Vias: 1389
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A.1.2 Control Board

Photograph

Project: MuxHead
Description: Controller board for the MuxHead : Communicates

with the connected ultrasound system connected
and controls the multiplexer switches.

Designer: Pascal Alexander Hager
Year: 2015

Size: 33� 60 mm
# Layers: 4

# Power Supplies: 8
# Component: 64

# Nets: 80
# Vias: 181
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A.1.3 Cable Connectors

Micro-Coaxial Cable Power & Communication
Adapter Connector

Project: MuxHead
Description: Cable connector boards: The micro-coaxial cable

adapter PCB provides the landing pads for the
micro-coax cores and their common shielding.

Designer: Pascal Alexander Hager
Year: 2015
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A.2 LightProbe { Proof-Of-Concept

Photograph

Project: LightProbe
Description: Intermediate Demonstration System: A reduced

channel count test system of the LightProbe hard-
ware. This 32-channel system was build to evaluate
the hardware components before the more compact
PCB-stack was designed.

Designer: Pascal Alexander Hager
Year: 2016

Size: 163� 120 mm
# Layers: 6

# Power Supplies: 10
# Component: 622

# Nets: 561
# Vias: 1459
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A.3 LightProbe

A.3.1 MotherBoard

Photograph

Project: LightProbe
Description: LightProbe Motherboard: The motherboard of

the �nal LightProbe design featuring the 64-
channel ultrasound receive frontend, the �ber optics
link interface, the clock management and several
power supplies.

Designers: Pascal Alexander Hager (Schematic)
Alfonso Blanco (Layout)

Year: 2016

Size: 183� 43 mm
# Layers: 6

# Power Supplies: 10
# Component: 493

# Nets: 543
# Vias: 1443
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A.3.2 TX Board - LM96551

Photograph

Project: LightProbe
Description: Transmit Stage Board: The 32-channel 100 Vpp

transmit stage featuring the integrated transmit
beamformer LM96570 and the high-voltage pulser
IC LM96551.

Designer: Pascal Alexander Hager
Year: 2016

Size: 71� 40 mm
# Layers: 6

# Power Supplies: 8
# Component: 210

# Nets: 170
# Vias: 712
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A.3.3 TX Board - HV7350

Photograph

Project: LightProbe
Description: Transmit Stage Board: The 32-channel 100 Vpp

transmit stage featuring the integrated transmit
beamformer LM96570 and the high-voltage pulser
IC HV7350. Compared to the LM96551, the HV7350
pulser requires fewer power supplies (-3) and has
lower leakage currents.

Designer: Pascal Alexander Hager
Year: 2016

Size: 71� 40 mm
# Layers: 6

# Power Supplies: 5
# Component: 202

# Nets: 170
# Vias: 631
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A.3.4 Power Supply Board - v1

Photograph

Project: LightProbe
Description: Power Supply Module v1: Power supply module for

the LightProbe creating out of a single external 5V
supply all voltages required for the ultrasound fron-
tend (1.8 V, � 5 V, � 10 V, � 50 V, -55 V). Supports
both transmit board variants.

Designers: Pascal Alexander Hager (Schematic)
Alfonso Blanco (Layout)

Year: 2017

Size: 71� 40 mm
# Layers: 6

# Power Supplies: 9
# Component: 257

# Nets: 142
# Vias: 385
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A.3.5 Power Supply Board - v2

Photograph

Project: LightProbe
Description: Power Supply Module v2: Revision of the power

supply module for the LightProbe with improved
inrush current handling and EMI. Creating out of a
single external 5V supply all voltages required for
the ultrasound frontend (1.8 V, � 5 V, � 50 V). Only
supports the HV7350 transmit board variant.

Designers: Pascal Alexander Hager (Schematic)
Alfonso Blanco (Layout)

Year: 2017

Size: 71� 40 mm
# Layers: 6

# Power Supplies: 6
# Component: 203

# Nets: 110
# Vias: 380
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A.3.6 USB Type C and WiFi Interface Board

Photograph

Project: LightProbe
Description: Interface Board: Extends the LightProbe with a

USB Type C connector for USB power supply (5 V,
max. 3 A) and for the USB 2.0 control interface. The
interface board also features a Wireless LAN IEEE
802.11b/g/n module for wireless probe connectivity.

Designer: Matthias Br•agger (Student Project)
Year: 2017

Size: 81� 43 mm
# Layers: 4

# Power Supplies: 2
# Component: 49

# Nets: 44
# Vias: 232





Bibliography

[1] R. Smith-bindman, E. B. Larson, and D. L. Miglioretti, \Rising use of
diagnostic medical imaging in a large integrated health system: the use of
imaging has skyrocketed in the past decadem, but no one patient population
or medical condition is responsible," Natl. Inst. Heal. , vol. 27, no. 6, pp.
1491{1502, 2009.

[2] T. L. Szabo, Diagnostic Ultrasound Imaging: Inside Out (Second Edition) .
Boston: Academic Press, 2014.

[3] K. K. Shung, \Diagnostic ultrasound: Past, present, and future," J. Med.
Biol. Eng. , vol. 31, no. 6, pp. 371{374, 2011.

[4] M. Tanter and M. Fink, \Ultrafast imaging in biomedical ultrasound," IEEE
Trans. Ultrason. Ferroelectr., Freq. Control. , vol. 61, no. 1, pp. 102{119,
2014.

[5] O. Couture, S. Bannouf, G. Montaldo, J. F. Aubry, M. Fink, and M. Tanter,
\Ultrafast Imaging of Ultrasound Contrast Agents," Ultrasound Med. Biol. ,
vol. 35, no. 11, pp. 1908{1916, 2009.

[6] J. Berco�, M. Tanter, and M. Fink, \Supersonic shear imaging: a new tech-
nique for soft tissue elasticity mapping," IEEE Trans. Ultrason. Ferroelectr.
Freq. Control , vol. 51, no. 4, pp. 396{409, apr 2004.

[7] J. Udesen, F. Gran, K. L. Hansen, J. A. Jensen, C. Thomsen, and M. B.
Nielsen, \High frame-rate blood vector velocity imaging using plane waves:
Simulations and preliminary experiments," IEEE Trans. Ultrason. Ferro-
electr. Freq. Control , vol. 55, no. 8, pp. 1729{1743, 2008.

[8] E. Mac�e, G. Montaldo, I. Cohen, M. Baulac, M. Fink, and M. Tanter,
\Functional ultrasound imaging of the brain," Nat. Methods , vol. 8, p. 662,
jul 2011.

181



182 BIBLIOGRAPHY

[9] S. H. Kim and B. I. Choi, \Three-dimensional and four-dimensional ultra-
sound: Techniques and abdominal applications," J. Med. Ultrasound , vol. 15,
no. 4, pp. 228{242, 2007.

[10] S. Campbell, C. Lees, G. Moscoso, and P. Hall, \Ultrasound antenatal
diagnosis of cleft palate by a new technique: the 3D 'reverse face' view,"
Ultrasound Obstet. Gynecol. , vol. 25, no. 1, pp. 12{18, 2005.

[11] S. Yagel, S. M. Cohen, I. Shapiro, and D. V. Valsky, \3D and 4D ultrasound
in fetal cardiac scanning: a new look at the fetal heart," Ultrasound Obstet.
Gynecol. , vol. 29, no. 1, pp. 81{95, 2007.

[12] M. V. Burri, D. Gupta, R. E. Kerber, and R. M. Weiss, \Review of novel
clinical applications of advanced, real-time, 3-dimensional echocardiography,"
Transl. Res. , vol. 159, no. 3, pp. 149{164, 2012.

[13] S. Campbell, \A Short History of Sonography in Obstetrics and Gynaecology,"
Facts Views Vis. Obgyn , vol. 5, no. 3, pp. 213{229, 2013.

[14] S. Ahn, J. Kang, P. Kim, G. Lee, E. Jeong, W. Jung, M. Park, and T.-k.
Song, \Smartphone-based Portable Ultrasound Imaging System: Prototype
Implementation and Evaluation," in IEEE Ultrason. Symp. Proc. , vol. 1,
2015, pp. 1{4.

[15] T. Di Ianni, M. Hemmsen, P. Llim�os Muntal, I. H. H. J�rgensen, and
J. Jensen, \System-level Design of an Integrated Receiver Front-end for
a Wireless Ultrasound Probe," IEEE Trans. Ultrason. Ferroelectr. Freq.
Control , vol. 63, no. 11, pp. 1935{1946, 2016.

[16] Philips Healthcare, \Philips VISIQ Brochure," Tech. Rep., 2014.

[17] C. H. Alfred, J. Arendt, E. Boni, A. C. H. Yu, S. Member, S. Freear,
and S. Member, \Ultrasound Open Platforms for Next-Generation Imaging
Technique Development," IEEE Trans. Ultrason. Ferroelectr., Freq. Control. ,
vol. 65, no. 7, pp. 1078{1092, 2018.

[18] H. K. So, J. Chen, B. Y. Yiu, and A. C. Yu, \Medical ultrasound imaging:
To GPU or not to GPU?" IEEE Micro , vol. 31, no. 5, pp. 54{65, 2011.

[19] B. Y. S. Yiu, I. K. H. Tsang, and A. C. H. Yu, \GPU-based beamformer:
Fast realization of plane wave compounding and synthetic aperture imaging,"
IEEE Trans. Ultrason. Ferroelectr., Freq. Control. , vol. 58, no. 8, pp. 1698{
1705, 2011.

[20] C. Risser, H. J. Welsch, H. Fonfara, H. Hewener, and S. Tretbar, \High
Channel Count Ultrasound Beamformer System with External Multiplexer
Support for Ultrafast 3D / 4D Ultrasound," in IEEE Ultrason. Symp. Proc. ,
2016.

[21] J. Ma, K. Karadayi, M. Ali, and Y. Kim, \Ultrasound phase rotation
beamforming on multi-core DSP," Ultrasonics , vol. 54, no. 1, pp. 99{105,
2014.

[22] A. Agarwal, T. Fukuoka, F. K. Schneider, Y. M. Yoo, F. Baluyot, and
Y. Kim, \Single-chip solution for ultrasound imaging systems: Initial results,"
Proc. - IEEE Ultrason. Symp. , pp. 1563{1566, 2007.



BIBLIOGRAPHY 183

[23] Koninklijke Philips Electronics N. V., \iE33 xMATRIX."

[24] Siemens, \ACUSON SC2000."

[25] B. Savord and R. Solomon, \Fully sampled matrix transducer for real time
3D ultrasonic imaging," in IEEE Symp. Ultrason. , 2003.

[26] G. Frey and R. Chiao, \4Z1c Real-Time Volume Imaging Transducer,"
Siemens Healthcare, Tech. Rep., jun 2008.

[27] O. T. von Ramm and S. W. Smith, \Real time volumetric ultrasound imaging
system," J. Digit. Imaging , vol. 3, no. 4, pp. 261{266, 1990.

[28] B. J. Savord and K. E. Thiele, \Phased array acoustic systems with intra-
group processors," 1999.

[29] C. Chen, Z. Chen, D. Bera, E. Noothout, Z.-y. Chang, H. Vos, J. Bosch,
M. Verweij, N. D. Jong, and M. Pertijs, \A Front-End ASIC for Miniature
3-D Ultrasound Probes with In-Probe Receive Digitization," in Ultrason.
Symp. (IUS), 2017 IEEE Int. , 2017, pp. 7{10.

[30] R. Sampson, M. Yang, S. Wei, C. Chakrabarti, and T. F. Wenisch, \Sonic
Millip3De: A massively parallel 3D-stacked accelerator for 3D ultrasound,"
in HPCA 2013 , 2013, pp. 318{329.

[31] B. G. Tomov and J. A. Jensen, \Delay generation methods with reduced
memory requirements," Proc. SPIE , vol. 5035, pp. 491{500, 2003.

[32] J. A. Jensen, S. I. Nikolov, and B. G. Tomov, \Parametric Beamformer for
Synthetic Aperture Ultrasound Imaging," in IEEE Symp. Ultrason. , 2006,
pp. 2172{2176.

[33] S. I. Nikolov, J. A. Jensen, and B. G. Tomov, \Fast parametric beamformer
for synthetic aperture imaging," IEEE Trans. Ultrason. Ferroelectr., Freq.
Control. , vol. 55, no. 8, pp. 1755{1767, aug 2008.

[34] Chephasioncs, \RX Beamformer CSC2032."

[35] J. Berco�, \Ultrafast Ultrasound Imaging," Ultrasound Imaging - Med. Appl. ,
2011.

[36] J. A. Jensen, S. I. Nikolov, K. L. Gammelmark, and M. H. Pedersen, \Syn-
thetic aperture ultrasound imaging," Ultrasonics , vol. 44, Supple, pp. e5 {
e15, 2006.

[37] C. Errico, J. Pierre, S. Pezet, Y. Desailly, Z. Lenkei, O. Couture, and
M. Tanter, \Ultrafast ultrasound localization microscopy for deep super-
resolution vascular imaging," Nature , vol. 527, no. 7579, pp. 499{502, nov
2015.

[38] J. Berco�, S. Cha�ai, M. Tanter, L. Sandrin, S. Catheline, M. Fink, J. L.
Gennisson, and M. Meunier, \In vivo breast tumor detection using transient
elastography," Ultrasound Med. Biol. , vol. 29, no. 10, pp. 1387{1396, 2003.

[39] Z. Wang, J. Li, and R. Wu, \Time-delay- And time-reversal-based robust
Capon beamformers for ultrasound imaging," IEEE Trans. Med. Imaging ,
vol. 24, no. 10, pp. 1308{1322, 2005.



184 BIBLIOGRAPHY

[40] P. A. Hager, P. Vogel, A. Bartolini, and L. Benini, \Assessing the area/pow-
er/performance tradeo�s for an integrated fully-digital, large-scale 3D-
ultrasound beamformer," in IEEE Biomed Circuits Syst Conf , oct 2014, pp.
228{231.

[41] P. A. Hager, A. Bartolini, and L. Benini, \Ekho: A 30.3W, 10k Channels
Fully-Digital Integrated 3D Beamformer for Medical Ultrasound Imaging
Achieving 298.1M Focal Points per Second," IEEE Trans. Very Large Scale
Integr. Syst. , vol. 24, no. 5, pp. 1936{1949, 2015.

[42] P. A. Hager, C. Risser, W. Peter-Karl, and L. Benini, \LightProbe: A 64-
Channel Programmable Ultrasound Transducer Head with an Integrated
Front-end and a 26.4 Gb/s Optical Link," in 2017 IEEE Int. Symp. Circuits
Syst., 2017, pp. 302{305.

[43] P. A. Hager, D. Speicher, C. Degel, and L. Benini, \UltraLight: An Ultrafast
Imaging Platform based on a Digital 64-Channel Ultrasound Probe," in
IEEE Ultrason. Symp. Proc. , 2017.

[44] P. A. Hager and L. Benini, \LightProbe: A Digital Ultrasound Probe for
Software-De�ned Ultrafast Imaging," IEEE Trans. Ultrason. Ferroelectr.
Freq. Control , vol. 66, no. 4, pp. 747{760, 2019.

[45] P. A. Hager, P. A. Jud, and L. Benini, \A Low-Cost Software-De�ned
Ultrasound System Capable of High-Speed Ultrasound Bubble Tracking," in
2018 IEEE Int. Ultrason. Symp. IEEE, oct 2018, pp. 1{4.

[46] A. Ibrahim, P. Hager, A. Bartolini, F. Angiolini, M. Arditi, L. Benini, and
G. De Micheli, \Tackling the Bottleneck of Delay Tables in 3D Ultrasound
Imaging," in Proc. DATE , vol. 2015-April, mar 2015, pp. 1683{1688.

[47] A. Kurth, A. Tretter, P. Hager, S. Sanabria, O. Goksel, L. Thiele, and
L. Benini, \Mobile ultrasound imaging on heterogeneous multi-core platforms,"
in Proc. 14th ACM/IEEE Symp. Embed. Syst. Real-Time Multimed. , 2016.

[48] A. Ibrahim, P. Hager, A. Bartolini, F. Angiolini, M. Arditi, J.-P. Thiran,
L. Benini, and G. De Micheli, \E�cient Sample Delay Calculation for 2-D
and 3-D Ultrasound Imaging," IEEE Trans. Biomed. Circuits Syst. , vol. 11,
no. 4, 2017.

[49] M. Scha�ner, P. Hager, L. Cavigelli, P. Greisen, F. Gurkaynak, and H. Kaeslin,
\A real-time 720p feature extraction core based on Semantic Kernels Binarized,"
in IEEE/IFIP Int. Conf. VLSI Syst. VLSI-SoC , 2013.

[50] M. Scha�ner, P. Hager, L. Cavigelli, Z. Fang, P. Greisen, F. G•urkaynak,
A. Smolic, H. Kaeslin, and L. Benini, A complete real-time feature extraction
and matching system based on semantic kernels Binarized , 2015, vol. 461.

[51] L. Cavigelli, P. Hager, and L. Benini, \CAS-CNN: A Deep Convolutional
Neural Network for Image Compression Artifact Suppression," Proc. Int. Jt.
Conf. Neural Networks , vol. 2017-May, pp. 752{759, 2016.

[52] P. Hager, H. Fatemi, J. De Gyvez, and L. Benini, \A scan-chain based state
retention methodology for IoT processors operating on intermittent energy,"
in Proc. 2017 Des. Autom. Test Eur. DATE 2017 , 2017.



BIBLIOGRAPHY 185

[53] P. Anagnostou, A. Gomez, P. Hager, H. Fatemi, J. P. de Gyvez, L. Thiele,
and L. Benini, \Torpor: A Power-Aware HW Scheduler for Energy Harvesting
IoT SoCs," 2018 28th Int. Symp. Power Timing Model. Optim. Simul. , pp.
54{61, 2018.

[54] B. R. Benacerraf, T. D. Shipp, and B. Bromley, \Three-dimensional US of
the Fetus: Volume Imaging," Radiology , vol. 238, no. 3, pp. 988{996, 2006.

[55] F. Vi~nals, L. Mandujano, G. Vargas, and A. Giuliano, \Prenatal diagnosis of
congenital heart disease using four-dimensional spatio-temporal image corre-
lation (STIC) telemedicine via an Internet link: a pilot study," Ultrasound
Obstet. Gynecol. , vol. 25, no. 1, pp. 25{31, 2005.

[56] M. I. Fuller, K. Owen, T. N. Blalock, J. A. Hossack, and W. F. Walker,
\Real time imaging with the Sonic Window: A pocket-sized, C-scan, medical
ultrasound device," in IEEE Symp. Ultrason. , sep 2009, pp. 196{199.

[57] C. Sumi and S. Uga, \E�ective ultrasonic virtual sources which can be
positioned independently of physical aperture focus positions," Reports Med.
Imaging , 2010.

[58] T. G. Bj�astad, \High frame rate ultrasound imaging using parallel beam-
forming," Ph.D. dissertation, NTNU, 2009.

[59] K. •Ust•uner, \High Information Rate Volumetric Ultrasound Imaging,"
Siemens Healthcare, Tech. Rep., 2008.

[60] M. Yang, R. Sampson, T. F. Wenisch, and C. Chakrabarti, \Separable
beamforming for 3-D synthetic aperture ultrasound imaging," in IEEE Work.
Signal Process. Syst. , oct 2013, pp. 207{212.

[61] A. Austeng and S. Holm, \Sparse 2-D arrays for 3-D phased array imaging -
design methods," IEEE Trans. Ultrason. Ferroelectr., Freq. Control. , vol. 49,
no. 8, pp. 1073{1086, aug 2002.

[62] M. I. Fuller, T. N. Blalock, J. A. Hossack, and W. F. Walker, \A portable,
low-cost, highly integrated, 3D medical ultrasound system," in IEEE Symp.
Ultrason. , vol. 1, oct 2003, pp. 38{41.

[63] S. Freeman, J. Jago, R. Davidsen, M. Anderson, and A. Robinson, \Philips
X6-1 xMATRIX transducer," Philips, Tech. Rep., 2012.

[64] bkultrasound (analogic), \Sonic Window."

[65] S. B. Park, J. Kwak, and K. Lee, \An ASIC Design for Versatile Receive
Front-End Electronics of an Ultrasonic Medical Imaging System - 16 Chan-
nel Analog Inputs and 4 Dynamically Focused Beam Outputs," Ultrason.
Imaging , vol. 25, pp. 85{108, apr 2003.

[66] J. A. Jensen, H. Holten-Lund, R. T. Nilsson, M. Hansen, U. D. Larsen, R. P.
Domsten, B. G. Tomov, M. B. Stuart, S. I. Nikolov, M. J. Pihl, Y. Du, J. H.
Rasmussen, and M. F. Rasmussen, \SARUS: A synthetic aperture real-time
ultrasound system," IEEE Trans. Ultrason. Ferroelectr., Freq. Control. ,
vol. 60, no. 9, pp. 1838{1852, 2013.



186 BIBLIOGRAPHY

[67] J. A. Jensen, H. Holten-Lund, R. T. Nielson, B. G. Tomov, M. B. Stuart,
S. I. Nikolov, M. Hansen, and U. D. Larsen, \Performance of SARUS: A
synthetic aperture real-time ultrasound system," in IEEE Symp. Ultrason. ,
2010, pp. 305{309.

[68] J. Park, J. Lee, D.-H. Kim, M. Kim, J. H. Chang, T.-K. Song, and Y. Yoo,
\E�cient implementation of a real-time dynamic synthetic aperture beam-
former," in IEEE Symp. Ultrason. , oct 2012, pp. 2250{2253.

[69] Supersonic Imagine, \Aixplorer."

[70] J. Powers and F. Kremkau, \Medical ultrasound systems," Interface Focus ,
vol. 1, pp. 477{489, 2011.

[71] Koninklijke Philips Electronics N. V., \Philips iU22 ultrasound with xMA-
TRIX system speci�cations," 2012.

[72] Texas Instruments, \AFE5809."

[73] R. G. Pridham and R. A. Mucci, \Digital interpolation beamforming for
low-pass and bandpass signals," Proc. IEEE , vol. 67, no. 6, pp. 904{919, jun
1979.

[74] J. O. Smith, Mathematics of the Discrete Fourier Transform (DFT) . W3K
Publishing, 2007.

[75] P. Vogel, A. Bartolini, and L. Benini, \E�cient Parallel Beamforming for
3D Ultrasound Imaging," GLSVLSI 2014 , may 2014.

[76] B. D. Steinberg, \Digital beamforming in ultrasound," IEEE Trans. Ultrason.
Ferroelectr., Freq. Control. , vol. 39, no. 6, pp. 716{721, 1992.

[77] United Microelectronics Corporation, \UMC L130 PROCESS."

[78] J. A. Jensen, \FIELD: A Program for Simulating Ultrasound Systems," in
IEEE Symp. Biomed. Imaging , vol. 4, 1996, pp. 351{353.

[79] J. A. Jensen and N. B. Svendsen, \Calculation of pressure �elds from arbi-
trarily shaped, apodized, and excited ultrasound transducers," IEEE Trans.
Ultrason. Ferroelectr., Freq. Control. , vol. 39, no. 2, pp. 262{267, mar 1992.

[80] S. Holm and K. Kristo�ersen, \Analysis of worst-case phase quantization
sidelobes in focused beamforming," IEEE Trans. Ultrason. Ferroelectr., Freq.
Control. , vol. 39, no. 5, pp. 593{599, 1992.

[81] J. A. Jensen, \Field II Ultrasound Simulation Program."

[82] Micron Technology Inc., \Power Calculator."

[83] M. Scha�ner, F. K. G•urkaynak, A. Smolic, and L. Benini, \DRAM or no-
DRAM?: Exploring Linear Solver Architectures for Image Domain Warping
in 28 nm CMOS," in Proc. DATE , 2015, pp. 707{712.

[84] Verasonics, \Vantage Family Brochure," Tech. Rep., 2016.

[85] H. J. Hewener, H. J. Welsch, H. Fonfara, F. Motzki, and S. H. Tretbar,
\Highly scalable and 
exible FPGA based platform for advanced ultrasound
research," IEEE Int. Ultrason. Symp. IUS , pp. 2075{2080, 2012.



BIBLIOGRAPHY 187

[86] J. Provost, C. Papadacci, C. Demene, J. L. Gennisson, M. Tanter, and
M. Pernot, \3-D ultrafast doppler imaging applied to the noninvasive mapping
of blood vessels in Vivo," IEEE Trans. Ultrason. Ferroelectr. Freq. Control ,
vol. 62, no. 8, pp. 1467{1472, 2015.

[87] L. Petrusca, F. Varray, R. Souchon, A. Bernard, J. Y. Chapelon, H. Liebgott,
W. A. N'Djin, and M. Viallon, \A new high channels density ultrasound
platform for advanced 4D cardiac imaging," IEEE Int. Ultrason. Symp. IUS ,
pp. 2{5, 2017.

[88] J. Berco�, Ultrafast Ultrasound Imaging , O. Minin, Ed. InTech, 2011.

[89] C. A. Villagomez Hoyos, M. B. Stuart, K. L. Hansen, M. B. Nielsen, and
J. A. Jensen, \Accurate Angle Estimator for High-Frame-Rate 2-D Vector
Flow Imaging," IEEE Trans. Ultrason. Ferroelectr. Freq. Control , vol. 63,
no. 6, pp. 842{853, 2016.

[90] S. Holbek, K. L. Hansen, N. Fogh, R. Moshavegh, J. B. Olesen, M. B. Nielsen,
and J. A. Jensen, \Real-time 2-D Phased Array Vector Flow Imaging," IEEE
Trans. Ultrason. Ferroelectr. Freq. Control , vol. 65, no. 7, pp. 1205{1213,
2018.

[91] M. Correia, J. Provost, S. Chatelin, O. Villemain, M. Tanter, and M. Per-
not, \Ultrafast Harmonic Coherent Compound (UHCC) Imaging for High
Frame Rate Echocardiography and Shear-Wave Elastography," IEEE Trans.
Ultrason. Ferroelectr. Freq. Control , vol. 63, no. 3, pp. 420{431, 2016.

[92] D. R.-L. And, J. Villaz�on-Terrazas, O. Mart��nez-Graullera, and A. Ib�a~nez,
\Strategies for Hardware Reduction on the Design of Portable Ultrasound
Imaging Systems," in Adv. Break. Ultrasound Imaging . Rijeka: IntechOpen,
2013, ch. 9, pp. 243{268.

[93] Mobisante Inc, \Imagine the Possibilities," Tech. Rep., 2014.

[94] Philips Healthcare, \Lumify Ultrasound System," Tech. Rep., 2017.

[95] Clarius Mobile Health Corporation, \Clarius Ultrasound Scanner User Man-
ual," Tech. Rep., 2017.

[96] International Electrotechnical Commission, \International Standard IEC
60601-1," pp. 563{564, 2005.

[97] E. Roa, \A 16-channel 38 . 6 mW / ch Fully Integrated Analog Front-end for
Handheld Ultrasound Imaging," in Biomed. Circuits Syst. Conf. (BioCAS),
2014 IEEE , 2014, pp. 6{9.

[98] T. Di Ianni, M. C. Hemmsen, J. Bagge, H. Jensen, N. Vardi, and J. A. Jensen,
\Analog gradient beamformer for a wireless ultrasound scanner," SPIE Med.
Imaging , vol. 9790, no. April 2016, p. 979010, 2016.

[99] H. Hewener and S. Tretbar, \Mobile ultrafast ultrasound imaging system
based on smartphone and tablet devices," 2015 IEEE Int. Ultrason. Symp.
IUS 2015, pp. 1{4, 2015.

[100] K. Hara, J. Sakano, M. Mori, S. Tamano, R. Sinomura, and K. Yamazaki,
\A New 80V 32x32ch Low Loss Multiplexer LSI for a 3D Ultrasound Imaging
System," Power Semicond. Devices ICs, 2005. Proceedings. ISPSD '05. 17th
Int. Symp. , pp. 359{362, 2005.



188 BIBLIOGRAPHY

[101] K. Chen, H. S. Lee, and C. G. Sodini, \A Column-Row-Parallel ASIC
Architecture for 3-D Portable Medical Ultrasonic Imaging," IEEE J. Solid-
State Circuits , vol. 51, no. 3, pp. 738{751, 2016.

[102] A. Bhuyan, J. W. Choe, B. C. Lee, I. O. Wygant, A. Nikoozadeh, O. Oralkan,
and B. T. Khuri-Yakub, \Integrated circuits for volumetric ultrasound imag-
ing with 2-D CMUT arrays," IEEE Trans. Biomed. Circuits Syst. , vol. 7,
no. 6, pp. 796{804, 2013.

[103] H. G. Kang, S. Bae, P. Kim, J. Park, G. Lee, W. Jung, M. Park, K. Kim,
W. Lee, and T. K. Song, \Column-based micro-beamformer for improved 2D
beamforming using a matrix array transducer," IEEE Biomed. Circuits Syst.
Conf. Eng. Heal. Minds Able Bodies, BioCAS 2015 - Proc. , pp. 2{5, 2015.

[104] G. Matrone, A. Savoia, M. Terenzi, G. Caliano, F. Quaglia, and G. Magenes,
\A volumetric CMUT-based ultrasound imaging system simulator with in-
tegrated reception and � -beamforming electronics models," IEEE Trans.
Ultrason. Ferroelectr. Freq. Control , vol. 61, no. 5, pp. 792{804, 2014.

[105] T. M. Carpenter, M. W. Rashid, M. Ghovanloo, D. M. Cowell, S. Freear,
and F. L. Degertekin, \Direct digital demultiplexing of analog TDM signals
for cable reduction in ultrasound imaging catheters," IEEE Trans. Ultrason.
Ferroelectr. Freq. Control , vol. 63, no. 8, pp. 1078{1085, 2016.

[106] Q. Liu, C. Chen, Z. Y. Chang, C. Prins, and M. A. P. Pertijs, \A mixed-signal
multiplexing system for cable-count reduction in ultrasound probes," 2015
IEEE Int. Ultrason. Symp. IUS 2015 , pp. 4{7, 2015.

[107] J. Kortbek, J. A. Jensen, and K. L. Gammelmark, \Synthetic Aperture
Sequential Beamforming," Proc. - IEEE Ultrason. Symp. , no. 1, pp. 966{969,
2008.

[108] M. C. Hemmsen, P. M. Hansen, T. Lange, J. M. Hansen, K. L. Hansen,
M. B. Nielsen, and J. A. Jensen, \In vivo evaluation of synthetic aperture
sequential beamforming." Ultrasound Med. Biol. , vol. 38, no. 4, pp. 708{16,
2012.

[109] E. Boni, L. Bassi, A. Dallai, F. Guidi, V. Meacci, A. Ramalli, S. Ricci, and
P. Tortoli, \ULA-OP 256: A 256-Channel Open Scanner for Development
and Real-Time Implementation of New Ultrasound Methods," IEEE Trans.
Ultrason. Ferroelectr. Freq. Control , vol. 63, no. 10, 2016.

[110] C. Kachris and I. Tomkos, \A survey on optical interconnects for data
centers," IEEE Commun. Surv. Tutorials , vol. 14, no. 4, pp. 1021{1036,
2012.

[111] G. Montaldo, M. Tanter, J. Berco�, N. Benech, and M. Fink, \Coherent
plane-wave compounding for very high frame rate ultrasonography and
transient elastography," IEEE Trans. Ultrason. Ferroelectr. Freq. Control ,
vol. 56, no. 3, pp. 489{506, 2009.

[112] J. Jensen, M. Stuart, and J. Jensen, \Optimized plane wave imaging for fast
and high quality ultrasound imaging," IEEE Trans. Ultrason. Ferroelectr.
Freq. Control , vol. 63, no. 11, pp. 1922{1934, 2016.



BIBLIOGRAPHY 189

[113] Healcerion, \Sonon ultrasound imaging system 300c," Tech. Rep., 2016.

[114] C. Frazier and J. O'Brien, W.D., \Synthetic aperture imaging with a virtual
source element," 1996 IEEE Ultrason. Symp. Proc. , vol. 2, no. 1, pp. 196{207,
1996.

[115] S. Nikolov and J. A. Jensen, \Virtual ultrasound sources in high- resolution
ultrasound imaging," Proc. SPIESPIE , vol. 4687, pp. 4687 { 4687 { 11, 2002.

[116] R. Y. Chiao and X. Hao, \Coded excitation for diagnostic ultrasound: A
system developer's perspective," IEEE Trans. Ultrason. Ferroelectr. Freq.
Control , vol. 52, no. 2, pp. 160{170, 2005.

[117] I. Trots, Y. Tasinkevych, and A. Nowicki, \Orthogonal golay codes with
local beam pattern correction in ultrasonic imaging," IEEE Signal Process.
Lett. , vol. 22, no. 10, pp. 1681{1684, 2015.

[118] H. Liebgott, A. Rodriguez-Molares, F. Cervenansky, J. A. Jensen, and
O. Bernard, \Plane-Wave Imaging Challenge in Medical Ultrasound," IEEE
Int. Ultrason. Symp. IUS , vol. 2016-Novem, 2016.

[119] Signostics, \Uscan - User Manual," Tech. Rep. November, 2017.

[120] Sonosite, \iViz User Guide," Tech. Rep., 2016.

[121] Siemens Healthcare, \ACUSON Freestyle Datasheet," Tech. Rep., 2013.

[122] T. D. Ianni, C. Armando, V. Hoyos, C. Ewertsen, T. K. Kjeldsen,
J. Mosegaard, M. B. Nielsen, and J. A. Jensen, \A Vector Flow Imag-
ing Method for Portable Ultrasound Using Synthetic Aperture Sequential
Beamforming," IEEE Trans. Ultrason. Ferroelectr. Freq. Control , vol. 64,
no. 11, pp. 1655{1665, 2017.

[123] T. L. Van Den Heuvel, D. J. Graham, K. J. Smith, C. L. De Korte, and
J. A. Neasham, \Development of a Low-Cost Medical Ultrasound Scanner
Using a Monostatic Synthetic Aperture," IEEE Trans. Biomed. Circuits
Syst., vol. 11, no. 4, pp. 849{857, 2017.

[124] M. R. Sobhani, H. E. Ozum, G. G. Yaralioglu, A. S. Ergun, and A. Bozkurt,
\Portable low cost ultrasound imaging system," IEEE Int. Ultrason. Symp.
IUS , vol. 2016-Novem, no. 113, 2016.

[125] O. Couture, V. Hingot, B. Heiles, P. Muleki-Seya, and M. Tanter, \Ultrasound
localization microscopy and super-resolution: A state of the art," IEEE Trans.
Ultrason. Ferroelectr. Freq. Control , vol. 65, no. 8, pp. 1304{1320, 2018.

[126] K. B. Hansen, C. A. Villag�omez-Hoyos, J. C. Brasen, K. Diamantis, V. Sboros,
C. M. S�rensen, and J. A. Jensen, \Robust microbubble tracking for super
resolution imaging in ultrasound," in IEEE Int. Ultrason. Symp. IUS , 2016,
pp. 8{11.

[127] D. Ackermann, G. Schmitz, and S. Member, \Detection and Tracking of Mul-
tiple Microbubbles in Ultrasound B-Mode Images," IEEE Trans. Ultrason.
Ferroelectr. Freq. Control , vol. 63, no. 1, pp. 72{82, 2016.



190 BIBLIOGRAPHY

[128] P. Song, J. D. Trzasko, A. Manduca, R. Huang, R. Kadirvel, D. F. Kallmes,
and S. Chen, \Improved Super-Resolution Ultrasound Microvessel Imaging
with Spatiotemporal Nonlocal Means Filtering and Bipartite Graph-Based
Microbubble Tracking," IEEE Trans. Ultrason. Ferroelectr. Freq. Control ,
vol. 65, no. 2, pp. 149{167, 2018.

[129] M. A. Pysz, K. Foygel, C. M. Panje, A. Needles, L. Tian, and J. K. Willmann,
\Assessment and Monitoring Tumor Vascularity With Contrast-Enhanced
Ultrasound Maximum Intensity Persistence Imaging," Invest. Radiol. , vol. 46,
no. 3, pp. 187{195, mar 2011.

[130] M. F. Rasmussen, T. L. Christiansen, E. V. Thomsen, and J. A. Jensen,
\3-D imaging using row-column-addressed arrays with integrated apodization
- part i: apodization design and line element beamforming," IEEE Trans.
Ultrason. Ferroelectr. Freq. Control , vol. 62, no. 5, pp. 947{958, may 2015.



Curriculum Vitae

Pascal Alexander Hager was born on the 13th of March
in Oberdiessbach, Switzerland, in 1990. He received
both his M.Sc. degree with distinction in electrical engi-
neering and information technology from ETH Zurich,
Switzerland in 2014. Since then, he has been with
the Integrated Systems Laboratory (IIS), ETH Zurich,
where he is currently pursuing his Ph.D. degree un-
der the supervision of Prof. Dr. Luca Benini. His
research interests include medical ultrasound imag-
ing, digital signal processing and low-power integrated
circuit design. Mr. Hager received the Best Paper

Award at the IEEE VLSI-SoC Conference in 2013 and the IEEE ESTIMedia
Symposium in 2016, as well as the Best Poster Award at the Nano-Tera
Annual Meeting in 2015.

191


	1 Introduction
	1.1 Motivation

	2 Ekho: A Single-Chip 3D-Beamformer

