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Abstract
Nuclear particles hitting the silicon in a electronic device can cause a change in the 
data in a memory bit cell or in a flip-flop. The device is still working, but the data is 
corrupted and this is called a soft error. A soft error caused by a single nuclear particle 
is called a single event upset and is a growing problem. Research is ongoing at Saab 
aiming at how susceptible random access memories are to protons and neutrons. 
This thesis describes the development of equipment for measuring cosmic-ray effects 
on DRAM in laboratories. The system is built on existing hardware with a FPGA as 
the core unit. A short history of soft errors is also given and what causes it. How a 
DRAM works and basic operation is explained and the difference between a SRAM. 
The result is a working system ready to be used.
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Chapter 1
: Introduction

1.1 Background
In 1993 the first article was published describing how single event upsets (SEUs) had 
been  observed  in  commercial  aircraft  at  flight  altitude  [1].  In  the  article  the  
SEUs were investigated and found to be neutron induced.
The SEUs increase with increased bit density, which means the problem gets worse 
as the manufacturers release larger and larger memories. Many electronic designers 
are not aware of this problem. When choosing what type of memory to use and from 
which manufacturer the designers have several properties to take into consideration. 
Cosmic-ray  effects  are  often  not  taken  into  consideration  in  the  first  step  of  the 
development, even though it is the biggest source of errors in the memories. When 
the design is made it is expensive and therefore often not possible to change the type 
of memory used to achieve better  cosmic-ray effects properties.  This  is  why it  is 
important for electronic designers to become aware of this problem and to take it into 
consideration as early as possible in the design process.
This thesis describes the development of equipment for measuring cosmic-ray effects 
on DRAM in laboratories.  The equipment is to be used by Saab Communication. 
Tests  with  memories  from  many  manufacturers  are  being  made  at  different 
laboratories around the world. At these tests the memories are radiated with neutrons 
or protons, most of the occasions by neutrons, since almost all SEUs are induced by 
neutrons in avionics. From these tests so called cross section curves of the memories 
can be generated and then be compared. 
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1.2 Objective
The objective of the project  is to design a system that can detect soft errors on a 
DRAM occurred from cosmic radiation and to send the errors to a computer. This 
was the only objective at the beginning of the project. During the project more things 
have been added.
Some parts  of the system were given,  but in the end all  parts  have been at least 
modified and some have been made from scratch.

1.3 Reading instructions
Once  upon  a  time  a  fire  broke  out  in  a  hotel,  where  just  then  a  
scientific conference was held. It was night and all guests were sound 
asleep. As it happened, the conference was attended by researchers  
from a variety of disciplines. The first to be awakened by the smoke 
was a mathematician. His first reaction was to run immediately to the 
bathroom, where, seeing that there was still water running from the 
tap, he exclaimed: “There is a solution!”. At the same time, however,  
the physicist went to see the fire, took a good look and went back to  
his room to get an amount of water, which would be just sufficient to  
extinguish the fire.  The engineer was not so choosy and started to  
throw buckets  and buckets  of  water  on  the  fire.  Finally,  when  the  
biologist  awoke,  he said  to  himself:  “The  fittest  will  survive” and 
went back to sleep.

Anecdote taken from [15]
People with different backgrounds see things in different ways. This thesis have been 
written on a relatively basic level. Most engineers should be able to follow most of 
the discussions. Basic knowledge in electronics and digital systems is good, but it is 
no requirement to understand the overall picture.
Many lines of VHDL code have been written in the project, but no code will be given 
in the thesis.  When examples from the design are  given,  they are explained with 
digital logic.
All  figures in this  thesis  have been regenerated  and might  therefore not  agree to 
100% with the actual ones. All figures are just to show the principle or a example and 
the important thing in each figure is clear though.

1.4 Thesis outline
Chapter two starts up with a popular science description on SEUs. The next chapter 
describes how laboratory tests are performed. Chapter four and five describes the 
most important technology used in this project. Earlier thesis have been made and 
chapter six gives a view of what have been done in previous projects. 
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The core of  this  project  is  in chapter  seven,  explaining what have been done.  In 
chapter eight some problems occurred during the project is discussed, problems that 
was not solved or ideas that did not turn out well. The final system is discussed in 
chapter nine and explained what it can do, the result so to speak. The final chapter ten 
is about things that might could have been done better and other things that can be 
added in the future.

1.5 Method
The project was started up with a study in cosmic-ray effects on electronics to get the 
so needed motivation to complete the project and to make it as good as possible. 
The next thing was to learn what have been done before and to learn how it works. 
After that the work continued with trying to communicate with the DRAM and after 
that to get the whole system to work. One problem has been that it is impossible to 
measure any signals inside the FPGA to see what happens if the system does not 
work as intended. This have been solved by generating test signals on a out port. On 
the port the signals have been measured with a logic analyser. 
Throughout the project the system has first been simulated and then tested on the 
hardware. One problem with this is that it takes several hours to simulate the system 
as it is implemented in the hardware. To shorten the simulation time the size of the 
memory have been shortened. This leads to that the simulation not has exactly the 
same behaviour as the implemented system. Great care must be taken to be aware of 
the differences and to know how to deal with them.
Another thing that must be considered is the test bench. A perfect test bench should 
behave like the environment the FPGA sees, but it  is not possible to make a test 
bench that behaves exactly like the real environment. Especially with the memory it 
is hard to estimate the total delay. The delay inside the memory can be found in the 
data sheet, but that is not the total  delay. The delay between the memory and the 
FPGA can not be negligible.  Due to this  a system that  works as imagined in the 
simulator  may  not  work  in  the  hardware.  For  this  kind  of  problem  where  the 
simulation is not 100% reliable the test signals have been very useful. The test bench 
must of course be correct. If it gets too big it is hard to be sure that it behaves in a 
correct manner, therefore the test benches have been made small. Small means here 
that the amount of code have been held at a minimum.
This thesis is one of two parts in the whole system. The software is developed in 
another thesis work. Solutions have been discussed with the software developer to 
make it as easy as possible for both parts to implement the functionality.
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Chapter 2
: The vulnerable electronics

2.1 Cosmic radiation
The stars produce cosmic radiation and most of the radiation hitting the earth comes 
from our sun. The rest comes from other stars in the galaxy. The particles from the 
sun  are  mostly  protons  and  some  alpha  particles  and  heavier  nuclei.  In  the 
atmosphere neutrons are produced when the cosmic rays interact with oxygen (O2) 
and nitrogen (N2). Neutrons are not present in the outer space because of the short 
half-life. [1]

2.1.1 Neutrons
The peak flux of the neutrons is at an altitude of about 20 km as shown in figure 2.1, 
this  is  called the Pfotzer  maximum. The average flux at  the Pfotzer maximum is 
about two neutrons per cm2 and second, for neutrons in the energy interval 1-10 MeV. 
The flux is not constant, it depends on, besides of the altitude also longitude, latitude 
and other variations in time such as solar activity. The flux decreases with increased 
energy, it decreases as one over the energy (1/E). There are an uncertainty in this 
measurements and all measurements have not come out with the same result. Some 
measurements  have  a  straight  line  for  the  energy  spectrum while  others  have  a 
plateau in the spectrum between 10 and 70 MeV. The neutron flux at ground level is 
approximately 400 times less than at the Pfotzer maximum. [2]
Neutrons have no charge leading to it is hard to stop them. For a neutron to stop it 
must  hit  the  core  of  a  molecule  and since  the  core  is  a  small  part  of  the  space 
occupied the probability for the neutron to hit the core is small. If it is desirable to 
stop as many neutrons as possible the only thing that can be done is to use a thick 
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layer of a material with as high density as possible. A effective shielding would be 
very heavy and could therefore not be used in applications where light weight is of 
big concern, for example in aeroplanes.

2.1.2 Protons
Protons are the dominant particle in the outer space and the energies there are much 
higher than 1 GeV. In the atmosphere the energy is below 1 GeV. The proton flux is 
similar to the neutron flux with respect to energy and altitude. The energy spectrum 
for the proton flux seems not to be as linear as the neutron flux, but the uncertainty is 
however quite large. [2]
Protons have a positive charge and this makes them easier to stop. For protons with 
energy up to 10 MeV it takes less than 1 mm aluminium to stop them [1]. Without 
adding any extra shielding in an aeroplane almost all protons are stopped.

2.1.3 Heavy ions
The heavy ion flux is not as rigorously charted as the proton and neutron flux. The 
heavy ion flux decreases rapidly when entering the atmosphere. Any heavy ions are 
not found at the Pfotzer maximum. [2]

Figure 2.1: The neutron flux in the interval 1-10 MeV as function of altitude.
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2.2 Single event effects
Errors in electronics can occur from three different sources;
● Electromagnetic interference
● Electrical noise
● Ionizing radiation
Focus here will be on ionizing radiation, which is the dominant cause of errors in 
electronics, as long as the system is properly designed. The interference from the first 
two can in the design process with ease be minimized, but for the latter it is much 
harder  to  lower  the  sensitivity  in  the  design  process.  The  interference  from 
electromagnetic interference and electrical noise can be minimized with for example 
appropriate  shielding.  Some  of  the  ionizing  interference  can  be  minimized  with 
shielding but not all. Interference from ionizing radiation is nuclear particles passing 
the silicon. Nuclear particles  come from the cosmic radiation.  Errors caused by a 
single particle are called single event effects. There are three kinds of single event 
effects which can occur from cosmic radiation;
● Single event upset
● Latch-up
● Burnout
A single event upset is a so called soft error and will be explained in the next section. 
Latch-up is an error that causes a high current flow and could cause a breakdown. If 
the latch-up does not cause a breakdown the device can be cleared by turning the 
power supply off and then on to function normally again. Due to the extra measure 
that has to been taken if a latch-up occur, it can not be seen as a pure soft error. A 
latch-up could cause a breakdown and then be a hard error. To prevent a latch-up to 
be destructive the power supply can be designed to not generate currents high enough 
to harm the component. 
A burnout could occur in a power transistor if the drain-source voltage is at least 200 
V [1]. A burnout is destructive and therefore a hard error.

2.2.1 Electron-hole pairs
Charged particles will leave a ionization trace when passing through the silicon and 
causes  electron-hole  pairs.  The electron-hole  pairs  will  give arise  to  currents  and 
could cause an upset. Neutrons are not charged but if they collide with a silicon core 
a nuclear reaction can occur if the energy of the neutron is high enough. When a 
nuclear reaction occurs a proton or an alpha particle escape from the core. A nuclear 
reaction generates electron-hole pairs and can cause an upset.  A neutron with less 
energy than needed to cause a nuclear reaction can also cause an upset. If the silicon 
core is hit by a neutron the energy of the proton is transferred to the silicon core and it 
scatters and generates electron-hole pairs. [1]
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In a CMOS process the currents from electron-hole pairs causing upsets are mostly 
currents  in  p-n junctions.  There  are  several  p-n  junctions  in  a  CMOS process.  A 
SRAM contains more p-n junctions than a DRAM, which might be one cause that 
SRAMs are in general more susceptible to upsets than DRAMs. [14]

2.3 Soft errors
Electronics can fail and there are two types of errors that can occur. The error that 
most people think of is common breakdown, for example can a transistor fail so it is 
either short circuited or interrupted. That is a hard error. The device stops working 
and can be searched for the breakdown and perhaps repaired. There is another type of 
error that does not derive from hardware breakdown which is called soft error. Soft 
errors  do not  occur because of malfunctioning hardware,  but  because of different 
kinds of interference. Most vulnerable are memories because of the high bit density, 
but soft errors can also occur in microprocessors and other electronic parts. A soft 
error  could cause a  short  circuit,  called latch-up,  and indirectly  lead to  hardware 
breakdown, but most common is a bit change in a memory. The memory itself will 
still work, but the bit change will lead to a false output which in turn could lead to for 
example a plane crash or a C instead of a S on the computer screen. 
There are three types of soft errors; 
● single event upset
● multiple event upset
● latch-up
The first one is typical a single bit change in a memory. Multiple event upset is when 
more than one bit change occur due to the same particle. If one of these two errors 
happen the information is lost, but the bit cell can be written to again and work as it 
should. Latch-up can be either soft or hard as described in the previous section.

2.4 History of SEU
In  1975  SEUs  was  first  discovered  in  space  [7],  which  started  a  slow  progress 
examining what caused the upsets. Three years later upsets were shown to be caused 
by alpha particles in the chip packaging material. This discovery made the vendors 
put in big effort to reduce the alpha particles in the chip. About the same time it was 
noted that cosmic-ray secondaries, primarily neutrons could cause upsets in electronic 
chips, even at ground level. The problem with SEUs is largest in outer space and 
decreases as ground level on earth is approached. This lead to that little effort was put 
into upsets  at  ground level.  In avionics upsets  were first  predicted  in 1984 to be 
caused by neutrons and determined by experiment to be caused by neutrons in 1992 
[7]. After it was determined that neutrons are the major cause of upsets in avionics, 
studies have been done to investigate the cause of upsets at ground level, which was 
shown to also be caused by neutrons. 
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Many tests in laboratories were made in the 1980's to find out what caused the upsets. 
Gamma radiation was found to cause no upsets, neutrons and protons however did. It 
was not until 1992 upsets in avionics were logged that the cause could be determined. 
By comparing where (longitude, latitude and altitude) the upsets occurred with the 
neutron flux, the correlation was found to be very high, see figure 2.2. The Single 
Event Ratio (SER) in avionics have also been compared with laboratory neutron tests 
and found out to be strongly correlated. [2]
At higher altitudes than the Pfotzer maximum the upsets do not decrease with the 
decreasing neutron flux. This is due to the increasing flux of heavy ions. Upsets occur 
in the outer space as well and are there caused mostly by heavy ions and protons, not 
by neutrons since neutrons do not exist in the outer space.

2.5 SEU detection
Neutrons are very hard to stop form hitting electronics as described earlier, but things 
can be done to avoid loss of information. ”Radiation hardening” techniques could be 
used to lower the upset sensitivity by a couple of orders of magnitude, but of course it 
has  a  drawback,  which  is  reduced  performance,  higher  cost,  higher  power 
consumption  and/or  larger  area.  This  ”radiation  hardening”  must  be  implemented 
when designing the chip and it will not eliminate upsets. Therefore techniques which 
can detect an upset must be used. There are in general two different approaches, Error 

Figure 2.2: Neutron flux and upsets as function of the latitude. The line is the neutron 
flux and the dots represent measured upsets. 
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Detection  And  Correction  (EDAC)  and  parity/dual  redundancy  [2].  Both  can  be 
implemented at system or hardware level. 
There are different types of EDAC Error Correction Codes (ECC). A parity bit can 
only detect an error, not correct it and is therefore not an ECC. The most common 
ECC is Hamming code which is a Single Error Correction, Double Error Detection 
(SEC-DED) code. Other Double Error Correction, Multiple Error Detection (DEC-
MED) codes exists. EDAC comes with a cost, which is additional bits and a slower 
system. DEC-MED requires more extra bits than SEC-DED and is then slower. One 
problem with ECC is that  it  can not be used in all  different types of electronics. 
Memories are a good example where it can be used, but not in a CPU for example. 
[6]
Parity/dual redundancy is another technique. Each byte is added with a parity bit and 
then stored in two different memories. It is not necessary to use two memories, two 
different places in one memory could be used, but in practice two memories are used. 
A parity bit can only detect an odd number of errors and not correct it, but since the 
same data is stored in two places single bit errors can be corrected and multiple bit 
errors detected. One assumption here is that two upsets will not occur in the two 
memories at the same address at the same time. The probability for this to happen is 
extremely small, it can be neglected. Two errors occurring on the same address in the 
two memories can be detected, but not corrected. An even number of errors on the 
same  address  and  the  same  bits  can  not  be  detected.  Again  the  probability  is 
negligible.

2.6 System errors
The previous section explained what can be done to detect and correct a SEU when it 
occurs, but what if a SEU is not detected. What will  happen to the system? This 
section is a brief discussion on what a SEU can lead to.
What kind of error a SEU will lead to differs of course from system to system and 
from different occasions. Technical medical equipment needs to be very reliable and 
errors are not accepted and therefore everything that can be done must be done to 
prevent  system errors  from occurring.  The reliability  is  one reason why technical 
medical  equipment  is  expensive.  When  it  comes  to  computers,  errors  are  more 
accepted, especially on desktop computers. In super computers there is a big trade-off 
between reliability and speed. The computations done in super computers are often 
used for scientific applications and have to be free from errors and it is often large 
computations  which  take  long  time  and  delays  for  ECC  will  lead  to  longer 
computational time and time is expensive. This makes the SEC-DED ECC suitable 
for most applications [6].
How many upsets in a memory which actually will generate a system error depends 
first of all on the utilization of the memory. If an soft error occurs in a not used bit, 
the error will not be consumed and will have no effect on the system. In a study done 
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with a web server using Linux and a client simulating 20 users, 81% of the soft errors 
were not consumed. 8% of the soft errors generated fatal failures, the remaining 11% 
were consumed, but the error did not generate a fatal failure [6]. Other studies show a 
higher consumption rate of the soft errors, up to 90% and a fatal failure rate up to 
15% [6]. These numbers are very much depending on the system. In an ASIC the 
whole memory is often used and then 100% of the soft errors will be consumed. Any 
studies on fatal failure ratio for an ASIC have not been found.

2.7 The future of SEU
Semiconductor  vendors  are  using  radiation  hardening  techniques  to  lower  the 
susceptibility to soft errors, but to increase performance the bit density is increasing 
and  the  supply  voltage  is  decreasing  which  leads  to  higher  susceptibility  to  soft 
errors. The overall result will most likely be a increased susceptibility [6].
What  is  more important  than the increasing susceptibility  is  the awareness.  More 
people  become  aware  of  the  single  event  upsets  and  this  will  lead  to  a  better 
understanding of the problem and more effort will be put in to prevent the upsets. If 
all the hardware, system and software developers do what they can to prevent upsets 
from occurring and to detect them the problem would be minor, instead of today's 
major.
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Chapter 3
: Laboratory tests

3.1 Accelerated tests
To find out how susceptible a memory is to soft errors, the memory has to be tested. 
Testing can be done in different ways. One way is simply to test the memory on the 
ground or in an aeroplane. Since this is the real place where the memory is going to 
be used it gives an accurate outcome. The drawback is that the test has to be run for a 
long  time,  since  the  neutron  flux  is  low.  Accelerated  tests  at  laboratories  have 
therefore become standard in this kind of tests. By accelerated means that the flux is 
much higher than in the atmosphere. The Weapons Neutron Research (WNR) facility 
at Los Alamos National Laboratory, has a white neutron source. The energy spectrum 
between 2 and 300 MeV (which is the interesting part in this case) is very similar to 
the spectrum in the atmosphere, though the intensity is a factor 6-9*107 higher than at 
ground level [2]. With this source a so called cross section value can be calculated 
and  compared  with  other  memories.  Cross  section  will  be  explained  in  the  next 
section.
A mono-energetic source is useful to be able to draw a curve for the cross section as a 
function of the energy. The (Theodor) Svedberg Laboratory (TSL) in Uppsala offers a 
quasi-mono-energetic neutron source and a mono-energetic proton source, which is 
unique [4]. The energy spectrum of the neutron source has a tail, which is why it is 
called quasi-mono-energetic, a typical spectrum is shown in figure 3.1. The source 
can generate energies between 20 and 180 MeV. Approximately one third of the total 
fluence is in the peak and the width of the peak is between 0.5 and 2 MeV. [4][5]
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3.2 Cross section
The cross section value is calculated as: 

CS= #SEU
fluence⋅bits (eq. 3.1)

where #SEU is the total  number of SEUs, fluence is total  number of neutrons or 
protons per cm2 and bits is the number of bit cells in the memory. This is the standard 
value used when comparing different devices susceptibility to neutrons and protons.

When using a white source the cross section value will  be given with the simple 
calculation in equation 3.1. That is not the case when using a quasi-mono-energetic 
source. The cross section function can be calculated from the raw data, but that is an 
overestimation. This is due to the tail in the energy spectrum. The tail is not a minor 
part of the fluence, as described in the previous section, the majority of the fluence is 
in the tail as is shown in figure 3.1. The tail has to be compensated for and this is 
done with the equation:

# SEU=∫
0

E i

f E , E i⋅
dN
dE

E , E i⋅dE (eq. 3.2)

#SEU is as in equation 3.1 the total number of upsets in the test run, index i is each 
test  energy and the function  f is  the adjusted cross section.  dN/dE represents  the 

Figure 3.1: A typical quasi-mono-energetic neutron spectrum with a peak energy at  
100 MeV.
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differential neutron fluence spectrum function with peak energy Ei in the test run, the 
spectrum in figure 3.1 is a example of this function. The value of f(Ei, Ei) is iterated 
until the equation is fulfilled. [5]
Figure 3.2 shows a example of a raw and the tail compensated cross section curve. 
Two assumptions have to be done to draw a complete curve. The first is the threshold 
value, which is the lowest energy needed to induce upsets. The threshold value is 
typical between 1 and 5 MeV [5][9]. The threshold depends on the manufacturing 
process and the supply voltage among others. The assumption is based on experience, 
supply voltage, simulations and in some cases the manufacturing process if available. 
The other assumption is the extension of the curve. The curve is assumed to follow a 
straight line at higher energies and the value is set to the same as the measuring point 
with the highest energy. 

3.3 A test in practice
Different laboratories look different, here will a brief description be given on how a 
test is done at TSL. 
The equipment is placed on a table in the radiation room called blue hall.  Since the 
beam has a relatively small diameter it is important that the test device is inside the 
beam. To help centring the test memories there are two lasers, one in horizontal and 
one in vertical level. The crossing of the lasers is the centre of the beam. 

Figure 3.2: A typical CS curve. The solid line is the raw and the dotted is the corrected curve.
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During  the  radiation  no  human  can  be  in  the  blue  hall,  instead  the  process  is 
supervised from the control room called  counting room. The equipment in the blue 
hall is controlled from the counting room and the beam can be turned on and off from 
the counting room. The blue hall is only entered to change test memories.
The fluence is important to log, without it the cross section can not be calculated. The 
neutron fluence at TSL is measured with three different methods. All three is being 
carefully logged. The sensitivity is not the same and the best sensitivity is ±10% and 
that one is used when doing the cross section calculations. The other two are used as 
backup.
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Chapter 4
: Volatile RAM

On the  market  today  there  are  two  different  kinds  of  volatile  RAMs;  static  and 
dynamic.  Static  RAM  have  been  the  most  used  type  for  decades  but  is  today 
considered  as  old  technology.  SRAMs are  still  used  as  on-chip  memory  since  it 
requires a more advanced manufacturing process to implement a DRAM. A SRAM 
can be implemented in a ordinary CMOS process used for regular integrated circuits, 
this is not the case with a DRAM, why it is so will be explained later in this section.

4.1 SRAM
A bit cell in a SRAM contains two cross coupled inverters and two switches. Each 
inverter contains two transistors and the switches are implemented with a transistor 
each, in total this means that each bit cell requires six transistors. Figure 4.1 shows a 
typical SRAM bit cell, with two cross-coupled inverters. SRAMs are time stable and 
voltage  volatile,  which  means  when  a  bit  has  been  written  the  information  is 
maintained  as  long  as  the  supply  voltage  is  maintained.  If  the  supply  voltage  is 
suspended  the  information  is  lost.  The  time  stable  property  is  good,  it  makes  it 
possible for the user to read or write to the memory non-interrupted. The latency for 
the memory is constant. [12]
In a SRAM each bit cell has two inner states, the two outputs of the inverters. A bit 
cell has always one high and one low state. This property has both pros and cons. The 
good thing is that it makes it easier and faster to both read and write. The drawback is 
that it  makes it rather complex and have several sensitive nodes and are therefore 
more vulnerable to interference. By increasing the strength of the inverters a bit cell 
becomes less vulnerable to interference, but this makes it slower, because it is then 
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harder to force the cell to switch state during a write. This is just one example of all 
the trade-offs during a RAM design process.

Today  dynamic  RAMs are  dominant  on  the  market.  The  DRAM advantage  over 
SRAM is the higher bit density and thereby a lower price. In SRAMs each bit cell 
contains six transistors to be compared with just one in DRAMs.

4.2 DRAM
The  DRAM  is  not  a  new  invention,  it  has  existed  for  over  30  years.  The  first 
generation had a capacity of 1 kilobit and the communication was very similar to a 
SRAM. The control  signals were  address bus,  data in,  data out,  chip enable and 
read/write. As described earlier each bit cell contains one transistor, this was not the 
case with the first generation. Each cell contained three transistors and the advantage 
in bit density over SRAM was not as big as the later one-transistor bit cell. 
The second generation DRAM used multiplexed addressing and CMOS instead of 
NMOS used in the first generation. There are more differences but these are two of 
the most important. A memory is built up in an array with rows and columns, see 
figure 4.3, and the multiplexed addressing means that the row and column address 
used the same input pins. This makes the need for two new control signals, Row 
Address Strobe (RAS) and Column Address Strobe (CAS). First the row address is 
assigned to the address bus and then the RAS signal is assigned logic zero, as the 
signal is active low. This clocks the address on the address bus into the row address 
latch. The same procedure is repeated with the column address.  The multiplexed 
addressing  has  the  drawback  of  taking  longer  time  to  address  the  memory,  the 
advantage is the reduced number of input pins. The number of input pins can at most 
be halved if the memory has the same number of rows and columns. Some memories 
have  more  rows  than  columns  and  then  the  number  is  not  halved,  but  still 
considerably reduced.
To  increase  the  speed  of  the  memory a  page mode was  developed.  After  a  row 
address have been assigned all  columns it  that  row can be read or  written to,  by 

Figure 4.1: A typical SRAM bit cell.
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clocking in new columns with CAS. A page is here by other words a whole row. 
Another improvement was the read-modify-write mode, which means that data can be 
read and modified and written back to the cell by just addressing the memory once. 
There are a couple of other modes too, but the basic principle is the same as page 
mode.
The third generation DRAM is synchronous, called SDRAM. A control block was 
added to the memory to be able to communicate synchronous. With the synchronous 
communication much more advanced communication relative the second generation 
was possible. The memory array in a SDRAM is divided into banks, typical four 
banks,  which can operate individually. I/O communication can only be performed 
from one bank at a time, but other intern operations can be performed in other banks, 
refresh is  a good example of an intern operation.  Double Data Rate (DDR) is  an 
improvement of the SDRAM and means data is transferred on both rising and falling 
edge of the clock signal. This makes it possible to increase the data transfer without 
increasing the clock frequency. [10]

4.2.1 Storing the data
DRAM uses a capacitor  to store the data.  This  reduces the amount of  transistors 
needed. Each bit cell contains one transistor and one capacitor, as shown in figure 
4.2. The challenge is how to implement the capacitor. There are three different ways 
to implement the capacitor, each with its pros and cons. The latest type and most used 
is the so called trench capacitor [10]. The capacitor is implemented as a trench in the 
silicon and that is not possible in a ordinary CMOS process.

Ideally the capacitor holds the charge for an infinite amount of time, but in practice 
there  are  always  parasitics  and  undesirable  current  flow and  because  of  this  the 
voltage  in  the  cell  will  change  with  time.  The  capacitor  is  either  discharged  or 
charged depending on if a one or zero is stored in the bit cell. This makes it necessary 
to refresh the cell and that is what makes the memory dynamic rather than static. 
During a refresh the data in the cell is read out and then written back to the cell. 
The power supply for a DRAM contains of Vcc and Vdd. Vdd is from the second 
generation DRAM zero volts and Vcc varies with different memories.  In the first 
memories in the second generation Vcc was 5 volts, but have decreased with new 
technologies and today 1.8 volts is common. 

Figure 4.2: DRAM bit cell.
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A single bit cell is shown i figure 4.2 and an two times two memory array in figure 
4.3. Vref in figure 4.2 is desirable to be Vcc/2. Vcc in the bit cell is a logic one and 0 
volts is a logic zero. If Vref is Vcc/2 the absolute voltage over the capacitor is at most 
Vcc/2. If Vref was 0 volts, the maximum voltage would be Vcc and a higher voltage 
means increased demands on the isolator in the capacitor and a faster discharge. [10]

4.2.2 Operating the memory
Opening a row in a DRAM is fundamental, it has to be done to be able to operate the 
memory. A row is opened when one of the word lines are turned on. The voltage 
needs to be higher than Vcc, as seen in figure 4.6, to be able to charge the bit cell to 
Vcc, all the other word lines are logic low, that is Vdd. Before a word line is assigned 
Vcc, the bit lines are precharged to Vcc/2. When the row is opened there will be a 
charge-sharing between each bit line and bit cell in the column. The capacitance in 
the bit line is several times higher than the capacitance in the bit cell. The voltage in 
the bit line will slightly increase or decrease depending on if a one or zero is stored in 
the cell. Typically the voltage is changed 200-300 mV. The voltage in the bit cell will 
be the same as in the bit line and the data in the cell can be considered as lost. It is 
important to notice here that the data in all bit cells in the opened column will be lost. 
Because of this the data has to be written back to the cell and this is being made with 
a sense amplifier. There are different kinds of sense amplifiers and the simplest is 
shown in figure 4.4.

Figure 4.3: 2*2 DRAM array.

Figure 4.4: A simple sense amplifier.
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The  sense  amplifier  has  two  I/Os  and  the  bit  lines  are  divided  into  two  halves, 
generating a bit line pair, as shown in figure 4.5. Each bit line has an I/O on the sense 
amplifier. When the sense amplifier is turned on by assigning A Vcc and B Vdd the 
bit lines are driven into full voltage swing. Before the sense amplifier is turned on A 
is Vdd and B is Vcc/2 to ensure the transistors are turned off. In figure 4.6 a timing 
diagram shows the process when a one is stored in the bit cell. The data is written 
back to the bit cells. This is how a refresh is being done, a read operation simply 
reads the bit line chosen by the column address. If a write is performed, after the row 
has been opened the voltage in the particular bit line is over driven and a new value is 
written into one cell. If the sensing was not performed when doing a write operation 
all the bit cells in the chosen row except the one being written to would loose their 
data. This is why the opening of a row is fundamental. [10]

4.2.2 Refresh
Typical a DRAM needs to be refreshed every 64th ms, some memories might have 
twice as long time between each refresh. In reality a bit cell can hold the data several 
minutes,  but  this  varies  very  much  from cell  to  cell,  even  within  a  memory.  A 
capacitor is also temperature dependent, the actual time a bit cell can hold the data 
varies therefore with temperature too. Another aspect is the speed of the memory, 
with a longer refresh interval the speed of the memory would decrease.
A whole row is refreshed at the same time. If a memory has a twelve bits address bus, 
the number of rows are 212 equals 4096. This means a row has to be refreshed every 
15.5 µs. If one refresh takes 50 ns to perform the total amount of time to refresh the 
whole memory is 205 µs. The relative time the memory is occupied refreshing is for 
this example 0.3%. As have been described earlier the SDRAMs can refresh one bank 
while another is being read, the memory is then never occupied doing refresh. [10]

Figure 4.5: A 4*2 open DRAM array with sense amplifiers.
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Figure 4.6: Timing diagram showing the principle of the opening of a row.
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Chapter 5
: FPGA

FPGA is short for Field Programmable Gate Array and is a programmable hardware 
device.  FPGAs have become very popular  during the last  decade.  Before FPGAs 
existed  there  were  only  relatively  small  programmable  hardware  devices  on  the 
market, typical a few thousand equivalent gates. With the introduction of FPGAs it 
was  possible  to  implement  large  systems  on  one  chip.  With  a  whole  system 
implemented on one  chip makes it  possible  to  increase  the  speed compared to  a 
system split up in several chips. This is one of the big advantages of the FPGA.
The size of FPGAs varies between 100k-5M equivalent gates. The logic in a FPGA is 
implemented  in  small  memories.  Different  vendors  use  different  techniques  and 
memories. If a voltage-volatile memory is used the FPGA must be programmed each 
time the power supply is switched on. With a development board the FPGA can either 
be programmed from a computer or it can be programmed by another non-volatile 
device on the board on power up. [11]

5.1 Xilinx FPGA
Xilinx is the largest vendor of FPGAs and they have two different families of FPGAs; 
Spartan and Virtex. Spartan is the cheaper of the two, but the differences are rather 
small. All Xilinx FPGAs are built up with Configurable Logic Blocks (CLB). Each 
CLB contains two slices and each slice contains two Look Up Tables (LUT) and two 
flip-flops. A LUT is a small SRAM with, in the Spartan family, four inputs. The logic 
is implemented in these LUTs and wired together.
The SRAM has the advantage it can be programmed an infinite amount of times and 
it is relatively fast. One of the drawbacks is the susceptibility to soft errors.
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5.1.1 Digital clock manager
A very useful component in the later Xilinx FPGAs is the Digital Clock Manager 
(DCM). This component makes it easier to have different clock frequencies in the 
system. There are several clock outputs from the DCM. It is possible to change the 
clock frequency and to phase shift the clock. The phase shifted signals are very useful 
when communicating with a DDR SDRAM, since the data is clocked on both rising 
and falling edge.

5.1.2 Block RAM
Block RAM is a SRAM integrated on the FPGA. The block RAM is a little bit more 
complex than a ordinary SRAM, it is synchronous with dual port and can perform 
two operations at the same time.

5.2 Non-volatile FPGA
All FPGAs are based on memories and flip-flops. Xilinx have several patents for how 
the FPGA is constructed with the CLBs. Other vendors such as Actel and Altera, must 
therefore  use  other  solutions.  Both  Actel  and  Altera  have  FPGAs  not  based  on 
SRAMs,  instead  flash  memories  can  be  used.  A  flash  memory  can  only  be 
programmed a finite amount of times, typical 1000 times, on the other hand is the 
flash memory not voltage volatile and not susceptible to soft errors. A flash memory 
based FPGA does not need to be programmed on power up as a SRAM based FPGA 
does.

5.3 VHDL
A large  design  needs  a  good  way  to  describe  the  behaviour.  VHDL is  short  for 
VHSIC  Hardware  Description  Language  (VHSIC  is  short  for  Very  High  Speed 
Integrated Circuit) and was developed in the 1980´s, by the department of defence in 
the U.S., to be able to describe the behaviour in an easy way [11][12]. Before VHDL 
designs were described with large schematics, it was easy to ”loose the grip” over 
large designs. VHDL solved this problem and has become a standard in describing 
the behaviour of hardware.
VHDL has different levels of abstraction.  Behaviour level is  used for simulations 
where delays can be inserted. This is useful to be able to fast build models of the 
systems and verify them in a simulator. Delays can not be synthesised and therefore 
Register Transfer Level (RTL) is used for designs to be synthesised. At this level 
registers and state machines must be described and at this level most of the designs 
are written. The next level is the logic level, at this level logic expressions and gates 
are  used  to  describe  the  behaviour.  A design  can  be  written  at  this  level  by  the 
programmer, but it is often more time efficient to write the design at RTL and let a 
synthesis tool generate the logic expressions from the RTL. Because of the different 
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levels of abstraction VHDL is very useful to describe designs to be implemented in 
FPGAs. [12]
The drawbacks with the ability to describe a large variation of behaviours are longer 
simulation time and since  there is no direct mapping between behaviour level and 
RTL, it is possible to write code that have different behaviours at behaviour level and 
RTL. This is called mismatch and it is important to be aware of this and to avoid it. 
[11]
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Chapter 6
: Previous work

This project is a further development of earlier thesis works. The first thesis work 
developed the FPGA based system aimed at testing SRAMs [12]. The second used 
the FPGA based systems hardware and expanded it to be able to test DRAM, but it 
was not completed [13].

6.1 The origin system
The first  system used microprocessors to  control  the memories.  That  system was 
developed before FPGAs were common. The advantage is that the microprocessors 
with a ceramic capsule have a very low sensitivity to neutrons. The drawback is the 
speed, the memories can not be read at a very high speed. Another drawback is the 
amount of I/O pins. Due to the lack of I/O pins the whole memory can not be used. 
This might not seem like a big problem, but it really is. In a bigger memory more soft 
errors will occur. With a smaller memory the test will have to be run for a longer time 
to  get  good  statistics.  The  time  at  a  laboratory  is  very  expensive,  this  makes  it 
desirable to have as large memories as possible.

6.2 FPGA based system
To be able to read the memories faster a FPGA based system was developed. This 
system contains a commercial FPGA development board from Memec Design and a 
larger  board  mainly  containing  the  power  supply  and  connectors  to  attach  the 
memories [5]. This is the hardware this project have been based on. The only thing 
with this hardware that can be programmed is the FPGA. The rest of the hardware 
was assumed to be functioning correctly. Some functions in the hardware have not 
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been tested before and it should be shown that some part of the hardware was not 
designed properly.

6.2.1 Overview description
Briefly the system first writes a pattern to the test memory. After that it continuously 
reads the memory over and over again. When an error is detected some information is 
stored on a  SDRAM on the  Memec Design development  board.  The information 
stored is which chip, there are space for eight different chips tested at the same time, 
the address and the data word stored in the test memory containing the error. The data 
word in this case is 16 bits, all memories used have a data bus bandwidth of 16. A 
erroneous data word is corrected. The communication is done with a rs-232 interface.

A test memory is mounted on a small circuit board and when a memory is tested the 
board is put in one of the connectors in figure 6.1. Connector 1 has four different 
places, four memories can be tested simultaneous. When Connector 2 is used only 
one memory can be tested at the time.

6.2.2 Communication from computer to FPGA
The communication was simple with two commands sent from the computer to the 
FPGA, one that performed a reset and another telling the FPGA to send the stored 
errors to the computer in the control room. The first command is called reset and the 
latter  read out. The reset command makes the whole system start over, this is also 
called a hard reset. The read out command needed only to be sent once, after it had 
been received the FPGA sent the errors as long as there were any to send. 

Figure 6.1: Outline of the equipment.
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6.2.3 Communication from FPGA to computer
The FPGA only send SEU errors to the computer. Each error is sent with eight bytes. 
Far  from  all  the  bits  are  used.  The  unused  bits  are  reserved  for  functions  not 
implemented. The sending block was customized for this use and the communication 
could not easily be expanded.

6.2.4 The compromise between speed and distance
The FPGA has one big drawback in this application. The FPGA used in this project 
contains small SRAMs inside which implements the logic function. These SRAMs 
are  of  course sensitive  to  neutrons.  This  means  that  the  FPGA must  be placed  a 
certain  distance  from  the  radiation  beam.  The  centre  of  the  beam  at  TSL  is 
approximately 8 cm in diameter [8][4], though there is always a splash that can be 
much bigger. To make the problem even worse, there is no certain way to stop the 
neutrons. A piece of lead can be used as protection, but it is not a guarantee that no 
neutrons will hit the FPGA. The only way to protect the FPGA is to keep it enough 
far  away from the beam. The problem with having the FPGA far  away from the 
memory is that it leads to longer wires and that means larger parasitic capacitance, 
which have a negative effect on the maximum possible clock frequency. In this case it 
is critical that the FPGA is not hit with neutrons so that SEUs will occur. If a SEU 
occurs  in  the  FPGA,  it  will  most  likely  malfunction  in  a  way  or  another.  It  is 
impossible to say what is going to happen, the whole system could freeze or maybe 
the  neutron  counter  will  not  count  correctly.  Due  to  this  there  are  two  different 
positions  for  the  test  memories;  connector  1  and 2  in  figure  6.1.  Connector  1  is 
allocated enough far away from the FPGA to be sure that no SEU will occur in the 
FPGA.  This  position  have  been  tested  at  a  laboratory  with  a  positive  outcome. 
Connector 2 is closer to the FPGA, but have not been tested at a laboratory and it is 
not known have well it will work.
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Chapter 7
: System design

In this chapter the main parts of the system are described and how some problems 
were solved.

7.1 DRAM
The most important thing in this project was to be able to communicate with DRAMs 
to be tested in the radiation beam. In previous work communication with one address 
have been established  [13]. Data was written to one address and after a delay read 
back. This way of testing the communication has one big drawback. The data bus is 
capacitive and it is hard to know what actually have been read, it could be the data 
stored in the memory or the data stored on the data bus. Because of this the first test 
was made by first writing different data to two different addresses and then read it 
back in the same order as the writing. In this way there is no chance that the data read 
back was stored on the data bus instead of in the memory. 
The  whole  memory  was  tested  by  writing  a  special  bit  pattern  to  all  but  four 
addresses. The four addresses were written with different bit patterns. The memory 
was then read and looked for data different from the special bit pattern. If both the 
writing and reading was correct the addresses were the different bit patterns were 
written to was to be found. This is considered as a reliable way of testing. This is also 
a way to simulate the real system. In the real system a known bit pattern is written to 
the memory and then the memory is read over and over again looking for bit pattern 
different from the one written to the memory.
When the communication with the memory had been rigorously tested the whole 
system was tested. 
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7.1.1 Refresh
Since the whole memory is read over and over in this application refresh might not be 
needed. If a different row is read each time, the time between two openings of a row 
would be less than the refresh time and extra refresh would not be needed. This way 
of reading the memory is however slow and therefore fast page mode is used instead. 
With fast page mode all columns are read when a row is opened. It takes more than 
300 ms to read the whole memory and each row is opened once, this makes need for 
extra refresh.
The refresh can either be done by refreshing the whole memory in one big burst or by 
dividing the refreshing with one row at a time. For a example memory with 212 rows 
and a refresh time of 64 ms, a row needs to be refresh every 15.6 µs. When using fast 
page mode reading one row takes more than 15.6 µs and instead of interrupting the 
reading refreshing is done between the reading of two rows. Because of this several 
refreshes have to be done between the reading of two rows.
When an error is found in the bit pattern the correct pattern is written back to the 
memory and this is done with the read-modify-write technique. Depending on how 
many errors is found it takes different time to read a whole row. Because of this a 
dynamic refresh counter was considered to be the best. By dynamic means a counter 
is counting up once every 15.6 µs and when it is time to do refresh, the number of 
rows refreshed is  given by the counter.  In this  way each row is guaranteed to be 
refreshed at least every 64 ms. Since a read operation refreshes the row sometimes it 
takes less than 64 ms between two refreshes if the row is read between two refreshes. 
It is considered to be too complex if the refresh cycle should take into consideration 
when a row is read.

7.1.2 Frequency
The first testing was made with a clock frequency of 10 MHz, which is the clock 
frequency everything had been run at before and it was tested and worked. The clock 
frequency was increased in two steps, first to 50 MHz and then 66 MHz. The input 
frequency is 100 MHz, but is easily changed with the DCM. During the first testing 
of the memory no problems were encountered when increasing the clock frequency to 
50 MHz, at 66 MHz however the data of the previous address was read. This is an 
example of how the data is stored on the data bus. To solve this problem an extra 
delay was inserted to give the data signal more time to propagate from the memory 
into the FPGA. The delay for the tested memory is according to the data sheet 13 ns. 
The clock period for 66 MHz is 15 ns and this might then be believed to be enough 
time, but the memory delay is just one of many in this case. First it takes some time 
for the control signal from the FPGA telling the memory to read. It takes some time 
for the data bus signal to propagate from the memory to the FPGA and then there is a 
delay inside the FPGA. These delays added are between 15 and 20 ns. Maximum 20 
since 50 MHz worked.  100 MHz was also tested but due to reasons explained in 
chapter 8 it has not been used.
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7.2 Communication system
The communication was as mentioned in chapter 6 very simple. The objective was to 
be  able  to  extend  the  communication  in  both  ways.  To  be  able  to  do  this  a 
communication control block needed to be added. 
The intention is that it should be easy to add more commands to send in both ways. 
As it is now data is only sent from the FPGA from a command from the computer. If 
the FPGA is to transmit commands on its own initiative a more complex controller 
might have to be developed.

7.2.1 Computer to FPGA
The commands that can be sent from the computer to the FPGA is:

● Hard reset
● Read out
● Reset neutron counter
● Change memory size
● Insert errors

The hard reset resets the whole system, everything is restarted. This means also that 
all  counters are rested. The read out command makes the FPGA to first send the 
neutron counter and then all the stored errors.
To change the memory size both the number of row and column pins have to be 
transmitted. The number of pins is restricted to be in a specified interval and that is 
ten to fourteen for the row and ten to thirteen for the column. When the memory size 
have been changed the whole memory is written to with the specific bit pattern.
The insert errors command is used for testing the equipment. The whole memory is 
written to and a small amount of errors are inserted. When the FPGA starts reading 
the memory the errors should be found. If all the errors inserted and no more errors 
were found the equipment is working properly. The addresses where the errors are 
inserted have been placed in a way that it will be detected if the setted memory size is 
different from the actual memory size. For example if the number of column pins is 
smaller  than  the  actual  some  of  the  inserted  errors  will  be  overwritten  and  not 
detected.

7.2.2 FPGA to computer
The commands transmitted  from the FPGA is  always  eight  bytes.  The errors  are 
transmitted with eight bytes and it was considered as easier for the receiver if all 
commands  were  eight  bytes.  In  these  eight  bytes  four  bits  is  a  identifier.  The 
identifier holds information on what type of command is being sent. There are three 
different identifiers;
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● Neutron counter
● SEU error
● Error in the received command

The neutron counter command is transmitted every time a read out is received. If 
there are any SEU errors to transmit, they are transmitted after the neutron counter. 
This is due to a wish from the software developer.
The SEU errors contain the data mentioned in chapter 6.2.1 plus the identifier and a 
time mark. The time mark is the time in seconds since the last read out command was 
received and the error occurred.
There are different errors in the received command that can occur and these are:

● Parity error
● Unknown code
● Wrong memory size

Each of the errors have its own fault code. The unknown code is transmitted when the 
FPGA have received a unknown code, that is a code that is not a command. The 
wrong memory size code is transmitted when the memory size received is not in the 
specified interval.

7.3 Saving
When an error  is  detected it  is  saved.  The requirement is  to be able to save one 
thousand errors. The read out command is normally sent once in a minute and one 
thousand errors in one minute only occurs when the memory is radiated with both 
neutrons and protons. If the memory is only radiated with neutrons the error rate is 
much lower. 
The former system used a SDRAM on the development board to store the data. Due 
to some problems described in chapter 8.1 the SDRAM is not used. Instead the block 
RAM was tested. First the block RAM was believed not to be big enough to be able 
to save one thousand errors, but the testing showed that it was more than enough. The 
block  RAM  is  very  easy  to  use  and  can  be  configured  with  several  different 
bandwidths. Since the old system used 16 bit data bus bandwidth this is also used in 
the block RAM. The block RAM is also faster than the SDRAM, uses less LUTs and 
has no actual drawback against the SDRAM. The only advantage of the SDRAM is 
the memory size, but the block RAM fulfils the requirement.

7.4 Neutron flux counter
To calculate the cross section, the flux has to be included. In the previous system the 
flux was not logged together with the errors, this generates more work when the CS 
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will be calculated. If the flux and the errors were saved together it would take less 
time to calculate the CS. This is the idea of why having the neutron counter.

7.4.1 The incoming signal
The signal from the neutron flux counter varies from laboratory to laboratory, but the 
differences are small. First of all the counter have been designed to work at TSL, but 
can with small adjustments be used at other laboratories.

The signal at TSL is pulses with a width between five and six µs and a peak to peak 
voltage of three volts. These settings can be changed by the beam operator at TSL, 
but the system have been adapted to this. The shortest time between two pulses are 
not specified. The fall and rise time for the signal was measured to be approximately 
100 ns.
Measurements on the signal were done when radiating with different energies. The 
highest demands on the counter is at the highest flux. At the test moment a white 
source was tested for the first time at TSL. A white source is the same amplitude for 
all energies in the spectrum, in this case the energy ranged between 20 and 180 MeV. 
When using the white source the pulses come in bursts with five to ten pulses in each 
burst. Sometimes the time between two pulses is very short, the shortest measured 
was less than half a µs.

7.4.2 Edge detector
The target for the neutron counter is to count the number of pulses. This is done by 
actually counting the number of edges, in this case rising edges. This is done with a 
edge detector shown in figure 7.1. When an rising edge occurs on the input signal x, 
y will be logic high for one clock period. The output y goes to the enable signal on 
the  counter  and will  then  add one  on every  rising  edge.  This  is  the  idea,  but  in 
practice some of the edges were missed.

The delay from x to y through the AND gate is longer than the delay from x to the 
input  of  the  flip-flop.  If  the  flip-flop  is  clocked  when  the  incoming  edge  has 
propagated to the input of the flip-flop but not to y, the edge is missed. Since the 
input signal x is a stochastic signal this is likely to happen. How often an edge is 
missed depends on two parameters, the rising time for the input x and the sampling 

Figure 7.1: The first edge detector, x is the input, T is a flip-
flop, & is an AND gate and y is the output.
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frequency for the flip-flop.  When the flip-flop clock frequency was decreased the 
number of missed edges decreased.

The problem was solved with a synchronization flip-flop as shown in figure 7.2. With 
the synchronization the problem is eliminated. This example shows the importance 
of having a synchronization on stochastic signals.

7.4.3 The hardware
The  hardware  for  the  neutron  counter  had  been  designed  and  implemented  in  a 
previous project. The hardware was at the beginning like in figure 7.3. It had not been 
tested and there are some errors in this design. R1 and C1 is a impedance matching 
network, with R1 50 Ω and C1 working as a DC current block. Testing showed C1 
doing more harm than good. The impedance is  not  50  Ω resulting in reflections, 
because of this C1 was removed. The input to the opto coupler is missing a current 
limiting resistor, which was added. The inner of the opto coupler is in figure 7.3 only 
drawn to show the principle of how it works. The opto coupler has an open collector 
on the output and a pull up resistor is needed, which was missing in the design. The 
missing of the pull up resistor made the rising time of the signal very slow, the only 
current flowing into the node is leakage from the opto coupler, EMI filter and schmitt 
trigger. 

The voltage divider at the output is because the schmitt trigger has TTL level output 
and the FPGA the signal goes into has a 3.3 V level input. The values of R2 and R3 
was generating a too low signal and had to be changed. With no or a very small load 
on the output of the schmitt trigger the voltage is 5 V for a logic high value, but when 

Figure 7.2: The second working edge detector with an 
extra synchronization flip-flop.

Figure 7.3: The previous pulse receiving hardware.
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the load is increased the voltage is decreased. Since the actual voltage is not specified 
the resistances for R2 and R3 have to be iterated to find good values.

Figure 7.4 shows the corrected hardware. The rise time for the output from the opto 
coupler is dependent on R5 and the capacitance in the node. The rise time must be 
relatively short to be able to detect two pulses with very short time between. When 
the resistance in R5 is decreased the rise time is decreased, however if R5 is very 
small the current flow will be very high. The capacitance in the node is relatively 
high because of the EMI filter and this have a negative effect on the rise time. The 
EMI filter is shown in figure 7.5. The problem a small value on R5 could cause is 
interference  on  the  power  supply.  Even  though  the  value  for  R5  is  small  is  the 
interference on the power supply minor. If the interference had been larger the value 
for C in the EMI filter could have been decreased, but then the attenuation in the filter 
is decreased. Another more complex solution would be to add a component between 
the opto coupler and EMI filter.

Figure 7.4: The corrected pulse receiving hardware.

Figure 7.5: The EMI filter is a third 
order passive low pass filter.
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Chapter 8
: Problems

8.1 Saving to SDRAM
As described earlier the SDRAM have been used before, but was excluded in this 
project. The problem with the SDRAM was timing errors. Some bits in the data was 
correct and some were not.
The SDRAM have however caused problems in previous project. There are hardware 
faults with the SDRAM, two of the signals in the data bus is short circuited and can 
not  be  used.  The  data  bus  bandwidth  is  14  instead  of  16  as  it  should  be.  The 
communication with a SDRAM is not simple, it  requires a large state machine. It 
requires also a initiate process which is not a light matter. Because of this a interface 
generated from a Xilinx program is used. The interface used several constraints and 
these  constraints  had  been  erased  in  the  second  project  for  an  unknown  reason. 
Because of this the communication with the SDRAM did not work. When the block 
RAM was found out to fulfil the requirement, the SDRAM was given lowest priority 
and the problem was not solved.

8.2 Voltage limiter
As mentioned in section 7.3.3 the voltage divider needed some iterations to get good 
values for the resistors. An idea came up to solve this problem with a zener diode 
instead as shown i figure 8.1. The idea was to get the transfer function: 

y={ x xVz
Vz xVz (eq. 8.1)
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A voltage limiter in other words, x is positive and Vz is the zener voltage, in this case 
3.3 V. The rise time for y was expected to decrease.

This solution did not work at all as expected because the back current in the zener 
diode when x is  less than Vz is  too high. The expected transfer function and the 
actual is shown in figure 8.2. The rise time was higher than with the ordinary voltage 
divider if the resistance in R was higher than 100  Ω. Because of the disappointing 
outcome it has not been used.

8.3 100 MHz
The hope at the beginning of the project was to be able to use a clock frequency of 50 
MHz to communicate with the DRAM. The system was tested with 50 and 66 MHz 
and functioned well and then a test was made to see if 100 MHz was possible. The 
DRAM used in the test is made to be operated at 100 MHz. During a read operation 
the control signal CAS must be logic low for shortest 8 ns. On the test board the 
wires from the FPGA to the memory is very long and this effects the rise and fall time 
in a negative way. When the signal was assigned logic low for one clock cycle the 
signal was measured to be logic low for 6-7 ns, which is too short for the memory. 
Then the signal can be assigned logic low for two clock cycles to solve the problem, 
but that takes 20 ns and it is then faster to use 66 MHz, with a clock period of 15 ns. 
The total speed was calculated to be about the same for 66 and 100 MHz and then the 
test with 100 MHz was aborted.

Figure 8.1: Voltage limiter using a zener diode.

Figure 8.2: Transfer function for the voltage limiter. Solid 
line is the expected and dotted line is the actual.
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8.4 Voltage supply ripple
In the very last  minute of the project  the ripple  of  the power supply for the test 
memories was measured and found out to be larger than expected. The test memories 
have a separate power supply. This is because if a latch-up occurs the whole system 
should not be interfered and stop working. The power supply to the test memories 
uses a variable voltage stabilizer. The voltage can be changed with a five bit long 
word. The stabilizer uses a feedback of the output voltage and this feedback is not 
used. The measured voltage ripple was 1 V and the maximum ripple in the data sheet 
is 150 mV. This could also be an explanation to why the measured voltage does not 
coincide  with  the  voltage  in  the  data  sheet. This  large  ripple  could  effect  the 
performance of the test memory. No time was available to fix the voltage feedback.
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Chapter 9
: Results

The equipment have been designed to be robust and due to this much time have been 
spent on testing the system. In the previous project [13] the connection of the test 
memories was a big problem. When heating the memories the board can vibrate some 
and this could cause problems if the connectors are not gold plated. A bad connection 
with the test memory results in the system generating fake errors. Fake errors are easy 
to detect though because they come in big bursts, but it will cause some extra work 
when analysing the test result and are not desirable. If the connections are gold plated 
fake errors will not occur.

9.1 Communication
The  communication  is  transferred  over  long  wires.  The  wires  at  a  laboratory  is 
estimated  to  be  100 meters.  Tests  have been done  with  such long wires  and the 
communication was not affected compared to if short wires were used. The same 
communication system is used in the previous system and have been tested sharp. 
Due to this the communication is considered to work as it should.

9.2 FPGA
The FPGA used in this project is voltage-volatile and needs to be programmed on 
power up. To use a computer in the radiation room is not a preferable way to do the 
programming, no extra equipment is wanted in the radiation room. The development 
board has dedicated hardware to program the FPGA. The hardware is a non-volatile 
memory integrated with a programming device. The file which contains the data the 
FPGA will be programmed with is stored on the memory, since the memory is non-
volatile the storing to the memory can be done at any time. The memory on this board 
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can only store one FPGA configuration. This is the reason to have as much of the 
settings controllable from the control room as possible. If some settings were hard 
coded in the FPGA it needs to be reprogrammed when a setting is changed. Another 
good property of having the FPGA programmed on the board is that if an SEU occur 
in  the FPGA and starts  malfunctioning it  can be reprogrammed by switching the 
power supply off and on, which can be done from the control room. 
The FPGA used is much bigger than needed for this project and it have not been an 
issue to fit the system in the FPGA.

9.3 Neutron counter
The neutron counter  have  been tested  as  much as have  been possible.  The exact 
circumstances at TSL and other laboratories are however not known. A dubiety is the 
generator resistance for the incoming signal. If it is 50 Ω there will be no problem, 
but  else  it  could  be  a  problem.  When  sending  a  pulse  through  a  long  wire  the 
impedances have to be matched or reflections will occur. If it turns out it does not 
work a new counter can be designed and placed in the the control room, but it would 
require some redesigning.

9.4 Diagnose
At a laboratory the equipment have to be tested. A diagnose is always performed 
before  each  test  run.  The  diagnose  is  to  make  sure  the  communication  and  test 
memory work and is performed from the control room. To help fault searching two 
signals have been implemented. One is a light diode lightning when there are no SEU 
errors stored in the FPGA and the other is a counter counting the number of SEU 
errors detected. If the equipment fail the diagnose it is easier with the help from these 
signals to determine where the fault is. For example is bad connection generating in 
fake errors easily detected with the error counter.

9.5 The overall system
A minor bug was discovered during simulation, it can not be seen as a real bug since 
it only appears during simulation. Only if the memory size is very small, smaller than 
allowed when used in the implementation, the bug occurs. If the number of refreshes 
is zero when starting the refresh process, the number of refreshes will be 64 instead 
of zero. Since the bug only can occur during simulation is has not been fixed.  No 
other known bugs exist.
The equipment have not been tested in a real environment where it is supposed to be 
used. Many tests have been done to check the a robustness of the system and the 
system is working properly and is ready to be used.
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Chapter 10
: Improvement

10.1 Things that might could have been done better
The project time is strictly limited and there is not time to do everything. This chapter 
takes up two things that if they had been given more time could have been improved. 

10.1.1 The communication
The communication system is adapted to the circumstances it is going to be used in. 
Commands from the computer is transmitted relatively seldom and two commands 
are not transmitted directly after each other and the system is adapted to this. If the 
computer transmits a command while receiving SEU errors and the the command is 
incorrect resulting in the FPGA to transmit back a error code, the error code will not 
be transmitted because the FPGA is already transmitting SEU errors. This has not 
been considered an issue because the software developer is aware of this and it is not 
suppose to happen. 
The communication could have been better if a cue system for commands to transmit 
was added, but it was considered not worth spending the time on this.

10.1.2 Neutron flux counter
Instead of using the edge catcher the pulses could be counted by measuring how long 
the incoming pulse is logic high. In this way the short time between two pulses would 
not be a issue. For example if the pulse is high between 4-7 µs it would be detected as 
one pulse and 9-13 µs would be detected as two pulses. Another good property is that 
interference generating very short pulses would be attenuated. This solution would 
require a much larger area on the FPGA, but would be safer.
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10.2 Future things to do
The obvious thing to do next is  to extend the equipment to be able to test faster 
SDRAMs. This is believed not to be a easy task. The long wires used now needs 
probably  to  be  shortened.  One  solution  could  be  to  use  a  smaller  programmable 
device not susceptible to neutrons as near the test memory as possible. 
The memory size is changeable from the computer now and the supply voltage could 
also be implemented to be able to change from the computer. If the voltage can be 
changed it can also be turned on and off, which is useful if a latch-up occur. The 
reason to have as much as possible controllable from the computer is to not have to 
reprogram the FPGA when changing test memory.
Hardware is available on the main board to measure the current dissipation and this 
could be used to detect latch-ups and to take appropriate action. One way to handle a 
latch-up could be to turn off the power supply, wait a short while and turn on the 
power supply again.
The SER is dependent of the temperature of the memory. A temperature sensor could 
be used to log the temperature. Another step would be to implement a regulator for 
the heat source and then be able to change the temperature from the control room.
The bit pattern the test memory is written with is normally a chess pattern. For SEUs 
the pattern is not of importance, but for MBUs it is more important. It could then be 
interesting to be able to change the pattern and this could be a useful function to 
implement, to be able to change the bit pattern from the computer.
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