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Abstract

The most important aspects of nuclear medicine imaging systems such as
Positron Emission Tomography (PET) or Single Photon Emission Computed
Tomography (SPECT) are the spatial resolution and the sensitivity (detector
efficiency in combination with the geometric efficiency). Considerable efforts
have been spent during the last two decades in improving the resolution and
efficiency by developing new detectors. Our proposed improvement technique
is focused on the readout and electronics. Instead of using traditional pulse
height analysis techniques we propose using free running digital sampling
by replacing the analog readout and acquisition electronics with fully digital
programmable systems.

This thesis describes a fully digital data acquisition system for KS/SU SPECT,
new algorithms for high resolution timing for PET, and modular FPGA
based decentralized data acquisition system with optimal timing and energy.
The necessary signal processing algorithms for energy assessment and high
resolution timing are developed and evaluated. The implementation of the
algorithms in field programmable gate arrays (FPGAs) and digital signal
processors (DSP) is also covered. Finally, modular decentralized digital data
acquisition systems based on FPGAs and Ethernet are described.

Keywords: Digital signal processing, positron emission tomography, sin-
gle photon computed tomography, field programmable gate arrays, digital
signal processors, digital data acquisition, free running clock sampling.
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Preface

Nuclear medical imaging modalities such as Positron Emission Tomogra-
phy (PET) or Single Photon Emission Computed Tomography (SPECT) are
non-invasive, in-vivo, functional, molecular imaging technologies that have
shown promise for specific identification of cancer due to their unique ability
to sense and visualize increased biochemical changes in malignant compared
to healthy tissue well before structural changes occur. However, the biggest
problem with these modalities is that the spatial resolution is fairly poor com-
pared to Magnetic Resonance Imaging (MRI) or X-ray Computed Tomog-
raphy (CT). Higher spatial resolution means that the camera can produce
clearer and more detailed images. In order to improve the spatial resolution,
considerable efforts have been spent during the last two decades in devel-
oping new detectors. However, the readout and acquisition electronics were
until recently mainly based on analog circuitry.

In this thesis a fully digital approach for readout and acquisition elec-
tronics is presented. The speed and the availability of a new generation of
high performance analog to digital converters (ADCs) together with todays
fast and high density field programmable gate arrays (FPGAs) were the mo-
tivation for replacing the analog circuitry of the acquisition electronics with
programmable digital systems. Other factors that facilitate the development
of the fully digital system are modern networking technologies, the avail-
ability of embedded operating systems and results from ongoing research on
digital pulse processing.

The work in this thesis was mainly carried out in the context of the two
projects: the SU/KS SPECT project and the Biocare PET project. In the
SPECT project (described in chapter 5) a new fully digital data acquisition
system was designed, implemented and evaluated. The concept of digital
trigger and pulse detection were developed and implemented in FPGA, while
the optimal pulse processing for timing and energy calculation was developed
and implemented in digital signal processor (DSP). The aim of our part of the
PET project (described in chapter 6) was to develop a modular FPGA based
decentralized data acquisition system with optimal timing. New algorithms
for high resolution timing were developed and verified with simulation and
experimental data. How these algorithms can be implemented in state-of-the
art FPGAs was also investigated. Finally a prototype network based system
for data acquisition and control which can be used for PET, SPECT or any
other experiments was designed and implemented.
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In chapter 1, a general background on nuclear medicine instrumentation
is given. The architecture of modern data acquisition and control systems
are briefly described in chapter 2. In chapter 3, digital pulse processing
algorithms for time and energy calculation are described. How to implement
these algorithms and the available hardware are detailed in chapter 4. The
description of the SPECT project is given in chapter 5 and the PET project in
chapter 6. A general conclusion and a summary of the respondent’s research
activities reported in the papers included in the thesis are presented in the
last chapter.
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Chapter 1

Nuclear Medicine
Instrumentation

1.1 Medical background

Major developments in many areas of medicine over the last 50 years have
to a large degree been due to the availability of new diagnostic instruments.
From the beginning of medical imaging in 1895, when Roentgen produced the
first X-ray image, many methods and techniques have been developed, which
were adapted from or inspired by nuclear and particle physics instrumenta-
tion. A large portion of medical imaging techniques concern the viewing of
anatomical structures inside the body. X-ray computed tomography (CT)
[1] and magnetic resonance imaging (MRI) [2] are sophisticated techniques
which yield high resolution images of anatomical structure parameters. How-
ever, in medical research and in the diagnosis of many medical conditions it
is often necessary to use functional information. It is thus highly desirable to
use images of physiological function to complement images of the anatomy.

To do this, biologically active pharmaceuticals have been developed which
concentrate in different organs of the human body. When these are chemi-
cally labeled with specific radioactive materials and administered to a patient,
a three dimensional distribution can be deduced from the externally recorded
gamma ray emission pattern. The activity distribution, and its changes with
time are then used to derive functional information. This type of imaging
is known as nuclear medicine imaging [3]. Nuclear medicine techniques are
applicable in the diagnosis of a wide variety of diseases. They can be used
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for tumor detection, imaging of abnormal body functions or to quantitatively
measure the heart or the brain function. For example, blood flow in the brain
is tightly coupled to local brain energy metabolism and glucose consumption,
99mTc-HMPAO (hexamethylpropylene amine oxime) is a blood-flow tracer
for assessing regional brain metabolism [4]. This information can then be
used to diagnose and differentiate different causes of dementia. Depending
on the type of the radio isotope labeling, nuclear medicine techniques can be
split into gamma or positron emission methods

1.2 The Gamma Camera

The first gamma camera was developed by Hal Anger in 1957 [5]. His orig-
inal design is still used. This device gives projective images in which by its
nature it is impossible to determine front from back. Some of this ambiguity
can in principle be restored by combining information from several projec-
tive images. When imaging with a gamma camera the patient is injected
with a gamma emitting tracer chosen to accumulate in specific regions. The
radionuclide emits a single gamma photon with energies typically between
80 and 350 keV. 99mTc (140keV), which is the most frequently used isotope,
can be produced locally in a radio chemical generator that must be replaced
every week but at a moderate cost. The low costs associated with gamma
camera systems is an important reason for its wide spread.

A Gamma camera (Figure 1.1) is composed of a collimator, scintillator,
front end electronics (FEE) and a data acquisition system (DAQ).

The collimator is made of a gamma ray absorbing material (lead or tung-
sten), which acts to select a given direction of photons incident to the camera.
In a parallel hole collimator only photons traveling in a direction parallel to
the collimator holes will reach the scintillator detector. The collimator de-
fines the geometrical field of view of the camera, and determines both the
spatial resolution and the sensitivity of the system. The latter two are par-
tially conflicting properties, since increasing the precision often reduces the
sensitivity and vice-versa.

Behind the collimator the gamma-rays are usually detected by a large
single thallium-activated sodium iodide (NaI(Ti)) scintillator crystal, typi-
cally about 50 cm in diameter. The interaction of a gamma-ray with the
scintillator crystal results in a large number (typically 6000) of scintillation
photons emitted isotropically [6].
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Figure 1.1: A conventional gamma camera

The emitted photons are detected by an array of photomultiplier tubes
(PMTs) which are optically coupled to the surface of the crystal. A PMT
consists of a photocathode coupled to an electron multiplier. The photocath-
ode ejects electrons when stimulated by light photons, which occurs in about
25% of cases [6] (the typical quantum efficiency of the photo cathode). The
electron multiplier consists of an arrangement of dynodes that serves both
as efficient collection geometry for the photoelectrons, and an amplifier that
greatly increases the number of electrons. After electron multiplication, a
typical scintillation pulse will give rise to 107 − 1010 electrons that can be
collected at the anode [6], sufficient to generate a strong charge signal.

At the photomultiplier output an amplifier, filter, shaper and line-driver
are used to adapt and transport the pulse to the data acquisition system,
where the two coordinates of the interaction position are extracted from the
amplitude distribution (i.e. the center of gravity) of the PMT signals while
the total energy is obtained from their sum. The total sum allows discrimina-
tion between different isotopes (if several isotopes are used simultaneously)
or between scattered and direct photons. The data are then sent to a com-
puter for processing into a readable image showing the spatial distribution
of the uptake in the organ.
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1.3 Computed Tomography

Computed tomography (CT) is a medical imaging method where digital pro-
cessing is used to generate a three-dimensional image volume from a set
of two-dimensional projections, taken uniformly around a single axis of ro-
tation. The principles of tomographic reconstruction have been known by
mathematicians since early 1900, but were rediscovered by physicists dur-
ing the 1950s. Accurate tomographic imaging techniques benefited greatly
from the digital revolution due to the computing power needed. The first
practical application was made in the 1960’s. In the 1970’s there was an
explosion of activity with several techniques being developed simultaneously,
most notably X-ray computed tomography (CT) [7] and positron emission
tomography (PET). The principles of CT were presented in 1972 by God-
frey Hounsfield, who later along with Allan Cormack was awarded the Nobel
Prize (1979) for their development of tomography in medicine and science.

The computed tomography technique has applications in non-medical
fields as well [8], for example in astronomy where images taken at different
times from different angles are combined to form a more accurate composite
image. Simple back projection was the first algorithm used (in the 1940s)
for image reconstruction, where it was performed using analog methods. In
the simplest form of back projection, each projective image is smeared along
it’s direction of projection [9]. Since it is not known where along this direc-
tion an object seen in the projection is located, it contributes to all possible
points. By combining several back projections a three dimensional represen-
tation of the object is produced. Simple back projection produces blurred
images. However, the blurring can be reduced by applying digital process-
ing algorithms (filtering). Depending on the application, different filters can
be applied [9]. The filtered backprojection (FBP) and the maximum like-
lihood expectation maximization (ML-EM) algorithms are the most used
reconstruction methods [10].

1.4 Single photon emission computed tomog-

raphy (SPECT)

SPECT imaging is generally performed by rotating a gamma camera around
the object (or patient) and acquiring projections from multiple angles [11]
(Figure 1.2). A tomographic reconstruction algorithm is then applied to the



1.4 Single photon emission computed tomography (SPECT) 5

Figure 1.2: Standard SPECT, with a single head rotating gamma camera

full set of 2D projections in order to reconstruct a 3D image. This image
volume can be sliced in any direction to determine the position and concentra-
tion of the radionuclide distribution. However the use of a collimator results
in low sensitivity, especially if one wants high spatial resolution. In order
to increase the sensitivity many SPECT systems are equipped with multiple
detector heads. Systems with two or three Anger type gamma cameras 180o,
120o or 90o apart with small or large fields of view are most common. These
systems have improved the sensitivity and resolution and thus reduced the
scanning time considerably compared with single camera systems. The par-
allel collimator can be replaced by a collimator with diverging holes or by a
pinhole collimator [12] which allows geometric enlargements with improved
spatial resolution. This is useful when imaging small objects.

The variable amount of attenuation experienced by the photons emitted
from the organ of interest while passing through the body, as well as the scat-
tering of photons in detector crystal, can lead to significant underestimation
of activity inside the body. This problem can be solved by incorporating a
map of attenuation coefficients obtained from a transmission scan by X-ray
CT into the reconstruction. Iterative reconstruction algorithms [13] used to
reduce the image degradation are of growing importance.

SPECT based on conventional gamma cameras suffer from limitations
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Figure 1.3: The principle of Compton camera

such as image non-uniformity, image distortion and degradation of the posi-
tion resolution towards the edge of the camera.

1.5 Compton cameras

In SPECT one tries to avoid Compton scatter since it has a detrimental ef-
fect on the position resolution. However, in a Compton camera the Compton
scatter data is used to provide electronic collimation to improve the sensitiv-
ity. In the most basic form, the Compton camera consists of two detectors,
a scatterer and absorber, separated by a known distance, the first with very
good energy and spatial resolution, while the second only needs a good spatial
resolution.

When a photon enters the camera, it interacts with the first detector
and scatters into the second detector (Figure 1.3). There is no need for a
sensitivity-limiting collimator. By using the two detectors in coincidence, the
total energy, the energy loss in detectors and the direction of travel from the
first detector to the second can be extracted for each event. This information,
in conjunction with the Compton equation, can be used to derive a cone of
all possible directions of the incident gamma ray consistent with the recorded
track.
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Figure 1.4: Cone intersections in a Compton camera determine the interac-
tion point

cos θ = 1−m0c
2(

1

Eγ − Ere

− 1

Eγ

). (1.1)

Here θ is the cone semi-aperture and the Compton scatter angle; Ere is
the recoil electron energy in the front detector; Eγ is the source energy; and
m0c

2is the rest mass of an electron (511keV). A large number of scattering
events from a point source of gamma rays will define multiple cones which
intersect at the location of the source (Figure 1.4). In practice, a filtered
back projection technique is used to recover the isotope distribution.

1.6 Positron emission tomography (PET)

Positron emission tomography uses biologically active tracers labeled with
positron-emitting isotopes. Following the decay, the emitted positron slows
down and annihilates with electrons in the tissue, producing two back to back
emitted 511-KeV photons. Detection of these two photons in coincidence
defines a line along which the emission point is located. By collecting many
such events and sorting them according to line directions (sinograms), a full
set of projections can be acquired. From this the spatial distribution of the
isotope can be derived using tomographic methods [9]. Since the electronic
coincidence detection already limits the position of the source to a line, there
is no need for a sensitivity limiting collimator. This is one of the great
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Figure 1.5: A schematic of the PET principle

advantages of PET. Figure 1.5 is a schematic of the principle of the PET
technique.

1.6.1 Types of coincidence events

Coincidence events in PET can be classified as: true, scattered and ran-
dom [14] (Figure 1.6). True coincidences occur when both photons from an
annihilation event are detected by detectors in coincidence, neither photon
undergoes any form of interaction prior to detection, and no other event is
detected within the coincidence time-window. There are two effects that
cause the annihilation point to deviate from the associated line of response
connecting the detectors: The positron travels a distance before annihilation,
and photons are not emitted exactly back to back. These effects provide a
lower limit of achievable spatial resolution.

A scattered coincidence occurs when at least one of the detected photons
has undergone a Compton scattering event prior to detection causing the
direction of the photon to change. The event will be then assigned to the
wrong line of response. Scattered coincidences add a background to the true
coincidence distribution causing the isotope concentrations to be overesti-
mated. One way to reduce the number of scattered events is by eliminating
those that have suffered large energy losses. To accomplish this the system
needs a good energy resolution.
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Figure 1.6: Types of coincidence events in PET

Random coincidences occur when two photons belonging to different
events reach the detectors within the coincidence time window. The rate
of random coincidences increases roughly with the square of the activity in
the field of view (FOV), and linearly with the size of the coincidence time
window. The latter should therefore be kept as small as possible.

The number of scattered and random detected events depends on the vol-
ume and attenuation characteristics of the object being imaged, as well as
the geometry of the camera. Estimated random and scatter events are sub-
tracted in the reconstruction process, but even if the subtraction is accurate,
they still add statistical noise to the data.

1.6.2 Detector configurations

Different detector configurations have been developed for commercial PET
scanners [14]. For high sensitivity cameras the detectors are mounted on
multiple circular or polygonal rings. Early detectors consisted of a single
scintillator coupled to a single PMT. Today the most common configuration
used for commercial scanners and small animal PET systems is a block de-
tector configuration. The block detector (Figure 1.7) consists of a 2D array
of single crystals cut from a large cubic crystal, where the cuts are filled with
reflective material to optically isolate the single crystals from each other.

The array is coupled to 4 PMTs with light sharing. By comparing the
signal in A and C to the signal in B and D, one can determine which crystal
row is activated. Similarly, by comparing A+B to C+D the column is iden-
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Figure 1.7: Block detector configuration for PET

tified. Some PET systems use Position Sensitive PMTs (PSMT) for more
accurate position and energy information [15].

The uncertainty in depth of interaction due to limited stopping power of
scintillating crystal materials leads to a serious deterioration of the position
resolution of off center events (parallax error). This can be resolved by using
very short crystals, at the cost of reduced sensitivity. Many different schemes
have been suggested to measure the interaction point for long crystals, the
most straight forward method is using two sensors, one in front and one in
back.

1.6.3 Two dimensional (2D) and three dimensional (3D)
operation

PET scanners can be designed to operate in 2D or 3D mode. In 2D mode
thin septa of lead or tungsten separate each crystal ring, and coincidences
are only recorded between detectors within the same ring or adjacent rings
(Figure 1.8a). This reduces the contributions from scatter and random co-
incidences, with consequent reduction however in the overall sensitivity [16].
Image data are allocated to different detector planes, direct planes or cross
planes with coincidences between adjacent planes. Each plane is recon-
structed separately.

In the 3D mode, the septa are removed, and the coincidences are recorded
between any ring combinations (Figure 1.8b). This results in a substantial
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Figure 1.8: PET acquisition mode a) 2D with septa b) 3D without septa

sensitivity increase, however, at the expense of an increased scatter fraction
and increased randoms [16]. Here the entire image volume is reconstructed
as one unit, which is very computation intensive, especially when all the
detectors are modeled in detail.

1.7 Time of flight PET (TOFPET)

An extension of PET is TOFPET (Time-Of-Flight Positron Emission To-
mography). In ordinary PET, it is impossible to determine where on the
line between the two detectors the annihilation took place; the annihilation
is equally probable to have occurred along the full extension of the line be-
tween the detectors. However, in TOFPET, in addition to the coincident
gamma photons detected inside the time window, the time difference be-
tween the arrivals of coincident photons is measured and used to estimate a
more probable location of the annihilation point along the line [17]. Incor-
porating time of flight information into the image reconstruction algorithm
adds weight to the more probable locations of the emission point for each
event [17]. This reduces statistical uncertainty in the reconstructed image
and thus one obtains better image quality. It also reduces the effect of ran-
dom coincidences. However, the direct improvement of image resolution is
small.
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1.8 SPECT versus PET

The use of the collimator in SPECT greatly decreases sensitivity and effi-
ciency compared to PET, where collimation is performed electronically. High
sensitivity improves the signal to noise ratio, which improves the image. Al-
though SPECT imaging sensitivity is much less than PET, the high cost of
PET scanners, the need for an accelerator close to the examination place, the
availability of low cost SPECT pharmaceuticals and the practical and eco-
nomic aspects of SPECT instrumentation makes this technique attractive for
many clinical studies, especially for the brain and the heart

1.9 Detectors for PET and SPECT

1.9.1 Scintillator crystals

The photon interacts within the scintillator mostly via Compton and pho-
toelectric effects. The photon may deposit its energy in one location by
photoelectric effect (preferred in gamma cameras), or in different positions
after Compton interaction. The absorbed energy causes electrons in the
crystal to make a transition to higher energy state, from which they may
decay after a characteristic time by emitting lower energy photons that are
detected by a photodetector [18]. Photoelectric and Compton cross-sections
are a function of the density (ρ) and the effective atomic number (Zeff) of
the crystal. A high density favors the interaction of the photon in the crystal
in general, whilst a higher Zeff value increases the number of photoelectric
occurrences with respect to Compton scattering. Therefore, high Zeff crys-
tals are preferred in most cases. The light yield and the decay time are also
important physical properties of the crystal. A high light output (number of
photons per MeV) implies a better energy resolution, hence high positioning
accuracy. Short decay time allow high counting rates without risk of pile-up.
Furthermore the scintillation photon wavelength has to match the properties
of the photodetectors. NaI(Tl) is the scintillator of choice for imaging with
gamma camera due to it is light output (41000 photons/Mev), which allows
an energy resolution in the range 9-11% (FWHM) at 140 keV [18]. The
drawback of NaI(Tl) for high energies is its low stopping power. CsI(Tl) and
YAP:Ce are suitable crystals for high-energy gammas [19].

There is a trend towards SPECT systems based on compact and dedi-
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Table 1.1: Physical properties of scintillator materials commonly used for
SPECT and PET [18]
Scintillator Material BGO LSO NaI(Tl) CsI(Tl) GSO LuAp YAP
Density(g/cm3) 7.1 7.4 3.67 4.51 6.7 8.3 5.5
Zeff 75 66 51 52 59 64.9 33.5
Attenation lenght(mm)* 10.4 11.4 29.1 22.9 14.1 10.5 21.3
Light output(ph/Mev) 9000 30000 41000 66000 8000 12000 17000
Decay time(ns) 300 40 230 900 60 18 30
Emission wave len.(nm) 480 420 410 550 440 365 350
Refractive index 2.15 1.82 1.85 1.80 1.85 1.94 1.94

cated gamma cameras for specific clinical applications and for small animals
(molecular imaging). Some proposed devices use new semiconductor detec-
tors (Ge, CdTe or CdZnTe) where gamma rays are converted directly to
digital electronic signals [20]. Continuous or pixellated scintillator crystals
are coupled to an array of solid state photodiodes or to Position Sensitive
Photo-Multiplier Tubes.

1.9.2 Detector materials for PET

The three most important practical features affecting PET detector per-
formance are the attenuation coefficient for the 511-keV photon, the light
output, and the speed (decay time of the scintillator). The attenuation coef-
ficient determines the detector sensitivity, the energy resolution is improved
with the light output and fast crystals allow high count rates and a narrow
coincidence window and thus reduce the random rate. NaI(Tl) was used in
early PET detectors. It has high light output and it is inexpensive, but its
stopping power is small compared to other crystals. Due to its large atten-
uation coefficient BGO was widely used in many commercial PET systems.
The disadvantages of BGO compared to other crystal materials are due to its
low light output, long decay time, and the fact that its emission is centered
at 500nm where most PMTs are less sensitive [21]. LSO is the crystal of
choice in most of today’s PET scanners; it has short decay time, high light
yield, and high density [22]. Table 1.1 summarizes the characteristics of the
crystals used for PET and SPECT.
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1.9.3 Position-sensitive photomultiplier (PSMT)

A PSPMT is position sensitive, which means that photons arriving at differ-
ent sites on the photocathode will give rise to pulses of varying amplitudes
at the anode outputs. Typically the output signal is read using independent
multiple anodes, where each anode is connected to an individual independent
readout or by means of two independent (X and Y) current or charge-dividing
resistive networks, which provide the ”center of gravity” of the light pulse.
For each event, time of interaction is provided by the common last dynode.
A PSPMT coupled to a thin scintillator such as CsI(Tl) or NaI(Tl) is an
attractive approach to achieve good spatial and energy resolutions [23].

1.9.4 Silicon Photodiodes

Photodiodes are semiconductor devices with a pn junction or pin structure,
where light absorbed in the depletion region generates electrical carriers and
thus a photocurrent. Such devices can be very compact, fast, highly linear,
and exhibit high quantum efficiency. The device most used for gamma ray
imaging is the Avalanche Photodiode (APD) [24]. The avalanche photodiode
is a semiconductor-based photodiode which is operated with a relatively high
reverse voltage (typically tens or even hundreds of volts), sometimes just
below breakdown. In this regime, carriers (electrons and holes) excited by
absorbed photons quickly get accelerated in the strong internal electric field,
so that they can generate secondary carriers, as it is done in photomultipliers.
APDs can be produced in arrays and used in very compact systems. A
disadvantage is the limited amplification (especially with pin diodes), the
poor energy and timing resolution.

1.9.5 Semiconductor Detectors

Semiconductor detectors are promising alternatives to scintillators for gamma
ray imaging due to their superior energy resolution. They can easily be pix-
elated and read out directly. The most attractive semiconductor material is
cadmium zinc telluride (CdZnTe). CdZnTe has very good absorption charac-
teristics due to its high density (5.8 g/cm3) and large effective atomic number
(50). The attenuation length of 140 keV gamma-rays is only 3 mm and the
photofraction 81 % [25]. However, pulse shape variations due to different
interaction point positions present a problem.
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The absorption of a 140 keV gamma ray produces approximately 3 ∗ 104

photons, which is a good charge yield, hence an excellent energy resolution.
Due to the wide band gap it has a high resistivity which results in low noise
level. Solid state detectors offer high segmentation, hence higher spatial
resolution. They are ideal for the first detector of a Compton camera and
they are interesting candidates for future PET generations.

1.9.6 Silicon Photomultipliers

Silicon Photomultiplier (SiPM) is a new type of Geiger-mode avalanche pho-
todiode that shows promise for use with scintillating materials. SiPM con-
sists of many ( 103/mm2) silicon micro pixels which are independent photon
micro-counters, each of which acts like an independent and identical APD bi-
ased above the breakdown voltage in order to create a Geiger avalanche. The
SiPM output signal is a sum of the signals from a number of pixels. The pho-
ton detection efficiency of the SiPM is at the level of photomultiplier tubes.
The device has very good timing resolution (30 ps for 10 photoelectrons) [26].
It has high gain ( 106) at low bias voltage (50 V), it is insensitive to magnetic
fields and has very good temperature stability. These characteristics mean
that this novel device combines the main advantages and benefits of normal
APDs (size, low voltage operation, robustness) with the main advantages of
PMTs (i.e. high gain, gain stability) in a single silicon device. This may
prove useful for many applications.
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Chapter 2

Detector system architecture

2.1 Introduction

The nuclear medicine detector described in the previous chapter is one part
of the full system. A gantry is needed for mounting the detector in a way
that allows the necessary motion. A couch is needed to position the pa-
tient. A data processing system is required for data acquisition, control and
monitoring. Databases are needed to store the results, keep track of system
configuration and experimental conditions. Last but not least an extensive
software package is required to implement the complicated algorithms.

Figure 2.1 is a schematic of a detector system architecture. The system
components and functions for nuclear medicine instrumentation are often
similar to those in particle physics experiments. The construction of detectors
for the Large Hadron Collider has promoted a rapid development in the latter
field.

2.2 Data acquisition

The main data flow is associated with the data acquisition process. In particle
physics detectors the initial data rate is often very large requiring successive
data reduction to reach manageable amounts of data for data storage. The
reduction is achieved by refining and selecting relevant data. Selection is
often performed in a multilevel trigger system [27]. Modern detectors are
dead-time free (Figure 2.2), which means that pipeline memories and syn-
chronous trigger processors are required in the first level trigger. The trigger
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Figure 2.1: Schematic of detector system architecture

and the memory work here as ”bucket brigades”, entering data in one end
at regular intervals. The data are pushed successively through the proces-
sor and the memory. The ”data bucket” reaches the output of the memory
at the same time as the processor finishes processing a copy of its content,
reaching a decision whether to transfer the ”bucket” to the second level or
not. The first trigger must be very fast to minimize the pipeline size. It is
usually implemented as massively parallel digital logic (systolic arrays) [28].
Level 2 and 3, on the other hand, are asynchronous, sometimes using farms
of regular (PC-type) computers. Here the ”data buckets” are queued in a
buffer, and then sent to the first available computer in the farm. The buffer
memory must be sufficiently large to hold all pending buckets. In the event
building stage, relevant data are combined in data sets that are stored for
off line processing. The event data structure must also contain or point to
relevant external information, with time stamps so that they can be correctly
correlated with the image data in the subsequent data analysis.

2.3 Control and monitoring

The main role of control and monitoring is to assure safe and reliable op-
eration of the system by controlling different operational parameters of the
experiment, monitoring the stability and reliability of the system operation,
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Figure 2.2: Schematic of a dead time free multilevel data acquisition system

and recording time trends. To fulfill this task the host must communicate
with a large number of devices. Very complex systems such as particle physics
experiments or nuclear medicine detectors need complex control and mon-
itoring functionality. In such systems the devices are logically grouped in
several subsystems, which are monitored separately.

2.4 Detector control system

In particle physics or medical imaging applications, the detector control sys-
tem has different tasks at different stages of operation. At startup the de-
tector control system may load and initialize the firmware and the software,
and set the different parameters required by the system (such as different
voltages, maximum temperature and power). While the system is running,
the control system supervises the system by checking temperatures, volt-
ages, cooling system and so on. An important task of the control system is
to quickly react to faults, for example by shutting down the power and ini-
tializing a recovery configuration. In case of alarms it is important to protect
expensive system components.

2.5 System operating modes

Generally a detector system operates in one of three different modes: test,
calibration and production. In the test and calibration mode the system does
not need as powerful computational resources as during production runs.
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However, it requires software with user interactive capabilities to let the
user interact with the system to change different parameters or run different
configurations and record the system response. In the production mode, a
minimized software part is left for the control and monitoring system, but
most of the resources are dedicated to processing and communication with the
sub-system or host computer. The test mode is used to verify correct system
operation and to identify failing parts. Self test is often a part of the normal
startup procedure. Otherwise the test mode is used at regular intervals, or
whenever there is an indication of a possible malfunction. During calibration
different procedures are followed to determine calibration constants that are
necessary for accurate quantification. In the production mode the system
is configured for maximal throughput. Monitoring processes supervise data
quality, and the detector control system produces alarms when potentially
dangerous conditions occur.

2.6 Data handling in nuclear medicine instru-

mentation

Imaging instruments in nuclear medicine are complex systems. They need
databases to store configuration data such as run parameters, and config-
uration software and firmware to be loaded into the system at appropriate
places. One has many options in running SPECT or PET, and there are
many parameters to set before starting the system. For example, in imag-
ing with SPECT one needs to specify the number of pixels, the number
of frames, collimator type, energy window, number of projections, time of
each projection and other control parameters. Patient identification and the
medical date must be entered. The database must also contain calibration
parameters, along with their interval of validity, so that raw data files can
be reconstructed with proper parameter values.

In state of the art PET and SPECT one deals with high data rates during
the data taking, especially when the analog signals are sampled at high clock
rates. The pulse processing units trigger when they discover pulses, and
perform data reduction by extracting the relevant data parameters (fine time
of arrival, energy and data quality) for further processing. The coarse time
is recorded as a time stamp. In PET one then sorts pulse data according to
time stamp to identify coincidences (i.e. pairs or events that occur within a
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short time interval). In SPECT it is necessary to correlate the time stamps
with instantaneous collimator positions.

The event builder assembles event data structures and in list mode stores
them sequentially. Keeping the parameter history allows reconstruction of
all raw data. External information such as information about the heart and
the respiratory cycles, patient motion and stimuli that are part of the motion
protocol are also stored together with timestamps to allow later correction
with the image data. An alternative to list mode is to enter the data in
projection histograms. This reduces the data storage size drastically but
it eliminates the possibility to resample the data for a repeated reconstruc-
tion. A relational data base helps to keep track of all parameters and data,
provided it does not slow down the data acquisition.
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Chapter 3

Digital signal processing for
PET and SPECT

3.1 Introduction

Most nuclear medicine detectors produce electric pulses that are recorded,
processed and stored for later image reconstruction. Until recently most of
this has been done with analogue electronics. During the last few years,
digital signal processing has increasingly replaced analog hardware solutions.

A straightforward digitization method is to use a free-running ADC [29].
Here, the acquired digital samples hold the information of interest. There
is no need for further analog hardware such as discriminators, shapers or
coincidence detection circuits and hard-wired pulse-shape analyzers. In this
chapter the technique of free-running sampling and the necessary signal pro-
cessing algorithms for determining the detector signal time and energy infor-
mation are described.

3.2 Free running sampling

In free running sampling mode analog to digital converters (ADCs) are
clocked synchronously at a speed depending on the frequency content of
the pulse. The ADC data are sent continuously to a ring buffer or shift
register. Trigger signals cause the buffers to transfer data waveforms corre-
sponding to a given time frame for pulse processing. Before it is converted
by the ADC, the detector signal is amplified and filtered by a low pass filter
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Figure 3.1: Sampling with free running ADCs

to avoid aliasing. A schematic diagram is shown in Figure 3.1.

3.3 Signal timing and energy detection

For both PET and SPECT, the image resolution depends on the energy res-
olution, it is essential to remove noise and Compton scatter, and some times
(for SPECT) to separate multiple isotopes. To achieve high resolution im-
ages with PET, the image reconstruction algorithms also require very precise
information about the interaction time of a photon in the detector, ideally
with a resolution of less than 1 ns (in time-of-flight PET much less). With-
out any signal processing, this would require a very high sampling rate and
resolution. To be able to use cost effective ADCs, the sampling frequency
and the ADC resolution must be kept at a reasonable level, using signal pro-
cessing algorithms to extract the optimal time and energy and close the gap
between the requested time resolution and the interval of the ADC sample
points.

The signal processing can be divided into two steps:
1.Detection of a signal pulse and
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Figure 3.2: Timing error of threshold detection

2.Determination of the rise point of the signal with high timing resolution.

3.3.1 Trigger detection

The first step in the signal processing chain is the distinction between noise
and a pulse from the detector. This can be achieved by comparing each sam-
ple of the data stream to a threshold value. When the data value is greater
than the threshold level the trigger is activated. As the pulse amplitude is
proportional to the energy of the detected photons, the level trigger corre-
spond to an energy threshold for the photon detection. Usually a filter is
applied before the detection to improve the discrimination between signal
and noise. Unfortunately, due to the variation of the actual maximum am-
plitude of the signal, this method cannot always be used for timing since it
introduces a pulse height dependent timing error (”time-walk”) that may be
several sampling intervals long (Figure 3.2).

3.3.2 Rise point estimation by linear extrapolation

After the trigger has detected a pulse, the exact rise point of the signal needs
be computed. A simple solution uses linear extrapolation of the rising edge of
the pulse. Two sample points on the rising edge are connected via a virtual
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Figure 3.3: Linear extrapolation method

line that intersects the base line of the signal. The point of intersection,
which is independent of the signal amplitude, can then be seen as the rise
point of the pulse (Figure 3.3).

The calculation can be derived from the theorem of intersecting lines:

SA

SB
=

SC

SD
=

AC

BD
(3.1)

SC =
AC × CD

BD − AC
=

u(t)×∆t

u(t + ∆t)− u(t)
(3.2)

For different amplitudes, the calculated time index of the point S can then
be used as an approximation for the rise point of the analog signal, although
the two points do not match. However, this quite simple method has certain
disadvantages: It does not solve the time-walk problem introduced by the
fixed trigger threshold. In contrast, it depends on the assumption that the
reference points A, B of signals with different amplitudes but equal timing
are always taken from the same position on the rising edge of the signal.
Otherwise the calculated rise point will be wrong, due to the nonlinear signal
shape. The algorithm works well only for high signal to noise ratio, as the
error from the noise is introduced at the two points A and B in the calculation
and has therefore a large influence on the result.
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Figure 3.4: Digital constant fraction discriminator technique

3.3.3 Digital constant fraction discriminator (DCFD)

The DCFD is a digital version of the analog constant fraction discriminator
technique [30]. The original signal is delayed by time D and a copy of it is
inverted and multiplied by a factor C, with 0 < C < 1. The two signals are
then added. This process, when optimized, transforms the unipolar pulse
into a bipolar pulse. The bipolar pulse crosses the time axis at a constant
fraction of the height of the original pulse (Figure 3.4). The crossing time
is linearly interpolated if it occurred between time steps. The advantage
of this method is that the trigger is independent of the signal peak height.
The accuracy of the interpolation depends on where the zero-crossing occurs
within the sample interval (phase sensitivity); this is especially true when the
intervals are long. The result is also affected by the amount of noise present.

3.4 Optimal filtering algorithm

Optimal filtering (OF) is an algorithm which reconstructs the time and the
amplitude of an analog signal from its digital samples [31]. We consider the
signal pulse from the detector at the input of the ADC Af(t− T ), where A
is the amplitude (ideally proportional to the energy) and T is the pulse rise
time. Measurements of A and T are affected by statistical errors due to noise
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in the detector and the readout electronics. The shape of the signal f and
the statistical properties of the noise are assumed to be known.

3.4.1 Matched filter

The best estimate of the amplitude A and the time T of the signal in the
presence of given noise is obtained using the weighted least square method
[32] to minimize the error

ε = Y T R−1Y (3.3)

where Y = S−E is the deviation between the experimental samples (S) and
the values of the fitting curve (E) at the sampling instants. The vector Y T

is the transpose of Y and R−1 is the inverse of the noise covariance matrix,
containing information about the noise autocorrelation function.

Because the problem is not linear with respect to the parameter T , we
cannot use equation (3.3) directly. The least squares method is therefore used
iteratively in a linearized form producing successively improved approxima-
tions of the parameters A and T . The algorithm starts with the initial values
A0 and T0, determining the corrections ∆T and ∆A, from the equation:

GT R−1(S − (E0 + G[∆A∆T ]T )) = 0, (3.4)

or explicitly:
[∆A∆T ]T = (GT R−1G)−1GT R−1Y, (3.5)

where the matrix G contains the derivative of the fitting curve with respect to
A and T [10]. The curve E(A, T ), the vector Y (A, T ), and the matrix G(A, T )
are then updated using the new values A1 = A0 + ∆A and T1 = T0 + ∆T .
The procedure can be iterated until ∆A and ∆T are considered negligible,
and therefore:

(GT (A, T )R−1G(A, T ))−1GT (A, T )R−1Y (A, T ) = 0, (3.6)

at the end of the iterative process, the curve E(A, T ), corresponding to the
last parameters A and T is the best fit to the sampled signal.

For the two parameters A and T equation (3.6) can be written as

[(GT (A, T )R−1G(A, T ))−1GT (A, T )R−1]AY (A, T ) = WAY (A, T ) = 0, (3.7)

[(GT R−1G)−1GT R−1]T Y = WT Y = 0, (3.8)
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and as Y = S − E, this is equivalent to

WA(S − E(A, T )) = 0, WT (S − E(A, T )) = 0. (3.9)

Since E is linear in A, applying equation (3.5) to the initial values (0, T )
will give us the best fit directly, thus ∆A = A and ∆T = 0. This implies:

A = WAS, 0 = WT S (3.10)

whose component form is:

A =
N∑

i=1

wA(ti)s(ti), 0 =
N∑

i=1

wT (ti)s(ti). (3.11)

The equations (3.11) can be be used as a basis for a digital signal process-
ing algorithm to find the position and amplitude of asynchronously arriving
pulses by continuously filtering the input data stream with the filters WA

and WT , looking for zero crossing in the latter. Subsample precision can be
achieved by interpolation.

3.4.2 The reference pulse f and the noise covariance
matrix R

Knowledge of the reference pulse f and the noise covariance matrix R is es-
sential to obtain the optimum time and energy resolution. First the reference
pulse f is obtained by sampling a number of pulses (from 1000 to 10000), the
pulse waveforms acquired were then scanned to find a representative starting
reference pulse. Disregarding the noise autocorrelation at this time, T can be
calculated using the optimal filter method described above with the pulses
acquired. The pulses are then resampled to make them appear at the same
time as f , adding them on top of each other and normalizing the result gives
a new estimate of f . This pulse can then be used as the starting reference
pulse to improve precision when repeating the above procedure.

Since the noise is assumed to be stationary, it is most convenient to
use a pulse free region to estimate the noise autocorrelation. The noise
autocorrelation can then be estimated as

Rss(i) =
1

N − i

N−i∑
j=1

ejej+i, with i = 1......N. (3.12)
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Where ej is the j : th pulse free data sample . The elements of R are
then obtained as Rij = Rss(i− j).

The optimal filter method described above is derived with the assumption
that the noise is stationary [33], which means that we assume a data set with
n data samples per pulse and m pulses, and that each pulse can be written
as a vector xi. The noise can thus be described by a covariance matrix
Rij =< xixj >, where <> represents an average over the m pulses. If the
noise is stationary, < xixj > is invariant with respect to time translations. In
the case where the noise is non stationary a new method must be developed.

3.5 Optimal filtering for non stationary noise

A general method for the non stationary noise case can be derived from the
least square method. If we start from the equation (3.3), and insert the
expression Y = S − aE we get:

ε = (S − af)T R−1(S − af) = ST R−1S − 2afT R−1S + a2fT R−1f. (3.13)

By minimizing the error with respect to the amplitude we get :

dε

da
= 0 ⇒ a =

fT R−1S

fT R−1f
. (3.14)

Inserting the value of a in the equation (3.13) we therefore obtain:

ε = ST R−1S − (fT R−1S)2

fT R−1f
= ST R−1S − (CS)2. (3.15)

To find the best rise time we need to position the reference pulse f to the
sampled data S. The optimal position is the one which minimizes ε.

The starting point in this method is to derive the reference pulse and the
noise covariance matrix

3.5.1 The reference pulse and the noise covariance ma-
trix

To obtain a reference pulse, a large number of pulses are recorded and scanned
for pile-up (only good pulses should be used). The pulses are then aligned
using the constant fraction method and averaged to obtain the reference
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Figure 3.5: Samples and sub-samples

pulse. If the needed precision is more than the sampling time then the
pulses are sinc-interpolated first. By subtracting each normalized pulse from
the reference pulse we construct the noise ensemble used for calculating the
covariance matrix.

3.5.2 The algorithm

Once the reference pulse and the covariance matrix have been calculated to
the precision required (number of sub samples Figure (3.5)), the second step
is to calculate the constants (Cs) using the same number of samples as the
sampled data and for different positions (time shift). All these calculations
must be done once off-line, tabulating the constants Cs and the Rs−1 for
different time shifts. When a pulse arrives, ε is calculated in real time, using
the equation (3.15) for all the sets of Cs and R−1s.

At the end a binary search algorithm is used to find the index of the
minimum. The arrival time of the pulse is then the sample comb plus or
minus the index of the minimum (depending on whether the shift is right or
left). Finally the amplitude is calculated using the equation (3.14).
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Chapter 4

Digital Data Acquisition
systems for PET and SPECT

4.1 Introduction

Most existing (PET/SPECT) scanners are built around analog subsystems
implemented either with discrete circuits, or with application specific inte-
grated circuits (ASICs) to reduce power consumption, space, noise and cost.
This technology yields good results in dedicated systems, but offers little flex-
ibility for sophisticated signal processing and is costly to upgrade. Advances
in flexibility and size of modern field programmable gate arrays (FPGAs)
allow a large part of the analog electronics to be replaced by digital logic
(Figure 4.1), enabling a new paradigm where more optimal statistical ap-
proaches to the gamma event detection are possible [33]. The aim of this
chapter is to present FPGA-based methods for digital data acquisition and
control.

4.2 Decentralized data processing system

In a decentralized data processing system most tasks are shared between
multiple local processing modules (nodes). The connection topology of the
modules depends on the application. A common topology is one in which the
modules are connected to each other for trigger distribution and to a global
host processor for data transfer (Figure 4.2). Each module is responsible for
acquisition, processing, monitoring and control of a specific part or a given
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Figure 4.1: Block diagram for analog and digital pulse processing. The DSP
based system has a smaller number of electronic building blocks.

Figure 4.2: Decentralized processing system.

number of detector channels.

Every node includes analog to digital converters (ADCs), a digital pulse
processing unit, triggers and acquisitions unit and communication interface.

4.3 Digital pulse processing implementation

Development of digital signal processing implementations has been driven by
the following considerations: utilizing data parallelism and allowing application-
specific specialization, while keeping functional flexibility and minimizing
power consumption. Each implementation option includes different trade-
offs in terms of performance, cost, power and flexibility. While application-
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specific integrated circuits (ASICs) and programmable digital processors
(PDSPs) remain the solutions of choice for many digital signal processing
applications, new system implementations are increasingly based on field
programmable gate arrays (FPGAs).

4.3.1 Application-specific integrated circuits (ASICs)

ASICs have a significant advantage in area and power and for many high-
volume designs the cost-per-gate for a given performance level is much less
than that of high speed FPGA or PDSP. However, the inherently fixed nature
of ASICs limits their flexibility, and the long design cycle may not justify the
cost for low-volume or prototype implementation, unless the design would be
sufficiently general to adapt to many different applications such as Medipix
[35].

4.3.2 Digital signal processors (DSPs)

DSPs have features designed to support high-performance, repetitive, nu-
merically complex sequential tasks. Single-cycle multiply-accumulate and
specialized execution control on cheap memory, and the execution of several
operations with one instruction are the features that accelerate performance
in state of the art DSPs [36]. The peak performance of the DSP relies heav-
ily on pipelining. However, parallelism in DSP is not very extensive; DSP is
limited in performance by the clock rate (Figure 4.3), and the number of use-
ful operations it can perform per clock cycle. The TMS320C6202 processor
(which we have used extensively) has two multipliers and a 200MHz clock,
so it can achieve at most 400M multiplications per second, which is much
less than field programmable gate arrays.

4.3.3 Field programmable gate arrays (FPGA)

Until fairly recently, FPGAs lacked the gate capacity to implement demand-
ing DSP algorithms and did not have good tool support for implement-
ing DSP tasks. They were also perceived as being expensive and power
hungry. All this may be changing, however, with the introduction of new
DSP-oriented products from Altera [37] and Xilinx [38]. High throughput
and design flexibility have positioned FPGAs as a solid silicon solution over
traditional DSP devices in high-performance signal processing applications.
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Figure 4.3: Conventional digital signal processing.

Figure 4.4: Digital signal processing in the FPGA.

FPGAs can provide more raw data processing power than traditional DSP
processors by using massive parallelism (Figure 4.4).

Since FPGAs can be reconfigured in hardware, they offer complete hard-
ware customization while implementing various DSP applications. FPGAs
also have features that are critical to DSP applications, such as embedded
memory, DSP blocks, and embedded processors. Recent FPGAs provide up
to 96 embedded DSP blocks, delivering 384 18 x 18 multipliers operating
at 420 MHz. This equates to over 160 billion multiplications per second, a
performance improvement of over 30 times what is provided by the fastest
DSPs. This configuration leaves the programmable logic elements on the
FPGAs available to implement additional signal processing functions and
system logic, including interfaces to high-speed chips such as RapidIO and
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fast external memory interfaces like DDR2 controllers. With up to 8 Mb of
high bandwidth embedded memory, FPGAs can in certain cases eliminate
the need for external memory.

4.4 Embedded system design in an FPGA

A modern digital system design consists of processors, memory units, and
various types of input/output peripherals such as Ethernet, USB, and RS232
serial ports. In addition to the major components, large amounts of custom
logic are often needed. In the traditional approach, when designing such
systems, each component is included as a separate chip and the custom logic
circuits are designed as separate integrated circuits. The advanced capabil-
ities of today’s integrated circuit technology have led to embedded systems,
implementing many of the components of the system within a single chip
(system on chip (SOC)) using FPGAs [39, 40].

Typical FPGA-based embedded systems use FPGAs as processing units,
external memories to store data and FPGA configurations, and I/O inter-
face components to transmit and receive data. These systems provide the
high degree of flexibility required in dynamically changing environments, and
allow high processing rates.

4.4.1 Technical reasons for using FPGAs in system de-
sign

FPGAs are a good choice for implementing digital systems because they can:

• Include embedded processor cores. These could be hard microproces-
sors implemented as dedicated predefined blocks such as PowerPC in Xilinx
FPGAs, or soft microprocessor IP blocks such as Microblaze.

• Include embedded multipliers, adders and multiply and accumulate
(MAC) blocks, which are useful for building massively parallel and/or pipelined
high speed processors (systolic arrays).

• Support complex clocking schemes using embedded delay- locked loops
(DLL) and phase -locked loops (PLL).

• Offer a large storage capacity in embedded block RAMs, in addition to
the distributed look-up table memories.

• Offer large logic capacity, exceeding 5 million system gates.
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• Offer large numbers of general purpose input/output pins (up to 1000
or more) and support high speed serial protocols.
• Support a wide range of interconnection standards, such as double data

rate (DDR SRAM) memory and PCI.
• Include special hard-wired transceiver blocks such as RocketIO in Xilinx

FPGA, which enable gigabit serial connectivity between buses, backplanes
and subsystems.

In addition to the above features, FPGAs provide a significant benefit
as ”off-the-shelf” chips that are programmed by the end user and can be
reprogrammed as many times as needed to make changes or fix errors.

4.4.2 Soft and Hard Processors

Two types of processors are available for use in FPGA devices: hard and soft.
A hard processor is a CPU core placed within the FPGA fabric. One, two and
even four cores in a single FPGA are currently available. For example Xilinx
embeds The IBM PowerPC 405 cores within the latest FPGA device (Virtex-
4 and Virtex-II Pro). A more flexible alternative is to use a soft processor,
an Intellectual Property (IP) core written in a hardware description language
(HDL), and implemented along with the rest of the system using the logic
and memory resources in the FPGA fabric. The performance depends on
the configuration of the processor, the target FPGA architecture and speed
grade.

Key benefits of using a soft processor include configurability to trade off
between price and performance, and easy integration with the FPGA fabric.
One advantage of using soft processors is that resources on the FPGA are
consumed only when these components are actually needed in the system.
The number of processors on a single FPGA is only limited by the size of
the FPGA. The Xilinx MicroBlaze soft processor uses between 900 and 2600
Look-Up Tables (LUTs), depending on the configuration options, and can
run up to 100 MHz [40]. MicroBlaze includes several configurable interfaces
that allow one to connect custom peripherals and co-processors, as well as
peripherals provided by Xilinx and third party suppliers.

4.4.3 Design partitioning

Almost any portion of an electronic design can be implemented in hardware
using FPGA resources, or in software by using a microprocessor. In embed-
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Figure 4.5: Design partitioning, hardware and software.

ded system design using FPGAs, there is a considerable flexibility in decid-
ing which parts of the system should be implemented in hardware and which
parts as software running in soft or hard embedded processors (Figure 4.5)
[41]. One of the main partitioning criteria is how fast the various functions
need to performed. Nanosecond logic needs to be implemented in the FPGA
fabric. Millisecond logic implementing interfaces such as switches or LEDs
is better implemented in software. Microsecond logic can be implemented
either in software or hardware.

4.5 Embedded operating system

Embedded operating systems are designed to be very compact and efficient,
containing only those functionalities used by the specialized applications they
run [42], and forsaking unnecessary functionalities that non-embedded com-
puter operating systems provide. They are frequently also real-time oper-
ating systems (RTOS). A RTOS provides facilities which, if used properly,
guarantee that system deadlines can be met generally (soft real-time) or
deterministically (hard real-time). A RTOS will typically use specialized
scheduling algorithms in order to provide the real-time developer with the
tools necessary to produce deterministic behavior in the final system. Key
factors in an RTOS are minimal interrupts and thread switching latency.

Embedded operating systems include:
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• eCos (embedded Configurable operating system) [43] is an open source,
royalty-free, real-time operating system for embedded systems. eCos is highly
configurable and allows the operating system to be customized to precise
application requirements, delivering the best possible run-time performance
and an optimized hardware resource footprint. eCos was designed for devices
with small memory footprints. It can be used on hardware that does not have
enough RAM to support big embedded operating systems.

• OSE (The Operating System Embedded) [44] is a real-time embedded
operating system created by the Swedish firm ENEA. OSE uses signaling in
the form of messages passed to and from processes in the system. Messages
are stored in a queue attached to each process.

• Embedded Linux, Embedded Linux [45] is mature and stable (over
ten years of age and used in many devices). It is an open source and well
supported. However, it is not designed for real time applications.

In general one needs an operating system that accomplishes the task with
minimal footprint.

4.6 Embedded system design software tools

To create an embedded system, the design process consists of creating the
system hardware and developing software to run on the processors in the sys-
tem. FPGA manufacturers provide a suite of automated tools to facilitate
both parts of this design flow [46, 47]. For creating the hardware circuitry,
the tools allow the user to customize the hardware logic in the system by
making use of pre-designed building blocks (intellectual Property (IP)) for
processors, memory controllers, digital signal processing circuits and various
communication modules. IP blocks can be developed by the user or obtained
from the tool vendor or from a third party. The design software allows easy
instantiation of these sub-circuits, and can automatically interconnect them
on the FPGA chip. These components are seamlessly integrated with the
design tool set used to create the custom logic, which is also implemented in
the FPGA. The Electronic Design Automation tools generate memory maps
for the system, allowing the processor(s) to access the system’s hardware
resources. A software platform consisting of a collection of software drivers
and, optionally, the operating system are available for the user to build the
application software. The software image created consists only of portions
of the library actually used in the embedded design. Application software
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development is supported with the typical toolsets expected by software pro-
grammers, including compilers, debuggers and operating system support.

4.7 Embedded DAQ in nuclear medicine

As described previously, modern data acquisition systems for devices such as
PET or SPECT should handle the high count rates and the increased number
of channels required to read out state of the art detectors, and they should
be compact in order to build small dedicated devices. Embedded systems
in the FPGA technology described above can make this feasible [48, 49].
The FPGA fabric is well suited for implementing low level triggers by us-
ing logic resources, and implementing the pulse processing algorithms using
dedicated blocks such as MACs and RAMs. Embedded processors (Pow-
erPC or MicroBlaze) are easy to program using high level languages (C or
C++). Thus they are good choice for implementing the control and monitor-
ing processes. With a small footprint operating system one can implement
a small networked server in the embedded processors for remote control and
monitoring.
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Chapter 5

SPECT related projects

5.1 The SU-KS cylindrical SPECT camera

In order to improve the resolution, sensitivity and to overcome mechanical
stability and field uniformity problems associated with conventional rotating
SPECT cameras, a SPECT camera with a single cylindrical Nal (TI) scin-
tillator and a rotating collimator has been designed and constructed in our
group in collaboration with researchers from Karolinska Hospital (KS) [50].
The SU-KS SPECT consists of a cylindrical monolithic Nal(TI) scintillator
180 mm long with a 305 mm inner diameter, and 12.5 mm thickness. The
scintillator is optically coupled via a 12.5 mm thick cylindrical light guide
to 72 hexagonal photomultiplier tubes organized in four rows (Figure 5.1).
The photomultiplier tubes have the same curvature as the light guide and
are mounted directly on its convex surface for maximum light collection. To
protect the scintillator from humidity and to shield it from light, a 1mm
thick aluminium cylinder has been used. The collimator rotates inside the
aluminium cylinder. The main advantage of this configuration is that the
detector can act closer to the object, span a larger solid angle and keep a
constant distance to the object. The camera is optimised for SPECT studies
of the brain but may allow PET studies as well, especially when equipped
with a fast data acquisition system.

A data acquisition system [51] was designed and partially built, consisting
of 24 modules, where each module handled three channels. The DAQ mod-
ule consisted of two PCB boards; a ADC/trigger board and a DSP/Firewire
board. The ADC/trigger board used a three-channel 8-bit 20 MHz ADC
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Figure 5.1: The SU-KS SPECT Camera.

for free running clock sampling, a Xilinx 4000 FPGA for implementing the
pulse detection and the trigger algorithm, and a FIFO for buffering data.
The boards sent trigger signals to adjacent modules via RS485 drivers over
a backplane. The DSP/Firewire board consisted of a TMS320C50 40 MHz
DSP for acquiring data from the FIFO through a piggyback connector, for
implementing the pulse processing algorithm and for running the Firewire
drive routines. It also contained the Firewire link and physical chips. The
choice of Firewire as the data transfer network was made because it was con-
sidered that Firewire’s popularity in consumer electronics would guarantee
well supported inexpensive components.

Evaluation of the SU-KS SPECT data acquisition (DAQ) system [51]
showed that the performance of the system was seriously limited by the
chosen DAQ design. The system suffered from count rate limitations due to
the low performance of the digital signal processor DSP (TMS320C50), the
8 bit wide data bus connecting the DSP to the FIFO, the band width limit
and the speed of the firewire board, the speed limit of the RS485 drivers
and receivers, and the number of channels per module [51]. To overcome
these limitations and to achieve an acceptable solution with high count rate
capabilities, the data acquisition system was extensively modified. In the
following sections the design of the modified system and its implementation
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Figure 5.2: Six PMTs arranged in triangular pattern a) up b) down.

are described.

5.2 Design and implementation of the new

DAQ system

5.2.1 System design

As the previous system, the main concept in the realization of the system was
that the entire signal processing and pulse analysis should be accomplished
digitally. In order to handle the detection and acquisition of simultaneous
event independently at different locations, and hence reducing the overall
dead time of the camera, the system was based on a decentralized modular
acquisition architecture.

In the new data acquisition system six PMT channels per module were
considered instead of three in the previous one, thus reducing the number of
the acquisition modules required for the whole system to 12, decreasing the
number of trigger signals connecting the modules, and reducing the number of
modules involved per event. The modules are each responsible for 6 channels
arranged in a triangular pattern (Figure 5.2).

The triangles are arranged side by side and cover the 4 by 18 arrangement
of the channels. Each triangular module is connected via 12 bidirectional
links to its left and right neighbours. Each channel is globally labelled in
row-column fashion and the complete arrangement of modules and channels
is shown below (Figure 5.3)
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Figure 5.3: The complete arrangement of the modules

Figure 5.4: The trigger network

5.2.2 Trigger generation and data acquisition

The light generated from an interaction event in the scintillator is seen by
several PMTs around the interaction point. To minimize information loss,
it was made possible to choose different environment sizes, 7, 13 or 19 (Fig-
ure 5.4) depending on the event rate.

Data from the detected gamma photon flow from the PMT through the
corresponding module; the first step is the acquisition where a free running
8-bit 100 MHz ADC is used to digitize the analogue signal to a number
of samples. A trigger decision is made when the signal exceeds a certain
programmable level, or when the channel receives a trigger pulse from one
of its neighbouring PMT channels. Once the trigger decision is made the
pulse data is time stamped and written together with a trigger identifier
(who triggered the channel, self trigger or which neighbour channel) to an
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intermediate memory. When a certain amount of data is accumulated in
the memory, the module alerts the digital pulse processor to read the entire
memory content.

Each channel is responsible for acquisition of its own waveform and dis-
tribution of the generated or received trigger pulse. A synchronization unit
coordinates acquisition of all channels involved in the event, assuring that
they acquire their waveform data at the same time stamp and get the correct
trigger identifier code.

5.2.3 Pulse processing

Due to the requirement for high frequency and the number of channels per
module, the most critical part of the system is the digital pulse processing.
Within the digital signal processor, by application of different algorithms on
digital samples, the pulse amplitude and the time of arrival are determined,
and pulse pile-up and muon events (high energy events from cosmic rays)
are detected. The simplest algorithm for determining the pulse height is
to take the peak value of the pulse minus the baseline value, but this is
not a very precise measure because of the noise, especially for small pulses.
To determine the pulse height and the time of arrival, an optimal filtering
technique was adopted [52]. The method was an iterative matched filter
method, for signals of known shape, fitting the sampled pulse to of a reference
pulse. The method has been described in Chapter 4.

5.3 Implementation of the new DAQ System

We decided to split the work between the FPGA and the DSP. The trigger
logic and the acquisition were implemented in the FPGA, while the pulse
processing, firewire routines and routines for configuration of the FPGA and
controlling the programmable parameters were implemented in the DSP .

5.3.1 The FPGA implementation

The architecture of the data flow in the FPGA is presented in Figure (5.5).
The FPGA used is Xilinx Virtex 100 [53], which includes 10 dedicated block
memories of 4096 bits each, 4 delay lock loops (DLL) for clock-distribution
and delay compensation, and 100K system gates. This FPGA can handle
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Figure 5.5: The data flow architecture in the FPGA

clock frequencies up till 200 MHz. The design was partitioned into differ-
ent modules, each module was designed and tested separately. The VHDL
language was used for describing the modules, Modelsim for simulations and
Leonardo Spectrum for the implementation. The FIFO was implemented
within the FPGA using the dedicated block RAM, and the pipelined delay
unit was implemented by using a shift register macro (SRL16) [53]. The com-
pare unit is a simple comparator, comparing the incoming data to a trigger
value (level register) and sending a trig signal to the synchronize unit when
the data is higher than the level.

The synchronize unit is responsible for synchronization of all modules
and generation of the trigger identification code (trigID). It receives trigger
signals from the comparator of the corresponding channel and from all six
neighboring channels. The distribute unit distributes the trigger to the neigh-
boring channels. If the module is triggered by its compare unit, it distributes
an n unit long trigger pulse to all of its neighbors. n is 1, 2, 3 for a 7, 13 or
19 environment (Figure 5.4). If the module is triggered from a neighbor, it
distributes a one unit shorter trigger pulse to neighbor 120o from the trigger
source. The type of the trigger is reported in trig−ID. On the trailing edge
of the the trigger pulse the write unit is activated, transferring data words
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to the FIFO starting with trig−ID and time stamp. Pretrig determines how
many cells should be used in the pipeline delay, thus the number of pre-pulse
samples. The write signal is generated (during the window number of clock
cycles) to the FIFO for writing data. The FPGA and the programmable
registers (window, pre-trig and level) are programmable via its JTAG port
which is driven by the DSP Multichannel Buffered serial port

5.3.2 The DSP implementation

The software that enables the DSP to function in a IEEE 1394 (the Firewire
standard) compliant mode was developed in our group [54]. It works as an
IEEE 1394 stack, allowing applications running in the DSP to send and re-
ceive data through the bus via a provided application programming interface
(API). The run time kernel (DSP/BIOS) [55] from Texas Instruments is used
for scheduling threads and setting up interrupts. The on-chip direct memory
access (DMA) is used to transfer data from the FIFO to the internal memory
of the DSP. The DMA is configured to work in repetitive mode; when the
FIFO is almost full it sends an interrupt to the DSP. The DMA then moves
a block of data in burst mode to a buffer in the internal DSP memory and
sends an interrupt to the CPU. The CPU then acts by setting-up the DMA
to perform the next transfer to a new buffer and starts the pulse processing
algorithm to extract the amplitude of each channel, format the data and call
the API that sends the results to the host PC. A dual-buffering scheme was
used to ensure that the CPU does not operate on an incorrect set of data; the
DMA moves the data from the FIFO to one buffer while the CPU operates
on the other buffer.

Figure (5.6) displays the most important threads of the program imple-
mented in the DSP. The program starts with the main() thread, where it
initializes and sets parameters of all peripherals (Xbus, DMA, Multi-channel
serial port) as well as registers required for proper functioning of the system.
The DMA−ISR() thread starts running when the DMA signals that it has
finished moving the data block from the FPGA to the DSP data memory. It
begins by setting up the destination register of the DMA, checks the start or
stop command if received from the host PC, and posts the pulse processing
thread for running. In the pulse−processing() thread, the destination buffers
are first swapped, so that the DMA will continue moving data to the previous
buffer while the DSP is working in the current one. As the data arrive as
blocks of 16 events (each channel with a trigger ID and 16 data samples),
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Figure 5.6: Different threads running on the DSP, lines from the code are
removed intentionally in order to show the important features.
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the processor extracts the time stamp of the event and the trigger ID of each
channel and sends the samples to the optimal filter algorithm to extract the
energy. When all channels are processed, a transmitting buffer is allocated,
filled with the results and sent to the host PC by posting the transmitting
thread TX1394(). While the pulse processing thread is running, the inter-
rupt from the DMA is disabled, thus the thread will run to completion. At
the end of the thread the condition register of the DMA is cleared and the
interrupt is enabled.

5.3.3 Host PC implementation

The major part of the host PC software was programmed using the graphical
programming tool Labview. The Labview main program implements the
functions for downloading the FPGA configuration bit file, setting up the
different parameters and the sorting algorithm. The sorting algorithm is
responsible for collecting all data from the different modules, assembling the
data sets which belong to one event and storing them on the hard disk for
later processing or buffering them to make them available for the positioning
algorithm for real time visualization.

The sorting algorithm was implemented in two threads, the producer and
the consumer. The producer thread was implemented in C++ using the
Firewire APIs from the Firewire board supplier. This thread has a higher
priority, and its main task is to wait for data and sort it on the basis of
which board is the source. The data from the same board are pushed to
a global buffer. The consumer thread is busy emptying the global buffers
and building the events. Channels with the same time stamp and trigger ID
different than 00 (00 means that the channel did not receive any trigger) are
considered as a single event. The last process is the positioning, a simple
Anger logic algorithm has been implemented to extract the X Y position for
each projection. Events consisting of position, energy and projection angle
are saved for the image reconstruction algorithm.

5.4 Debugging, calibration and evaluation

Different methods and tools were used for debugging the firmware, the soft-
ware, each separate board and finally the three-boards subsystem. The func-
tionality of the firmware was tested by a functional simulation (ModelSim
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Figure 5.7: Threads execution with the execution graph

simulation tool) and post layout simulation by using low-level VHDL code
returned by the LeonardoSpectrum Synthesizer, and the timing file (sdf). Af-
ter implementation the hardware was tested with real data from the detector
using the ChipScope Pro tool from Xilinx. ChipScope was used as a built-
in logic analyzer allowing inspection of different internal signals. The Code
Composer Studio (CCStudio) Integrated Development Environment (IDE)
from Texas Instruments [56], was used in the embedded software developing
process. The profiler from the CCStudio was used to find and optimize the
time consuming sections of the software.

Different configurations of the thread priority assignments were tested.
The task execution with execution graph of the optimal configuration is
shown in Figure 5.7. The bus reset has the first priority in order to re-
set the bus immediately whenever a node has been added to the Firewire
bus or when problems have occurred. The transmitting (TX1394) and re-
ceiving threads (RX1394) should have the second priority to prevent losing
data. Sent−Queue−Scanner prevents the system from crashing by checking
if all buffers are not full, and is run before attempting to send a new data
block. The pulse processing thread has the third priority and it is assured
to run to completion, because the TX1394 is posted from this thread.
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5.4.1 Calibration of PMTs

The amplification gain of PMTs is not the same. In order to have a good
positioning, each channel must be normalized. By moving a technetium
(99mTc) source in front of each channel and recording the maximum energy
by a multi-channel analyzer implemented in Labview (Figure 5.8), we were
able to normalize all channels.

5.4.2 The first picture

After several tests with point sources and a phantom, a SPECT image of a
rat heart (Figure 5.8) was performed with 99mTc-Mibi- Cardiolite. Because
so far only a subsystem consisting of 18 PMTs has been instrumented, we
had to rotate the rat in front of the working sector. The center of rotation
was at 5 cm from the parallel collimator. We took projections from 32 angles,
one minute for each projection.

List mode data was generated and reconstructed at the nuclear medicine
department of Karolinska hospital (Figure 5.9).

Even though a slice of the DAQ system has been manufactured, tested
and successfully used in an actual measurement, a certain amount of work
remains before completing the full system. This has not yet been done due
to lack of resources. At this stage the Biocare project (chapter 6) has been
prioritized.
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Figure 5.8: the rat in the SPECT Scanner
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Figure 5.9: SPECT image of the rat heart
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Chapter 6

PET related projects

6.1 The Biocare project

Within the Molecular Imaging for Biologically Optimized Cancer Therapy
(Biocare) project, the goal of Work Package 1 is to develop a high resolu-
tion, ultrasensitive large field-of-view, whole body PET-CT camera and a
diagnostic treatment unit for molecular tumor imaging and therapy response
monitoring. The Karolinska institute and Stockholm university groups have
focused on the design of a PET detector front-end using early digitization
with a free-running clock that can be adapted to the two PET detector con-
figurations under consideration: LSO+PMT and LSO+APD. The task of
the front-end is to deliver optimum time and energy resolution in real time
for high count rate PET. The front-end will consist of a low pass filter for
anti-aliasing, an analog-digital converter, a digital processing module and a
link to transfer the results to a digital coincidence unit. The processor mod-
ule and the link are most conveniently implemented in a high performance
FPGA.

6.2 Experimental setup

The first experimental set-up consisted of two PMTs, each coupled to a
4x4x20 mm LSO crystal wrapped with Teflon tape (4x20 side on PMT
surface). In order to detect coincident signals, the two PMTs were arranged
face to face with gamma source (Na22 ) between them (Figure 6.1). Two
different PMTs have been used: Photonis XP2020 [57] and Hamamatsu
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Figure 6.1: Two PMTs face to face to detect the coincidence events

R9779 [58].

The first step was to build an analog reference setup for time measure-
ment in order to check the detector set-up and to allow comparisons between
analog and digital timing. A schematic diagram is shown in Figure (6.2).
Here, each detector feeds a fast timing channel and a slow energy channel.
In the timing channel the anode of each PMT was connected to a constant
fraction discriminator (CFD), the output of one of the CFDs was connected
to the start input of the Time to Amplitude Converter (TAC), and the other
was connected to a delay unit and from there to the stop input of the TAC.
The amplitude of the TAC output pulse is proportional to the time interval
between start and stop signals. The TAC output pulse was connected to a
multichannel analyzer. The last dynode of Each PMT was connected to a
slow channel, which consists of a pre-amplifier, a shaping amplifier to op-
timize energy resolution, and a single channel analyzer (SCA) to select the
energy window. The output of the two SCAs were feds to a coincidence unit,
and the coincidence output is used to gate the MCA.

The experiment was repeated for different PMTs and the results were
consistent. The coincidence peak of the time distribution obtained from the
set-up where the two XP2020 PMTs are coupled to a 4x4x20 mm LSO is
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Figure 6.2: The analog set-up for time measurement
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Figure 6.3: The coincidence peak of the time distribution (from the analog
set-up, LSO/PMT versus LSO/PMT
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shown in Figure (6.3).

6.3 Digital timing measurement

Here we kept the detector set-up unchanged, feeding the anode signals from
both PMTs to the free running ADCs of a commercial data acquisition board;
the BenADDA-USB board from Nallatech (Figure 6.4) [59]. The key features
of the BenADDA are:

• On-board Xilinx Virtex-II FPGA.

• Two independent analogue capture channels.

• 2x 14-Bit resolution ADC, with up to 105MSPS sampling rate each.

• 3rd order anti-aliasing filter on the analogue inputs.

• Differentially clocked ADCs.

• Xilinx Spartan-II PCI FPGA, pre-configured with PCI, USB and board
control firmware.

• 8MB of SRAM memory, in two independent banks.

• Multiple clocking options: internal and external.

• Connection to PC via a USB port or via PCI.

6.3.1 Implementation

After the anti-aliasing filter, data from the two PMT’s anodes were sampled
by the 14 bit free running analog digital converter at a rate of 105 MHz.
The detection algorithm implemented on the FPGA is relatively simple and
follows the same approach described in the SPECT project. The sampled
data from the ADC were compared sample-by-sample to a programmable
trigger level, where one clock cycle trigger signal is generated when the data
of one of the channels is higher than the level trigger. If at the next clock
cycle a trigger signal from the other channel is found, a window is opened for
a programmable number of clock cycles (samples) in order to cover the width
of the pulse along with a few pre-samples to restore the baseline. During the
opening time of the coincidence window the delayed data of both channels is
merged in the 32 bit words and written to a FIFO. When the FIFO is full it
generates an interrupt signal to the host computer.
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Figure 6.4: The BenADDA board and a schematic of the data flow
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6.3.2 Software

A development API for C/C++, supplied with the board, has been used for
building a dynamic loading library (DLL) for the control and configuration
of the FPGA, this allows data to be transferred between the board and host
PC. The processing algorithm for data analysis and a user interface was
developed using Labview. During start-up the program calls the DLL for
configuring the FPGA and for writing to different control registers. After
that it enters a loop, waiting for a block of data. When data arrives, it is
sent to the processing unit to extract the timing information.

6.3.3 Data analysis: Extracting the timing informa-
tion

For extracting the timing information of each event we used the same optimal
filtering algorithm developed for the SPECT (see chapter 4 and paper II).
The algorithm was implemented in a PC using the C programming language.
After calculation the arrival time of the two pulses belonging to same event,
the difference is stored in a histogram. We were not able to get a clear
coincidence peak for the time distribution. The result has been interpreted
as being due to the sampling rate which is too low to get a sufficient number
of samples in the rising edge of the pulse.

6.4 Digitizing by using the oscilloscope

In order to solve the above problem we used a Lecroy 8300 A oscilloscope,
with 3 GHz analogue bandwidth, 20 GS/s sample rate and 8 bit resolution
for sampling the pulses. The detector setup was the same. The anode signals
were fed directly to the oscilloscope and the gate signal obtained from the
analogue setup (Figure 6.1) was used for triggering the oscilloscope. We
stored 10000 events and sent the data file to a PC for processing. We used
the same processing algorithm for different sampling rates and we found
that when we have more than 3 points in the rising edge the problem of the
coincidence peak is resolved but the timing resolution obtained was worse
than the analogue one, even for very high sampling rates.



64 PET related projects

6.4.1 Pulse and noise analysis

To understand why the matched filter method was not efficient for the data
obtained from the digital set-up even with high sampling rates, we decided to
perform a full study on pulses and noise from different PMTs with different
bases, and to develop a simulation model to study different features on the
data. The results are presented in paper V, and the main conclusion is that
since the noise is not stationary, the conditions for efficiently using matched
filters are not fulfilled.

6.4.2 The timing algorithm for non-stationary noise

A timing algorithm for non-stationary noise has been derived using the least
square method. Due to the heavy calculations, the algorithms have been
implemented using the Matlab tool. We studied the timing resolution of
different PMTs and from the simulated data. The results were compared to
the analogue reference and to results obtained from the CFD method (see
Paper V). We have shown that that the timing resolution calculated from
the developed algorithm is at least 30 ps better than the analogue one, 382
ps with analogue and 351 ps with digital (Paper V).

It is important to find the least sample rate and the least number of
ADC bits that could be used without losing too much on the resolution.
This information helps to find a way to implement the algorithm in real time
at reasonable cost. The effect of the sampling rate and the numbers of bits
on the timing resolution were evaluated with both the experimental and the
simulated data (see Paper V).

6.4.3 LSO/APD timing

Optimizing the timing performance of LSO/APD detectors is especially im-
portant for high count rate PET applications where random coincidences
are a problem. The set-up consisted of a Plastic/PMT combination facing
a LSO/APD detector. The LSO crystals are the same as the ones used in
the PMT experiment described above (4x4 side on the APD surface). The
APD is a S8664-55 from Hamamatsu operated at 370V. Because the signal
from the APD is very weak, a Cremat CR-110 charge sensitive preamplifier
was used after the APD. We used the same method for sampling and pro-
cessing data. Figure (6.5) is LSO/APD sampled pulse and Figure (6.6) is
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Figure 6.5: LSO/APD pulse sampled at 2 GHz

the coincidence time from the analog set-up.

The coincidence timing from the digital pulse processing using the non-
stationery noise optimal filter algorithm is 1.1 ns, and it is 300 ps better than
the analog one (1.4 ns). This improvement is 10 times better compared to
the one obtained from the LSO/PMT-LSO/PMT set-up. The main reason
for this is due to the larger width of the APD pulses (and thus wider noise
correlation) compared to the PMT signals.

6.5 Ethernet based distributed data acquisi-

tion system

To address the problem of processing the high count rates associated with
many PET and SPECT systems, and to implement the digital signal process-
ing algorithms (described above) for high resolution timing in real time, we
decided to push the performance of the digital data acquisition system even
further. The performance of state-of-the-art FPGAs, the availability of very
high speed ADCs and the experiences gained from previous projects (particle
physics and SPECT) were the motivation for developing a distributed data
acquisition system.

The system architecture is shown in Figure (6.7). The distributed mod-
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Figure 6.6: coincidence timing calculated from the analog set-up, plas-
tic/PMT versus LSO/APD

Figure 6.7: The architecture of distributed data acquisition system built
around system on FPGA Ethernet based controllers
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Figure 6.8: System on FPGA. Trigger logic, Pulse processing algorithm,
memory and Microprocessor are all implemented on single chip

ules are connected to a server implemented on host PC through 10-100-1000
Mbit Ethernet via a switch. The server has access to a database, where
different configuration parameters and raw data or projection data from the
detectors are stored. Different clients can connect to the server in order to
control and monitor the system.

6.5.1 An FPGA based data acquisition module

An FPGA based data acquisition module has been developed for implement-
ing the data acquisition and the pulse processing algorithms described above.
The module is fully digital; the only analog part is the anti-aliasing filter just
before the ADCs. After the high speed ADCs, a state-of-the-art Xilinx FPGA
was used to implement the system on a single chip (Figure 6.8). It is an auto-
calibration system [58] running in two modes: calibration and production.
The calibration mode is handled by network based controllers implemented
in MicroBlaze (Paper IV) and the client implemented in LabVIEW (in the
host PC). In the production mode the pulse processing algorithm is a systolic
array implemented in the FPGA fabric; it consists of generic pulse processing
blocks, each block contains a multiply and accumulate unit (MAC), a block
RAM and logic unit (paper III). The number of the pulse processing blocks
and the number of MACs in each block is generic and are determined by the
sampling rate, FPGA speed, and the timing resolution required.
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The on-chip system was implemented in a Xilinx Virtex-II Pro (XC2VP7)
on a development board from Memec, FF672 Rev 2, where the MAC was
implemented using dedicated 18x18 multipliers. For high resolution timing
the system was implemented in Xilinx Virtex 4 FPGA (XC4VSX35-FF668)
on a development board ML402, where the DSP48 slice capable of operating
at 500 MHz [60] was used for implementing the MAC blocks. A National
Semiconductor 1GHz 8-bit ADC (081000) will be used as a data source. A
high speed general purpose board based on Virtex 4 FPGA (XC4VSX35-
FF668) has been designed, and tested recently in our group [61], and it is
planed to be used with high speed ADCs from Atmel (AT84AS004 ) allowing
sampling rates up to 2 GHz.

6.5.2 The server and control clients

From the prototyping and evaluation phase to the production mode of PET
or SPECT system, one usually uses different development tools. For ex-
ample one may start with Labview for control and monitoring in the eval-
uation phase and finish with an optimized piece of software developed in
C or other language for the production mode, or work with different tools
at the same time by assigning each one the task which it can do best. In
order to overcome the complexity associated with the development of embed-
ded controllers, standardized middleware communication modules have been
designed and implemented in the server. By doing this, we made the com-
munication between DAQ modules and the server standard and independent
of the client module used for control and monitoring (paper VI).

It is a distributed system for control, monitoring and data acquisition
and processing of a network-based detector system. It is based upon inter-
changeable modules for the back-end, front-end and functional logic, making
it suitable for both rapid prototyping and full-production systems.



Chapter 7

Summary of the publications
and activities of the author

When I joined the SPECT project, in the beginning of 2000, a new data
acquisition system for the SU/KS SPECT camera was under design and
development by the graduate students Pontus Stenström, Anders Rillbert
and Frezghi Habte. I started in the project by designing and implementing
the trigger distribution and synchronization, and pulse recording part of the
system. Paper I was written to describe the new data acquisition system.

Unfortunately, at the time when the boards were manufactured, the three
other students left the department. It was then a challenge for me to com-
plete the project by myself. However, the complexity of the system espe-
cially the Firewire part and the poor documentation of some components
made it a slow process. During this period I went through the entire devel-
opment chain, from designing a new ADC board, implementing the firmware
in the FPGA, designing and implementing the pulse processing algorithm in
the FPGA, DSP-FPGA communication, PC-DSP communication and imple-
menting sorting algorithm in the host PC. Debugging a PCB board designed
by another person is the most difficult task. Finally the first picture of the
SPECT was produced, which we described in paper II.

In August 2004, I started with the Biocare project. I started the project
from scratch, purchasing equipments, learning how to use them, and ini-
tial tests. We wrote paper III to describe how to implement the optimal
pulse processing algorithm for time and energy calculation in the FPGA.
The principal investigator of Paper IV was Clyde Robson. In this paper,
we described how to use embedded processor in Xilinx FPGAs and small
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footprint real time operating system to implement an Ethernet based data
acquisition system. Beside the algorithm implementation in the FPGAs, the
aim of this project was investigating the possibilities of improving timing for
PET using free running ADCs. Different methods and configurations have
been tested, and a new method was developed. The work was described in
details in paper V.

Learning from our experiences from previous projects, developing embed-
ded software in distributed data acquisition systems for each specific project
is costly in time. A new approach based on replaceable middleware com-
munication and high level software packages was adopted in designing a new
generation of a network based distributed data acquisition system, which can
be used for SPECT or PET or an other projects. This work was described
in paper paper VI and paper VII also with Clyde Robson as principal au-
thor. Both papers will be slightly extended and sent to IEEE Transactions
on Nuclear Science.
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