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ABSTRACT

This thesisdissertation reflects the research activity carried out from October 2019 to July 2020
at the Semiconductor Devices and Integrated Circuits LaborafoPplitecnico diMilano in

Coma The main objective of the work was to experimentally test a newlydunter gain
dispersion reduction module inside a resea@de high resolutioreadout ASIC (Application
Specific Integrated Circuit) for X and ray CdZnTéCdTedetectors, calledLTAIR, fabricated

in AMS CMOS 0.3%m technology

The gain dispersion reductioramestands for a module capable of finely tuning the gain of the
analog reaébut chain to compensate for unavoidable dispersions retat€eMOS process
variability. Gain dspersion of readout channels as large as 50% caadily found from channel

to channel on the same chip and on different chips. This can generate problems in large format
systems as for example the readout electrasficadiation detectarfor X-ray space telescopes
constituted by tens of thousands ofwhels. Although a compensation of gain dispersion can be
done, also offine, on the output digital data, this does abidan oversizingf the ASIC output
dynamicrangeto avoidsignal saturatiortogethemwith a significant resolution loss in tlaaalog
to-digital conversion Large multichannel reagut systems would benefit from the ability to
equalize the gain d@ll chanmls to approximately the same valagdirectly acting on the analog
section ofthe signal processoA test chip faturing thefirst prototype of the GDR module was
designed in a previous thesi®rk andwas available at the beginning of thisstsfor a first
characterizatiod\ll phases othechaacterization procedsave beewrarried outfrom the design
and implementatiof the printed circuit board for testingo the analysis anpistification of
experimental datarhe chip characterizatiowas performed in standalone mode, i.e. wiih
mounting a detectorbut exploitingan available input test signaDnce the assessment of the
module performanceascompletedanew design iteration of the module was deemszkssary
due to someunsatisfactory performange ternms of dispersionand Inearity, uncovered during
the experimeral characterizatiorgriginating from layoudepeadent device mismatahat were

not predictedby simulation dataThe causdor these encountered critical aspebts been
pinpoined after a deep analysief expeimental evidence, couplagith an extensive study in

openscientific literature, servingsthe backbone of the proposed hypotheSise optimization




of the modulés made both at design and at layout leuélizing Cadence Virtuoso ADE Product
Suite, to improve its performance in terms of linearigyyd device matchingThe newlIC
implementationprocesswas followed until tapeout, after which the projectvas sent out for

fabricationand future testing.

The work is presentdd four mainchapter

Chapter 1: to provide context to the reader, thmain building block®of thechip under teshave
bee briefly explained and analyzedfter that themain source for gain variability in tlaalog
chainare theoretically discusse@he gain dispersion reductioconcept is then presentadd
exploredtheoretically

Chapter 2: the printed circuit board design proceissdescribedrom schemati¢o fabrication.
Theexperimental setup used during di&racterization processalsohighlighted.

Chapter 3: the mat significant results of the characterization process are re@ortietiscussed

in detail. A hypothesighat explains the expeniental evidence is formulateshd backedbothby
theoretical and experimental informatiéound in open scientific literaturéfhe unexpected
worsening in performance is believed to stem form a layout dependent worsening of

MOSFETsmatching performangeot predicted by the available model libeari

Chapter 4: the design, validtion and circuit layoutphases of thenew defgn iterationare
described Some theoretical background on how to improve layout dependent matching

performance islsopresenteds compleentary informatioro justify the @sign choies made




PREFANE

Questa Teseé il i sul tato dell 6attivit?’ di rgRkalca cor
laboratorio di Dispositivi a Semiconduttore e Circlntegrati del Politecnico di Milana Como

Il principale obbiettivo del lavoro & stato quello di &stsperimentalmenten modulo per la

riduzione della dispersione di guadagnompreso in un ASIC da ricerca ad alta risoluziosie

rivelatori CdZnTdCdTe perraggi X ed, denominat@\LTAIR, fabbricato in tecnologiAMS 0.35

em CMOS.

La denominazioneiduzione della dispersione di guadagiaiferisce ad un modulo capace di
calibrare finementd guadagno della catena di lettura analogiea ridurre la sua inevitabile
dispersione statistica, dovuta alla variabilita di procgsssente HiE tecnologie CMOS.
Dispeasioni di guadagndino a 50% posso essere riscontrati sullo stesgo@lsu chip differenti
Questo puod essere fontetioblen in sistemi di ampio formataome ad esempidelettronica

di lettura di rivelatori di radiazione pdelescopipazialia raggi Xcostituiti da decine di migdia

di canali.Anche £ una compenginedelladispersior di canalepud essee fatta numericamente
sul dato digitalequesto non evita umecessario sovdimensionamento dehngedinamicodi
uscita delASIC per evitarda saturazione del segnale, asséad una perdita di risohione
significativa nella conversione anajo-digitale Grardi sistemi multicanale beneficetsdro
dalléabilita di equalizzare il guadagno di tutti inzdi acircalo stessosalore agendo direttamente
sulla sezioneanalogica del processore di segnéle chip di testcon un primo prototipo del
modulo GDR é stato progettato im gprecedente lavordi tesi ed era disponibile dhizio
dellGattivita di tesiper una prima caratterizzaziorieutte le fasi del processo di caratterizzazione
sono state condotte: dalla progettazione e implementazione del circuito stampatnduere i
test , & piustdieaziond diei glati sperimentdla caratterizzazione del circuito integrato
e stata condotta in modalita standalones enza montare un rivelator e
segnale di testJna volta completata la valuiane delleprestazioni del maulo, $ & ritenuto di
condurre una nuova iterazione di progetiocausa di alcune prestazioni non soddisfagenti
termini di dispersioee linearitariscontrate durante lzaratterizzazionsperimentalegriginatesi

da fonti di mismatch legate al laytocircuitalenon predette dai dati di simulazione. Dopo una
profonda analisi delle evidenze sperimentadicoppiata ad un estensivo studio della letteratura

scientifica disponibilgper meglio supportare la tesi proposta, la caesponsabile di criticita




riscontrate e statandividuata.L 6 ot t i mi zz azi on e combetth siare lvalld o
progettuale che a livello di layout circuitale, utilizzando il softw@adence Virtuoso ADE
Product Suitepermigliorarele sueprestazionin termini di linearita e matching dei dispositivi.

La nuova implementazioriestata portata a termine in tutte le sue fasi, dopo le quali il progetto &

stato mandatmifabbricazione per future attivita sperimentali

L 6 el ab oreataioqutro capoaligiscipal:

Capitolo 1: per fornire contestal lettore, i principali blocchi costituenti il circuito da testa@no

stati brevemente spiegati e analizzati. Dopo di che, le principali fonti responsabili per una
dispersione di guadagnnella catena analaga sono dcussi teoricamente. Il concetto di
riduzione della dispersione di guadagnmfine presentatodeesplorato in ambito teorico.

Capitolo 2: il processo di mpgettazione della scheda a circuiti stamgatdescritb, dallo
schematico fino allaum fabbri@zione. Il setup sperimentale usato durante il processo di

caratterizzazioné infine riportato.

Capitolo 3: | risultati piu sgnificativi del processo di caratterizzazione soiportati e discussi

i n dettaglio. Undi pot esi aleehfemulatd & eastanutd dae vi de

informazioni sia teoriche che per i ment al i ri cavate dall a |
peggioramento delle prestazi@nitenuto originasi da un peggioramento, legato al layout, delle

prestazioni di matchindei MOSFET, non modellizzata dalle librerie di simulazione disponibili

Capitolo 4: le fasi diprogettazione, validaziore layout circuitale della nuova iterazione sono
riportate. Qualche informazione di contesto su come migliorare il layout circuitalgrimirtedi

matching é fornitacome complementare alle scelte di progetto atuat

ett






Chapter 1 Altair ASIC overview and Gain Dispersion Reduction

CHAPTER 1

Altair IC overview and Gain Dispersion

Reduction stage

Thefirst chaptercentersonthe moretheoretical effort®f the thesisproject Thecircuit object of
the characterizatiors part of the mixed-signal Altair readut IC developed byhe SDIC lab of
Politecnico di Milano An overview of the system j@esentedo provide context with special
focus given to the analagection Furthermoresome originakontibutions awl digressions are
addedto deepen the discussica small signal angs$is oftheloop gain of the GargeSensitive
Amplifier couplel with a PoleZero compensation netwodmploying the full time constant
method[2], andan analytical derivationf the main sourcsof statistical variabilityn each stage
small signal transfer fiction. The focuss later shiftedto the principle of operation of thgain
dispersion reduction concepthich has beeaxploredand tested theoretically in the MATLAB

environmentand its circuital implementation inside tASIC.
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

1.1 Altair overview

Altair is a mixedsignal ASIC designed to read out and process electrical signals from an array of
CdzZnTdCdTedetectors, accepting negative charge pulses fromdtectdr anoddt features
selectable gains, adjusting to the enemyge of the incoming radiation, and an analog pulse
processing with selectable peaking tirmetablel.lis reportedan example dbasic specifications

of the target detector.

Material CdznTe

Geometry 0.9 mm x 0.9 mm x 2 mm
Capacitance 39 fF

Leakage current density 5nA/cn?

Table 1.1: example of atarget detector specifications

A single channelchip, featuringthe Altair architecturewith the additionof the GDR analog
processohas beetfabricatedfor testing purposes systenoverview in presented in figure 1.2

The system functional blocks are divided in three main areas: analogifintoltage references

and digital logic.The analog fronendincludes aChargeSensitivePreamplifier (CSA),a Pole-

Zero compensation netwqriwvo shajng cellsandthe GDR circuit. After the analog processing,

the signal can be delivered directly to the output or fed to a peak stretcher for stable amplitude
acquistion by an external ADC. The ethip load drivirg is performed in differential mode by

two unity gain buffers. The digital section allows configuration of the arahognixed-signal

blocks and communication wittxternal circuitry A dedicatedblock for pile up rejection is also

present.

11



Chapter 1 Altair ASIC overview and Gain DispersictioRedu

The discussionenters around the analog section ofAlB¢C. A summary schematic of tHieont-
end describes more precisely the analog processing takingydieoa radiation event is sensed
by the detectorAt the CSA output, a voltage step is produced in response ent. Through
the PoleZero compensation network a current pulse proportionalgtoid injected in the first
shapng cell, which features a single dominant ptonsfer functionThe amplitude athe signal
is finely tuned by means of the GDRodule before it is filtered andonvertedo voltage in the

second shaper cellhe output baseline is stabilizbg mean®f a low frequencyeedback loop.

FIRST
CSA SHAPER CELL

P-Z SECOND SHAPER

COMPENSATION 1 CELEDC
I STABILIZATION s

Figure 1.1: Analog processing in the Altair ASIC
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Chapter 1
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Figure 1.2: System overview of the Altair single channel Test chip
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

1.1.1 The Charge Sensitive Amplifier

The Charge Seriive Amplifier (CSA) is implemented by mearof an active integratowith
continuous reset. The operational amplifier is comprised of a faliffedlential pairgain stage
followed by a source follower to drive the output node. The clizeg gain is selectable
depending on the energy range throsgigle PMOS switcheshtis exploiting the full output
swing of the operational amplifiéor all regions of operatioThe capacitanc@y is also selected
accordingly by the same configuration bits to guaraateacceptablphasemargin in all modes
of operation.

EN

T VRCPRE
EN m
1 G
e
L
‘[? H G
Go

SIM LEAKAGE |

£

ouT
<]

£

VTEST

-

TEST ENABLE

H> avss AVSS

Fig 1.3: Altair CSA schematic
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Chapter 1

Altair ASIC overview and Gain DispersictioRedu

Energy Range BR1 BR2 Feedback capacitance € | Compensation capacitance €
0 (up to 90 keV) 0 0 Cio=16fF Cm,1=80fF
1 (up to 160 keV) 0 1 Cio+ Ci1=28.4 fF Cwi1+Cum2=1151F
2 (up to 300 keV) 1 1 Cro+ Cr1+ Cr2= 534 fF Cwm1+ Cuz2+ Cus= 200 fF

Table 12: Capacitive valuesin all energy ranges

The current balance at noBesetsthebias conditions for the differential stage. Vrefbias sets the
current in the NAN2 branch whilst the coent on R is setby VrefcaseVgsni.

)
o (@] Qﬁ w w
o o 0 (1.1)
o Y i
w O O ©

AVDD

'm*{ R N,

AVSS PRE

Figure 1.4: Bias conditions for the core amplifier differential input pair (ron models the channel

resistance of the enable switch)
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

1.1.2 Pole-Zero compensation

After the CSAhas produceé voltagestep at its output in responge an incoming evenit
dischargesvith a time constargetby the feedback capacitor andetparallel PMOS transistor.
To get rid of this unwanteslow dischargean additionalCR networkintroducesa zero tocancel
out the pat introduced by the CSA he overall small signal transfer functiohthe schematic
in figure 1.5is presentedn equaton 1.2.If the two-time constantsre precisely the samthe
output current pulsevhose frequency content is higliean thetransfer function singularitiess
simply proportionalto the ratio of capacitorS, amd G.

o i Y i6'y oY
01 Y 18V
0 0
0 d o (1.3)
v 0o

Figure 1.5: Schematicof the CSA with a PoleZero cancellation network
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

The resitances present in equation 1.2 are approximated linearizing the MOBF#ds
characteristic around the circuit quiescent point. Even though the working point might change
considerably when incoming signals are processed by the CSa#ndw self-compenste and

their transconductance ratio remains constant. This happens be@uarethlways biased with

the same ¥svalue whatever is the voltage at the:¥sanode, asvasintroduced in 1].

17



Chapter 1 Altair ASIC overview and Gain DispersictioRedu

1.1.3  CSA+PZ: gability analysis and frequency response

This paegraphpresents a small digressifom the main objective of the warkroviding a
detailed small signal analysis of the C®Pock with PoleZero compensation networkin
analytical expression of théoop gain of the CSA+PZ @uit is presentedwithout making
approximations on thgain, bandwidth andoutputresistance of the core amplifier.

—MA— o

“Q 01 Q‘)‘Q “Q 03 :I)O

Figure 1.6: Small signal model

Froma comparison ofhe small signal modedhown in figure 1.@and the C8 core amplifier

schematigresent in figure 1,3he following expression for the loop gain is folind

. 0
P gy
n

14
p i6 o Y i 7 (4

OCaee® w3 n N

Qp iy iy p "Qp YTHh i Qp ij TTY (1.5)
P Qn s TXY

LIt is noted how the second polynomial at the denominator must be of the secondieederthe system

having onlyl+2degrees of liberty, i.e. three capacitors in a KVL loop.
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

(1.6)
Yo T U pQg, Yo Mg
Following the method highlighted ir2], andunder the safe assumptitmt 'Y — the

time constantare computeds follows.

Y,
v 6(:,(')-0" €60
p Qo
. Y60 (1.7)
e T O"(pd'ieQ‘QQ

"o a fiQ (1.8)

gl Oveelam P QaYeoo

The seond order potnomial issolved through approximativaethods to give an estimate of the
remaining two polesThe expressions are further simplifiedgiveaneay to manageanalytical

dependencen the design parameters.

|1 € P e P
- - * 1tT° 6 irp QY (1.9)
(1.10
e t t o p Qr
“F 1 1% 8y P ooy

The model is validatederforming a stability analysis i@adence Virtuoso ADEenergy rage
0, leakage= 100 pA and computingan estimton of the circuit singularitieBom thesmall signal

parameters extractén DC simulationtogether withthe capacitance valuggported in tablé.3.
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Altair ASIC overview and Gain DispersictioRedu

Parameter value
0 150 fF
i i 6. 48 GY
Q% 2.257nS
Q5 6.771nS
Y 12 kY

Table 13: small signal parameter extracted from DC simulation

Thu May 21 11:05:3
2020

100

3

107

2

-1 0

10 10

Figure 1.8: Simulated Bode plot of Gloog
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10"
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10

2 During the simulation activity, it has been noted that, since in DCthede is essentially floating, in

order for the simulation results to be reliable, shpulation parameter.g must be set lower than 1 fS
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

1.1.4 1 Shaping cell

The first shajmg cell cansists of a coreperational amplifiedjke the one found in the CSA cell,
providingalso a signal grount fix the operating point of the Peero compensation stagmd

an RC feedback looffhe stage implemesa single pole transfer functi@nddelivers the signal

to the output in current modmn order to implement a reliable large value resistance, the widely
used principle of current demagnificatithy means of current mirrors igtilized. The time
constant of the feedback loop, which sets thakipgy time of theoverall processed pulsean be
changed selecting the value of the capacitor banKit& capacitor bank Gs also adjusted to
providea goodoop phase margin is all condition of operation

AvDR }_/ F{ [:

66

AVSS

Figure 1.9: 1sshaping cell detailed schematic
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

1.1.5 2" Shaping cell

The second shaper cedls reported in figure 1.18hd 1.11 performs an additional single pole
filtering, utilizing the same concept of current demagnification §Blgd a current to voltage
conwersion of thanputsignal The input current DC contributions are canceled out by a current
mode AC couplerTheoutput voltage baseliris kept stabldy a low frequency feedback loop,
commonly referred to as DC stabilizetardugh small signal circuitrelysis the overall stage
transfer functions found as in equation 1.11.

w i ity p it
01 ¢ , . T ,
p it p O 7 p i 50 ¢ p it (1.11
O 5 00 Y "Qp 1.12

dgc')t‘)

Tos
1+ 0Ty

l@j

/I 01 sy
..g a@ | |

~ %Y,,.',.J

Figure 1.1Q 2" shaping cell small signal model
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Chapter 1

AC COUPLER

N
|

R LENSE

6 AL [ e

Feedback signal path RC DC STAB ERROR AMPLIFIER DC

STAB

Figure 1.11 2" shaping detailed schematic
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

1.2 Main source of gain dispersion

All analog integrated electroniese unavoidably affectdul processariability. In particular the
chargeto voltagegain in sensor readout AS4Gs directly dependent on matching and process
variability of integrateddevices and can considerably dep&dm its nominal expected value
Thisis an important limiting factqgrespeciallyin largemulti-channelsystemsThe scope of this
paragraph iso give an overviewof thecircuitcomponentshatmosty affectthecharge to voltage
gain aml other relevant performander eachanalogprocessing blockThe analysis isarried out

from small signal linear modelsf the circuits described in paragraph 1.1.

1.2.1  Variability in CSA with Pole-Zero compensation

The circuit transfer function was already given in equationTh2.delta response of the circuit
to a current pulse of amplitudhgéin the time domain is computest the inverse Laplace

transformof thecircuit transfer function.

6Y 6'Y _ — . PP o

From equatiori.13, itis deduced that, when the time constant introduced by the CSA feedback
and the Pol&ero compensation network are not perfenigtcheda noridealty appearsn the

form of a slow exponential decaftime corstantt 6 Y . Anyhow the amplitude contribution

of this exponential pulsavill be consideredhegligible under the safe assumption tidaty

0'Y.

The ideal gainin terms of input and output chargtependghereforeon the ratio between the

two capacitances

(1.14)

24



Chapter 1 Altair ASIC overview and Gain DispersictioRedu

Computing the relative variation of the charge gain witlpeet to a variation in the capacitance

values, it is shown hothey are both equally contributing

yo Y6 ¥ (1.15)
i

Under the hypothesis that ttevicedispersion is modelled with a normal distriloat, the relative
variance of the charge gain is simply computed by the sum oékhigve variance describing
the statistical dispersianf the single capacitor

C
(4

0 Ns) o) (1.16)
o . .

According to the Pelgrom Modp4], whichwill be discussethter, the variance contributiorzse
proportional to the inverse of the capacitors areds A technology characterization parameter
describing the matching performance of two identiycdiesigned device positioned olose
proximity.

o) o) (1.17)
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Altair ASIC overview and Gain DispersictioRedu

1.2.2  Variability in the 1%t shapingcell

|
c:
1T
T
C
C

Figure 1.12 Simplified schematicof the 1 shapng cell

Consgdering an ideal operational amplifi@nd performing circuital angdis in the Laplace
domain he transfer functionf the firstshaper cell islerived.

O i Q  p i8Y (1.18)
O i Q p i O0F _
Q5 (1.19)
= "Qﬁ
The response to a dellike current pulse of aread is computed as the inverse Laplace
Transform of thesircuit transfer function.
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Chapter 1 Altair ASIC overview and Gain DispersictioRedu

The overallchargegain of the stage is computed as the integral of the de#fponsesince itis

the physicaljuantityproportionatlto theradigion energyof the processed event.

N 0s Q0 Q (122)

Computing the relative variation of the gain with respeatitouit parameterswith the same
procedure highlighted in paragraph 1.2.1

Yo yQ ; (1.22)

It is concluded that thdispersion of theharge gairof thefirst shaging cell is mainlyrelated to
the matching performance of transistor &hd M.
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1.2.3  Variability in the 2" shapingcell

The tranfer function of the 2 shapng cell has been already outlined in equatibdl,

consderingi —— it can be simplified tequation 1.23.
Y
i ' (1.23)
p it

To better fit the analysis to the specifit our implenentation the response to an exponential
stimulusis computed since thetwo shapng cells are cascaded to produce the output signal
Ideally, thetwo-time constarg should coincide, but since we arenalyzingthe variability
contributionsthey will be @nsideredifferent

Computingthesy st em response to an exptheaepdsdionin dec a:

equation 1.24 is obtained.

P F— (1.24)

Instead of the integral now we are interested invibleage peak value, since it is the quantity
bearing theenergyinformationof the incoming evenilhe following approximated expresssn
havebeencomputedollowing the strategy detaildd appendixA.

o et (1.25)

(1.26)
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It is highlightedhow the peaking time of the system mainly depends on the time constant of the
shagng cell and that thanain contributionin the charge to voltage conversigthe statistical

dispersiorof the Rlensblock.

Using the same method previously highlightegvaluate thestage gairstatistical spred we
obtain the ariability of thegain inequation 1.28The variability of the overalprocessinghan
peaking timeis also given in equation 1.27 as it is an important figure related to other system

performance, as for example the equivalent noise charge.

(
(

yo Y (1.28)
=

It is concluded that both the peaking tiemad thestage gain deperah the matchingerformance
of MOSFETs as well ady process variabilityof the physical capacitors and resistors

implemented.
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1.3 Gain Dispersion Reduction

1.3.1 Principle of operation

The purpose othe Gain Dispersion Reduction stageto provide an additionavariable
amplification, or attenuation, of the signal selectable by meansrdfguration bits The gain
value Gepr is intended to be changed bycantrol system to compensate for unavoidable
variations of the single channeligan large famat systems;so that the product of the two

quantities is ideally constant from channel to channé&om chip to chip

A 4

v

Gchannel - GGDR

Figure 1.13: Gain Dispersion Reduction Concept diagram

" 0O O (1.9)

From 1.30 where Gom is the nominal channel gaimot accounting forprocess variability and
GenannedS the real measured gaihis concluded that &r must have a hyperbolic dependence on
Genannelfor an effective compensation.

In order to reproduce thizhavior the curve Gpr - GehanneiiS discretized in an arbitraryumber

of steps centered on the neighborhood of the pGigknne Gnom = 1.
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REGION OF INTEREST

]
1
0 1 2 3

G

Figure 1.14: Discretization of the Gepr - Gehanrel CUIVE

The discretization of the curve is performed first by selectingdgion of interestas shown in
figure 1.14 The choice is made based on the gain statistical distribution of the target multi
channel system. The nominal gain valuggfined as the mean value of the distributibe region

of interestis the defineds a multiple of thetandard dviation of the inpt distribution

0 A (1.31)

Y p —Fp — m Qo (1.3

The number of levels is chosen depending on the wanted dispersion reduction, in principle the
greater the number of levels the better is the gain dispersion mdittivever, several limiting
factors in the choice @f related to the circuital impleemtation must beonsidereds tradeoffs.

In this paragraph, a theoretical stuthade in the MATLAB environment aims showing the
principle of operation onealistc statistical dispersion, while alsssessingvhat is the optimal
choice in terms of number of levels and region of intdrelsetter reduce the standard deviation

of the input distribution.

31



Chapter 1 Altair ASIC overview and Gain DispersictioRedu

Considering a generic statistical distribution D(X), wh&t is random variable describing the
gain varations in a multichannel system. Denoting as the fixed length between adjacent
levels of the discretized hyperbolic curve, every sample of the input distrimoisomultiplied
by the gain valueO ™Qw , previously denoted akevel, thatminimize the distance
W Qw s If this transformation is made for all sampke,new narrower distribution is

generated. A possible algorithm to perform thaiskis described by the following pseudode.

computeLevelgk, n, 0, p)
{
ROI_min = p- k* §;
X_step = 2*k*0 / n;
for (int i, 0 O i O n+1 )
{
levelsfi,x] = u/ ( ROl_min + i*x_step;)
levels[i,y] =( ROI_min + i*x_step;
}

Return levels

}

First, he function computeLevetelects the region of interest depending on the propefttbs
input distribution and the number of levels that can be synthetized in a given implementation,

returning an array containing theyxcoordinates of the discrete hyperbole.
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computeDistribution D, leveld

{
for (i nlength®) 0 O i
{
for (intj, PO A elevgs) )h (
{
diffMatrix [j,i] = absD[j]-leveldi])
}
if (diffMatrix [j,i] == min(diffMatrix [j,i]) )
{
Dnew(j) =D(j)*levels(i)
}
ReturnDnew
}

Altair ASIC overview and Gain DispersictioRedu

The distancdetweenrall samples of the input distribati and the hyperbolic levels is computed

and stored in thdifference Matrix.Then eachsampleof the input distribution D(X) is scanned

to determine what iffs closestlevel, which is then multipliedoy the sample itself. After this

transformationthe new distribution features @duction is the overall standard deviation. This

algorithm has beemmplementedin the MATLAB environment, and fully documented in

appendixB. In figure1.15 the effect of thisransformation is shown utilizintpe statisticalspread

of Altair without GDR, extrapolated from a Monte Carlo simulatimn a region of interest &

and16 levels.
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Figure 1.14 Gain statistical dispersion without the GDR module
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Figure 1.15 Gain statistical dispersionafter a numerically implemented GDR module
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Figurel.16shows the improvement in the distribution standard deviation, utilihengéscribed
algorithm, asfunction of the region of interegdt is concluded thawhile as the number of level
increase the standard deviatigralways improvedan optimal region of interest that minimize
the standard deviaticexists at around 1.% .

o6 By ooeeenneees S AU S

9 levels

-¥%---10 levels
- 12 levels
14 levels|

Opnew / Golg

0.0 . ; . ; . ;

RO/,

Figure 1.16: Improvement in standard deviationagainst region of interest, at different number of

levels
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1.3.2 GDR circuit implementation

The Gain Dispersion reducti@onceptis implementedn the analogcquisitionchain as a set of

selectable multoutput current mirrorsin figure 117 a basiccircuit schematic is presentetie

combinatorial logic blocldrives theswitchesthat connectach mirror output to the common
summing nde. In this way, a seld@able linea amplification of the signal is achieved in current
mode thus avoiding high impedance nodes timatld affectthe frequency response of the shaping

chain.The implementedains reported in table 1.4re computed with thiechnique reported in

paragraphl.3.1, rounding the resultingalues to their first decimal placendare presented in

table 1.4

0 B :'O i
BGDR [3:0] Gain MOSFETSs switched on
1111 2.4 s3, s2
1110 2.3 s4,s1
1101 2.2 s5, sl
1100 2 sl
1011 1.9 s3, s2
1010 1.8 S6, s4, s3
1001 1.7 s5, 82
1000 1.6 s6, s5, s4
0111 15 s2
0110 1.4 s3
0101 1.2 s5
0100 1.1 s6
0011 1 g13
0010 0.9 gl4
0001 0.8 g15
0000 0.7 g16

Table 14: GDR gain asa function of the selectionbits
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Gain
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Figure 1.18: Simulated Gain vs. GDR code chacteristic

The circut has beenlesigned and realized irpeeviousthesiswork; the charaterization process
will be describedn the following chapterdn figure 1.18 ishown the simulated behavior of the
block.
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CHAPTER 2

Measurement board design and

Implementation

A custom measuremenboard has beendesgned and built to perform aexperimental
characterizatiownf thelC, with the newly introduced GDR modulEhe experimental setipused
to assesthetechnicalfeasibility of the GDR concept aride over#l performanceof the system

is also presertl. The PCB design and layoptocesshas beertarried out using the Eagle PCB
Design software.
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2.1 Sclematic

In order for theeg chip to befully functional, thecustom boareheedso providethe following

functions an analog and digitéw noiselow ripple power supply, dedicated voltagdaeences
andadigital bus for the IC configuration bit§he complete pin out listf the device undetest
is presented in tab22 The schematic is presented in fig@r&, where the maimodules of the

board can beecogrzed

1 Power supplylines: the 3.3/ digital and analog power supplyltages are synthetied
from a5V supply line, utilizing.ow noise LDOVoltageregulator IG. The dedicate@V
supply voltagefor the CSA input PMOSIis synthetized employing the sameltage
regulatorin feedback configurationThe lines are furthermore smoothed dayt an LC
ladder networkfeaturingahighfrequency four terminal capacitaith very low parasitic

inductance.

1 Voltage reference: they are delivered externallyy tunable lab power supe$ and
filtered outby passive components. High input impedance voltagearetesitilize a RC
ladder net b implement the filtering actignvhile low impedance referensaetilize a LC
netto avoidvoltage lossalong the series resistaraed reduce electronic nojsehich is
critical for the voltage referenapplied directlyd the CSA(such as AVDD2 and AVSS
PRE)

9 Differential read-out: The test chip features differential oyput voltage, a low noise
AC coupled instrumentation amplifier (INA) in unity gain configuration allows a high

precision single endagading of the oyt signal.

1 Testinput signal for characterization purposes thestem isexcitedthrough the internal
test capacitorthe voltage test signal is deliveradinga coaxial cablevith amatching

50Y t er mi nat toawidsigmalséflectioasn ¢ e
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1 Leakage simulator. in orderto mimic the presence of a detectohich produces a small
DC leakage currégrwhen coupld with the ASIG the internal leakage simulator block
must be biaselly atrimmab e current reference. This
resistancdetweerthe VSIMDET node and the central pin of & res¥tive trimmer

connected to the power supply node.

1 Digital signals: the IC configuration bitsare set by mechanic8PDT (Sinde Pole
Double Throw)switchesconnectedo either ground or the 3.3digital power supply
Thelinesreaching directly to the analémnt-end (like the peaking time bits) are attached
to the analg power supplyand feature additionadtabilizationcapaciors, whilst the

remaining bits are attachedttee digital ground loop

External IC Model Relevantspecifications
INA Texas instruments INA noise:pt GBO&
103 THD: 0.0009% @&Hz

CMRR: >100dB

GBWP: 100 MHz at G= 1000

LDO voltage Analog Devices ADP 151 Dropout voltagel0 mV @Ilout=10 mA
regulator OUT noise9 eV rmsup to 100 kHz
PSRR: 50 70 dB

Table 2.1:External ICs utilized for the board
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Measurement board desiplermahiation

Domain Port Description
Power supply AVDD Analogpower supply
DvDD Digital power supply
Ground AVSS Analog ground reference
DVSS Digital ground reference
Analog VTEST Input testvoltage
Signal OuT + Positive output
OuT - Negative output
Voltage AVSS PRE
Reference V RC PRE Polezero compensationand CSA
biasPMOSbias
AVDD 2 CSA inputPMOS dedicatedupply
VSIMDET Leakage simulatdnias
VREFSH DC stabilizereference
VTH Threshold discriminator reference
Digital CH TRIG Trigger signal for external ADC
Conmmunication EOC End of conversion signal fron
external ADC
START Reset signal for the peak stretch
and the peaklliscriminator
Configuration bit TEST EN Enable VTEST
BPT [2:0] Peaking time selection bits
BGDR [3:0] GDR selection bits
BTH [3:0] Threshold range adapter bits
BR [1:0] Energy range selection bits
CHEN channereadoutenable
DISC EN Peak discriminator enable
SIG SEL Signal selection
OUT EN Output enable

Table 2.2: Altair 1CH test chip pin-out list
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2.2 Layout

The layout of the measurement bosrgresented in figure 2dhd figure2.3. The PCB schematic
has beemmplemented in 80 mm x 100mm two layersPrinted CircuitBoard The digital and
analog ground planes have besparated t@void possible sources of crosstalkhe central

conductive padhossthelC under tes

ASISPRES |5
A A8 A R [ERa 6B A e[

[7 LEAKAGE
" SIMULATOR

Figure 2.2 PCB layout top layer
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AVESAISE

Figure 2.4: Top view of the ASIC bonded to the PCB
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2.3 Experimental seup

The PCB has been mounted insidmetal box shorted to grounghile theASIC output pad have
been bonded to the boafihe laloratory instrumentationtilized for the characterization process

iS summarizedh table 2.3

1 Multi -channel analyzer used taneasure the peak amplitude value of processed events,
which bears the information aboitts energycharge and to covert it in djital
information. It is used to acquire aignificant statistic thus performing accurate
measurement®r each GDR ga (100.000 coun)s

9 Test function generator used to drive the input test node with a knowsitage

waveform for gain and linearity dracterization.

1 Oscilloscope:mainly used for waveform capturesd board functional testing.

Multi -channel Amptek MCA8000D

analyzer

Oscilloscope Agilent infinium 54832D MSO
1GHz 4 GSa/s

Test function TektronixAFG 3022B

generator

Table 2.3 Experimental setup summary
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Figure 2.6: Top view of themeasurement board
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CHAPTER 3

Analysis of experimental results

In this chapter, the results of the ASIC characterization process are pre3émteskperimenta
tests carried ouhave higlighted some unsatisfactory performanceThe selectablegains
synthetized by th&DR stege areboth too dispersednd too nodinear over the required signal
range Theexperimental result@re coupled with theoreticahd practicatonsiderationgwith the
aim to pinpoint the main causleat can justify experimental evidendehis isbelieved to be a
layoutdependentvorsening in the making performance of the circuit. Given the inability to
verify the hypotlesisdirectly on thedeviceunder test, guidelines and consideratiansgiven

based on experimentaleasurementsvailable inscientificliterature.
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3.1 Performance characterization

The ASIC characterization process is aimed at verifyhm following performance figures:
dispersion of the Gairfi GDR code characteristién paricular its monotonicity, possible
distortions in the output waveforms and the ovesgditean linearity across the selected energy

range

3.1.1 Experimentalwaveforms

As a first step in the characterization process, the signal waveforms at the ASiCapatiaken
for eachGDR codeand compared with simulation datéigure 3.1 shows simulatin data for
T pBo W

800.0
780.0 =
760.0
740.0 -3
720.0 -3
700.0 3
680.0
660.0 -
640.0 -3

S 6200

B E

= 60003
580.0 3

Nominalamplitude(G=1, GDR bypass
560.0 =
540.0 3
szo.oé
500.0 -3
480.0 3
460.0 = |
440.0 - |
4200

44.0 46.0 48.0 50.0 520 540 56.0 580 @60.0 620 640 66.0 680 700 720 740 76.0
time (us)

Figure 3.1: Simulated output transient for all GDR codes aM_+g 8 H Ysingle-ended signal)
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Experimental waveformhave been acquired applying a running avefdige over 64 samples
to smoothout electronic noiseA direct comparison with figurd.2, reporting experimental data
with the same test conditions, shows a severe distortion of the output wavefapd forQ>
0011.The pulse peak values are no mare@notonicallydistributedas in figure3.1. Moreover, a
visible distortion of the waferms is present, resulting in a slogturnto the baselingakingup

to 50 ps.

550 F J—— 0000
500 E j—— 0001
: E 0010
450 B I—— 0011
400 E i—— 0100
£ i—— 0101
350 F : : : : : : : : {— 0110
< E 1 “ |\ N SRS SRR S I S L Lo J——0111
g 0P ~ peakingtime 1.99 ps i ;o0
ETed 2 AN \N N\ T T T - {1001
> 200 f 1—— 1010
3 j—— 1011
150 ¢ {—— 1100
100 ¢ 1101
] 1110
o 1111

ok —

-50 b

Figure 3.2 Experimental output transient for all GDR codes atW_+g 8 HY

A similar situaton is found in figure3.3, where the monotonicity is kept but the slow return to
the baseline is still present. Figud compares the output waveforms fod@ubled inputest
signalandthe output waveform in case of£22. This proves how the distasti and slow return

to baglinemuststem from the newly introduced GDR stage, ruling out all other possible causes.
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Figure 3.3 Experimental output transient for all GDR codes atW 1E -V
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Figure 3.4: Comparison of output transient, with and without a gain synthetized by the GDR stage
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3.1.2Gain vs. code characteristic

Gain measuremestare performedinjecting two knowntest signals, aoesponding to eneyg
valuesof Altair target detectoat 25 keV and 38eV respectively. Theutputerergy spectrum is
acquiredoy means of aMulti-channelnalyzerandthe amplitudes are computed as the centroids
of the resulting energy distributibnThe gain for each cods the slope of the line in the. ki

Ein plane intersecting the two data samples.

Oy O j oP

Figure 3.5 showsthe experimental characteristigain vs. codeat different peaking times,
compared with the expected simulated behatibe gain values are normalized withoz The
input energy value tsbeen chosencorresponding to M= 60 mV, so thatthe output signal

never falls out the ASIC range of opéina when the maximum gain is seted

3 The centroid of a given region of the energy spectrum is computed as
B wQw
B "Qw
Where x @notes a given energy (corresponding to a MCA channel) aptbetrum, and f(x) denotes the
number of events recorded at the given energgpx. csis defined as the region of interest of the given

energy spectrum
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Figure 3.5: measuredGDR gain at different peakingtimes compared with expected simulation

results

It is observechow, for ®¢ 'Q'Q T p Trthe characteristic is no longer monotonic, featuring a
substantial dispersiowith respect to the simulated oriehe dispersion is less significant for
T p T &t not resiting in a loss of monotonicitybutit is grealy worsened fort

pP w iandt P& W i
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To gainbetter insighinto experimental results, the output voltage peaks are directly compared
with the expected statistical dispersiohthe output voltage computed by meafsa 300
iterationsMonte CarloSampling The statistical behavior @MOS integrated electronic devices,
specified by the technology provider, takes into account statistical fluctuations of the device gain
factor and threshold voltage according to irea model proposed by Pelgrodh (a more detailed
discussion is presented in paragraph 3.2Mhen using the Mont€arlo method, theffect of

the single device dispersiprepresentechathematically by a normdistribution, is propagated

to another elddcal quantity, in our case the output voltager each iteratigna random set of
inputs i.e. the device parametease chosen from the corresponding distributiamd he output
quantity is thercomputed through circuit simulation.

The analys hasbeen carried out considering onigatching parametersf the selectal#
transistors that synthetize the gain vajigiisce all other dispersions of device parameters in the
analog chain will result ian error common to all GDR codes. In other wordptakr statistical
dispersios will affect the VourpeakVS. GDR code characteristic only in terms of a common shift
from the nominal value, but this will not result in a loss of monotonicity, wisiphecisely the

experimental evidenose wish to investigte.

Simulation results, shown in figu6, 3.7 and3.8 for different peaking timesre summarized

in a boxplotfor each GDR codeA boxplotdescribegshe interquartile rangef the distributio
(abbreviated as IQRJlefined as the interval centet@round the median value where 50% of the
data samples are found. This definitanp pr oxi mat el y <corresponds
hypahesis of a normal distributiorBamples of the distribution thdall out of a 1.5I1QR,

approximately a8 e r r demoted az dliers.

56



Chapter 3 Analysis of experimerigal resul

0.9
0.8 | :
N Montecarlo Sampling (N = 300)
[ 25%~75% &
0.7 —— T Range within 1.51QR .
| — Median Line & %L ;£ 1
06 E = Mean ]
B + Outliers e ; 1
S C ]
~ 0.5 5%
= C ]
& BN ]
504t :
> r experimental
0.3 f % .
o2f L g ]
: % Ileakage =0A ]
0.1 [ Viest = 60 mV .
N Tpeak = 100 ns ]
0.0 i i
0000 0001 0010 0011 0100 0101 0110 0111 1000 1001 1010 1011 1100 1101 1110 1111
GDR code
Figure3.6: experimental output pulse peaksompared with expected dispersion a¥\__ 1 g -V
0.9 4+
: * % ]
- * 4
08 - Monte Carlo sampling (N = 300) % .
L ] 25%~75% ]
0.7 F T Range within 1.51QR 1
TE — Median Line 1
o o Mean $ ]
06 F ¢ Outliers 1
S [ 2 ]
e o b -
-
| spT <7 T :
304¢F 5 ]
S : A \ ]
0.3 f ]
L Zﬁi experimental 1
0.2 E * ERO ]
E lleakage =0A ]
0.1F Viest = 60 mV ]
L Tpeak = 1.19 ps ]
0.0 1 1

0000 0001 0010 0011 0100 0101 0110 0111 1000 1001 1010 1011 1100 1101 1110 1111

GDR code

Figure 3.7: experimental output pulse peaks compared with expectedspersion at_+g 8 H'V
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The experimental data, which we caonsiderby all meansas one sample of ¢hreal statistical
distribution of the output voltage, does not fall within the statistical spread predicted by Monte
Carlo simulationsThis fact does not bear much significarfgeitself, since we have accounted
only for variabilityof a small portion othe circuit Anyhow, an error in ¥ due tothe statistical
spread of other stages in the analog chain is the same at everyCeodee contrary,he
experimental samples differ from their nominal valuéhvéi codedependent error that doeset

fall within the expected distribution. This egitte sugegsts thabthereffectsare at playpther
thanthe variability predicted by the simulator

In figure 3.9, the linear regression line of the experimental data set is shown for diféadeingp

times. This analysis shows how the characteristic is also affected by a systematic error that
changes the regression line, not only by a statigfisglersion with nil median value, which in
principle should not vary the regression line. Furtheemthis effect is worsened as the peaking

time of the signal pulses increases.
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Figure 3.8: experimental output pulse peaks compared with expected dispersion@f _+g 8 H'V
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Table 3.1 tries to heuristically assign an error to each transistor at play in synthetizing the
selectable gains. The approach is heuristic in the sense that is based on appre-dnmtiozay

not be the most accurate set dlwes that justifies the experimental error. The principle of
operation of the GDR stade discussed in chapter the circuit schematic is again proposed to

allow better readability of the table.

Cadice MP23 MPA41 MPOg(s1) | MP36(s2) | MP35(s3) | MP3B(s4) | MP39(s5) | MP4D(s6) | Expected Meas.
(+1) {NMOS (+1) (+0.5) (+0.4) (+0.3) (+0.2) (+0.1) Tat. Gain Tot. Gain
path)

(816)

0010 (g14) 0.9% 0.842
0011 (213) 1 1
0100 {g12) 1.1 1.172
0101 {g11) 1.2 1.337
0110 {g10) 1.4 1.142
0111 (29) 1.5 1.105
1000 (g8) 16 1.792
1001 (g7) 1.7 1.463
1010 (g6) 1.8 1.657
1011 (g5) 1.9 1.271
1100 {g4) 2 1.658
1101 {g3) 2.2 1.958
1110 (g2) 2.3 1,966
1111 (g1) 2.4 1.844
heas Gain. {0.95) . +0.75 0.15 0.2 0.3 +0.4 +0.25

() {-219) (-68%) [-47%) {+5%) {+110%) (+153%)

Table 3.1: Synoptic table, heuistically summarizing the error contribution of each device
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Figure 3.11: Closeup of the GDR schematic
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3.1.3Linearit y performance

An importantanalog frontend figureof meritis the linearity of the curve relatinge output
voltage peak amplitiesto the correspondinigput signals received from the radiation detector
inside theselected energy rangA. residualnonlinearity is always expected from an analog
processing stagéut itmay becomeritical for the given application if éxceeds certainvalue

This translates intanacceptable distorti@of the energy spectrum

FUNCTION ENERGY SPECTRU
GENERATOR CENTROID
' ' ultichannel analyzer
10voltage steps D UT Mrottal counts= 200)(,30
Vtest1l45mV-144mV
L

Figure 3.12 Experimental setup for linearity measurements

Linearity measuremesibf the device under teate carried ouhjectingat the input nodaeegative
charge pulses equivaletd a given set of radiation energiesmulating the behavior of the
detectorin presence of incoming radiatiomhe energy valueare choserqually spaceth the
energy spectrungoveaing the completaange of operatianThis is achievediriving, with a
known voltagestep the test capacitgoresent inside the ASI@onnected with one termintd
the CSAinput nodea signal groundhanks to negative feedbaaqgdwith the otherterminalto

an output pd. From the welknowncapacitor ChargeVoltage law, a charge pulse proportional
to a Viest Stepis injectedat the CSA input nod@efer to figure 1.3)The test signal is gen-step

voltagestaircase wittamplitude proportional to the desired energhugaand a fixed rate
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-144

> o Q4

Figure 3.13: Waveform of the staircase input signal

A waveform capture of the output signasiownin figure 3.14 and3.15, respectively foa GDR
gain of 0.7 and 2.&ach line corresporsdo an output pulse proportional to a single step of the
test signal. From a visual inspectjdghe linearity for G = 2.4 igonsiderablyworsenedwith
respecto the case G=0,both at thdower andatthe upper end of the outputis\g. The upper
end nonlinearity is expected ands due to the saturation of the outaitage bufferdue tothe
gain added by the GDR stadgen the other handttentionmust be paido the lower end non
linearity, whichfalls within the usefurange of operatian
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Figure 3.14: Output transient for a 10 step Meststaircase Gepr = 0.7
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Figure 3.15: Output transient for a 10 step Meststaircase Gepr = 2.4
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The latter statemerg, basé on qualitative observatisnarealsoconfirmed by a estimation of

the linearity eror, computedanalyzing the output peak amplitudes.

BT (32)

The linearity erroffor a given inpuenergyis definedin equation 3.2as the relativgercemage
differencebetween the experim&t sample ané@ linearization of thé/.. vs. Energycurve. The
linearized curveis elaborated operating linear fit of experimental samplegxploiting the
weightedleast squaresregressionrmethod. The fitting function is weighted with the sample
amplitudeitself, allowing thealgorithm for higher fitting tierances at higér input energies. An
example of thehosen fitting technique is shown in figuBA46. In this way, the resulting linear
fit is better constrained to the lower end of the input range.

4The least squares method is a widelydualgorithm to compute the regression line for a givenfdata

y, X. The relationship between the two quantities is approximated by a line in the form y(x) = a+ bx. The a
and b coefficients are computed so that the sum of the quadratic errors isz@ihifproper weight wis
assigned to each error.

i Eb O B 0 @ & Gw
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Equation
Plot
Weight
Intercept
Slope

Residual Sum of Squ

Pearson's r
R-Square (COD)

y=a+b*x
Vout

B Experimental samples
Regression line

Instrumental
-345.36428 + 90.7
122.33722 + 5.695

0.02108
0.99569
0.99141
0.98926

Adj. R-Square

0 ' 20 40 60
Energy (keV)

Figure 3.16: Example of the linear fitting procedure

With this procedure, the linearity performance has been computed botsinfatated and
experimental dataThe computéon hasconsideredonly samplesthat falls within the output
voltage rangenot consideringthe outputvoltage saturation The input rangean be expressed
with differentphysicalquantities proportional to each othtire test voltage signal, the equivalent
radiation energy of the target detectar, the equialent charge injected at the anode
Proportionalitytermsbetweenmputtest voltageand significant physical quantities that describe
theinput range are reportea table3.2, to facilitate the interpretation of the presented results

Vtest (V) Injected charge (el| Radiation Energy (eV)
Vtest (V) 6 6
g g
Injected charge (el) ij, [
3 N
Radiationenergy (eV) o -0 % -
Q

6 ¢ Q0
Qe pdPpm 6

L 'Q dgelectronhole pair mean generation eneffgy CdTe/CdZnTe detectpr

Table 3.2: proportionality factor between different physica quantities describing theinput range
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Figure 3.17a: Simulated linearity error for G=0.7, G=1, G=2.4
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Figure 3.17b: Simulated linear fit for G=0.7, G=1, G=2.4
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Figure 3.18a: Experimental linearity error for G=1 G=0.7
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Figure 3.18h Experimental linear fit for G=1 G=0.7

68



Chapter 3

Analysis of experimerigal resul

7000

6000

5000

4000

channel

3000

2000

1000

20 40 60
Energy (keV)

Figure 3.19: Experimental linearity error for G=1.6
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Figure 3.20: Experimental linearity error for G=2.2
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Figure 3.21: Linearity measurements of grevious version of theASIC, without the GDR stage

The measured linearity for G=1 and G=G&fown in figure3.18, fallswithin a 2% intervalThis
value agrees with expémental measurements, reported in fig@r2l, made orthe previous
version of the AltairASIC, which does not include th€DR stage showing no significant
worsening in performanc&he measured linearity alsoconsistentith simulationdata for G=1
and G=0.7, as shown in figurd.1l7. Conversely, the linedsi error extrapolated from
experimental data for G > 1.6 shows a significant worseningrionance. As shown in figure
3.19 and figure3.20. For G = 1.6 the linearity error exceed 0%, while for G= 2.2 it reaches
values higher than 15 %. The sea béindthis worseimmg will be examined and correlatedttv

other experimental evidencEhe main results of the linearity characterization are suimathin
Table3.3

GDR gain Simulated error (%) | Experimental error (%) number of samples
G=0.7 <2 <£2 10
G=1 <2 <£2 10
G=16 <x2 <10
G=22 <2 <#15 5

Table 3.3: Linearity performance summary
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3.2 Justification of experimental measurements

Both the worsening in statistical dispersion éindarity can be explained by an error introduced
by a voltage threshold mismatEH [8]. The effect of this hypothesis on the circuit performance
are explainedwhile also presenting the theoretical background to characterize matching

performance of CMO@nalog circuits

3.2.1 Effect of Voltage Threshold mismatch on circuit

performance

The effect of a threshold voltage mismatzim effectively explain the expmental evidence in
disagreementvith simulation data. More precisely,laout dependennismatchcontribution,
not describedn the technology model librieas and thus not predidtiée by Monte Carlo
Simulations is a good fit in explaining the worseginn peformance for reasanthat are

investigated irthis paragraph.

The effectof a voltage threshold mismatch on a simple current migrdrlb.: characteristic, in

the most general casse summarized in equatid® 3.

D¢ 6QYL QO (3.3

Yo o oF (3.9

Where the generic functic®describesa generahonlinear MOSFET relationship between the
transistor current and its overdrive voltagee andytical expressnis left deliberately implicit
since the conclusiondrawn from the argument aredependent on tht1OSFET region of

operation If transstor M, and M are not tightly matched, i.e. their threshold volsdjffer of a
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certain quantitytheirnonlinearl-V relationshi do not candeout, introducing alistortion on
the currentsignal.

Figure 3.22: Example schematic of a PMOS current mirror

The nonlinearity is more severe when the overdrive voltage pisMcomparable withc |
whilst whenYa is negligible compared t the transistor nofinearity cancel outesulting

in no noticeable distortion in the signal.

The argument is also consistenttwsmall signal linear analysis, where the voltage tloldsh
mismatch is modelled by an egalent voltage generator applied at the gate efakld the

transistoiis linearized around its operating paint

YO . (3.5
%

. Qp
” W
(0]
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Depending on the regioof opeationof the device, equation 3can have different expressions

Weak inversion Strong inversion
Q p T
O V] @ A

U :thermal voltage

¢ : dimensionless coefficient aganting for the capacitive gition of the oxide capacitancand the depletionapacitance

Table 3.4: current mirroring error factor in weak and strong inversion region of operation

The current error is decreased if the current mirror is biased with ayaighvoltage. When the

overdrive approaches zerbeterror reaches a plategadependent of the circuit bias condition

— 1+i tig g (RS0 NPk ey s

Figure 3.23: Summary of the ASIC analog pro@ssing with the insertion of thenon-linearity

To betterappreciatethis effect in the context of thepplication we consideran idealsemi
Gaussiarsignal,being it the expectedealoutput waveform after the analog processing operated
by the circuitdescribed mathematically in the time domain byagmpn 36.

io Pom- (3.6
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Now supposdhat the dimensionlessignal is fed to a netinear processing blocksthe one
described by equation 3.fist like the input current signaf a poorly matched mirrognd letf
assume aranalyticaldependence as in 3.7where| is a dimensionless parater since the
discussion is now shifted merely to signal processing corgides.

Q| ® (3.7)

Thequadratidaw mimicsthe MOSFET FV model in strong inversigretting be equal to 1 for
simplicity. The signal at the output of the nlimearity is then described by equati®®, where
k is a dimensionless parameter that mimics the magnitude of a voltage thragrmbtch in an

actual current mirror.

a6 @ “om” (3.9

a 0 is now plotted for different k values, both positive and negative, as shown in 3igdrét
is slown how anonlinearity can account foboth an error in the pulse peak amplitudad a

distortion of the signal when returning te liaseline.
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Figure 3.24: z(t) plotted for k = 0, k= +0.05, k = +0.1

Making amorequantitative argument, we are interested in knowing how much a threshold voltage
mismatch can affect theutputvoltage signal, more preciselygpeak amplitude, since its value
bears thenformation about the energy of the incoming radiatibime Cadene EDA tool sui¢

offers the possility to perform a Sensitivity Analysis, whichvaluate the magnitude of the
correlation betweethe statistial dispersiorof a givendevice andanelectrical quantitylt is a
powerful tool to analyze which are the dms most responsible for tlvariation of a given
quantity. The algorithm achieves by varying the value of threshold voltagé the single
transistor bya knovn quanti ty, and comnpifgsthe coarespondiNgl olitput
electrical quantity detarinistically through circuit simulation. Then the partativative, linking

a change inthreshold voltage of argjle device to a change in the output voltgmgak, is

approximated as the slope of the line intersecting the resulting data points

10 f i W j W j (3.9
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The sensitivityhas beertomputedas in equation 3.10inking a relative variation of ¥ of the

single device to a relative variation of the output peak

T® k o i (3.10)

In figure 3.25, for each GDR codegported in hexadecimal notation, ghdee differenpeaking

time configurations, the results of tlsensitivity analysis are presentdts valueis lower for

T p Tt &t iwhile we can appreciate a higher sensitivity for other peaking timese@ken

for this differenceis due to the circuit signal dynamicsdahias condition, later discusséed
paragrapi.l. Theanalysigs useful to justify the experimental evidence, which sees a worsening
in the GDR performance for larger peakiimges andoinpoint a mismatch in threshold voltage

as the most likely causeorf performance worsenindRefer to figure 1.17%o correlatethe
sensitivity analysis data to the GDR schematic.

5.0 55
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J ® S3
40k %S4
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_ 35 A S6
2 i 1 | | -x-axys legend
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Figure 3.25: Sensitivity analysis results forreg . o« +a O qrand energy range O
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3.2.2 A mmprehensive model for hreshold voltagematching

In [4], a comprehensive model is presented tdysthe matching properties efuallydesigned
MOSFETtransistors, more specifically howeth depend on the area and the relative distance of
the devicesThe main result wiltherefore baeported as they ardristly related to the actian

thatmustbe made at design and layout letcetesolve theobserve criticalities

The mismatch of agrameter P is defineas

Yo 0 0 (3.19)
We now introduce a mismatch generating function, describing the spatial variability of the

parameter P in the x,y coordinates,thatthe average value of fer thedevice is given byhe

following integral over the device actarea

(3.12

5 8 oﬂ i ot Q &

This operation is equal to the convolutlmtweenr) ¢ and a 2dimensional bosplot function
describing the geometrical propertiet the device The latter functionis referred toas the
geometry function’Qafto, while ry aftdo contains information about the spatial random
fluctuations ofparameter Rnd can be thoughs a radom process in the x,y variabléismatch
sources stem from a broad class of physical pmema. Anyhw, theyare sortedin two main
classes based on the correlatapaceof the process, i.e. the frequency-ofitin the spatial

frequency domain.
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9 Short correlation space these events have a correlation time much smaller than the
trarsistor dimesions so they can be describedakite noisein the spatial frequency
domain (examples are local mobility fluctuations, imperfections due to oxide
granularities). The mismatch resulting from this class of sousceslependentn the
devicerelative disance.

1 Longcorrelation space these events are originated frgarametegradients along the
wafer dimensions, mainly related to the production process. Since the position of the
circuit die relative to the wafer is unknown, a degree of uncertaintyreglirced. It is
modelled as a stochastic process with low correlatpae, i.e. a low spatial frequency

cut-off proportional to the wafer dimensions.

Onamore general levethe mismatch magnitude computed, in the spatial frequency domain,
as theproduct of the~ouriertransforms of thenismatch generating function atfte geometry
function Moreover, thggower content of the resulting signebmputed exploiting the Parseval
Theoremis equal to the variance tfe statistical distributiordescrbing thedispersion of Y0,

under the hypothesis of a stochastic protess

. 00K 000 W g

—

Where"Oand0 are relatively the Fourigransforms othe geometry function arttie mismatch

generating function

5In a random stochastic process, a moment of any order over one dimension, in our case the plane x,y, is
equal to an equivalent order moment over the set of pgaegdizations, i.e. the observed \@dwf the

random variable.
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An example of geometry function esentedn equation3.14, with its Fourier transforrim
equation 3.15or the simple case of two adjacent identical devites. center bmassof the 2D

shape is taken as the origin of the x,y plane

y A
[‘)1 6
n 2
v <= -~ === e
Qs
______ | | | |
I | I |
I | I |
| - | | - | #
W ()] X

Figure 3.26: Top view of a generic transistor pair

v . O . (3.14)
Qahd 1 Qwd Jd Qwd z oo? 7T

~|O

00 B i owdd a9 owd  OED O (3.15)
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Exploiting equabn 3.13 one can compute what Isetgeometrical dependenaithe deviceon
their matching performangéhe more explicit calculatianto get to equation 3.16 goeesent in

appendix C

o Q . .
Yo — QO (3.16)

Two terms result from the computation: the teetated to local statistical fluctuations follows

an inverse dependence on the device active area, while the term related to process gradients follow
a direct squared dependence on the devices relative adisfEme following coefficients are

usually extractedfrom experimentamismatchcharacterizatiorover a large number osilicon

dies, consideringdifferent deviceareas andelative distance Examining the specific cas#

spatial fluctuations of the thshold voltage valuenve get to equation 3.17.

o b - (3.17)

Since the second term is specifiitthe circuit layout andeometryit is difficult to compute and

is moreover not present in theemployed technology model libraries. The technolog
manufacturemerelyprovides a set of layout rules for optimal device matching for the simplest
structures. For more complex structures the designer must restore to specific layout strategies that

cancel out layoutlependent contributions, depending be tequired matchinggpformance.
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3.2.3Matching considerations on complex layoutstructures

The theoreticainodelhighlighted in paragraph 3.2.2 is highly effective in predicting the matching
performance of devices for simp#tructures. Anyhow, little informationis available on the
matching performance of more complex layout striestusuch athe oneimplemented in the
circuit object of the discussioifhis makest impractical to givean accurateestimation of the
layout dependent mismatatrror, because of thmathematical complexity and the lack of
modeling in theavailabletechnology libraries. Anyhow, in [5] some experimental matching
measurements on complex layout stuweshave been carried out standard 0.7 un€MOS
technology allowing us todraw someguidelines onthe new version of the circuit layout,
discussed in the next chapter, and understandrhoehthe matching performaecan really
depart from the inversgevice area law presented #.[

In figure 3.27, transistor pirs with different layout structures are comparkx increasd active
channel areasn terms of threshold voltage mismatdhshowshow only a common centroid
structure can perfectly cancel out layout dependent mismatch sources aagpr@dimate th
area dependence. On the other hdmdyer structurs, asthe one implemented iour casecan

degrade the matching performance up to 5 tirfes |

81



Analysis of experimerigal resul

Chapter 3
3
2
>
> R
2 2.5
[+]
2?2 -
L5
] -
0.5 +
0 1 1 1 1 1 1
0.06 0.08 0.1 0.12 0.14 0.16
IN(WL) [1/um]

Figure 3.27: )7-n—4 jcharacterization for different layout stiles - from B. J. et al (1996)Matching of
MOS Transistors with Different Layout Styles
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Figure 3.28: Transistor layout styles. (a) finger (b) interdigitated finger (c) quad. (d) interdigitated
waffle i from B. J. et al (1996). Matching of MOS Transistors with Different Layout Styles
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Thelatter consideration, backed by experimental measurentamgxplain why the most severe
worsening in performance experienced fo ¢ Q'Q T p Tdue to the layoutomplexity,
current miror 1, that featureand irregular fingestructureover a larger region of the dighows
a significant layout dependent mismatch contribution ,whilgrent mirror2 is smaller and

featuresa much simpler structure.

i

G

Figure 3.29: layout view for current mirror 1 andcurrent mirror 2in the GDR module
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CHAPTER

Altair ASIC Designoptimization

In this chapter, the design processanfoptimzedversion of the Altair ASIC featuring a GDR
stageis presented. The ASIC analog chain has been reworked both at design and laytut level
improve the performance in terms of linearity and voltage mzadr. The design has been
validated through circtiisimulation.Ultimately, more advanced layout tedtueshave been

implemented and validateging Physical Verification tools.
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4.1 Considerations on the previous design

Apart from layout, the tested@dDR implementation allows space fionprovements also at design
level. More precisely, the bias pointdathe signal range of the circuit cha adjustedo reduce

the sensitivity tathreshold voltage mismatch

In chapter 3, it has been highlighted how the dispersion of the outputipaakse severe for

longer peaking times. This evidence is easilyaatedwith the input signal swing:wk to the

filtering action of thefirst shaping cell, the pulse amplitude at the GDR input node is inversely
proportional to the shaping time congtan order toadjust the output dynamidltair already

features an equalizer to compensate for the amplitude loss, although this stage is inserted after the
GDR circut. Because of this, in case of lomgeeaking times, the signal dstorted more by #

GDR circuit ands lateramplified together with itaon- linear contributions. Inserting the peaking

time equalizer before the GDR thereforemandatory to reduce the ndinear contributions to

the signal.
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Figure 4.1: Simulated signaltransient at GDR input node for different pe&king times
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—  1%SHAPERCELL > GDR Y  TIME 2"SHAPER CEtDC
EQUALIZER STABILIZER

Lﬁn (3:0]

Figure 4.2 Block diagram of the signal chain

Another aspect that requires special attention is the DC biasing of theistéiggecase of the

circuit uncer scrtiny, the input DC current isimensioned tkeep an extremellow power
consumption, for better powdudget management in a éseen multichannel application
HowevertheGDR signal paths almostswitchedoff when no signal iapplied andits ransistors

reach a complete channel inversiomly when an event is processed. Such a low DC current
means that the transistors are all working in weak inversion, in this region of operation the output
current is very sensitive to the overdrive voltage tude exponential geendence, as shown in
equatiord.1describing the BSIM 3.2.2V characteristic in weak inversion

@ Wo Wyo G o0 Woi
Qe G—Qouhr————FXm Aob —
Qi Gy . P O (4.1)
"O h :technology parameters
0 : thermal voltage
DC input range 30nA +500nA
Signaldynamic OA +5uA
Vov,cm1 -42 mV (@30nA)

Table 4.1: DC and signal input ranges
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As it was detailed in table 3.4, the current mirroring error is greatlgemad in weak inversion
Because of this, some precautionary measures must be employed to assure a lower error
sensitivity. Two actions must be made at design level to improve the current mirror biasing,
allowing the transistors to work at a higher degseaversion: increasi the DC current and
designing current mirrors with higher current per unity afegperform the latter task, the aspect

ratio of each ofthe current mirror inpuMOSFETs, which sets the overdrive voltage, must be

made as small aspsible.

88



Chapter 4 Altair ASIC designoptimization

4.2 Design

The overall analog chathesignhas beemeworked both at system and at transistor level. Having
inserted the peaking time equalizer upstream, navsignal swing at the GDR input node is

approximateljthe samedr all peaking time

Wel2:0]
//
< < <
PEAKING nd
—  IMSHAPERCELL »  TIME > GDR z Sg¢Z§E|§;DC
EQUALIZER

'L)m (3:0]

Figure 4.3 Reworked analog processing blocks iAltair V1.7

4.2.1 Schematic

The complete circuit schematic of the netaige is presented in figue4. The stage main

building blocksare highlighed the DC current basier, the peaking time equalizand the GDR.

All multi-output current mirrors are implemented employing a standgetransistoy combined

in parallelor series configuration to synthetize the required aspect fiiie allows a more

regularcircuit layout on the silicon die. The DC current boosémplemented by means of an

NMOS transistor biased with a voltage reference already available by the architecture and it is
driven by BPT2 t o ¢ omp edks hlOescoupheewitBuCenable pitut r an
directly connected to an output pad.

89



Altair ASIC designoptimization

Chapter 4

Qe

Figure 4.4: Schematic of thenew processing blockm DC current booster®m Peaking time equalizer

m GDR
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Figure 4.5: Digital logic with truth table

The analog section is coupledthva combinatorial logic block that drives the MOSFET switches
by means of a 4 bits digital buBhe truth table describing the logic functiasgresented in

figure 4.5. The overall aspect ratio of all devidsgeported in tabld.2and4.3.
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MOSFET Wi/L # finger MOSFET Wi/L #finger
2D 0.8 4 3D 1 5
2A 0.4 2 3A0 1 5
2A; 3.2 16 3A. 1 5
2A; 16 8 3A; 1 5
2A; 0.8 4 3A; 0.5 4
4D 2 10 3A4 0.4 2
4A, 0.2 1 3As 0.3 3
4A; 0.4 2 3As 0.2 1
4A; 0.6 3 3A; 0.1 2

Table 4.2 Aspect ratio of all MOSFETs employed inmulti -output current mirrors

utilizing a standard finger size 0.6 um x 3 um

MOSFET WXL

1D, 1A 1.8umx 1pum
5D, 5A 5umx5pum

6D, 6A 1.8 pmx 1 pm
Switches 0.4 pm x 0.35 pm
B 0.4pm x13.5pm

Table 4.3 Dimensionsof the remaining MOSFETSs
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4.2.2 Validation

The newcircuital implementatioas beethoroughlyvalidated and characterized througjfcuit
simulation The main performance figurese thestatistical dispersiodue to device mismatch

systematt mirroring errors andystenlinearity across the energy range

As a first step,itesystem responder all GDR synthetized gaivaluesis simulatedThe ystem
has been stimulateslith a specific set of inputthat are reported itable 4.4. The Vies: Signal is
scaled depending on the simulated colbg,ts corresponding gaimalue This is done to mimic
the real operating conditiore$ the circuit,where tle GDRfunctionality is tocompensate for a
gain error in the acquisition chdiy selectinghie adequate cod€he resuls are shown in figure
4.5 where the outpudingleendedvoltage transiestare plotted Computing the output voltage

peaks of alivaveformsthe residuatelativedispersion of the voltage peaks is of 2.26%

code Viest((MV) | code | Viest (MV)
0000 85 1000| 37.5
0001 75 1001 | 35.3
0010 66.66 1010 33.33
0011 60 1011| 31.58
0100 54.54 1100| 30

0101 50 1101 | 27.27
0110 42.86 1110| 26.09
0111 40 1111 25

Table 4.4 Test stimuli for the output waveforms shown in figure 38
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Figure 4.5 Transient output voltages (single ended) for all GDR codes and corresponding test

inputs

The differential output voltage peaks are alslmownas a function of the GDR cogdfr a fixed
Viestamplitude.The Vouwpeak | GDR code characteristis plotted for all selectable peaking time
to validatethe compensation provided by thmeaking time equalizerThe maxinal relative

dispersion of the output peaks in relation to the selected peakingstiess thard%.
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Figure 4.6 Output transient (single ended)or all peaking times, Viest= 60 mV
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A further step is the evaluation of the statistical dispersion introduced by tRec(Btit itself

More specificallythe interest is in knowing which portion of the productiond/mlaantes that

the Gain vsGDR code characteristic is monotonic. For this purpose, Monte Carlo simulations

the output voltage peakse run foreverycode and reported as boxplots\Wétpeaki GDR code

characteristicThe simulations guarantéleat the monotonicityis preservedor all GDR codes

for at leastall samples falling witim the interquartile rangeorrespoding approximatelyto 10.

The results are shown in figue8 and 49, respectively fort

pBO W

p matiand t

] 25%~75%
T Range within 1.51QR
— Median Line
o Mean
<+ Outliers

oof

03| . S ERO a
+¥%¥  me=100ms
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Figure 4.8 Voltage peak dispersiorfor every code atW__ 1 g

= Ydifferential signal)
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Figure 4.9 Voltage peak dispersion for every code afy _.g 8 H Wdifferential signal)

Anothersource ofdeterministicerror for the output peak amplitudestems fromthe unavoidabldoss of
signalin reading the cuent coming out from the GDR summing notferred to as node A in figureld.
This effect isdue to the channel length modulation effect of the output transcstosgng the signalThis
error isalsocodedependent, since the loaden at node A chgesdepending orthe configuration bits.
Because of the finite resistance in paralligh each output MOSFET, when reading thsulting signal by

means of transistor 5@&small percentage of ii$ lost through currergartition
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Figure 4.1Q Closeup of the new GDR circuit
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Figure 4.11 Small signal modelsummarizing the schematic in figure 43
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In order to evaluate theercentagdoss of sigal amplitudegiven by each output traistor, the
error is evaluated witkequationd.1, where Gis the nominal current gain of the single output

transistor.

Oy 000
— o030, P (4.7

The current values atmmputedperforming a DC simulation for each GDR code. The results are

presented in figurd.12 the DC mirroring error is kept undé¥o for all possilé load conditions.

3A,
3A4
3A,
3A4
3A,
3A4
3Aq
3A,
4A,
4A,
4A,

OX+00%EP*ON

Error (%)

0000 0001 0010 0011 0100 0101 0110 0111 1000 1001 1010 1011 1100 1101 1110 1111
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Figure 4.12 DC mirroring error for each output transistor delivering signal to node A
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Even thougtthe signal swing isip to 10 times highghanthe DC circuit bias currents, this error
remains constdrwith the signal amplitudand thusdoes not introduce a ndimearity. Figure
4.11 shows the small signal model of the portion of the circuit repantdyure 4.10, which
describes the load condition at node For the purpaes of the computatiorthe snall signal
parametes dependence on the bias conditions have been highligiwatliating thesignalerror
introducedconsidering bannel modulation effectgt,can be found that the erri& independent

on the input currenasshown in equation 4.2 dm.3.

P (4.2

P
¢ 2o op Bos 43

This theoretical demonstration is also confirnpdokting the Vou T Ein characteristiausingthe
simulation tool As shown in figure 413, besides the obvious saturation of the output voltage, the
curves shownegligiblelinearity error, which willnotbe reportedThis is true onlywhendevice
mismatch is not accounted faincethe simulatohas employethe deviceparanetes nominal
values.This is a furtherconfirmation thatthe overall frortend norlinearity stens from the
matching performance of the current mirrors employed in the chaipinpointed in chapter 3

when discussing the possible causes for a worsémitng systenmontlinearity.
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Figure 4.13 Voutpeak | Ein characteristic for all GDR codes.

To better asses the latter statemant thus confirming that a threshold voltage mismedcibe
a source of nodinearity, a 100 iteratiors Monte Carlo sampling of the sameueak I Ein
characteristic has been simulated, taking into account the statistical dispersitatcaing

parameter@n current mirror 3 and &efer to the circuit schematic in figuded). The results are
shown in figure4.14and4.15, respectivelyfor G =1 and G = 2.2.
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Figure 4.14 100 iterationsMonte Carlo of the Voutpeak T Ein for G=0.7

Figure 4.15 100 iterations Monte Carlo ofthe VoutpeakT Ein for G=2.2
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