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ABSTRACT 

 

 

This thesis dissertation reflects the research activity carried out from October 2019 to July 2020 

at the Semiconductor Devices and Integrated Circuits Laboratory of Politecnico di Milano in 

Como. The main objective of the work was to experimentally test a newly introduced gain 

dispersion reduction module inside a research-grade high resolution read-out ASIC (Application 

Specific Integrated Circuit) for X and  ɔ ray CdZnTe/CdTe detectors, called ALTAIR , fabricated 

in AMS CMOS 0.35 ɛm technology.  

 

The gain dispersion reduction name stands for a module capable of finely tuning the gain of the 

analog read-out chain to compensate for unavoidable dispersions related to CMOS process 

variability. Gain dispersion of readout channels as large as 50% can be easily 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 electronics of radiation detectors for X-ray space telescopes 

constituted by tens of thousands of channels. Although a compensation of gain dispersion can be 

done, also off-line, on the output digital data, this does not avoid an oversizing of the ASIC output 

dynamic range to avoid signal saturation, together with a significant resolution loss in the analog-

to-digital conversion. Large multi-channel read-out systems would benefit from the ability to 

equalize the gain of all channels to approximately the same value by directly acting on the analog 

section of the signal processor. A test chip featuring  the first prototype of the GDR module was 

designed in a previous thesis work and was available at the beginning of this thesis for a first 

characterization All phases of the characterization process have been carried out: from the design 

and implementation of the printed circuit board for testing, to the analysis and justification of 

experimental data. The chip characterization was performed in standalone mode, i.e. without 

mounting a detector but exploiting an available input test signal. Once the assessment of the 

module performance was completed, a new design iteration of the module was deemed necessary 

due to some unsatisfactory performance in terms of dispersion and linearity, uncovered during 

the experimental characterization, originating from layout-dependent device mismatch that were 

not predicted by simulation data. The cause for these encountered critical aspects has been 

pinpointed after a deep analysis of experimental evidence, coupled with an extensive study in 

open scientific literature, serving as the backbone of the proposed hypothesis. The optimization 
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of the module is made both at design and at layout level, utilizing Cadence Virtuoso ADE Product 

Suite, to improve its performance in terms of linearity and device matching. The new IC 

implementation process was followed until tape-out, after which the project was sent out for 

fabrication and future testing.  

 

 

The work is presented in four main chapter: 

 

Chapter 1: to provide context to the reader, the main building blocks of the chip under test have 

been briefly explained and analyzed. After that, the main source for gain variability in the analog 

chain are theoretically discussed. The gain dispersion reduction concept is then presented and 

explored theoretically. 

 

Chapter 2: the printed circuit board design process is described from schematic to fabrication. 

The experimental setup used during the characterization process is also highlighted. 

 

Chapter 3: the most significant results of the characterization process are reported and discussed 

in detail. A hypothesis that explains the experimental evidence is formulated and backed both by 

theoretical and experimental information found in open scientific literature. The unexpected 

worsening in performance is believed to stem form a layout dependent worsening of the 

MOSFETs matching performance, not predicted by the available model libraries.  

 

Chapter 4: the design, validation and circuit layout phases of the new design iteration are 

described. Some theoretical background on how to improve layout dependent matching 

performance is also presented as complementary information to justify the design choices made. 
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                                            PREFAZIONE 

 

Questa Tesi è il risultato dellôattivit¨ di ricerca condotta da ottobre 2019 a luglio 2020 al 

laboratorio di Dispositivi a Semiconduttore e Circuiti Integrati del Politecnico di Milano a Como. 

Il principale obbiettivo del lavoro è stato quello di testare sperimentalmente un modulo per la 

riduzione della dispersione di guadagno, compreso in un ASIC da ricerca ad alta risoluzione per 

rivelatori CdZnTe/CdTe per raggi X e ɔ, denominato ALTAIR , fabbricato in tecnologia AMS 0.35 

ɛm CMOS. 

 

La denominazione riduzione della dispersione di guadagno si riferisce ad un modulo capace di 

calibrare finemente il guadagno della catena di lettura analogica per ridurre la sua inevitabile 

dispersione statistica, dovuta alla variabilità di processo presente nelle tecnologie CMOS. 

Dispersioni di guadagno fino al 50% posso essere riscontrati sullo stesso chip o su chip differenti. 

Questo può essere fonte di problemi in sistemi di ampio formato, come ad esempio lôelettronica 

di lettura di rivelatori di radiazione per telescopi spaziali a raggi X costituiti da decine di migliaia 

di canali. Anche se una compensazione della dispersione di canale può essere fatta numericamente 

sul dato digitale, questo non evita un necessario sovradimensionamento del range dinamico di 

uscita dellôASIC per evitare la saturazione del segnale, assieme ad una perdita di risoluzione 

significativa nella conversione analogico-digitale. Grandi sistemi multicanale beneficerebbero 

dallôabilità di equalizzare il guadagno di tutti i canali a circa lo stesso valore, agendo direttamente 

sulla sezione analogica del processore di segnale. Un chip di test con un primo prototipo del 

modulo GDR è stato progettato in un precedente lavoro di tesi ed era disponibile allôinizio 

dellôattività di tesi per una prima caratterizzazione. Tutte le fasi del processo di caratterizzazione 

sono state condotte: dalla progettazione e implementazione del circuito stampato per condurre i 

test, allôanalisi e giustificazione dei dati sperimentali. La caratterizzazione del circuito integrato 

è stata condotta in modalità standalone, senza montare un rivelatore ma sfruttando lôapposito 

segnale di test. Una volta completata la valutazione delle prestazioni del modulo, si è ritenuto di 

condurre una nuova iterazione di progetto, a causa di alcune prestazioni non soddisfacenti in 

termini di dispersione e linearità, riscontrate durante la caratterizzazione sperimentale, originatesi 

da fonti di mismatch legate al layout circuitale non predette dai dati di simulazione. Dopo una 

profonda analisi delle evidenze sperimentali, accoppiata ad un estensivo studio della letteratura 

scientifica disponibile per meglio supportare la tesi proposta, la causa responsabile delle criticità 
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riscontrate è stata individuata. Lôottimizzazione del modulo ¯ stata condotta sia a livello 

progettuale che a livello di layout circuitale, utilizzando il software Cadence Virtuoso ADE 

Product Suite, per migliorare le sue prestazioni in termini di linearità e matching dei dispositivi. 

La nuova implementazione è stata portata a termine in tutte le sue fasi, dopo le quali il progetto è 

stato mandato in fabbricazione per future attività sperimentali. 

 

 

Lôelaborato si presenta in quattro capitoli principali: 

 

Capitolo 1: per fornire contesto al lettore, i principali blocchi costituenti il circuito da testare sono 

stati brevemente spiegati e analizzati. Dopo di che, le principali fonti responsabili per una 

dispersione di guadagno nella catena analogica sono discussi teoricamente. Il concetto di 

riduzione della dispersione di guadagno è infine presentato ed esplorato in ambito teorico.  

 

Capitolo 2: il processo di progettazione della scheda a circuiti stampati è descritto, dallo 

schematico fino alla sua fabbricazione. Il setup sperimentale usato durante il processo di 

caratterizzazione è infine riportato. 

 

Capitolo 3: I risultati più significativi del processo di caratterizzazione sono riportati e discussi 

in dettaglio. Unôipotesi che spiega lôevidenza sperimentale è formulata e sostenuta da 

informazioni sia teoriche che sperimentali ricavate dalla letteratura scientifica. Lôinaspettato 

peggioramento delle prestazioni è ritenuto originarsi da un peggioramento, legato al layout, delle 

prestazioni di matching dei MOSFET, non modellizzata dalle librerie di simulazione disponibili.  

 

Capitolo 4: le fasi di progettazione, validazione e layout circuitale della nuova iterazione sono 

riportate. Qualche informazione di contesto su come migliorare il layout circuitale in termini di 

matching è fornita, come complementare alle scelte di progetto attuate. 
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 CHAPTER 1 

Altair IC overview and Gain Dispersion 

Reduction stage  

 

The first chapter centers on the more theoretical efforts of the thesis project. The circuit object of 

the characterization is part of the mixed-signal Altair readout IC developed by the SDIC lab of 

Politecnico di Milano. An overview of the system is presented to provide context, with special 

focus given to the analog section. Furthermore, some original contributions and digressions are 

added to deepen the discussion: a small signal analysis of the loop gain of the Charge Sensitive 

Amplifier coupled with a Pole-Zero compensation network employing the full time constant 

method [2], and an analytical derivation of the main sources of statistical variability in each stage 

small signal transfer function. The focus is later shifted to the principle of operation of the gain 

dispersion reduction concept, which has been explored and tested theoretically in the MATLAB 

environment, and its circuital implementation inside the ASIC.  
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1.1 Altair  overview 

 

 

Altair is a mixed-signal ASIC designed to read out and process electrical signals from an array of 

CdZnTe/CdTe detectors, accepting negative charge pulses from the detector anode. It features 

selectable gains, adjusting to the energy range of the incoming radiation, and an analog pulse 

processing with selectable peaking time. In table 1.1 is reported an example of basic 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/cm2 

 

Table 1.1: example of a target detector specifications 

 

 

A single channel chip, featuring the Altair architecture, with the addition of the GDR analog 

processor has been fabricated for testing purposes, a system overview in presented in figure 1.2. 

The system functional blocks are divided in three main areas: analog front-end, voltage references 

and digital logic. The analog front-end includes a Charge Sensitive Preamplifier (CSA), a Pole-

Zero compensation network, two shaping cells and the GDR circuit. After the analog processing, 

the signal can be delivered directly to the output or fed to a peak stretcher for stable amplitude 

acquisition by an external ADC. The off-chip load driving is performed in differential mode by 

two unity gain buffers. The digital section allows configuration of the analog and mixed-signal 

blocks and communication with external circuitry. A dedicated block for pile up rejection is also 

present. 
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The discussion centers around the analog section of the ASIC. A summary schematic of the front-

end describes more precisely the analog processing taking place when a radiation event is sensed 

by the detector. At the CSA output, a voltage step is produced in response to an event. Through 

the Pole-Zero compensation network a current pulse proportional to IDET is injected in the first 

shaping cell, which features a single dominant pole transfer function. The amplitude of the signal 

is finely tuned by means of the GDR module, before it is filtered and converted to voltage in the 

second shaper cell. The output baseline is stabilized by means of a low frequency feedback loop.  
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Figure 1.1: Analog processing in the Altair ASIC 
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Figure 1.2: System overview of the Altair single channel Test chip 
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 The Charge Sensitive Amplifier   

 

The Charge Sensitive Amplifier (CSA) is implemented by means of an active integrator with 

continuous reset. The operational amplifier is comprised of a folded differential pair gain stage 

followed by a source follower to drive the output node. The closed-loop gain is selectable 

depending on the energy range through single PMOS switches, thus exploiting the full output 

swing of the operational amplifier for all regions of operation. The capacitance CM is also selected 

accordingly by the same configuration bits to guarantee an acceptable phase-margin in all modes 

of operation. 

 

 

 

 

Fig 1.3: Altair CSA schematic 
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Energy Range BR1 BR2 Feedback capacitance Cf Compensation capacitance CC 

0 (up to 90 keV) 0 0 Cf,0 = 16 fF CM,1 = 80 fF 

1 (up to 160 keV) 0 1 Cf,0 + Cf,1 = 28.4 fF CM,1 + CM,2 = 115 fF 

2 (up to 300 keV) 1 1 Cf,0 + Cf,1 + Cf,2 = 53.4 fF CM,1 + CM,2 + CM,3 = 200 fF 

 

Table 1.2: Capacitive values in all energy ranges 

 

 

The current balance at node B sets the bias conditions for the differential stage. Vrefbias sets the 

current in the N1-N2 branch whilst the current on R2 is set by Vrefcasc-VgsN1. 
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Figure 1.4: Bias conditions for the core amplifier differentia l input pair  (r on models the channel 

resistance of the enable switch) 
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 Pole-Zero compensation  

After the CSA has produced a voltage step at its output in response to an incoming event, it 

discharges with a time constant set by the feedback capacitor and the parallel PMOS transistor. 

To get rid of this unwanted slow discharge, an additional CR network introduces a zero to cancel 

out the pole introduced by the CSA. The overall small signal transfer function of the schematic 

in figure 1.5 is presented in equation 1.2. If the two-time constants are precisely the same, the 

output current pulse, whose frequency content is higher than the transfer function singularities, is 

simply proportional to the ratio of capacitors Cz amd Cf. 
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Figure 1.5: Schematic of the CSA with a Pole-Zero cancellation network 
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The resistances present in equation 1.2 are approximated linearizing the MOSFET ID-VGS 

characteristic around the circuit quiescent point. Even though the working point might change 

considerably when incoming signals are processed by the CSA, Mf and Mz self-compensate and 

their transconductance ratio remains constant. This happens because they are always biased with 

the same VGS value whatever is the voltage at the Vout,CSA node, as was introduced in [1]. 
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 CSA+PZ: stability analysis and frequency response   

 

This paragraph presents a small digression from the main objective of the work, providing a 

detailed small signal analysis of the CSA block with Pole-Zero compensation network. An 

analytical expression of the loop gain of the CSA+PZ circuit is presented without making 

approximations on the gain, bandwidth, and output resistance of the core amplifier.  

 

 

ὅὓ Ὑὓ 
Ὣάὖ1ϽὺὪ Ὣάὔ3Ͻὺὃ 

 

ὺὃ 

ὙὪ 

ὅὪ ὅὥὲέὨὩ 

Ὑᾀ/ /Ὑέόὸ 

ὺὪ 

ὅᾀ 

 

Figure 1.6: Small signal model  

 

From a comparison of the small signal model shown in figure 1.6 and the CSA core amplifier 

schematic present in figure 1.3, the following expression for the loop gain is found1.  
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(1.5) 

 
1 It is noted how the second polynomial at the denominator must be of the second order, due to the system 

having only 1+2 degrees of liberty, i.e. three capacitors in a KVL loop. 
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Following the method highlighted in [2], and under the safe assumption that  Ὑ
ȟ
 , the 

time constants are computed as follows. 
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The second order polynomial is solved through approximative methods to give an estimate of the 

remaining two poles. The expressions are further simplified to give an easy to manage analytical 

dependence on the design parameters. 
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The model is validated performing a stability analysis in Cadence Virtuoso ADE (energy range 

0, Ileakage = 100 pA) and computing an estimation of the circuit singularities from the small signal 

parameters extracted in DC simulation, together with the capacitance values, reported in table 1.3. 
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Parameter value 

ὅ  150 fF 

ὶȟ 6.48 GÝ 

Ὣ ȟ 2.257 nS 

Ὣ ȟ 6.771 nS 

Ὑ  12 kÝ 

 

Table 1.3: small signal parameter extracted from DC simulation  

 

 

 

 

Figure 1.8: Simulated Bode plot of Gloop2 

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

order for the simulation results to be reliable, the simulation parameter gmin must be set lower than 1 fS 
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 1st Shaping cell  

 

The first shaping cell consists of a core operational amplifier, like the one found in the CSA cell, 

providing also a signal ground to fix the operating point of the Pole-Zero compensation stage, and 

an RC feedback loop. The stage implements a single pole transfer function and delivers the signal 

to the output in current mode. In order to implement a reliable large value resistance, the widely 

used principle of current demagnification by means of current mirrors is utilized. The time 

constant of the feedback loop, which sets the peaking time of the overall processed pulse, can be 

changed selecting the value of the capacitor bank Cf. The capacitor bank Cc is also adjusted to 

provide a good loop phase margin is all condition of operations.  
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Figure 1.9: 1st shaping cell detailed schematic  
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 2nd Shaping cell  

 

The second shaper cell, as reported in figure 1.10 and 1.11, performs an additional single pole 

filtering, utilizing the same concept of current demagnification [3], and a current to voltage 

conversion of the input signal. The input current DC contributions are canceled out by a current 

mode AC coupler. The output voltage baseline is kept stable by a low frequency feedback loop, 

commonly referred to as DC stabilizer. Through small signal circuit analysis, the overall stage 

transfer function is found as in equation 1.11.  
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(1.11) 

 

 

 Ὃ ȟ ὃὋ Ὑ Ὣ ȟ  (1.12) 
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Figure 1.10: 2nd shaping cell small signal model 
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Figure 1.11: 2nd shaping detailed schematic  
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1.2 Main source of gain dispersion  

All analog integrated electronics are unavoidably affected by process variability. In particular, the 

charge to voltage gain in sensor readout ASICs is directly dependent on matching and process 

variability of integrated devices and can considerably depart from its nominal expected value. 

This is an important limiting factor, especially in large multi-channel systems. The scope of this 

paragraph is to give an overview of the circuit components that mostly affect the charge to voltage 

gain and other relevant performance for each analog processing block. The analysis is carried out 

from small signal linear models of the circuits described in paragraph 1.1. 

 

 

 Variability in CSA  with Pole-Zero compensation   

 

The circuit transfer function was already given in equation 1.2. The delta response of the circuit 

to a current pulse of amplitude ὗὭὲ in the time domain is computed as the inverse Laplace 

transform of the circuit transfer function. 
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From equation 1.13, it is deduced that, when the time constant introduced by the CSA feedback 

and the Pole-Zero compensation network are not perfectly matched, a non-ideality appears in the 

form of a slow exponential decay of time constant † ὅὙ. Anyhow the amplitude contribution 

of this exponential pulse will be considered negligible, under the safe assumption that ὅὙ

ὅὙ. 

 

The ideal gain, in terms of input and output charge, depends therefore on the ratio between the 

two capacitances. 
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(1.14) 

 



Chapter 1                                                                       Altair ASIC overview and Gain Dispersion Reduction 

 

25 

 

 

 

Computing the relative variation of the charge gain with respect to a variation in the capacitance 

values, it is shown how they are both equally contributing. 
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(1.15) 

 

 

Under the hypothesis that the device dispersion is modelled with a normal distribution, the relative 

variance of the charge gain is simply computed by the sum of the relative variances describing 

the statistical dispersion of the single capacitor.  
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(1.16) 

 

 

According to the Pelgrom Model [4], which will be discussed later, the variance contributions are 

proportional to the inverse of the capacitors area. Ac is a technology characterization parameter 

describing the matching performance of two identically designed device positioned in close 

proximity. 
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(1.17) 
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 Variability in the 1st shaping cell  

 

 

ὍὭὲ 

Ὅέόὸ 

ὅ 

Ὑ 

1 

 

Figure 1.12: Simplified schematic of the 1st shaping cell 

 

 

 

Considering an ideal operational amplifier and performing circuital analysis in the Laplace 

domain the transfer function of the first shaper cell is derived. 
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(1.18) 
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 (1.19) 

 

The response to a delta-like current pulse of area ὗ  is computed as the inverse Laplace 

Transform of the circuit transfer function. 
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(1.20) 

 

 

 

The overall charge gain of the stage is computed as the integral of the delta response since it is 

the physical quantity proportional to the radiation energy of the processed event. 
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(1.21) 

 

 

Computing the relative variation of the gain with respect to circuit parameters, with the same 

procedure highlighted in paragraph 1.2.1. 
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(1.22) 

 

It is concluded that the dispersion of the charge gain of the first shaping cell is mainly related to 

the matching performance of transistor M1 and M2. 
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 Variability in the 2 nd shaping cell  

 

The transfer function of the 2nd shaping cell has been already outlined in equation 1.11, 

considering ί  it can be simplified to equation 1.23. 

 

 

 
Ὕί  

Ὑ

ρ ί†
 

(1.23) 

 

 

To better fit the analysis to the specific of our implementation, the response to an exponential 

stimulus is computed, since the two shaping cells are cascaded to produce the output signal. 

Ideally, the two-time constants should coincide, but since we are analyzing the variability 

contributions, they will be considered different  

 

Computing the system response to an exponential decay of time constant Ű1, the expression in 

equation 1.24 is obtained. 
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(1.24) 

 

 

Instead of the integral now we are interested in the voltage peak value, since it is the quantity 

bearing the energy information of the incoming event. The following approximated expressions 

have been computed following the strategy detailed in appendix A. 

 

 

 ὸ ḙ† (1.25) 
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It is highlighted how the peaking time of the system mainly depends on the time constant of the 

shaping cell and that the main contribution in the charge to voltage conversion is the statistical 

dispersion of the R-lens block. 

 

Using the same method previously highlighted to evaluate the stage gain statistical spread, we 

obtain the variability of the gain in equation 1.28. The variability of the overall processing chain 

peaking time is also given in equation 1.27 as it is an important figure related to other system 

performance, as for example the equivalent noise charge.  
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(1.27) 
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(1.28) 

 

 

It is concluded that both the peaking time and the stage gain depend on the matching performance 

of MOSFETs as well as by process variability of the physical capacitors and resistors 

implemented.  
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1.3 Gain Dispersion Reduction   

 Principle of operation  

The purpose of the Gain Dispersion Reduction stage is to provide an additional variable 

amplification, or attenuation, of the signal selectable by means of configuration bits. The gain 

value GGDR is intended to be changed by a control system to compensate for unavoidable 

variations of the single channel gain in large format systems, so that the product of the two 

quantities is ideally constant from channel to channel or from chip to chip. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Ὃ Ὃ Ὃ  

 

 (1.30) 

 

 

From 1.30, where Gnom is the nominal channel gain not accounting for process variability and 

Gchannel is the real measured gain, it is concluded that GGDR must have a hyperbolic dependence on 

Gchannel for an effective compensation. 

In order to reproduce this behavior, the curve GGDR - Gchannel is discretized in an arbitrary number 

of steps centered on the neighborhood of the point   Gchannel/Gnom = 1. 

 

 

Gchannel 

 

GGDR 

Figure 1.13: Gain Dispersion Reduction Concept diagram 
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Figure 1.14: Discretization of the GGDR - Gchannel curve 

 

The discretization of the curve is performed first by selecting the region of interest, as shown in 

figure 1.14. The choice is made based on the gain statistical distribution of the target multi-

channel system. The nominal gain value is defined as the mean value of the distribution, the region 

of interest is the defined as a multiple of the standard deviation of the input distribution. 

 

 

 

 Ὃ А 
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(1.31) 

 

   

(1.32) 

 

 

The number of levels ὲ is chosen depending on the wanted dispersion reduction, in principle the 

greater the number of levels the better is the gain dispersion reduction. However, several limiting 

factors in the choice of ὲ related to the circuital implementation must be considered as trade-offs. 

In this paragraph, a theoretical study made in the MATLAB environment aims at showing the 

principle of operation on realistic statistical dispersion, while also assessing what is the optimal 

choice in terms of number of levels and region of interest to better reduce the standard deviation 

of the input distribution.  
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Considering a generic statistical distribution D(X), where X is random variable describing the 

gain variations in a multi-channel system. Denoting as ὼ  the fixed length between adjacent 

levels of the discretized hyperbolic curve, every sample of the input distribution ὼ is multiplied 

by the gain value Ὃ Ὥὼ , previously denoted as level, that minimize the distance            

ȿὼ Ὥὼ ȿ. If this transformation is made for all sample, a new narrower distribution is 

generated. A possible algorithm to perform this task is described by the following pseudo-code. 

 

 

 computeLevels (k, n, ů, µ) 

{  

ROI_min = µ - k* ů; 

x_step = 2*k* ů / n; 

for (int i, 0 Ò i Ò n+1 ) 

   {  

     levels[i,x] = µ / ( ROI_min + i*x_step ); 

     levels[i,y] = ( ROI_min + i*x_step); 

    }  

Return levels 

}  

 

First, the function computeLevels selects the region of interest depending on the properties of the 

input distribution and the number of levels that can be synthetized in a given implementation, 

returning an array containing the x-y coordinates of the discrete hyperbole.   
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computeDistribution (D, levels) 

{  

for (int i, 0 Ò i Ò length(D)) 

   {  

   for (int j, 0 Ò j Ò length(levels) ) 

      {  

       diffMatrix [j,i] = abs(D[j]-levels[i]) 

      }  

if (diffMatrix [j,i] == min(diffMatrix [j,i ]) ) 

{  

Dnew(j) =D(j)*levels(i) 

}  

Return Dnew 

}  

 

The distance between all samples of the input distribution and the hyperbolic levels is computed 

and stored in the difference Matrix. Then, each sample of the input distribution D(X) is scanned 

to determine what is its closest level, which is then multiplied by the sample itself. After this 

transformation, the new distribution features a reduction is the overall standard deviation. This 

algorithm has been implemented in the MATLAB environment, and fully documented in 

appendix B. In figure 1.15, the effect of this transformation is shown utilizing the statistical spread 

of Altair without GDR, extrapolated from a Monte Carlo simulation, for a region of interest of 3ů 

and 16 levels. 
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Figure 1.14: Gain statistical dispersion without the GDR module  

 

 

 

 

 

Figure 1.15: Gain statistical dispersion after a numerically implemented GDR module   



Chapter 1                                                                       Altair ASIC overview and Gain Dispersion Reduction 

 

35 

 

 

 

Figure 1.16 shows the improvement in the distribution standard deviation, utilizing the described 

algorithm, as a function of the region of interest. It is concluded that, while as the number of levels 

increase the standard deviation is always improved, an optimal region of interest that minimize 

the standard deviation exists at around 1.5 ů.  

 

 

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

levels  
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 GDR circuit  implementation 

The Gain Dispersion reduction concept is implemented in the analog acquisition chain as a set of 

selectable multi-output current mirrors. In figure 1.17 a basic circuit schematic is presented: the 

combinatorial logic block drives the switches that connect each mirror output to the common 

summing node. In this way, a selectable linear amplification of the signal is achieved in current 

mode, thus avoiding high impedance nodes that could affect the frequency response of the shaping 

chain. The implemented gains, reported in table 1.4, are computed with the technique reported in 

paragraph 1.3.1, rounding the resulting values to their first decimal place, and are presented in 

table 1.4 

 

 
Ὃ

ВὍ ȟ

Ὅ
 

(1.4) 

 

 

BGDR [3:0] Gain  MOSFETs switched on  

1111 2.4 s3, s2 

1110 2.3 s4, s1 

1101 2.2 s5, s1 

1100 2 s1 

1011 1.9 s3, s2 

1010 1.8 s6, s4, s3 

1001 1.7 s5, s2 

1000 1.6 s6, s5, s4 

0111 1.5 s2 

0110 1.4 s3 

0101 1.2 s5 

0100 1.1 s6 

0011 1 g13 

0010 0.9 g14 

0001 0.8 g15 

0000 0.7 g16 

Table 1.4: GDR gain as a function of the selection bits  
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Figure 1.17: GDR circuit schematic 
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Figure 1.18: Simulated Gain vs. GDR code characteristic      

 

The circuit has been designed and realized in a previous thesis work; the characterization process 

will be described in the following chapters. In figure 1.18 is shown the simulated behavior of the 

block.    
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 CHAPTER 2 

Measurement board design and 

implementation 

 

 

 

A custom measurement board has been designed and built to perform an experimental 

characterization of the IC, with the newly introduced GDR module. The experimental set-up used 

to assess the technical feasibility of the GDR concept and the overall performance of the system 

is also presented. The PCB design and layout process has been carried out using the Eagle PCB 

Design software.  
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2.1 Schematic  

In order for the test chip to be fully functional, the custom board needs to provide the following 

functions: an analog and digital low noise low ripple power supply, dedicated voltage references 

and a digital bus for the IC configuration bits. The complete pin out list of the device under test 

is presented in table 2.2. The schematic is presented in figure 2.1, where the main modules of the 

board can be recognized. 

 

 

¶ Power supply lines: the 3.3V digital and analog power supply voltages are synthetized 

from a 5V supply line, utilizing Low noise LDO Voltage regulator ICs. The dedicated 2V 

supply voltage for the CSA input PMOS is synthetized employing the same voltage 

regulator in feedback configuration. The lines are furthermore smoothed out by an LC 

ladder network, featuring a high frequency four terminal capacitor with very low parasitic 

inductance. 

 

¶ Voltage references: they are delivered externally by tunable lab power supplies and 

filtered out by passive components. High input impedance voltage references utilize a RC 

ladder net to implement the filtering action, while low impedance references utilize a LC 

net to avoid voltage loss along the series resistance and reduce electronic noise, which is 

critical for the voltage reference applied directly to the CSA (such as AVDD2 and AVSS 

PRE). 

 

¶ Differential read-out: The test chip features a differential output voltage, a low noise 

AC coupled instrumentation amplifier (INA) in unity gain configuration allows a high 

precision single ended reading of the output signal. 

 

¶ Test input signal: for characterization purposes the system is excited through the internal 

test capacitor, the voltage test signal is delivered using a coaxial cable with a matching 

50 Ý termination resistance to avoid signal reflections. 
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¶ Leakage simulator: in order to mimic the presence of a detector, which produces a small 

DC leakage current when coupled with the ASIC, the internal leakage simulator block 

must be biased by a trimmable current reference. This is achieved by connecting a 1MÝ 

resistance between the VSIMDET node and the central pin of a 10 kÝ resistive trimmer 

connected to the power supply node. 

 

¶ Digital signals: the IC configuration bits are set by mechanical SPDT (Single Pole 

Double Throw) switches connected to either ground or the 3.3V digital power supply. 

The lines reaching directly to the analog front-end (like the peaking time bits) are attached 

to the analog power supply and feature additional stabilization capacitors, whilst the 

remaining bits are attached to the digital ground loop.  

 

 

 

 

 

External IC  Model  Relevant specifications 

INA Texas instruments INA 

103 

noise: ρὲὠȾЍὌᾀ 

THD: 0.0009% @1kHz 

CMRR : >100dB 

GBWP : 100 MHz at G0 = 1000 

LDO voltage 

regulator  

Analog Devices ADP 151 Dropout voltage: 10 mV @Iout=10 mA 

OUT noise: 9 ɛV rms up to 100 kHz 

PSRR: 50 - 70 dB 

Table 2.1: External ICs utilized for the board 
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Domain Port  Description  

Power supply  AVDD Analog power supply  

DVDD Digital power supply  

Ground AVSS Analog ground reference 

DVSS Digital ground reference  

Analog  

Signal 

VTEST Input test voltage 

OUT + Positive output 

OUT - Negative output 

Voltage  

Reference 

AVSS PRE  

V RC PRE Pole-zero compensation and CSA 

bias PMOS bias 

AVDD 2 CSA input PMOS dedicated supply 

VSIMDET Leakage simulator bias 

VREFSH DC stabilizer reference 

VTH Threshold discriminator reference 

Digital  

Communication  

CH TRIG Trigger signal for external ADC 

EOC  End of conversion signal from 

external ADC  

START Reset signal for the peak stretcher 

and the peak discriminator 

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 

CH EN channel readout enable  

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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Figure 2.1: PCB schematic 
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2.2 Layout  

The layout of the measurement board is presented in figure 2.2 and figure 2.3. The PCB schematic 

has been implemented in a 80 mm x 100 mm two layers Printed Circuit Board. The digital and 

analog ground planes have been separated to avoid possible sources of crosstalk. The central 

conductive pad hosts the IC under test. 

 

 

 

 

 

 

Figure 2.2: PCB layout top layer  
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Figure 2.3: Figure 2.2: PCB layout bottom layer  

 

 

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

 

 

The PCB has been mounted inside a metal box shorted to ground, while the ASIC output pad have 

been bonded to the board. The laboratory instrumentation utilized for the characterization process 

is summarized in table 2.3. 

 

¶ Multi -channel analyzer: used to measure the peak amplitude value of processed events, 

which bears the information about its energy/charge, and to covert it in digital 

information. It is used to acquire a significant statistic, thus performing accurate 

measurements for each GDR gain (100.000 counts). 

 

¶ Test function generator: used to drive the input test node with a known voltage 

waveform, for gain and linearity characterization.  

 

¶ Oscilloscope: mainly used for waveform captures and board functional testing.  

 

 

 

 

 

 

Multi -channel 

analyzer  

Amptek MCA8000D 

Oscilloscope  Agilent infinium 54832D MSO  

1GHz 4 GSa/s 

Test function 

generator  

Tektronix AFG 3022B 

Table 2.3: Experimental setup summary 
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Figure 2.5: Overview of the experimental setup used to carry out the characterization  

 

 

 

Figure 2.6: Top view of the measurement board
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 CHAPTER 3 

Analysis of experimental results 

In this chapter, the results of the ASIC characterization process are presented. The experimental 

tests carried out have highlighted some unsatisfactory performance. The selectable gains 

synthetized by the GDR stage are both too dispersed and too non-linear over the required signal 

range. The experimental results are coupled with theoretical and practical considerations, with the 

aim to pinpoint the main cause that can justify experimental evidence. This is believed to be a 

layout-dependent worsening in the matching performance of the circuit. Given the inability to 

verify the hypothesis directly on the device under test, guidelines and considerations are given 

based on experimental measurements available in scientific literature.  
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3.1 Performance characterization  

The ASIC characterization process is aimed at verifying the following performance figures: 

dispersion of the Gain ï GDR code characteristic, in particular its monotonicity, possible 

distortions in the output waveforms and the overall system linearity across the selected energy 

range 

 

3.1.1 Experimental waveforms     

As a first step in the characterization process, the signal waveforms at the ASIC output are taken 

for each GDR code and compared with simulation data. Figure 3.1 shows simulation data for 

† ρȢωω ‘ί. 

 

 

 

 

 

Figure 3.1: Simulated output transient for all GDR codes at Ⱳ▬▄╪▓ Ȣ  Ⱨ▼ (single-ended signal) 

Nominal amplitude (G=1, GDR bypass)  
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Experimental waveforms have been acquired applying a running average filter over 64 samples 

to smooth out electronic noise. A direct comparison with figure 3.2, reporting experimental data 

with the same test conditions, shows a severe distortion of the output waveform for ὧέὨὩ > 

0011. The pulse peak values are no more monotonically distributed as in figure 3.1. Moreover, a 

visible distortion of the waveforms is present, resulting in a slow return to the baseline, taking up 

to 50 µs. 

 

 

 

Figure 3.2: Experimental output transient for all GDR codes at Ⱳ▬▄╪▓ Ȣ  Ⱨ▼ 

 

 

A similar situation is found in figure 3.3, where the monotonicity is kept but the slow return to 

the baseline is still present. Figure 3.4 compares the output waveforms for a doubled input test 

signal and the output waveform in case of G = 2. This proves how the distortion and slow return 

to baseline must stem 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 at Ⱳ▬▄╪▓  ▪▼ 

 

Figure 3.4: Comparison of output transient, with and without a gain synthetized by the GDR stage  
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3.1.2 Gain vs. code characteristic   

 

Gain measurements are performed injecting two known test signals, corresponding to energy 

values of Altair target detector at 25 keV and 38 keV respectively. The output energy spectrum is 

acquired by means of a Multi -channel analyzer, and the amplitudes are computed as the centroids 

of the resulting energy distribution3 . The gain for each code is the slope of the line in the Eout ï 

Ein plane intersecting the two data samples. 

 

 

 

 

 
Ὃ
Ὁ ȟ Ὁ ȟ

Ὁ ȟ Ὁ ȟ

 
σȢρ 

 

 

 

 Figure 3.5 shows the experimental characteristic Gain vs. code at different peaking times, 

compared with the expected simulated behavior. The gain values are normalized with G0011. The 

input energy value has been chosen, corresponding to Vtest = 60 mV, so that the output signal 

never falls out the ASIC range of operation when the maximum gain is selected. 

 

 

 

 

 

 

 

 
3 The centroid of a given region of the energy spectrum is computed as  

ὼӶ
В ὼὪὼ

В Ὢὼ
 

Where x denotes a given energy (corresponding to a MCA channel) of the spectrum, and f(x) denotes the 

number of events recorded at the given energy x. ȿὥ ὦȿ is defined as the region of interest of the given 

energy spectrum 
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Figure 3.5: measured GDR gain at different peaking times compared with expected simulation 

results   

 

It is observed how, for ὧέὨὩ πρπρ, the characteristic is no longer monotonic, featuring a 

substantial dispersion with respect to the simulated one. The dispersion is less significant for  

† ρππ ὲί, not resulting in a loss of monotonicity, but it is greatly worsened for †

ρȢρω ‘ί and † ρȢωω ‘ί. 
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To gain better insight into experimental results, the output voltage peaks are directly compared 

with the expected statistical dispersion of the output voltage computed by means of a 300 

iterations Monte Carlo Sampling. The statistical behavior of CMOS integrated electronic devices, 

specified by the technology provider, takes into account statistical fluctuations of the device gain 

factor and threshold voltage according to the area model proposed by Pelgrom [4] (a more detailed 

discussion is presented in paragraph 3.2.1). When using the Monte Carlo method, the effect of 

the single device dispersion, represented mathematically by a normal distribution, is propagated 

to another electrical quantity, in our case the output voltage. For each iteration, a random set of 

inputs, i.e. the device parameters, are chosen from the corresponding distributions and the output 

quantity is then computed through circuit simulation.  

 

The analysis has been carried out considering only matching parameters of the selectable 

transistors that synthetize the gain values, since all other dispersions of device parameters in the 

analog chain will result in an error common to all GDR codes. In other words, all other statistical 

dispersions will affect the Vout-peak vs. GDR code characteristic only in terms of a common shift 

from the nominal value, but this will not result in a loss of monotonicity, which is precisely the 

experimental evidence we wish to investigate.    

 

 

Simulation results, shown in figure 3.6, 3.7 and 3.8 for different peaking times, are summarized 

in a boxplot for each GDR code. A boxplot describes the interquartile range of the distribution 

(abbreviated as IQR), defined as the interval centered around the median value where 50% of the 

data samples are found. This definition approximately corresponds to a 1ů error under the 

hypothesis of a normal distribution. Samples of the distribution that fall out of a 1.5IQR, 

approximately a 3 ů error, are denoted as outliers.   
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Figure3.6: experimental output pulse peaks compared with expected dispersion at Ⱳ▬▄╪▓  ▪▼ 

 

 

 

Figure 3.7: experimental output pulse peaks compared with expected dispersion at Ⱳ▬▄╪▓ Ȣ  Ⱨ▼ 
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The experimental data, which we can consider by all means as one sample of the real statistical 

distribution of the output voltage, does not fall within the statistical spread predicted by Monte 

Carlo simulations. This fact does not bear much significance by itself, since we have accounted 

only for variability of a small portion of the circuit. Anyhow, an error in Vout due to the statistical 

spread of other stages in the analog chain is the same at every code. On the contrary, the 

experimental samples differ from their nominal value with a code-dependent error that does not 

fall within the expected distribution. This evidence suggests that other effects are at play, other 

than the variability predicted by the simulator. 

 

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

times. This analysis shows how the characteristic is also affected by a systematic error that 

changes the regression line, not only by a statistical dispersion with nil median value, which in 

principle should not vary the regression line. Furthermore, this effect is worsened as the peaking 

time of the signal pulses increases. 

 

 

 

Figure 3.8: experimental output pulse peaks compared with expected dispersion at Ⱳ▬▄╪▓ Ȣ  Ⱨ▼ 
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Figure 3.9: Linear regression line of the Vout vs. GDR code dependence at different 

peaking time 

 

 

 

 

Figure 3.10: differential error between output peak nominal and measured value for Ⱳ▬▄╪▓

Ȣ  Ⱨ▼ 
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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 approximations and may 

not be the most accurate set of values that justifies the experimental error. The principle of 

operation of the GDR stage is discussed in chapter 1, the circuit schematic is again proposed to 

allow better readability of the table. 

 

 

 

 

 

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

An important analog front-end figure of merit is the linearity of the curve relating the output 

voltage peak amplitudes to the corresponding input signals received from the radiation detector, 

inside the selected energy range. A residual non-linearity is always expected from an analog 

processing stage, but it may become critical for the given application if it exceeds a certain value. 

This translates into unacceptable distortions of the energy spectrum.  

 

 

 

 

FUNCTION 
GENERATOR 

10 voltage steps  
Vtest 14.5 mV - 144 mV

@ 100 Hz

DUT

ENERGY SPECTRUM 
CENTROID 

Multichannel analyzer 
Total counts = 20000

 

Figure 3.12: Experimental set-up for linearity measurements 

 

 

 

Linearity measurements of the device under test are carried out injecting at the input node negative 

charge pulses equivalent to a given set of radiation energies, simulating the behavior of the 

detector in presence of incoming radiation. The energy values are chosen equally spaced in the 

energy spectrum, covering the complete range of operation. This is achieved driving, with a 

known voltage step, the test capacitor present inside the ASIC, connected with one terminal to 

the CSA input node, a signal ground thanks to negative feedback, and with the other terminal to 

an output pad. From the well-known capacitor Charge - Voltage law, a charge pulse proportional 

to a Vtest step is injected at the CSA input node (refer to figure 1.3). The test signal is a ten-step 

voltage staircase with amplitude proportional to the desired energy values and a fixed rate.  
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0

-144 

 

Figure 3.13: Waveform of the staircase input signal  

 

 

 

A waveform capture of the output signal is shown in figure 3.14 and 3.15, respectively for a GDR 

gain of 0.7 and 2.4. Each line corresponds to an output pulse proportional to a single step of the 

test signal. From a visual inspection, the linearity for G = 2.4 is considerably worsened with 

respect to the case G=0.7, both at the lower and at the upper end of the output swing. The upper 

end non-linearity is expected and is due to the saturation of the output voltage buffer, due to the 

gain added by the GDR stage. On the other hand, attention must be paid to the lower end non-

linearity, which falls within the useful range of operation. 

 

ὠ άὠ 

ὸὭάὩ 
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Figure 3.14: Output transient for a 10 step Vtest staircase, GGDR = 0.7 

 

 

Figure 3.15: Output transient for a 10 step Vtest staircase, GGDR = 2.4 
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The latter statements, based on qualitative observations, are also confirmed by an estimation of 

the linearity error, computed analyzing the output peak amplitudes.  

 

 

 
‐

ὠ ȟ ὠ ȟ

ὠ ȟ

Ͻρππ 
(3.2) 

 

 

The linearity error for a given input energy is defined in equation 3.2, as the relative percentage 

difference between the experimental sample and a linearization of the Vout vs. Energy curve. The 

linearized curve is elaborated operating a linear fit of experimental samples, exploiting the 

weighted least squares regression method4. The fitting function is weighted with the sample 

amplitude itself, allowing the algorithm for higher fitting tolerances at higher input energies. An 

example of the chosen fitting technique is shown in figure 3.16. In this way, the resulting linear 

fit is better constrained to the lower end of the input range.  

 

 

 
4 The least squares method is a widely used algorithm to compute the regression line for a given set of data 

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 is minimized. A proper weight wi is 

assigned to each error. 

 ÍÉÎὗὥȟὦ  В ύ ώ ὥ ὦὼ  
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Figure 3.16: Example of the linear fitting procedure 

 

With this procedure, the linearity performance has been computed both for simulated and 

experimental data. The computation has considered only samples that falls within the output 

voltage range, not considering the output voltage saturation. The input range can be expressed 

with different physical quantities proportional to each other: the test voltage signal, the equivalent 

radiation energy of the target detector, or the equivalent charge injected at the anode. 

Proportionality terms between input test voltage and significant physical quantities that describe 

the input range are reported in table 3.2, to facilitate the interpretation of the presented results. 

 

 

 Vtest (V) Injected charge (el) Radiation Energy (eV) 

Vtest (V) - ὅ

Ὡ
Ͻὠ  

ὅ

Ὡ
Ͻὠ  

Injected charge  (el) Ὡ

ὅ
Ͻὗ  

- ρ

‐
Ͻὗ  

Radiation energy (eV) 
Ὁ  

‐ὅ

Ὡ
Ͻὠ  

‐Ͻὗ  - 

‐  υ Ὡὠ (electron-hole pair mean generation energy for CdTe/CdZnTe detector) 

ὅ   ςπ ὪὊ  

Ὡ ḙ ρȢφϽρπ  ὅ  

 

Table 3.2: proportionality factor between different physical quantities describing the input range  
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Figure 3.17a: Simulated linearity error  for G=0.7, G=1, G=2.4 

 

 

 

 

Figure 3.17b: Simulated linear fit  for G=0.7, G=1, G=2.4 

 



Chapter 3                                                                                      Analysis of experimental results  

 

 

68 

 

 

Figure 3.18a: Experimental linearity error for G=1 G=0.7 

 

 

 

 

Figure 3.18b: Experimental linear fit  for G=1 G=0.7 
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Figure 3.19: Experimental linearity error for G=1.6  

 

  

 

 

Figure 3.20: Experimental linearity error for G=2.2  
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Figure 3.21: L inearity measurements of a previous version of the ASIC, without the GDR stage 

 

The measured linearity for G=1 and G=0.7, shown in figure 3.18, falls within a 2% interval. This 

value agrees with experimental measurements, reported in figure 3.21, made on the previous 

version of the Altair ASIC, which does not include the GDR stage, showing no significant 

worsening in performance. The measured linearity is also consistent with simulation data for G=1 

and G=0.7, as shown in figure 3.17.  Conversely, the linearity error extrapolated from 

experimental data for G > 1.6 shows a significant worsening in performance. As shown in figure 

3.19 and figure 3.20. For G = 1.6 the linearity error exceeds 10%, while for G = 2.2 it reaches 

values higher than 15 %. The reason behind this worsening will be examined and correlated with 

other experimental evidence. The main results of the linearity characterization are summarized in 

Table 3.3.   

 

GDR gain  Simulated error (%) Experimental error (%)  number of samples 

G = 0.7 < ±2 < ±2 10 

G = 1 < ±2 < ±2 10 

G = 1.6 < ±2    < ±10 6 

G = 2.2  < ±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 and linearity can be explained by an error introduced 

by a voltage threshold mismatch [7] [8]. The effect of this hypothesis on the circuit performance 

are explained, while also presenting the theoretical background to characterize matching 

performance of CMOS analog circuits. 

 

 

 3.2.1 Effect of Voltage Threshold mismatch on circuit 

performance 

 

The effect of a threshold voltage mismatch can effectively explain the experimental evidence in 

disagreement with simulation data. More precisely, a layout dependent mismatch contribution, 

not described in the technology model libraries, and thus not predictable by Monte Carlo 

Simulations, is a good fit in explaining the worsening in performance for reasons that are 

investigated in this paragraph. 

 

The effect of a voltage threshold mismatch on a simple current mirror Iin ï Iout characteristic, in 

the most general case, is summarized in equation 3.3. 

 

 

 ὍέόὸὪЎὠ  Ὢ Ὅ  (3.3) 

 

 Ўὠ  ὠ ȟ ὠ ȟ (3.4) 

 

 

Where the generic function Ὢ describes a general non-linear MOSFET relationship between the 

transistor current and its overdrive voltage. The analytical expression is left deliberately implicit 

since the conclusions drawn from the argument are independent on the MOSFET region of 

operation. If transistor M1 and M2 are not tightly matched, i.e. their threshold voltages differ of a 
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certain quantity, their non-linear I-V relationships do not cancel out, introducing a distortion on 

the current signal. 

 

 

 

 

 

Figure 3.22: Example schematic of a PMOS current mirror 

  

The non-linearity is more severe when the overdrive voltage of M1 is comparable with Ўὠ , 

whilst when Ўὠ  is negligible compared to ὠ  the transistor non-linearity cancel out resulting 

in no noticeable distortion in the signal.  

 

The argument is also consistent with small signal linear analysis, where the voltage threshold 

mismatch is modelled by an equivalent voltage generator applied at the gate of M2 and the 

transistor is linearized around its operating point. 

 

 

 
„
ЎὍ

Ὅ
„ Ўὠ

Ὣ ȟ

Ὅ
  

(3.5) 

 

 

Ὅ  

 

Ὅ  

 

ὓ  

 

ὓ  
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Depending on the region of operation of the device, equation 3.5 can have different expressions. 

 

 

 Weak inversion  Strong inversion  

Ὣ ȟ

Ὅ
 

ρ

ὲὺ
 

τ

ὠ ȟ

 

 

ὺ : thermal voltage 

ὲ : dimensionless coefficient accounting for the capacitive partition of the oxide capacitance and the depletion capacitance 

 

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 a high gate voltage. When the 

overdrive approaches zero, the error reaches a plateau independent of the circuit bias condition. 

 

 

 

 
1

1+ί†ίὬ
  

1+ί†ᾀ,ίὸὥὦ
1+ί†ὴ,ίὸὥὦ

1
1+ί†ίὬ

 

 

 

Figure 3.23: Summary of the ASIC analog processing with the insertion of the non-linearity  

 

 

To better appreciate this effect in the context of the application, we consider an ideal semi-

Gaussian signal, being it the expected ideal output waveform after the analog processing operated 

by the circuit, described mathematically in the time domain by equation 3.6. 

 

 
ίὸ

ρ

†
ὸϽὩ  

(3.6) 
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Now suppose that the dimensionless signal is fed to a non-linear processing block as the one 

described by equation 3.3, just like the input current signal of a poorly matched mirror, and let f 

assume an analytical dependence as in 3.7, where ‌ is a dimensionless parameter since the 

discussion is now shifted merely to signal processing considerations.  

 

 Ὢ ‌ὼ  (3.7) 

 

The quadratic law mimics the MOSFET I-V model in strong inversion, letting ‌ be equal to 1 for 

simplicity. The signal at the output of the non-linearity is then described by equation 3.8, where 

k is a dimensionless parameter that mimics the magnitude of a voltage threshold mismatch in an 

actual current mirror. 

 

 

ᾀὸ Ὧ
ρ

†
ὸϽὩ  

 

(3.8) 

 

 

ᾀὸ is now plotted for different k values, both positive and negative, as shown in figure 3.24. It 

is shown how a non-linearity can account for both an error in the pulse peak amplitude and a 

distortion of the signal when returning to its baseline. 
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Figure 3.24: z(t) plotted for k = 0, k= ±0.05, k = ±0.1 

 

 

 

Making a more quantitative argument, we are interested in knowing how much a threshold voltage 

mismatch can affect the output voltage signal, more precisely the peak amplitude, since its value 

bears the information about the energy of the incoming radiation. The Cadence EDA tool suite 

offers the possibility to perform a Sensitivity Analysis, which evaluates the magnitude of the 

correlation between the statistical dispersion of a given device and an electrical quantity. It is a 

powerful tool to analyze which are the devices most responsible for the variation of a given 

quantity. The algorithm achieves it by varying the value of threshold voltage of the single 

transistor by a known quantity, in this case Ñ1ů, and computing the corresponding output 

electrical quantity deterministically through circuit simulation. Then the partial derivative, linking 

a change in threshold voltage of a single device to a change in the output voltage peak, is 

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

 

 

ὠ‏  ȟ

ὠ‏
ḙὶ

ὠ ȟ ὠ ȟ

ὠ ȟ ὠ ȟ

 
(3.9) 
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The sensitivity has been computed as in equation 3.10, linking a relative variation of Vth of the 

single device to a relative variation of the output peak. 

 

 

 

 
Ὓ

ὠ‏ ȟ

ὠ‏
Ͻ
ὠ ȟ

ὠ ȟ ȟ

 
(3.10) 

 

 

In figure 3.25, for each GDR code, reported in hexadecimal notation, and three different peaking 

time configurations, the results of the sensitivity analysis are presented. Its value is lower for 

† ρππ ὲί while we can appreciate a higher sensitivity for other peaking times. The reason 

for this difference is due to the circuit signal dynamics and bias condition, later discussed in 

paragraph 4.1. The analysis is useful to justify the experimental evidence, which sees a worsening 

in the GDR performance for larger peaking times and pinpoints a mismatch in threshold voltage 

as the most likely cause for performance worsening. Refer to figure 1.17 to correlate the 

sensitivity analysis data to the GDR schematic.  

 

 

Figure 3.25: Sensitivity analysis results for ╥◄▐ȟ▪▫□░▪╪■  □╥ and energy range 0  
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3.2.2 A comprehensive model for threshold voltage matching 

 

In [4], a comprehensive model is presented to study the matching properties of equally designed 

MOSFET transistors, more specifically how they depend on the area and the relative distance of 

the devices. The main result will therefore be reported as they are strictly related to the actions 

that must be made at design and layout level to resolve the observed criticalities. 

  

The mismatch of a parameter P is defined as 

 

 Ўὖ ὖ ὖ (3.11) 

 

We now introduce a mismatch generating function, describing the spatial variability of the 

parameter P in the x,y coordinates, so that the average value of P for the device is given by the 

following integral over the device active area 

 

 
ὖ ὃ

ρ

ὃ
ὴὼȟώὨὼὨώ 

(3.12) 

 

 

 

This operation is equal to the convolution between  ὴὼȟώ and a 2-dimensional box-plot function, 

describing the geometrical properties of the device. The latter function is referred to as the 

geometry function Ὣὼȟώ, while ὴὼȟώ contains information about the spatial random 

fluctuations of parameter P and can be thought as a random process in the x,y variables. Mismatch 

sources stem from a broad class of physical phenomena. Anyhow, they are sorted in two main 

classes based on the correlation space of the process, i.e. the frequency cut-off in the spatial 

frequency domain.  
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¶ Short correlation space: these events have a correlation time much smaller than the 

transistor dimensions, so they can be described as white noise in the spatial frequency 

domain (examples are local mobility fluctuations, imperfections due to oxide 

granularities). The mismatch resulting from this class of sources is independent on the 

device relative distance. 

 

¶ Long correlation space: these events are originated from parameter gradients 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 uncertainty is introduced. It is 

modelled as a stochastic process with low correlation space, i.e. a low spatial frequency 

cut-off proportional to the wafer dimensions.  

  

 

On a more general level, the mismatch magnitude is computed, in the spatial frequency domain, 

as the product of the Fourier transforms of the mismatch generating function and the geometry 

function. Moreover, the power content of the resulting signal, computed exploiting the Parseval 

Theorem, is equal to the variance of the statistical distribution describing the dispersion of  Ўὖ, 

under the hypothesis of a stochastic process5. 

 

 

 
„ Ўὖ

ρ

τ“
Ὃύȟύ Ͻὖύȟύ ὨύὨύ  (3.13) 

 

 

Where Ὃ and ὖ are relatively the Fourier transforms of the geometry function and the mismatch 

generating function. 

 

 

 

 
5 In 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 process realizations, i.e. the observed values of the 

random variable. 
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An example of geometry function is presented in equation 3.14, with its Fourier transform in 

equation 3.15, for the simple case of two adjacent identical devices. The center of mass of the 2D 

shape is taken as the origin of the x,y plane. 
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Figure 3.26: Top view of a generic transistor pair 
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Exploiting equation 3.13, one can compute what is the geometrical dependence of the devices on 

their matching performance; the more explicit calculations to get to equation 3.16 are present in 

appendix C. 

 

 
„ Ўὖ  

Ὧ

ὡὒ
ὯὈ  

(3.16) 

 

 

Two terms result from the computation: the term related 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 distance. The following coefficients are 

usually extracted from experimental mismatch characterization over a large number of silicon 

dies, considering different device areas and relative distances. Examining the specific case of 

spatial fluctuations of the threshold voltage value, we get to equation 3.17. 
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(3.17) 

 

 

Since the second term is specific of the circuit layout and geometry, it is difficult to compute and 

is moreover not present in the employed technology model libraries. The technology 

manufacturer merely provides 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 layout-dependent contributions, depending on the required matching performance.  
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3.2.3 Matching considerations on complex layout structures 

 

The theoretical model highlighted in paragraph 3.2.2 is highly effective in predicting the matching 

performance of devices for simple structures. Anyhow, little information is available on the 

matching performance of more complex layout structures, such as the one implemented in the 

circuit object of the discussion. This makes it impractical to give an accurate estimation of the 

layout dependent mismatch error, because of the mathematical complexity and the lack of 

modeling in the available technology libraries. Anyhow, in [5] some experimental matching 

measurements on complex layout structures have been carried out in standard 0.7 µm CMOS 

technology, allowing us to draw some guidelines on the new version of the circuit layout, 

discussed in the next chapter, and understand how much the matching performance can really 

depart from the inverse device area law presented in [4]. 

   

 

In figure 3.27, transistor pairs with different layout structures are compared, for increased active 

channel areas, in terms of threshold voltage mismatch. It shows how only a common centroid 

structure can perfectly cancel out layout dependent mismatch sources and well approximate the 

area dependence. On the other hand, finger structures, as the one implemented in our case, can 

degrade the matching performance up to 5 times [5].  
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Figure 3.27: Ў╥◄▐  characterization for different layout stiles - from B. J. et al (1996). Matching of 

MOS Transistors with Different Layout Styles 

 

 

 

Figure 3.28: Transistor layout styles. (a) finger (b) interdigitated finger (c) quad. (d) interdigitated 

waffle ï from B. J. et al (1996). Matching of MOS Transistors with Different Layout Styles 
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The latter consideration, backed by experimental measurements, can explain why the most severe 

worsening in performance is experienced for ὧέὨὩ πρππ: due to the layout complexity, 

current mirror 1, that features and irregular finger structure over a larger region of the die, shows 

a significant layout dependent mismatch contribution ,while current mirror 2 is smaller and 

features a much simpler structure. 

 

 

 

 

 

Figure 3.29: layout view for current mirror 1 and current mirror 2 in the GDR module  
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CHAPTER 4 

Altair ASIC Design optimization 

In this chapter, the design process of an optimized version of the Altair ASIC featuring a GDR 

stage is presented. The ASIC analog chain has been reworked both at design and layout level to 

improve the performance in terms of linearity and voltage peak error. The design has been 

validated through circuit simulation. Ultimately, more advanced layout techniques have been 

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

Apart from layout, the tested GDR implementation allows space for improvements also at design 

level. More precisely, the bias point and the signal range of the circuit can be adjusted to reduce 

the sensitivity to a threshold voltage mismatch.  

 

In chapter 3, it has been highlighted how the dispersion of the output peaks is more severe for 

longer peaking times. This evidence is easily correlated with the input signal swing: due to the 

filtering action of the first shaping cell, the pulse amplitude at the GDR input node is inversely 

proportional to the shaping time constant. In order to adjust the output dynamic, Altair already 

features an equalizer to compensate for the amplitude loss, although this stage is inserted after the 

GDR circuit. Because of this, in case of longer peaking times, the signal is distorted more by the 

GDR circuit and is later amplified together with its non- linear contributions. Inserting the peaking 

time equalizer before the GDR is therefore mandatory to reduce the non-linear contributions to 

the signal. 

 

 

Figure 4.1: Simulated signal transient at GDR input node for different peaking times 
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1st SHAPER CELL GDR
PEAKING 

TIME 
EQUALIZER

2nd SHAPER CELL + DC 
STABILIZER 

ὦὴὸ[2: 0] 

ὦὫὨὶ[3: 0] 

 

Figure 4.2: Block diagram of the signal chain  

  

Another aspect that requires special attention is the DC biasing of the stage: in the case of the 

circuit under scrutiny, the input DC current is dimensioned to keep an extremely low power 

consumption, for better power-budget management in a foreseen multichannel application. 

However, the GDR signal path is almost switched-off when no signal is applied, and its transistors 

reach a complete channel inversion only 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 due to the exponential dependence, as shown in 

equation 4.1 describing the BSIM 3.2.2 I-V characteristic in weak inversion.  
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Ὅ  ȟὠ : technology parameters   

ὺ: thermal voltage  

 

(4.1) 

 

 

DC input range  30nA ÷500nA 

Signal dynamic 0A ÷5uA 

Vov,CM1  -42 mV (@30nA) 

 

Table 4.1: DC and signal input ranges  

 



Chapter 4                                                                                  Altair ASIC design optimization 

 

 

88 

 

 

As it was detailed in table 3.4, the current mirroring error is greatly worsened 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 degree of inversion: increasing the DC current and 

designing current mirrors with higher current per unity area. To perform the latter task, the aspect 

ratio of each of the current mirror input MOSFETs, which sets the overdrive voltage, must be 

made as small as possible. 
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4.2 Design 

The overall analog chain design has been reworked both at system and at transistor level. Having 

inserted the peaking time equalizer upstream, now the signal swing at the GDR input node is 

approximately the same for all peaking times 

 

 

 

 

1st SHAPER CELL GDR
PEAKING 

TIME 
EQUALIZER

2nd SHAPER CELL + DC 
STABILIZER 

ὦὴὸ[2: 0] 

ὦὫὨὶ[3: 0] 

 

Figure 4.3: Reworked analog processing blocks in Altair V1.7  

 

 

4.2.1 Schematic   

The complete circuit schematic of the new stage is presented in figure 4.4. The stage main 

building blocks are highlighted: the DC current booster, the peaking time equalizer, and the GDR. 

All multi -output current mirrors are implemented employing a standard size transistor, combined 

in parallel or series configuration to synthetize the required aspect ratio. This allows a more 

regular circuit layout on the silicon die. The DC current booster is implemented by means of an 

NMOS transistor biased with a voltage reference already available by the architecture and it is 

driven by BPT2 to compensate the DC input range for  Űpeak < 1.19µs, coupled with an enable bit. 

directly connected to an output pad.    

 

 



Chapter 4                                                                                  Altair ASIC design optimization 

 

 

90 

 

Ὁ
ὔ

 

ὄ
ὖ
Ὕ

2
 

ὄ
ὖ
Ὕ

2
 

ὄ
ὖ
Ὕ

1
 

ὄ
ὖ
Ὕ

0
 

Ὃ
1
4
 

Ὃ
1

5
 

 

Ὃ
1

6
 

 

Ὓ
1
 

Ὓ
2
 

Ὓ
3
 

Ὓ
4
 

Ὓ
5
 

Ὓ
6
 

Ὓ
ὃ
Ὕ
Ὕ

 

Ἆ
 

Ἃ
 

Ἆ
 

═
 

═
 

═
 

═
 

Ἆ
 

Ἆ
 

Ἆ
 

Ἆ
 

═
 

═
 

═
 

═
 
═

 

═
 

═
 

═
 
═

 

═
 

═
 

═
 

═
 

═
 

═
 

═
 

═
 

═
 Ὅέ
ό
ὸ  

 

ὍὭὲ
 

 

║
 

╢
╦
║

 

╢
╦
║

 

ὠ
ὶὩὪ

ὔ
 

 

╥
╓
╓

 

╖
╝
╓

 

 

Figure 4.4: Schematic of the new processing block:    DC current booster    Peaking time equalizer   

GDR   
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Ὓ3 

Ὓ4 

Ὓ5 

Ὓ6 

ὛὃὝὝ 

Ὃ14 

Ὃ15 

Ὃ16 

ὄὋὈὙ[3: 0] 

B3 B2 B1 B0 S1 S2 S3 S4 S5 S6 SATT G14 G15 G16 

0 0 0 0 0 0 0 0 0 0 1 1 0 0 

0 0 0 1 0 0 0 0 0 0 1 0 1 0 

0 0 1 0 0 0 0 0 0 0 1 0 0 0 

0 0 1 1 0 0 0 0 0 0 0 0 0 0 

0 1 0 0 0 0 0 0 0 1 0 0 0 0 

0 1 0 1 0 0 0 0 1 0 0 0 0 0 

0 1 1 0 0 0 1 0 0 0 0 0 0 0 

0 1 1 1 0 1 0 0 0 0 0 0 0 0 

1 0 0 0 0 0 0 1 1 1 0 0 0 0 

1 0 0 1 0 1 0 0 1 0 0 0 0 0 

1 0 1 0 0 0 1 1 0 1 0 0 0 0 

1 0 1 1 0 1 1 0 0 0 0 0 0 0 

1 1 0 0 1 0 0 0 0 0 0 0 0 0 

1 1 0 1 1 0 0 0 1 0 0 0 0 0 

1 1 1 0 1 0 0 1 0 0 0 0 0 0 

1 1 1 1 1 0 1 0 0 0 0 0 0 0 

 

 

Figure 4.5: Digital logic with truth table  

 

 

 

The analog section is coupled with a combinatorial logic block that drives the MOSFET switches 

by means of a 4 bits digital bus. The truth table describing the logic functions is presented in 

figure 4.5. The overall aspect ratio of all devices is reported in table 4.2 and 4.3. 
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MOSFET W/L # finger MOSFET W/L #finger 

2D 0.8 4 3D 1 5 

2A0 0.4 2 3A0 1 5 

2A1 3.2 16 3A1 1 5 

2A2 1.6 8 3A2 1 5 

2A3 0.8 4 3A3 0.5 4 

4D 2 10 3A4 0.4 2 

4A0 0.2 1 3A5 0.3 3 

4A1 0.4 2 3A6 0.2 1 

4A2 0.6 3 3A7 0.1 2 

 

Table 4.2: Aspect ratio of all MOSFETs employed in multi -output current mirrors  

utiliz ing a standard finger size 0.6 µm x 3 µm 

 

 

 

MOSFET W x L 

1D, 1A 1.8 µm x 1 µm 

5D, 5A 5 µm x 5 µm 

6D, 6A 1.8 µm x 1 µm 

Switches 0.4 µm x 0.35 µm 

B 0.4 µm x 13.5 µm 

 

Table 4.3: Dimensions of the remaining MOSFETs 
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4.2.2 Validation    

The new circuital implementation has been thoroughly validated and characterized through circuit 

simulation. The main performance figures are the statistical dispersion due to device mismatch, 

systematic mirroring errors and system linearity across the energy range.  

 

 

 

As a first step, the system response for all GDR synthetized gain values is simulated. The system 

has been stimulated with a specific set of inputs that are reported in table 4.4. The Vtest signal is 

scaled, depending on the simulated code, by its corresponding gain value. This is done to mimic 

the real operating conditions of the circuit, where the GDR functionality is to compensate for a 

gain error in the acquisition chain by selecting the adequate code. The results are shown in figure 

4.5, where the output single-ended voltage transients are plotted. Computing the output voltage 

peaks of all waveforms, the residual relative dispersion of the voltage peaks is of 2.26%. 

 

 

 

code V test (mV) code V test (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 also shown as a function of the GDR code, for a fixed 

Vtest amplitude. The Vout-peak ï GDR code characteristic is plotted for all selectable peaking time 

to validate the compensation provided by the peaking time equalizer. The maximal relative 

dispersion of the output peaks in relation to the selected peaking time is less than 9%.  
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Figure 4.6: Output transient (single ended) for all peaking times, Vtest = 60 mV 

 

 

Figure 4.7: Vout-peak ï GDR code characteristic for all peaking times (differential signal) 
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A further step is the evaluation of the statistical dispersion introduced by the GDR circuit itself. 

More specifically, the interest is in knowing which portion of the production yield guarantees that 

the Gain vs. GDR code characteristic is monotonic. For this purpose, Monte Carlo simulations on 

the output voltage peaks are run for every code and reported as boxplots on Vout-peak ï GDR code 

characteristic. The simulations guarantee that the monotonicity is preserved for all GDR codes 

for at least all samples falling within the interquartile range, corresponding approximately to 1ů. 

The results are shown in figure 4.8 and 4.9, respectively for † ρππ ὲί and †

ρȢωω ‘ί.  

 

 

 

 

 

Figure 4.8: Voltage peak dispersion for every code at Ⱳ▬▄╪▓  ▪▼ (differential signal) 
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Figure 4.9: Voltage peak dispersion for every code at Ⱳ▬▄╪▓ Ȣ  Ⱨ▼ (differential signal) 

 

 

Another source of deterministic error for the output peak amplitudes stems from the unavoidable loss of 

signal in reading the current coming out from the GDR summing node, referred to as node A in figure 4.10. 

This effect is due to the channel length modulation effect of the output transistors carrying the signal. This 

error is also code-dependent, since the load seen at node A changes depending on the configuration bits. 

Because of the finite resistance in parallel with each output MOSFET, when reading the resulting signal by 

means of transistor 5D, a small percentage of it is lost through current partition. 
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Figure 4.10: Close-up of the new GDR circuit  
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Figure 4.11: Small signal model summarizing the schematic in figure 43 
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In order to evaluate the percentage loss of signal amplitude given by each output transistor, the 

error is evaluated with equation 4.1, where Gi is the nominal current gain of the single output 

transistor. 

 

 

 
‐

Ὅ ȟ ὋϽὍȟ
ὋϽὍȟ

Ͻρππ (4.1) 

 

 

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

presented in figure 4.12: the DC mirroring error is kept under 6% for all possible load conditions.   

 

 

Figure 4.12: DC mirroring error for each output transistor delivering signal to node A 
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Even though the signal swing is up to 10 times higher than the DC circuit bias currents, this error 

remains constant with the signal amplitude and thus does not introduce a non-linearity. Figure 

4.11 shows the small signal model of the portion of the circuit reported in figure 4.10, which 

describes the load condition at node A. For the purpose of the computation, the small signal 

parameters dependence on the bias conditions have been highlighted. Evaluating the signal error   

introduced considering channel modulation effects, it can be found that the error is independent 

on the input current, as shown in equation 4.2 and 4.3. 
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This theoretical demonstration is also confirmed plotting the Vout ï Ein characteristic using the 

simulation tool. As shown in figure 4.13, besides the obvious saturation of the output voltage, the 

curves show negligible linearity error, which will not be reported. This is true only when device 

mismatch is not accounted for, since the simulator has employed the device parameters nominal 

values. This is a further confirmation that the overall front-end non-linearity stems from the 

matching performance of the current mirrors employed in the chain, as pinpointed in chapter 3 

when discussing the possible causes for a worsening in the system non-linearity.  
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Figure 4.13: Vout-peak ï Ein characteristic for all GDR codes. 

 

 

To better asses the latter statement, and thus confirming that a threshold voltage mismatch can be 

a source of non-linearity, a 100 iterations Monte Carlo sampling of the same Vout-peak ï Ein 

characteristic has been simulated, taking into account the statistical dispersion of matching 

parameters in current mirror 3 and 4 (refer to the circuit schematic in figure 4.4). The results are 

shown in figure 4.14 and 4.15, respectively for G = 1 and G = 2.2. 
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Figure 4.14: 100 iterations Monte Carlo of the Vout-peak ï Ein for G=0.7 

 

 

 

Figure 4.15: 100 iterations Monte Carlo of the Vout-peak ï Ein for G=2.2 

 










































