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Abstract 
The objective of this paper is to present 

a communication system that has been 
developed in the context of the project 
PEM, a PET (Positron Emission 
Tomography) based system for detection of 
breast cancer. It allows the identification of 
lesions with dimensions as small as 2mm. 
Such a system involves the acquisition and 
processing of a huge amount of data that is 
first detected by a scanner and processed 
by an electronic system that identifies the 
relevant data, which is afterwards sent to 
an external computer for image 
reconstruction. The system that constitutes 
the object of this work establishes the 
communication between the acquisition 
and data processing electronics and the 
external computer. Two solutions, based 
on two distinct communication protocols, 
namely, the PCI protocol and the USB 
protocol are presented. The first solution is 
based on the use of a dedicated electronic 
device and implements a set of the PCI 
functions that meets the communication 
requirements specified for the PEM 
system. The second solution is based on 
the use of a proprietary protocol developed 
by CERN (S-LINK protocol) together with 
the USB protocol. The work that is 
described in this dissertation deals with the 
implementation of the USB protocol. 
Simulation and laboratorial results of the 
developed systems have been obtained, 
proving that functional and performance 
requirements have been fully met.  

 
1. Introduction 

 
Breast cancer is reportedly worldwide as 

one of the deadliest diseases among 
women. Studies show that one out of every 

eight women will develop breast cancer 
along her lifetime [1]. However, in 85% to 
90% of the cases, the patient can fully 
recover if the cancer is detected in its early 
stages. Consequently, cancer early 
detection is recognized worldwide as a 
priority in health care. 

Unfortunately the efficiency associated 
with conventional X-ray mammography is 
rather low, typically 30% [2]. Therefore, 
new diagnosis processes and systems for 
breast cancer are object of heavy research 
efforts.  One such research line relies on 
the use of Positron Emission Tomography 
(PET) based technology [3][4]. This is the 
case of the PEM system, a high-resolution 
Positron Emission Mammography (PEM) 
system, which aims at the detection of 
tumors with diameters down to 2 mm [4] - 
[7]. 

PET systems are, in fact, computer-
based imaging systems for medical 
applications. Such systems rely on the use 
of large amounts of data required by the 
existing image reconstruction algorithms 
[8][9] implemented in those systems. 

In PEM system, the diagnosis uses 
medical data captured with a scanner 
[10][11] and processed with a complex 
Data Acquisition Electronics (DAE) system 
[12][13][14]. The main role of DAE is to 
identify and to separate the relevant, or 
meaningful from the meaningless data. 

Meaningful data is afterwards sent to an 
external personal computer (PC) for image 
reconstruction. Given the objective of these 
exams, that is, to diagnose the presence or 
not of cancer cells in a woman breast, it is 
mandatory that the communication system, 
that is responsible for transfer data from 
the PEM electronic system to the external 
PC, be a reliable high performance system.  
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The first requirement, reliability, comes 
from the fact that this is the kind of exam 
that does not allow errors in the diagnosis. 
Lives are at stake. 

Second requirement, high performance, 
comes from the fact that, this is a traumatic 
experience, and should take as short time 
interval as possible. 

The system reported in this paper is 
responsible for the communication between 
the PEM Electronic system and the 
external PC. 

Data communication in hardware 
electronic systems is usually done using 
serial protocols. Due to their simplicity of 
implementation, RS232 and USB are 
probably among the most popular 
communication protocols. A main drawback 
for the present purpose is the bandwidth 
associated to these protocols, namely, 
115kb/s (maximum) to RS232 and 60MB/s 
at maximum speed [16] to the USB2.0. 

In this work, the required bandwidth has 
been initially set at 250 MB/s and afterward 
corrected to 150 MB/s, following the results 
obtained with  MonteCarlo simulations 
carried out with the Geant4 simulator  
[17][18][19]. 

Complying with the 250 MB/s 
requirement is the PCI protocol [20] [21], 
which is one of the most versatile and 
widely available communication ports in 
every computer. 

PCI protocol has been a first choice for 
the communication system. A dedicated 
device, the QL5064 [22] has been used to 
implement a set of the PCI functions 
required by the present communication 
system. At the time of the design decision, 
QL5064 based solution met the 
communication requirements and promised 
to be the lowest cost solution. However, the 
later information by the supplier that the 
QL5064 would be discontinued forced the 
search for another solution. 

In this case, an S-LINK64 [23] / USB 
solution has been adopted. The S-LINK64, 
a CERN proprietary protocol was chosen. 
The S-LINK64 complies with the 250 MB/s 
requirement, however it is unidirectional. 
The USB solution has been chosen to 
provide the bidirectional communication for 
the command request from the PC. Data 

associated with this communication do not 
require more bandwidth than the one 
provided by the USB protocol. 

The work described in this paper 
encompasses part of the PCI based design 
and implementation and the USB solution. 

The paper is organized as follows. 
Section 1 contains a short description of 
the PEM system. The context of the 
problem and the implemented solution is 
described in section 2. In sections 3, 
aspects of the PCI solution, namely, the 
device, the implemented architecture, the 
simulation results, and the physical 
implementation and laboratorial results are 
presented. In sections 4 the USB solution 
is described, including architecture 
description, simulation results and 
hardware implementation and laboratorial 
results. Finally, in section 5 the main 
conclusions are presented, and in section 6 
the future work is outlined. 

 
2. Context of the Communication 

System 
 
PET system is based on the detection of 

gamma ray when they react with scintillant 
crystals. Gamma Rays are emitted by 
human cells when they are injected with a 
radioactive substance. Cancerous cell emit 
more radiation than the healthy ones. 
Therefore, in a more or less uniform 
background of radiation emitted by the 
entire human body, the presence of 
cancerous cells is detected by the 
increased brightness of the image at those 
points. 

Source of emission is detected by the 
occurrence of simultaneous (time is 
measured in clock cycles) reactions 
between gamma ray photons and crystals 
in different plans. In this case, a 
coincidence has occurred. This 
phenomenon is referred as photo-event. 
When a collision occurs between a positron 
and an electron (at the human cell) two 
photons are emitted. Those photons move 
over a straight-line trajectory and opposite 
directions. The intersections of those 
trajectories permit the identification of the 
radiation source. 
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The objective of the PEM technology is 
to determine those sources of radiation. 

When photons react with the crystals, 
light is emitted. A transducer is used to 
convert the light pulse into an electric 
pulse. This pulse is shaped, sampled and 
digitized by the so called Front-End 
Electronics (FE). Data generated in the FE 
is send to the off-detector that is the Data 
Acquisition Electronics (DAE) that identifies 
relevant data (associated with 
coincidences) and sends it to an external 
PC for image reconstruction. 

A scanner, the DAE and an external PC, 
constitutes PEM system. As far as the 
communication system is concerned, the 
parts of the PEM system that must be 
taken into consideration are the DAE and 
the PC. Details of the DAE can be found in 
[12]- [15]. 
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Figure 1- DAE TGR/DCC Board architecture 
 
In Figure 1 the DAE TGR/DCC board 

architecture is depicted the communication 
module highlighted. The communication 
system is implemented in this board. Thus, 

in the DAE, this is the most relevant board 
for the design of the communication 
system. 

 
3. PCI Communication 

 
As mentioned previously two solutions 

have been studied in order to implement a 
communication system that satisfies PEM 
system functional and performance 
requirements. One solution is based on the 
PCI protocol, and the other is based on the 
SLINK/USB protocols. The work reported in 
this paper refers to the work carried out by 
the author on the implementation of those 
two solutions. 

 
4. PCI Based Solution 

 
In Figure 2, a detailed architecture of the 

PCI based communication is provided. As 
can be observed, this solution is based on 
the use of a dedicated device, namely the 
QL5064 [22]. It is, therefore, worthwhile to 
provide a brief description of this device. 
Two boards (Mezzanine and a PCI Card) 
are responsible for implementing the bridge 
PCI. 

 

 
 
Figure 2- PCI based solution architecture 

 
As can be observed in Figure 3, the 

architecture of the QL5064 is constituted by 
a PCI Core (PCI controller) and an FPGA. 
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Figure 3- QL5064 architecture 
 
The PCI Core is responsible for all the 

communication with the PCI Bus, handling 
all the PCI protocol signals, as well as a 
private protocol to communicate with the 
FPGA. In order to synchronize the data, the 
PCI Core receives 2 clock signals, namely, 
the PCI clock and FPGA clock.  

The FPGA component has 74.000 gates 
for customization logic and 11 configurable 
Dual Port RAM blocks of 1152 bits each. 
Additionally, 192 pins of I/O are available to 
the user’s custom architecture. These are 
the pins used to implement the 
communication with the DAE. The FPGA 
has a maximum working frequency of 100 
MHz. 

PCI specification determines that in a 
communication between two devices, the 
device that initiate the transaction is the 
‘Master’ and the other device is the 
‘Target’. The QL5064 can behave either as 
‘Target’ or as ‘Master’.  

Data transfer between PCI Bus and the 
QL5064 FPGA is carried out using 
asynchronous FIFOs. There are 2 FIFOs 
for reading and 2 FIFOs for writing in the 
‘master’ mode, and 2 FIFOs, one for writing 
and one for reading in the ‘target’ mode. 

The architecture implemented in the 
QL5064 FPGA has 2 controllers, “Single 
Mode Controller” and “Blast Mode 
Controller”, and 2 FIFOs, one FIFO for 
each controller. 

The “Single Mode Controller” is 
responsible for management of data 
related to PC commands and the 
corresponding answers provided by 
TGR/DCC FPGA. The “Blast Mode 
Controller” is responsible for the 
management of the data flow originated in 
a medical exam. The management of the 
FIFOS and of the PCI core control signals 
is carried out by these two controllers. 

The architecture of the QL5064 FPGA is 
depicted in Figure 4. 
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Figure 4- QL5064 FPGA architecture 
 
The functionality implemented by the 

author refers to the “Blast Mode Controller”. 
This controller is used to transmit the data 
coming from the PEM scanner. This block 
is optimized to achieve high performance, 
that is, a high bandwidth, since data is 
transmitted in burst mode.  

In Figure 5 the Blast Mode controller 
state machine is depicted. 
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Figure 5- Blast Mode Controller state machine 
 

5. QL5064 Customized Protocol 
 
The communication protocol between 

the QL5064 and the DAE TGR/DCC FPGA 
has been designed to achieve high 
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dependability without detracting its 
simplicity.  

In Figure 6 the timing diagrams 
associated with this protocol are 
represented. For each transaction only 
three signals are used, the destination 
FIFO memory full flag, the data itself and 
the read or write signals. The data must 
remain active during two clocks, since the 
actual reading/writing is only done at the 
beginning of the second clock, after 
asserting the read/write control signals. 
When data from the scanner is send to the 
PC through the Blast Mode Controller, the 
write signals remains active as long as data 
is being received from the TGR/DCC. 
Nevertheless, each data package must 
remain active during two clocks. At the third 
clock data must shift to the next package.  

On the implemented system, the 
communication uses two 64-bit channels 

(one in and one out) that can operate 
simultaneously. This increases the 
system’s total bandwidth.  

The data flow control is guaranteed with 
read/write signals, related to a write or a 
read operation, respectively. These signals 
activate the write of data in the QL5064 
internal FIFO and in the TGR/DCC FPGA 
card’s internal memories. Write operations 
take place at the second clock cycle after 
activating the read/write signal. This waiting 
cycle guarantees that data is stable when 
the write operations are activated.  

In this protocol, two types of data flowing 
to the PC are allowed: (1) data that is the 
answer to a command sent by the PC and 
(2) the exam data, coming from the PEM 
scanner.  

A header is used to identify the type of 
data being transmitted.  

 
  

 
Figure 6 - Communication Protocol 

 
When answering to a request made by 

the PC, the TGR/DCC must look for the 
“Transmit_fifo_full” flag. This flag indicates 
if the QL5064’s internal memory has space 
enough to store a 64-bit package (the 
answer is always one, and only one, 64 bit 
package). 

When sending data, a burst 
transmission is used, so the TGR/DCC has 
to look for the “Transmit_fifo_almost_full” 
flag.  

 
6. QL5064 Simulation Results 

 
The architecture implemented in the 

QL5064 FPGA has been validated using a 
simulation environment and the model of 
the PCI core provided by QuickLogic [24]. 
For the purpose, simulations have been 
made, implementing the following real 
scenarios: 
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• Data send from the PC  DAE 
o the Calibration Constants 

values. 
o Error Request  
o BIST Request  
o activate the Normal Mode  
o start/stop exam 

• Data send from the DAE PC  
o Answer to Error Request  
o Answer to BIST Request  
o Send exam data 

 
All simulations have been made for a 

worst-case scenario, at 70ºC, and a supply 
voltage of 3 V instead the typical 3.3 V for 
the QL5064.  

The following results have been 
obtained at the simulations: 

Data transfer was correctly performed. 
System can operate up to 76 MHz, with 

a latency of 11 clocks (DAE => PC).  
At 50 MHz the system could sustain up 

to 200 MB/s (theoretically). However 
simulation results showed 185 MB/s of 
sustained data rate in a real environment. 
This difference is due to PCI waiting times.  

If the frequency is increased to 66 MHz 
(the same as PCI bus), the system 
achieves a sustained data rate of 245 
MB/s, and at 76 MHz it largely overcomes 
the 250 MB/s needed. 

All simulation results of the data rate 
have been made on the PCI Bus, thus 
including all the time/clocks that the PCI 
protocol requires between packages. 

 
7. QL5064 Hardware Tests & Results 

 
After the simulation of the proposed 

architecture, the programming file has been 
send to Quicklogic. The first three 
programmed samples have been received 
and implemented in the TGR/DCC board 
v1.0. 

Laboratorial tests of the QL5064 FPGA 
architecture have been carried out at INOV. 
Test results show that: 

• Data send by the TGR/DCC 
were received correctly 

• Data was correctly identified 
• Data were send correctly to the 

both FIFOs 

• Blast Mode Controller behaves 
correctly 

 
Figure 7 depicts the Blast Mode FIFO 

and the core FIFO behavior. Both FIFOs 
will be full at the end, since, at this time, the 
communication process at the PCI side 
was not present.  
 

 
 

Figure 7 - Behavior of the Blast Mode FIFOs 
 
After validating some of the QL’s basic 

features, the system was ready for a test 
with all its components. The bridge was 
installed and the external PC was turned 
on. The QL was detected in the PCI bus 
and the appropriate driver was installed. 
With the device installed the 
communication with the QL5064 and 
validation of the bidirectional 
communication between the PC and the 
TGR/DCC FPGA were accomplished.  

Afterwards, performance tests were 
conducted putting the system into 
examination mode to allow for the burst of 
data from TGR/DCC to the PCI bus. This 
test conducted to a 5 MB/s average 
sustained data rate, very far from the 
system requirements. 

A thorough study has shown that the 
problem came from the fact that the bridge 
was not adequate to the system. The 
provider was responsible for the error and 
was ready for fixing it. Nevertheless, at that 
time, Quicklogic informed that the QL5064 
device was to be discontinued. This has 
been the main reason for discontinuing (for 
the moment) the PCI solution. 
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8. S-LINK & USB Based Solution 
 
The S-LINK/USB based solution has 

substituted the PCI based solution. The 
reason why a solution based on two 
protocols is as follows. The S-LINK [23] 
protocol is unidirectional. However, it 
allows a sustained data rate of almost 
400MB/s, which complies with the 250 
MB/s requirement for data transmission 
from the DAE to the PC. However, this data 
rate is not necessary for transmitting 
neither commands from the PC to the DAE, 
nor the transmission of the DAE responses 
to those commands to the PC demand that 
data rate. Therefore, instead of using two 
S-LINK channels, a USB/SLINK 
combination has been decided to 
guarantee the communication in both 
directions. For its popularity, versatility and 
ease of use USB [16] system has been a 
natural choice, since its data rate complies 
with the second communication channel 
requirements. 

 
9. S-LINK64 / USB  

 
To implement the S-LINK /USB solution, 

a communication interface between 
TGR/DCC and the PC was required. The 
main purpose of this interface is to manage 
the communication process. The interface 
has been designed and implemented in the 
TGR/DCC FPGA. Communication with the 
USB is made by a 16-bit bus and with the 
S-LINK by a 64-bit bus. TGR/DCC FPGA 
has been modified to accommodate the 
communication module. 

The architecture of the communication 
module is represented in Figure 8. 
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Figure 8 - Communication module for S-LINK 
and USB 

 
More detailed information about the S-

LINK implementation can be found on [25]. 
 

10. USB Module 
 
As represented on the Figure 8, the 

USB module is constituted by two 
asynchronous FIFO memories and one 
USB controller. One FIFO is used for 
sending data to the PC and the other is 
used to receive data from the PC.  

The USB controller manages the data 
flow between the USB microcontroller and 
the FIFOs. Communication between the 
TGR / DCC FPGA and the USB module is 
controlled by an internal TGR / DCC FPGA 
module, namely, the DCC ROC (Data 
Concentrator Read Out Controller). 

Communication with the USB 
microcontroller is made by a 16-bit bus 
working at 48 MHz. Communication with 
the ROC DCC is made by a 64-bit bus 
working at 50 MHz. To guarantee the 
synchronism between both systems, 
asynchronous FIFOs are used. 

The USB module is an interface or a 
middleware between the ROC and the 
DCC USB microcontroller. The signals 
used in this interface, are represented on 
Figure 9. 
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Figure 9 - USB Module interface signals 

 
11. USB  Simulations 

 
The correct functionality of the USB 

communication module has been first 
validated by simulation carried out with the 
ModelSim v6.3g simulator from Mentor 
Graphics. 

The USB communication module has 
been simulated and tested, in the first time 
as an isolated module, and subsequently 
inserted into the original firmware with the 
necessary modifications to the DCC ROC. 

Generic data has been used in the first 
case, i.e., data that did not correspond to 
the data used in the PEM system, but 
allowing us to test the communication 
module by itself. In the second case, real 
data, simulating real operational conditions 
have been used. 

 
12. USB Hardware Tests & Results 

 
The hardware tests have been 

performed simultaneously with the test of 
the S-LINK communication module. By 
doing so, it has been possible to test all the 
functionality and the performance of the 
communication module. Moreover it was 
also possible to test the changes made in 
the FPGA firmware TGR / DCC to bring 
them into line with the communication 
module. 

Specific boards that emulate the 
behavior of the scanner with the Front End 
electronics, referred as, the FE-EMU (Front 
End Emulator), have been used to test  the 
performance of the communication module. 
These boards simulate the data associated 
with a PEM exam. The following resulst 
have been obtained:  

• Commands has been sent by the PC 
via USB, successfully 

• Responses to commands has bee 
sent to the PC via USB, successfully  

• Exam data has been sent to the PC, 
successfully 

• The correct functionality of 
architecture has been confirmed 

• The maximum transmission data 
rate achieved has been 85 MB / sec 

 
The value for the transmission data rate 

obtained is less than the required 
(150MB/s). Nevertheless, it is sufficient to 
carry out the initial clinical trials. This data 
rate value is due, not the communication 
system, but to the arbiter of one of the DAE 
internal buses, that requires further 
revision. 

 
13. Conclusions 

 
The present paper describes the design, 

the development, the physical 
implementation and the validation of two 
solutions for the PEM (Positron Emission 
Mammography) communication system. 
This system guarantees the correct data 
transmission between the DAE, the PEM 
Data Acquisition and Processing 
Electronics and external PC used for image 
reconstruction. 

The study has been conducted as part 
of an innovative project, which is intended 
to develop a system for detecting breast 
cancer based on the PET technology 
(Positron Emission Tomography).  

PEM system is an imaging based 
diagnosis system. The images are 
reconstructed using data obtained in 
medical examinations carried out with the 
PEM system. Data is detected by a 
scanner and processed by an complex 
electronic system, that identifies relevant 
data, separate it from the background noise 
and send it to the PC for image 
reconstruction. 

For this, huge amounts of data are 
required. Thus, it is crucial that the 
communication system between the image 
reconstruction PC and PEM electronics is 
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able to ensure the necessary baud rate and 
high reliability. 

To implement this communication 
system two solutions have been studied 
and implemented. The first is based on the 
PCI protocol and the second is based on 
the combination of the USB and S-LINK 
protocols. 

The PCI Solution is based on a 
commercial device, the QL5064, 
constituted by a PCI core and an FPGA, 
and on a set of commercial cards that 
perform a PCI-to-PCI bridge [26][27].  

The work reported in this paper refers to 
the configuration of the QL5064 for this 
particular application. The architecture has 
been designed, simulated, implemented in 
the physical circuit and tested in the 
laboratory. The functional and the 
performance requirements have been 
achieved for the QL5064. The fact that the 
production of QL5064 have been 
discontinued, forced, for the moment, the 
abandon of this solution. 

The development of a communication 
system based on the USB protocol was the 
second solution performed in this work. 
The architecture developed was 
implemented in FPGA TGR / DCC. The 
simulation results and laboratory tests 
show that the system meets the 
specifications requirements. 

In fact, laboratory tests revealed that 
with the FPGA TGR / DDC working at 50 
MHz it is possible to correctly transmit data 
to and from the PC with a maximum 
transfer rate of 85 MB / s. This value does 

not meet the specifications, but it is 
sufficient for first clinical trials. Moreover, it 
has been concluded that this limitation in 
the data rate was due to the DAE internal 
bus arbiter, not to the communication 
system. 

 
14. Future Work 

 
The solution adopted for the 

implementing the communication between 
the DAE and the image reconstruction PC, 
using both USB and S-LINK protocols 
should not be a final solution. In fact, this 
solution, although sufficient to carry out the 
initial clinical trials presents severe physical 
limitations associated with the USB 
protocol, namely, the bandwidth and the 
maximum length of the cables. 

On the other hand, to use two different 
systems, USB and S-LINK, to perform the 
same task, i.e. communicate with the PC, 
is not a very elegant solution. 

Furthermore, it is not difficult to predict 
the future demand of more sophisticated 
functionality and performance in PEM 
systems. This will be more demanding, 
namely, in data rates and cables size. 

It is not difficulty to predict the use of 
optical fiber based solutions. In fact, it is 
already under study the implementation of 
such solution.  

In Figure 10, a possible architecture for 
this solution is presented. Two boards, one 
housed in the PC and the other housed in 
the DAE are interconnected by optical fiber. 
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Figure 10 – An Optical link solution for DAE - external PC communication 
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