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Abstract 

OpenPET was developed to be a scalable and flexible design for data acquisition and signal 

processing in Positron Emission Tomography (PET) systems. The OpenPET hardware design is 

mature, but the control software and firmware need further development. In this thesis we 

developed a software application to connect a host PC with an OpenPET system. We also 

developed data acquisition firmware that allows data transfer to the host PC. A novel design for 

an OpenPET coincidence detection processor was proposed, with its basic functionality 

implemented and validated. A novel method to process PET events in real time was also 

introduced and validated using simulated data. The feasibility of implementation of this method 

using Field Programmable Gate Arrays (FPGAs) was demonstrated for our OpenPET system.  
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Chapter 1. Positron Emission Tomography 

1.1 Chapter overview 

This chapter provides a background for the physical processes that happen in Positron Emission 

Tomography (PET), describes techniques of implementation of PET data acquisition systems and 

methods for processing of the PET events and construction of PET images.  

 

1.2 Introduction 

PET is a non-invasive technique of nuclear medicine imaging. It is known for its capability to 

detect picomolar concentrations of radiotracers in vivo and producing 3-dimensional images of 

the bio-distribution of radioisotope labeled tracers. Each type of tracer connects to a different 

type of cell receptor or gives information about a different metabolic path way. The information 

about the tracer’s distribution enables researchers to better understand the metabolic processes 

associated with the labeled cells and serves as an important input into molecular therapy and 

molecular diagnostics [1].  

The physical processes that happen in the scanned object are described in Figure  1-1. The pair of 

511 keV photons is created (Figure  1-1 step 5) when a positron is emitted in the decay of a 

radioactive nucleus (Figure  1-1 step 2) and subsequently combines and annihilates with an 

electron (Figure  1-1 steps 3 and 4). The event when these two antiparallel 511 keV photons hit 

the detectors is what we are trying to detect. 

It should be noted that different arrangements of detectors are possible in PET systems [2]. 

However, ring systems are the most common. 
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Figure 1-1. Positron Emission and Annihilation Process with production of 511 keV photon pair 

detected in a PET scanner. Image courtesy of Dr. Andrew L. Goertzen. 

 

 

The functional schematic of the PET data acquisition system is described in Figure 1-2.  When a 

photon hits a detector, a system generates a “single event” – the record of characteristics of the 

photon detection: its energy, time stamp and position, i.e. detector and crystal IDs where the 

photon was detected. The events are passed to the “Coincidence Processing Unit”, which 

identifies the events that may have originated from the same annihilation. The events are 

considered to originate from the same annihilation if the difference between their time stamps is 

less than some predefined time  . The time   is in the range of several nanoseconds, depending 

on the system. If two events are considered to have originated from the same annihilation, they 

are combined into the “coincidence event” – a record of both single events with their 

characteristics. The “Coincidence Processing Unit” either sums the coincidence events into a 

histogram called a “sinogram” and sends it to the host PC for reconstruction, or sends the 

coincidence events individually to the host PC in list mode format. 
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Figure 1-2. Functional schematic of PET data acquisition system. Source: 

http://en.wikipedia.org/wiki/File:PET-schema.png 

  

A pair of single events identified as a coincidence determines the line of response (LOR) along 

which the positron emission event occurred as shown in Figure  1-3. The arrow connecting two 

detector modules represents the LOR. 

The identification of a coincidence pair is done by applying a time window technique as 

described in Figure 1-4. The approach is based on the assumption that if both photons originate 

from the same coincidence then they will be detected at approximately the same time. Since 

there maybe some difference in the detection time caused by the difference in time of flight and 

uncertainty in timing measurement due to limitations of signal creation at measurement 

processes, single events will be considered as a coincidence event if there is a difference between 

their detection time, but the difference is smaller than a predefined time    

http://en.wikipedia.org/wiki/File:PET-schema.png
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Figure 1-3. PET system with one ring of 16 detectors. 

 

 

Figure 1-4. Coincidence detection using time window technique. 
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The single events are merged from all detectors into a single stream. A window of time τ is 

opened from each event. If another single event appears in this window – the pair of single 

events will be considered as a coincidence event. 

While the coincidence detection may be done either in the data acquisition system or on the host 

PC, the construction of an image is typically done on the host PC due to the computational 

complexity of image reconstruction, requiring the scan data to be transferred between data 

acquisition system and stored on the host PC during the scan.  

 

1.3 Types of events in PET 

The final PET image is created by collecting millions of events in order to build up a map of the 

radiotracer distribution in the subject being imaged. Each coincidence is characterized by its 

LOR. During the acquisition multiple LORs are detected from each point. An intersection of 

these LORs gives a location of the point where the annihilation took place, as shown in Figure 

1-5. In this way the image pixels may be assigned a value proportional to the level of activity in a 

point of a subject. The final image is represented by levels of gray proportional to the level of 

activity in the point. An example of a PET scan image is shown in Figure 1-6. The bright regions 

on the PET scan image represent tumors. Comparing the PET scan image with the CT scan 

image, on the PET scan image we can identify the areas of increased tracer uptake, which, in this 

case, represent tumors, while on CT images nothing distinguishes tumor from normal tissue. 
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Figure 1-5. Intersection of LORs at the point of annihilation. 

 

 

 
 

Figure 1-6. Detection of tumor. Final image of PET/CT scan. Upper images are created by the 

PET system while lower images by CT. Image source: Great-West Life PET/CT Centre. 
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However, not all events contribute to the final image in the same way.  There are four types of 

events that are detected by a detector ring:  

1. True events: the events that are the result of a detection of a photon pair where both 

photons originate from the same radioactive decay and are detected without scattering in 

the object or gantry.  

2. Random events: the events that are the result of a detection of a photon pair where the 

photons originate from different radioactive decays. 

3. Scattered events: Occurs when at least one of the photons is deflected in a Compton 

scatter causing the detected line of response to be different from the one on which the 

annihilation occurred.   

4. Multiple events: the events that are the result of a detection of three or more photons 

where all of them may be considered for the same coincidence. Therefore, two or more 

coincidence pairs may be generated, where at least one of them does not originate from a 

single annihilation. 

The schematic definition of all four event types can be found in Figure 1-7. 

While the multiple events may be identified and rejected right on the system, the event stream, 

also called the prompt events (or Prompts), is comprised of from the true events (or Trues), the 

random events (or Randoms), and the scattered events (or Scattered). The counts of the stream 

are written in the following way:          
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Figure 1-7. Types of events that can be detected in PET system: a. True Events, b. Random 

Events, c. Scattered Events, d. Multiple Events. While the annihilation happened on the solid 

lines, in the case of Random, Scattered and Multiple events the detected lines are the dashed 

ones. 

 

Figure 1-8 presents the rates of Trues, Randoms and Scattered as they appear in the Siemens 

Biograph 16 PET/CT system [3], a clinical whole-body PET/CT system.   The Biograph system 

contains 144 detectors positioned as three rings. We can see that Prompts increase linearly with 
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activity up to a break point at 40kBq/mL. The break point is caused by hardware performance 

limitations. Randoms increase as a square of activity, which is consistent with Randoms 

estimation Method 2 discussed in section  1.4. 

 
 

Figure 1-8. NEMA Count Rate of Siemens Biograph PET/CT scanner. 

 

While Figure 1-8 shows the count rate of coincidences in a system, the count rate of single 

events in this system is much higher. The ratio of the count rate of single events to coincidence 

events varies from 10 : 1 to 100 : 1 and depends on the architecture of the system, on the 

absorber density and on the distribution of radiotracer in the scanned body.  
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There are several factors impacting the ratio of Randoms and Scattered in the raw data: activity 

rate (as follows from Figure 1-8),  shape and activity distribution of the object, and field of view 

(FOV) definition [4, 5]. 

 

1.4 Processing of different types of events 

In the optimal case we would like to process true coincidences only. Hoffman et al. found that 

the Randoms impact image quality by overestimating the activity of each scan data point and 

incorrectly add background intensity into the images of the object of interest [6]. He also 

discussed three methods for removal of Randoms from the PET data.   

Method 1 is based on the assumption that Randoms tend to be uniformly distributed over the 

field of view. The method describes the estimation of the Randoms rate per detector pair based 

on a mean value of Randoms in the system. This method can however lead to 50% error in 

Randoms estimation.  

In Method 2 the Randoms are calculated in software from all detected coincidences based on 

singles detection rates in each crystal of each detector using Equation 1-1. 

Equation 1-1:                     

 

where    and     are the rates of singles in detectors c1 and c2 and    is the coincidence 

window of the system. The concept of    comes from the analog implementation technique 

where the detection of coincidence was done using an analog gate “AND” as shown in Figure 

1-9. The maximum window size in this case is   , which is used in the Equation 1-1. 
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Figure 1-9. Coincidence detection with analog gate AND. 

 

Method 3 is based on generation of the Randoms from single events and subtracting the 

Randoms counts from Prompts counts during the image reconstruction process. The Randoms 

are generated by a “delayed window” technique: while the prompt coincidence processor 

identifies single events as a pair if the difference between their time stamps is less than  , using 

the “delayed window” technique the processor compares the single event stream with events that 

happened time T ago. If the delay of the window, T, is much longer than the acceptance window 

 , then the coincidences detected between the delayed event and the not delayed event will not be 

caused by a single annihilation process. This type of coincidences is therefore accidental. The 

“delayed window” coincidence identification scheme is described in Figure  1-10. Each single 

event opens a window of width   delayed by a time T. If in both windows there are single events 

– they will be considered as a coincident event. The example in  Figure  1-10 shows identification 

of delayed coincidence event (S2, S6).  
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Figure 1-10. “Delayed window” coincidence identification scheme. 

 

There are numerous possible ways to generate a delayed event stream for delayed coincidences 

detection. In analog systems it was done by splitting the Prompts stream into two and physically 

delaying one of parts before reaching the AND-gate based coincidence processor. In digital 

systems one of the ways is by delaying the whole stream by use of a buffer, merging the delayed 

stream with the non-delayed and running the regular coincidence detection algorithm on the 

resulting stream as each accepted coincidence include events from both streams.   

The delay time should be greater than a coincidence window. However, this implementation will 

create a mirroring effect described by Tetrault [7, 8] and shown in Figure 1-11. 
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Figure 1-11. Mirroring effect of Delayed event random estimation spectrum construction for two 

channels. [(Stream B + Delay) – Stream A] moves “Delay” bins to the right. [Stream B – 

(Stream A+ Delay)] moves “Delay” bins to the left . [8] 

 

In this scheme each event is used twice: once in a delayed window and once in a main window, 

thus doubling the amount of generated events. The correction proposed by Tetrault includes 

application of a condition that in all accepted coincidences the channel ID of the delayed event 

will always be smaller than the channel ID of the prompt event. Another way is by applying a 

NOT operation on the most significant bit of the time stamp. 

The generated Randoms are sent to the host PC together with Prompts. Therefore, the system 

throughput contains P + R = T + S + R + R = T + S + 2R. On the host PC during image 

reconstruction the Randoms counts are subtracted from Prompts counts. The final image, 

therefore, contains P – R = T + S only. 
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1.5 PET systems: techniques and implementations 

1.5.1 Positron Detection Process 

The interaction of the photon with the PET system happens in the detector block. The structure 

of the detector block and the description of the transformation of the 511 keV photon into an 

electrical signal are shown in Figure 1-12.  

 

              
  (a)       (b) 

Figure 1-12. Detector block. (a) Diagram with scintillator crystals and photomultiplier. Image 

source: www.wikipedia.org. (b) Process description. The 511 keV photon strikes the scintillator 

and causes visible light emission. The light is detected by the photomultiplier tube, which also 

serves as a signal amplifier. 

 

The detector block is built from an array of scintillation crystals that are coupled to a 

photodetector, such as a photomultiplier tube (PMT). The detection of high energy photons starts 

at the scintillation crystal, which after the interaction of a high energy photon emits visible light. 

Using an array of small size crystals instead of one crystal covering the photodetector increases 

the resolution of the location of the photon detection. The photodetector absorbs the light and 

generates an electronic pulse. Then the pulse is amplified in the PMT. The PMT is either 2 x 2 

array of single output photomultipliers or a PS-PMT with four analog outputs. The output of the 
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PMT, represented by four analog signals, allows identifying the location of the crystal where the 

interaction with the photon occurred and the energy of the photon. In order to identify the 

location the energy of each single output is measured and the location is calculated using 

Equation 1-2 and Equation 1-3: 

Equation 1-2:     X = 
     

     
, 

Equation 1-3:     Y = 
     

     
, 

 

where X and Y are the location of the crystal where the interaction occurred and      ,      are 

the energies of the four outputs of the PMT.  A diagram of the process is shown in Figure 1-12. 

Examples of the pulses can be found in Figure 1-13. Note that the rise time and peaking time are 

constant for the summed signal but vary for the individual signals in this case. The variation is 

caused by difference in the energies of the signals. 

The characteristics of the pulse, i.e. the rise time and the tail length, vary between detectors. 

They depend on both the type of scintillator crystal and of the photomultiplier. 

As there can be many crystals in each detector, the number of outputs from the detector module 

can vary. The crystals may be either one-to-one coupled between scintillator and photodetecor, 

and their signals read out separately from each crystal as implemented in the LabPET system[7, 

8], or multiplexed to a smaller amount of outputs as implemented in the Siemens Biograph [9] 

and many other systems.  
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Figure 1-13. Oscilloscope traces of the outputs of two individual channels (yellow and blue) and 

their sum (green). The time scale is 100 ns/division. 

 

While the first PET systems were purely analog, today’s data acquisition systems have both 

analog and digital parts. Despite different systems having different designs, there are several 

common funtional blocks that appear in most systems. The schematic of these blocks appears in 

Figure  1-14 and is described in the next section.  
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Figure 1-14. Functional schematic of the event detection scheme 

 

1.5.2 Analog signal processing 

As a first step, the detector output signal goes through a pre-amplifier. That is done in order to 

bring the signal to the working point of the system. Conventionally, the output of the 

preamplifier would be split into a fast/slow circuit where the fast circuit determines the timing 

and the slow circuit signal is shaped and sampled by an analog to digital converter (ADC) as 

close as possible to its peak value.  

The traditional methods for threshold detection are leading edge discriminator (LE) and constant 

fraction discriminator (CFD). LE is an amplitude dependent method while CFD is amplitude 

independent. The methods can be implemented either in analog or in digital electronics. Both 

methods require careful selection of triggering parameters and should be optimized for a given 

detector [10].  The timestamp is either calculated by using the first sample of the ADC and 

drawing a line to cross the threshold as shown in Figure 1-15, or using a timing circuit. The 

timing circuit generates a timestamp of a pulse using a time to digital converter (TDC). The TDC 

generates a high frequency internal clock and a counter, and outputs the count of the clock when 
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the pulse crosses a predefined threshold. A TDC provides an improved resolution compared to 

the line crossing method. 

 

 

Figure 1-15. Timestamp calculation basing on the first sample of the pulse. The timestamp is 

calculated from the first sample of the signal that crosses the threshold.  

 

The time characteristics of the slow signal, i.e. its rise time, can be adjusted to the sampling rate 

of the ADC by low-pass filtering [11, 12]. It enables the ADC to be operated at a low sampling 

rate (e.g. 1 MHz or less); however, significant circuitry for pulse shaping and timing is required 

for each channel.  
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1.5.3 Analog to Digital conversion 

Among the ways to acquire pulse samples using an ADC the most common are free-running 

ADC [13-16] and trigger based ADC approaches. The free-running ADCs sampling rate varies 

from 40 MHz to 100 MHz depending on the selected device and throughput capabilities of 

participating electronic modules. The advantage to using free running ADCs is that the detector 

output is sampled directly with minimal, if any, shaping circuitry, simplifying the data 

acquisition process and minimizing pulse pileup and deadtime effects. Pulse pileup occurs when 

a photon interacts with the system during the processing of the previous photon, i.e. the single 

events coming to a certain detector are too close to be individually resolved. It causes a pulse 

pileup as two pulses from detector module will overlap. The time required for photon processing 

is also called a deadtime, when the system is not capable to process the next photon. 

There are also several constraints with this approach. Among them is the need to match the 

electronics to the response of a specific detector as the characteristics of pulses may vary from 

detector to detector, additional effort in data processing during energy calculation as the 

processor has to calculate a baseline and detect the pulse, possible impact on time resolution as 

timestamp is calculated from the first sample of the pulse and not generated by a dedicated 

hardware module, and increased power consumption. 

The ADC module can be either implemented in a custom developed board [12, 13] or by feeding 

the shaped analog signal into commercially available DAQ cards [14]. Another novel technique 

is the use of the DRS (Domino Ring Sampling) - high speed Waveform Digitization module, 

which is a Switched Capacitor Array (SCA) chip.  The chip can input up to 8 channels, and is 

capable of digitizing them at sampling rates up to 6 Giga-samples per second. The high sampling 

rate is achieved by using an array of capacitors for storage of the incoming pulse and outputting 



 

20 

 

the presampled values of the capacitors. The chip can be used in many data acquisition systems 

replacing the use of traditional ADCs and TDCs [17, 18]. This high time resolution is required 

mostly for Time of Flight (TOF) applications: while non-TOF systems require nanosecond time 

resolution, TOF systems require a resolution of 100-200 picoseconds. It implies the quantization 

of a timestamp to be 25-50 ns. TOF applications calculate the location of the annihilation point 

by measuring difference in the arrival time of both photons which gives information about where 

along the LOR the annihilation occurred. Measuring this distance for both the events from their 

detection points through the LOR, the position of annihilation can be found [19, 20]. The 

approach is shown in Figure 1-16. 

 

 

Figure 1-16. Finding the annihilation point using time of flight approach. 
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1.5.4 Digital signal processing  

The digital outputs of the ADC modules are fed into a field programmable gate array (FPGA) 

device that is controlled by a clock of around 100 MHz. The FPGA processes the data in real 

time to extract the characteristics of the incoming pulses - location, energy and time information 

[8, 15, 16, 21-23]. These characteristics actually define the “single event”. The FPGA devices 

may be used both for coincidence processing and for the system configuration, like initialization 

of ADC, TDC and other modules. The characteristics of the events are acquired and may be 

either transferred to the host PC which controls the system or passed to the next processing phase 

in the system. The length of the event word together with the event arrival rate determines the 

data acquisition system requirements such as throughput and PC storage space. 

In the case of multiple parallel input processing, FPGA based platforms have been shown to have 

an advantage over regular microprocessors (µPs) and digital signal processors (DSPs) due to 1) 

the presence of numerous parallel multiplier units on an FPGA device; 2) ability to implement 

algorithms in ways that are most tailored to these specific algorithms; and 3) avoidance of 

restrictions posed by the general architectures of µPs and DSPs [24].  

A central problem in building complete PET systems is the need to scale up the data acquisition 

system from a few channels to hundreds of channels. Many PET detector designs use four ADC 

channels per detector as this is a convenient way to calculate the location of the crystal where the 

interaction with the photon occurred. Data acquisition systems with anywhere from 4 to 32 

channels, useful for prototyping a small number of detectors, can readily be assembled from 

commercially available components. However, when one scales to a complete system, which can 

have anywhere from a few dozen to a few hundred detectors, the number of ADC channels 

required rapidly grows. For example, the PET imaging lab at the UofM is developing a prototype 
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PET insert for animal imaging that will have a single ring of 16 detectors, requiring 64 ADC 

channels. The next generation system will have 6 rings, each with 16 detectors, for a total of 96 

detectors requiring 384 ADC channels. This number of ADC channels typically requires 

obtaining a set of electronics from a manufacturer of commercial PET systems such as Siemens 

or GE, an option that limits the flexibility, ability to publish details of the work, and limits 

commercialization of the resulting technology developed. As an alternative to the commercial 

PET systems, the OpenPET system was developed. It will be described in section  1.7. 

 

1.5.5 Coincidence detection 

Methodology 

The detection of a 511 keV photon pair is based on the fact that both photons are emitted at the 

same time. Since the detected photons have a range of energies, the first step in event processing 

is to filter the incoming detected events by applying an energy threshold. The lower threshold of 

the energy window may start as low as 100 keV and the higher threshold may reach 700 keV in 

some systems. The energy filtering is usually implemented in the FPGA on the data acquisition 

board so that the coincidence detection is done on qualified events only. The next step is an 

identification of events with difference in time stamp less than a predefined time window, i.e. 

allowing the difference between the time stamps of both events to be smaller than a certain 

amount of time. The pairs that pass this filtering are defined as prompt coincidences. The time 

window is typically set in the range of several nanoseconds. Different systems have different 

settings for the energy and time windows [2, 25]. The high time resolution, i.e. detection of the 

photon time stamp as precise as possible, is extremely important in event detection as the 
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improvement in the timing resolution allows decreasing the Randoms fraction and therefore 

reduces the image noise caused by the presence of Randoms [26]. A low noise variance results in 

improved image quality.  

There are two common design options for data acquisition systems: detection of coincident event 

pairs in the system or in the host PC. Since hardware implementations are typically much more 

resource consuming, the simplest approach is detection on the host PC. In order to run 

coincidence detection on the host PC, the time stamp, energy and location information of any 

single event should be available on the PC and then various coincidence processing algorithms 

can be applied offline in software. However, the expected data transfer rate in a large system 

may exceed the maximum throughput. As was mentioned before, the ratio of singles to 

coincidences may reach 100 : 1. Using the maximum coincidence rates described in Figure 1-8 

and assuming that a single event word is 4 bytes, we can calculate that the required throughput of 

this system for the case where the single events are sent to the host PC may be equal to 360 

MByte/sec. 

There are several common data transfer modes that can be implemented in the data acquisition 

system. 

Raw ADC data mode: transfers ADC samples to the Host PC as is, i.e. without any processing. 

The mode requires a high throughput and can be typically supported for only one or a few input 

channels. Assuming an ADC generates 40Msample/sec and a single sample is 2 bytes, the 

required throughput would be 80Mbyte/sec per channel. For a four channel detector, this would 

require 320Mbyte/sec.   
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Single events time/energy mode: transfer single events to the Host PC for coincidence detection. 

The event word includes time stamp and energy information for the coincidence detection on the 

Host PC. This mode also requires a high throughput (360MByte/sec for 144 detector system as 

calculated above) and can be supported either for a limited number of detector modules or 

requires a wide throughput support or for low count rate operation only.  

List mode: transfers coincidence events to the Host PC after they were identified in the data 

acquisition system by a coincidence processor. This is one of the most efficient modes in terms 

of throughput usage. 

Typically, the coincidence detection is done on a host PC in either small systems or where there 

is no processing capability [14, 16, 27]. Other systems implement coincidence detection in 

FPGA modules [7, 8, 12, 21]. Real-time FPGA based coincidence detection allows for 

significant reduction in the amount of data that needs to be passed to and stored in the host 

computer, reducing demands on both data storage and data throughput.  

Overview of coincidence detection processors 

Real time coincidence processors can be implemented both in analog and digital ways. While the 

analog implementation was dominant in the first PET systems, we will focus here on the more 

recent digital implementation. The coincidence processors in many of the current systems can be 

divided into two main categories: AND-gate systems and time stamp systems [7, 8]. The AND-

gate systems perform real time matching of signal electrical pulses using an AND logic 

approach: if the pulses overlap and the output of the logical AND gate is high – they will be 

considered as a coincidence [23]. The matching is applied on all possible pairs of inputs, totaling 

N*(N-1)/2 pairs per N inputs. While such a system can support a high count rate for a small 
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number of detectors, the complexity increases with the increase of the number of detectors. As 

the number of pairs increases as a square of the number of inputs, it becomes challenging to 

support a high number of input channels. The time stamp systems generate an event time stamp 

for each event and compare the time stamps in a digital logic, typically in an FPGA module.  

Since events arrive to the coincidence processor from different detectors, in order to allow an 

effective comparison of their time stamps they have to be merged into a single event stream. The 

sorting or initial processing is done in different ways. Young at el. implemented an event priority 

algorithm based on token passing between processing units [21]. Tetrault at el. implemented a 

FIFO based merging and sorting scheme for merging several event streams into a single one. 

Coincidences are detected in a merged stream using an acceptance time window application on 

event flow [7, 8]. Douraghy, using a system with 6 detectors, implemented coincidence detection 

without pre-sorting. Due to the small number of detectors, the coincidence detection was 

possible to implement by comparing all-to-all the events coming from all six streams [12]. 

Usually, in order to decrease the amount of data sent to the host PC, a neighbor filtering is 

applied on the detected coincidences before sending. The neighbour filtering depends on how 

close the 2 detectors are that the events occurred in. An example of neighbor events in a 

coincidence is shown in Figure 1-17. The LOR connecting two neighbor detectors doesn’t cross 

the region where the scanned object can be placed. Therefore, the neighbor events represent a 

true coincidence and these coincidences are filtered out.  
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Figure 1-17. Neighbor events. 

 

1.6 Image reconstruction 

Each LOR is characterized by the angle and the distance from the center as shown in Figure 

 1-18. The center is marked with “X”. When multiple LORs are detected from the same point and 

recorded on the plot of distance vs angle, the resulting shape has the form of a sine curve as 

described in Figure  1-18. The shape is called a sinogram, and represents a Radon transform of 

the distribution. 

On the PC side the coincidence data is processed and added to a sinogram. The sinogram is a 

format allowing a mapping of LORs over displacements and angles for different positions of 

scanner and inter ring coincidences. The mapping can be done in 2D or in 3D mode.  The LORs 

are sorted by angle into projections.  

An example of projection is shown in Figure 1-19.  
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   (a)       (b) 

Figure 1-18. Example of a sinogram of a single point. (a) LORs crossing the point of 

annihilation. (b) Points representating the LORs on a sinogram. 

 

               

   (a)       (b) 

Figure 1-19. LORs are sorted by angle to create projections. (a) The sorted LORs. (b) Projection 

plot. 

 

bins 

counts 
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Each cell in the projection is called a bin and represents a count of LORs that have a certain 

distance from the center. As shown in Figure 1-19, the counts of LORs that go through the 

region of activity will be higher. 

An example of a sinogram is shown in Figure 1-20. This reconstruction process is described in 

detail by Fahey [28]. 

A Time of Flight (TOF) method discussed earlier is another technique to calculate the location of 

the annihilation point without the use of sinogram [19, 20, 26].  

 

 
 

Figure 1-20. A slice of a sinogram of a line source scan. The colors represent the count rate in 

each cell. 
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1.7 OpenPET system 

Recently, a new data acquisition system, called OpenPET [29], has been jointly developed by 

researchers at Lawrence Berkeley National Laboratory (LBNL) in Berkeley, California, and 

SensL, Inc. of Cork, Ireland. The OpenPET platform is designed to be a flexible, open source 

data acquisition platform for PET applications. Peng described the OpenPET platform 

framework in “The OpenPET Firmware and Software Framework”[30]. The framework 

describes the system hierarchy, list mode data structure, software framework models, and 

firmware (FPGA) framework models. The hierarchy section covers possible configuration 

descriptions, hardware, software and firmware structures, system addressing strategies, and 

system commands and responses. The list mode data section covers data addressing strategies 

and list mode data format. The software framework section covers a software description for the 

host computer and for the different types of system boards. The firmware (FPGA) framework 

model section describes the framework models for different system boards.  

The OpenPET system is a network with a tree topology. The architecture of OpenPET is 

supposed to fulfill two requirements: 1) compatibility with different detector modules and 2) 

compatibility with different system sizes. All documentation, source code, bill of materials 

(BOM), manufacturing and testing files, and any other related information are open source, 

which enables the research community to use and contribute to the development of this project. 

The different configurations of OpenPET system are described by Moses in “Specifying an 

OpenPET System” [31].  

The system can consist of several types of boards: Detector Board, Support Board, Coincidence 

Board, Multiplexing Board, USER IO board, HOST PC Interface Board, and Coincidence 

Interface Board.  There are three possible configurations of the OpenPET system: Compact, 
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Simplified Standard and Standard. The major difference between the configurations is in the 

maximum number of input channels and, therefore, detector modules, that can be supported by a 

system. The block diagram of the Small configuration system is shown in Figure 1-21, which 

describes the functional modules of a Compact system configuration. The Support Board can 

serve both as Coincidence Board and for handling inputs from the Detector Boards. Therefore, 

the Compact configuration consists of two board types only: Detector Board and Support Board. 

The Multiplexing Board is typically used in the Standard configuration only as the other two can 

be built just with Support Boards and Detector Boards. From here and forward we assume that 

each detector has 4 analog outputs.  

 

 

Figure 1-21.  Block diagram of Small system configuration of the OpenPET with major 

hardware modules and communication channels. 

 

As we see from the diagram, the system is controlled from the Host PC. A command can 

propagate all the way to the Detector Board depending on the target. There is a commands and 



 

31 

 

responses framework defined for the OpenPET system. The system is able to support all 

common data transfer modes together with several user defined modes. 

The maximum input capacity of the different system configurations and their hardware 

components are shown in Table 1-1. 

 

Table 1-1. Maximum number of channels and detectors in different OpenPET system 

configurations 

Configuration Number 

of 

channels 

Number 

of 

detectors 

Detector 

Boards 

Support 

Boards 

Coincidence 

Interface 

Boards 

Multiplexing 

Boards 

Compact 512 64 8 1   

Simplified 

Standard 

2048 512 64 9 8  

Standard 16384 4096 512 65 8 8 

 

Detector Board 

The major hardware modules of the Detector Board can be found in Figure  1-21. Each Detector 

Board has 16 analog inputs that are directed to two ADC modules with eight channels each. This 

allows each Detector Board to acquire data from up to four detectors. The four free-running 

ADCs, ADS5287, have 8 input channels and provide a 10 bit output. They are capable of 

operating at a maximum of 65 Msamples/second but will be configured to operate on 40 

Msamples/sec and used for digitizing the analog signal for storage and processing. For time 

stamp detection TDC modules are used. The time stamp and signal samples are fed into the 

FPGA for processing the raw data, creation of a single event word and sending it to the Support 

Board. The FPGA device is a EP3C40F780, which is one of the Altera CYCLONE III family 

devices [32]. There are also EPCS64 and SRAM memory modules, DIOs and digital 

communication interfaces - USB and high speed digital data communication ports. As the 
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Detector Board serves as a slave, its configuration and calibration are done from the Support 

Board. 

Note: While the Detector Board specified in the OpenPET standard is defined to have 32 input 

channels, in our lab we use a prototype Detector Board that has only 16 channels. Therefore, the 

maximum number of supported detectors in the prototype is just 4 instead of 8. 

 

       Support Board 

Each Support Board can hold up to eight Detector Boards. The Support Boards also contain 3 

FPGAs, 2 dedicated to processing data from the Detector Boards and the third acting as an on-

board control processor. The communication between the Detector and Support boards is 

controlled by an 80 MHz clock. There are 32 data lines, used as 8 sets of 4 bit data channels. A 

slice clock signal synchronizes the beginning of each new event transmission and is set to 10 

MHz, implying that 8 cycles of the 80 MHz clock the 32 bit event word can be transferred 

through the 4 bit channel. The slice clock signal propagates from the Main FPGA on the Support 

Board to the Detector Board and is returned back from Detector Board synchronizing the data 

transmission.Thist is described in Figure  1-22. The names on the figure represent both the 

directions and the original line names in the system schematic. 

The communication between the Slave FPGAs and Main FPGA is similar: there are four 

channels of four bits each coming from each Slave FPGA to the Main FPGA. The Slice Clock is 

10 MHz, and the transmitted event word is 32 bits. 

The Support Board master FPGA will host a NIOS II microprocessor. The microprocessor is 

used for configuration and control purposes, receiving it gets commands from the host PC and 

distributing them to Detector Boards. 
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Figure 1-22. Slice Clock propagation. 

 

Coincidence Board 

The Coincidence Board is the system controller that can connect up to eight Support Boards. 

This board is only needed if multiple Support Boards are required. Otherwise, the Support Board 

performs the functions of the Coincidence Board. 

Coincidence Interface Board 

This board is used to connect the Support Boards to the Coincidence Board. It is used in the 

standard and large configurations. 

HOST PC Interface Board 

This board is used for high speed interface between the OpenPET system and the host PC. The 

board has an interface for QuickUSB and Ethernet connections, memory card and LEDs for 

system diagnostics.  

USER IO board 

This board may be used for user input interface. 
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Multiplexer Board 

Each Multiplexer Board is supposed to merge the streams from up to eight Support Boards into 

one in order to support multiple Support Boards input into one Coincidence Board. The 

configuration of this board is not finalized yet.  

Support Crate 

The Compact system, consisting of up to eight Detector Boards and one Support Board, is 

mounted into a Support Crate as shown in Figure  1-23.  

 

 

Figure 1-23. Support Crate of the OpenPET system. 

 

The Support Crate has power supplies with all required voltage inputs, fans for cooling the 

system and 12 slots for housing Detector Boards and other boards. Each compact system may 

have 3 other boards: Host PC Interface board, User IO board, and Debugging board.  
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Communication with the host PC 

The communication with the host PC includes transfer of configuration commands from the host 

PC to the OpenPET system and transfer of the system monitoring data and measurements from 

the OpenPET system to the host PC. There are several channels available for this 

communication: Ethernet, High Speed Output Board (HSOB) and QuickUSB [33]. The HSOB is 

not designed and specified yet, the QuickUSB channel is used for the first release of the system 

as this channel answers the requirements of the expected system throughput. It works on a 48 

MHz clock with 16 bit word-width.  

 

1.8 Monte Carlo simulations of PET systems 

Monte Carlo simulation methods are based on repeated generation of random variables. One of 

the uses of Monte Carlo simulation methods is for simulation of processes with a random 

component. Since the positron emission and detection processes have a random nature implying 

that photon arrival to detectors has the Poisson distribution, Monte Carlo methods can be used 

for simulation of the behaviour of the processes happening in the object and in the PET system 

under different conditions without a need to physically implement the processes and the systems. 

The benefit of using the simulation method is the ability to test different parameters both of the 

system and of the scanned object without the cost of real construction. The simulation therefore 

can shorten the development time and save implementation resources. For example, Choong 

used Monte Carlo simulation for investigation of time resolution of scintillation-detector systems 

[26], Poon simulated different configurations of a whole-body PET scanner with various 

volumes of LSO scintillator [34], and Brasse investigated the impact on data and image quality 
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of correction methods for random coincidences in fully 3D whole-body PET [35]. Therefore, we 

can conclude that Monte-Carlo simulation is a widely accepted method for investigation and 

demonstration of new methods and techniques in PET systems. One of the most accepted tools 

for Monte Carlo simulation is the Geant4 Application for Tomographic Emission (GATE) [36] 

developed by the OpenGATE Collaboration. Geant4 is a general-purpose simulation package 

[37]. The tool provides an environment for simulation of PET and other radiation imaging 

systems just by setting systems parameters and characterizing the scanned object. 

 

1.9 Summary 

In this section we provided an overview of the processes that occur during a PET scan starting 

from the emission of a pair of 511 keV photons, detection of the pair by a ring of detectors and 

definition of LOR, and reconstruction of the final image. The pair of single events composing the 

LOR is defined as a coincidence event, and we described several types of coincidence events 

detected in the PET systems: Trues, Scattered, Randoms, and Multiples, while the Multiples are 

rejected and the Randoms we try suppress. We also defined the FOV of a detector as one of the 

factors impacting the Randoms fraction in the data.  

Further we reviewed the electronics and the methods for a single event detection and extraction 

of the parameters characterizing the single event, and reviewed the methods for identification of 

coincidence events and reconstruction of a final image. 

As an example of a PET data acquisition system we reviewed the architecture of the OpenPET 

system. We mentioned that in our lab we have a prototype of the system which has reduced 

capabilities comparing to the specifications. 
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And finally, we described a Monte Carlo simulation method as an acceptable method for 

simulation of PET systems. 

Looking forward, in chapter 2 we will describe the firmware designed to support a basic 

functionality of the OpenPET system. In chapter 3 we will show the design of a coincidence 

processor for the OpenPET system. While the hardware of the sytem already exists, we 

concentrate on the development of a firmware to support new functionality. 

Finally, in chapter 4, we propose a new method for the dynamic adjustment of the FOV of a PET 

system, allowing the system to reduce the amount of Randoms detected by the system. This 

method improves the utilization of the data transfer channel and, as a side effect, improves the 

statistics of the background noise.  
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Chapter 2. Design and implementation of basic functionality 

of the OpenPET system 

2.1 Chapter overview 

One of the most important features of PET systems is the capability of the data acquisition card 

to process inputs from different kinds of detectors and precisely generate the pulse timestamp, 

calculate its energy, and identify the location of interaction of the photon in the scintillation 

crystal. In the OpenPET system this capability will be implemented in the firmware installed on 

the Detector Board. In order to minimise the implementation effort and reduce the 

implementation risks toward the first release of the OpenPET system firmware, the Detector 

Board will communicate with the host PC directly, without using the Support Board in between. 

The firmware  implementing a basic functionality of data acquisition was developed and 

installed on the Detector Board. The firmware doesn’t comply with the OpenPET framework, 

however, it offers some basic functionality for evaluation of the OpenPET system performance. 

 

2.2 Implementation of FPGA firmware modules 

The Block diagram of the Detector Board of the OpenPET system with the functional modules 

for the FPGA firmware is described in Figure 2-1. The ADC is configured by NIOS II 

microprocessor to output data at 40 Msamples/second. 40 MHz clock is supplied from PLL. The 

analog input is sampled using the ADC. The 10 serial digital output is converted to a parallel and 

sent to the QuickUSB interface.  The event time stamp will be calculated from a signal samples.  
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Figure 2-1. Block diagram of the Detector Board of the OpenPET system with the functional 

modules for the FPGA firmware. 

 

The block diagram of QuickUSB interface is shown in Figure 2-2.  

 

 

Figure 2-2. Block diagram of the components of the QuickUSB communication channel. 
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The QuickUSB interface module includes of the QuickUSB interface controller, the Command 

and Event 16 bits FIFOs and the output controller. The interface controller controls the data and 

command communication. The single event data generated in data acquisition process are stored 

in the Event FIFO. The control commands received from the host PC are stored in the Command 

FIFO. The commands can be pulled from the FIFO and processed. The structure of the 

commands in not defined yet.  

The data are fetched and sent to the host PC, the commands are fetched and processed. The 

maximum achieved throughput is 38 MBps, which is similar to the results shared by the 

manufacturer in the article AN105 – “Maximizing Data Throughput with the QuickUSB”. 

 

 

2.3 Implementation of the host PC application 

The OpenPET Test Bench was designed for the data acquisition and control of the OpenPET 

system. It was implemented in C using LabWindows by National Instruments ®.  

The Graphical User Interface (GUI) of the application is shown in Figure  2-3. Each element in 

the GUI is marked with a reference number. The description of the GUI elements is:  

1. FindSystem. This button activates a search of USB ports for QuickUSB connections. 

2. The message about the discovered QuickUSB connections appears in the message box 

“Status”. 

3. A command line for writing a command that will be sent to the OpenPET command 

FIFO. 

4. Button “Write Command” sends the command to the command FIFO of OpenPET 

system. 
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5. The written commands are displayed in the “Command History” window. 

6. The “ClearHistory” button clears the “CommandHistory” window. 

 

 

Figure 2-3. A snapshot of the GUI of the OpenPET Test Bench application 

 

7. The GUI element that displays the  number of commands in the command FIFO. 

8. “ExecuteCommand” button causes execution of one command from the command FIFO 

by the system. 

9. Not assigned  
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10. “GetCommandsInCommandFIFO” will update GUI element 7. 

11. “FileName prefix” defines the prefix for the file into which the data will be read. 

12. “ReadBufferSize” defines the size of the buffer to be read. Should be a multiple of 512. 

13. “NumberOfIterations” defines the number of buffers to be read. 

14. The GUI element representing the readout speed in Mbytes/sec. 

15. “Start” button to start the data readout. 

16. “Current Iteration” displays the number of readout iteration. “SizeWritten” shows the 

number of bytes written to the host PC. 

17. “Stop” button stops the readout process. 

18. File browser to browse files for display. 

19. The file tree structure. 

20. The data display plot. 

21. Controls to access a certain point on the data display plot. 

In Figure  2-4 we can see a single pulse shape acquired by the OpenPET system and displayed 

using the GUI. 

 

 

Figure 2-4. A snapshot of the OpenPET Test Bench GUI showing a single pulse shape acquired 

from tail pulse generator input. 

ADC value 

Sample number 
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Chapter 3. Design Specification of coincidence processor for 

the OpenPET system. 

3.1 Chapter overview 

In the OpenPET system the arrival of single events to coincidence processor is controlled by a 10 

MHz clock, also called the Slice Clock. In comparison, the system clock is 80 MHz. The 

maximum number of single events that can be processed in the coincidence processor in a single 

cycle of the Slice Clock equals to 8. This chapter describes the design of a coincidence processor 

for the OpenPET system considering these architecture constraints.  The design complies with 

the OpenPET framework and can be implemented in future versions of the system. A basic 

coincidence detection processor was implemented and validated in a testing environment basing 

on data simulated on the host PC and fed to the coincidence processor from the NIOS II 

processor. 

 

3.2 Firmware specifications of the OpenPET Compact configuration system  

When a photon is detected, its pulse energy is calculated. The threshold check is applied on the 

energy to varify if the energy is within an acceptance range and the event is acceptable [38]. If 

the threshold check is satisfied, an event word is generated.  

In the OpenPET system the single event word is 32 bits, and it contains a time stamp, detection 

location and other optional information (like pulse energy or user control bits).  

An example of content of a single event word is: 
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- Bit 1 ~ 0: Unused bits (2 bits) 

- Bit 13 ~ 2: Raw ADC data (12 bits) 

- Bit 20 – 14: User defined bits (6 bits) 

- Bit 25 ~ 21: Channel address bits (5 bits) 

- Bit 28 – 26: Detector Board address bits (3 bits) 

- Bit 31 – 29: Multiplexed Board address bit (3 bits) 

- Bits 32 : Valid bit (1 bit)  

 

The single event word is sent from the Detector Board to the Support Board on the bus of 4 bits 

width, an operation which requires 8 cycles of the 80 Mhz clock. In order to synchronize the 

communication between the Detector Board and the Support Board, there is a Slice Clock of 10 

MHz, on the positive edge of which the transfer of the next single event word can start. Since we 

work with a prototype Detector Board that is capable to handle 4 detectors, there are only 4 

output channels of 4 bits each from each detector.  

On the Support Board the single event words are processed by the Slave FPGAs. Since there are 

4 detector blocks controlled by each FPGA and there are 4 channels per detector block, each 

FPGA controls 16 channels and has an input of 64 bits. 

The coincidence processor has 8 channel inputs: 4 channel inputs from each Slave FPGA. 

Therefore, each Slave FPGA has to multiplex 16 channel inputs to 4 channel outputs, or 64 bit 

input to 16 bit output. If there are more events in a time slice than there are channels, events are 

selectively dropped. 
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Figure  3-1 shows the diagram of the firmware blocks for the Compact configuration of the 

OpenPET system.  

 

Figure 3-1. Block diagram of the OpenPET Compact system configuration including the 

components participating in the data flow. 

 

3.3 Novel design of the coincidence processor for the OpenPET system 

A pair of single events will be considered as a coincidence if it satisfies the following 

requirements: 

Condition 1: Compare the Detector IDs of the event. The detectors should not be 

neighbors. The definition of neighbors should be able to be configured per system 

geometry. 

Condition 2: Compare the time stamps of the events. The time stamp difference should be 

less than an Acceptance time (coincidence window). 
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Note: the concept of neighbor depends on the geometry of the system and should be set per 

system. In this work we proposed an infrastructure for neighbor detection. 

If a pair of events satisfies both conditions, a coincidence word is generated. 

Using the event time stamp each event is compared with all other events received in a particular 

cycle of a Slice Clock. This operation will be performed on all possible combinations in parallel. 

Having 8 input channels to the coincidence processor, the number of events that can be 

considered for a coincidence varies from 0 to 8. Considering exactly two events for a single 

coincidence, the number of options for a single coincidence is ( 
 
)    . They are: (1,2), (1,3), 

..., (7,8). Therefore, 28 comparator units will be required for implementation of this processor. 

Figure  3-2 shows a table visualizing the comparing of 8 inputs with themselves.  

 

 

Figure 3-2. A table visualizing the comparing of 8 inputs with themselves. The possible 

combinations are colored with grey. The coincidence processor detected 2 coincidences whose 

cells are marked with ‘X’.  
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Multiples: It should be noticed that assuming the input of 8 singles there is a maximum of 4 true 

coincidences out of 28 possible options. Ideally, we would like to consider only two events for a 

single coincidence.  When there are more than 2 single events for a coincidence event than it is 

multiple event. The possible options of Multiples coincidences are described in Table 3-1. 

 

Table 3-1. Possible options of Multiples coincidences. 

Number of events in 

coincidence 

Number of Trues Number of possible 

options 

Fraction of Trues in 

the possible options 

2 1 1 1 

3 1 3 1/3 

4 2 6 1/3 

5 2 10 1/5 

 

 

Following the Table 3-1, while the fraction of  Trues in Multiples coincidences comprised of 3 or 

4 events is 1/3, when there are 5 events in a coincidence then the fraction decreases to 1/5. 

Therefore, if there are 3 or 4 events in a coincidence they may be considered for sending to the 

host PC according to the Multiples policy, if there are 5 and more events then they will be 

rejected. 

The block diagram of the processor is shown in Figure  3-3. As a first step, the 32 bit event word 

is recorded in a S2P (Serial to Parallel) module. The second step is generation of the coincidence 
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word together with comparison of time stamps of both the events. Once the time stamps are 

found to have a difference less than the Coincidence Window size, a valid signal is raised to 1.  

In order to detect Multiples the table of coincidences is updated and Multiples detector runs a 

check on this table. If both inputs participate in just one coincidence – then there are no 

Multiples, and another valid signal is raised.  

 

 

Figure 3-3. Block diagram of the firmware modules of the coincidence processor. At the table 

two cells (marked with yellow) have a count ‘1’ and belong to the same detector. Therefore, both 

coincidences are considered to be Multiples. 
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In the next step the Neighbor detector module determines if the detectors in the coincidence 

event are neighbors. The decision is made based on a neighbor table which is uploaded to the 

system during the system configuration phase. If the detectors are not neighbors then the third 

valid signal is raised. If all three valid signals are 1, the Sweeper module will consider the 

coincidence word for output. In this way both neighbors and Multiples are rejected. 

Since there are 28 separate channels for coincidence detection, another module is required for 

merging the channels into a single output stream. This is done in the Sweeper module. The 

Sweeper module gets “Valid” signals and coincidence words from 28 pairs of inputs and selects 

those where the “Valid” signal is high. Two options of the sweeper module design were 

considered. In the first option, a 64 bits FIFO buffer (as per the size of the coincidence word) is 

connected to each pair input, and the valid coincidence words are stored in the FIFOs. The data 

from the FIFOs is read to the output FIFO in round robin fashion as shown in Figure  3-4.  

This approach required 28 clocks for one readout cycle.  The advantage of this approach is 

simplicity of implementation. The disadvantage is that the approach is based on assumption that 

the event arrival rate is less than the read out rate, and in order to support it the size of each FIFO 

should be large. 

The second alternative introduces a tree like readout from the FIFOs as shown in Figure  3-5.  

Each layer of FIFOs is connected with the Selector module, where logic map is shown in Table 

3-2. In each clock cycle one of the events propagates towards the output. In the worst case when 

there are 4 events in the four neighbor FIFOs it will take 7 clock cycles to propagate to the 

output for all of them. This alternative requires much less memory resources than the first one. 
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Table 3-2. Logic diagram of Selector module. When both inputs are 1 then the output of the 

module switches to other channel then was in previous cycle. 
nempty 1 nempty 2 Output channel 

0 0 Don’t care  

1 0 Channel 1 

0 1 Channel 2 

1 1 Other one 

 

 

 

Figure 3-4. Sweeper module. Option 1. Stores inputs in 28 FIFOs and selects one each clock 

cycle for the output. 
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Figure 3-5. Sweeper module. Option 2. Designed as a 5 layer tree. Needs maximum 7 clock 

cycles to propogate the input to the output.  

 

 

3.4 Novel design for the correction of Randoms in the OpenPET system 

Method 3 for Randoms estimation using the “delayed window” technique that was described in 

section  1.4 was selected for the Randoms estimation: the implementation of Method 3 supports 

the scalability requirements of the OpenPET system, while implementation of Method 2 which 

estimates Randoms using the single event counts of detectors would introduce extreme 

complexity in implementation. Randoms estimation using “delayed window” technique can be 

adjusted such as instead of time shift of one detector’s input we can implement a shift of 

coincidence window for all detectors by splitting an event stream and delaying one of them as 
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shown in Figure  3-6. In order to avoid the mirroring effect, as described in section  1.4, we can 

filter out the coincidences where the non-delayed channel ID is higher than the delayed one. In 

this way the number of comparators in the random events processor is equal to 28, same as in the 

prompt events processor. As a result, in order to generate the random events we can reuse the 

coincidence processor and just delay one of the inputs. 

 

 

Figure 3-6. Coincidence processor with delayed window. 

 

A simple implementation of the Delay Buffer may consider three cases: a) delay of less than a 

Slice Clock cycle, b) delay by an integer multiple of the slice time, c) combination of cases a and 

b. We propose to implement case b) with a delay of one Slice Clock cycle, or 100 ns. The 

implementation would include a one slice clock delay buffer. In this way the Randoms 

estimation is synchronized with the Prompts one. 
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3.5 Design of the output control module on the Main FPGA  

There are three types of data transferred through the QuickUSB channel: prompt coincidences 

generated by the coincidence processor, random coincidences estimated by the Random 

coincidences generator and control data, the content of which will be defined in the following 

development cycles, generated by Control Monitoring Module. The data rates of each of the 

modules are different. Access to the FIFO for each data stream is controlled by the final output 

selector, which feeds the QuickUSB Event FIFO from the three sources as described in Figure 

 3-7. 

 

 

Figure 3-7. Main FPGA output control diagram. 
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3.6 Validation of coincidence processor in the OpenPET system 

A coincidence detection processor with capability to compare time stamps was implemented. 

The reason that only the timestamp comparator functionality was implemented and not all 

proposed features is the difficulty to test the processor in the real environment. VHDL code of 

the comparator module appears in Appendix G.  

The validation scheme of the processor is described in Figure  3-8.  

 

 

Figure 3-8. Validation scheme of the real time coincidence processor 

 

An initial event file was generated by GATE with record of events containing timestamp, 

detector ID, crystal ID, and energy of event. The event records in the file were modified in the 

following way: 
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- The events were sorted into slices of 100 ns. The timestamp of event in each time slice 

was modified as if the slice started at time 0, and the event occurred between time 0 and 

100 ns.  

- The modified timestamp was quantized, such as its value varied between 0 and 15. Each 

step in the scale is equal to 100/16 = 6.25 ns. 

- Each time slice was modified such as there were exactly 8 events in a slice. This was 

done in order to feed exactly 8 events into the coincidence detection processor. If initially 

there were less than 8 events, fake events were added with a timestamp equal to 20, 

which is out of the acceptance range of the scale.  

An example of  time slice before and after modification appears in Table 3-3. 

The coincidence processor is configured to consider a pair of events as a coincidence if the 

difference between their timestamps is 0 or 1 as shown in Appendix G. It allows the difference 

between timestamps to be 2 * 6.25 = 12.5 ns. The code for the NIOS II processor is shown in 

Appendix I. 

The NIOS II processor reads 8 events at a time through the JTAG and sends them to the 

coincidence processor. The processor performs coincidence detection and sends the detected 

coincidences back to the NIOS II processor. The processor writes a record of detected 

coincidences in the coincidence file on the host PC. Processing a slice as shown in Table 3-3, the 

coincidence processor would detect one coincidence between detector 32 and detector 51.   
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Table 3-3. Events in a time slice (a) before and (b) after modification. The time slice starts at 

1.32457531 sec and ends at 1.32457541 sec 

Event ID Time (sec) Detector ID Crystal ID Energy (keV) 

100000 1.324575346964 32 125 414.5 

100001 1.324575350184 51 280 586.2 

100002 1.324575401529 44 312 601.7 

(a) 

Time Detector ID Crystal ID 

5 32 125 

6 51 280 

14 44 312 

20 0 0 

20 0 0 

20 0 0 

20 0 0 

20 0 0 

(b) 

 

The results of the FPGA processing were compared to the results of software processing of event 

file. Both the results were equivalent. 
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Chapter 4. Design and verification of a novel method to 

process PET events in real time 

4.1 Chapter overview 

This chapter describes a novel method to process PET events in real time, suggests the 

methodology for the validation of the performance of the method, describes the results of the 

method application on data simulated using Monte Carlo simulation, and shows the feasibility of 

implementation of the method in a FPGA. 

 

4.2 Description of the method 

As discussed earlier, Randoms may represent a large fraction of data sent to the host PC. From 

Figure 1-8 it follows that Randoms may be as much as 50% of the Prompts, and, considering that 

the throughput is P + R, Randoms may be up to 66% of the throughput. One of the parameters 

impacting the ratio of Randoms in Prompts is the field of view (FOV) of detectors. The method 

described later in this chapter suggests the way to identify part of Randoms and reject them 

before sending to the host PC. 

The FOV of a detector is the part of the world that is visible from the detector, i.e. that part of the 

world from where a true pair of annihilation photons can be detected.  In a system we would like 

to control this parameter. One of the ways to do this is by using a collimator in front of the 

scintillator. This solution is expensive and doesn’t provide any flexibility to change the FOV 

after the collimator is installed. Another solution is to accept only the photons from a predefined 

angle towards detector. But, since the system cannot detect the angle of a single photon, the 
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definition of FOV of each detector is done by accepting only the coincidences LORs of which lie 

within the acceptable angle towards the detector. The LORs, in their turn, define a group of 

detectors with which the coincidences are accepted. The FOV can be set differently in the axial 

and transaxial directions. The coincidences with the detectors not included into this group are 

typically rejected. An example of the transaxial FOV is shown in Figure  4-1. For detector 12 the 

coincidences with detectors 16, 1,2,3,4,5,6,7, and 8 will be accepted while the coincidences with 

other detectors will be rejected. 

   

 

Figure 4-1. Transaxial Field of View of a detector. 

 

As Randoms are assumed to be uniformly distributed over the FOV of a detector, and the 

scanned object sometimes occupies only part of the FOV, part of the Randoms are detected in the 

LORs that don’t cross the scanned object. Therefore, if the FOV of each detector can be adjusted 

such that the only accepted LORs are those that cross the scanned object it would reduce the 
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amount of Randoms generated by the system without affecting the Trues count. This idea is 

demonstrated in Figure  4-2. The ideal FOV for detector 12 would be detectors 2 and 3. 

 

                

Figure 4-2. FOV of detector (a) without adjustment to the scanned object, (b) with adjustment to 

the scanned object. 

 

When we look at the projection profiles of a sinogram, the LORs that go through the activity 

region have much higher counts as shown in Figure 4-3. As we mentioned before, the counts 

outside of the region of activity are contributed by Randoms and Scattered, while the counts in 

the region of activity are contributed by all Prompt that contain Trues, Scattered and Randoms.  

If we could identify a pair of detectors for which the Prompts count is much higher than 

theRandoms count, or, vice versa, Randoms count is much lower than Prompts count, we would 

be able to conclude that there is little or no activity region between this pair of detectors. In order 
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to compare Prompts and Randoms counts for this pair one would subtract Prompts from 

Randoms or vice versa and compare the result to zero.  

It should be noted that the ideal FOV is unique to each detector and can change during the scan 

even for a single detector. When we scan different parts of the body of a human, the size of 

activity sources can be different, as shown in Figure 4-4. 

 

            

       (a)        (b) 

Figure 4-3. Example of projection. (a) LORs in the detector ring. The LORs that go through the 

activity source are colored with green. (b) Plot of the projection. The high count bins represent 

LORs that go through activity region.  
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        (a)        (b)       (c)    (d) 

Figure 4-4. Scanning of different parts of human. 

 

Therefore, we can’t define a constant FOV for each detector at the beginning of the scan, but 

instead have to adjust it continuously during the scan. In order to keep a counter of P – R that 

always represents the correct value during the scan we can increment its value whenever we get a 

prompt coincidence event between the pair of detectors, and we decrement its value whenever 

we get a delayed coincidence event between this pair. In this way, however, if the LOR 

represented by the detector pair crosses the area of activity, P – R will be very high, and the 

value of a counter will be very high. As the implementation of the counter is planned to be in 

hardware, we would prefer an option where the counter size is limited. Therefore, we will store 

the value of R – P and restrict the value of the counter to be non-negative. In this way, in the case 

there is an activity between the pair of detectors, the counter value will be always close to zero 

since P is much higher than R. If there is no activity between the pair of detectors, the value of 

the counter will fluctuate randomly. We will define the the size of the counter to be n bits, and 

the maximum value stored in the counter will be        

We assume that if the value of the counter is zero than P is much higher than R and there is an 

activity between detectors. Also, if the value of the counter equals to its maximum – we assume 
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that P is not higher than R and there is no activity between the detectors. In order to complete the 

method we have to decide what happens with the range of counter values that are higher than 

zero and lower than the maximum. In order to decide for this range of values we define a 

sensitivity threshold – a number that is higher than zero and lower than the maximum of the 

counter. If the value of a counter is lower than the sensitivity threshold – we assume that P is 

higher than R and there is activity between the detectors. In this case we will accept all prompt 

and delayed coincidence events. Otherwise, if the value of the counter is higher than the 

sensitivity threshold we assume that P is not higher than R and there is no activity between the 

detectors. In this case we decide that the counts between the pair of detectors are caused by 

Randoms only, and we will reject both prompt and delayed coincidence events. 

In the above discussion we operated with one detector pair only. In order to apply the method to 

the whole PET system we will have to store a counter for any pair of detectors in the system. As 

most of the systems process coincidence data in FPGAs, we would prefer to store the counters in 

the FPGA rather than in on-board memory. This will shorten access time and increase the 

chances for the method to be feasible for implementation in real time. Therefore, we will use a 

FPGA based array for counter storage. As we previously calculated, there are N*(N-1)/2 pairs of 

detectors in the system when N is the number of detectors.  

An example of operations on the array for a PET system with 8 detectors, 3 bit counter and 

sensitivity threshold of 4 is shown in Figure 4-5. 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4-5. Example of operations on the array. (a) Accepted Randoms event, (b) Accepted 

Prompts event, (c) Rejected Randoms event, (d) Rejected Prompts event. 
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The cases shown in Figure 4-5 are described below. (x1, x2) represent the detector numbers. 

1. Random1 coincidence (1,4). Since the count of the cell (1, 4) is 1 and threshold is 4, the 

coincidence is sent to the host PC and the count of the cell is incremented to 2. 

2. Prompt1 coincidence (2,6). Since the count of the cell (2, 6) is 2 and threshold is 4, the 

coincidence is sent to the host PC and the count of the cell is decremented to 1. 

3. Random2 coincidence (4,7). Since the count of the cell (4, 7) is 7 and threshold is 4, the 

coincidence is rejected and the count of the cell didn’t change because it can’t exceed 7. 

4. Prompt2 coincidence (3,5). Since the count of the cell (3, 5) is 7 and threshold is 4, the 

coincidence is rejected and the count of the cell is decremented to 6. 

In the example we can identify that some pairs are rejected by neighbor detection and are not 

relevant to the discussion, some pairs are rejected by the method while other pairs are accepted. 

In this way we adjust the FOV of each detector to point to the active region only. 

An example of the process flow is shown in Figure 4-6. The event stream is fed into two 

coincidence processors, one for prompt coincidences and one for delayed coincidences. The 

detected coincidences are used to update the table: each delayed coincidence increments the cell 

representing the numbers of both detectors, while each prompt coincidence decrements the cell. 

The cell value can vary between 0 and     .  
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Figure 4-6. System block diagram. 

 

4.3 Proof of validity of Dynamic FOV adjustment method 

4.3.1 Procedure 

Simulation 

In order to verify the method we simulated a 3D PET scan performed by a system whose 

geometry is identical to the Siemens Inveon [39, 40] small animal PET system. The parameters 

of the system relevant to our simulation are summarized in Table 4-1. 

Table 4-1.  Parameters of Siemens Inveon system. 

Parameter Description Notes 
Number of detectors 64 Organized in 4 rings with 16 detectors /ring 

Number of crystals in detector 400 Organized as 20 x 20 array 

Crystal size (mm) 1.51 x 1.51 x 10  

Timing window sizes (ns) 3, 6, 12 Each size was simulated separately. 

Energy window (keV) 350 - 650  
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Following the methods defined by the National Electrical Manufacturing Association (NEMA) 

standard publication NU 4-2008[41], the simulated objects (also called phantoms) were: 

1. Line source: the source was a line of 3.2 mm in diameter and 140 mm 

length. It was inserted into a polyethylene phantom cylinder with 

dimensions of 50 mm in diameter and 150 mm in length. The line was 

placed at radial distance of 17.5 mm from the center. The line source 

was filled with water having uniform distribution of radioactivity of 10 

MBq, 30 MBq, 60 MBq, and 100 MBq. This source will be referred to 

as “Line” in the following discussion. 

2. Mouse size cylinder: the source was a centered cylinder with 

dimensions of 70 mm long and 25 mm in diameter. The cylinder was 

filled with water having uniform distribution of radioactivity of 30 

MBq and 100 MBq. This source will be referred to as “Mouse” in the 

following discussion. 

3. Rat size cylinder: the source was a centered cylinder with dimensions 

of 150 mm long and 50 mm in diameter. The cylinder was filled with 

water having uniform distribution of radioactivity of 10 MBq, 30 

MBq, and 100 MBq. This source will be referred to as “Rat” in the 

following discussion. 

The simulation of the scan of the objects described above was done using GATE [36].  The 

example of the script that was executed by GATE is shown in Appendix B. The script defines the 

geometry of the system, the shape, activity and location of the simulated object, length of 

simulation, and the types of generated data. The simulator was configured to detect and output 
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Prompts and Randoms. We assumed that the system compensates Randoms from Prompts where 

the Randoms were estimated using the “delayed window” technique.  

We recognized six parameters that may impact the performance of the method:  

1. The shape of the source 

2. The activity of the source 

3. The cell size of the table 

4. The sensitivity threshold of the table 

5. The system architecture 

6. The size of a coincidence timing window 

In order to test the first parameter we selected several object shapes with small, medium and 

large sizes that represent the typical cases of the scanned object. For the second parameter we 

selected a range of activities between 10 MBq and 100 MBq. The third parameter – the cell size 

of the table - was tested in the range between 2 and 6 bits, representing cell values fluctuating 

between 3 and 63. For the fourth parameter, the sensitivity threshold was tested between 2 and 

11. The fifth parameter was set constant for all the simulations. The sixth parameter – 

coincidence window – was tested for the cases of 3ns, 6ns, and 12ns, which are typical values in 

small animal PET systems. 

The duration of simulations varied according to the activity level of simulated sources in order to 

generate enough counts for analysis. The NEMA-NU4 standard [41] defines a minimum number 

of counts to be 500,000. In our simulations we used a minimum of 1 million counts for the line 

source, 2 million for the mouse cylinder, and 3 million for the rat cylinder. An energy window of 

350-650 keV was applied on all incoming events. The coincidence window, applied after the 
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energy filtering, was 3 ns, 6 ns, and 12 ns. The last filtering was a check that the event fit in the 

range of the sinogram. We used a 128 x 160 x 159 sinogram size. This last check is essentially 

like applying a neighbour rejection scheme. 

Methods 

On the acquired set of Prompts and Randoms we applied the method in the same way as if it was 

done in real time in the system, i.e. the order of processed Prompts and Randoms was the same 

as if they were detected by the system. A new set of data we called          and         , 

where index a means ‘adjusted’.  

In order to compare the performance of the system with and without application of a dynamic 

FOV adjustment we defined metrics that represent the characteristics and the performance of the 

system:  sent fraction (SentF), Trues fraction (TF), and noise fraction (NF): 

 

Equation 4-1:         
      

     
, 

Equation 4-2:            
      

   
, 

Equation 4-3:         
           

          
, 

 

where    and    are prompt and delayed coincidences adjusted by the dynamic adjustment 

method and   and   are prompt and delayed coincidences generated without adjustment, and 

noise is defined as the counts of sinogram bins located outside of the scanned object. The Trues 

fraction represents the data loss caused by application of the method. It should ideally be equal to 

1, i.e. no data loss. The sent fraction represents the saving in throughput and storage space due to 
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the application of the method. It should be as low as possible. Noise fraction represents a noise 

suppression. It should ideally be equal to 0, i.e. no counts appear outside of the scanned image. 

Additionally, the line source data was processed using the NEMA-NU4 method [41] and the 

counts of Trues (T) and scatter fraction (SF) were calculated for data sets with and without 

application of the FOV adjustment method. The calculation procedure included steps: 

- Step 1: On all sinograms set to zero all pixels located further than 8 mm from the edges 

of the phantom.  

- Step 2: On all sinograms for each projection angle find the highest value and shift this 

projection so as this value is located at the central pixel of the sinogram. 

- Step 3: For each angle create a sum projection such that a pixel in this projection is equal 

to the sum of pixels of all projections following the below formula: 

 

Equation 4-4:         
a

jiji arrCrC
,max, ,  

 

where: r is the pixel number in a projection a, ɸ is the projection number in the sinogram 

(i.e., the sinogram row), and rmax(a) refers to the location of the maximum value in 

projection a. 

- Step 4: For each angle of a sum projection calculate CL,i,j and CR,i,j which are the 

intensities of pixels located at ± 7 mm from the central pixel of the projection, i.e. on the 

edges of a 14 mm wide strip at the center of the sinogram. The average of CL,i,j and CR,i,j 

was multiplied by the number of pixels between the edges of 14 mm, and the result 

represented the number of random and scattered events located between these two pixels.  
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- Step 5. Calculate the sum of pixel intensities outside the 14 mm strip discussed in Step 4. 

Add the result of Step 4 to this sum and get the total number of random and scattered 

counts in the projection.  

- Step 6: Calculate CTOT,i,j  - the total count of the pixels in the projection i of the sinogram. 

- Step 7. Calculate the number of Trues – T, as a difference between the total count CTOT,i,j  

and the number of random and scattered events. 

- Step 8: Calculate the scattered fraction as a ratio between the counts of scattered events 

and total events.  

Sinograms of the data 

Finally, we created two sinograms with T + S and   +    counts. We compared the following 

representations of the sonograms: 

- Several slices of both sonograms were randomly selected, plotted and compared. An 

example of sinogram slice plot is shown in Figure 1-20. 

- Several projection profiles from the slices were randomly selected, plotted and compared. 

An example of projection profile plot is shown in Figure 1-19 (b). 

- Summed projection profiles of both sonograms were calculated and plotted on a single 

plot. Summed projection profile is calculated by summing all sinogram slices together 

and summing all bins together in the summed slice. In this way we are able to compare 

the total counts in each bin on the sinogram. 

 

4.3.2 Data generation flow 

The flow diagram of data generation and processing is described in Figure  4-7. 
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Figure 4-7. Flow diagram of data generation and processing 
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Step 1: Simulation of the PET scan using GATE Simulator 

The files generated in the simulation of the scan were saved in “root” format [42] and contained 

prompt coincidences, delayed coincidences generated with 1 µsec delay window, and single 

events. For Prompts and delayed coincidence detection the following time and energy window 

sizes were used: 3ns, 6ns and 12ns time windows and 350 keV-650 keV energy window. Thus, 

each root file included the following groups of events: 

- Singles 

- Prompts generated by application of 3ns window 

- Prompts generated by application of 6ns window 

- Prompts generated by application of 12ns window 

- Delays generated by application of 3ns window 

- Delays generated by application of 6ns window 

- Delays generated by application of 12ns window 

The coincidence records had the following fields: 

- EventID1,2 – the IDs of annihilations of both events 

- DetectorID 1,2 – the IDs of detectors 

- CrystalID1,2 – the IDs of crystals 

- Time1,2 – time stamp of the detection of both events 

- Energy1,2 – energy of both events 

The example of the script can be found in Appendix B. 
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Step 2: Transformation of root file to ASCII files  

“Root” files were read by the RootOut.C application (see Appendix C) generating “.dat” files for 

each group of events except energy group as the energy window was applied in the simulation 

and all processed single and coincidence events already had a qualified energy level.   

Step 3: Check of fitting to sinogram and application of the method 

For the dataset generated in step 2, we applied a check for inclusion in the sinogram. If the 

coincidence was in the range of the sinogram, it was accepted for the method application, 

otherwise, it was rejected. The sinogram had the following dimensions: 

- Width   128 

- Angles   160 

- Number of slices 159  

For the accepted coincidences we applied the filtering method. We used different table cell sizes 

varying from 2 bits per cell up to 6 bits per cell, i.e. between 3 and 63 counts per cell. When the 

cell reached its limit and a new delayed coincidence was detected for this cell, the coincidence 

was sent to the PC and stored in the Randoms coincidences file.  

The processing was implemented using the MethodApplication.c file that can be found in 

Appendix D.  The resulting data were written into files with a “.dat” extension. 

The total table counts and the counts of P and R sent to the PC were recorded during the 

simulation and written to files. 
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Step 4: Sort data into a sinogram file 

The resulting files were transferred into a sinogram format. Each sinogram file comprised an 

array of size 128*160*159 = 3256320 cells. The Matlab application Analysis.m (appears in 

Appendix E) read one by one the coincidences from the prompt and delayed files and, if the cell 

was within the acceptance range of the sinogram, the corresponding array cell was incremented 

or decremented.  

Table 4-2 shows the ratio of the accepted to the total coincidences of both types as a result of a 

fitting to sinogram check. Pac and Rac are accepted Prompts and Randoms, Ptotal and Rtotal are 

the total counts of Prompts and Randoms. 

 

Table 4-2. The ratio of accepted to total coincidences in different simulations after the 

application of a fit to sinogram check. 

Phantom Activity 

(MBq) 

Window 

(ns) 

Pac/Ptotal 

(%) 

Rac/Rtotal 

(%) 

Line source in rat-sized phantom 100 6 59 39 

Rat-sized cylinder 100 6 61 41 

Mouse-sized cylinder 100 6 67 41 

Rat-sized cylinder 10 3 94 41 

Rat-sized cylinder 10 6 90 41 

Rat-sized cylinder 10 12 83 41 

Line source in rat-sized phantom 40 6 73 38 

Line source in rat-sized phantom 50 6 69 39 

Line source in rat-sized phantom 60 6 67 39 

Line source in rat-sized phantom 10 6 89 38 

Line source in rat-sized phantom 20 6 82 38 

Line source in rat-sized phantom 30 6 77 38 

Rat-sized cylinder 100 3 70 41 

Rat-sized cylinder 30 6 78 41 

Rat-sized cylinder 30 12 68 41 
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We can see that Rac/Rtotal fraction is relatively constant. This happens because the Randoms are 

uniformly distributed over the FOV, and the fraction of Randoms included into a sinogram 

remains relatively constant. 

The array was written to a file with “.scn” extension and the system parameters were written to a 

header file with “.scn.hdr” extension. The counts of P and R sent to the PC were recorded and 

written to files for each simulation. 

Step 5: Calculate and plot the results  

For each sinogram file the noise fraction (NF) was calculated. The noise bins were defined to be 

those with counts less than 100, since the counts of the bins representing scanned object were 

much higher. Variance of the noise was calculated both on sets with and without application of 

the method, and ratio of both variances was defined as the NF. 

Additionally, for line sources only the Trues count and Scatter Fraction (SF) were calculated for 

both data sets. 

The calculation was implemented in MATLAB in Analysis.m (appears in Appendix E) and plots 

of sinogram profiles were generated. 

 

4.4 Validation results  

Table  4-3 shows the best SentF and NF values for the simulated sources, while keeping the loss 

of Trues in an acceptable range, i.e. TF >97%. The numbers marked with green are the best 

performance over the table. The best sent fraction of 74.5% was measured in the 100 MBq 

activity mouse scan with timing window of 12 ns, table cell size of 6 bits, and threshold set to 6. 
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The best noise fraction of 65% was measured for the 30 MBq activity mouse scan with timing 

window of 12 ns, table cell size of 6 bits, and threshold set to 3. Figure  4-8 graphically shows the 

results for the mouse and rat scans: mouse results are colored with blue, while rat results are 

colored with green. 

 

Table 4-3. Best SentF and NF values for the simulated activities. 

Phantom Activity Timing 

window 

(ns) 

Cell 

size 

(bits) 

Threshold SentF NF 

Line 10 

 

 

3 6 2 98.9 99.0 

6 6 2 96.9 95.5 

12 6 2 92.3 90.5 

30 

 

 

3 6 2 94.6 93.0 

6 6 3 91.4 88.5 

12 6 4 85.4 84.0 

60 

 

 

3 6 3 91.0 89.0 

6 6 4 85.2 86.0 

12 6 7 82.0 87.0 

100 

 

 

3 6 6 91.1 94.0 

6 6 6 83.1 90.0 

12 6 10 85.3 96.0 

Mouse 30 

 

 

3 6 2 96.0 89.0 

6 6 2 90.4 67.0 

12 6 3 84.0 65.0 

100 

 

 

3 6 3 86.0 76.0 

6 6 4 78.9 71.0 

12 6 6 74.5 71.0 

Rat 10 

 

 

3 6 2 99.5 99.6 

6 6 2 98.2 93.0 

12 6 2 94.9 76.0 

30 

 

 

3 6 2 96.5 78.0 

6 6 3 94.0 74.0 

12 6 4 91.0 74.0 

100 

 

 

3 6 4 92.7 80.0 

6 6 6 89.6 83.0 

12 6 9 87.5 86.0 
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The defined metrics (SentF, NF and TF) behave differently in different simulations. Looking at 

thesimulation of each source, we conclude that the method usually shows a better performance in 

simulations that generate a higher ratio of Randoms, as the high ratio of Randoms provide a 

higher potential for the reduction in the Randoms ratio. This can be confirmed when we look at 

different time window simulations of a certain shape: with the increase of timing window (and, 

therefore, increase in Randoms fraction) the SentF and NF improves in the most cases. Similarly, 

when we increase the activity of a source (and, therefore, increase the Randoms fraction) the 

SentF becomes better.  

 

     

   (a)              (b) 

Figure 4-8. Best SentF (a) and NF (b) values resulted by the method application. 

 

In sections  4.4.1,  4.4.2, and  4.4.3 we show the SentF, TF and NF as a function of sensitivity 

threshold for different cell sizes, different activities and source phantoms. We first present the 
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results of the line sources, then of the mouse cylinder, and, finally, of the rat cylinder. From the 

figures in these chapters we can find that for any combination of the activity level and the 

phantom there is a combination of the cell size and the sensitivity threshold for which the TF > 

97%, i.e. the data loss is acceptable. 

 

4.4.1 Line source 

The calculated scatter fraction (SF) was same for both cases with and without application of the 

method and was equal to 12%.  

The best measured sent fraction was 83% for 60 MBq activity, 12 ns timing window, 6 bits cell 

size, and threshold set to 7. The best measured noise fraction was 84% for 30 MBq activity, 12 

ns timing window, 6 bits cell size, and threshold set to 4. The results are shown in Figure 4-9. 

  

(a)      (b) 

Figure 4-9. Measured results: (a) SentF: Line, 60 MBq, timing window 12ns, cell size 6 bits, 

threshold 7, and (b) NF: Line, 30 MBq, timing window 12 ns, cell size 6 bits, threshold 4.  
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As an example of typical behaviour of measured parameters Figure  4-10 shows the plots of TF, 

SentF and NF for simulation of 100 MBq activity, 3 ns timing window, with cell size varying 

from 2 to 6 bits. All three parameters increase with the increase of the sensitivity threshold. Both 

parameters, SentF and NF, showed a similar performance while NF performed slightly better. 

The best results were measured for the 12 ns time window simulation because this time window 

causes a higher Randoms ratio comparing to 6 and 3 ns timing windows. As a result, the 

potential improvement in this case is higher. Analyzing the results we can observe that the  

method performs better in high activity simulations. This is caused by a higher Randoms fraction 

and higher potential for data improvement.  

The plots with the results of the rest of simulated activities can be found in Appendix . 
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(c)      (d) 

 

 

  

(e)      (f) 
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(g) 

Figure 4-10. Line source, 100MBq, 3ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold, (c-g) SentF, NF and TF vs Sensitivity threshold for cell size 2-6 

respectively. 

 

For all the cases TF converges to 100% with increase in the sensitivity threshold, which means 

that there is always a value of a threshold for which TF > 97%. 

Using Figure 4-11we can compare the profile plots and sinogram slice plots with and without 

application of the adjustment method. We find that the sinograms look similar in the region of 

the object and are different outside of the object as there is less noise outside of the object in the 

sinogram created using the data after the application of the FOV adjustment method. The reason 

of reduction in noise can be observed in Figure 4-1(c-d) on the plot of the profile: outside of the 

object the noise is much smaller for the data after application the method.   
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(a)             (b) 

 

         (c)        (d) 

 

        (e)        (f) 

Figure 4-11. Line source, 30MBq. (a-b) Sinogram slices before and after method application, 

window: 12ns, cell size: 6, sensitivity threshold: 4, (c-d) projection profile before and after 

method application, (e,f) Summed projection profile for 12ns, threshold 4 and for 6ns, threshold 

2 simulations. The blue line is the profile without method application, the red like is profile after 

method application. 

    bin     bin 

    bin     bin 
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4.4.2 Mouse cylinder source 

The best measured sent fraction was 74.5% for the 100 MBq activity, 12 ns timing window, 6 

bits cell size, and threshold set to 6. The best measured noise fraction was 65% for 30 MBq 

activity, 12 ns timing window, 6 bits cell size, and threshold set to 3, as presented in Figure 4-12. 

  

(a)      (b) 

Figure 4-12. Measured results: (a) SentF: Mouse, 100MBq, timing window 12ns, cell size 6 bits, 

threshold 6, and (b) NF: Mouse, 30MBq, timing window 12 ns, cell size 6 bits, threshold 3. 

 

The behaviour of the parameters is similar to the one detailed for the line source. Figure 4-13 
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(a)                                                       (b) 

             

(c)               (d)               

 

(e)                (f) 

Figure 4-13. Mouse cylinder, 100MBq. (a-b) Sinogram slices before and after method 

application, window: 6ns, cell size: 6, sensitivity threshold: 6, (c-d) projection profile before and 

after method application, (e,f) Summed projection profile for 6ns, threshold 4 and for 12ns, 

threshold 3 simulations. The blue line is the profile without method application, the red line is 

profile after method application. 

    bin 

    bin 

    bin 

    bin 
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4.4.3 Rat cylinder source 

The best measured sent fraction was 87.5% for 100 MBq activity, 12 ns timing window, 6 bits 

cell size, and threshold set to 9. The best measured noise fraction was 74% for 30 MBq activity, 

12 ns timing window, 6 bits cell size, and threshold set to 3 or 4, as presented in Figure 4-14. The 

behaviour of the parameters is similar to the one detailed for the line source. Figure 4-15 

compares the sinogram slices and projection profiles with and without application of the method. 

 

  

(a)      (b) 

Figure 4-14. Measured results: (a) SentF: Rat, 100MBq, timing window 12ns, cell size 6 bits, 

threshold 9, and (b) NF: Rat, 30MBq, timing window 12 ns, cell size 6 bits, threshold 3 or 4. 
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(a)      (b) 

 

(c)      (d) 

 

(e)      (f) 

Figure 4-15. Sinogram slice and projection examples for the rat cylinder. (a-b) Sinogram slices 

before and after method application, activity: 100MBq, window: 6ns, cell size: 6, sensitivity 

threshold: 8, (c-d) projection profile before and after method application, activity: 100MBq, 

window: 6ns, cell limit: 16, sensitivity threshold: 6, (e-f) Summed projection profile for 

100MBq/6ns/cell size 6/threshold 6 and for 30MBq/12ns/cell size 6/threshold 3 simulations. The 

blue line is profile without method application, the red line is profile after method application. 

    bin     bin 

    bin     bin 
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4.5 Discussion of results 

Figure  4-16 shows the total count of tables with a cell limit 8 and 64. The table may be 

considered as converged when the total count fluctuates around some constant value. The 

convergence time depends on the activity and cell size, i.e. the maximum acceptable value. It 

should be noted that there is no data loss during the table setup.  

 

(a)      (b) 

Figure 4-16. The total count of the tables with cell limit of 8 (a) and 64 (b). Each point in the x 

axis scale is 1msec. 

 

We found that the application of the method decreases the amount of data transmitted to the host 

PC with acceptable loss of true events and improves the noise statistics outside of the scanned 

image. As we can find from the results, for any combination of source shape and activity there is 

a set of cell size and sensitivity threshold for which the TF>97%. However, the optimal threshold 

value for which the performance of the method is maximized is different for different activities 

and objects, and there are typically several values of the sensitivity threshold for which TF > 

97%. In order to get the greatest impact on the sent and noise fractions, we would like to select 

the minimal sensitivity threshold value for which TF > 97%. Manual selection would be 

Time (msec) Time (msec) 

Table  

count 
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extremely difficult, as we don’t know either the exact shape of the source, or its activity. 

Therefore, we propose to adjust the sensitivity threshold dynamically, selecting the optimal 

value. The module for the dynamic adjustment of the sensitivity threshold is proposed in Figure 

 4-17(a), while the full system is shown in Figure  4-17(b).  

The system implements a closed loop for the constant readout of the TF and adjustment of the 

sensitivity level such that the TF is always higher than 0.97. 

 

 

(a) 

 

(b) 

Figure 4-17. (a) Functional schematic of dynamic adjustment of the sensitivity threshold. (b) 

Full system for the FOV adjustment. 
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4.6 Validation of feasibility of the method 

4.6.1 Validation approach 

Here we describe an approach to determine the feasibility of implementing the method in a 

FPGA module. The approach is based on the implementation of the table used in the method in 

FPGA, design and implementation of a table controller module, implementation of a testing 

environment and testing the control module in this environment. Figure  4-18 describes the 

system for the validation of the table controller performance.  

 

 

Figure 4-18. The functional diagram of the Table Control module testing. 
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The module “Table Controller” updates the table and according to its state manages the incoming 

events. The inputs to the module are streams of prompt and delayed coincidences. 

8 events input to both Coincidence Processor and Randoms Generator provides 8 events and a 

valid signal (not shown on the diagram). The events are processed and in the case of coincidence 

detection the coincidence detector IDs are transferred to the Table Controller together with the 

valid flag. When the “ready” signal is raised, the Table Controller reads the inputs, updates the 

table with new Randoms and checks whether the table counts are lower than a predefined 

threshold. For those Prompts or Randoms whose table counts are less than the threshold, the 

Table Controller raises “Select” signals. The Coincidence Processor recognizes those events by 

the “Select” signal and sends them to the QuickUSB interface. 

The module in Figure  4-19 controls operations on the table. 

 

 

Figure 4-19. Table control module design 
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The VHDL code describing the Table Controller state machine appears in Appendix F.  

While the Table Controller described in Figure  4-19 is capable to perform just one operation at a 

time, FPGA memory cells support both READ and WRITE operations in the same cycle. 

Therefore, processing of events can overlap, as described in Figure 4-20. The processing of a 

coincidence event takes 4 clock cycles and can overlap with the processing of the consecutive 

event. From Figure 4-20 we can conclude that for a processing of N events the system needs N+3 

clock cycles. Since the 80 MHz clock frequency is much higher than the arrival rate of the 

events, the method can be implemented in real time. 

 

 

Figure 4-20. Processing of two consecutive coincidence events. The processing of the second 

event starts on the second cycle of the processing of the first event. 
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4.6.2 Results of implementation of the table in FPGA in the OpenPET system 

The implementation of the table depends on the architecture and features of particular FPGA 

module.  In the Altera Cyclone III module used in OpenPET we investigated two possible 

implementations: bi-dimensional array implemented in VHDL and a memory block generated by 

Quartus II mega-function.  The VHDL implementation was tested in order to validate the 

suitability of the method for the FPGA families with limited on-chip memory resources. The 

table was implemented for a 64 detector system, implying a 64x32 array size. Simulated cell 

sizes were from 5 bits up to 8 bits. The FPGA resources used for each simulation are shown in 

Table 4-4. We can see that the memory cells volume is several times higher than the logical 

elements (LEs) volume, making memory cells preferable for the table implementation.  An 

alternative to the on-chip memory is an on-board memory. The advantage of using on-chip 

memory compared to the external memory is a quick (one clock) data access and same clock 

read and write operation support. The total number of memory cells required for the 

implementation of the method is              . Since the maximum number of memory 

cells is 1,161,216, the maximum number of detectors that this system is able to support with the 

array is 620. However, Altera offers another module with greater memory resources: one of the 

Stratix V family devices has 2,640 units of 20Kbits each totaling 54Mbits. This amount of 

memory is enough for support of a 4200 detector system. 
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Table 4-4. FPGA resources for different implementations of the 64 x 32 compensation table with 

cell sizes varying from 2 bits up to 8 bits. 

 

Number of 

bits 

VHDL array M9K memory block 

Logic Elements 

Used/Total(%) 

Dedicated registers 

Used/Total(%) 

Memory cells 

Used/Total(%) 

5 38,494 / 39,600 ( 97 % ) 10,262 / 39,600 ( 26 % )  

6 45,326 / 39,600 ( 114 % ) 12,304 / 39,600 ( 31 % )  

7 54,203 / 39,600 ( 137 % ) 14,353 / 39,600 ( 36 % )  

8 61,032 / 39,600 ( 154 % ) 16,402 / 39,600 ( 41 % ) 16,384 / 1,161,216 ( 1 % ) 
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Chapter 5. Conclusions and Future Work 

OpenPET was developed to be a scalable and flexible design for data acquisition and signal 

processing in PET systems. The OpenPET hardware design is mature, but the control software 

and firmware need further development. In this thesis we developed a software application to 

connect a host PC with an OpenPET system. We also developed data acquisition VHDL-based 

firmware that allows data transfer to this host PC. This software and firmware combination 

enabled basic functionality of reading sample data, sending it to the host PC and displaying it in 

the control application GUI. All code components were tested using tail pulse inputs and were 

confirmed to acquire the data successfully. A novel design for an OpenPET coincidence 

detection processor was proposed, with its basic functionality implemented and validated. In 

order to improve utilization of the communication channel between the system and the host PC, 

and to improve the image quality we introduced a novel method to filter out Randoms events in 

real time. This method is based on the dynamic adjustment of the FOV. It was successfully tested 

using Monte Carlo simulation. The results showed a decrease in the size of data transferred by 

the system to the host PC within an acceptable 3% data loss. As a positive side effect, the noise 

variance outside the scanned object was reduced as a result of the application of our method. The 

feasibility of implementation of this method using Field Programmable Gate Arrays (FPGAs) 

was also demonstrated for the OpenPET system. Next steps for this work would be to complete 

the development of the OpenPET firmware, implement the FOV adjustment method in FPGAs 

and to test it on the actual PET inputs.  
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Appendix A: Alternative methods for real time processing of 

PET events. 

In this appendix we describe the methods for the Randoms filtering which performance was not 

acceptable.  

While most systems delegate the processing of Random coincidences to the host PC, we 

investigated several methods for the on-board real time Randoms processing. The incentive for 

the on-board processing targeted for the Randoms reduction is a reduction of system 

requirements: the throughput which can be either reduced or populated with additional data, the 

data storage and CPU resource requirements can be reduced. 

Here we investigated several methods to compensate Randoms from Prompts before sending any 

of them to the host PC. The methods are based on the use of FPGA arrays where we store a 

record of random counts. In this description we will replace the FPGA array with a table. As the 

table is implemented in hardware, each cell is represented by certain amount of bits. The amount 

of bits sets the maximum value that each cell can store. If, for example, a cell in the table uses 3 

bits – the maximum value that can be stored in this cell is 2^3 – 1 = 7. For the description of the 

methods we will use N as a number of detectors and M as a number of crystals on each detector. 

Method 1: Randoms compensation using Nx1 table. 

In this method the table stores the counts of Randoms detected per each detector module. 

1. When a random coincidence is detected, we increment the counts of cells representing the 

detector numbers. If the counts of both cells are less then cell limit – we will increment 

both cells. Otherwise, we will send the random coincidence to PC. 
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2. When prompt coincidence is detected, we check whether both cells representing the 

detector numbers are greater than zero. If this is the case – we decrement both cell counts. 

If at least one of them is zero – we consider the coincidence as true and send it to the host 

PC. 

The method is described in Figure A-1. 

 

 

Figure A-1. Example of the use of Nx1 table for the Randoms compensation method. 

 

Method 2: Randoms compensation using NxN table. 

In this approach the table stores the counts of Randoms detected per each couple of detector 

modules. 

1. When random coincidence is detected, we will try to increment the count of cell 

representing both detector numbers. If the count of the cell is less than the cell limit – we 

will increment the cell. Otherwise, we will send the random coincidence to PC. 
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2. When a prompt coincidence is detected, we check whether the value of the cell 

representing the detector numbers is greater than zero. If this is the case – we decrement 

the cell count. If it is zero – we assume the coincidence is true and send it to the host PC. 

The method is shown in Figure A-2. 

 

 

Figure A-2. Example of the use of NxN table for the Randoms compensation method. 

 

Method 3: Randoms compensation using MxN table. 

The method is described in Figure A-3. 

1. When random coincidence is detected, we increment the count of cells representing the 

crystal number of both detectors. If the counts of both cells are less then cell limit – we 

will increment both cells. Otherwise, we will send the random coincidence to the PC. 

2. When prompt coincidence is detected, we check whether both cells representing the 

crystal and detector numbers are greater than zero. If this is the case – we decrement both 

cell counts. If at least one of them is zero – we consider the coincidence as true and send 

it to the host PC.  
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Figure A-3. Example of the use of MxN table for the Randoms compensation method. 
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In this approach the table stores the counts of Randoms detected for each crystal of each detector 

module. 

Method 4: Randoms compensation using a mix of  MxN and NxN tables 

The method combines both method 2 and method 3 approaches: the random is added both to 

NxN and MxN tables, the prompt is rejected if the counts of both MxN and NxN tables are 

greater than zero. 

Results for methods 1-4 

The results from the other methods showed that there is a significant data loss in these methods. 

The reason for the data loss is the removal of Trues instead of Randoms. An example of the 

impact of the data loss we can see in Figure A-4. 

 

(a)                                                                       (b) 

Figure A-4.  (a) A sinogram slice without method application (b) and with method application. 

 

The magnitude of the sinogram after the method application is significantly decreased. 
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Appendix B. Script for process Monte-Carlo simulation 

#Simulation of a Siemens Inveon using ECAT output 

 

#Visualization 

/vis/disable 

 

#Verbosity settings 

/gate/verbose Physic    5 

/gate/verbose Cuts      0 

/gate/verbose SD        0 

/gate/verbose Actions   0 

/gate/verbose Actor     0 

/gate/verbose Step      0 

/gate/verbose Error     0 

/gate/verbose Warning   0 

/gate/verbose Output    0 

/gate/verbose Beam      0 

/gate/verbose Volume    0 

/gate/verbose Image     0 

/gate/verbose Geometry  0 

/gate/verbose Core      0 

/run/verbose 0 

/event/verbose 0 

/tracking/verbose 0        

 

#Set the path for the Materials file 

/gate/geometry/setMaterialDatabase /home/petlab/Leonid_scripts/GateMaterials.db 

 

#Define the world 

/gate/world/geometry/setXLength 40. cm 

/gate/world/geometry/setYLength 40. cm 

/gate/world/geometry/setZLength 40. cm 

 

/gate/world/daughters/name ecat 

/gate/world/daughters/insert cylinder 

/gate/ecat/setMaterial Air 

/gate/ecat/geometry/setRmax 13. cm 

/gate/ecat/geometry/setRmin 4. cm 

/gate/ecat/geometry/setHeight 14.3 cm 

/gate/ecat/vis/forceWireframe 

 

#Define a block detector 

/gate/ecat/daughters/name block 

/gate/ecat/daughters/insert box 

/gate/block/placement/setTranslation 8.554 0 0 cm 
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/gate/block/geometry/setXLength 10 mm 

/gate/block/geometry/setYLength 32.0 mm 

/gate/block/geometry/setZLength 32.0 mm 

/gate/block/setMaterial Air 

/gate/block/vis/forceWireframe 

/gate/block/vis/setColor red 

 

#Define the crystals 

/gate/block/daughters/name crystal 

/gate/block/daughters/insert box 

/gate/crystal/geometry/setXLength 10 mm 

/gate/crystal/geometry/setYLength 1.51 mm 

/gate/crystal/geometry/setZLength 1.51 mm 

/gate/crystal/setMaterial LSO 

/gate/crystal/vis/setColor yellow 

/gate/crystal/vis/forceWireframe 

 

#Repeat the crystals 

/gate/crystal/repeaters/insert cubicArray 

/gate/crystal/cubicArray/setRepeatNumberX 1 

/gate/crystal/cubicArray/setRepeatNumberY 20 

/gate/crystal/cubicArray/setRepeatNumberZ 20 

/gate/crystal/cubicArray/setRepeatVector 0. 1.6 1.6 mm 

 

#Repeat the block linearly 

/gate/block/repeaters/insert linear 

/gate/block/linear/setRepeatNumber 4 

/gate/block/linear/setRepeatVector 0. 0. 32. mm 

 

#Construct the ring 

/gate/block/repeaters/insert ring 

/gate/block/ring/setRepeatNumber 16 

 

#Add aluminum casing to the front of the detectors 

/gate/world/daughters/name shield 

/gate/world/daughters/insert box 

/gate/shield/geometry/setXLength 1 mm 

/gate/shield/geometry/setYLength 32 mm 

/gate/shield/geometry/setZLength 140 mm 

/gate/shield/setMaterial Aluminium 

/gate/shield/vis/setColor gray 

 

/gate/shield/repeaters/insert linear 

/gate/shield/linear/setRepeatNumber 2 

/gate/shield/linear/setRepeatVector 16. 0. 0. cm 

 



 

110 

 

/gate/shield/repeaters/insert ring 

/gate/shield/ring/setRepeatNumber 16 

 

#Inner aluminum shielding; 0.25 mm thick 

/gate/world/daughters/name inshield 

/gate/world/daughters/insert cylinder 

/gate/inshield/geometry/setRmax 79.5 mm 

/gate/inshield/geometry/setRmin 79.25 mm 

/gate/inshield/geometry/setHeight 140 mm 

/gate/inshield/setMaterial Aluminium 

/gate/inshield/vis/setColor green 

 

#Inner carbon fibre; 0.5 mm thick 

/gate/world/daughters/name cfibre 

/gate/world/daughters/insert cylinder 

/gate/cfibre/geometry/setRmax 79.24 mm 

/gate/cfibre/geometry/setRmin 78.75 mm 

/gate/cfibre/geometry/setHeight 140 mm 

/gate/cfibre/setMaterial Carbonfibre 

/gate/cfibre/vis/setColor gray 

 

#NEMA scatter phantom 

/gate/world/daughters/name wbox1 

/gate/world/daughters/insert cylinder 

/gate/wbox1/geometry/setRmax 25 mm 

/gate/wbox1/geometry/setHeight 150 mm 

/gate/wbox1/setMaterial Polyethylene 

/gate/wbox1/vis/setColor blue 

/gate/wbox1/placement/setTranslation 0. 0. 0. mm 

 

#Attach system 

/gate/systems/ecat/block/attach block 

/gate/systems/ecat/crystal/attach crystal 

/gate/crystal/attachCrystalSD 

 

#Define Physics 

#Define Physics 

/gate/physics/addProcess PhotoElectric 

/gate/physics/processes/PhotoElectric/setModel StandardModel 

 

/gate/physics/addProcess Compton 

/gate/physics/processes/Compton/setModel StandardModel 

 

/gate/physics/addProcess RayleighScattering 

/gate/physics/processes/RayleighScattering/setModel PenelopeModel 
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/gate/physics/addProcess ElectronIonisation 

/gate/physics/processes/ElectronIonisation/setModel StandardModel e- 

/gate/physics/processes/ElectronIonisation/setModel StandardModel e+ 

 

/gate/physics/addProcess Bremsstrahlung 

/gate/physics/processes/Bremsstrahlung/setModel StandardModel e- 

/gate/physics/processes/Bremsstrahlung/setModel StandardModel e+ 

 

/gate/physics/addProcess PositronAnnihilation 

 

/gate/physics/addProcess MultipleScattering e+ 

/gate/physics/addProcess MultipleScattering e- 

 

/gate/physics/processList Enabled 

/gate/physics/processList Initialized 

 

#Initialize Physics 

/gate/run/initialize 

 

#Define Digitizer equipment 

 

#Adder; regroups hits per volume into a pulse 

/gate/digitizer/Singles/insert adder 

 

#Deadtime at the per-block level 

/gate/digitizer/Singles/insert deadtime 

/gate/digitizer/Singles/deadtime/setDeadTime 143.8 ns 

/gate/digitizer/Singles/deadtime/setMode paralysable 

/gate/digitizer/Singles/deadtime/chooseDTVolume block 

 

#Readout 

/gate/digitizer/Singles/insert readout 

/gate/digitizer/Singles/readout/setDepth 1 #Depth 1 = block 

 

#Blurring 

#This will set a 13.3% energy resolution at 511 keV 

/gate/digitizer/Singles/insert blurring 

/gate/digitizer/Singles/blurring/setResolution 0.133 

/gate/digitizer/Singles/blurring/setEnergyOfReference 511. keV 

 

#Blurring 

#This will set a range of values from 11% to 17% 

/gate/digitizer/Singles/insert crystalblurring 

/gate/digitizer/Singles/crystalblurring/setCrystalResolutionMin 0.11 

/gate/digitizer/Singles/crystalblurring/setCrystalResolutionMax 0.17 

/gate/digitizer/Singles/crystalblurring/setCrystalQE 1.0 
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/gate/digitizer/Singles/crystalblurring/setCrystalEnergyOfReference 511. keV 

 

#Energy Window 

/gate/digitizer/Singles/insert thresholder 

/gate/digitizer/Singles/thresholder/setThreshold 350. keV 

/gate/digitizer/Singles/insert upholder 

/gate/digitizer/Singles/upholder/setUphold 650. keV 

 

#Coincidence sorter 

#Makes 3 coincidence windows with 3, 6, and 12 ns width along with matching delay windows 

/gate/digitizer/name Coincidences3ns 

/gate/digitizer/insert coincidenceSorter 

/gate/digitizer/Coincidences3ns/setInputName Singles 

/gate/digitizer/Coincidences3ns/setWindow 3 ns 

/gate/digitizer/Coincidences3ns/MultiplesPolicy  keepIfAnyIsGood 

/gate/digitizer/Coincidences3ns/minSectorDifference 1 

 

/gate/digitizer/name PETDelays3ns 

/gate/digitizer/insert coincidenceSorter 

/gate/digitizer/PETDelays3ns/setInputName Singles 

/gate/digitizer/PETDelays3ns/setWindow 3 ns 

/gate/digitizer/PETDelays3ns/setOffset 1. mus 

/gate/digitizer/PETDelays3ns/MultiplesPolicy  keepIfAnyIsGood 

/gate/digitizer/PETDelays3ns/setDepth 1 

/gate/digitizer/PETDelays3ns/minSectorDifference 1 

 

/gate/digitizer/name Coincidences6ns 

/gate/digitizer/insert coincidenceSorter 

/gate/digitizer/Coincidences6ns/setInputName Singles 

/gate/digitizer/Coincidences6ns/setWindow 6 ns 

/gate/digitizer/Coincidences6ns/MultiplesPolicy  keepIfAnyIsGood 

/gate/digitizer/Coincidences6ns/minSectorDifference 1 

 

/gate/digitizer/name PETDelays6ns 

/gate/digitizer/insert coincidenceSorter 

/gate/digitizer/PETDelays6ns/setInputName Singles 

/gate/digitizer/PETDelays6ns/setWindow 6 ns 

/gate/digitizer/PETDelays6ns/setOffset 1. mus 

/gate/digitizer/PETDelays6ns/MultiplesPolicy  keepIfAnyIsGood 

/gate/digitizer/PETDelays6ns/setDepth 1 

/gate/digitizer/PETDelays6ns/minSectorDifference 1 

 

/gate/digitizer/name Coincidences12ns 

/gate/digitizer/insert coincidenceSorter 

/gate/digitizer/Coincidences12ns/setInputName Singles 

/gate/digitizer/Coincidences12ns/setWindow 12 ns 
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/gate/digitizer/Coincidences12ns/MultiplesPolicy  keepIfAnyIsGood 

/gate/digitizer/Coincidences12ns/minSectorDifference 1 

 

/gate/digitizer/name PETDelays12ns 

/gate/digitizer/insert coincidenceSorter 

/gate/digitizer/PETDelays12ns/setInputName Singles 

/gate/digitizer/PETDelays12ns/setWindow 12 ns 

/gate/digitizer/PETDelays12ns/setOffset 1. mus 

/gate/digitizer/PETDelays12ns/MultiplesPolicy  keepIfAnyIsGood 

/gate/digitizer/PETDelays12ns/setDepth 1 

/gate/digitizer/PETDelays12ns/minSectorDifference 1 

 

#Output configuration 

 

#Sinogram output 

/gate/output/sinogram/enable 

/gate/output/sinogram/RadialBins 128 

/gate/output/sinogram/RawOutputEnable 

/gate/output/sinogram/TruesOnly true 

/gate/output/sinogram/setFileName sim_LowMBq_rat_cyl_center_runa 

#/gate/output/ecat7/disable 

 

#ROOT output 

/gate/output/root/enable 

/gate/output/root/setFileName sim_LowMBq_rat_cyl_center_runa 

/gate/output/root/setRootCoincidencesFlag 1 

/gate/output/root/setRootHitFlag 0 

/gate/output/root/setRootSinglesFlag 0 

#/gate/output/root/setRootNtupleFlag 0 

 

#Back to back source 

/gate/source/addSource fastsource 

/gate/source/fastsource/setType backtoback 

/gate/source/fastsource/gps/particle gamma 

/gate/source/fastsource/gps/energytype Mono 

/gate/source/fastsource/gps/monoenergy 511. keV 

/gate/source/fastsource/gps/angtype iso 

/gate/source/fastsource/gps/type Volume 

/gate/source/fastsource/gps/shape Cylinder 

/gate/source/fastsource/gps/radius 25 mm 

/gate/source/fastsource/gps/halfz 75 mm 

/gate/source/fastsource/setActivity 400000000 Bq 

/gate/source/fastsource/gps/centre 0. 0. 0. mm 

 

#Set random number generator 

/gate/random/setEngineName MersenneTwister 
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/gate/random/setEngineSeed auto 

#/gate/output/root/setSaveRndmFlag 0 

/gate/random/verbose 1 

 

#Start simulation 

/gate/application/setTimeSlice 6 s 

/gate/application/setTimeStart 0 s 

/gate/application/setTimeStop 6 s 

 

/gate/application/startDAQ 
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Appendix C. Root files processing application 

//How to use this script 

//The input to the script is root file, generated by GATE simulator. 

//It should contain Coincidences and Randoms data 

 

//Step 1: Place this script together with any other files you use to <your_directory/root/macros> 

directory 

//Step 2: Run script TBD to set parameters 

//Step 3: Go to your_directory/root/macros 

//Step 4: Change the name of fname to the name of your file 

//Step 5: Change the name of Coincidence tree to the name that appears in your file 

// Note: In order to find the tree names in your file write "TBrowser t" in command line. 

// It will open a window where you can find the tree names. 

//Step 6: If required - change/add names of the variables in the braches. 

// Note: Names of variables you can get from the command stree->Print();   

 

 

void RootOut()//(char *fname='', int mode=1) 

{ 

  gROOT->SetStyle("Plain"); 

// Step 4: Change the name of fname to the name of your file 

  char *fname = "Inveon_10MBq_runa.root"; 

  int mode = 1;  //LL 

  char filename[100]; 

  sprintf(filename,"%s",fname); 

 

  TFile *f = new TFile(filename, "READ"); 

  f->ReadKeys(); 

 

  if (f->IsZombie()) { 

        printf("Couldn't open file.\n"); 

        return; 

    } else { 

        printf("Opened file: %s\n", filename); 

    } 

 

    printf("Getting  Coincidences tree..."); 

 

//Step 5: Change the name of Coincidence tree to the name that appears in your file 

    TTree *stree = (TTree *) f->Get("Coincidences");  

    printf("Got the tree.\n"); 

    stree->Print(); 

    Int_t myentries = (Int_t) stree->GetEntries(); 

    printf("myentries = %d.\n", myentries); 
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    int runID, eventID1, eventID2, sourceID1, sourceID2, blockID1, blockID2, crystalID1, 

crystalID2; 

    double time1, time2, energy1, energy2; 

    

//Step 6: If required - change/add names of the variables in the braches. 

     

    TBranch *b_eventID1 = stree->GetBranch("eventID1"); 

    b_eventID1->SetAddress(&eventID1); 

 

    TBranch *b_eventID2 = stree->GetBranch("eventID2"); 

    b_eventID2->SetAddress(&eventID2); 

 

    TBranch *b_blockID1 = stree->GetBranch("blockID1"); 

    b_blockID1->SetAddress(&blockID1); 

 

    TBranch *b_blockID2 = stree->GetBranch("blockID2"); 

    b_blockID2->SetAddress(&blockID2); 

 

    TBranch *b_crystalID1 = stree->GetBranch("crystalID1"); 

    b_crystalID1->SetAddress(&crystalID1); 

 

    TBranch *b_crystalID2 = stree->GetBranch("crystalID2"); 

    b_crystalID2->SetAddress(&crystalID2); 

 

    TBranch *b_time1 = stree->GetBranch("time1"); 

    b_time1->SetAddress(&time1); 

 

    TBranch *b_time2 = stree->GetBranch("time2"); 

    b_time2->SetAddress(&time2); 

     

     

    FILE *myfile; 

    int i; 

    char output_file[50] = {0}; 

    strcpy(output_file, fname); 

    strcat(output_file,"_Coincidences.dat"); 

    myfile= fopen(output_file,"w"); // this is the file where the coincidence data will be written 

     

// The way tree readout works: 

// Step 1: Define new branch (e.g. ) and assign it one of the branches you want to read.   

// Code:   TBranch *b_time1 = stree->GetBranch("time1"); 

// Step 2: Define new variable (e.g. time1) of the same type as the branch values and assign this 

variable to the branch.  

// Code:    b_time1->SetAddress(&time1); 

// Step 3: using FOR loop clear the variable and read a new value.  

// The value will be assigned into this variable.    



 

117 

 

// Code:   time1 = 0;         

//   b_time1->GetEntry(i); 

    for (i=0; i < myentries; i++){ 

 eventID1=0;  

 eventID2 = 0; 

 blockID1 = 0; 

 blockID2 = 0; 

 crystalID1 = 0; 

 crystalID2 = 0; 

 time1 = 0; 

 time2 = 0; 

   

 b_eventID1->GetEntry(i); 

 b_eventID2->GetEntry(i); 

 b_blockID1->GetEntry(i); 

 b_blockID2->GetEntry(i); 

 b_crystalID1->GetEntry(i); 

 b_crystalID2->GetEntry(i); 

 b_time1->GetEntry(i); 

 b_time2->GetEntry(i); 

 

 fprintf(myfile, "%d %d %d %1.10f %d %d %d %1.10f \n", eventID1, blockID1, 

crystalID1, time1, eventID2, blockID2, crystalID2, time2); 

 

 } 

 fclose(myfile);  

 

 

//////////////////////////////////////////////////////////////////////////////////////////// 

//reading Randoms 

//////////////////////////////////////////////////////////////////////////////////////////// 

    strcpy(output_file, fname); 

    strcat(output_file,"_Delays.dat"); 

    myfile= fopen(output_file,"w"); // this is the file where the coincidence data will be written 

 

//singles tree name goes here. likewise, you can replace this with the Coincidences tree etc 

    *stree = (TTree *) f->Get("PETDelays");  

    printf("Got Randoms tree.\n"); 

 

    stree->Print(); 

    myentries = (Int_t) stree->GetEntries(); 

 

    printf("myentries = %d.\n", myentries);   

     

    b_eventID1 = stree->GetBranch("eventID1"); 

    b_eventID1->SetAddress(&eventID1); 
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    b_eventID2 = stree->GetBranch("eventID2"); 

    b_eventID2->SetAddress(&eventID2); 

 

    b_blockID1 = stree->GetBranch("blockID1"); 

    b_blockID1->SetAddress(&blockID1); 

 

    b_blockID2 = stree->GetBranch("blockID2"); 

    b_blockID2->SetAddress(&blockID2); 

 

    b_crystalID1 = stree->GetBranch("crystalID1"); 

    b_crystalID1->SetAddress(&crystalID1); 

 

    b_crystalID2 = stree->GetBranch("crystalID2"); 

    b_crystalID2->SetAddress(&crystalID2); 

 

    b_time1 = stree->GetBranch("time1"); 

    b_time1->SetAddress(&time1); 

 

    b_time2 = stree->GetBranch("time2"); 

    b_time2->SetAddress(&time2); 

     

 

    for (i=0; i < myentries; i++){ 

 eventID1=0;  

 eventID2 = 0; 

 blockID1 = 0; 

 blockID2 = 0; 

 crystalID1 = 0; 

 crystalID2 = 0; 

 time1 = 0; 

 time2 = 0;   

 b_eventID1->GetEntry(i); 

 b_eventID2->GetEntry(i); 

 b_blockID1->GetEntry(i); 

 b_blockID2->GetEntry(i); 

 b_crystalID1->GetEntry(i); 

 b_crystalID2->GetEntry(i); 

 b_time1->GetEntry(i); 

 b_time2->GetEntry(i); 

 fprintf(myfile, "%d %d %d %1.10f %d %d %d %1.10f \n", eventID1, blockID1, 

crystalID1, time1, eventID2, blockID2, crystalID2, time2); 

 } 

 

    fclose(myfile);    

//////////////////////////////////////////////////////////////////////////////////////////// 
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//reading Singles 

//////////////////////////////////////////////////////////////////////////////////////////// 

    strcpy(output_file, fname); 

    strcat(output_file,"_Singles.dat"); 

 

// this is the file where the coincidence data will be written 

    myfile= fopen(output_file,"w");  

 

//singles tree name goes here.  

//likewise, you can replace this with the Coincidences tree etc 

 

    *stree = (TTree *) f->Get("Singles");  

 

    printf("Got Singles tree.\n"); 

 

    stree->Print(); 

    myentries = (Int_t) stree->GetEntries(); 

 

    printf("myentries = %d.\n", myentries);   

    b_eventID1 = stree->GetBranch("eventID"); 

    b_eventID1->SetAddress(&eventID1); 

 

    b_blockID1 = stree->GetBranch("blockID"); 

    b_blockID1->SetAddress(&blockID1); 

 

    b_crystalID1 = stree->GetBranch("crystalID"); 

    b_crystalID1->SetAddress(&crystalID1); 

 

    b_time1 = stree->GetBranch("time"); 

    b_time1->SetAddress(&time1); 

     

    for (i=0; i < myentries; i++){ 

 eventID1=0;  

 blockID1 = 0; 

 crystalID1 = 0; 

 time1 = 0;   

 b_eventID1->GetEntry(i); 

 b_blockID1->GetEntry(i); 

 b_crystalID1->GetEntry(i); 

 b_time1->GetEntry(i); 

 fprintf(myfile, "%d %d %d %1.10f \n", eventID1, blockID1, crystalID1, time1); 

 } 

    fclose(myfile);  } 
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Appendix D. Method application 

// The program applies gets as an input a file with a list of coincidence files. 

// The program checks if coincidence in the file is within a range of a sinogram, 

// and applies the FOV adjustment method on the data. 

// The data that passes both the sinogram and the method filtering is added to  

// an output file. The name of the output file has a form of  

// N1_A_N2_STR1_Coincidence_N3_N4_STR2.dat, where 

// N1 - Cell limit of the table 

// N2 - Activity in MBq 

// N3 - Window size in nanoseconds 

// N4 - Sensitivity threshold 

// STR1 - phantom description 

// STR2 - data type: Prompts, Randoms 

 

#include <stdio.h> 

#include <stdlib.h> 

#include <string.h> 

#include <math.h> 

 

#define Number_of_detectors 64 

#define Number_of_crystals 400 

#define Acceptance_window 0.0000000034 

#define Slice_window 0.0000001 

#define Quant_step 0.0000000005 

#define         min(a,b)  (((a>b)> 0  ? (b):(a))) 

#define Trues_ratio 0 

#define         ABS(a)  (((a)> 0  ? (a):-(a))) 

#define Num 336 

#define Width 128 

#define Angles 168 

#define max_ring_difference 79 

#define axial_crystals_per_block 20 

#define transaxial_crystals_per_block 20 

#define CELL_LIMIT 65 

#define Sence 13 

#define CELL_START 16 

#define RECORD 70000 

#define SAMPLE 1000 

#define TIME_STEP 0.001 

 

FILE* OpenFile(int limit, const char* str1, const char* str2) 

{ 

 char buffer[100]; 

 sprintf(buffer, "%d",limit); 

 strcat(buffer, "_"); 
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 strcat(buffer, str1); 

 strcat(buffer, str2); 

 return (fopen(buffer,"w")); 

} 

 

//This function is used in a different application for sinogram generation. 

//Here it's used in order to filter out the elements that are out of sinogram  

int Add2Hist(int crystal1, int ring1, int crystal2, int ring2) 

{ 

 int ang, dist, point, slice; 

 ang = crystal1 + crystal2; 

 dist = ABS(crystal1 - crystal2); 

 ang = ang / 2; 

 //ang = ang - ((Num / 4) - 1); 

 if (ang >= Angles) { 

  ang = ang - Angles; 

  dist = Num - dist; 

 } 

 if (ang < 0) { 

  ang = Angles + ang; 

  dist = Num - dist; 

 } 

 dist = (Num / 2) - dist; 

 dist = dist + (Width / 2); 

// Filtering out of out of range coincidences 

 if ((dist < 0) || (dist >= Width)) { 

  return 0; 

  } 

 if ((ABS(ring1 - ring2)) > max_ring_difference)  

  { 

  return 0; 

  } 

 return 1; 

} 

 

 

main(){ 

 

FILE* data_file; 

FILE* coincidence_prompt_file; 

FILE* coincidence_random_file; 

FILE* coincidence_true_conventional_file; 

FILE* coincidence_true_rt_NxN; 

FILE* coincidence_random_rt_NxN; 

FILE* coincidence_true_rt_MxN; 

FILE* coincidence_random_rt_MxN; 
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FILE* coincidence_true_rt_mixed; 

FILE* coincidence_true_rt_sence; 

FILE* coincidence_random_rt_mixed; 

FILE* coincidence_random_rt_sence; 

FILE* coincidence_real_file; 

FILE* log_file; 

FILE* Prompts_file; 

FILE* Delays_file; 

FILE* filelist; 

FILE* results_file; 

FILE* record_conv_file; 

FILE* record_NxN_file; 

FILE* record_MxN_file; 

FILE* table_NxN_file; 

FILE* table_MxN_file; 

 

int max_events_per_slice = 0; 

int event_counter = 1; 

unsigned short** tableNxN; //[Number_of_detectors][Number_of_detectors]; 

unsigned short** tableMxN; //[Number_of_crystals][Number_of_detectors]; 

unsigned short** tableNxNmixed; //[Number_of_detectors][Number_of_detectors]; 

unsigned short** tableMxNmixed; //[Number_of_crystals][Number_of_detectors]; 

int i,j,k, ix,ixx, file_counter; 

 

 

unsigned short  cs_table[Number_of_detectors] = {0}; 

 

unsigned int* temp_prompt; 

unsigned int* temp_true; 

unsigned int* temp_random;  

 

int* coincidence_prompt; 

int* coincidence_true; 

int* coincidence_random; 

 

int max_number_per_slice = 0; 

int max_table_cell = 0; 

int iteration_number = 0; 

 

double slice_start_time = 0; 

double slice_end_time = 0; 

 

 

char* prompt_line = NULL; 

char* delayed_line = NULL; 

char* Prompts_filename = NULL; 



 

123 

 

char* delayed_filename = NULL; 

char* filename_buffer = NULL; 

 

// coincidence processing variables 

int p_ID1, p_ID2, p_detector1, p_detector2, p_crystal1, p_crystal2, d_ID1, d_ID2, d_detector1, 

d_detector2, d_crystal1, d_crystal2, garbage1, garbage2; 

double p_time1, p_time2, d_time1, d_time2, p_energy1, p_energy2, d_energy1, 

d_energy2,p_min_time, d_min_time; 

//end of coincidence processing variables 

 

short int single_detector[8] = {0}; 

short int single_crystal[8] = {0}; 

int single_ID[8] = {0}; 

double single_time[8] = {0}; 

double single_energy[8] = {0}; 

 

short int delayed_detector[8] = {0}; 

short int delayed_crystal[8] = {0}; 

double delayed_time[8] = {0}; 

 

short int detector_buf = 0; 

short int crystal_buf = 0; 

int ID_buf = 0; 

double time_buf = 0; 

double energy_buf = 0; 

 

short int Number_of_events_in_slice = 0; 

short int Number_of_random_events_in_slice = 0; 

int Event_Number = 0; 

int Total_Event_Number = 0; 

double time_stamp = 0; 

 

short int detector1, detector2, crystal1, crystal2;  

short int event_loop_index = 0; 

short int random_event_loop_index = 0; 

short int garbage; 

 

/////////////counters 

int prompt_coincidence_counter = 0; 

int random_coincidence_counter = 0; 

int total_coincidence_counter = 0; 

int sent_random_counterNxN = 0; 

int sent_random_counterMxN = 0; 

int sent_random_counter_mixed = 0; 

int sent_random_counter_sence = 0; 

int true_counterNxN = 0; 
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int true_counterMxN = 0; 

int true_counter_mixed = 0; 

int true_counter_sence = 0; 

int true_conv_coincidence_counter = 0; 

int real_coincidence_counter = 0; 

int real_Randoms_counter = 0;  

int tableNxN_counter = 0; 

int tableMxN_counter = 0; 

int line_counter = 0; 

int Total_lines = 0; 

int compensated_NxN = 0; 

int compensated_MxN = 0; 

int compensated_mixed = 0; 

int compensated_sence = 0; 

int addedP = 0; 

int addedR = 0; 

int rejectedP = 0; 

int rejectedR = 0; 

/////////////////////// 

 

//////////////results calculation 

int temp; 

int inputs_array[Number_of_detectors] = {0}; 

int delayed_inputs_array[Number_of_detectors] = {0}; 

int slice_counter = 0; 

 

 

int rand_seq[8] = {0}; 

int Cell_limit; 

int SenceLimit; 

int    rsector1, rsector2, ring1, ring2, cr1, cr2; 

int runB = 0; 

size_t length; 

char buffer[40]; 

////////////// variables for recording 

int record_index = 0; 

int *sent_conv, *sent_NxN, *sent_MxN, *table_NxN, *table_MxN; 

sent_conv = (int*)malloc(RECORD * sizeof(int)); 

sent_NxN = (int*)malloc(RECORD * sizeof(int)); 

sent_MxN = (int*)malloc(RECORD * sizeof(int)); 

table_NxN = (int*)malloc(RECORD * sizeof(int)); 

table_MxN = (int*)malloc(RECORD * sizeof(int)); 

///////////////// 

int missed_rand  = 0; 

size_t len = 100; 

ssize_t pread, dread, pfile, dfile; 
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prompt_line = (char *) malloc (len + 1); 

delayed_line = (char *) malloc (len + 1); 

Prompts_filename = (char *) malloc (len + 1); 

delayed_filename = (char *) malloc (len + 1); 

filename_buffer = (char *) malloc (2*len + 1); 

srand(time(NULL)); 

 

tableNxN = (unsigned short**)malloc(Number_of_detectors * sizeof(unsigned short *)); 

for(i=0; i<Number_of_detectors; i++){ 

    tableNxN[i]  = (unsigned short *)malloc(Number_of_detectors * sizeof(unsigned short **)); 

} 

 

tableMxN = (unsigned short**)malloc(Number_of_detectors * sizeof(unsigned short *)); 

for(i=0; i<Number_of_detectors; i++){ 

    tableMxN[i]  = (unsigned short *)malloc(Number_of_crystals * sizeof(unsigned short **)); 

} 

 

tableMxNmixed = (unsigned short**)malloc(Number_of_detectors * sizeof(unsigned short *)); 

for(i=0; i<Number_of_detectors; i++){ 

    tableMxNmixed[i]  = (unsigned short *)malloc(Number_of_crystals * sizeof(unsigned short 

**)); 

} 

 

tableNxNmixed = (unsigned short**)malloc(Number_of_detectors * sizeof(unsigned short *)); 

for(i=0; i<Number_of_detectors; i++){ 

    tableNxNmixed[i]  = (unsigned short *)malloc(Number_of_detectors * sizeof(unsigned short 

**)); 

} 

 

results_file = fopen("results.txt","w"); 

fprintf(results_file," File,L,Sence, Prompts,Randoms,RealRand,RealTrues,AddedP, RejectedP, 

AddedR, RejectedR, TruesConv,TruesNxN,TruesMxN,TruesMixSence, TruesSence, 

CompensatedNxN,CompensatedMxN,CompensatedMixSence,CompensatedSence,SentRNxN,Se

ntRMxN, SentMixSence, SentSence\n"); 

 

for(Cell_limit = CELL_START; Cell_limit<CELL_LIMIT; Cell_limit=Cell_limit*2){ 

for(SenceLimit = 2; SenceLimit < Sence; SenceLimit=SenceLimit+2){ 

 if((filelist = fopen("filelist.txt","r"))!= NULL){ 

  printf("Filelist opened\n"); 

  } 

 else{ 

  printf("Can't open filelist\n");  

  exit(1); 

  } 

   

 pfile = getline(&Prompts_filename, &len, filelist);  
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 dfile = getline(&delayed_filename, &len, filelist);  

 

 while((pfile != -1) && (dfile != -1)){ 

  sscanf(Prompts_filename,"%s", Prompts_filename); 

  sscanf(delayed_filename,"%s", delayed_filename); 

  if((Prompts_file = fopen(Prompts_filename,"r")) != NULL) {  

   printf("Prompts file opened: %s\n", Prompts_filename);  

   } 

  else{ 

   printf("Can't open file: %s\n", Prompts_filename);  

   exit(1); 

   } 

  if((Delays_file = fopen(delayed_filename, "r")) != NULL){ 

   printf("Delays file opened: %s\n", delayed_filename);  

   } 

  else{ 

   printf("Can't open file: %s\n", delayed_filename);  

   exit(1); 

   } 

  Prompts_filename[strlen(Prompts_filename)-4] = 48 + SenceLimit; 

  delayed_filename[strlen(delayed_filename)-4] = 48 + SenceLimit; 

  if(Prompts_filename[0] == 'B') runB=1; 

  else runB = 0; 

   //Initialization is done for runA file only. If it's run B - it should continue the 

prvious simulation state 

  if(runB == 0){ 

coincidence_prompt_file = OpenFile(Cell_limit, 

Prompts_filename,"Prompts.dat"); 

coincidence_random_file = OpenFile(Cell_limit, 

Prompts_filename,"Randoms.dat"); 

coincidence_true_conventional_file = OpenFile(Cell_limit, 

Prompts_filename,"true_conv.dat"); 

coincidence_true_rt_NxN = OpenFile(Cell_limit, 

Prompts_filename,"true_NxN.dat"); 

coincidence_true_rt_MxN = OpenFile(Cell_limit, 

Prompts_filename,"true_MxN.dat"); 

coincidence_true_rt_mixed = OpenFile(Cell_limit, 

Prompts_filename,"true_mixed_sence.dat"); 

coincidence_true_rt_sence = OpenFile(Cell_limit, 

Prompts_filename,"true_sence.dat"); 

coincidence_random_rt_MxN = OpenFile(Cell_limit, 

Prompts_filename,"random_MxN.dat"); 

coincidence_random_rt_NxN = OpenFile(Cell_limit, 

Prompts_filename,"random_NxN.dat"); 

coincidence_random_rt_mixed = OpenFile(Cell_limit, 

Prompts_filename,"random_mixed_sence.dat"); 
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coincidence_random_rt_sence = OpenFile(Cell_limit, 

Prompts_filename,"random_sence.dat"); 

coincidence_real_file = OpenFile(Cell_limit, 

Prompts_filename,"real.dat"); 

record_conv_file = OpenFile(Cell_limit, 

Prompts_filename,"record_conv.dat"); 

record_NxN_file = OpenFile(Cell_limit, 

Prompts_filename,"record_NxN.dat"); 

record_MxN_file = OpenFile(Cell_limit, 

Prompts_filename,"record_MxN.dat"); 

table_NxN_file = OpenFile(Cell_limit, 

Prompts_filename,"table_NxN.dat"); 

table_MxN_file = OpenFile(Cell_limit, 

Prompts_filename,"table_MxN.dat"); 

   for(i=0; i<Number_of_detectors; i++) 

    for(ixx=0;ixx<Number_of_crystals;ixx++) 

     tableMxN[i][ixx] = 0; 

   for(i=0; i<Number_of_detectors; i++) 

    for(ixx=0;ixx<Number_of_detectors;ixx++) 

     tableNxN[i][ixx] = 0; 

   for(i=0; i<Number_of_detectors; i++) 

    for(ixx=0;ixx<Number_of_crystals;ixx++) 

     tableMxNmixed[i][ixx] = SenceLimit; 

   for(i=0; i<Number_of_detectors; i++) 

    for(ixx=0;ixx<Number_of_detectors;ixx++) 

     tableNxNmixed[i][ixx] = 0; 

 

   for(i=0; i< RECORD; i++){ 

    sent_conv[i] = 0; 

    sent_NxN[i] = 0; 

    sent_MxN[i] = 0; 

    table_NxN[i] = 0; 

    table_MxN[i] = 0; 

    } 

   record_index = 0; 

   time_stamp = TIME_STEP; 

   }//End of runB check and initialization 

    

  pread = getline(&prompt_line, &len, Prompts_file);  

  dread = getline(&delayed_line, &len, Delays_file);  

  printf("Cell_limit = %d\n", Cell_limit); 

 

 

 

 // Prompts and Delays file readout loop 
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 // Each time the processed coincidence is the one with the smallest time stamp, whether 

it's prompt or random. 

 while((pread != -1) && (dread != -1)){  

  total_coincidence_counter++; 

  sscanf(prompt_line, "%d %d %d %lf %d %d %d %lf ", &p_ID1, &p_detector1, 

&p_crystal1, &p_time1, &p_ID2, &p_detector2, &p_crystal2, &p_time2 ); 

  sscanf(delayed_line, "%d %d %d %lf %d %d %d %lf ",&d_ID1, &d_detector1, 

&d_crystal1, &d_time1, &d_ID2, &d_detector2, &d_crystal2, &d_time2 ); 

  p_min_time = min(p_time1, p_time2); 

  d_min_time = min(d_time1, d_time2); 

 

  if(p_min_time < d_min_time){ //prompt processing 

   rsector1 = p_detector1 % 16; 

   rsector2 = p_detector2 % 16;  

   cr1 = p_crystal1%20 + rsector1*20 + rsector1; 

   cr2 = p_crystal2%20 + rsector2*20 + rsector2; 

   ring1 = p_crystal1/20 + ((int)(p_detector1/16))*20; 

   ring2 = p_crystal2/20 + ((int)(p_detector2/16))*20; 

   prompt_coincidence_counter++; 

   if(Add2Hist(cr1, ring1, cr2, ring2)){ 

    addedP++; 

    if(p_detector1 < p_detector2){ //IF2 

     detector1 = p_detector1; 

     detector2 = p_detector2; 

     crystal1 = p_crystal1; 

     crystal2 = p_crystal2; 

     }//IF2 

    else{ //ELSE2 

     detector1 = p_detector2; 

     detector2 = p_detector1; 

     crystal1 = p_crystal2; 

     crystal2 = p_crystal1; 

     }//ELSE2 

    //Sensitivity 

    if((tableNxN[detector1][detector2] < SenceLimit)){ 

fprintf(coincidence_true_rt_sence, "%d %d %d %1.10f %d 

%hd %hd %1.10f \n", p_ID1, p_detector1, p_crystal1, 

p_time1, p_ID2, p_detector2, p_crystal2, p_time2); 

     true_counter_sence++; 

     } 

    else{  

     compensated_sence++; 

     }//ELSE4.1 

fprintf(coincidence_prompt_file, "%d %d %d %1.10f %d %hd 

%hd %1.10f \n", p_ID1, p_detector1, p_crystal1, p_time1, p_ID2, 

p_detector2, p_crystal2, p_time2); 
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//IF4 check if true coincidence using real time method 

    if(tableNxN[detector1][detector2] == 0){    

     true_counterNxN++; 

     }//IF4 

    else{ //ELSE4 

     tableNxN[detector1][detector2]--; 

     tableNxN_counter--; 

     compensated_NxN++; 

     }//ELSE4 

    }//End of Add2Hist 

   else{ 

    rejectedP++; 

    } 

   pread = getline(&prompt_line, &len, Prompts_file);  

   }//end of prompt processing 

  else{//random processing 

   rsector1 = d_detector1 % 16; 

   rsector2 = d_detector2 % 16;  

   cr1 = d_crystal1%20 + rsector1*20 + rsector1; 

   cr2 = d_crystal2%20 + rsector2*20 + rsector2; 

   ring1 = d_crystal1/20 + ((int)(d_detector1/16))*20; 

   ring2 = d_crystal2/20 + ((int)(d_detector2/16))*20; 

   random_coincidence_counter++; 

   if(Add2Hist(cr1, ring1, cr2, ring2)){ 

    addedR++; 

    if(d_detector1 < d_detector2){ //IF11 

     detector1 = d_detector1; 

     detector2 = d_detector2; 

     crystal1 = d_crystal1; 

     crystal2 = d_crystal2; 

     } // end IF11 

    else{ //ELSE 11 

     detector1 = d_detector2; 

     detector2 = d_detector1; 

     crystal1 = d_crystal2; 

     crystal2 = d_crystal1; 

     } //ENd of ELSE 11 

    //Sensitivity approach: send to PC only if the  

     if((tableNxN[detector1][detector2] < SenceLimit)){ 

     sent_random_counter_sence++; 

    

 fprintf(coincidence_random_rt_sence, "%d %d %d %1.10f %d 

%hd %hd %1.10f \n", d_ID1, d_detector1, d_crystal1, d_time1, d_ID2, 

d_detector2, d_crystal2, d_time2); 

     } 
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fprintf(coincidence_random_file, "%d %d %d %1.10f %d %hd 

%hd %1.10f \n", d_ID1, d_detector1, d_crystal1, d_time1, d_ID2, 

d_detector2, d_crystal2, d_time2); 

    if(tableNxN[detector1][detector2] < Cell_limit - 1){ 

     tableNxN[detector1][detector2]++; 

     tableNxN_counter++;  

     } 

    else{ 

     sent_random_counterNxN++; 

     }   

    } 

   else{ 

    rejectedR++; 

    } 

   dread = getline(&delayed_line, &len, Delays_file);  

   }//end of random processing 

  if((time_stamp < p_time1)&&(record_index < RECORD)){ 

   if(record_index > RECORD){ 

    printf("RECORD constant should be increased in the code.  

See #define RECORD.\n"); 

    exit(1); 

    } 

   sent_conv[record_index] =  

prompt_coincidence_counter + random_coincidence_counter; 

   sent_NxN[record_index] =  

true_counterNxN + sent_random_counterNxN; 

   sent_MxN[record_index] =  

true_counterMxN + sent_random_counterMxN; 

   table_NxN[record_index] = tableNxN_counter; 

   table_MxN[record_index] = tableMxN_counter; 

   record_index++; 

   time_stamp+= TIME_STEP; 

   }//End of add to record IF 

 } //End of Prompts and Delays file readout WHILE loop 

 

 

 printf("Here after file readout\n"); 

 

  //fclose(data_file); 

 // printf("here\n"); 

 if(runB==1){ 

  // Write the record of counters and tables 

  for(i=0; i<RECORD; i++){ 

   fprintf(record_conv_file, "%d\n", sent_conv[i]); 

   fprintf(record_NxN_file, "%d\n", sent_NxN[i]); 

   fprintf(record_MxN_file, "%d\n", sent_MxN[i]); 
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   fprintf(table_NxN_file, "%d\n", table_NxN[i]); 

   fprintf(table_MxN_file, "%d\n", table_MxN[i]); 

   } 

  time_stamp = TIME_STEP; 

  record_index = 0; 

  fclose(record_conv_file); 

  fclose(record_NxN_file); 

  fclose(record_MxN_file); 

  fclose(table_NxN_file); 

  fclose(table_MxN_file); 

fprintf(results_file," 

%s,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d,%d

,%d,%d,%d \n", Prompts_filename, Cell_limit, 

SenceLimit,prompt_coincidence_counter,  

random_coincidence_counter, real_Randoms_counter, real_coincidence_counter, 

addedP, rejectedP, addedR, rejectedR, prompt_coincidence_counter-

random_coincidence_counter, true_counterNxN, true_counterMxN, 

true_counter_mixed, true_counter_sence, compensated_NxN, 

compensated_MxN, compensated_mixed,compensated_sence, 

sent_random_counterNxN, sent_random_counterMxN, 

sent_random_counter_mixed, sent_random_counter_sence); 

 

  fclose(coincidence_prompt_file); 

  fclose(coincidence_random_file); 

  fclose(coincidence_true_conventional_file); 

  fclose(coincidence_true_rt_NxN); 

  fclose(coincidence_true_rt_mixed); 

  fclose(coincidence_true_rt_sence); 

  fclose(coincidence_random_rt_NxN); 

  fclose(coincidence_random_rt_MxN); 

  fclose(coincidence_random_rt_mixed); 

  fclose(coincidence_random_rt_sence); 

  fclose(coincidence_true_rt_MxN); 

  fclose(coincidence_real_file); 

  //fclose(log_file); 

 

  prompt_coincidence_counter = 0; 

  random_coincidence_counter = 0; 

  total_coincidence_counter = 0; 

  sent_random_counterNxN = 0; 

  sent_random_counterMxN = 0; 

  sent_random_counter_mixed = 0; 

  sent_random_counter_sence = 0; 

  true_counterNxN = 0; 

  true_counterMxN = 0; 

  true_counter_mixed = 0; 
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  true_counter_sence = 0; 

  true_conv_coincidence_counter = 0; 

  real_coincidence_counter = 0; 

  real_Randoms_counter = 0;  

  tableNxN_counter = 0; 

  tableMxN_counter = 0; 

  compensated_NxN = 0; 

  compensated_MxN = 0; 

  compensated_mixed = 0; 

  compensated_sence = 0; 

  addedP = 0; 

  addedR = 0; 

  rejectedP = 0;  

  rejectedR = 0; 

  addedP = 0; 

  addedR = 0; 

  rejectedP = 0; 

  rejectedR = 0; 

  fclose(Prompts_file); 

  fclose(Delays_file); 

  } 

  pfile = getline(&Prompts_filename, &len, filelist);  

  dfile = getline(&delayed_filename, &len, filelist);  

 } //Close of WHILE loop for files readout 

 fclose(filelist); 

}//Close FOR loop of Sence_limit 

}//Close FOR loop of Cell_limit 

fclose(results_file); 

return 0; 

} 
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Appendix E. Analysis.m 

% Choose the sinogram file. 

% add a path if required 

% addpath('rat_3_12_SenceLimit1','rat_3_12_SenceLimit2','rat_3_12_SenceLimit3','mouse'); 

header.studydate = [2013 3 17]; 

header.studytime = [10 10 10]; 

header.msize = [128 168 159];  %(bins, projections, planes) of sinogram 

header.scalefactor = [0.796 0.815 0.796]; %(bin size (mm), projection (degree), slice (mm)) 

header.span = 79; 

header.ringdifference = 39; % try 79 as well 

header.numberofrings = 80; 

header.numberofsegments = 1; 

header.segmenttable = [159]; 

header.imageduration = 1; 

Strip = 20.; 

% Read the raw sinogram files. 

psinogram = zeros(header.msize(1),header.msize(2),header.msize(3)); 

rsinogram = zeros(header.msize(1),header.msize(2),header.msize(3)); 

out_file = fopen('matlab_results.dat','w'); 

if out_file == -1 

    fprintf('Cannot open output file\n'); 

    exit(1); 

else 

    fprintf('Success\n'); 

end 

fprintf(out_file,'Filename, RTrueJ, SFJ,'); 

fprintf(out_file,'var(noise), count(noise), count(data), sinogram\n');      
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filelist=fopen('filelist_matlab.txt'); 

set = zeros(10,header.msize(1)*header.msize(2)*header.msize(3)); 

profile_set = zeros(10,128); 

count = 1; 

while 1 

    tline = fgetl(filelist); 

    if ~ischar(tline), break, end 

    fid = fopen(tline, 'rb'); 

    datatemp = fread(fid, header.msize(1)*header.msize(2)*header.msize(3),'int32'); 

    set(count,:) = datatemp; 

    count = count + 1; 

     psinogram = reshape(datatemp,header.msize(1),header.msize(2),header.msize(3)); 

    fclose(fid); 

    pcounts = zeros(header.segmenttable(1),1); 

    for i=1:header.segmenttable(1) 

        temp = sum(psinogram(:,:,i)); 

        temp = sum(temp,2); 

        pcounts(i) = temp; 

    end 

     

    %%%%%%%%%%%%%%%%%%% 

     

    psino = psinogram; 

    rsino = rsinogram; 

    binstozero = Strip / header.scalefactor(1);% check the number 

    binstozero = fix(binstozero); 

    % Now zero the bins. 
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    middlebin = fix(header.msize(1) / 2); 

    psino(1:middlebin-binstozero,:,:) = 0; 

    psino(middlebin+binstozero:header.msize(1),:,:) = 0; 

    rsino(1:middlebin-binstozero,:,:) = 0; 

    rsino(middlebin+binstozero:header.msize(1),:,:) = 0; 

    % Align the sinogram so that the maximum pixel in in the middle bin. 

    numslices = header.segmenttable(1); 

    for k=1:numslices 

        for j=1:header.msize(2) 

            [maxpixelvalue maxpixellocation] = max(psino(:,j,k)); 

            % Calculate offset of peak value from sinogram centre. 

            psinotemp = zeros(header.msize(1),1); 

            rsinotemp = zeros(header.msize(1),1); 

            offset = middlebin - maxpixellocation; 

            % If offset > 0 then peak needs to be shifted up. 

            if offset > 0 

                psinotemp(offset+1:header.msize(1),1) = psino(1:header.msize(1)-offset,j,k); 

                psino(:,j,k) = psinotemp(:,1); 

                rsinotemp(offset+1:header.msize(1),1) = rsino(1:header.msize(1)-offset,j,k); 

                rsino(:,j,k) = rsinotemp(:,1); 

            end 

            % If offset < 0 then the peak needs to be shifted down. 

            if offset < 0 

                psinotemp(1:header.msize(1)+offset,1) = psino(-offset+1:header.msize(1),j,k); 

                psino(:,j,k) = psinotemp(:,1); 

                rsinotemp(1:header.msize(1)+offset,1) = rsino(-offset+1:header.msize(1),j,k); 

                rsino(:,j,k) = rsinotemp(:,1); 
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            end 

        end 

    end 

    % Sum projections of sinogram angles for each slice. 

    psino = sum(psino,2); 

    rsino = sum(rsino,2); 

    binsin20mm = round(7. / header.scalefactor(1)); 

    CRandSIJ = zeros(numslices,1); 

    CTotalIJ = zeros(numslices,1); 

    CRIJ = zeros(numslices,1); 

    SFIJ = zeros(numslices,1); 

    for k=1:numslices 

        CLeftIJ = psino(middlebin - binsin20mm,k); 

        CRightIJ = psino(middlebin + binsin20mm,k); 

        CIJavg = (CLeftIJ + CRightIJ) / 2.; 

        RandSinPeak = CIJavg * 2. * binsin20mm; 

        CRandSIJ(k) = sum(psino(1:middlebin-binsin20mm-1,k)); 

        CRandSIJ(k) = CRandSIJ(k) + RandSinPeak; 

        CRandSIJ(k) = CRandSIJ(k) + sum(psino(middlebin+binsin20mm+1:header.msize(1),k)); 

        CTotalIJ(k) = sum(psino(:,k)); 

        CRIJ(k) = sum(rsino(:,k)); 

        SFIJ(k) = (CRandSIJ(k) - CRIJ(k)) / (CTotalIJ(k) - CRIJ(k)); 

    CRandS = sum(CRandSIJ); 

    CR = sum(CRIJ); 

    CTotal = sum(CTotalIJ); 

    NECvalues.SF = (CRandS - CR) / (CTotal - CR); 

    % Calculate rates 
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    RTotalIJ = CTotalIJ / header.imageduration; 

    RTrueIJ = (CTotalIJ - CRandSIJ) / header.imageduration; 

    RRIJ = CRIJ / header.imageduration; 

    RSIJ = (CRandSIJ - CRIJ) / header.imageduration; 

    RNEC1KIJ = RTrueIJ .* RTrueIJ ./ RTotalIJ; 

    RNEC2KIJ = RTrueIJ .* RTrueIJ ./ (RTotalIJ + RRIJ); 

    NECvalues.RTotal = sum(RTotalIJ); 

    NECvalues.RTrue = sum(RTrueIJ); 

    NECvalues.RR = sum(RRIJ); 

    NECvalues.RS = sum(RSIJ); 

    NECvalues.RNEC1 = sum(RNEC1KIJ); 

    NECvalues.RNEC2 = sum(RNEC2KIJ); 

    NECvalues.SFI = SFIJ; 

    pcounts = zeros(header.segmenttable(1),1); 

        for i=1:header.segmenttable(1) 

            temp = sum(psino(:,:,i)); 

            temp = sum(temp,2); 

            pcounts(i) = temp; 

        end 

    %%%%%%%%%%%%%%%%%%%%% 

        psino_sum = zeros(128,159); 

       for k=1:128 

           for l=1:168 

               psino_sum(k,l) = sum(psinogram(k,l,:)); 

           end 

       end 

       profile = zeros(1,128); 
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       for k=1:128 

           profile(k) = sum(psino_sum(k,:)); 

       end        

       profile_set(count-1,:) = profile; 

% Define as noisy the cells where the counts are less than 100 

       a = find(psino_sum <= 100); 

       b = find(psino_sum > 100); 

     fprintf('var(noise) = %.3f, count(noise) = %.0f, count(data) = %.0f, sinogram = 

%.0f\n',var(psino_sum(a)),sum(psino_sum(a)), sum(psino_sum(b)), sum(datatemp));      

        fprintf(out_file,'%s,%.0f,%f,', tline, NECvalues.RTrue, NECvalues.SF);      

        fprintf(out_file, '%.3f, %.0f, %.0f, %.0f\n',var(psino_sum(a)),sum(psino_sum(a)), 

sum(psino_sum(b)), sum(datatemp));      

        fprintf('%s RTrueJ = %.0f, RSJ = %.0f, RNEC1K = %.0f, RNEC2K = %.0f, RTotalJ = 

%.0f, SFJ = %f\n\n',... 

        tline, NECvalues.RTrue, NECvalues.RS, NECvalues.RNEC1,... 

        NECvalues.RNEC2, NECvalues.RTotal, NECvalues.SF); 

end 

fclose(filelist); 

fclose(out_file); 
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Appendix F. VHDL implementation of the table 

---------------------------------------------------------------------------------- 

-- University of Manitoba 

-- Leonid Lamwertz 

-- Table Control Unit 

-- Implements a table of size 64 x 32 x 5  

-- Reads commands and performs operations of the table 

-- There are 4 operations that can be performed by the table controller: 

--  Read Cell 

--  Write Cell 

--  Increase Cell 

--  Decrease Cell 

 

---------------------------------------------------------------------------------- 

library IEEE; 

use IEEE.STD_LOGIC_1164.ALL; 

use IEEE.STD_LOGIC_ARITH.ALL; 

use IEEE.STD_LOGIC_UNSIGNED.ALL; 

 

-- use IEEE.NUMERIC_STD.ALL; 

 

 

entity ControlUnit is  

    Port ( 

   RESET  : in  STD_LOGIC; 

   clk   : in  STD_LOGIC;  

   CS    : in  STD_LOGIC; -- Chip Select active '1' 

   row1   : in  integer; 

   column1  : in  integer; 

   valid1   : in STD_LOGIC; 

   row2   : in  integer; 

   column2  : in  integer; 

   valid2   : in STD_LOGIC; 

   command   : in  STD_LOGIC_VECTOR (2 downto 0);  

   cell_value_in  : in STD_LOGIC_VECTOR (4 downto 0); 

   cell_value_out  : out STD_LOGIC_VECTOR (4 downto 0); 

   ready   : out STD_LOGIC; 

-- The readyness of cell_value signalend ControlUnit;  

   state_out  : out STD_LOGIC_VECTOR (2 downto 0));   

    

architecture Behavioral of ControlUnit is 

 

type ROW_ARRAY is array (63 downto 0) of std_logic_vector(4 downto 0); 

type COLUMN_ARRAY is array (31 downto 0) of ROW_ARRAY; 

 



 

140 

 

 

 

type   state_type is (Idle, Write_Cell, Read_Cell, Increase_Cell, Decrease_Cell); 

signal Control_state : state_type; 

signal cell_value_buffer : std_logic_vector (4 downto 0); 

signal result : std_logic_vector (4 downto 0); 

signal value_fatched : std_logic; 

signal state : STD_LOGIC_VECTOR (2 downto 0); 

 

signal table : COLUMN_ARRAY; 

BEGIN 

 

state_out <= state; 

 

Control_State_Machine: process(RESET, CS, command, value_fatched, clk) 

 begin 

 

  if (RESET = '0') then 

   ready <= '0'; 

   value_fatched <= '0'; 

   Control_state <= Idle; 

   state <= "000";  

  elsif clk'event and clk ='1' then 

   case Control_state is 

    when Idle  =>  

     ready <= '0'; 

     value_fatched <= '0';      

     if ((CS = '1') and (command = "100")) then 

      Control_state <= Write_Cell; 

      state <= "100"; 

     end if; 

      

     if ((CS = '1') and (command = "001")) then 

      Control_state <= Read_Cell; 

      state <= "001"; 

     end if; 

      

     if ((CS = '1') and (command = "010")) then 

      Control_state <= Increase_Cell; 

      state <= "010"; 

     end if; 

      

     if ((CS = '1') and (command = "011")) then 

      Control_state <= Decrease_Cell; 

      state <= "011"; 

     end if; 
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    when Write_Cell => 

     if(CS = '0') then 

      Control_state <= Idle; 

      ready <= '0'; 

      state <= "000"; 

     else 

      table(column1) (row1) <= cell_value_in; -- 

      state <= "100"; 

      ready <= '1'; 

     end if; 

       

 

    when Read_Cell =>  

     if(CS = '0') then 

      Control_state <= Idle; 

      ready <= '0'; 

      state <= "000"; 

     else 

      cell_value_out <= table(column1) (row1); 

      state <= "001"; 

      ready <= '1'; 

     end if; 

      

    when Increase_Cell => 

     if(CS = '0') then 

      Control_state <= Idle; 

      ready <= '0'; 

      state <= "000"; 

      value_fatched <= '0'; 

     elsif (value_fatched = '0') then 

      if(valid1 = '1') then 

       table(column1) (row1) <= table(column1) 

(row1) + '1'; 

      end if; 

      if(valid2 = '1') then 

       table(column2) (row2) <= table(column2) 

(row2) + '1'; 

      end if; 

      value_fatched <= '1'; 

     else 

      cell_value_out <= table(column1) (row1); 

      ready <= '1'; 

      state <= "010"; 

     end if;       

    when Decrease_Cell =>     
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     if(CS = '0') then 

      Control_state <= Idle; 

      ready <= '0'; 

      state <= "000"; 

      value_fatched <= '0';     

  

     elsif (value_fatched = '0') then 

      table(column1) (row1) <= table(column1) (row1) - 

'1'; 

      value_fatched <= '1'; 

     else 

      cell_value_out <= table(column1) (row1); 

      ready <= '1'; 

      state <= "011"; 

     end if; 

      

   end case; 

  end if;   

 end process; 

 

END behavioral; 
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Appendix G. VHDL implementation of a comparator of 

coincidence processor. 

------------------------------------------------------------------------------------------------------------ 

The module compares two time stamps and returns 1 on valid signal if the difference between the 

time stamps is less then 10 and '0' if it's equal or more then 10. 

------------------------------------------------------------------------------------------------------------ 

library IEEE; 

use IEEE.STD_LOGIC_1164.ALL; 

use IEEE.STD_LOGIC_ARITH.ALL; 

use IEEE.STD_LOGIC_UNSIGNED.ALL; 

entity Comporator is 

 port ( 

  time stamp1 : in STD_LOGIC_VECTOR(7 downto 0); 

  time stamp2 : in STD_LOGIC_VECTOR(7 downto 0); 

  in_ready : in std_LOGIC; 

  valid  : out std_LOGIC; 

  out_ready : out std_LOGIC 

 ); 

end Comporator; 

  

architecture Behavioral of Comporator is 

 

begin 

 

Compare : process (time stamp1, time stamp2, in_ready) 

begin 

 if(in_ready = '0') then 

  out_ready <= '0'; 

  valid <= '0'; 

elsif ((((time stamp1-time stamp2 >= 0) and (time stamp1-time stamp2 <= 1)) or  

        ((time stamp2-time stamp1 >= 0) and (time stamp2-time stamp1 <= 1))) and  

        ((time stamp1 /= 15) and (time stamp2 /= 15))) then 

   valid <= '1'; 

   out_ready <= '1'; 

 else 

   valid <= '0'; 

   out_ready <= '1'; 

 end if; 

end process; 

end behavioral; 
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Appendix H. Simulation results 

  

(a)      (b) 

Figure H-1. Line source, 100MBq, 6ns. SentF, (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-2. Line source, 100MBq, 12ns. SentF, (a) SentF and TF vs Sensitivity threshold, (b) 

NF and TF vs Sensitivity threshold 
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(a)      (b) 

Figure H-3. Line, 60MBq, 3ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and TF vs 

Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-4. Line, 60MBq, 6ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and TF vs 

Sensitivity threshold. 
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(a)      (b) 

Figure H-5. Line, 60MBq, 12ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and TF vs 

Sensitivity threshold 

 

  

(a)      (b) 

Figure H-6. Line source, 30MBq, 3ns window. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 
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(a)      (b) 

Figure H-7. Line source, 30MBq, 6ns window. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-8. Line source, 30MBq, 12ns window. (a) SentF and TF vs Sensitivity threshold, (b) 

NF and TF vs Sensitivity threshold. 
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(a)      (b) 

Figure H-9. Line source, 10MBq, 3ns window. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-10. Line source, 10MBq, 6ns window. (a) SentF and TF vs Sensitivity threshold, (b) 

NF and TF vs Sensitivity threshold. 
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(a)      (b) 

Figure H-11. Line source, 10MBq, 12ns window. (a) SentF and TF vs Sensitivity threshold, (b) 

NF and TF vs Sensitivity threshold. 

 

 

  

(a)      (b) 

Figure H-12.  Mouse cylinder, 100MB, 3ns. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 
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(a)      (b) 

Figure H-13.  Mouse cylinder, 100MB, 6ns. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-14. Mouse cylinder, 100MB, 12ns. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 
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(a)      (b) 

Figure H-15. Mouse cylinder, 30MBq, 3ns. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-16.  Mouse cylinder, 30MBq, 6ns. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold 
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(a)      (b) 

Figure H-17.  Mouse cylinder, 30MBq, 12ns. (a) SentF and TF vs Sensitivity threshold, (b) NF 

and TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-18.  Rat cylinder, 100MBq, 3ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 
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(a)      (b) 

Figure H-19. Rat cylinder, 100MBq, 6ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-20. Rat cylinder, 100MBq, 12ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 
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(a)       (b) 

Figure H-21. Rat cylinder, 10MBq, 3ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-22. Rat cylinder, 10MBq, 6ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 
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(a)      (b) 

Figure H-23. Rat cylinder, 10MBq, 12ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-24. Rat cylinder, 30MBq, 3ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 
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(a)      (b) 

Figure H-25. Rat cylinder, 30MBq, 6ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 

 

  

(a)      (b) 

Figure H-26. Rat cylinder, 30MBq, 12ns. (a) SentF and TF vs Sensitivity threshold, (b) NF and 

TF vs Sensitivity threshold. 
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Appendix I. NIOS II code for verification of the coincidence 

processor. 

/* 

* Created by: Leonid Lamwertz 

* The program is designed for NIOS II processor for OpenPET FPGA 

* The program simmulats testing of the coincidence detection processor:  

* reads single events from file on the host PC,  

* sends the events to the coincidence processor 

* the processor detects coincidences and sends them back to the NIOS processor 

* the processor writes the coincidences to the file on the host PC. 

* Input: event file located on the host PC 

* Output: Coincidence file located on the host PC 

*/ 

#include <stdio.h> 

#include <stdlib.h> 

#include <string.h> 

#include "system.h" 

#include "altera_avalon_pio_regs.h" 

 

 void delay(int n){ 

   int i, count; 

   for(i=0; i<n; i++) 

    count++; 

   return; 

 } 
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// The routine calculates a single value from detector, crystal and time input variables 

// The output is: time value + crystal value shifted 8 bits + detector value shifted 17 bits 

int send_value(int detector, int crystal, int time){ 

 return (detector*131072 + crystal*256 + time); 

} 

 

int main(void) 

{ 

............... 

   // RESET 

 IOWR_ALTERA_AVALON_PIO_DATA(RESET_BASE, 0 /*& 0x01*/); 

 delay(2000000); 

 IOWR_ALTERA_AVALON_PIO_DATA(RESET_BASE, 1 /*& 0x01*/); 

 delay(2000000); 

 // Test the proformance of the processor on a predefined input 

 // Send_value = Det*131072 + Crystal*256 + Time 

 //   Det  Crystal   Time  

 // Event 1: 24  234   5 

 // Event 2: 12  43   10 

 // Event 3:  41  51   64 

 // Event 4: 16  82   64 

 // Event 5: 26  191   70 

 // Event 6: 63  399   250 

 // Event 7:  0  0   255 

 // Event 8:  0  0   255 

 

 IOWR_ALTERA_AVALON_PIO_DATA(EVENT1_BASE, send_value(24,234,5)); 
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 IOWR_ALTERA_AVALON_PIO_DATA(EVENT2_BASE, send_value(12,43,10)); 

 IOWR_ALTERA_AVALON_PIO_DATA(EVENT3_BASE, send_value(41,51,64)); 

 IOWR_ALTERA_AVALON_PIO_DATA(EVENT4_BASE, send_value(16,82,64)); 

 IOWR_ALTERA_AVALON_PIO_DATA(EVENT5_BASE, send_value(26,191,100)); 

 IOWR_ALTERA_AVALON_PIO_DATA(EVENT6_BASE, send_value(63,399,250)); 

 IOWR_ALTERA_AVALON_PIO_DATA(EVENT7_BASE, send_value(0,0,255)); 

 IOWR_ALTERA_AVALON_PIO_DATA(EVENT8_BASE, send_value(0,0,255)); 

 

 IOWR_ALTERA_AVALON_PIO_DATA(EVENT_READY_BASE, 1 /*& 0x01*/); 

 delay(2000); 

 while((value_ready = IORD(COINC_READY_BASE, 0))==0); 

 coincidence[0] = IORD(COINCIDENCE1_BASE, 0); 

 coincidence[1] = IORD(COINCIDENCE2_BASE, 0); 

 coincidence[2] = IORD(COINCIDENCE3_BASE, 0); 

 coincidence[3] = IORD(COINCIDENCE4_BASE, 0); 

  for(l=0;l<64;l++){ 

   for(m=l;m<64;m++){ 

    send_command(l, m, 4, 0, & value, & state); //write 

   } 

  } 

 event_file = fopen("/mnt/host/event_file.txt", "r"); 

  if(event_file == NULL) 

  { 

   printf("Can't open event file\n"); 

    } 

  else{ 

 printf("Success event file\n"); 
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  } 

  delayed_event_file = fopen("/mnt/host/delayed_event_file.txt", "r"); 

  if(delayed_event_file == NULL) 

  { 

   printf("Can't open delayed_event file\n"); 

  } 

  else{ 

     printf("Success delayed_event file\n"); 

    } 

  coincidence_file = fopen("/mnt/host/coincidence_file.txt", "w"); 

  if(coincidence_file == NULL) 

  { 

   printf("Can't open coincidence file\n"); 

  } 

  else{ 

   printf("Success coincidence file\n"); 

    } 

while((fscanf(event_file, "%hd %hd %hd\n", &detector_array[i], &crystal_array[i], 

&time_array[i]) == 3) && (fscanf(delayed_event_file, "%hd %hd %hd\n", &d_detector_array[i], 

&d_crystal_array[i], &d_time_array[i]) == 3) && (counter < 300000)){ 

 if(i==7){ 

  for(j=0;j<8;j++){ 

    for(k=j+1; k<8; k++){ 

     if((time_array[k]-d_time_array[j]<12) && (time_array[k]-d_time_array[j] >= 0)  

       && (time_array[k] != 255)){ 

 if(detector_array[j]<d_detector_array[k]){ 

  min = detector_array[j]; 

  max = d_detector_array[k]; 
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  } 

  else{ 

   max = detector_array[j]; 

   min = d_detector_array[k]; 

   } 

  send_command(min, max, 2, 0, & value, & state); //write 

  randoms_counter++; 

  } 

 if((time_array[k]-time_array[j]<12) &&  

    (time_array[k]-time_array[j]>=0) && (time_array[k] != 255)){ 

  if(detector_array[j]<d_detector_array[k]){ 

   min = detector_array[j]; 

   max = detector_array[k]; 

   } 

  else{ 

   max = detector_array[j]; 

   min = detector_array[k]; 

   } 

  prompts_counter++; 

  send_command(min, max, 1, 0, & value, & state); //read 

  if(value == 0){ 

   trues_counter++; 

 fprintf(coincidence_file,"%hd %hd %hd %hd \n", detector_array[j],  

crystal_array[j], detector_array[k], crystal_array[k]); 

   } 

  else{ 

   send_command(min, max, 3, 0, & value, & state); //decrease 
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    } 

   } 

  } 

} 

i=0; 

counter++; 

} 

else i++; 

} 

  fclose(event_file); 

  fclose(coincidence_file); 

  return 0; 

} 


