Methods for FPGpre-processing of da for the
ALOFT readout system

Athesis by
Viljar Dahle

for adegreeof

Master of ience in Rysics

Department of Physics and Technology
Univesity of Bergen
June 2022






Abstract

In 2017the Airborne Lightning Observatory for FEGS & TAEX¥T) campaigrnwas completed with
the goal ofstudyingthundercloudrelated high energy phenomex namely Terrestrial Gammidray
Flashe¢TGE) andGammaray Glowsand their connectiong his was donen ahigh-altitude airplane
flying over the thunderduds. Thecampaigrobservedwo gammaray glowsbut no TGFs

A new ALOFTcampaignhas been confirmedor 2023 and will contain severalupgradesand
improvemrrents. Some of tlese improvements includedevelopingtwo new detectors that will be
addedto the instrument, aswell asa new readousystem based around ZYNEY000 seriesSystem
on ChipgSoC)

Through this thesis, ycontributionto this developmenthas been twefolded:

1. Verify that theintegrated ZYNQSerial Peripheral Interfacgl) controller can be used to
interface andconfigurethe Analog toDigital Converters(ADG) in the new detectorsThis
involvesa)makinga converterbetween thefour wire SPI used by the ZYNQ #melthree wire
SPI used by théADCs b) modelling the behaviourof how the ADG control registers
communicate and c)verify if the ZYNBPIcontroller cantransmit the protocolsrequiredto
configurethe ADCsandthat it canaccess the FPGA part of tA¥NQ SaC

2. During TGFs th#ata outputof the newdetectorsfar exceeds the abilityf the system to send
allthe raw data to storagerequiring the data tdoe temporarilybuffered The buffer capacity
needed b guaranteethat no data is lost would consume73% ofthe total sharedbuffer
capacityavailable to the=PGApart of the systemTlis leavesvery little availablecapacity for
the remainingdetectors and anyFPGA modulesn this thesisdifferent approacheso reduce
the required buffer requiremerg hasbeen eplored.

My workin this thesis shows that

1. TheZYNGQSPIcontroller can beused toconfigurethe ADCdy a) showng thatthe required
converter can easily be madetime FRGA part of theZYNQby b) modellinghow the ADG are
configured can be create@ndby c) testingthat the ZYNQ SPI controlles compatible with
the protocolsusedto interact ard configure the ADCs

2. After exploringboth reattime andysisof the data on theSoCand compressinghe raw data,
the safest method$o use is compressi. It isalso shavn thatwith the compressiorexplored
andconsideredijt isno problemreducing the bufferequirementfrom 73% to less than 30%
of the total shared capacity.
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Abbreviations

ADC Analogue to Digital Converter

AGILE Astro rivelatore Gamma a Immagini Leggero
ALOFTAiIrborne Lightning Observatory fBEGS. TGFs

BATSEBurst and Transient Source Experiment
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CPU Central ProcessingUnit
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DUT Device under test
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SPI3 3 wire SPI

SRAM StaticRandomAccess Memory
SS Slave Select

TGF Terrestrial Gammdray Flash
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VVC VHDL Verificatio@omponent



1 Introductions

1.1 Background

Over the years we have discovered that Jesilght from lighing strikes is far from the only type of
electromagnetic radiation emitted from thunderstorms. The spectrum of these emissions varies
greatly, from secalledWhistlersemitting Very Low Frequesyradio signal$l], to Terrestial Gamma

Ray FlashefI GFs) witlsome of the most energetic gamma radiation seen on EajthMany of the
higher energy phenomena have only been discovered the last few decades and are geyurdjl
understoal. By studying them one can gain a greater understanding of the processes liedimd

and a greater understanding of thunderclouds in gendiglurel-1 showsanartist depictionof aTGF
visualised from spee.

Figurel-1: Artistic depiction of terrestrialgamma ray flashCredit: Birkeland Centre for Space ScienceMount Visual

[3].

Airborne Lightning Observatory for FEGS & TBESFT) is one such stuaygd hastwo goals to
validate and test instruments going on a futurgedite to obseave lighting and to study lightmig
phenomena generating gamma radiatidhdoes this by taking measurements from an airplane flying
above thethunderclouds andvas first done in 201, 4vith a planned repeat with some upgrades in
2023. ADFT is a claboration between the University ddergenand the University of Alabama

l dzy Ga@At €S 6A0GK adzZJJ2 NI F NE YandArmistrofgiFlight Riseakch f f
Center
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1.2 ALOFTnstrument

Aspart of an upgradebetween the 2017 andhe upcaming 2023 ALOFT campaigwo additional
gamma detectors are being developedthyg University of Bergemothnew detecbrscan be divided
into four steps eachpart of convertinga gamma photon taiseable d@ta. The firststepis a sensor that
converts anyenergydepositedin it by passing gammghotons into a proportionally strong electric
signal. Nexissome frontend electronics thaamplifies filters, andconvertsthe signato reduce noise
andmake itcompatible with the third step, whicbonsists oiin Anabgue to Dgital Converter (ADC)
The ADC samples the analoglectrical signal int@ digitalsignal that it then sends to the last step,
the capture card.

The capture cargrimarily consists of XilinxZYNQ®7000 serie SoCystem orChig and somemass
storage medium(SDcard). A single capture card is shared betwedsosth the two newdetectorsas
well as two from the 2017 campaign

Themainfunction is to receive theaw data from theADCsdo some preprocessing, and thesend
the datato the storage redium. It also has the task of communicating any configurations toADE's,

as well as having an ethernet connectitvat can be used to control the system and read live status
reports. Figurel-2 showsa simplifed overview ofhow the two new detectors are organisedote
that while the ADC controller lineand the ethernetare shownin the figure they aretreated as
separate from the detectosignalpathin this thesis.

/ Capture card \

{]ADC Controi—> ZYNQ SoC
Ethernet connection——»
Front-end R = -
Sensor electronics Raw data——> processing

=—Data—» SD Card

—Raw data > ;
“ | 7| processing

{SensorH Front-end
electronics \ /

Figure1-2 A simplified overview dfiow the detector systenis set up showing only the two newletectors The old
detectors are connected the same way.

H ADC
J—-ADC Control—
H ADC }— -

1.3 Objectveof Thesis
The scope of thighesisis divided intwo parts, both related to howthe ZYNGandlesdata from and
to the new detectors

The firstgoalis to verify the ability ofthe buik-in ZYNQ SP(SerialPeripheralinterface)controllerto
interfaceand communicate with theontrol registersof the ADCs mthe new detectors This entails
several stepsThe first steps creatinga converterthat allowsthe four wire SPI tht the Z/NQusesto
interface with thethree wire SPI variant thddoth the ADCs uséext iscreatingtestbench models of
the how the ADCcontrol registersare accessed and behav&hiscan be used t@imulateand verify
that communication between t& ZYNQ anthe control registersvill havethe expected outcome in a

2



structuredand reliableway. Lastly isverifying thatZYNQSPI controllecanbe usedand sent o the
FPGA part of theYNQ SE&.

The ba&kground for the second goaltisat duringa TGFa large amount of datads generated anaill
require buffering. To guarantee nalata is lost through buffer overfio animpracticallarge portion,
73%,0f the availablebuffer capacity of the systemvould be requiredThegoal is therefoe to find
ways b reduce tle size of theraw datato enable 1 to be safely bufferedlt is of high importance that
the system is reliabland that thereductionin data sizénappens withoutny loss of thactual event
data.Finally, the quality of the data should not be impairdxy the selectedcompressbn algaithms.

1.4 Thesis outhe
Chapter 2 High energy emission from thunderclouds

Chapter?2 gives a short introduction to the history aptiysics of theéwo gamma radiation eentsthat
ALOFT is lookirfgr, namelythe terrestrial gammearay flash and the gammay glow.This is relevant

to understand the basis for the ALOFT campaignitarghmma detectors. The chapter also contains
the backgound of the ALOFT campaign itseldamow the upcoming 2023 ALOFT campaign differs
from the previous 2017 campaign.

Chapter 3AALOFT Systems

Chapter 3provides a summary of thdifferent components that makes up the/o new detectors,
howthey work and hav the interact with each other.

Chapter 4:ADCconfiguration

Chapter 4documentsthe work done towardsverifying the selected ADCs can binterfaced and
controlledby theZYN(BPontroller.

Chapter5: Sigral recording methods

Chapter 5documents he problemof handlingthe amaunts ofraw dataprocessedhe new detectors,
as well agliscussingtwo different approachesf how to solve this.

Chapter 6:Conclusionand outlook

Chapter 6 provides the ovall conclusion of the thesis, as well as ®gipns to future work for the
project.



2 High energy emission from thunderclouds

This chapter digusses thaistorical andtheoretical backgrounéor the ALOFT campaigand itsgoals
to studyTerrestrialGammyray Flashes (TGFs) and Garraa glows.

There ae two differenthigh energy phenomena from thunderclouds that ALOFT is looking for. The
first is the Terresial Gammaray Flash (TGF}hat has asub-millisecond duration and very high
intensity. The other is known as Gamimay glows andis a phenomenortasting several seconds to
minutes where an area of thundercloudtarts to emit relativeljyow intensitygamma radigon.

2.1 Discovery ohigh energyphemmena

2.1.1 TGFs

What would become known aBGFswvas first observed in 1991 by tHgurst andTransient Sourc

Experimen{BATSE) onboard tl@mpton Gamma Ray Observat@@®GRO) satellifd]. While looking

for celestial gammaay burstssuch assupernovast happeneal to recordseveralshort andintense

gamma-ray eventghat originated from Earth.The positiorandtiming of theevents quickly linked it
to thunderstorm.

In the decades sindés discoverya multitude of satllites haveincidentallyor intentionally observed
TGIE. The short duration and higintensity make powerful TGFgeasonablyeasy to observérom
satellitesviewing large areas, buta significantportion of the details are lost to unknown source
parameters such dscationand production altitude.

Some of themissions thathave observel TGFsinclude the Reuven Ramatyigh Enegy Solar
Spectroscopic lager (RHESSAunched in 20025], the Astro rivelatore Gamma anmagini Leggero
(AGILEMaunched in 20076], the Fermi GammaRay Space Telescolaeinched in 20087], and the

AtmosphereSpace Interaatins Moritor (ASIM)launched and comected to the Inernational Space
Station in 20188]. Figure21 shows a phot@mf ASIM on the Internation@paceStation

o *;“.t‘ S — ————
™ —— gfy—‘-’ |

Figure2-1 Photo of the ASIM module othe International Space Statio€reditasimdk[9]



2.1.2 Gammaray glows

In 1981a NASAH06 jet flewthroughathundercloud witha detectortrying to establishwhetherhigh
energyphotons were generatedin thunderstorns. The resultingncreased detectiomate compared
to the backgroundadiation marks the firstconfirmed observation of wha called gamma-ray glow.
[10]

Gammaray glows cover a significant area and lastp to multiple minutes at dime. This nakes it
possible to study them througdifferent means, includinglanes, balloon$l11], and grounebased
instruments[12]. While there are quite good models for thgroduction mechanismshere is still
uncertaintyabouttheir expansion intime and spaceheir frequency and if theyare linked to TGEs

2.2 ALOFT Campaign

2.2.1 Background

TheGeostationary Operational Environmental Skiteed (GOES) is a family of geostationary satellites
dedicated to monitor the atmosphere madmd operaed by United StatesNational Oceanic and
Atmospheric Adminisation (NOAA)'National Environmental Satellite, Data, and Information Service
division Theprogram started in 1975 with the launch of GEE&hd did its latest launch (as of writing)
in 2022with GOES{8. There is at least one morautech plamed at the earliest 2024[13]

One of GOES' recurimgstruments is theGlobal Lightning Mappewhichas the name implies has as
goal to monitor lighting strikes. To validate and calibrate the &&bLightning Mapper they created
the Fly's Eyésloballightning mapper Simulator(FEGS)with the intent of puting FEGS on a high
altitude airplane for testing[14].

In addition to the primary instrument, FEGS atss seveal additional instrumertsto improve the
scientific value of the flighfl14]. With afocus of the other instruments on high energy liginig
phenomena, theeomplde platform got the designation Airborne Lightning Observatory for FEGS and
TGFs (ALOFT).

While it is significantly easier to spot TGFs wiétebites as they can view a large area at once, the
resolution of exactly where the TGF happened is limikat this reason, obséng a TGF with a plane
can give valuable data with higher resolutionlt is alsomakes it possible ttook for TGFg00 weak

to be observed from spacas well asdok for connections between gammay glaws and TGFEs

The arplane used by ALOFT i£tNASA ER highaltitude aircraft shown ifFigure2-2. ER2 normally
operates at altitudes from about 20k feet (6 km) to 70k feet (21 km) with a typical cruise speed of 410
knots (760 knh or 211 m/s) [15]. ALOFT will be flown at 20 km altitude abaye thunderclouds



, 2 ¥ ( i
FigureZ—ZA NASA ERin flight. During the 2017 ALDEampaign the FEGS instrument was in the pod beneath the
wing. Picture by NASA&Zla Thomag15].

2.2.2 ALOFT 2017 Campaign

The first ALOFT campaigias completed spring of 2017 anddchwo detector systems for detecting
gamma rays. Thirgefirst detector, theUniversity of Bergen BismutbermaniurOxide(UiBBGO)
detector, had a 2-hs time restution and an energy range from about 300keV to about 40Mé\s
detector is very gmilar to a detector on ASIMThe smallseconddetector wasa 1cm”2 Lutetiunx;
yttrium oxyorthosilicatgLYSO) detector meant to handle higfiexesof radiation. Due tots small
size, it is unlikely that it can absorb all the energy of a gamma photon, makimgré useful for
counting the number of photons rher than also measingits energy{16].

ALOFT was done aboard the NA®R HighAltitude Airborne Science Aircraft, which flew at 20km
altitude above continentBUSA. The campaign consisted of Ight totallingabout 70 flight hours of
which about 45 were above thunderstorm regions. In the end, there were two garaynglovs
observed and zero observed TGES].

2.2.3 ALOR 2023 Campaign
Thefollowinginformation is lased or{17]

A new AOFTcampaigrhasbeen approved to beompletedduringmidsummer2023 Compared to
the 2017 campajn it has a series oflannedimprovementsto increase theodds ofdetecting TGFs
andto extract more useful information shoul@ TGMbe olserved.

The firstinprovement isvhere and whenUsing dataof historicTGE detectedby the FERMI satlite
it has been determined it flying over theCential Americaand Caibbean areaduringmid-summer
yields the besbddsto see TGFdzigure2-3 shows5 years ofFERMUata, illustrating benefits ofthe
time and area.



The secondmajor improvementto the ALOFT 2023s the instrument itself. There is planed an
improved readout gstemas well aswo new gammadetectars. Themost significanhew feature o
the improvedreadoutsystemisanethernet connection thatenables liveeommunication between the
instrument andan operatorthat is in contact withhie pilot Thisallows the plane tdurn around and
properly map an area ointerest, such as a gama-ray glow, shouldthe planepass it.

Thenewdetectorsconsistof a tiny detectoisimilar to the small detectobut cgpableof handling even
higherfluxes and a medim detectorcapable oimeasuringhe energy ophotonsunder higherfluxes
than thelarge detectorDetailsabout the newdetectorscan be faind inChapter3.
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Figure2-3 Data of TGFs detected by the Fermi satellite between Jan&a2010 and Dezmber 3% 2015 in the area
latitude (° to 30° N and 258E to 295° EData taken fom [18].

(a) A histogram of the time of yetlte TGFs were detectedid days bins.

(b) A map showing the TGF detections in the dreang the months Jun® September

2.3 Characteristics of TGFs and ganmaaglows

2.3.1 TGFs

TGFare submillisecand long bursts ofntensegamma radiation with individuabhoton energief

up to 100 MeValthoughphotons above 40 MeV are rddd]. While thecurrentmodelhas problems
explaining photons above 40 MeV, ithelieved that the TGFs amaused bystrong electric fields
accelerating electrons to relativistic speetfusing gamma radiation through the process known as
bremsstrahlug (seeChapter2.4) [19].

It is estimated that TGFs igerally aregenerded at altitudes between 12 km and 21 0], and that
they radiate photons in a cone upwards wittihe greatestfluencenear the centre as show irFigure
2-4[21]. Note that thefluencerange fran more than10* photons/cn? in the centreto less thanl0?
photons/cn?. Thisis why a widerangeof detectors areused each withdifferent sensitivity to the
photon flux.

Early itwas believed TGFs wte arelatively rare phenomena, but as better instruments have been
developed their stimatedfrequency has increased. Some estimates go gis 86850000 TGFs every
day{22], though the vat majority of these are never detectedhile it was easl beleved that TGFs
only coincided with lightning strikes, later observations hatiewn that some TGFeccurwithout
visible lightnind23].
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Figure2-4 Simulated flence of photons at 20 km altitude as a function of distance from the céignaretaken from
[21].

2.3.2 Gammaray glows

Gammaray glowdastsbetween several seconds several minutesnd hagphoton energies ofip to

a couple of ten®f MeV[16]. They arenormallyat an intensity of up to 2 orderof magnitude above
the backgroundradiation [16], but measurementsof between 10 and 1000 times the normal
badground radiatiorhave been reported11]. Gammaray glows can normally be found abbout 20
km alitude and below.Figure2-5 shows the two gammaray glowsobsewred in the ALOFT2017
campaign

It is believed thatgammaray glowsalso are in large part generatday bremsstrahlung Glows
saometimes are recorded to abruptly stpgomethinggenerally thought to be linked with visible
lightning strike416].
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Figure2-5 Graph showing the two gammaay glows observed by thi OFT 201@ampaign



2.4 Physics of high energy phenomena

2.4.1 Relativistic Runaway Electrons
The folowing secdbn isbased or{24]:

Whenan electron is subjected to an ekeicfield, it will, like all charged particles, experience a &rc
If it is freeto movethis causes it to gain speed urttile friction forcesexperienced by the electron

equakthe Callomb force.

At lower kinetic energies, that is when the elext moves slowly, gairing speed causes theectron
to comein proximity of more particlesfor it to be deflected by, slowing it down. Thiselastic
scatteringtranslatesinto an increased speed causing increased experienced frigibhigher kinetic
energies howver the timeit can interact with each particle decreasedowing it to go straighter.
This effect eventually overpowers the normal effeotaking the experiencedifition get reduced as
the kinetic energyof the electronincreaseslf an electron in tis situationexperiencesn electridield,
it will acceleratefreely. The electrorhasrun away Asthe electron gains speedventually other

effects willmake it loog energysuch asremsstrahlung
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Figure2-6 The effective friction force experienced by a freetebn moving through air as a function of kinetic ener
The solid curve shanonly shows theffect from inelastic scattering, while the dotted line also includes the effects
bremsstrahling emissions. The horizontal line shows the force experidaycad electron in a 5.0*F0//M electric field.
With this field electrons witun away ifthey@ I Ay | A ¥ S (inAEQs tHé grifiosRI&ctrie figld strength required fi
any free elegbns to run away whilegs the secalled breakeven field [24]

The curve irFigure2-6 shows the effectivdrictional force experienced by a free electron moving
through airas a function of kinetic energyhe solid curve shovemly friction from inelastic scattering
while the dashed curve is the sum of thmelastic scattering andadiative effects such as
bremsstrahlungThesolid horizontal line showthe Coulomb foce experienced by an electron in a
strong electric fieldcomparable to what found in thunderclouds o run away the electrom this
exampleneedsan initial kinetic energy greater than the threshold enemyy, R

External sources such assmic raysanseedan electronwith the energy required toun away. An
electron running awayan also part some of its energy tdaund electron, knoking it free. If the
newly freed electron hasufficient kinetic energy, it too can run awaynd potentiallycollide with
another bound electronThis can cause an avalancherahaway electronscommonly calleda

Relativistic Runawalglectron Avalanche



Asthe electric field causall electrons to experience a force in tkame direction (opposite direction
of the field), the avalanche normally dies oas they eventually getudside the field. It is however
possible to gesecondary effects that go the opposite direction. Radiation caused by thalanche
could move 'upstream' and knoan electron free with enougenegy to reseed an avalanche. You
could also gegamma radition strong enough to cause pair production, making an eleepasitron
pair. The positronbehaves identical to thelectron butmoves in the opposite directiodue to its
positive charge. Thiallovs it to seed nevavalanches the entire way badk what is calledRelativstic
FeedbaclbischargeFigure2-7 shows illustrations of all thes effects.

seed seed seed
subsequent avalanches...
M M
| I\ vy
E '
T mMoller > transport+
ng/' interachons/,/
up to x10° ‘ up to x10*
|
\ \ \
Relativistic Feedback
y RREA (Dwyer, 2003)

s §

ron

(Wilson, 1925) ol M)

Figure2-7In an electric field a seed phenomenon giave enough kinetic energy ta alectron to run away. A higenergy
runaway electron can through scattering cause secondary electrons taway creating a Relativistic Runawagdiion

Avalanche. With sufficient energy a RREA can creedgs<or posrons that travels 'upstream' potentially seeding ne
RREAs ia relativistic feedback loop. This can quickly drain the electric field afyefi24]

2.4.2 Bremsstrahlung
The following section is based [25]:

Bremsstralung is generally the name used for the radiation emitted when a charged particle
deaccelerates due to moving closga differentcharged particleFor electrons this can happ when

it has enough energy to mowarough the electron shells of an atoand cane in proximity of the
nucleus.Its great mas and charge compared to the electroausng it to experiencea sigriicant
accelerationand subsequent lose some of its kiizeenergyin the form of radiatioras seen irfrigure
2-8. How close to the nucleudetermines both how much energyg radiated, and how likely it is to
occu creating a continuous spectrumf variable intensity tht can be ecognised A close ‘flyby'
causes gyreat columbo forcdan turn causing agreat deflection of the electrorand may case a
significantamount of its energy to radiate away as a ganphaton.
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Figure 2-8 Bremsstrahlungemission caused by the electron accelerating, and its suksg¢doss in kinetic energy
lllustration taken from Wikimedia Commoasd isin the public domain.
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3 ALOFT Systems

This chapter describes thgpdated ALOFT system&LOFT wilfrom 2023 consist of the existing
detector systemsas well as the newnes basd on silicon PMdAs | only worked othe readout for
the new detectorsit is the systems directly linked to mynwdhat will be describethere

3.1 Overview

The2023 ALOFTampaign systernonsists of four instrumentthat are built todetect photons anc
shared physicatapture card thaindividually preprocessthe data coming from theletectors The
data is finally ®red in a mass storagé&igure3-1 shows asimple block diagram of thimstrument
The old omponents usedn the 2017 ADFTcampaign are coloured blue, and the neamporents
in green.The mass storage is a genesfftthe-shelfstorage.

Large detector | l€—»

External
 E— ethernet

connection

Small detector |fe—m

Control and
capture card

Medium detector «—»

 m— Mass storage
Tiny detector «— >

Figure3-1 System level block diagram of the ALO®Strument Thegreen boxes i@ changedr addedbetween the 2017
and 2023 campaign.

Creating instruments for TGFs is a challengmipavour especially becausaf the range of incoming
gammaphoton fluxes The estimates shown iRigure2-4 tell us thatthe dynamic rangeni fluence
and as a direct resuthe flux, canvary byup to fiveorders of magnitude depending dhe planes
distanceto the centre. By comparisogammaray glowsare relativelyeasy to handlavith their fluxes
normaly a few times above the background radiatidro handle the range ofiuxesfrom the TGFs,
ALOFTises a range afetectorswith different properties and sensititi€s.

A detector becomessaturated whenconsecutve detections are indistinguishablefrom a single
detection Two of the factors determiningow gooda detector is athandling largefluxesare the
duration ofthe signal generatetly eachdetectionand the physical size of the sensitive part of the
instrumernt.

The durationis a factor in tat a short signalpulse durationwill allow multiple detections in the time
it takesfor a long sgnal pule to be finishedHow short a puls can get ishowever, limited bythe

propertiesof the sensos material, as well asrequiringa higher sample ratéo properly record the
shortpulse.

A smallerphystal sizecauses the detector to be hit by fewphotons per unit of time, but has the
disadvantageof having lessyolume for each photon to slow down iklence, small photons only
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deposit pats of their energy in the sensor befocentinuing past it, whicmakesmeasurement of the
photon energy effectively impossible.

Forthis reason two new gammadetectorsare beingdesigred to expand therange of measurale
highfluences of the ALOFT campaigrhe firstisatiny detectormadeto be able to counfluencesin
the orderof 10k photons/cni, as opposed to 1 photvcm?for the large detector andk photons/cn?
for the mediumdetector. It is however way too small to reliably stop gamma photsnspnlya photon
count will be realisticThe medium detectocan only handle aboti 50 photons/cnt and is large
enough toread the energy[17]

Comparinghese numbersto the simulated fluemcebased on range found iRigure2-4, tells us that
the large detector can be expected to be gatted around20 km radial from a TGE the medium
detectorat about7 km andthe tiny detector atabout 1-2 km radial

Sensor W4 Front-end electronics N[ abc | I Capture card A

ZYNQ SoC Ethemet

¥ - photons Scintillator (LY'S0)

Fulzz ADC spC_ | ”

Preamplifier shaper Drive: £
> s Flash memory

— Light —

Eilicon
Photomultiplier
{siPma)

(SD Card)

Figure3-2 Signal path of tHe neW detectors. The sensor éonvérts a si-ngle gémma phataa biotrst of light -With is
converted to an electrical pulse. The Frent electronics amplifieilters, and reades the electrical signal fane ADC.
The ADC converts th&eetrical signal into a digital signal that is lastly gmecessed and stored the Capture card.

Thetwo new detectorscan be roughly divided intiour datahandlingparts: Thesensor the front-
end electronics, theAnalog to Digital Gonverter (ADC)and the capure card Figure3-2 shows the
signal path ér one of the new detectors divided into the categories used here.

Thesensorhas agpurpose to convert thgghenomenon we are interested in, gamma photons in our
case, into arelectrical signalThe sensorghosenuses a two-step methodof converting eaclnigh-
energygamma photon into a flash of visible light with a scintillator, and tbemvert that flash into a
current using a Silicone PhoteMultiplier (SiPM)Detailsof this process and how theensorsof the
two new detectorsdiffer can befound inCrapter 3.2

Theterm front-end electronics i#n this contextused for all the stepbetweenthe detector andthe
ADCThis includesonverting thecurrent signal thesensoroutputs intothe differential voltage signal
the ADCaised use, amplifying the signakd different filtering.In many casefront-end electronics
include the ADC steput | have chosen tdistinguishthem in this thesisas par of the thesis is about
controlling the ADCd:urtherdetails are found irthapter 3.3.

The Analog to Digital Convertdoes, as # name implies, converanaloguesignals into adigital
representation of the datarhe two deectorsusedifferent ADCswhichboth willbe described further
along with more @ ADCs in general Chapter3.4.

The capturecardincludeseverything thathandlesthe data after theADC andtonsists osome pre

processing bfore storing in mass storagd.his all happens on a single physical dhat is shared
betweenthe four gammadetectors but each have its own path until itssored. Further details are
found n Chapter3.5.
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In additionto the data handling stepthe final system also containgility functionality suctas power
delivery. These systems arutside the scope of the thesis, and therefon®stlyglossed over

3.2 TheSensos

3.2.1 Scintillator
The informatiorabout the scintillator is #ised on25].

When agammaphoton travels through matteit tends to interact with it andleposit some or all its
energy. The main wayigh energy photons can interact with matter includes

1 The photelectric effect:When a photon interacts with a bound electron, it can give all its energy
to that electron. Thissi called the photoelectric effect. At lower energies theofgm may only
have enough energy to cause excitation, but with sufficiently higgrgy it can insad free the
electron, ionizing the atom. If the electron hit was in an inner shell, aay>Xemision can be
created by the deexcitation of an outer sheleetron. The free electron can also have enough
energy to cause secondary (not &gjh energy phains.SeeFigure3-3 (a).

1 Compton scatteringlf the phoon instead only gives part of its energy to the bound etattyou
get Compton scattering. Inhis case the electron will be knocked free tgmially causing
secondary effects) while the photon is deflected at an angle with the rest of the ergedyigure
3-3(b).

9 Pairproduction:If the electron is above 1.02 MeV it might instead interact with rtineleus and
cause the spontaneous creation of an electmwsitron pair. The pair split all the photon energy
(except some minor recoil of the nuclegnd can cause secondagjfects if hey are fast. The
positron will also cause secondary effects if sldwlewn enough taollide andannihilate with a
nearby electronSeeFigure3-3 (c).

2Vat /
o

Figure3-3lllustrations of the three main ways high energy photiosract with matter. Not to scald¢a) The photoelectric
effect. (b) Compton scattering. (c) Pair production.

Eah of these createsiew electrons or photons tht may causefurther interactions spreading the
original photon energywWhen the energgets dluted enoughit will start causinga number oklectron
excitationsproportional to theoriginal photon energy In mostmaterialsthese excitationsvill simply
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end up as heagtbut somemateriak may nstead scintillate meaningsome ofthe energyinstead

escapesaslight.

A scintillatoris a materialwith the property of creatinga flash of Ight of intensity proportional with
the energy depositedn it. An inorgaic scintilator, which is the tpe rekevant here, is made by
carefully doping a crystal with desired bandgap between the conduction and valence bdainis
createsnarrow intermediates bands just below theconduction band (activator excited stateand
above the valene band(activator ground state)lf an excited electro first decays from thevalence
band to theactivatorexcited state then decas to thevalence band vithe activator groundedstate,
a photon with a very specifi@and known energywavekength will be emtted. This photon will have
insufficientenergy to excitean electron directlyrbm thevalence band to the conducting bandhile
the doping allowing it to travel througland out ofthe crystalmaterial mostly unhindered-igure3-4
illustrates thisprocess.The numberf photonsof the specfic energythat escape the crystatill be
proportionalwith the number of excitations, which goportional with energydepositedthe crystd.

Conduction Band

A
i . .
i Activater excited stats
1
Il
a
¥
1
IF
1
L]
d
:-
v
1 ]
¥

»
Z v Activator ground state
‘ h |
Valence Band

Figure3-4 Simplified illustration of a scintillatioiomething (here a photon) causes an electron to bated and jump
from the valence band to the conduction bandthién quickly decays tothe thin activator exited state caused by
controlled doping of the material. When the excited photon detayise adivator ground state it emits a photon with :
veryspecific energthat is too low to excite any electrons in tredence bandlt can therefore continue almoshimpeded

out of the material.

The scintillator has a couple of key characteristics.

Light ouput. The light output is a measurement on hamany photons can be expected to be

1
emitted per unit of energy depasid in the scintillator. It is usually measuin photons/keV or

photons/MeV.
Decay time. The duration and intensity can be modelled as a imstant rise time with an

exponential decaysagiven by the specific scintillator type.
Peak emission wavelengtiWhat wavelength the output primarily cons®f. The goal is to have

a wavelength that the next step can efficiently convert to a signal.

Density The denser a material is, the highéelihoodit is that a high energy photon interacts
with it. This ircreases theodds foreach photonto deposit ®me or all its energy in the material
for a given thicknes#Jost scintillators naturally haveigher densitythan alternative methods of
radigion detection

Effective atomic numbeMost of thehigh energyinteractionbetween atoms andboth electrons
and photons aredependentwith the charge of the nucleusA higher atomic numbecauses
increasedprobability and efficiency of the interactisnmaking a high average (effective) atomic

number in the scintillatodesirable.
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The scintillatoused inthe new ALOF Betectorsare Lutetiunmgyttrium oxyorthosilicat€LY SQjrystas,
the same asn the smalldetector. It has acomparably high light output of 2Bhotons/keV, a decay
time of 40 ns and a peak emission waamfith of 410 nmits densityis 7.15 g/cm and its effective
atomic number i$65. By comparison BSkas a decay time d&00 ns, making LYS@ore suited for
higherfluxes[26].

The tiny detector uses BYSOube d 3mm cubed, while the medium detector uses a LYSO cube of
5cm cubedThis enables the tingetector to handlenigherfluxeswith its tiny aoss sectiorat the cost

of not reliable being able to absorbl #he photon energyMeanwhile the medium detctor islarge
enough b absorb the energy dhe photons

3.2.2 Silicon Photomultiplier
Thefollowing section is basash [27]:

A Silicon Photomultiplier (SiPM$ a component that converts a flash of lighduch as from a
scintillator, into an electrial current. It consists ofan array of small, sensitive elements called
microcellsconnected inparallel. Each microcell is essentiallpiagle Photon Avalanche Diotheat
creates an electrical pulse when treggd. This pulse is independent of what teged it, but by
summing upall the microcells in parallel you get an output proportiot@lany incoming bursts of
light, as seen ifrigure3-5.

Figure3-5 Each ndividual triggerednicrocellwill add itspulse to the signamaking asingledetection havean
amplitudeequala multiple ofthe microcellpulseamplitude.[27]

Each microcell consists of a photodiode in a sfroeverse bias. Thanks to the reverse bias lyave

a depletion areawithout any mobile charge carriers, but when an electron gets exditerkatesan
electronhole pair. The strong electric field from the voltage causes the electrons to gain enough
energyto excite new electrons, causing secondargitations The resultig avalanche of electraon
causes the diode to be conductive, which candetected. As this effect is sgierpetual, you also
need a way to stop or ‘quench’ for it to be reused.

By putting a resistor in series with the dio@d increasingcurrent causeshe voltage drop over the
resistor to increase and the voltage drop oviee iode to decreasdf the voltage across the diode is
too small itis incapable of sustaining the avalanche, nglgng the currentThe microcell then uses
some time to return to i initial state, depending on the effective capacity it sees and thistogs
value This recovery igisible on the output as an exponential deckigure3-6 (a) shows a simplified
exampleof how themicrocells are built and stacked togetharhileFigure3-6 (b) shows thectivation
cycle ofthe photodiode in the system.
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Figure3-6 (a) Shows smplified circuit schematic of a SiPM with only 12 microdedshcell consistof a photodiode in
reverse biagSingle Photon Avalanche Dioda)quenching resistor and a capacitor connecteth&oFast OutputWhen
triggered the photodiodevill start an avalanche and start conductittgough the cell. As the current rise the voltalyep
over resistotincreases antdhe voltage over the diode is reducegientually causing the avalanche to be qcieed The
cell then goes through a recharge leyas thecharge trappedoy capacitive effects are drained to the anodibeFast
Output usesthe capacitor toeffectively outputthe derivative of the normal outpugiving ashort spike at the initial
avalarchefollowed by undershootas the system rechges. There is as of writing no plans to use the Fast Ouf{@uf.

Figure3-6 (b) Shows the breakdown, quench and resele of éSingle Photon Avalanchédbe. [27]

The Ploton Detection Efficiency (PDE)astatical pobability that an incoming photon inducesm
avalanche It is dependenton the wavelength ofthe incoming photon, the voltage across the
photodiodeabove thebreakdown voltage (overvoltagend physially howmuch of the area of the
detectorthat is sensiive to light(the fill factor)

The likelihood of an incoming photon creating alectrorthole pairis dependent on the photon
wavelength as illustrated inFigure3-7. Note that the wavelengthof 410 nm emitted by the LYS@
very close to the peak responsiveness.

The breakdown voltage is tieinimumvoltageat whichthe photodiodehasthe capabilityof creating
an avalancheand anyvoltage above that is called overvoltaggy increasindhe overvoltage,the
chance thatany electronhole pairscreate an avalanche increasand increases the number of
electrons per avalanche. tloes howevealsoincreasethe oddsof spontaneoughermal excitations
and their chance of causimyalanchs, sonething thatcreatesnoise.
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Figure3-7 Theresponsivenessf the SiPMas a funcibn of wavdength. The graf also sbws howresponsivenesand
thereforePDEnNcreases wih overvoltage [27]

The percentage ahe total area sensitive to light is called tfilk factor and isspecificto eachSPM.
The reason for this is thatllathe microcelk require some spacingto isolate them optically and
electrically You can increadde fill factor by creating feer, larger microcells, buhis increaseshe
capacitanceof each microcellmakingthe recoverytime longet

Sincethere is a finite nmber of microcells on a detectahe higher the flux of incoming photons are
the higher the oddshat several phabnshit a single microcelllhis results in arhited dynamic range
with growingnonlinearitydepending athe top. Therelationship betweerthe number of incoming
microcells fireccan be expresseds

where 0 is the number of microcells fired) is the total number of microcells and is the
number ofphotonsemitted by the scintillator0 is theoptical coupling between the SiPM and the
scintillator, andmust be found experimentallyn the physical compment. Optical grease is commonly
used to improve) .

The tiny detectoruses aOnsemiJseries 30035, which has an active areg307mm§¥ with 5676
microcells ltsPDHsbetween 38 and 50 depending orervoltage and it has aechargetiime of45ns
[28]

The medium detector uses @nsemiArray-J3003564RPCRB whichconsists 064 J}30035 sensors
arranged inan 8 by 8 array[29]. Eachsensor can beead individually as a pixel, but our casethe
outputs will all be ssnmed together. This is becaudight from the LYSO will spreasnong all the
pixels and wl not give any extra information.
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3.3 Frontend electronics
The following section is irafds based o#fi30].

3.3.1 Preamplifier

The preamplifies main task is to conveand amplifythe weak current signal from th8iPM mto a
voltage signal strong enough to lherther processedin addition,the desigrthat is used effectively
functions as an integrator, ensuring thiéte contribution from all themicrocells that are fired while
the scintillator glows are combined.

An additionafunction of the preamplifier for the medium detector issamup the signal fom all the
pixels, as brieflynentioned aboveThis happensfter each pixel is pamplified before joining into
the next step

3.3.2 Pulse shaping

After beingamplifiedthe signalis filteredwith the goal of removingsmuchnoise as possiblehile
keepingthe information contained in each pulser in other words improve the Signal to noisgio
(SNR).

A common approach to do this is to send the signal through a bandpassYaiethen not only filter
out high frequency noisebut you also remove lowfrequency effects such as baseline dri.
candidate for hefilters used in the deteatrs are based oa CR(RQ" configuration sometimes called
a Gaussian shaper when n is greater than ¢28]. It consists ok highpass filter followed by one or
more lowpass filters commonly with the sameime constant for all the stagf2b]. Increasing the
number of RC steps will cause the putdepe to increasingly resembla mathematical @ussian
curve hence the nameOne of he key benefitof doing this is that the duration of the peak lasts
longer, allowingmore time for an ADC to register the valdes of writingit seems that n=2 has the
best properties for our usg30].

The second candidate for a filter stagemostlysimilarbut uses a (CR{RC) configuration instead.
Theextra CR stepssentiallyfunctions as alifferentiator and makes the resultingeakshorter at the
cost of having an undershogdomething that could be useful for the tiny detec

Figure3-8 shows the pulse shagef thetwo candidatesnormalized to hava maxpositiveamplitude
of 1. Here you clearly see thaturation of the pulses, théime it takes fa them to return to the
baseline,is about equal while width of the peaif the (CR}(RC) pulse happens faster and is
narrower. he narrow peak can be an advantafge uniquelyidentifyingpeaks that happen close in
time but has the disadvamige of requiringhigher sample rate to sample it correctijurther details
on thisarefound inChapters.
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Figure3-8 The pulse shapeandidates normalisetb have a max valuef 1. Note that the peako-peak amplitude of the
(CR3(RC pulse on the figure is about 1.345.
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3.3.3 ADC driver
The ADC driver haké task ofreadying the signal for thADCsand consists otonvertingthe signal
into a dfferential signabnd scaling iso thatthe signal has the same range as the ADC input

Inaddition,the design used also functions as a lowpass fitemething thats important to do before
sampling a signal with an ADIhis is becaus&hen sampling with a finitsampling ratesuch as in
an ADCanyfrequencyabove the Nyquistrequency falf the sampling ratgs indistinguishable from
lower frequencies causirgiasing Sending a signal throughHawpass filter before an ADC is therefore
essentially necessarit.is however nothat relevant for our signal, as tHétering stage already have
removedthe higher frequencies.

As a last stegghe differential signal atsgoes through diode clippgto ensure it does nogjo outside
the wantedvoltage limitsThis is to protecthe ADGensordrom damage. While in theory not needed
in a designed systenit cannegateunforeseensurges.

3.4 Analogue to DigitaldDverters

An ADC works by determining where alongrifsut range the input voltage is, then assignj adigital

value based on thatHHow many samples it takes every second is calleshitgplingfrequency ands

commonlymeasuredn SPSSamples Pefecond or MSPS (MegaPS)lts resolutiontells how many

distinct levels it can distinguigietween ands mmmonlymeasured in how many bitsach individual
sample is.

3.4.1 Detector specifi@DCs

The tiny detectouses an AD®B0412bit 500MSPS ADitbm Texadnstruments[31]. It takes an input
of 1.0 V peako-peak, andoutputs adigital Double Data Rat€DDR).ow Voltage Differential Signal
(LVDS)lts high sampleate gives it a great tempai resolution needed to distinguish between
photonswhen exposed to a higftux. Figure3-9 showsa simple block diagram of theD&5404. While

it has two indegndent signal channels, only one will be used

12bit Digital |~ _
INA 500Msps Block H— DA[11:0]
[ = paclk
Clk l l
CLKIN Buffer
SYNCIN l T ¢
S Z 12bit Digital 4~ ,
NG 500Msps Block 1= DB[11:0]
L~ \ 1 1 DBCLK

Figure3-9 Block diagram of the ADS54(a1]

The medium detector uses an AR 14bit 65MSPS ADC from Analog DeVigas It takes an input
of 20 V peakto-peak, and outputs a digit@double Data Raté€DDR) ow Voltage Differentialighal
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(LVDS)Here a higherit resolution makes it more capable dftermining he energy of each
individual photonFigure3-10 shows a functional block diagram of the AD925Fain,only one signal
channelwill be used
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Figure3-10 Functional block diagram of the AD92532]

Both ADCs has control registers thaan be accessed throughSgrial Peripheral Interfad&Pl) The
details of these will be further discussedChapter4.2.

3.5 Capture card

3.5.1 System ora Chip
Prior to giving a design descriptiontbe capture cardsomebackground terminology is useful.

While improved manufacturing technics allow increasirdgyser transistors in integratedrcuits,
the pins out connedhg each chigtay mosly the same. This ia partdueto it beingharderto solder
or otherwiseconnect individuasmallpinsto a wire without breakingor shorting them

One way to circumvent this problem is to havaltiple different componentson the same chip. Then
you can connect them togetheén the factory usinghe samemethods used to create each individual
component When multiple different commnentsare connectednto a system ora singlechip is
called aSystem on &Lhipor an SoCWhile you losethe customisabilityfo mix and matchindividual
components, the shonphysical distance between components and subsequent short a&llessfor
faster communication rates,reduced chance of eternal interference andreduced power
consumption.
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The investment costs of creating a custom Sakbe very highAs suctthere commonlyneedsto be
a minimum volume ocritical performanceequirementfor designing a new So& good tradeoff can
be to crate a less specialised So&pable of handling wide variety of task One way to achieve this
is to userield Programmable Gate ArréPGA) as componentssentiallyising the same arguemts
comparingFPGA toapplicationspecific integrated circulbut with the added SoC benefits

A SoC withmintegrated FPG a goodption for use in the ALOFT detectasthe FPGA should be
fast enough to handle any raw data processiyou can rursoftwarewith all its benefits on the CPU
andits quantity (one) rakescreatinga custom So@n unsoundaction Its flexibility also allows rapid
designchangeswith the hardware in handand easy reuse of tifeoC to other projects in the future.

3.5.2 ZYNQ7000 SoC
The following section is based [33].

Thecore of the capture card consists of AYNQ@7z2030-FFG676which is part of theZyng7000 SoC
familyfrom Xilinx TheZYNQ@oGconsists of @ud-core ARMCortexbasedprocessing system (P&nd

a FPGA programming layd?L().As ageneratpurposeCPUthe ARM Cortex requires an operation
systemto function, whichcan be chosen by the user.

Zyng-7000 SoC
) Processing System
Peripherals Application Processor Unit
s Cloct | | Reset | SWDT PP
/ USsB eneration FPU and NEON Engine FPU and NEON Engine
TTC
use | | 2xUSB MMy | ARM Cortex-A9 MMu | ARM Cortex-A9
GigE 2x GigE System CPU CPU
GigE 2x SD Level 32 KB 32 KB 32 KB 32 KB
SD Control I-Cache D-Cache I-Cache D-Cache
SDIO IRQ
SD > | fe]le] H Snoop Controller, AWDT, Timer ‘4--
SDIO Yvy '
GPIO | | |l e} DMAS | 512 KB L2 Cache & Contro\ler‘
Ol UART : Channel
= UART | |t ] Y
g:s ocM 256K
e > Interconnect | SRAM ]
12C A
SPI Central Memory
SPI Interconnect B~ Interfaces
Y CoreSight DDR2/3,3L,
Inlerfaceys - Components CI:_PI?DllTZ
\ SRAMY B ontroller
NOR —
< DAP
ONFI 1.0 ' S — M‘ ‘
< rogrammable Logic to Memor
NAND <% IRev() g | g y
Q-SPI nterconnect
CTRL
Y Y A} 4 44
EMIO General-Purpose DMA [RQ | Config High-Performance Ports ACP
XADC
12 bit ADC Ports Sync AES/ .
SHA Programmable Logic
) SelectlO
Notes: o Resources
1) Arrow direction shows control (master to slave)
2) Data flows in both directions: AXI 32bit/64bit, AX| 64bit, AX| 32bit, AHB 32bit, APB 32bit, Custom
3) Gray blocks in APU are applicable to dual core devices.

UG585_c1_01_060618

Figure3-11 An overview of the functional blocks of the Zy0 So€33]
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Figure3-11 showsan overview of howthe PSs built up and how the P&hd PL are connecte§ome
of the features thatis worthnotingare:

1 TheSystemLevel Control RegisterMuch of the behaviour ofie PSs controlled or interfaced
by writing and readinghese registers.

1 TheMultiplexedl/O Interface (MIO) and the Extend&dultiplexed I/O Interfac EMIO).ThePS
contains a eries of different I/O controllers thatre multiplexedto a limited numberof 1/0O pins
(the MI0O).The systenalso enables the controllers to be interfaced with the/Rithe EMIOWhat
controller is connected to what is ntrolled via the Systerhevel Cotrol Register.

1 SD card controller§he current plan is to use SD Cardsastorage medium, and as such the data
will be sent to it using this controllefhe controller supportSD higkspeed and Sbigh-capacity
standards.

9 Seial Peripheral Interface BH ControllerThe AD€ has control registers that amgterfaced using
SPIMore details will begivenin Chapter 4.

1 Gigabit Ethernet ControllelEthernet is the planed protocol usedto give live update®f the
system.

While not visible from the figure, the PL layer is compatible with the DDR LVDS that the ADCs output.
Also relevant for theéhesis is thathe 7z030has265BRAM (BlocRardom Access dmory)available
as a resouwreto the PL, eacB6Kbfor a totd of 954Kh

3.5.3 PYNQ
The following section is based on the documentation fonfgi].

PYNQ is aopen-sourceprojectfrom Xilinxthat providesa Jupyterbasedframework withPython APIs
combined with ainuxoperating systenior Xilinx platforns.

JupyterNotebookis a separat®pen-source projecthat consists of a web appditton where one can
edit and see the output ofoderun on a Jupyter kernelhis enables one to eate servers using the
Jupyter kernehndthen manipulate and run code on it from a browsér.the contextof the capture
card this means that if dupyterkernel is running on the P&dit is connected ta network with a
knownIP addressyou can easily run code from an external computer.

PYNQ expands on Jupyter in several ways. Firgiefjrates Jupyter with a Linux openagi system

such thatthe Jupyer kernel isup and running when booting the Zyrgext itcontainsPythonlibraries

that contains premade functionality toonfigure and use the PS functionalityalsoenables the use

of hardware libraries, ooverlays Ovelays are FPGA designgh a Python API that allows them to

be dynamically laded and interfacedia Python code running on the Jupyter kern&8electinga new

overlay sends the new FPGA configuration to the Zyng, which then flashes the FPGA with the new
configuration in the overlayThis allows for reconfigation on the fly of he FPGA.

The choice to use PYN@ppenedduringthe work on thishesis andvas preceded by theperating
system FreeRT(Bree Realtime Operating SysteireeRTOB an operating systenthat isprimarily
designed torun on microcontrolers and other small systems, and as such has veryriemory,
computing and storage overheafB5]. FreeRIOSuses the (program andhasno official drivers
requiringmore work to properly interface witthe Zyng.

The combination of a ready to use OS, preinstitigvers, effectively finished interface for ret@he
monitoring over ethernet and general ease of use, made PYNQ the OS of choice

23



4 ADCconfiguration

This chaptedocuments the work done towardegrifying that the ZYNQ SPI controller can be used to
accessaind configurethe ADCcontrol regisers of the two new detectos.

4.1 Objective

The ADCs in the systenootsin a default configuration mode whegpowered.While n many cases
this is sufficient,the ADCs hasxtrafunctionality that canbe accessetdy communicating with their
control registersThe control registerfor both ADCs arnterfacedusingathree-wire variant ofSerial
Peripheral InterfacéSPI) Thespecfic communicationprotocoldiffers between the two ADCs

The objective of thipart of the thesidsto verify that the built-in ZYNQ SPI controllean be usedo
interface withthe ADC control registers

The work could be separated intdéhree discrete steps: (1) Creatinga small converter capable of
interfacing betweerthe four wire SPavailablefrom the ZYNQ tthe three wire SPused by the RC
controllers.(2) Creat atestbench module that cabe used tesimulate and verifghat communication
between the ZYNQ and the control registers will have the expected outcbinie should belone n
a structuredway. Step(3) is \erifying if the ZYR SPperipheralin the processor systerranbe used
for the communicatiorwith the ADC configuration interface.

To verifythat the suitability of the PS SPI peripheral tB¥NQ FPGAas set ugn barebone mode,
i.e., without any operative systenilhissimplifies the stak and thereby reduces the number of
potential sources of errorTo use thisdrivers thatinterface wth the SystemLevel Control Registers
on the ZYNQare required. The drivers ensures thatrrectly formatted data to the Plia the PSSPI
controller is £nt. Testability andverificationwere prioritized tiroughout this worksoa fair amount
of time was devoted to making a testbench for the ADC maddlthe interface

4.2 SerialPeripheral Interface
The following section is based imfiormation gven in[36].

TheSerial Peripheral Interfag®Pl)sasynchronous serial communication interfaggecification that
is commonlyusedfor short distance communicatiom embedded systemsSPlhas amasterslave
architecture andis normally used with four wireallowing simultaneous tweway (ull dupleX
communication Figure4-1 (a) showsan exanple ofnormal SP$etup.

The four wires are a signal clo&QLK), a data liteansmitting from the master to the slave (master
out slave in, MOSI), a data line transmigtfinrom the slave to the master (master in slavat,o0MISO)
andlastly an active lav enable signal theneeds to be activéor the slave taeceive or transmifchip
select bar, CSBYlany SPinastercontrollershavemultiple chip-selectsignalsenabling nultiple slave
devicego beindependentlycontrolled while shaing the data anatlocksignalsas shown irFigure4-1
(b). The names of the different signaiften vary between different vendors

Two additional settings sometimes used with SPIs are signal dtalityand gnal clock phase hé
polarity determines whether the clock is active high or active low, while the phase determines
whether the bit should be read on the leading or trailzigck signal change. The most normal is that
the clock is active gh and read®n rising edge (leadg edye foractive high polarity), which is also
the settings used in this thesis.
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@) (b)
Figure4-1 (a) Shows aormal four wire SPetupwith one master andone slave as wel as thesignal diretions of the
wires Figure4-1 (b) showshow one master caontrolmultipleindependenslaves in parallel

A transmission using SPI, assuming normal polarity and pbktsts bythe master dwing CSB low
and theslave and mster driving theiffirst bit to the data lines. TheBCLK starts tick, and the value of
the data linegsrecordedevery rising edgeA transmission is normaltgrminated by the CSBoing
high.Each device requires a minim setup timeto drive the corretdata signal, as well @asminimum
hold time required to read a data sign#ls these timings tends to be symmetric it is common to
express them as a maximum SCLK frequency.

There areseveralvariants of SPI availabl@necommon variat is tocombine thetwo data lines into
onethat transfers data both waysn this thesis referred to as SPIA this thesis this line is called
Serial Data Input/Output (SDj@nd causes the transmissitmbe only haHduplex.Figure4-2 shows

a standard SPI3 setufBoth the ADCs discussed in this thesis (ADS5404 angbADge SPI3 to
interface the controltegisters andare in slave modug oavoid floating signals on the control register
both ADCsusepulldown resistorson the SCLENnd SDIO wire and a pullup resistor on the CSB. wire
[31][32]

Figure4-2 Normal SPI3 setup with signal clock (SCLK), Serial Data Input/Output (SDIO) and Chip Select Bar (C

4.2.1 ZYNQ SPI Controller
Theinformationis obtained from{33].

The ZYNQ has two independent SPI controllers, each with itsewsf ontrol and satus registers.
The IO signals from the controller can be routédrough either the MIO pins (pins on the chip) or
through the EMIO ping¢nnection between the PS and FEigure4-3 shows a block dgram of one
such controller

Same of the notable options are whetheat should be in master or slave mode, and what phase and
polarity it should have. When in master mode three different chip select signals can be controlled,
shown as SS (Slave Seléatjhe figure This enables theontrol of both ADCs using only one SPI
controller.

Data to be sent and received is buffered in a transmission FIFO (TxFIFO) and a reception FIFO (RxFIFO)
respectively, each 128 bytes deephe signal clock from the mastes derived fom a 200MHz

reference clock hat is divided by 4, 8, 16, 384, 128 or 256. When routing through the EMIO the

clock can max 25MHz.
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