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Abstract

Radiation causes soft errors in memory devices, and a variety of research has been

focused on techniques to reduce these soft errors. In this thesis, instead of mitigating

soft errors, we present an SRAM based dosimeter which uses the soft error susceptible

nature of SRAMs as a means of measuring radiation fluence. This cost effective, real-

time dosimeter can be used to calibrate and characterize neutron and proton beams with

wide-range spectra.

The design of the SRAM dosimeter includes both hardware and software. An array of

thirty 16-Mbit off-the-shelf 65 nm SRAMs are used as sensors directly exposed to radiation.

An FPGA is used as a processor to analyze the sensor data and communicate with a PC.

Finally, a graphical user interface is provided for interacting with the dosimeter.

The dosimeter device has been validated at the TRIUMF proton and neutron irradiation

facility, and has been used by the facility to carry out various calibration and measurement

activities such as proton and neutron beam characterization, beam profile measurements,

collimator design and shielding effects measurements.
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Chapter 1

Introduction

Year over year, integrated circuits continue to increase in complexity and decrease in fea-

ture size. Contemporary applications, such as machine learning, graph acceleration and

search engine optimization, require compute-intensive systems that not only include tra-

ditional CPUs but also consist of various high-speed interfaces, I/O links, gigabytes of

on-chip memories and complex arithmetic accelerators. For such hybrid and dense sys-

tems, exposure to surrounding radiation can signi�cantly alter the performance and even

damage the systems.

Ionizing radiation poses a direct threat to microelectronics because it can change the

stored values in memory elements, an action known as Single Event Upsets (SEU). SEUs are

usually non-destructive but can be a dominant factor a�ecting the reliability of Integrated

Circuit (IC)s [4]. Flow of neutrons are the primary causes of SEUs in the terrestrial

environment. Although neutrons are not directly ionizing, if their energy is high enough

they can cause nuclear interactions in the silicon, resulting in ion recoils, which produce

electron-hole pairs in semiconductors. The charges induced by the electron-hole pairs could

change the stored values, i.e., SEUs occur, if the voltage variation is large enough. The Soft

Error Rate (SER)s within a system exposed to ionizing radiation are proportional to the

radiation 
uence. A Static Random Access Memory (SRAM) storage cell is an example of

a radiation-susceptible circuit. An SRAM will remain operational after SEUs, however its

data could become corrupted.
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Extensive research has studied the e�ects of SEUs on circuits [11, 12] and suggested

that as transistor sizing continues to decrease, the number of neutron-induced upsets have

increased dramatically. Thus, it is crucial to develop radiation-hardened designs, which

requires methods of measuring the radiation exposure of electronics.

Dosimeters are the devices that are used to measure the dose uptake of external ionizing

radiation. These devices are useful to detect excessive radiation that can have detrimental

e�ects on the circuit. Over the past several decades, di�erent kinds of dosimeters have been

developed to measure neutron beam 
uence, such as ionization chamber dosimeter, Thermo

Luminescent Dosimeter (TLD), and Metal Oxide Semiconductor Field E�ect Transistor

(MOSFET) dosimeter [13, 14]. All these types of dosimeters use di�erent types of material

or methods to measure radiation. For example, ionization chamber dosimeter uses a gas-

�lled chamber to measure the charge produced by radiation. TLD uses phosphur crystals

which absorb the radiation energy to detect its intensity. MOSFET based dosimeters

monitor the shift in the threshold voltage due to radiation exposure. More details on these

dosimeters are provided in the background section.

1.1 Research Objective

The research objective of this thesis is to develop a new type of dosimeter used to charac-

terize broadband neutron and proton beams. We postulate that the rate of SRAM SEUs

may be used as a measure of neutron/proton 
uence. SRAM SEUs have been characterized

in radiation environments, mostly by microelectronics companies seeking to improve the

robustness of their next-generation electronics products. However, using SRAMs as radi-

ation 
uence measurement devices for radiation testing facilities has not gathered much

attention, with exceptions in [15, 16]. Our goal is to design an advanced, fast and sensitive

dosimeter using an array of SRAMs. Our dosimeter makes use of the correlation between

SEU rate and the radiation 
uence. There are six relevant performance criteria for the

dosimeter:

1. Real-time monitor - Real-time SRAM sensor information should be available

to the user through read-out circuitry. Read-out data should contain SEU rate

2



and accumulative SEUs, which can be used to further calculate SEU cross sections,

radiation 
uence and to measure beam pro�le.

2. Sensitivity - The SRAM sensor should be sensitive to di�erent radiation energies,

especially those within the range of typical broad-spectrum neutron beams.

3. Reusable - The dosimeter should be reusable for multiple measurements. The SEU

cross section of the sensor needs to be reasonably constant.

4. Portable - The device should be portable. The dimension of the device should be

small to accommodate for di�erent beam spot sizes.

5. Easy to operate - The system should be easy to setup and use. A Graphical User

Interface (GUI) should be implemented for users to access data from the dosimeter

system and control the system.

6. Cost e�cient - The system should be inexpensive to produce, use and maintain

as compared to the existing solutions.

1.2 Thesis Organization

The outline of this thesis is as follows:

� In Chapter 2, existing radiation measurement methods are reviewed.

� In Chapter 3, the background of radiation e�ects on semiconductor devices is pre-

sented. A breakdown of the most commonly known radiation sources for soft errors is

discussed, followed by the respective failure mechanisms for ICs, speci�cally SRAMs

and DRAMs. We conclude the chapter with a discussion about the increasing im-

portance of radiation testing as technology scales.

� In Chapter 4, the design methodology of the SRAM based dosimeter is presented.

The chapter explains, in details, the implementation considerations for each subsys-

tem of the device.
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� In Chapter 5, measurement results and comparisons are discussed.

� Finally, Chapter 6 presents the conclusion and outlines future work directions.
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Chapter 2

Background

2.1 Current Dosimetry Methods

We review three types of widely used and studied dosimeters. Each uses di�erent material

and detection methods to measure radiation.

2.1.1 Gaseous Ionization Detectors

Gaseous ionization detectors use ionising e�ects of gas sensors to detect radiation. There

are three types of detectors: ionization chambers, proportional counters, and Geiger-Muller

counters.

The ionization chamber is a type of gas-�lled chamber that measures the direct ion-

ization charges generated when radiation strikes the gas. The current generated in the

chamber is directly proportional to the absorbed radiation, and the absorption is deter-

mined by the type of gas �ll and the pressure. The ionization process can only occur when

the energy transferred by the particle is equal to the ionization energy of the gas molecule,

which is between 10 and 25 eV for most gases used for the detector.

Ionization chambers o�er immediate readout and can be used for beam calibrations.

However, the drawbacks are 1) they are large and thus less portable; 2) they need high
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supply voltage.

2.1.2 Thermoluminescent Dosimeter

TLDs use phosphor as a radiation detector. When a TLD is exposed to neutron radiation,

its phosphor crystals absorb the energy, causing their electrons to leave the ground state.

The electrons remain trapped until heat is applied, which releases the stored energy as

photons. The intensity of the light released is determined by Photo Multiplier Tubes

(PMT) and is directly related to the amount of ionizing radiation to which the system is

exposed. Compared to ionization chambers, TLDs are much smaller in size, typically worn

as badges [17]. However, they are passive devices which provide results only after each

exposure. The readout procedure is tedious and does not re
ect real-time dose change.

2.1.3 MOSFET Dosimeter

MOSFET-based dosimeters work by measuring and correlating the shift of the threshold

voltage as a function of the absorbed dose. The gate oxide traps the charge from electron-

hole pairs generated by ionizing radiation, creating a shift in the threshold voltage [18].

MOSFET dosimeters have the capability of real-time readout and are much smaller than

both ionization chambers and TLDs, can be in micro-meter scale as shown in [19]. However,

the main drawback of MOSFET dosimeters is their limited irradiation life span due to the

decrease in radiation sensitivity as the cumulative dose increases [18]. The dosimeter needs

to be annealed to release the trapped charges to restore the threshold voltage. Another

drawback is that the sensitivity of threshold voltage is subject to temperature variation [20].

2.2 Radiation E�ects on Semiconductor Devices

In this chapter, we discuss the radiation sources and e�ects on various semiconductor

devices.
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2.2.1 Radiation Faults

Radiation-induced faults can be classi�ed into two categories: cumulative dose damages,

and single event e�ects. Both can cause either permanent or temporary faults on semicon-

ductor devices.

The long term cumulative damage is called Total Ionizing Dose (TID) e�ect. TID

damage happens when the device has a continuous exposure to the radiation source, causing

lattice displacement damage. As a device is exposed to the radiation source, trapped

charges start to build-up in the insulating layer,Si=SiO2 interface, and the bulk of the

device. The built-up charges would increase the threshold voltage, alter the amount of

on current and leakage current, and also a�ect the transconductance of the device. The

cumulative irradiation on the semiconductor may permanently alter the intrinsic properties

of the semiconductor device, depending on the total dosage.

Other than cumulative e�ects, short-time pulses of radiation can also induce destructive

or non-destructive events on a semiconductor device. This phenomenon is known as Single

Event E�ects (SEE) [21]. Some of the main events are listed below.

� A non-destructive event is commonly referred to as an SEU, where a radiation event

would strike a memory cell, 
ipping the content stored within, causing the data to

be corrupted. SEUs do not cause permanent failures to the cell, i.e., when the device

is reset or the new content is written to the cell, the fault would disappear. SEUs are

usually Single Bit Upset (SBU)s. However, if the radiation energy is strong enough,

failures can also be Multi Bit Upset (MBU)s. To mitigate the e�ects of SEUs, most

memory devices nowadays use Error Correction Code (ECC) to detect and/or correct

upset events. To further enhance the device, hardened hardware decision logic such

as Triple Modular Redundancy (TMR) [22] is used.

� Single Event Latch-up (SEL) refers to an event where a low resistance path forms

from the power line to the ground on a device. It is usually caused by heavy ions

or protons from cosmic rays or solar 
ares passing the sensitive region of the device.

When a device is latched up, it will remain in this high current state until a new
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power cycle, or the device becoming permanently damaged. Figure 2.1a shows a

bulk Complementary Metal Oxide Semiconductor (CMOS) structure that is latch-up

susceptible. A parasiticp-n-p-n device acts as aPNP and anNPN transistor stacked

next to each other. In Figure 2.1a the four-layerp-n-p-n device is formed by thep+

di�usions, the n- substrate, the p-well regions, and then+ di�usions respectively.

An equivalent circuit representation is shown in Figure 2.1b. When either one of

the bipolar transistors becomes forward biased, the conducting transistor will feed

the current to the base of the other transistor causing it to conduct, hence driving

the �rst transistor harder. Although the initiation is caused by a transient event,

this positive loop would continue to latch the device until the device burns out or

the power is removed. Multiple methods have been proposed to decrease the device

latch-up rate [23]. Some popular techniques include reducing the substrate resistance

to improve p-well trapping, and adding deepn-well on p-substrate to form a triple

well.

� Single Event Burnout (SEB) is initiated when heavy ions strike a device ato� state.

The induced current creates a forward biased condition for the parasitic bipolar

transistor, which makes it conductive. If the device drain-source is holding a high

voltage, this sudden turn-on will result in a massive current 
ow, immediately causing

permanent damage to the device. SEB typically occurs in power MOSFET for space

systems [24].

� Single Event Gate Rupture (SEGR) is initiated when particles strike a device, re-

sulting in a dielectric breakdown, forming a conducting path in the gate oxide. This

event will also result in a destructive burnout for the device.
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(a) Cross section view of bulk CMOS technology

(b) Equivalent circuit representation

Figure 2.1: Latch-up structure [3]

2.2.2 Soft Error Radiation Sources

Soft errors in semiconductor are mainly induced by three types of radiation: alpha particles,

high energy cosmic neutrons and neutron induced boron �ssion [4].
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2.2.2.1 Alpha Particles

Alpha particles mostly come from the wafer, the packaging material, and the solder bumps

used for semiconductor devices. An alpha particle is a double ionized helium atom consist-

ing of two neutrons and two protons. Alpha particles from the most common source have

energy ranging from 4 to 9 MeV [21]. In a silicon substrate, each creation of electron-hole

pair requires 3.6 eV from the particle. This means that each alpha particle can cause a

burst of a million electron-hole pairs as it travels in silicon. The higher the energy of an

alpha particle, the more distance it can travel in the substrate.

2.2.2.2 High Energy Cosmic Neutron

Cosmic radiation mainly consists of two types of particles, the galactic particles that enter

the solar system with energy� 1 GeV, and particles from the solar wind, with energies

< 1 GeV. Those particles include 89% protons, 10% alpha particles, and 1% heavier nu-

clei [5]. When these primary cosmic particles hit the earth's atmosphere, a shower of

secondary particles, called cascade particles, is produced. Since the earth's atmosphere is

very thick, many collisions occur as the particles travel through. The actual particles that

penetrate to the earth's terrestrial level are the further cascaded particles. The primary

particles are fewer than 1%. At sea level, the dominating particles are pions, muons, neu-

trons, electrons, and photons. Since more than 97% of the particle 
ux is from neutrons at

sea level [25], neutrons are known as the main contributor for devices' soft errors. Figure

2.2 shows the cosmic neutron 
ux at sea level (New York City). The neutron 
ux is a func-

tion of latitude, longitude, altitude and solar activities. Altitude is the most important

factor. For example, at an altitude of 10,000 feet, the 
ux from cosmic rays is ten times

more than that at sea level.
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Figure 2.2: Cosmic neutron 
ux at sea level [4, 5]

Since neutrons are uncharged, they are not directly ionizing. However, if their energy

is high enough, they can cause nuclear interactions in the silicon, resulting in ion recoils,

which produce electron-hole pairs in semiconductors. Neutrons can also be absorbed by

the nucleus to produce secondary particles. Unlike other lightly charged particles, which

produce a single ion track in the direction of strike, neutron tracks are formed inside the

device and they can start in any direction. This means that the sensitive region can be a

lot larger than other ionizing particles. Cosmic neutrons have a high penetration rate for

concretes. One foot of concrete reduces neutron radiation only by approximately 30% [26].
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Chip-level shielding on consumer electronics can have little to no e�ect on reducing cosmic

neutrons.

2.2.2.3 Low Energy Neutron

Other than the direct impact from cosmic neutrons to the semiconductor, another source

of the ionizing particles is the interaction between low energy cosmic neutrons (thermal

neutrons) and boron. Boron is used as a p-type dopant in silicon. It has two isotopes,11B

and 10B. The 10B isotope, which is 19.9% in abundance, is highly unstable when exposed

to neutrons [21].

Figure 2.3 shows10B �ssion: �rst, it captures a thermal neutron; then, after the neutron

is absorbed,10B �ssions and releases a7Li recoil and an alpha particle in the opposite

directions. Both of the alpha particle and the lithium recoil are charged, and they are

capable of inducing soft errors on semiconductor devices.

Figure 2.3: 10B Fission [4]

2.2.3 Soft Errors in Memory Devices

Soft errors could corrupt data stored within memory cells without damaging the device,

thus making soft errors hard to detect.
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2.2.3.1 Soft Errors in SRAM

In a typical 6-transistor SRAM cell, data is stored inside a latch type structure formed

by a cross-coupled CMOS inverter pair, and two additional access transistors are used for

read/write operations. If a particle strikes theN-typeMetal Oxide Semiconductor (NMOS)

at the o� position, for example the bottom left NMOS indicated in Figure 2.4a, the excess

charge produced in the junction would result in a high current pulse, turning the MOSFET

on. The now turned-on NMOS will start conducting current through its channel, pulling

the HIGH nodes toGND, as indicated in Figure 2.4b. Figure 2.4c shows the propagation

e�ect, once the HIGH nodes get pulled toGND, the right inverters toggle, starting to

charge up the output node toHIGH, which also turns o� the left inverter. This feedback

loop will eventually 
ip the bit stored inside the SRAM cell, and lock the cell into a stable

condition (Figure 2.4d). This transient current pulse produced by particle strikes works

similarly as the write operation during normal operations.
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(a) A particle hits an o� transistor and turns

it on

(b) The drain node gets pulled down to 0 by

the on NMOS

(c) Right transistor turns on (d) Stable state where bit 
ipped [27]

Figure 2.4: 6T SRAM

2.2.3.2 Soft Errors in DRAM

A 1-transistor design DRAM cell consists of an access transistor and a storage capacitor.

Unlike an SRAM cell where the data is stored using an active feedback circuit which

guarantees the node to be eitherHIGH or LOW. A DRAM cell relies on a passive storage

component to keep the charge during a refresh cycle. This means that if a particle strikes

a DRAM cell, the charge stored inside the capacitor can be degraded to anywhere between

the supply voltage and the ground. The data remains disturbed until corrected by an

external circuitry [6]. Figure 2.5 shows a DRAM cell under aparticle strike.
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Figure 2.5: The layout of a DRAM cell under ion strike [6]

The strike can happen either close to the storage capacitor, or at a bitline of the storage

array. A strike near the storage would directly impact the data stored, and if the data

disturbance is larger than the noise margin of the circuit, an upset could occur. For strikes

at a bitline, soft errors are possible only when the bitline is in a 
oating voltage state, or

during pre-charge or at the sensing stage [6].

2.2.3.3 Technology Impact

Critical charge (Qcrit ) is de�ned as the total amount charge required to cause a bit upset

inside a memory cell.

Inside an SRAM cell,Qcrit can be expressed as equation 2.1.Cnode is the node capac-

itance. VDD is the supplied voltage. I D P is the conduction current for theP-type Metal
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Oxide Semiconductor (PMOS) pull-up transistors, and theTF is the time for the cell to


ip [28]. Cnode and I D P can be further expanded into equations 2.2 and 2.3 respectively [29].

Qcrit = CnodeVDD + I D P TF (2.1)

Cnode = WL
"ox

tox
+ C j + Cparasitics (2.2)

I DP = j
"

tox

W
L

(V GS � V T,P )V DSj (2.3)

The supply voltage is a dominant factor in deciding the critical charge of an SRAM

cell. As can be seen from equation 2.1, decreasingVDD will decrease the critical charge

at the sensitive nodes. Based on equation 2.3, decreasingVDD also decreases the drive

strength of the stabilizing pull-up transistors, which again leads to smallerQcrit . Equation

2.2 shows the nodal capacitance is a function of width, length, junction capacitance, and

parasitic capacitance. As the process becomes more advanced, the transistor size shrinks,

resulting in the reduction of the overall nodal capacitance.

BesidesQcrit , SER also depends on the radiation sensitive volume of the devices. Shown

in Figure 2.6a), the radiation sensitive volume decreases with technology scaling down. A

smaller sensitive volume makes it harder for particles to generate more thanQcrit charges.

However, recall thatQcrit decreases with technology. As a result, as shown in Figure 2.6b),

the per bit SER remains almost 
at with technology scaling [30, 31]. But the per system

SER increases with technology because of the increase in density (Figure 2.6b).

16



(a) Normalized node capacitance, supply volt-

age, and junction volume as a function of tech-

nology nodes

(b) Normalized bit SER and system SER as a

function of technology nodes [21]

Figure 2.6: Technology e�ects on SRAM

As opposite to SRAMs, the per bit SER for a DRAM is decreasing with technology

scaling, shown in Figure 2.7b. Figure 2.7a shows how the capacitance and the junction

volume of the DRAM change with technology. Unlike the active feedback approach used

in SRAMs to store data, DRAMs have passive cell capacitors. The capacitance has little

dependency on technology, and to maintain a robust read margin, the value is constant at

30 fF [30]. The supply voltage does decrease with technology, which decreases theQcrit .

But with junction volume decreasing on a much steeper slope, the collected charge is sig-

ni�cantly reduced. Combining all these factors, the DRAM bit SER decreases signi�cantly

with each process generation. The system level SER remains 
at due to that the memory

density increases at the same rate as bit SER decreases.
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(a) Normalized cell capacitance, supply volt-

age, and junction volume as a function of tech-

nology nodes

(b) Normalized bit SER and system SER as a

function of technology nodes [21]

Figure 2.7: Technology e�ects on DRAM

Particle strikes could also induce failures of more than one bit, known as Multi-Bit Upset

(MCU)s. Other than Qcrit and the sensitive volume, MCU also depends on the density of

the memory array. MCU accounts for only a small percentage of the total faults in older

technologies: for a 0.18 um process, 99.9% of failures are single bit failures [5]. In contrast

to bit SER, the accumulated MCU probabilities increase per technology generation [32].
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Chapter 3

Methodology

We design a custom Printed Circuit Board (PCB) populated with o�-the-shelf SRAMs. A

separate Field Programmable Gate Array (FPGA) is used to control the SRAMs. This

con�guration allows the SRAMs to experience SEUs while the FPGA processing of those

SEUs does not su�er corruption from radiation. The system is designed to be modular,

where each main component can be easily replaced for system upgrade. Figure 3.1 shows

the architecture of the dosimeter, which includes four main components:

� a Future Technology Devices International (FTDI) breakout board,

� an FPGA development board,

� a custom interface PCB, and

� an SRAM PCB
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Figure 3.1: The SRAM-based dosimeter architecture showing connectivity and relevant

signals

The FPGA is a Terasic Altera development kit and it mounts directly to the interface

PCB via headers. The interface PCB decodes the chip select signals (CS) into chip enable

signals (CE) to save FPGA I/Os. The SRAM PCB has shared data and address buses,

so the interface PCB also contains logic to prevent bus contention and 
oating inputs.

Furthermore, it enables simultaneous writing to all SRAMs through the CSALL signal.

The FPGA development board and the interface PCB are mounted out of the beam and

are connected via ribbon cable to the SRAM PCB. A SparkFun FTDI breakout board is

connected to the FPGA to allow communication between the FPGA and the computer

using Universal Asynchronous Receiver-Transmitter (UART) protocol.

3.1 SRAM Sensor Design

The biggest challenge of the SRAM-based dosimeter is the design of the SRAM sensor.

The soft error rate is usually expressed as Failure in Time (FIT): 1 FIT equals to 1 upset

in 109 hours of operation, which is about 114,000 years. The system considers each bit 
ip

as a SEU and counts the total number of bit 
ips per read cycle to predict the radiation


uence. This means SRAM sensor needs to have a measurable FIT rate when in contact
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with particles. However, the SRAMs can not be too susceptible to the radiation either, for

the following reasons: 1) A single particle strike could also cause MBUs. When an MBU

happens, the system will incorrectly count it as several SEUs. If the percentage of MBU

becomes non-negligible in the total bit errors, the number of bit 
ips will not give a clear

picture of how many particle strikes happened. 2) If the bit 
ip probability is very high, one

cell would likely encounter multiple bit 
ips before a single readout occurs, which makes

the measured 
uence number questionable. 3) The sensors also need to have protection

against SEL, SEB, and SEGR. These e�ects will directly interrupt the operation of the

dosimeter, and could cause permanent damage to the dosimeter sensors.

Taking those factors into consideration, thirty 65 nm technology Cypress Semiconductor

CY62167GE30asynchronous SRAMs are arranged in a close-packed array on a PCB, acting

as the sensor of the dosimeter. Each SRAM contains 16 Mb memory (16-bit data line,

1-Mb address line). 30 SRAMS are used to increase the sensitivity of the sensor. Figure

3.2 shows the internal organization of eachCY62167GE30SRAM chip. The SRAM chip

has a built-in ECC scheme which is activated by default to mitigate most of the SEUs in

the system. ECC is also a valuable feature to separate SBU from MBU. However, it is

necessary to disable the ECC because the purpose of ECC is to eliminate the impact of

SEUs, whereas we want to increase SEUs for sensitivity consideration when using SRAMs

as dosimeter sensors. Cypress Semiconductor has provided con�dential company data to

program the SRAM into testing mode and deactivate the ECC function. Other internal

data has shown that the SRAM has a suitable FIT rate and MCU to SEU ratio. For

example, as will be shown in Chapter 4, irradiation under >10 MeV proton beam will

cause more than 1000 FIT per Mb for the SRAM.
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Figure 3.2: Internal organization of the 65 nm Cypress asynchronous SRAM [7]

Figure 3.3 shows the �nal design of the SRAM sensor board. The eight-layer PCB

has footprints for 30 SRAMs, passives, connection headers, and power supply pins. The

SRAMs ICs are in 6 mm � 8 mm VFBGApackages. The 30 SRAM sensors occupy

41.7 mm � 44.1 mm in total. The CE header provides connections to the chip enable

signal of each SRAM. The main header provides connections to power, address pins, data

pins and peripheral control logic. A separate power connector is designed on board, o�er-

ing freedom to change the sensitivity of the system by adjusting the supply voltage of the

SRAM sensors. The sensor board is designed to be modular. It can be swapped out from

the dosimeter system and replaced with another sensor board. Each SRAM chip is also

independently populated, the amount of SRAMs can be reduced to desensitize the system.
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Figure 3.3: Dosimeter PCB diagram showing the active area consisting of 30 SRAM sensors

3.2 Processing Unit

A Terasic DE0-Nano development and education board[33] (Figure 3.4) is selected to be

the processing unit of the SRAM sensors. The DE0-Nano contains an Altera Cyclone

IV FPGA containing 22,320 logic elements and 64 Mb of serial con�guration memory,

which can be programmed using the on-board USB-Blaster circuit. Two 40-pin headers

are soldered on board providing direct connections to 72 extended pins of the FPGA chip.

The headers also include 5V supply, 3.3V supply, and GND pins. Power can be provided
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to the board via the USB connector (5V) or the 2-pin power headers. A 50 MHz oscillator

is directly connected to the clock input pin of the FPGA, used as the clock source to drive

the phase lock loops. Since the dosimeter is not a time critical device, the clock speed is

su�cient for our application.

Figure 3.4: DE0-Nano development and education board layout [8]

The FPGA is programmed to control the SRAM sensors and communicate with the

GUI installed on a laptop via a USB cable. First, the software will either disable or enable

the built-in ECC on SRAMs based on the user's input and then write a user-de�ned

16-bit data pattern to all the active SRAM sensors. Then, the entire memory space of

the active SRAMs is read in sequence and compared with the default pattern. A bit 
ip

indicates one occurrence of a radiation induced soft error. There is a separate error counter

associated with each SRAM, allowing the dosimeter to determine the spatial distribution

of the radiation beam 
uence.
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If a bit 
ip occurs at a particular memory location, the FPGA increments the counter

and immediately writes back the default pattern to the memory address. This dynamic

writing back reduces the likelihood of miss-counting when a bit double 
ips, which can be

a concern under high 
uence. After a complete read cycle is �nished, a new read cycle is

commenced. In the meanwhile, the counter data from the completed cycle is transferred

to the GUI using the 115200 bits-per-second UART protocol through the FTDI breakout

board. A complete read cycle of 30 SRAMs takes 3 to 6 seconds, depending on the number

bit 
ips triggered. The state machine diagram of the FPGA processor is in Figure 3.5.
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Figure 3.5: State machine of the processing unit
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