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Evaluation of an FPGA for space applications

Per Gustafsson, Pär Håkansson

A new FPGA suitable for space applications has just reached the market. To investigate
whether there are any possible flaws or limitations similar to those previously seen on
FPGAs, an evaluation has to be done. This master thesis contains the evaluation of this
new radhard FPGA with focus on possible design limitations and package related
electrical phenomena.

Areas evaluated: Ground-/VDD bounce, Cross talk, Rise time sensitivity, Power cycling, Power
consumption, Place and route tool, Radiation hardness

This report contains all steps in the evaluation. From method to measurements,
comparisons, theory, results and conclusions. In the evaluation work, special effort has
been made to develop designs that really stress the FPGA to find potential problems. All
problems found are dealt with in this report.

Results:
Ground-/VDD bounce measurements showed that devices using a fast slew rate resulted
in TTL-level violation. However, by separating sensitive signals and SSOs in different
I/O banks it is possible to work around the problem.
Cross talk measurements has shown that the phenomena causes problems when using a
long rise time input with toggling outputs placed next to the signal.
Power cycling did not result in any alarming inrush currents. Regular power up showed
an unwanted behaviour with pulses on all I/Os right before power on reset kicked in.
When comparing the tool value with measurements regarding power consumption it
was clear that it differed as much as 40-50%. The FPGA consumes 40-50% more power
than what the power calculator tool estimates.
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Sammanfattning 
En ny FPGA anpassad för rymdbruk har nått marknaden. För att undersöka huruvida 
möjliga designbuggar och begränsningar liknade de som uppträtt på tidigare FPGAer 
behäftar även denna, måste en utvärdering av kretsen göras. Detta examensarbete 
innehåller utvärderingen av denna nya rymdstrålningståliga FPGA och fokus har lagts 
på möjliga designbegränsningar och kapselrelaterade elektriska fenomen. 
 
Elektriska fenomen som utvärderats: Övriga områden som utvärderats: 

• Ground-/VDD bounce • Power consumption 
• Cross talk • Place and route tool 
• Rise time sensitivity • Radiation hardness 
• Power cycling  

 
Den här rapporten innehåller alla steg i utvärderingen. Från metodik till mätningar, 
jämförelser, teori, resultat och slutsatser. I utvärderingsarbetet har tyngdpunkten lagts på 
att konstruera designer som stressar FPGAn för att hitta potentiella problem. Alla 
problem som hittats behandlas i denna rapport. 
 
Resultat: 
Mätningar för ground- och VDD bounce visade att kretsar som använde hög slew rate 
resulterade i att tysta pinnar överskred TTL-nivåerna. Genom att separera känsliga 
signaler från SSOs och placera dem i olika I/O-banker går det att kringgå 
problematiken.   
 
Cross talk mätningarna visade att fenomenet resulterar i problem när långa stigtider för 
ingångarna användes, samtidigt som närliggande signaler byter tillstånd. 
 
Power cycling visade inga alarmerande resultat gällande strömrusning. Regelrätt 
uppstart visade dock oönskat beteende med pulser på alla I/Os innan power on reset 
funktionen hann ge alla I/Os reset. 
 
Jämförelsen mellan effektförbrukningsverktyget och uppmätta värden visade att det 
kunde skilja så mycket som 40-50%. FPGAn förbrukar 40-50% mer effekt än 
verktygets uppskattade värde. 
 
P&R-verktyget står sig bra i jämförelse med de verktyg som används på Saab Ericsson 
Space i dagsläget. Framtida versioner av verktyget kommer även att innehålla 
funktioner som underlättar konstruktionsarbetet ytterligare. 
  
Utvärderingen av rymdstrålningståligheten visade att SEU-värdet för FPGAn är bra, 
men kanske inte bra nog för speciella rymdapplikationer. I vissa fall måste 
designåtgärder för att göra kretsen tåligare beaktas. 
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Summary 
A new FPGA suitable for space applications has just reached the market. To investigate 
whether there are any possible flaws or limitations similar to those previously seen on 
FPGAs, an evaluation has to be done. This master thesis contains the evaluation of this 
new radhard FPGA with focus on possible design limitations and package related 
electrical phenomena. 
 
Electrical phenomena evaluated: Also evaluated in this master thesis: 

• Ground-/VDD bounce • Power consumption 
• Cross talk • Place and route tool 
• Rise time sensitivity • Radiation hardness 
• Power cycling  

 
This report contains all steps in the evaluation. From method to measurements, 
comparisons, theory, results and conclusions. In the evaluation work, special effort has 
been made to develop designs that really stress the FPGA to find potential problems. All 
problems found are dealt with in this report. 
 
Results: 
Ground-/VDD bounce measurements showed that devices using a fast slew rate resulted 
in TTL-level violation. However, by separating sensitive signals and SSOs in different 
I/O banks it is possible to work around the problem.  
 
Cross talk measurements has shown that the phenomena causes problems when using a 
long rise time input with toggling outputs placed next to the signal. 
 
Power cycling did not result in any alarming inrush currents. Regular power up showed 
an unwanted behaviour with pulses on all I/Os right before power on reset kicked in. 
 
When comparing the tool value with measurements regarding power consumption it 
was clear that it differed as much as 40-50%. The FPGA consumes 40-50% more power 
than what the power calculator tool estimates. 
 
The P&R tool stands comparison with tools, used today at Saab Ericsson space, well. 
Future versions will however be updated with useful features. 
  
Evaluation of the radiation hardness showed that the SEU-rate for the FPGA is good, 
but might not be good enough for certain space applications. In some cases an SEU-
avoidance design scheme has to be considered to reach high enough radiation hardness.  
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1 Introduction 
This report is the product of a master thesis project in electronic design engineering, 
Linköping University. The work was carried out at Saab Ericsson Space, Gothenburg, 
from June 2004 to January 2005.  
 

1.1 Background 
Saab Ericsson Space develops and manufactures equipment for use in space 
applications. The main product areas are computers, antennas, microwave electronics 
and guidance- and separation systems. The equipment is used in launch vehicles, 
satellites and other space applications. 
 
Most of the electronic products are only manufactured in short series. This is what 
makes the use of FPGAs (Field Programmable Gate Array) very interesting as an 
economic alternative to ASICs (Application Specific Integrated Circuit).  
 
To be able to use electronics in space environment, very strong demands on reliability 
and radiation hardness among other aspects has to be considered. Designs that are used 
in commercial products are not likely to meet the requirements for space electronics. 
This is for a given system valid all the way down to component level. To gain 
knowledge about the behaviour of a component, an evaluation can be done.  
 
Previous use of FPGAs in space applications has shown that this type of device can 
posses electrical characteristics that are unwanted. A new FPGA suitable for space 
applications has just reached the market. To investigate whether there are any possible 
flaws or limitations similar to those previously seen on FPGAs, an evaluation has been 
done. This master thesis contains the evaluation of this new radhard FPGA with focus 
on possible design limitations and package related electrical phenomena. 
 

1.2 Purpose 
The purpose with this master thesis work is to evaluate the new radhard FPGA with 
respect to mainly electrical characteristics, in order to find possible flaws, problems and 
limitations not known through data sheets or other information. This report will then be 
part of the information upon which Saab Ericsson Space will determine whether or not 
to use this FPGA.  
 
This report contains all steps in the evaluation. From method to measurements, 
comparisons, results and conclusions. In the evaluation work, special effort has been put 
into configuring tests that really stresses the FPGA to find potential problems.  
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1.3 Method 
The aim of this thesis was to test the radhard FPGA’s electrical characteristics. In order 
to fully understand the background and the problems seen in earlier projects at Saab 
Ericsson Space regarding electrical characteristics in FPGAs, a literature study was 
made. The literature study was based on problem reports on FPGAs made by Saab 
Ericsson Space, FPGA manufactures, gurus in space electronics and interviews with the 
engineers at Saab Ericsson Space. 
 
In parallel with the literature study, different test designs were developed in VHDL. 
These tests were created with respect to the problems described in the literature study. 
In other words the methods were designed to lure out the electrical phenomena 
commonly seen in modern FPGAs. 
 
The final VHDL code was verified by simulation in ModelSim. After simulation and 
synthesis (using Synplify) a layout of the design was created in the vendor place and 
route tool. The layout was verified by a second simulation, a gate level simulation. 
When the gate level simulation matched the expected result, then the devices were 
programmed.  
 
The evaluation units were programmed by the radhard FPGA vendor. In order to test the 
FPGAs, an evaluation board was needed. The radhard vendor supplied the project with 
an evaluation board, the place and route tool and sample FPGAs. 
 
Measurements on the evaluation board were carried out using an oscilloscope. The 
actual measurements were performed on the socket’s solder points. This way the results 
are less influenced by possible board signal integrity problems. However the FPGA 
socket and the long package pins still had an influence on the measurement results (see 
chapter 6.1 Measurements – sources of error). 
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2 Evaluation material 
 

2.1 Radhard FPGA 
The radhard FPGA is a non volatile device (antifuse-based). It was converted by the 
radhard vendor from a commercial FPGA. The main difference between the two is that 
the radhard vendor’s version is radiation hardened and aimed for use in space 
applications. Apart from the resistance to radiation the performance data and 
specifications does not differ a lot between the two. A brief summary of the 
specifications of the radhard FPGA is shown in Table 2-1. 
 
0.25µm, 5 level metal, ViaLinkTM epitaxial on CMOS non-volatile process 
2.5V core, 3.3V I/O 
1536 logic cells 
320,640 System Gates (Includes RadHard SRAM) 
3072 RadHard Flip-Flops 
RadHard I/O Registers 
55,300 bits RadHard SRAM 
1 dedicated, 8 global and 20 quadrant clock networks 
8 independent I/O banks 

Table 2-1. Features of the radhard vendor’s FPGA. [Datasheet (2004)] 

 
The FPGA will be available in three different packages. These are the CQFP 288, 
CCGA 484 and the 208 pin CQFP used in this evaluation (see Figure 2-2). The radhard 
vendor’s FPGA has fairly large logic capacity, at least by space use standards (The 
frequently used Actel RT54SX72-S has a flip-flop count of 2012).  
The logic cell in the radhard FPGA is based on multiplexers and contains two flip flops. 
Figure 2-1 shows the detailed logic cell.  
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Figure 2-1. Logic cell. [Datasheet (2004)] 

(Note that the two FFs does not have the same functional input, thus they can not be 
utilized in the same way.) 
 

 

Figure 2-2. The radhard FPGA in CQFP208 package. 
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The logic cell has a high fan-out, but not an extensive amount of combinatory. In some 
other FPGAs from other vendors there are at least two types of logic cells. One type 
containing combinatory and one type containing sequential elements, or flip flops. 
Which strategy to prefer, most certainly depends on the type of design to be 
implemented. 
  
The radhard FPGA contains two embedded SRAM blocks. It also houses four PLLs for 
clock generation and/or recovery. The FPGA is planned as shown in Figure 2-1. 
 

 

Figure 2-3. Structure of the FPGA. [Datasheet (2004)] 

 
The most noticeable about the layout of the FPGA is that the SRAM blocks are divided 
in two groups, one situated at the bottom and the other at the top of the FPGA. This 
means that if high performance RAM-structures are to be implemented they should be 
kept small enough to fit in one of these RAM blocks. If not, a delaying path will be 
introduced as the routing between the sites stretches all across the die.  
 

2.1.1 AntiFuse - ViaLink 
The interconnection strategy in the radhard FPGA is the “antifuse” technology. Since 
the radhard FPGA stems from the commercial vendor’s FPGA the antifuse technology 
in the radhard FPGA is the “ViaLink”, which is a term defined by the commercial 
vendor. 
 
The base for the ViaLink technology can be said to be a Tungsten plug. Such a plug is 
situated between metal layers 3 and 4 at every place where a connection between the 
layers can be programmed. Figure 2-4 shows a ViaLink antifuse in cross section.  
 



Chapter 2 - Evaluation material 

 13

 

Figure 2-4. Antifuse cross section. [Kochar, M (2003)] 

 
Between the Tungsten plug and the metal layer situated above it (metal 4 in Figure 2-4) 
there is a layer of amorphous silicon (a-Si). When programmed, a voltage is applied 
over the two metal layers that are to be connected. Electrode material will then move 
into the a-Si in the direction of the electron flow to form the conducting filament. The 
voltage for achieving this migration of conducting material through the a-Si layer 
depends on the thickness of this layer, but typically varies between 8V and 12V. [Wong, 
R J. & Gordon, K E. (1993)] 
 
The technology of the antifuse has in the last year caused some troubles in the aerospace 
industry with programmed fuses degrading and causing greater delay times on devices 
by a particular vendor. The reasons for this is said to be that the programming 
algorithms used for these circuits are not reliable enough and some flaw in the chip 
manufacturing process. According to a representative from the commercial vendor, the 
cooperation between the commercial- and the radhard vendor involves that the radhard 
FPGA is programmed with the same algorithm as the commercial version. This 
algorithm is said to be reliable and have been in use for quite a long time on the 
commercial vendor’s devices with the same anti-fuse technology. Also the radhard 
vendor’s devices are manufactured by the same foundry (TSMC) as the commercial 
vendor’s devices. This implies that the reliability of the fuses is good. No long term 
testing with respect to fuse reliability is performed during this evaluation.  



Chapter 2 - Evaluation material 

 14

Logic Symbol

INV_SEUA
B Y

Truth Table

A B Y
0 0 1
0 1 Z
1 0 Z
1 1 0

B
A Y

PB
CQ

CQ
PA

NA

NB

Q

Q

VDDCQ

VSSQ

2.1.2 Radiation hardness approaches 
The radhard vendor has made some changes to the design of the commercial vendor’s 
FPGA to achieve better resistance to radiation. A number of different measures have 
been taken to approach a “harder” device. To avoid SELs, epitaxial substrates are used. 
However most of the measures were taken to prevent SEUs and SETs and qualify under 
the term “radhard by design”. This means that they are not changes in the process, but 
changes to the layout on the silicon and redesign of logic components. Straight forward 
solutions such as guard rings around transistors to prevent current flow in parasitic paths 
are used. Larger transistor size is applied on critical nodes to increase drive strength and 
capacitance. [Lake, R (2004)] 
 
To make the flip flops less susceptible to SEEs they have been redesigned in the radhard 
FPGA. Figure 2-5 shows this “dually redundant” flip flop design (the more 
conventional way to make flip flops withstand SEEs is to use TMR). The dual 
redundancy in the radhard vendor’s flip flops does only need two branches instead of 
three to achieve some sort of redundancy. The reason this is possible is the flip flop 
logic component in Figure 2-5. It does work in a straight forward way, but it is not 
trivial to see why this component makes the flip flop dually redundant. The component 
(a) tristates its output when the inputs differ. The twist that makes this scheme work, is 
that the output nodes of this logic component have large capacitance. This way the 
correct value is stored in the capacitance and overrides the new faulty value that made 
the inputs differ.  
 

 

Figure 2-5. Dually redundant flip flop in the radhard FPGA and FF logic. 

 
The methodology used by the radhard vendor to achieve a radiation hard FPGA is, apart 
from the dual redundancy, used before and proven in numerous devices for space use. 
Therefore, from this perspective, there is no immediate reason to doubt that the 
radiation hardened device will work well from the radiation point of view.  
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Figure 2-6. Increase in die size due to RadHard by design schemes. [Lake, R (2004)] 

 
The SEE mitigation techniques have led to an increase of the die size compared to the 
commercial vendor’s FPGA (see Figure 2-6). The die is contained in the same package 
and this will most probably lead to shorter bond wires, which is a good thing from many 
aspects, e.g. less moment of inertia and therefore gives an FPGA more tolerant to 
vibrations. Also cross talk effects will be reduced with shorter bond wires. 
 

2.2 Evaluation Board 
The evaluation board is designed for the single task of evaluating the new FPGA. 
Therefore it does not contain anything else than what is absolutely necessary for that 
work. There are connectors to provide power and clock signals externally. All of the 
FPGA I/Os are accessible through headers on the board. The FPGA itself is mounted 
onto the board by the use of a socket (Figure 2-8). This makes it easy to experiment 
with a number of different devices without soldering. There is however a drawback with 
the socket. It introduces longer signal paths that make the signals more sensitive to cross 
talk. It is thus not a good practice from signal integrity point of view to use a socket. 
This has to be kept in mind when analyzing the results from the measurements.  
 
The evaluation board gives the possibility to experiment with different capacitive loads 
in the form of SMT1206 passive device footprints (Figure 2-7). 
 
The only logic housed on the board except from the FPGA under test is the reset logic 
containing an R/C delay and two Schmitt-trigger inverters. The expectation was that the 
board would give as little impact on measurement results as possible.  
 
 

Radhard 

Commercial
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Figure 2-7. Evaluation board bottom view 
 

 

Figure 2-8. Evaluation board top view. 
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3 Theory for electrical phenomena on digital devices 
  

3.1 SSO 
SSO is short for simultaneous switching outputs. This is a term that occurs quite 
frequently when dealing with electrical phenomena in digital circuits. The term is used 
for the case when a number of outputs on a digital device changes state at the same 
time. It is, however, only necessary to speak of SSO when the number of outputs 
changing state is big enough to cause trouble in the device. The number of outputs that 
can change state simultaneously without causing problems is different between circuits 
and depend on a number of things. For instance the number of ground and Vcc 
connections and the length of the bond-wires in a device are important in this matter.  
 
To fully understand SSO and its related problems it is important to be familiar with the 
notion of slew rate. Slew rate is in this context the maximum rate of change of the 
voltage at an output. With mathematical terms, the slew rate is the derivative of the 
output voltage with respect to time. Someone might think this concept is not applicable 
on digital circuits, but if a sufficiently small time span is considered, slew rate also 
applies for digital applications. It still takes time to get the voltage from low level to 
high and opposite.  
The slew rate is measured between 10% and 90% of the total voltage swing on the 
output. The general formula for calculating slew rate can be seen in Equation 3-1. From 
the equation and definition it is easily realized that the unit becomes s

V . 

Equation 3-1  |maxdt
dV

RateSlew out=  

 
To show the importance of the slew rate in the concept of SSO another equation is needed.  
 

Equation 3-2  
C
qVCVq =⇒=  

Equation 6-2 shows the relationship between charge, voltage and capacitance.  
When taking the derivative with respect to time of the equation one obtains Equation 3-3. 
 

Equation 3-3  I
dt
dqC

dt
dV

==  

Equation 3-3 shows that current flowing in a particular node is proportional to the slew 
rate times the capacitance. 
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Digital Device

 

Figure 3-1. Schematic load for output pin. 

 
For a digital device, the load of an output can be electrically represented by Figure 3-1. 
When an output changes its state it is the size of the capacitive load together with the 
I/O-voltage and the slew rate that determines the size of the current to be sunk or driven 
by the output buffers in the device. Thus the current to be sunk or driven is the sum of 
the current on each output. The size of the total current in the device with respect to 
SSO is therefore roughly proportional to the number of outputs changing state, saying 
that the load of each output is approximately the same.  
 
Depending on if a majority of the SSOs change state from 1 0 ground bounce can 
occur. If the transitions are the opposite VDD bounce can occur. 
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3.2 Ground bounce 
Ground bounce appears when many SSOs change state from 1 0 (Figure 3-2) and 
current needs to be sunk. The intrinsic inductance that comes from the output bond wire 
and package pin is represented by L3. L1 represents the ground lead inductance. The 
lower transistor is open and the load capacitor CL returns the current, I, to ground. The 
returning current induces a voltage over inductances L3 and L1.  
 
 
Output 1 
 
Output 2 
 
Output 3 

: 
: 

Figure 3-2. SSOs changing state from 1  0.  

 
The induced voltage changes the internal ground reference, resulting in a ground 
bounce. If many outputs switch from high to low simultaneously more current flow in 
the ground lead due to a greater number of capacitors being discharged, resulting in a 
larger voltage peak and a larger ground bounce. If the current and the inductance create 
a very large ground bounce, the reference ground will no longer be logic 0, but logic 1. 
 
The current returning from the capacitor discharge in CL and the impact on the voltage 
amplitude of the ground bounce is determined through Equation 3-4 and Equation 3-5. 
As seen in the equations a short fall time (high slew rate) gives a higher voltage, 
resulting in a larger ground bounce. [Fairchild Semiconductor (2003)]  

 

Equation 3-4 

 

Equation 3-5   
By reducing the inductance created in the lead to ground one could come to the 
conclusion that the ground bounce would be reduced as well. This is however not 
always the case: Ground bounce limits the available AC current in CMOS outputs by 
reducing the voltage across the output impedance L3 (Figure 3-2), and therefore, 
reduces the current that will flow. When the ground lead inductance is reduced, a 
corresponding increase in the output slew rate of the device occurs. This is due to the 
fact that by reducing the inductance in the ground lead the available AC current 
increase. 

dt
dILVGB 1=

dt
dVCI L−=
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VCC: 3.3V 

Gnd: 0V 

This greater dI/dt tends to reduce any improvement that the lower ground inductance 
may have generated. Equation 3-5 shows this case. Large inductance, L, gives a lower 
dI/dt and a low inductance gives a higher dI/dt. [Fairchild Semiconductor (2003)] 
 
Another signal, a victim signal, is now introduced into a system of SSOs toggling. The 
victim signal is a signal that is meant to be kept as logic 0. The victim signal is in other 
words connected to internal ground and therefore shares the inductance L1 with the 
SSOs. When the returning current induces a voltage over L1 and the ground reference is 
affected, the victim signal will also be affected. This means that a signal that is meant to 
keep low is a victim to the ground bounce phenomena.  
 
Figure 3-3 shows the levels where static low signal is guaranteed to be interpreted as 
logic 0 and where a static high is guaranteed to be interpreted as logic 1. The levels are 
called transistor to transistor logic, TTL-levels. If a victim signal is kept low and 
experiences a ground bounce which brings the ground reference above the VIL-level, 
0.8V, there is no guarantee that the output will be interpret as logic 0 by the receiving 
device. Also, if the supply of 3.3V is brought below VIH, 2V, it is not certain that it will 
be interpret as logic 1, though this case is discussed further in the next chapter. 
 
 Vout 
                                   
              VIH: 2V 
                         
                                                                                      
                                    VIL: 0.8V 

                     T 
 

VIH: [Voltage Input High] The minimum positive voltage applied to the input 
         which will be accepted by the device as a logic high.  
VIL: [Voltage Input Low] The maximum positive voltage applied to the input 
         which will be accepted by the device as a logic low.  

Figure 3-3. TTL-levels.  

 
If a ground bounce affects a static low victim signal and raises the ground reference 
above 0.8V one can no longer be sure that the unit will interpret the signal as logic 0. 
The consequences are corrupt data.  
 
For example, if an active high reset signal is kept low and becomes a victim of a large 
ground bounce it turns logic 1 and the controlled device will then be reset. If this 
happens during a sensitive operation, all the operation data will be lost. 
The main reason for ground bounce to occur is a poor grounding inside the FPGA. 
Static low output disturbance occurs for the reason that low output ports follow internal 
ground. [Fairchild Semiconductor (2003)] 
 
The farther away a static low victim output is placed in relation to a ground pad the 
larger ground lead inductance it will have. This will increase the probability of a large 
ground bounce to disturb the signal. 
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There are many factors that will contribute to the appearance of ground bounce: 
 

• The number of outputs switching simultaneously (1 0 transition). 
• The location of aggressive output pins in relation to ground. 
• The location of a victim output in relation to ground. 
• The location and type of load on the line. 
• The output and ground inductances. 

 
Each of these factors plays a critical role in the generation of ground bounce. [Fairchild 
Semiconductor (2003)] 
 
There are ways to reduce impact from ground bounce on the signals in a design.  
For example: 

• Pads that have a long distance to ground are more likely to be affected by a 
ground bounce. The intrinsic inductance, L1 (Figure 3-2), is determined by the 
distance to ground, the bound wire and the connecting package pin. The longer 
distance the larger inductance. The two latter ones are hard to improve, but in 
order to reduce the impact, simultaneous switching outputs pins should be 
placed closer to ground. Also the placement of the victim signal matters. The 
closer to ground it is placed, the less inductance, L1, it will have and therefore a 
decreased probability of a large ground bounce to affect it. 

 
• If not necessary, reduce the amount of simultaneous switching output ports.  

 
• If possible, lower the slew rate. A fast slew device generates higher dI/dt which 

is shown in Equation 3-5. This will result in higher amplitude of the ground 
bounce.  

 
• Avoid the usage of sockets, which adds more inductance to the system. 

 
Chapter 6.2 Ground bounce measurements shows the cases of ground bounce that 
occurred during the evaluation. 
 

3.2.1 Examples of problems encountered due to Ground Bounce 
When designers first encountered the problems of ground bounce, full investigations 
were taken in action. Over the years many mysterious phenomena have been 
encountered that later could be derived from ground bounce. The impact on the device 
that is victimized by ground bounce differs depending on the functionality of the signal 
being disturbed and the amplitude of the ground bounce. 
Some examples of problems due to ground bounced are: 

• Erroneous behaviour on processor busses. 
• Failure in RAM interfaces when static low address bits are affected by bits 

changing state.  
• Glitches on several outputs, including clock outputs. 
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3.3 VDD Bounce 
Another electrical phenomenon that may occur when many outputs are switching 
simultaneously is VDD bounce. As explained above ground bounce occurs when the 
SSOs switch from 1  0, but VDD bounce occurs when the output ports switch from 
0 1. The principles of VDD bounce are very similar to ground bounce. The difference is 
that instead of ground reference being affected, the supply voltage reference is. Signals 
kept high can be lowered to zero if they are victims of VDD bounce, resulting in corrupt 
data etc. 
 
 In Figure 3-4 the course of events when an output is switching from 1 0 and from 
0 1 is shown. Also shown are two quiet outputs, one is kept high and the other one is 
kept low. Here it can observed how the switching output affects both the quiet victims 
and when the actual disturbance takes place. The figure shows at what stage in a full 
swing that ground bounce and VDD bounce give a disturbance on the static signals.  
 
Output 
     

                                                                                VOHP 
Victim high      
                        VOHV     
                        VOLP 
Victim low 
                          VOLV 
 
VOHP = Peak voltage change in Vcc during bounce. 
VOHV = Negative voltage change in Vcc during    bounce. 
VOLP = Peak voltage of the ground bounce. 
VOLV = Valley voltage of the die ground during bounce. 

Figure 3-4. Ground bounce and VDD bounce created by a switching output and the 
location on a victim respectively.     

 
By decoupling a device, the VDD bounce can be reduced. If a dip on the internal VDD 
supply occurs during operation, the decoupling will force the internal supply back to its 
3.3V state. But by placing a decoupling capacitor on a closer distance away from the 
FPGA VCCIO supply, a lower influence on a victim pin will be encountered than if the 
decoupling is placed far away from the pins. The reason for this is the impedance in a 
longer lead. Noticed in other projects is that a little change in impedance makes a big 
difference on the size of the voltage dip [Miholic, S & Petersén, A (2002)]. Of course it 
all depends on which pin that is affected, but in the worst case the VDD bounce could 
lead to a failing design. 
 
Chapter 6.3 VDD bounce measurements shows the cases of VDD bounce that occurred 
during the evaluation. 
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3.4 Cross talk 
Cross talk is the capacitive and inductive coupling of a signal between signal lines (i.e. 
bond wires, package traces, package pins). The signal going through one of the lines 
will induce a disturbance on the other despite the absence of any strictly physical 
connection. The cross talk phenomenon is quite complex in nature and stems from 
parasitic and unwanted capacitance and inductance between signal lines. Of course 
these induced disturbances can cause all sorts of problems in electrical systems. The 
reason cross talk is a chapter in this report is that this phenomenon has caused problems 
with FPGAs in the past. 
 
Similar to other electric phenomena discussed in this report the terms aggressor and 
victim apply also in the case of cross talk. The aggressor is the signal line carrying the 
wanted signal and the victim is the signal line being disturbed.  
 
The amplitude of the induced signal on the victim can generally be seen as directly 
proportional to the slew rate of the signal on the aggressor line, the proximity of the two 
lines and the distance that the lines run adjacent to one another. [Tummala, R (2001)] 
 
In the case of the FPGA, these adjacent signal lines can be represented by a number of 
things. There are parallel bond wires, package traces and package pins. The bond wires 
are suspected to be sensitive to cross talk. Especially in the corners of the device. 
However, in the radhard FPGA it was discovered that the bonding were made in two 
levels and therefore the length of the bond wires are kept close to equal all around the 
die. The formal equations for calculating the cross talk is not discussed here but can be 
found in [Tummala, R (2001)]. 
   
There are two types of effects generated by cross talk coupling. Forward cross talk and 
reverse cross talk. 
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3.4.1 Forward cross talk 
Forward cross talk is defined as the induced current in the victim running in direction 
away from the aggressor line driver. Figure 3-5 shows the coupling between the signal 
lines and also the current caused by forward cross talk.  
 

 

Figure 3-5. Capacitive and inductive coupling between signal lines in forward cross 
talk. [Fairchild Semiconductor (2002)] 

 
The forward cross talk current is the result of capacitive coupled current IC minus the 
inductively coupled current IL. The size of IC is as can be seen in the figure text 
depending on the parasitic capacitance between the lines multiplied with the edge rate 
of the signal on the aggressor. Therefore, the slew rate on the outputs will be crucial.  
 
In Figure 3-5 is also illustrated the active signal VI travelling from A to B. As this 
signal propagates a negative voltage spike will travel on the passive line from C to D. 
However the duration of this pulse or spike that only occurs at the edge transition of the 
active line is rather small and is hence often hidden by the reverse cross talk.  
 

3.4.2 Reverse cross talk 
Reverse cross talk is defined as the current coupled onto the victim line in direction 
towards the active line driver. Reverse cross talk is usually the reason cross talk 
coupling leads to problems in modern circuitry. Why this is the case will be explained 
below.  

Aggressor 

Victim 
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The reverse cross talk current is proportional to the sum of IC and IL. Not like the 
forward case where the total current is proportional to the difference between the two. 
The pulse that is generated on the victim line is directly proportional to line length, but 
also to velocity of propagation on the line. Reverse cross talk increases linearly with 
distance up to a certain line length. This length is limited by the distance the signal can 
travel during its rise or fall time. As shown in Figure 3-6 the coupling starts at point C 
immediately when the signal transition begins at point A. The coupling lasts for the 
duration that the aggressor is switching. The aggressor signal propagates down its line 
towards point B and reaches that point at time tB. It couples over to the victim line 
towards point C for this amount of time as it propagates. To finally reach point C the 
reverse cross talk needs an additional flight time. This yields a cross talk wave form on 
the victim line twice the width of that on the aggressor, or BC tt 2= . This is why the 
reverse cross talk can cause a lot of trouble. The pulse width can be sufficient to trigger 
an input on a digital device and give erroneous data.  
 
 

 

Figure 3-6. Capacitive and inductive coupling between signal lines in reverse cross 
talk. [Fairchild Semiconductor (2002)] 

Aggressor 

Victim 
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3.5 Rise- and Fall Time sensitivity  
Rise- and fall time is defined by the time it takes to switch from 10%-90% of a full 
swing. An input clock must be fast between VIH and VIL, the reason for this is that the 
region in between does not ensure a defined logic state, it is not logic 0 or logic 1. The 
longer time the transition takes the higher the probability of a disturbance to occur. If 
the input transition time is slow it might cause a glitch on the clock. A glitch is a short 
pulse on the clock, which may result in double clocking. Figure 3-7 shows a glitch on 
the falling edge of an input signal. The glitch occurs in between the TTL-levels VIH and 
VIL. The glitch brings up the signal above the 2V level which causes a double clocking 
shown in Figure 3-8. 
 
 

Vin                       
   

VVIL 
                   
       VIH 

Figure 3-7 
     T 

               
   
    Vout              

        
  
            0 

Figure 3-8 
     T 
 
Figure 3-7. Clock input has a slow falling edge and receives a glitch which results in a 
double clocking on the clock output shown in Figure 3-8.  

Glitch

Double clocking
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The longer time it takes to switch from logic 1 to logic 0, the greater chance of a glitch 
to occur during that period. As mentioned before, the most sensitive region is between 
VIH and VIL. If a ground- /VDD bounce or cross talk occurs in this region the probability 
of a double clocking to occur is high. In other words the derivative of the flank in the 
critical area is crucial (Figure 3-9). If the input transition edge is slower than 
recommended the input can start to oscillate, causing incorrect functionality in the 
device. 
 
 
 
 
 
 
VIHMin 
 
VILMax 
 
 
             

Figure 3-9. Two cases of a falling flank. 

 
The left case has a slow falling flank during the sensitive region which increases the 
possibility of a glitch to appear. The right case has a slow falling flank in the beginning 
but a fast during the sensitive region, which is ok. 

Slow fall time           
might result in a glitch 

Slow fall time, but during the critical area 
it is fast and therefore ok 
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4 FPGA test designs 
Two FPGA designs were used in the evaluation. Each of the designs was programmed 
with two different slew rate settings, resulting in a total of four devices. Table 4-1 
shows for which measurement each of the designs were used. All measurements were 
carried out with both of the slew rate settings. 
 

Measurements Design 1 (SSO) Design 2 (Stress) 
Ground bounce X  
VDD bounce X  
Cross talk X  
Rise/fall times X  
Min. Pulse width  X 
Power up/down/cycle  X 
Power consumption  X 
FIFO bit errors  X 
Clock glitches  X 

Table 4-1. Test designs. 

 

4.1 SSO-design 
The aim with the SSO-design is to test the capabilities of the I/O-cells in the device. The 
design is configurable to evaluate four different phenomena or possible problem areas. 
The design uses very little of the logic capacity in the radhard FPGA, but it does utilize 
77 of the 99 I/Os available. There are a couple of configuration bits that determine what 
part of the design that will be enabled. This is decided by which one of the tests that is 
to be carried out.  
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4.1.1 Ground bounce  
When testing the device for ground bounce sensitivity 10 to 40 outputs can be 
configured to toggle in sections of 10. There are also three paths going straight through 
the device. These paths will be fed logic 0 to produce three quiet outputs on which the 
ground bounce will be measured. Figure 4-1 shows the principal of the design part for 
ground bounce and VDD bounce testing. The flip flops are connected to toggle with half 
the clock frequency.  
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Figure 4-1. Part of the SSO design for ground bounce and VDD bounce tests. 

4.1.2 VDD bounce 
The VDD bounce measurements are to be carried out on the same part of the SSO-design 
as the ground bounce measurements. The difference is that the measurement takes place 
when the outputs have their positive flank. The same 10 to 40 outputs are used and the 
three victim outputs for measurement are held logic high to see effects of voltage drops.  
 

4.1.3 Cross talk 
The part of the SSO-design aimed for investigating possible cross talk in the device 
contains 12 toggling outputs as aggressors to 12 victim outputs. The victims can be 
configured as either logic high or logic low. Cross talk effects will be measured on the 
12 victim outputs. The reason for having as many as 12 victims is that it is rather tricky 
to predict where in the device the risk for cross talk is the biggest. Therefore the 12 
victim pins have been spread out along one side of the device. Between every two 
victim outputs one aggressor is situated. This because it is the physical distance between 
signal lines that is the single most important factor for cross talk problems.  
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4.1.4 Rise/fall time sensitivity 
The sensitivity for long and short rise and fall times on the FPGA inputs is to be tested 
on the SSO-design as well. A test clock with variable rise and fall times is input to this 
part of the design. Two toggling flip flops are present (Figure 4-2) to disturb the input 
to see if any critical glitches can be observed on the test clock.  
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Figure 4-2. Rise/fall time part of the SSO-design. 

 

4.2 Stress-design 
The aim with the stress-design is to discover problems, if there are any, other than 
purely electrical and package related. This is achieved by stressing the device by using 
very much of its logic resources. In this design 99.3% of the logic cells are used. A total 
of 80.5% of the flip flops have been utilized to try to test the limits of this FPGA. A 
couple of different structures have been implemented in this design in order to be able 
to find different problems that might be present in an FPGA.  
 
The design is based on a block of 100 8-bit counters. They are implemented to stress the 
FPGA by giving a jerky behaviour when a lot of nodes switch simultaneously with 
certain intervals. Also they will consume some amount of power for evaluation of the 
power consumption. 48 bits (the output from six counters) are fed to output pins to 
simulate something that could be an address bus. This address bus can be shut off to 
eliminate effects of SSO if needed during tests. 
A 1200-bit FIFO for detecting any possible bit errors has been implemented. The FIFO 
will be fed with an alternating sequence of 1 and 0 and there is a checker function to 
ensure that no bits are flipped along the way. If errors occur a counter will notify this 
using two outputs.  
 
Problems have been seen when clocking FPGAs using multiple clock trees at different 
frequencies [Mortensen, D (2004)]. These problems have occurred when a non-
hardwired clock net has been heavily loaded internally, i.e. having high fan-out. The big 
capacitive load increases the rise/fall time of the clock pulse. Any other part of the 
design operating on a different frequency or just asynchronously switching when the 
clock is in its slow ramp stage can cause the clock signal to glitch.   
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In this design a global clock net has been loaded with a circular FIFO of 299 flip flops. 
The FIFO contains alternating 1 and 0 data after reset. The number of flip flops has to 
be odd for the scheme to work. Delay times between flip flops in the FIFO have been 
verified to be very small and therefore it is susceptible to glitches on the driving clock 
signal. An XOR-check on two adjacent bits in the FIFO raises a flag if the data pattern 
has been changed by a glitch on the driving clock. 
 
There is also a second structure, intended to discover any glitches in the global clock 
net. This structure works in a slightly different way. A circular FIFO containing three 
bits circles two logic 0 and one logic 1. A counter circuit less susceptible to glitches 
then checks whether the pattern remains the same or not. A flag is raised when a glitch 
has changed the pattern. 
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5 Design flow and solutions to problems encountered 
A representative from the radhard vendor was linked to the project during the whole 
evaluation, and correspondence was held on a weekly basis. It was crucial for the 
project to have up to date information about the radhard vendor’s status on delivery and 
to make sure that the test methods were compatible with respect to the layout of the 
evaluation board. 
 

5.1 RTL 
The literature study and the structure of the test methods were completed and the theory 
was implemented in VHDL code. The program used for VHDL coding was Emacs. 
After implementing the VHDL RTL-models, an event driven VHDL-simulator, 
ModelSim, was used to verify the functionality of the RTL-models.  
 

5.2 Synthesis 
The verification was performed parallel with logic synthesis using Synplify. Synplify 
creates a netlist file (.qdf) that describes the connections within the FPGA logic to have 
the same functionality as the RTL-models. 
 
Synplify gives a choice to set the maximum fan out allowed in the design. The default 
fan out value is set to 16, which was used. 
 
The content of the stress design gave unexpected results when synthesised. There were 
logic included in the stress design that did not have a reference to an output. When 
Synplify detects logic that does not have a connection to a device output it removes that 
logic. 
 
The problem was to keep the synthesis tool from removing logic which was needed for 
the evaluation. Within Synplify attributes can be used in order to keep the logic in the 
design. The attributes syn_keep and syn_no_prune were implemented in the VHDL 
code, but the result was still the same. Synplify removed the needed logic. In the stress 
design the counters and the large FIFO were removed by Synplify. 
  
The solution to Synplify’s counter removal was to make every counter dependent of 
each other. The most significant bit from the previous counter was added in the next 
one. The new count pattern was now always dependent on the previous counter and all 
of the counters were periodically forced to switch state at the same time. Also, by giving 
the last counters a reference to output ports Synplify kept the logic.    
 
In order to keep Synplify from removing the large FIFO from the design, a reference to 
its output was added, forcing Synplify to keep the functionality of the FIFO.  
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5.3 Place and route 
After the synthesis of the designs was made, the place and route (P&R) tool was used 
for placing the logic in the logic cells of the device. The netlist generated by Synplify 
was used as an input when assigning the logical modules to physical cells in the P&R-
tool. The connections between the different cells will be done according to what is 
stated in the netlist. 
 
Running the netlist file in the P&R tool with the optimization criteria set to “speed” was 
done in order to get a placement with the best timing results. In order to achieve a 
design as sensitive as possible, timing needs to be optimized. Although it was intended 
in the beginning to use 95-100% of the FPGA logic cells, area optimization was never 
an issue since timing was more critical for the methods implemented in the stress 
design. In the end, 99.3% of the logic cells in the FPGA were used and 80.5% of the flip 
flops were utilized. 
 
As mentioned above, 99.3% of the logic cells in the FPGA were used, though only 
80.5% of the flip flips were utilized. The reason for this was that the place and route 
tool can not manage to use all flip flops. The cells contain both combinatory and two 
flip flops. These are not placed symmetrical within the cell, resulting in that one of the 
flip flops is easier to make use of than the other (see Figure 2-1).  
 
It is in some cases, depending on the design to be implemented, possible to make use of 
all the flip flops. Though, this has to be done by placing them manually. This is a slight 
drawback for the radhard FPGA, which has also been confirmed by the radhard vendor.  
 
The P&R-tool (SpDE) creates a chip file. This chip file, also known as the fuse file, is 
later used when programming the units. The actual content of the designs are now 
visible in the chip layout in the P&R-tool. The chip layouts from the two designs are 
shown in Figure 5-1 and Figure 5-2. It is noticeable that the Stress design utilizes a lot 
more of the FPGA logic cell than the SSO design.  
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Figure 5-1. Slow slew SSO design.  

 

 

Figure 5-2. Slow slew stress design.  

 

5.4 Gate level simulation 
The P&R tool session creates a back annotation file for gate level simulation purpose. 
The gate level simulation gives the designer the timing knowledge necessary for 
understanding if the design gives the expected results. ModelSim was used for gate 
level simulation. 
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5.5 Prototype design evaluation 
The FPGA units are ready to be programmed after gate level verification. The 
programming of the parts was made by the radhard vendor. An agreement with the 
company was made that they would start out programming one prototype part that could 
be used for physical verification of the stress design. If the verification presented design 
bugs, a redesign could then be implemented and sent for reprogramming.  
 
The evaluation of the prototype FPGA showed that the evaluation board had a reset 
button, which generated logic 0 when pressed. The FPGA reset was implemented to 
reset on logic 1. The original design had implementation reset logic 1 both internally 
and externally. The designs had to be compatible with the board and the bug was 
therefore taken away before programming the second batch.  
 
The synthesis automatically places the reset signal on the internal clock nets, if logic 1 
reset is used. The internal clock nets are hard wired and give the reset signal a low delay 
time, which is very convenient since it is desirable to have the reset signal reaching all 
the flip flops at the same time. 
 
The new design (Figure 5-3), which used a logic 0 reset externally, needed an inverter 
on the chip in order to reset the FPGA on logic 1 internally. The dedicated clock input 
ports could therefore not be used, since the ports are hard wired. The solution was to use 
an I/O port, invert the reset signal, and implement logic so that the reset signal would be 
released synchronic with the clock. Then the reset signal was routed to the hard wired 
clock nets.  
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Figure 5-3. Synchronous reset release.  
 
The consequence of the new reset function is a larger delay time. However the delay 
time will not cause any problems thanks to the logic that controls the reset release. 
Assuming that the system is not used at too high frequency. 
 

5.6 Evaluation board configuration 
The designs implemented at Saab Ericsson Space had to be configured with respect to 
the evaluation board. Each of the two main designs needed an individual configuration. 
Load capacitors were soldered to output ports needing loading. Capacitor value was 
33pF and board signal capacitance was measured to around 60pF, which adds up to a 
total of 90pF. The standard load, according to [MIL-STD-883E, Method 3024 (1994)], 
when measuring SSO disturbance is set to 50pF.  
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6 Measurements 
The measurements were carried out in the Digital division lab area at Saab Ericsson 
Space using a LeCroy WavePro 950 oscilloscope and 1GHz active voltage probes. The 
current measurements were performed using a LeCroy current probe. All values are 
measured at the socket solder bumps on the solder side of the evaluation board, in order 
to get as close to the FPGA package leads as possible. It is important to keep in mind 
when interpreting the results from the measurements, that a socket like the Enplas FPQ 
352 most probably will have some effect on the results, e.g. the ground bounce results. 
An FPGA soldered directly to the board would probably yield better signal integrity. 
However some of the results found in the measurements presented below have of course 
been compared to other similar measurements to verify that the results are reasonable.   
 

6.1 Measurements – sources of error 
The evaluation board and socket provided to this evaluation project have caused a lot of 
concerns during the measurements. It is known that parasitic inductance is the cause of 
most of the phenomena discussed in this report, and it is known that long package leads 
gives higher inductance. These relationships will affect the results of the measurements 
in some way. But then again, this is the material that radhard vendor provided for 
electrical evaluation of their FPGA. The measurements have been performed having the 
probe as close to the FPGA devices as possible. This close point is the socket solder 
bumps. This way the effects of the evaluation board characteristics should be reduced as 
far as possible. To reduce it even further, experiments were made with additional 
decoupling on one of the FPGA’s I/O banks. More about this in chapter 6.3 VDD 
bounce measurements. 
 

6.2 Ground bounce measurements 
There are several aspects that will have an impact on the amplitude when measuring 
ground bounce. During the tests, these aspects have been taken into account and 
measurements has been made in regard to distinguish ground bounce from other noise. 
 
Background information regarding ground bounce is found in chapter 3.2 Ground 
bounce. 
 
The load capacitors for the evaluation project were chosen with respect to a 
standardization document for SSO noise measurements. The document suggests a load 
of 50pF capacitance from output to ground [MIL-STD-883E, Method 3024 (1994)]. The 
load mounted on the evaluation board was a 33pF capacitor. The intrinsic capacitive 
influence from the evaluation board was measured to approximately 60pF. This adds up 
to a total load of approximately 90pF. 
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Table 6-1shows the number of SSOs distributed in each bank during the four different 
ground bounce measurements.  
 

Number of simultaneously switching outputs (SSO)  

10 SSO 20 SSO 30 SSO 40 SSO 
IO Bank     
B 0 0 4 9 
C 6 11 12 12 
D 4 9 13 13 
E 0 0 1 6 

Table 6-1.  Number of SSOs distributed in each bank during ground bounce measuring. 

 
Victim pins were placed in I/O bank B, C and E. Victim pins in I/O bank B (IO32) and 
bank C (IO74) are placed next to a ground pin. Victim pin in I/O bank E (IO116) is 
placed with a maximum distance away from a ground pin. This placement has an impact 
on the amplitude of the ground bounce, which will be clear later in this chapter. 
According to [Fairchild Semiconductor (2003)] output signals located closer to the 
ground lead generally have 30% to 50% less noise than outputs further away.  
 

6.2.1 Slow slew rate  
Measurements presented in this section were performed on a slow slew FPGA. Figure 
6-1 shows the largest ground bounce amplitude encountered when 40 SSOs toggle. 
 

 

Figure 6-1. Ground bounce, 0.57V, slow slew device. (ch2:victim; ch3:aggressor) 

Gnd Bounce 0.57V
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Table 6-2 presents the results from the measurements. The ground bounce amplitudes 
shown never exceed the TTL 0.8V level.  
 

Number of simultaneously switching outputs (SSO) • Load 90pF 
• Slow slew 

10 SSO 20 SSO 30 SSO 40 SSO 
Victim pin in bank     
B, Gnd Bounce 0.063V 0.063V 0.14V 0.34V 
C, Gnd Bounce 0.38V 0.48V 0.46V 0.48V 
E, Gnd Bounce 0.063V 0.094V 0.14V 0.57V 

Table 6-2. Ground bounce amplitudes, slow slew device. 

 
In Table 6-2, bank B and C (whose victim pins are placed right next to a ground pin), 
have a 40% and 16% respectively less disturbance than the victim signal placed in bank 
E (whose victim pin is placed the farthest away from ground), when 40 SSOs toggle. 
 
The measurements above were repeated with a different load. This additional 
measurement is important since it gives a hint about how ground bounce amplitude 
increases with increasing capacitive load. The load was doubled in order to see a ground 
bounce amplitude increase. The ground bounce values measured with the new loading 
are displayed in Table 6-3. 

Table 6-3. Ground bounce amplitudes, slow slew device. 

 
When comparing the tables (Table 6-2 with Table 6-3) it is noticeable that the heavier 
loaded SSOs generate a greater bounce on the victim pins, but still no bounce violates 
the TTL-level.  

Number of simultaneously switching outputs (SSO) • Load 180pF 
• Slow slew 

10 SSO 20 SSO 30 SSO 40 SSO 
Victim pin in bank     
B, Gnd Bounce 0.06V 0.13V 0.17V 0.41V 
C, Gnd Bounce 0.5V 0.56V 0.56V 0.56V 
E, Gnd Bounce 0.06V 0.16V 0.22V 0.69V 
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6.2.2 Fast slew rate 
Measurements presented in this section were performed on a fast slew FPGA. Figure 
6-2 shows the largest ground bounce amplitude encountered when 40 SSOs toggle. 
 

 

Figure 6-2 . Ground bounce 1.69V, fast slew device (ch2:victim; ch3:aggressor). 

 
Shown in Table 6-4 are the results from measuring ground bounce on a fast slew device. 
As seen, several of the measurements show a violation of the TTL-level (shaded 
sections). 
 

Number of simultaneously switching outputs (SSO) • Load 90pF 
• Fast slew 

10 SSO 20 SSO 30 SSO 40 SSO 
Victim pin in bank     
B, Gnd Bounce 0.09V 0.16V 0.22V 0.81V 
C, Gnd Bounce 1.2V 1.53V 1.47V 1.41V 
E, Gnd Bounce 0.07V 0.19V 0.28V 1.69V 

Table 6-4. Ground bounce amplitudes, fast slew device. 

 
Seen in Table 6-4, victim pin in bank E is affected the most when 40 aggressors toggle. 
But already when 10 aggressors toggle one can notice that the bounce on the victim pin 
in bank C has greater amplitude than what the TTL level allows for logic low (threshold 
at 0.8V).  
 

Gnd Bounce 1.69V
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It is also noticeable that I/O bank B and E, which are situated next to I/O bank C, 
containing SSOs, do not exceed the TTL 0.8V limit when 10 and 20 aggressors toggle. 
When 30 SSOs toggle, the TTL level is still not exceeded, but now aggressors are used 
in bank B and E, (Table 6-1). This is important since a designer thanks to this can place 
SSO-like signals in one bank and still use sensitive I/Os in other banks without them 
being affected by the ground bounce. The radhard FPGA has 8 different I/O banks. 
 
Looking at Table 6-4, bank B and C (whose victim pins are placed right next to a 
ground pin) when 40 SSOs toggle, one will notice a 52% and 17% respectively less 
disturbance than the victim signal placed in bank E.  
 
Comparing Table 6-2 with Table 6-4, the conclusion will be that usage of fast slew will 
increase the probability of a ground bounce to have a great impact on surrounding 
victim pins. The disturbance is as much as 66% less when using slow slew instead of 
using a fast slew device. 
 
The measurements above were repeated with a different load. This additional 
measurement is performed in the same way as previously mentioned slow slew 
additional measurement. The ground bounce values measured with the new loading are 
displayed in Table 6-5. 
 

Table 6-5. Ground bounce amplitudes, fast slew device. 

 
When comparing the tables above (Table 6-4 with Table 6-5) it is noticeable that the 
heavier loaded SSOs generate a greater bounce on the victim pins. TTL violations are 
presented in the shaded sections.  

Number of simultaneously switching outputs (SSO) • Load 180pF 
• Fast slew 

10 SSO 20 SSO 30 SSO 40 SSO 
Victim pin in bank     
B, Gnd Bounce 0.094V 0.25V 0.25V 1.0V 
C, Gnd Bounce 1.38V 1.75V 1.69V 1.56V 
E, Gnd Bounce 0.19V 0.25V 0.38V 1.94V 
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6.2.3 Commercial vendor’s ground bounce results 
Table 6-6 shows the commercial vendor’s own ground bounce values when measuring 
its impact on an output victim pin. 
 

Number of simultaneously switching outputs (SSO)  

10 SSO 12 SSO 24 SSO 36 SSO 48 SSO 
Slew Rate      
Slow slew, Gnd Bounce 0.183V 0.5V 1.13V 1.4V 1.62V 
Fast slew, Gnd Bounce   0.58V 0.92V 1.54V 1.78V 1.92V 

Table 6-6. Ground bounce amplitudes, both fast and slow slew rate. [Application Note 
66 (2002)] 

 
Since no pin placement is mentioned in addition to the table (neither SSO placement nor 
victim placement) it is difficult to make a direct comparison between Table 6-6 and the 
measurements presented above (Table 6-2 or Table 6-4).  
 
Also, the total capacitive load value is missing and the numbers of SSO differ between 
the tests. When using 48 SSOs, the commercial vendor manage to measure a larger 
ground bounce than the ones seen at Saab Ericsson Space on the radhard FPGA. In their 
case even slow slew usage results in a ground bounce that violates the limit of 0.8V.  
 

6.2.4 Conclusions 
Banks with no SSOs toggling in it does not get ground bounce effects at all, or receives 
a much smaller bounce than banks with SSOs. If it is necessary to use fast slew outputs, 
sensitive pins must be placed in other banks than the aggressors in order to avoid an 
unwanted bounce on these outputs.  
 
The distance between a ground pin and a victim pin is crucial for the ground bounce 
amplitude. A long distance will result in a larger ground bounce (see chapter 3.2 
Ground bounce for further information).  
 
The radhard vendor has added more ground pins to their device and this has probably a 
positive effect on the impact of ground bounce. The commercial vendor has 25 ground 
pins on their FPGA and the radhard vendor has added 7 ground pins to their radhard 
device, resulting in a unit with 32 ground pins. The radhard vendor has also improved 
the internal ground paths which also results in a lower disturbance on the victim signal. 
 

6.3 VDD bounce measurements 
When measuring VDD bounce it is important to observe that the VIHmin value is not 
violated. The TTL level for logic high is 2V and values below this level may result in an 
erroneous behaviour. As when measuring ground bounce, VDD bounce amplitude 
depends on the location of the pin being victimized. In this situation it is important to 
place a sensitive signal close to a VCCIO connector in order to reduce SSO-noise 
influence. Just as mentioned in chapter 3.3 VDD Bounce, decoupling plays a role on the 
amplitude of the voltage dip.  
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The slew rate also has a large impact in the case of VDD-bounce. The same design as 
when measuring ground bounce was used. Two different measurements were prepared, 
one using a slow slew device and one using a fast slew. 
 
Since the same design as when ground bounce was measured is used, the number of 
SSOs in each bank is still valid (Table 6-1). 
 
Background information regarding VDD bounce is found in chapter 3.3 VDD Bounce. 
 

6.3.1 Slow slew rate 
Measurements presented in this section were performed on a slow slew FPGA. Figure 
6-3 shows a voltage dip on a victim pin in I/O bank C when 30 SSOs toggle. This dip 
was the largest one encountered during testing in a slow slew environment.  
 

 

Figure 6-3. VDD bounce, min 2.19V, slow slew device. (ch2:victim; ch3:aggressor) 

Table 6-7 shows the minimum value of a static high output signal that receives a VDD 
bounce. The voltages shown in the table never dips below the TTL VIHmin 2V level. 
 

Number of simultaneously switching outputs (SSO) • Load 90pF 
• Slow slew 

10 SSO 20 SSO 30 SSO 40 SSO 
Victim pin in bank     
B, VDD Bounce 3.25V 3.25V 2.69V 2.31V 
C, VDD Bounce 2.56V 2.75V 2.19V 2.31V 
E, VDD Bounce 3.25V 3.19V 3.06V 2.5V 

Table 6-7. Minimum values of the voltage dips, slow slew device. 

VDD Bounce min. value 2.19V 
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The measurements were repeated with a different load. These measurements are the 
same as the ones seen in section Additional ground bounce measurements, though this 
time the impact of VDD bounce with the heavier load is measured. The result from this 
additional measurement is displayed in Table 6-8. 

Table 6-8. Minimum values of the voltage dips, slow slew device. 

 
An increased load generates a larger VDD bounce impact on the victim pin. This can be 
seen when comparing the tables above (Table 6-8 with Table 6-7). 
 

6.3.2 Fast slew rate 
Measurements presented in this section were performed on a slow slew FPGA. Figure 
6-4 shows a voltage dip on a victim pin in I/O bank C when 30 SSOs toggle. This dip 
was the largest one encountered during testing in a fast slew environment.  
 

 

Figure 6-4. VDD bounce, min 1.19V, slow slew device. (ch2:victim; ch3:aggressor). 

 

Number of simultaneously switching outputs (SSO) • Load 180pF 
• Slow slew 

10 SSO 20 SSO 30 SSO 40 SSO 
Victim pin in bank     
B, VDD Bounce 3.25V 3.19V 2.56V 2.19V 
C, VDD Bounce 2.31V 2.19V 2.13V 2.13V 
E, VDD Bounce 3.25V 3.25V 3.06V 2.38V 

VDD Bounce min. value 1.19V 
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Table 6-9 shows how deep the voltage dip sunk before returning to its 3.3V level. As 
well as when measuring on a slow slew device, a varying numbers of SSOs toggled 
when performing the tests. Violation of the TTL level is here shown in the shaded 
sections.  
 

Number of simultaneously switching outputs (SSO) • Load 90pF 
• Fast slew 

10 SSO 20 SSO 30 SSO 40 SSO 
Victim pin in bank     
B, VDD Bounce 3.2V 3.2V 2.44V 2V 
C, VDD Bounce 1.56V 1.81V 1.19V 1.31V 
E, VDD Bounce 3.2V 3.2V 3V 1.5V 

Table 6-9. Minimum values of the voltage dips, fast slew device. 

The measurements were repeated with a different load. The result from this additional 
measurement is displayed in Table 6-10. 

Table 6-10. Minimum values of the voltage dips, fast slew device. 

 
An increased load generates a larger VDD bounce impact on the victim pin. This can be 
seen when comparing the tables above (Table 6-10 with Table 6-9). 
 

6.3.3 Decoupling 
The evaluation board used during the project has decoupling capacitors mounted close 
to the socket solder bumps. Earlier evaluations of FPGAs have shown that decoupling 
must be placed very close to the FPGA’s connectors [Miholic, S & Petersén, A (2002)]. 
Decoupling placed close to the FPGA gives a better power supply (without dips).  
 
The socket used on the evaluation board does not allow decoupling to be placed very 
close to the FPGA. This results in a longer distance and higher impedance from the 
FPGA to the decoupling, which of course might cause increased VDD bounces. In order 
to decrease the bounce, a modification of the decoupling was made. Additional 
decoupling capacitors were mounted on top of the FPGA.  
 
The decoupling on bank C was modified, since the victim pin in this bank showed the 
largest voltage dip. Two 100nF capacitors were mounted on top of the FPGA and 
connected to the bank C VCCIO pins (Figure 6-5).  

Number of simultaneously switching outputs (SSO) • Load 180pF 
• Fast slew 

10 SSO 20 SSO 30 SSO 40 SSO 
Victim pin in bank     
B, VDD Bounce 3.25V 3.19V 2.38V 1.69V 
C, VDD Bounce 1.38V 1.25V 1.0V 1.19V 
E, VDD Bounce 3.25V 3.19V 2.94V 1.63V 
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Figure 6-5. Shown is the modified decoupling mounted on top of the FPGA. 

 
The results from modifying the decoupling showed an improvement of 0.3V on victim 
pin in I/O bank C. This is still a result which violates the TTL level, and by mounting a 
larger decoupling on top of the FPGA it is not sure that the improvement will be bigger.  
 
The measure point is of importance in this case. When the improvement of 0.3V was 
achieved, the measure point was on the bottom side of the evaluation board. Just as 
earlier measurements the socket solder bumps were measured on. This means that the 
package pins and the socket impedance will have impact. By measuring on the output 
package pin, close to the FGPA package, less impedance is included and the measured 
bounce is reduced. Now an improvement of 0.8V was achieved. By mounting the 
decoupling on top of the FPGA and measure on the package pin, victim signal in bank 
C went from displaying a 1.19V minimum dip value to 2V. 
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Seen when measuring VDD bounce, was a dip on the VCCIO supply. Figure 6-6 shows the 
result when the dip was measured on a device with the modified decoupling. 
The VCCIO shows a much smaller dip than what is showed on a static high I/O. The 
reason for this large difference can be derived to the intrinsic inductance within the 
package and on the silicon.  
 

 
   

Figure 6-6. VCCIO supply voltage dip on a modified FPGA device. 

 

6.3.4 Conclusions 
As in the case of ground bounce one will come to the conclusion that banks with no 
SSOs toggling in it, does not get affected or receives a much smaller dip than banks 
with SSOs. If it is necessary to use a unit with fast slew output ports one must place 
sensitive pins in other banks than the aggressors in order to avoid an unwanted bounce 
on these pins. 
 
The device with slow slew outputs never shows a violation of the TTL 2V level, when 
tested for VDD bounce. However when a fast slew design is tested on the TTL level is 
violated when 10 SSOs toggle.  
 
Looking at Table 6-7 and Table 6-9  it is clear that bank C is affected the most. The 
reason for this is unknown. Its decoupling is placed similar to the other banks. Also the 
victim pin is placed closer to a VCCIO pin than the other victim pins, which would result 
in less inductance and therefore a smaller bounce. The measurements have been 
repeated several times with the same result.  However it is shown that the placement of 
decoupling is crucial for the amplitudes of the voltage dips. 



Chapter 6 - Measurements 

 47

6.4 Cross talk measurements 
The cross talk measurements were carried out on the same devices as the ground and 
VDD bounce measurements. However to try to distinguish cross talk from those two 
phenomena the victim lines had to be observed differently regarding to the edges of the 
of the aggressor lines. To see noise generated by cross talk a victim line held logic 0 has 
to be observed as the aggressor has a rising edge. The cross talk noise will according to 
electromagnetic theory be present during the rise time of the aggressor edge. This can 
clearly be seen in the oscilloscope plots (see Figure 6-7 and Figure 6-8).  
 
Important to keep in mind, when studying these measurements, is that a socket is used 
to mount the FPGA to the evaluation board. This leads to longer package pins than for a 
soldered FPGA. The long parallel pins surely can give rise to a larger cross talk than for 
a soldered FPGA. 
 
In the design part for cross talk measurements there are 12 aggressor pins and 12 victim 
pins. They are placed so that each victim pin is situated between two aggressor pins. 
Except for victim pin IOH12 that only has an aggressor pin on one side of it. Cross talk 
measurements were also made on the victim pins originally aimed for ground- and VDD 
bounce measurements with all 40 SSO-pins toggling.  
 

6.4.1 Slow slew rate 
Cross talk values presented below are measured on a slow slew device. A low current 
on the aggressor lines give rise to cross talk pulses on the victim lines. Figure 6-7 shows 
the cross talk pulse from the worst case with slow slew device (IO116). 
 

 

Figure 6-7. Cross talk voltage pulse, slow slew device (ch2:victim; ch3:agrressor). 
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Table 6-11 and Table 6-12 show that the pulses are well below any TTL level and will 
not cause any problems. At least not for low signals being disturbed. However these 
glitches can, if timed on a slow rising edge somewhere in a system, cause a signal to 
pass over a TTL threshold twice. Table 6-11 shows maximum voltage pulses observed 
on victim pins in the part of the FPGA design aimed for cross talk measurements. Table 
6-12 shows Maximum voltage pulses observed on victim pins in the part of the FPGA 
design aimed for ground- and VDD bounce measurements. 
 

Victim pin Voltage pulse 
IOG3 (IO164) 0.22V 
IOG5 (IO167) 0.22V 
IOG7 (IO172) 0.23V 
IOG9 (IO174) 0.2V 
IOG11 (IO179) 0.17V 
IOG13 (IO181) 0.11V 
IOH2 (IO186) 0.2V 
IOH4 (IO190) 0.34V 
IOH6 (IO193) 0.22V 
IOH8 (IO198) 0.3V 
IOH10 (IO200) 0.36V 
IOH12 (IO202) 0.3V 

Table 6-11. Cross talk voltages, slow slew I/Os. 

 
Victim pin Voltage pulse 

IOC12 (IO74) 0.28V 
IOE7 (IO116) 0.42V 
IOB2 (IO32) 0.27V 

Table 6-12. Cross talk voltages, slow slew I/Os. 

 

6.4.2 Fast slew rate 
Cross talk values presented below are measured on a fast slew device. More current in 
the aggressor lines will give rise to higher voltage pulses on the victim lines. Figure 6-8 
shows the behaviour of IO200 as it gets disturbed by its switching neighbours. 
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Figure 6-8. Cross talk voltage pulse, fast slew device (ch2:victim; ch3:agrressor). 

 
Most of the victim lines passes the test and resides below the TTL-level of 0.8V. 
However there are a few which rises above this limit (Table 6-13 and Table 6-14). The 
reason for this can only be speculated in, but the victim I/Os that get higher voltage 
pulses are the same both in fast and slow slew devices. This indicates that some victims 
have better coupling to their aggressors. This might very well be related to the bond 
wires which do not follow a very regular pattern around the device.   
 
The pins that show higher voltage pulses than others are IO200 and IO116.  
Both IO200 and IO116 pass the TTL-level and could therefore in some application 
cause problems. Also IO74 passes over the 0.8V level, but just slightly.  
 
Table 6-13 shows maximum voltage pulses observed on victim pins in the part of the 
FPGA design aimed for cross talk measurements. Table 6-14 shows maximum voltage 
pulses observed on victim pins in the part of the FPGA design aimed for ground- and 
VDD bounce measurements. 
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Victim pin Voltage pulse 
IOG3 (IO164) 0.47V 
IOG5 (IO167) 0.69V 
IOG7 (IO172) 0.6V 
IOG9 (IO174) 0.53V 
IOG11 (IO179) 0.48V 
IOG13 (IO181) 0.36V 
IOH2 (IO186) 0.66V 
IOH4 (IO190) 0.66V 
IOH6 (IO193) 0.48V 
IOH8 (IO198) 0.73V 
IOH10 (IO200) 0.91V 
IOH12 (IO202) 0.58V 

Table 6-13. Cross talk voltages, fast slew I/Os. 

 
Victim pin Voltage pulse 

IOC12 (IO74) 0.81V 
IOE7 (IO116) 1.16V 
IOB2 (IO32) 0.6V 

Table 6-14. Cross talk voltages, fast slew I/Os. 

 

6.4.3 Verification of measurement results 
When cross talk measurement plots were interpreted there was something about them 
that deviated from what was expected. At first there were doubts whether the curves 
seen on the plots where cross talk effects or actually some other phenomenon. The 
expected thing to see, was that the first pulse of the noise would go up and not down as 
seen in the plots (see Figure 6-7). It was investigated why this reversed voltage pulses 
were seen on the oscilloscope. One possible reason is described using Figure 6-9 below. 
The first inductance after the driver in Figure 6-9 represents the package lead and 
socket inductance. The second inductance represents the inductance of the board traces. 
The point of measurement is situated just after the first inductance. 
  

+ -

Point of measurement

Aggressor

Victim

I

 

Figure 6-9. Point of measurement is important when measuring cross talk. 
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The rising edge on the aggressor will force a current to flow through the victim line 
according to Figure 6-9, knowing that inductive coupling will result in a struggle to 
eliminate the change in magnetic field between the lines (see cross talk chapter). This 
current will generate a voltage drop over the first inductance according to the plus- and 
minus signs in the figure. Since the victim driver in principal tries to keep the signal 
level to ground the voltage at the point of measurement will be negative. This can be 
one explanation to why the first voltage pulse on the victim line is negative in the plots. 
It is also probable that the socket and the package leads, that are unusually long due to 
the socket type, introduces a lot of inductance to the system measured on. An estimated 
value for the inductance of the package leads, which are tightly spaced, is 10nH/cm. 
Knowing that the lead lengths are 2 cm from the package out to the socket connectors 
yields an inductance of around 20 nH. This is at least a hint about the order of 
magnitude for the inductance in the package leads. 
 
Calculation  
To justify the quick oscillations seen on the victim pins a calculation was made 
(Equation 6-1). From the plots the frequency of the oscillation was determined to be 
approximately 140MHz. Figure 6-10 shows the resonator circuit that was thought to 
induce the oscillations on the victim output. Keeping in mind that the capacitive load 
from the board should be somewhere around 60pF, a relationship between oscillation 
and inductance/capacitance was set up. The solving of Equation 6-1 yielded that the 
inductance in such a circuit should be somewhere around 22nH. This is in the right 
order of magnitude and therefore the oscillations are most probably the result of this 
LC-circuit.  

C

L

 

Figure 6-10. Equivalent resonator circuit on victim output. 
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Simulation 
To be even more confident that the correct explanation for the cross talk effects and 
plots was found, simulations in Pspice were performed. A simulation setup according to 
Figure 6-11 was used. The inductors are coupled with a fairly low coupling factor. Note 
that the values in this simulation are estimated and therefore the absolute numbers from 
both setup and results is not of importance. The important things are the principles and 
the conclusions that can be drawn studying the simulation results.  
 

 

Figure 6-11. Simulation setup used in Pspice for cross talk simulations 

 
When simulating the setup in Figure 6-11 and coupling L1 and L2 to L3, the results 
shown in Figure 6-12 was obtained. The voltage curves on the victim line look quite 
similar both after L3 and L5. The voltage after L3 dips a bit faster when the aggressors 
switch. Apart from that and the amplitude, the voltage oscillations are pretty much the 
same.  
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Figure 6-12. Voltage on victim line at two different points. Voltage curves similar. 

 
The curves in Figure 6-13 are the results from coupling L4 and L6 to L5. The curves 
that describe the voltage on the victim line differ quite a lot. V(L5:2), which is the 
voltage just after inductor L5 has a falling edge from start, just as seen in the 
measurements. However V(L3:2), being the voltage just after L3 has a rising edge from 
start.  
 

 

Figure 6-13. Figure shows how the voltage differs along a coupled line. 

V(L5:2) 

V(L3:2) 
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Considering the point of measurement from the lab tests again. The probe was applied 
on the solder point just under the socket. This is in the simulations represented by 
voltage V(L3:2). When inductive cross talk coupling occurs in the signal line after this 
point the voltage in this point follows a pattern that is not recognizable from the 
oscilloscope plots. If the cross talk coupling occurs somewhere on the signal line before 
this point, the pattern matches the ones seen on oscilloscope plots very well. Therefore 
the conclusion can be drawn that the cross talk coupling takes place somewhere 
between the solder point under the socket and the silicon die of the FPGA. 
 

6.4.4 Conclusions 
The effects of cross talk are in absolute most cases no problem when disturbing an 
output line. The induced voltage is not much over the TTL-threshold and it will most 
certainly drop even more when using the FPGA with shorter leads. A hint can still be 
that slow slew rate outputs shall be used. Then the cross talk effects on a quiet victim 
pin will be small enough to neglect. However when a rising or falling input edge is 
disturbed the situation can be different. More about this can be found in the chapter 
about rise/fall time sensitivity measurements.  
 

6.5 Rise time measurements 
Rise time sensitivity measurements were performed on a device with fast slew rate.  
The radhard vendor informed the evaluation team that an input transition time longer 
than 100ns might be inappropriate because of increased power consumption. Earlier 
evaluations of an Actel FPGA have shown that a maximum rise time of 10ns can be 
used. If the 10ns rise time was violated, it has been seen that the inputs could be 
disturbed and even go into oscillation [Mortensen, D (2004)] and [Mortensen, D 
(2003)]. The radhard vendor has not flagged for any rise time limitation due to such 
behaviour.   
 
The setup of the measurement is quite simple. Figure 6-14 is described in chapter 3.5 
Rise- and Fall Time sensitivity, but for easy understanding placed here as well.  
 
An input victim signal, Test Clk in, is placed in between two output aggressors. Possible 
flaws are shown on the output of the victim Test Clk signal. The victim signal is 
generated by a pulse generator. Background information regarding rise time sensitivity 
setup is found in chapter 3.5 Rise- and Fall Time sensitivity. 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-14. The setup for rise time sensitivity measurement. 
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First test shown in Figure 6-15 displays a disturbance on the input (channel 3) when the 
aggressors (channel 2) toggle.  
 

 

Figure 6-15. Rise time: 40ns. Disturbance is shown on the input signal (ch3) when two 
aggressors (ch2) switch state.  

 
The disturbance shown above causes unwanted behaviour on the output port. Figure 
6-16 shows several effects. The input victim (channel 3) clearly show a cross talk 
impact when the aggressors (channel 4) switch state. The output (channel 2) shows a 
double clocking. Though the reason for the double clocking to appear is not clear.  
 

Disturbance
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Figure 6-16. Rise time 40ns. Double clocking and crosstalk. 

  
Another important observation in Figure 6-16 is the saddle point right after the cross 
talk disturbance on the input port. This saddle point is placed right in the sensitive 
region of the TTL levels and therefore the signal stays in the unwanted area which 
makes it very sensitive to disturbance.    
 

Cross Talk 

Double Clocking

Saddle Point
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The test was repeated with a different rise time and Figure 6-17 shows the result of the 
repeated test. The cross talk impact is still clear on the input, but this time the output 
port is not affected. No double clocking is shown even though the cross talk reaches a 
peak of 1.92V and a valley of 1.19V which the output should react on, but does not. 
Compare this figure with Figure 6-16.  
 

 

Figure 6-17. Rise time 30ns. Cross talk and glitch (ch4:aggressor, ch2:output, 
ch3:input). 

 

6.5.1 Conclusion 
The conclusion that can be drawn from this test is that an erroneous behaviour might 
occur if a slow input transition time is used. It was found that a rise time of 35ns and 
above causes a disturbance to propagate to the output port, but a rise time below this 
value does not show a glitch on the output.  
 
However it is still important to understand that even if the output does not show a full 
state change, a dip on the output can be observed. This dip might be a result derived 
from a slow output buffer. The glitch can still cause problems internally, but is not seen 
in this case on the output. See chapter 6.9 Remaining investigations for more 
information regarding remaining measurements. 
 
Important for input rise/fall times: Do not use long input transition times when 
neighbouring pins toggle, since this setup increases the probability of glitch appearance. 

Cross Talk

No Double Clocking
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6.6 Power cycling 
 

6.6.1 Inrush currents 
In FPGAs previously used in space, problems have occurred when cycling the supply 
power. When cutting the supply and then, after a short time, switching it back on, large 
currents has flown through output buffers in I/O cells. These currents, also called totem 
pole currents lead to an increased inrush current. The totem pole current phenomenon is 
dependent of a number of things. However, it is the structure of the output buffer that 
decides whether a path for the current is available or not. For a typical output buffer 
(Figure 6-18) a path for a current flowing from VCCi to ground can occur when both 
transistor T1 and T2 conduct. This is, of course, a non wanted state. It has however been 
seen on FPGAs [Actel (2003)]. The reason for this has been investigated and pin 
pointed to a specific node, not lowering its voltage as fast as needed. Therefore when 
powering up the device again there can be a current path between VCCi and ground in 
the output stage. This has been seen to generate as big currents as over 5 A.  
 

 

Figure 6-18. Typical output buffer. IT marks path of inrush current. 

 
The measurements in this section were made using a current probe to analyze the 
current in the I/O supply cables.  
 
To stress a device to exhibit these currents, a power up sequence clearly violating the 
requirements given by the radhard vendor has been used. This is done in order to better 
understand what problems could appear if, for example something went wrong with the 
power supply in  a system using an FPGA. Figure 6-19 shows the power up under 
normal conditions following the power sequence recommended by the radhard vendor. 
Figure 6-20 shows the power up following a power cycle that has been known to cause 
inrush currents on other FPGAs.  
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This cycle is: 
 
VCC: Initially powered up to 2.5V, then powered down to 0V and maintained at 0V.  
VCC: Initially powered up to 3.3V, then powered down to residual voltage level, then 
powered up again to 3.3V.  
 
The residual voltage is the voltage left in critical nodes when power is switched off, and 
then on again.  
 
This power cycle was performed a number of times with different cycle times between 
power off and power on.  
 

 

Figure 6-19. VCCIO on channel 4 and the I/O current on channel 2. 

 

 

Figure 6-20. VCCIO on channel 4 and the I/O current on channel 2. 
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Also another power cycle was tested. During this test, the core supply was ramped up 
before the I/O supply. Again, violating the radhard vendor’s power sequence 
recommendations. However, no increased currents were observed in the device supply. 
Surely this test stressed the device but no effects were observed during the short testing.  
 

6.6.2 Ramp up time 
The measurements presented in this section were focused on finding unwanted noise on 
I/Os during power up. The test was repeated a number of times with the oscilloscope 
probes connected to different I/O pins.  
 
The datasheet suggests that the shortest ramp up time for supply voltage is 400µs. The 
reason for the ramp up time limitation is the internal power on reset function. The 
functionality of this circuitry is not guaranteed for ramp up times below 400µs.  
 
For the tests included in this report a ramp up time of approximately 5ms has been used.  
Even though the voltages were ramped up at a rate far above the minimum 
recommendations some unwanted behaviour was observed on I/O-pins during power 
up.  
 
The wanted behaviour from outputs and inputs during power up is that they stay at a 
logic low level. Especially it is unfortunate if an input acts as a driver during the power 
up. As can bee seen in Figure 6-21 and Figure 6-22 the I/Os (channel 3 in both figures) 
gives a pulse when supply voltage ramps up. Figure 6-21 shows the signal on an I/O 
output pin and Figure 6-22 shows the voltage on an I/O input pin. In both cases the 
voltage parks above 0.8V for around 200µs and peaks at approximately 1.2V.  
 
 

 

Figure 6-21. Unwanted signal on I/O output (ch1:VCCIO, ch3: I/O output, ch4: VCC). 

 
From both Figure 6-21 and Figure 6-22 it is obvious that the voltage on the I/Os follow 
the I/O supply voltage for the 200µs that the pulse lasts. The reason might be that in this 
particular voltage span, the logic fails to interpret the voltage and produce the correct 
logic levels.  
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Figure 6-22. Unwanted signal on I/O input (ch1: VCCIO, ch3: I/O input, ch4: VCC) 

 
This behaviour does not have to cause problems, but it is good to have knowledge about 
it. Knowing that the FPGA produces non foreseen signals during power up makes it 
possible to avoid that this behaviour causes trouble. 
 
To further investigate the drive capacity of the I/Os giving the pulse on power up, 
experiments were made with different resistive loads. In figure Figure 6-23 a 750Ω load 
was used. As seen in the figure the voltage on channel 3 (I/O input) reaches 0.3V. 
 

 

Figure 6-23. Voltage pulses on I/Os during power up (ch 2: resistively unloaded I/O, 
ch3: I/O loaded with 750Ω). 
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Figure 6-24. Voltage pulses on I/Os during power up (ch 3: resistively unloaded I/O, 
ch2: I/O loaded with 4.7kΩ, ch1 and ch4 are VCCIO and VCC, respectively). 

 
In Figure 6-24, the I/O input was loaded with the 4.7kΩ of the pull-down resistor on the 
evaluation board. The voltage pulse (channel 2) reaches above 1.4V for approximately 
160µs. 

6.6.3 Conclusion 
The conclusion that can be drawn from this that the pulse on the I/Os drives hard 
enough to be able to be interpreted as logic 1 in some system during power on. This is a 
serious misbehaviour. A pulse like the ones seen can trigger some other part of a system 
waiting for a logic high signal. This has happened in a flying satellite causing extensive 
damage to instruments on board. This is why this discovery is important.  
 

6.7 Power Consumption 
To evaluate the power consumption and to compare measured power consumption with 
the values calculated by the P&R software the FPGAs with the stress design was used. 
They were run at different frequencies to extract power vs. frequency data. 
 

6.7.1 Measurement setup 
The measurement setup was arranged with multimeters connected between the power 
supply (supplying both VCC and VCCIO) and the evaluation board. The capacitive loading 
on the evaluation board plus the added output capacitive loading was measured to 
approximately 90pF. The design used for these measurements was the stress-design 
(more about the stress-design under the chapter about test designs). 
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6.7.2 Slow slew rate 
The graph in Figure 6-25 shows the difference in power consumption between the 
measured values at Saab Ericsson Space and the ones calculated in the power calculator 
tool for the commercial FPGA. A large difference between the two series can clearly be 
seen. This difference will be explained later in the chapter. 
 

Power Consumption (Slow Slew)

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

5 10 20 30 40 50 60 70 80

Frequency (MHz)

P
ow

er
 (W

)

Tool Value
Measured Value

 

Figure 6-25. Power consumption vs. frequency, slow slew I/Os. 

The exact values are presented in Table 6-15 and it can be observed that there is a great 
difference between the tool’s calculated values and the ones measured. The measured 
value is in average 45.6% larger than the one given by the tool.  
 

Frequency (MHz) Tool Value (W) Measured Value (W) Difference (%) 
5 0.074 0.10809 46 

10 0.147 0.208 42 
20 0.294 0.44788 52 
30 0.441 0.65345 48 
40 0.587 0.85834 46 
50 0.734 1.0626 45 
60 0.881 1.2656 44 
70 1.03 1.4922 45 
80 1.17 1.66922 43 

Table 6-15. Measured values compared with tool calculations, slow slew I/Os. 
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6.7.3 Fast slew rate 
Just as the case when using a slow slew device one can observe a quite large difference 
between the two series displayed in.   
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Figure 6-26. Power consumption vs. frequency, fast slew I/Os.  

 
Table 6-16 shows the exact measured values compared with the power calculator tool. 
In this case a device with fast slew rate was evaluated. An average of 40.6% higher 
power consumption is measured. 
 

Frequency (MHz) Tool Value (W) Measured Value (W) Difference (%) 
5 0.073 0.10809 48 

10 0.146 0.183 25 
20 0.292 0.42279 45 
30 0.438 0.6293 44 
40 0.583 0.83383 43 
50 0.729 1.03822 42 
60 0.875 1.24066 42 
70 1.02 1.44352 42 

Table 6-16. Measured values compared with tool calculations, fast slew I/Os. 
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6.7.4 The radhard vendor’s power consumption estimation 
The values in Figure 6-27 are based on the commercial vendor’s FPGA. The radhard 
vendor has then made a redesign of the commercial vendor’s device in order to make 
the unit radiation hardened. The radhard vendor has estimated that their FPGA will 
consume 20% more power than the commercial FPGA. 
 

 

Figure 6-27. Power consumption estimated by the radhard vendor. [Datasheet (2004)] 

 
Figure 6-27 does not let the reader know what slew rate that has been used. The design 
used in this case consists of 300 8-bit counters. In the case at Saab Ericsson Space, a 
design containing a 1200 bit FIFO, a 300 bit FIFO and 100 8-bit counters was used. 
Resulting in 99% logic cell utilization. In other words it is not advisable to compare 
Figure 6-27 with Figure 6-25 or Figure 6-26, since they differ quite a lot. 
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6.7.5 Conclusions 
The percentage difference in each of the two cases are very large, but can be explained: 
 

• The power calculator tool uses a static equation (Equation 6-2) that estimates the 
power consumption. Therefore it does not take into account how the logic within 
the design actually switches. In this test case, the design is used in order to 
consume as much power as possible. As described in chapter 8  Place and Route 
tool, a dynamic power calculator will be added in future tool versions. The 
dynamic calculator will take into account how the logic switches in a design and 
will deliver a more accurate result than the static one.  

 

 
Where: 

 
• LCN  : Total number of logic cells in the design. 
• CKBFN  : Number of clock buffers. 
• CLBFN  : Number of column clock buffers. 
• CKLDN  : Number of loads connected to the column clock buffers. 
• RAMN  : Number of RAM blocks. 
• INPN  : Number of input pins. 
• OUTPN  : Number of output pins. 

Equation 6-2. [Datasheet (2004)] 

 
• The radhard vendor’s FPGA was not available in the power calculator tool when 

the evaluation was performed and used instead was the commercial equivalent, 
which is the one that the radhard unit is based on. The radhard vendor has 
flagged for an increase of 20% in power consumption on their device compared 
to the commercial FPGA. This is a major reason why the measured values 
displayed in Table 6-15 and Table 6-16 differ from the tool values. Also the 
value of 20% power increase might not be accurate. The power consumption 
might reach a higher value than the radhard vendor flagged for. 

 

6.8 Bit error detection 
This test is based on the three different FIFOs in the stress-design. The three different 
FIFOs implemented in the design are: a large 1200-bit FIFO, a smaller 300-bit FIFO 
and a 3-bit FIFO. The different FIFOs are described in detail in chapter 4.2 Stress-
design.  
In order to stress the design to create bit errors all of its contents (FIFOs and counters) 
were used at the same time. The FIFOs were driven with different clocks at varying 
frequencies, and a fast slew device was used. 
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The clock setup is shown in Figure 6-28. 
 
Channel 1: 1200-bit FIFO error counter output. 
Channel 2: Input clock to 300-bit FIFO and 3-bit FIFO, 40MHz. 
Channel 3: 1200-bit FIFO input pattern (0101…). 
Channel 4: System clock to 100 8-bit counters and 1200 bit FIFO, 40MHz. 
 

 

Figure 6-28. Clock setup when measuring bit errors using a fast slew device. 

 
Figure 6-28 shows that the two different clocks are delayed relative each other so that 
they will switch state in each others sensitive region. At the same time 48 outputs toggle 
in order to create a stressful environment. Also a fast slew device is used and detection 
is monitored at different clock frequencies (varying from 40MHz – 160MHz). As 
mentioned, the stress design uses 99% of the FPGA’s logic cells.  
 

6.8.1 Result 
No bit errors where detected in any of the three FIFOs at the different frequencies. 
 

Switch in sensitive region
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6.9 Remaining investigations 
When the rise/fall-time sensitivity tests were performed, ideas for a complement test 
came up. In the tests performed, conclusions were drawn that even though the double 
clocking did not show at the output, it could still be present internally. The tests showed 
that an input transition time below 35ns did not cause the victim output to double clock. 
This might be the result of the output driver being to slow to follow the glitch on the 
input. However, internally this glitch might very well be present and also be able to 
cause events such as double clocking internally.  
 
In a future test setup it would be very interesting to let an input signal with a long 
transition time trigger a flip flop. The output of the flip flop should be monitored for 
double edges. One way of implementing this test can be found in [Mortensen, D 
(2003)]. 



Chapter 7 - Radiation hardness evaluation 

 69

7 Radiation hardness evaluation  
Knowing that the radhard FPGA is based on a commercial FPGA not intended for use 
in space, the radiation data has to be carefully evaluated. Is the radhard FPGA tolerant 
enough to SEEs? To get a comparative and describing image of this matter a 
comparison with other devices, both FPGAs and SRAMs was made. The various 
devices are used today in space applications and therefore they constitute good material 
for a comparison.  
 
The devices in the comparison are; Actel RTSX-S family, Actel RTAX-S family, Actel 
A14100, Xilinx Virtex2, Samsung K6R4008C1C and the new radhard FPGA (DUT).  
 
The four first devices are FPGAs and the Samsung device is an SRAM circuit. The 
Actel devices qualify under the category non-volatile FPGA. The Virtex2 is a volatile 

FPGA with embedded SRAM. In Table 7-1 the 
daybit

SEU
⋅

data for each circuit is 

presented. The data is calculated with the CREME96 [CREME96] SEU calculation site 
and rounded to closest integer (except for SX-S and AX-S).  
 
The data is calculated for geostationary orbit which is considered the worst case orbit 
for the radhard FPGA. The reason for this is that the data from heavy ion tests indicates 
that radhard FPGA is immune to proton induced upsets. (Protons occur more frequently 
at lower orbits.) Only SEU-rates are discussed in this chapter knowing that the new 
radhard FPGA is latch up immune up to an effective LET of 120 mgcmMeV /2⋅ . Input 
data for the radhard FPGA is gathered from the radhard vendor’s radiation report. 
[Hafer, C, Lake, R, Jordan, A & Farris, T (2004)] 
 

 DUT RT SX-S RT AX-S A14100 Virtex2 K6R4008C1C 
RegF 9106 −⋅  < 10101 −⋅ 1 < 10101 −⋅ 1 6103 −⋅  5101 −⋅  - 

ShiftReg 8105 −⋅  - - - - - 
SRAM 10105 −⋅  - - - 7104 −⋅  9102 −⋅  

Table 7-1. Predicted SEU rates  in daybitSEU ⋅/  for geostationary orbit. RegF = static 
register. 1 Numbers taken from Actel data sheets. 

 
From Table 7-1 it can be understood that the new radhard FPGA stands the comparison 
well. 
The numbers can be used to show the mean time between failures (MTBF) of a design 
instead. That makes the data more understandable.  
 
The Stress-design mentioned in the test design chapter contains 2473 flip flops. The 
majority of these are used in some dynamic structure. The error rate picked from Table 
7-1 is 8105 −⋅ daybitSEU ⋅/ . This rate multiplied with the number of bits or flip flops 
and 365 days gives 0.045 yearSEU /  for the new radhard FPGA containing this 
particular design. This value is inverted to give the time between SEUs. The result is 
22.2 years. The time before an error occurs, MTBF, is for this design hence 22.2 years.  
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Before jumping to any far-reaching conclusions about the actual meaning of the SEU-
data it has to be understood what the numbers mean when designing FPGAs for some 
system. For example when designing for the Actel A14100, TMR or some other scheme 
to reach high enough resistance to SEUs has to be used (TMR is a majority voting 
scheme that will correct an SEE induced fault by still having two flip flops or branches 
that hold the correct value. The redundancy therefore needs the logic to be tripled to get 
a majority relationship in the voting).  
 
If an FPGA is not enough radiation hard, upset tolerant circuit solutions has to be 
implemented in the HDL-design. This of course means extra work and consumes more 
time. Another important aspect is the logic capacity of the FPGA. If for example TMR 
has to be used in all register structures, the capacity of an FPGA is reduced to one third 
of the flip flops. This is a drawback for a device that is marketed as a big and versatile 
circuit. To be able to interpret whether the SEU-numbers for the new radhard FPGA is 
acceptable, demands for SEU-rate in two different types of space projects is used. These 
are presented in Table 7-2.  
 

 Launcher Satellite 
daybitSEU ⋅/  demand 710−<  810−<  

Table 7-2. SEU-demands on device level for two different space projects. 

 
These two projects in Table 7-2 are quite different, since the first refers to a launcher 
which has a life time of approximately 20 minutes, and the second is a typical satellite 
which is built to last for a long time in space.  
 
Looking at the numbers for the new radhard FPGA again, knowing the typical SEU-rate 
demands above it can be observed that for a launcher the radiation hardness might be 
enough and for use in a satellite some SEU preventing scheme most probably have to be 
used.  
 
The SEU-data concerning the new radhard FPGA has to be interpreted and judged with 
conservatism. The reason is that the radhard vendor gives two numbers for SEU-rate 
from the flip flops in the FPGA. One number for static registers and another for 
dynamic. The dynamic registers have been tested at a frequency of 1MHz. It seems very 
probable that the SEU-rate will increase with increasing frequency. Therefore the SEU-
rate can for a particular design be high enough to prevent usage of the FPGA in an 
aerospace project at Saab Ericsson Space without SEU-preventing design schemes.  
 
Another important matter concerning the testing for SEU-rates for the embedded SRAM 
in the new radhard FPGA is that the controller logic is included in the testing. The 
SRAM has been read and written during irradiation. This means that the SEU-rate for 
the SRAM is reliable. Most SRAMs used in space today are susceptible to proton 
induced upsets. This gives the SRAM in the new radhard FPGA an advantage at lower 
orbits where protons occur more frequently. 
To conclude, it can be said that the new radhard FPGA’s SRAM stands competition 
from SRAMs used today very well. 
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8  Place and Route tool evaluation 
A part of the evaluation project was to compare the functions in the new place and route 
tool with the ones used for space qualified FPGAs at Saab Ericsson Space today. As 
mentioned before the radiation hardened unit is based on a technology from a non 
radiation hardened FPGA vendor. Therefore the project was supplied with place and 
route tools from the commercial vendor.  
 
Both a PC-version, as well as a Unix version of the tool was used. The Unix version 
gave longer run times. The reason for this might have been a heavy load on the Unix 
system at Saab Ericsson Space. The PC-version resulted in shorter run times and was 
therefore more convenient. 
 
Hardware designers at Saab Ericsson Space were asked what features were of great 
importance when using a place and route tool. The evaluation of the place and route tool 
was focused on their point of view.  
 
The areas mentioned were: 
 

• Replication control in single cells: 
When synthesising the VHDL code with Synplify a specific fan out is set. 
This number is later fix when using the qdf-file in the P&R-tool. It is 
therefore not possible to change the fan-out for specific cells once it is set 
in Synplify. Replication will occur when Synplify finds logic that has a 
higher fan out than specified by the max fan-out constraints in Synplify, 
except for reset and clock inputs used within the system clock net (the 
clock net is internally designed for a high fan-out purpose). If replication 
can not be controlled, the delay in the cell can not be controlled in detail. 

 
• Manual placement editor. 

The P&R-tool contains a placement editor, which allows the designer to 
manually fix the placement of: 

- The flip flops in the design.   
- The I/Os. 
- The SRAM cells.  

The reason for wanting this feature is that the delay can be controlled in 
detail when manual placement is allowed.  

 
• Timing constraints on specific paths. 

A feature within the place and route tool is the Net Name Wildcard window. 
When using this feature one can select several I/O ports or flip flops by 
using standard wild card characters (* and ?).  
 
* - For any multiple character selections.  
? – For any single character selections. 
 
This way one can add several paths and set a specific timing constraint for 
these particular paths, which are still valid even if minor changes are made 
in the design, e.g. if a new synthesis is run. [User Manual (2004)] 
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•  Handling of scripts in the new place and route tool. 
The operations handled in the P&R-tool are also available in CLI 
(Command Line Interface). The basic operations can be used through TCL 
scripts and later run in spdec1.exe with the RUNSCRIPT option or using 
the TCL shell that comes with spedc1.exe.  
 
As written in the tool user manual there are many advantages by using 
CLI: 
 
“By using CLI, many operations can be done in a batch mode. The 
following are some of the benefits in using CLI:  

 
- The tool can be left unattended. 
- Scripts can be set up so that multiple designs can be run in sequence. 

This is very useful for running regression tests and benchmarking. 
- Scripts can be set up to run the same design with multiple options. This 

is extremely useful when running a design with various settings because 
it enables the user to examine the results of the runs and pick the 
implementation that best fits the user’s needs” 

 
- Another important feature regarding handling of scripts is the 

convenience of repeating a design setup and knowing that all parameters 
are the same and included. 

   
• Calculations of hold time. 

In previous used tools one was only able to calculate the max timing 
within the design. In the P&R-tool path delay settings the designer can 
select both Find Max and Find Min. Find Max lists paths delays that are 
greater or equal to the given value (Min delay). Find Min will list paths 
delays that are less than or equal to the specified value (Max delay). [User 
Manual (2004)] 
 
Although Find Min and Find Max are available, they are still given with a 
margin in the path delay tool. Feedback has been given to representatives 
from the commercial vendor and hopefully the absolute min and max 
values will be available in upcoming versions of the tool. 
 
The reason that the absolute maximum and minimum values are asked for 
can be described using Figure 8-1. It is needed to make sure that the 
delays in the paths are within limits, so that the relation C1+D>C2+hold 
time will be valid. To be able to determine whether a circuit like this will 
work properly or suffer malfunction due to hold time problems the 
absolute timing values are required. It is important to be able to accurately 
verify that the total delay of C1 and D is larger than the delay C2 together 
with the required hold time.  
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Figure 8-1. Delay example. 

 

8.1 Upcoming features 
The commercial vendor is planning to release an updated version of the tools in 2005. 
This version will contain new features. Two important new features are mentioned 
below. 
 

• Hard macro support:  
With this feature a designer is able to reuse blocks from other saved 
projects. 
 

• Dynamic power calculator:  
The power calculator used today is static and does not take in count how 
the logic within a design functions. The dynamic calculator will simulate 
the logic in the system and give a more accurate feedback on power 
consumption. 
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9 Conclusions 
 
Banks with no SSOs toggling in it does not get ground bounce effects at all, or receives 
a much smaller bounce than banks with SSOs. If it is necessary to use fast slew outputs, 
sensitive pins must be placed in other banks than the aggressors in order to avoid an 
unwanted bounce on these outputs.  
 
The distance between a ground pin and a victim pin is crucial for the ground bounce 
amplitude. A long distance will result in a larger ground bounce.  
 
The conclusions drawn from the VDD bounce measurements were the same as in the 
ground bounce case. However, in this case it was shown that the placement of 
decoupling is crucial for the amplitudes of the VDD bounce voltage dips. 
 
The effects of cross talk are in absolute most cases no problem when disturbing an 
output line. The induced voltage is not much over the TTL-threshold and it will most 
certainly drop even more when using the FPGA with shorter leads. A hint can still be 
that slow slew rate outputs shall be used. Then the cross talk effects on a quiet victim 
pin will be small enough to neglect. However, when a rising or falling input edge is 
disturbed the situation can be different. 
 
The conclusion that can be drawn from the power cycling experiments are that the pulse 
on the I/Os during power on drives hard enough to be able to be interpreted as logic 1 in 
some system during power on. This is a serious misbehaviour. A pulse like the ones 
seen can trigger some other part of a system waiting for a logic high signal. This has 
happened in a flying satellite causing extensive damage to instruments on board. This is 
why this discovery is important may prevent usage of the FPGA in its current form.  
 
The power consumption tests showed that the static power calculator tool provided for 
the project can not predict the power consumption accurately. However, an updated 
version of the tool set containing a dynamic power calculator will be available in a near 
future. 
 
The radiation hardness evaluation showed that the FPGA stands comparison to 
competitors well from this point of view. For specific applications some SEU-
preventing scheme might be necessary. The embedded SRAM, however, is hard enough 
to use for typical data handling. 
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11 Appendix 
 

11.1 FPGA background 
Basic FPGA theory 
FPGA is an abbreviation of Field Programmable Gate Array. As the term suggests this 
is a programmable circuit. This should set it aside from the ASIC as a much more 
versatile device. However, there are two different types of FPGAs and they differ quite 
a lot in this aspect. One can call these two types volatile and non-volatile. The volatile 
type looses its programmed routes and logic as soon as the power is cut. It then needs to 
reconfigure and program all over again at power on. The interconnections can be 
described as transistors placed over interconnection tracks. When the device has been 
programmed these transistors are either conducting or not conducting. The 
programming information is usually stored in PROM. This means that the volatile 
FPGA can not manage on its own. It needs the PROM as companion to be able to 
operate. In undergraduate courses in digital electronics the FPGA-type used is 
exclusively the volatile. The reason is that it can be programmed many times and is not 
expended once a design has been loaded into it. 
 
The non-volatile type, however, is not that far from the ASIC as the word 
“programmable” in Field Programmable Gate Array suggests. The non-volatile type can 
only be programmed once. The routes in the device connect permanently by applying a 
high voltage when programming. See chapter AntiFuse – ViaLink for details. 
 
The FPGA is a fairly symmetric structure. It consists of a large number of so called 
“logic cells”. These cells are more or less evenly distributed over the silicon die. 
Depending on the FPGA family, type and vendor the cells look a bit different. Some 
contain only combinatory, some only flip flops and some are a mix of both. When 
programming a device it is these logic cells that will contain and create the hardware for 
the logic expressions in the design code. Depending on the design and the way it is 
packed into the FPGA, the cells will be more or less used. In some cases a logic cell can 
be utilized to 100 % and in another case a logic cell is not used at all (of course a logic 
cell can be partly used as well). The latter will happen if the FPGA contains more logic 
capacity than the design requires. One has to estimate the hardware usage for the design 
code which is going to be programmed. This is a rather tricky task, because it is not 
trivial to predict in what way the synthesis and place & route tools can map the code to 
hardware.  
 
There are FPGAs on the market with various capacities both in logics and in I/Os. The 
logic capacity of an FPGA is by vendors often measured in “equivalent system gates“. 
This unit does not actually tell much about the capacity. It is more crucial to know how 
many cells and how many flip flops there are to estimate whether a design fits in the 
FPGA or not. 
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General FPGA design flow 
 
Hardware description language 
The first step in the design flow is to write the behavioural code. This is done in a 
hardware description language (HDL). The two most used are Verilog and VHDL. The 
designer has to keep in mind that the code is to be transformed to hardware later on in 
the design process. This is a big difference from writing software code that is supposed 
to be executed by some hardware. One has to “think hardware” when writing 
behavioural HDL code, constantly thinking in terms of gates and flip flops to 
understand what the code will create when mapped into the FPGA. The code has to pass 
syntax check compilation before the next step in the design procedure can take place. 
This next step is behavioural simulation. The HDL code in this step is also called RTL-
code. RTL stands for register transfer level.  
 
Behavioural (RTL) simulation 
To verify that the compiled RTL-code works the way the designer had in mind a 
simulation has to be done. This simulation is a strictly behavioural simulation. It simply 
tells the designer whether the logic expressions in his code do what he wanted them to 
or not. If not, then now is the time to go back to the code and change it until the desired 
behaviour is reached.  
 
Synthesis 
Once the RTL-code is verified and working it has to be mapped to hardware. This is 
what is done in the synthesis. This is the first step in which circuit specific 
characteristics play an important role. The RTL-code is loaded by the synthesis tool and 
translated to hardware of the type that is available in the FPGA of choice. The synthesis 
tool is configured for this certain device. The output from the synthesis tool is a form of 
netlist that contains gates and flip flops connected in a way to behave as the RTL-code 
specifies.  
 
Place and route 
The output from the synthesis is fed into a place and route tool, here after referred to as 
P&R. The P&R-tool is in most cases a vendor specific tool. (Not like the synthesis tool 
which is a program that handles many circuits from many different vendors.) The P&R-
tool places the different logic components from the synthesis output in the logic cells of 
the FPGA and routes them together. This is also where the pin out is specified. There 
are a lot of options to specify when placing and routing in an FPGA. For example one 
has to specify whether the goal is high speed or fitting a lot of logics on a small area of 
the chip. When all options have been chosen according to the wishes from the designer 
and the P&R-tool has been run, a number of files have been created. Among these files 
are the programming-file or fuse-file, the HDL net list-file and the timing-file. The fuse-
file contains information for the programming equipment to actually program the 
device. The HDL net list-file and the timing-file are for the final simulation, the gate 
level simulation. 
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Gate level simulation 
When place and route has been done the result has to be verified. This is done by 
simulating the HDL net list output from the P&R-tool. The net list is simulated together 
with the timing data from the P&R-tool. By doing this one can achieve a simulation that 
gives very accurate data about the behaviour of the programmed circuit, both with 
respect to functionality and to timing. This step is also the last before the design is to be 
programmed and should be accurate enough not to leave any surprises to appear when 
the programmed circuit is tested.  
 
Programming the device 
Depending on what type of FPGA that is to be programmed, the procedure of 
programming differs a bit. The volatile type can be programmed through a JTAG-port 
when mounted on the PCB, since the programming data is stored in a PROM. The 
volatile type is not quite as easy to program. The device has to be connected to a 
programmer. This programmer then fuses the metal layers together at spots determined 
by the programming-file or fuse-file. This takes place at relatively high voltage. When 
the programming is complete the FPGA is detached from the programmer and can be 
mounted onto a PCB. 
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11.2 VHDL code 
 
SSO-design 
 
library ieee; 
use ieee.std_logic_1164.all; 
 
entity sso is 
   
  port ( 
    --system control 
    Clk_Pad       : in  std_logic;      -- system clock 
    Val_Pad       : in  std_logic_vector(1 downto 0); 
                                        -- choose which process 
    Reset_Pad     : in  std_logic;      -- system reset 
 
    --signals for ground bounce test 
    GbVicIn_Pad   : in  std_logic;      -- ground bounce victim input 
    NrOfSSO_Pad   : in  std_logic_vector(1 downto 0); 
                                        -- choose number of SSO in gb-test 
    GbSSO_Pad     : out std_logic_vector(39 downto 0); 
                                        -- gb SSO 
     
    GbVicOut_Pad  : out std_logic_vector(2 downto 0);-- ground bounce victim outputs                                    
 
    --signals for cross talk test 
    CtVicIn_Pad   : in  std_logic;      -- cross talk victim input 
    CtVicOut_Pad  : out std_logic_vector(11 downto 0); 
                                        -- cross talk victim outputs 
    CtSSO_Pad     : out std_logic_vector(11 downto 0); 
                                        -- SSO for cross talk test 
     
    --signals for rise/fall time test 
    RtClkOut_Pad  : out std_logic;      -- rise/fall time clock output     
    RtSSO_Pad     : out std_logic_vector(1 downto 0); 
                                        -- SSO for rise/fall time test 
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    RtCLkIn_Pad   : in  std_logic);     -- Input test clock for rise/fall time 
 
   
end sso; 
 
 
architecture behavior of sso is 
  signal ResetInt : std_logic;             -- internal reset 
  signal ResetInverse : std_logic;         -- reset signal after inverter 
  signal MainResetD : std_logic;           -- flip flop 1 in reset circuit 
  signal MainReset : std_logic;            -- flip flop 2 in reset circuit 
   
  component GCLKBUFF_25um                  -- QL clk net buffer 
    port ( 
      A  : in  std_logic; 
      Z  : out std_logic); 
  end component; 
 
begin 
  ResetInverse <= not  Reset_Pad;          -- inverts external reset signal 
   
buff : GCLKBUFF_25um port map ( 
  A => MainReset, 
  Z => ResetInt); 
 
   
  CtVicOut_Pad(11)<=CtVicIn_Pad;   -- assigning victim inputs to victim outputs 
  CtVicOut_Pad(10)<=CtVicIn_Pad; 
  CtVicOut_Pad(9)<=CtVicIn_Pad; 
  CtVicOut_Pad(8)<=CtVicIn_Pad; 
  CtVicOut_Pad(7)<=CtVicIn_Pad; 
  CtVicOut_Pad(6)<=CtVicIn_Pad; 
  CtVicOut_Pad(5)<=CtVicIn_Pad; 
  CtVicOut_Pad(4)<=CtVicIn_Pad;  
  CtVicOut_Pad(3)<=CtVicIn_Pad;  
  CtVicOut_Pad(2)<=CtVicIn_Pad;  
  CtVicOut_Pad(1)<=CtVicIn_Pad;  
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  CtVicOut_Pad(0)<=CtVicIn_Pad;  
  GbVicOut_Pad(2)<=GbVicIn_Pad; 
  GbVicOut_Pad(1)<=GbVicIn_Pad; 
  GbVicOut_Pad(0)<=GbVicIn_Pad; 
  RtClkOut_Pad<=RtClkIn_Pad; 
 
 
  -- purpose: to release reset signal at rising clk 
reset: process (Clk_Pad, ResetInverse) 
   
begin  -- process 
  if ResetInverse ='1' then 
    MainResetD <= '1'; 
    MainReset <= '1'; 
  elsif Clk_Pad'event and Clk_Pad = '1' then 
    MainReset <= MainResetD; 
    MainResetD <= '0'; 
  end if; 
end process; 
   
  gb: process(Clk_Pad,ResetInt) -- testing ground- and Vcc bounce 
    variable GbSSO : std_logic_vector(39 downto 0); 
  begin 
    if ResetInt='1' then 
      GbSSO_Pad <= (others => '0'); 
      GbSSO := (others => '0'); 
    elsif Clk_Pad'event and Clk_Pad='1' then 
       
      if Val_Pad="00" and NrOfSSO_Pad = "00" then  -- toggling 10 SSOs 
        GbSSO(9 downto 0) := not GbSSO(9 downto 0); 
        GbSSO(39 downto 10) := (others => '0'); 
      elsif Val_Pad = "00" and NrOfSSO_Pad = "01" then  -- toggling 20 SSOs 
        GbSSO(19 downto 0) := not GbSSO(19 downto 0); 
        GbSSO(39 downto 20) := (others => '0'); 
      elsif Val_Pad = "00" and NrOfSSO_Pad = "10" then  -- toggling 30 SSOs 
        GbSSO(29 downto 0) := not GbSSO(29 downto 0); 
        GbSSO(39 downto 30) := (others => '0'); 
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      elsif Val_Pad = "00" and NrOfSSO_Pad = "11" then  -- toggling 40 SSOs 
        GbSSO := not GbSSO; 
      else 
        GbSSO := (others => '0'); 
      end if; 
    end if; 
    GbSSO_Pad <= GbSSO; 
  end process; 
 
  ct: process(Clk_Pad,ResetInt) --testing cross talk 
    variable CtSSO : std_logic_vector(11 downto 0); 
  begin 
    if ResetInt ='1' then 
      CtSSO_Pad <= (others => '0'); 
      CtSSO := (others => '0'); 
    elsif Clk_Pad'event and Clk_Pad='1' then 
      if Val_Pad="01"  then             -- toggling the 12 CtSSOs 
        CtSSO := not CtSSO; 
      else 
        CtSSO := (others => '0'); 
      end if; 
    end if; 
    CtSSO_Pad <= CtSSO; 
  end process; 
   
   
  rt: process(Clk_Pad,ResetInt) --testing r/f time sensitivity 
    variable RtSSO : std_logic_vector(1 downto 0); 
  begin 
    if ResetInt='1' then 
      RtSSO_Pad <= (others => '0'); 
      RtSSO := "00"; 
    elsif Clk_Pad'event and Clk_Pad='1' then 
      if Val_Pad="10" then              -- toggling the 2 RtSSOs 
        RtSSO := not RtSSO; 
      else 
        RtSSO := (others => '0'); 
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      end if; 
    end if; 
    RtSSO_Pad <= RtSSO; 
  end process; 
   
end behavior; 
 
 
 
Stress-design 
 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.std_logic_unsigned.all; 
 
 
entity Stress is 
 
  generic ( 
    -- system genereric 
    NoOfCounters : integer := 100;  -- sets number of counters to be generated 
    FifoLength   : integer := 1200);      -- sets length of fifo 
   
 
  port ( 
    -- system control 
    Clk_Pad         : in  std_logic;      -- system clock 
    Reset_Pad       : in  std_logic;      -- system reset 
 
    -- signals for clock glitch detection 
    ClkGlitch_Pad   : in  std_logic;     -- victim clock to detect slow ramp up 
    ClkLoadOut_Pad  : out std_logic;      -- output bit from ClkLoadFFs 
    GlitchOut_Pad   : out std_logic;      -- glitch flag 
    GlitchOut2_Pad  : out std_logic;      -- another glitch flag (big fifo) 
     
    -- signals for shift register 



Chapter 11 - Appendix 

 84 

    FifoIn_Pad      : in  std_logic;      -- input clk (pattern) for fifo 
    FifoOut_Pad     : out std_logic;      -- fifo output  
    Checker_Pad     : out std_logic_vector(1 downto 0);  -- fifo error checker 
 
    -- signals for counters 
    Load_Pad        : in  std_logic;      -- input to first counter (PrevMSB) 
    KeepAlive_Pad   : out std_logic;      -- output from last counter 
    CountersOut_Pad : out std_logic_vector(47 downto 0); -- counters output 
    CntrOnOff_Pad   : in  std_logic;      -- counters on/off 
    BusOnOff_Pad    : in  std_logic);     -- I/O bus enable 
end Stress; 
 
 
architecture Behavior of Stress is 
 
  signal ResetInt : std_logic;             -- reset signal to clk net 
  signal ResetInverse : std_logic;         -- reset signal after inverter 
  signal MainResetD : std_logic;           -- flip flop 1 in reset circuit 
  signal MainReset : std_logic;            -- flip flop 2 in reset circuit 
   
  component GCLKBUFF_25um                  -- QL clk buffer component 
    port ( 
      A  : in  std_logic; 
      Z  : out std_logic); 
  end component; 
   
  component Counter8bit                   -- makes counter component 
    port ( 
      -- counter component  control 
      Clk        : in    std_logic;       -- counter clock        
      Reset      : in    std_logic;       -- asynchronous counter reset 
 
      -- counter component on/off signals 
      OnOffIn    : in    std_logic;       -- input for counter on/off 
      OnOffOut   : out   std_logic;       -- output for counter on/off 
 
      -- signal to control counters upcount pattern 
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      PrevMSB    : in    std_logic;       -- previous counter MSB input 
 
      -- inout for counters sumation 
      Sum        : out std_logic_vector(7 downto 0)); -- sum of counters 
  end component; 
 
  type SumArray is array (NoOfCounters downto 0) of std_logic_vector(7 downto 0); 
  signal S : SumArray;                    -- array for results from all counters  
  signal Q : std_logic_vector(FifoLength downto 1); -- vector that controls 
                                                    -- fifo data   
  signal CntrOnOff : std_logic_vector(NoOfCounters downto 0);  -- counters on/ 
                                                               -- off control 
  signal GlitchReg : std_logic_vector(2 downto 0);  -- circular fifo                                                              
  signal ClkLoadFFs : std_logic_vector(300 downto 1);  -- load the ClkGlitch 
  signal GlitchCntr : integer range 0 to 2;          -- watches GlitchReg 
  signal FaultCounter : std_logic_vector(1 downto 0); -- fault  counter  
  signal CycleCounter : integer range 0 to FifoLength+1; -- clock cycle counter  
  signal FaultCounterEnable : std_logic;  -- enable signal to FaultCounter 
 
   
begin 
  ResetInverse <= not  Reset_Pad; 
  CntrOnOff(0) <= CntrOnOff_Pad;          -- input to first counter on/off 
  S(0)(7) <= Load_Pad;                    -- input to first PrevMSB 
  S(0)(6 downto 0) <= "0000000"; 
  KeepAlive_Pad <= S(NoOfCounters)(7);    -- output from last counter's MSB 
 
buff : GCLKBUFF_25um port map ( 
  A => MainReset, 
  Z => ResetInt); 
    
  Gen  : for I in 1 to NoOfCounters generate  -- generates counters 
    pm : Counter8bit port map (           -- port mapping 
      Clk      => Clk_Pad, 
      Reset    => ResetInt, 
      OnOffIn  => CntrOnOff(I-1), 
      OnOffOut => CntrOnOff(I), 



Chapter 11 - Appendix 

 86 

      PrevMSB  => S(I-1)(7), 
      Sum      => S(I)); 
  end generate; 
 
  -- purpose: to release reset at rising clk 
reset: process(Clk_Pad, ResetInverse) 
 
begin                                   --process 
    if ResetInverse= '1' then 
      MainResetD <='1'; 
      MainReset <='1'; 
    elsif Clk_Pad'event and Clk_Pad ='1' then 
      MainReset <= MainResetD; 
      MainResetD <= '0'; 
    end if; 
  end process; 
 
   
  --purpose: to control fifo data and fifo error 
  process (Clk_Pad, ResetInt)            -- fifo 
  begin  -- process 
    if ResetInt = '1' then               -- asynchronous reset  
      Q(FifoLength downto 1) <= (others => '0'); 
      FifoOut_Pad <= '0';                 -- FifoOut_Pad default 
      FaultCounter <= "00";               -- FaultCounter default 
      Checker_Pad <= "00";                -- Checker_Pad default 
      CycleCounter <= 0;                   
      FaultCounterEnable <= '0'; 
    elsif Clk_Pad'event and Clk_Pad = '1' then  -- rising clock edge 
      CycleCounter <= CycleCounter + 1;  -- CycleCounter upcount 
      Q(FifoLength-1 downto 1) <= Q(FifoLength downto 2);  -- shift 
      Q(FifoLength) <= FifoIn_Pad;        -- new data in 
      FifoOut_Pad <= Q(1);                -- old data out 
 
      if CycleCounter = FifoLength then   -- FaultCounter enable when 
                                          -- CycleCounter = FifoLength  
        FaultCounterEnable <= '1'; 
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        CycleCounter <= 0; 
      end if; 
 
      if FaultCounterEnable = '1' then    -- upcount of FaultCounter 
        if (Q(1) xor Q(2)) = '0' then 
          FaultCounter <= FaultCounter + 1; 
        else 
          FaultCounter <= FaultCounter; 
        end if; 
      end if; 
      Checker_Pad <= FaultCounter;        -- FaultCounter to Checker_Pad 
    end if; 
  end process; 
   
  --purpose: to control bus on/off 
  process (Clk_Pad, ResetInt)             
  begin  -- process 
    if  ResetInt = '1' then              -- reset bus and fifo 
      CountersOut_Pad <= (others => '0'); 
    elsif Clk_Pad'event and Clk_Pad = '1' then       
      if BusOnOff_Pad = '1' then 
        CountersOut_Pad(7 downto 0)   <= S(NoOfCounters-5);-- connects counter output to pads 
        CountersOut_Pad(15 downto 8)  <= S(NoOfCounters-4); 
        CountersOut_Pad(23 downto 16) <= S(NoOfCounters-3); 
        CountersOut_Pad(31 downto 24) <= S(NoOfCounters-2); 
        CountersOut_Pad(39 downto 32) <= S(NoOfCounters-1); 
        CountersOut_Pad(47 downto 40) <= S(NoOfCounters); 
      else 
        CountersOut_Pad <= (others => '0'); 
      end if; 
    end if; 
  end process; 
 
   
  -- purpose: to detect possible glitches on a global clock net 
  process (ClkGlitch_Pad, ResetInt) 
    variable FFSet : std_logic := '0'; 
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  begin  -- process 
    if ResetInt = '1' then               -- reset                                  
      ClkLoadOut_Pad <= '0'; 
      GlitchCntr <= 0; 
      GlitchOut_Pad <= '0'; 
      GlitchOut2_Pad <= '0'; 
      GlitchReg(2 downto 1) <= "00"; 
      GlitchReg(0) <= '1'; 
 
      for FF in 1 to 300 loop 
        if FFset = '0' then 
        ClkLoadFFs(FF) <= '0';       
        elsif FFSet = '1' then    
        ClkLoadFFs(FF) <= '1'; 
        end if; 
        FFset := not FFSet; 
      end loop;  
       
    elsif ClkGlitch_Pad'event and ClkGlitch_Pad = '1' then 
      ClkLoadFFs(299 downto 1) <= ClkLoadFFs(300 downto 2);  -- fifo loop to 
                                                             -- load Clk 
      ClkLoadFFs(300) <= ClkLoadFFs(1); 
      ClkLoadOut_Pad <= ClkLoadFFs(1); 
      if (ClkLoadFFs(2) xor ClkLoadFFs(3)) = '0' then 
        GlitchOut2_Pad <= '1';          
      end if; 
        
       
 
      GlitchReg(1 downto 0) <= Glitchreg(2 downto 1); 
      GlitchReg(2) <= GlitchReg(0);     -- fifo loop to catch possible glitches 
 
      if GlitchCntr = 0 then            -- counter to control if glitch occured 
        if GlitchReg(0) = '0' then 
          GlitchOut_Pad <= '1'; 
        end if; 
        GlitchCntr <= GlitchCntr + 1; 
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      elsif GlitchCntr = 1 then 
        if Glitchreg(0) = '1' then 
          GlitchOut_Pad <= '1'; 
        end if; 
        GlitchCntr <= GlitchCntr + 1; 
      elsif GlitchCntr = 2 then 
        if Glitchreg(0) = '1' then 
          GlitchOut_Pad <= '1'; 
        end if; 
        GlitchCntr <= 0; 
      else 
        GlitchOut_Pad <= '1'; 
      end if;      
    end if; 
     
  end process; 
end Behavior; 
 
 
library ieee; 
use ieee.std_logic_1164.all; 
use ieee.std_logic_unsigned.all; 
 
entity Counter8bit is 
 
  port ( 
    Clk      : in  std_logic;           -- Clock for one counter 
    Reset    : in  std_logic;           -- Asynchronous Reset for one counter 
    OnOffIn  : in std_logic;            -- input for counter on/off 
    OnOffOut : out std_logic;           -- output for counter on/off 
    PrevMSB  : in  std_logic;           -- input from previous counter 
    Sum      : out std_logic_vector(7 downto 0));  -- counter output 
 
end Counter8bit; 
 
 
architecture One8bitCntr of Counter8bit is 
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  signal Toggle : std_logic := '0';     -- signal that controls upcount pattern 
   
begin                                   -- one_8_bit_cntr 
  OnOffOut <= OnOffIn; 
 
  -- purpose: upcounter 
  process (Clk, Reset) 
    variable Sum_L : std_logic_vector(7 downto 0);  -- local variable 
  begin  -- process 
 
    if Reset = '1' then                 -- resets counter if Reset='1' 
      Sum <= "00000000"; 
      Sum_L := "00000000"; 
      Toggle <= '0'; 
    elsif Clk'event and Clk = '1' then 
      if OnOffIn = '1' then 
         
        if Toggle = '0' then             -- alternating the counting sequence 
          Sum_L := Sum_L + 1; 
          Toggle <= '1'; 
        elsif Toggle = '1' then         
          Sum_L := Sum_L + PrevMSB; 
          Toggle <= '0'; 
        end if; 
         
      else 
        Sum_L := Sum_L; 
      end if; 
    end if; 
    Sum <= Sum_L; 
  end process; 
 
   
   
end One8bitCntr; 
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