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Abstract— Degradation mechanisms accelerated by harsh cotidins (high temperature, electrical
stress) can affect circuit performances. Submittedo electromagnetic interferences, aged components
can become more susceptible, which stirs up questi® about the safety level of the final application.
Unfortunately, the impact of circuit aging on its sisceptibility level remains under evaluated and isiot
taken into account at circuit design level. This pagr presents a first attempt of a modeling
methodology aiming at predicting the impact of cirwit aging on the susceptibility to electromagnetic
interferences. This methodology is applied to modeand explain the measured variations of the
susceptibility level of phase-locked loop after aaccelerated-life test.

Keywords - Integrated circuits;, susceptibiity to electromagnetic interferences, immunity modelling,
circuit aging, reliability.

l. INTRODUCTION

In electronic systems, numerous electromagneticpaditvility (EMC) mitigation techniques
(shielding, filtering, decoupling, grounding...) aresed to ensure a sufficient robustness to
electromagnetic interferences (EMI) and the conmgkato susceptibility standard. However, during
their lifetime, electronic systems are exposed aosh conditions (high temperature, moisture,
thermal cycling, overvoltage...) which contributeaocelerate the aging process. Several sources
have reported that typical EMC mitigation technigjugre affected by harsh conditions. For
example, corrosion can degrade filter ground boandhield joint [1]. The permittivity of the
dielectric of ceramic capacitors widely used focalgpling is also affected by aging [2]. Therefore,
depending on the amount of degradations, the dguhgeed evolution of parasitic emission and
susceptibility can have a serious impact on saégl of the system and should be anticipated.

Even if the aging impact on filter efficiency, sliimg, decoupling capacitor have always been
referenced in literature, no precise informationaarning the impact of aging of integrated circuits
(IC) on EMC exist to the author knowledge. It islM@own that harsh environmental conditions
such as high temperature or electrical overstréestaleep submicronC by accelerating failure
mechanisms such as negative bias temperature ilitgt§NBTI) or hot carrier injection (HCI)
during their lifetime [3]. Even if they trigger gofailures which do not compromise circuit
operation, they can have a significant impact oriopmances (leakage current, noise, operating
frequency...). The susceptibility of ICs to voltadecfuations induced by EMI can be also affected
if the margin to electromagnetic disturbances isuishh Recent publications have shown
experimentally or by simulation the potential impa€ IC intrinsic degradation mechanisms on
susceptibility to EMI [4] [5] [6]. The reduction of margin to EMI induced voltage fuations can
have serious consequences on the long-term immohdiycuits and thus to the long-term safety of
electronic applications. Even if an aged circumhains functional in nominal conditions, this circui
could fail with a smaller amount of EMI. Besidegpital EMC compliance tests done on “fresh
devices” are not able to provide any evaluatiothefevolution of susceptibility level after several
years of operationCombining EMC, environmental or accelerated-lifsté¢ecould be used to
evaluate the risk of reduction of robustness to Elfh time. However, combining these tests and
applying them on a batch of several devices unefgribcrease the complexity, the time and the
costs of the EMC compliance procedure. Simulatioisch handle both device degradation
mechanism models and susceptibility prediction @¢cwlp designers to anticipate susceptibility
level increase more efficiently.



This paper addresses the long-term immunity issdeded by circuit aging and the prediction
method at design stage. This paper describes alimpdeethodology aiming at simulating the
potential impact of circuit aging on its suscepitipito EMI. This approach is applied to explaireth
variation of the susceptibility level of a phaseKked loop (PLL) measured after a standard
accelerated-life test. The first part of the papersents the experimental characterization of the
conducted susceptibility of a PLL before and afiezelerated aging. In the next parts, the modeling
and simulation approach are presented. The cotisinuof a susceptibility model is based on
circuit design information and measurements. Thisdeh takes into account the changes of
transistor parameters induced by aging. In thd fing, although precise models about degradation
mechanisms are not available, this model is ussihtalate the sensitivity of the PLL susceptibility
and reproduce qualitatively the evolution of thecaptibility level after aging.

. CHARACTERIZATION OF AGINGINDUCED SUSCEPTIBILITY LEVEL DRIFT

A. Presentation of the case study

The study proposed in this paper is focused onladthbedded in a test chip developed in the
0.25pum SMARTMOS technology from Freescale Semicondugoulouse - Francg dedicated to
automotive applications. Figure la presents the Bthiematic. The PLL is based on a first order
filter, and made of three sub-blocks (phase deteatoltage-controlled oscillator (VCO) and
frequency divider) which have separated power supplrs. The VCO is a delay-controlled ring
oscillator, designed to operate nominally at 1122MHig. 1b), the frequency divider divides by 4
the VCO frequencyThe delay introduced by the delay cell dependsergate voltages applied on
the PMOS and NMOS transistors. In the actual implatation, only the PMOS gate voltage is
controlled, the NMOS gate voltage is tied to theQ/@ower supply. The simplification of the VCO
control makes the structure more sensitive to paupiply voltage fluctuationdn the following
tests, the frequency of the reference signal agpliePLL input is equal to 24 MHz.
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Figure 1. Schematics of (a) the PLL and (b) the delay-coledo\/CO

The PLL power distribution network is unconventibhat the separation of power supplies of
each sub-block has been chosen to characterizmahteoupling between different power supply
domains and identify the role of each sub-blockhie PLL susceptibility. The different power
supply pairs are written ppVCO/VsgVCO for the VCO, VypPh/VsPh for the phase detector and
VppDiv/V sPDiv for the frequency divider.

B. Set-up description

The methodology used to highlight susceptibilitiftdnduced by circuit aging is described in
Fig. 2. It consists in measuring the susceptibitity conducted disturbances before and after
accelerated-life tests applied on a lot of 10 sasflhis number of samples is certainly too small
to obtain a precise evaluation of aging impact osceptibility. However, it constitutes a good
compromise to evaluate the trend induced by agorgaf reasonable cost and test duration.

2



Accelerated-life tests are based on the accelerafithe damage rate for relevant wear-out failure
mechanisms due to overstress conditions (e.g. teigiperature or overvoltage) applied for a short
period of time. In this test, the High TemperatOgerating Life (HTOL) test has been chosen [7].
It consists in biasing a lot of several compon@ntsamples under overvoltage conditions at 150°C
in a climatic chamber during 3 weeks.

Burn-in: HTOL (150t

for 408h, Vdd+10%) Climatic chamber

“aged”
samples

Suscepid
char. on

EMC board (for

DP! tests) Statistical characterization of:

*Set-up repeatability
«Component dispersion

*Aging induced drift

f

Figure 2. Experimental set-up for the characterization ofghsceptibility level drift induced by accelerateging

The PLL susceptibility is characterized accordiogtte direct power injection (DPI) method
defined by IEC 62132-3 standard [8]. This methodcli®sen because of its high level of
repeatability. DPI test is based on conducted figemf harmonic disturbances applied on one or
several pins of a circuit, which helps IC desigrterevaluate the sensitivity at different frequesci
of a pin or a block and locate the origin of immuynproblems. The conducted disturbances
represent the unwanted RF-energy coupled on caleebs and PCB tracks. The test consists in
determining the magnitude of conducted RF-distutban(i.e. RF forward power) to induce a
component failure, such as an erroneous operation lit error) or loss of nominal performances
(e.g. reduction of noise margin, jitter or increa$ecurrent consumption). Figure 3 describes the
DPI set-up used for the susceptibility charactéioneof the PLL.
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Figure 3. Conducted susceptibility test set-up based on Bfpdsrd [8]

The PLL is very sensitive to power supply voltaggctuations so conducted injections are
performed either on VCO, phase detector, or frequetivider power supply pins. The harmonic
disturbance injections are done between 10 MHzla@tHz. The maximum amount of disturbance
is limited to 45 dBm because of power amplifieritations. Voltage fluctuations coupled on VCO,
frequency divider or phase detector power suppliesconverted into timing jitter, which can affect
the timing characteristics of PLL output signalRitL stability. The PLL output period or period
jitter is monitored by a digital storage oscillopeo(DSO).A maximum allowed deviation of PLL
period has been set to 2 ns (i.e. 5 % of the ndnpi@od) in order to limit the amount of power
required during the susceptibility tests.

Several precautions are taken to ensure that teegtibility level differences measured after
accelerated life tests result only from circuitrapgiFirst, all the susceptibility tests are done at
ambient temperature and the power supply voltagensrolled. Secondly, the repeatability of DPI
tests is measured before susceptibility tests tarenece components evaluate the uncertainties
introduced by the DPI test bench. The evaluatiothefrepeatability is based on the repetition of
the test on a reference sample and the computattithe standard deviation of the dispersion of the
measurement results at each injection frequehbg. repeatability of our DPI test bench is about
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0.5 dB over the range 10 to 1000 MHz. Thirdly, othlg circuit samples are aged since the samples
are mounted either on EMC or aging test boards sg#cific socketsinally, the susceptibility
tests have to be performed as soon as possibletiadtend of the accelerated-life test, in order to
reduce the possible recovery of the samples froenating-induced effects. As the complete
susceptibility characterization of the ten samjda$s nearly one day, a partial recovery is likmly

we will assume that this effect remains negligible.

C. Characterization of PLL susceptibility

First, the susceptibility of the PLL to conductestdrbances applied on VCO, phase detector or
frequency divider power supply pins are compardte $usceptibility levels measured in these 3
tests performed on the same component are comjpaFégl. 4.
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Figure 4. Conducted susceptibility of the PLL — injection\ 8680, phase comparator and frequency divider powpply
pins

While the susceptibility levels of the phase comaparand the frequency divider are similar, the
susceptibility of the VCO is 10 to 15 dB higher.i§ difference demonstrates that the PLL is the
most sensitive sub-block to conducted disturbareggglied on the VCO power supply. The
following study will be focused only on conductejeiction on VCO power supply pin.

Two failure types are considered during DPI testdgpmed on VCO power supply: either the
period jitter exceeds 2 ns or the PLL unlocks diyecThe second mechanism occurs at high
frequency (above 100 MHz), while the first mechanisccurs at low frequency and around
particular frequencies: 288, 576 and 864 MHz. Thbsee frequencies are respectively the third,
sixth and ninth harmonics of the VCO operating fiericy (96 MHz). Due to the VCO structure,
synchronization between each delay cells of the \&B®the EMI happens at these frequencies and
leads to a large increase of VCO jitter. The sutiiodify threshold shape depends on three
parameters:

« the board decoupling, which is the most efficiert@MHz

e the circuit power distribution network (PDN), whigffects noise propagation within the
circuit. The high susceptibility measured over tiiege 400 — 800 MHz is due the primary
resonance of the VCO PDN which induces an efficteantsfer of noise on VCO power
supply[9].

e the VCO and PLL behavior3.he period jitter induced at the VCO and PLL ougply a
harmonic voltage fluctuation of the VCO power sypphn be computed according to
equations (1) and (2) [10]. The period jitief depends on the VCO frequency, Ehe
pushing coefficient of the VCO &0, the closed-loop response of the PLL G the
amplitude £y, and the frequencyely, of the voltage fluctuation. The analysis of equatio
(1) shows that the VCO converts efficiently the powupply voltage fluctuations into jitter
in low frequency [10].

l KVCO'\/EMI
2]1-:0)2 2'(271’:EMI)

UTzvco(FEMl ) = ( 2 ll_exd_ jZIFEMITO)|2 1)

JT PLL = O-TVCO X |GPLL| (2)

D. Variation of the immunity level of the PLL indudgdaccelerated aging

At the end of HTOL test, the ten samples remainatmnal. The PLL is still locked in nominal
conditions.No serious degradations or failures such as cugensumption, signal integrity, 1/O
characteristics..can be noticed, except a variation of the freaingoscillation frequency of the

4



VCO. The stress applied during HTOL test has acatdd degradation mechanisms which affect
the properties of the VCO. The PLL does not go @futock because the VCO is not enough
degraded and the PLL is still able to compensat®\¢@anges.

However, the robustness of the PLL to externaludistinces is affectedlhe comparison
between DPI test results obtained before and afteelerated-aging show significant changes for
conducted injection applied on VCO power supply. pinFig. 5, the conducted susceptibility levels
of the 10 samples are superimposed before (a)fterdla) the accelerated-aging test.
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Figure 5. Superimposition of the conducted susceptibilityelsvof the 10 samples measured (a) before andté) a
accelerated-aging test

The susceptibility levels are randomly distributgideach injection frequency points due to
circuit variability. The plot of the cumulative tligution function (CDF) of the immunity level
measured at each frequency on the ten samplesiilarsio the CDF of a normal distributioAll
the samples do not present the same immunity lefele and after aging. Variations of several dB
can appear between the different samples, whicHaager than the DPI test bench repeatability.
The comparison between results obtained beforeafiadaging show clearly that the susceptibility
level have evolved after aging. Three statisticahlygses are performed to characterize these
changes:

« the evolution of the average susceptibility leviethe lot of 10 samples (Fig. 6)
< the evolution of the dispersion of the susceptiplével measured on 10 samples (Fig. 7)
« the average variation of the susceptibility leved pample (Fig. 8)

Fig. 6 shows that a reduction of 2.6 dB of the agerimmunity level occurs after aging over
nearly all the frequency range. The internal degfiads of the VCO induced during the accelerated
aging test lead to a higher sensitivity to voltfigetuations induced on VCO power supply. But all
the samples do not follow the same evolution afiging, as shown in Fig. 8. For half of the
components, a large variation is observed aftengagiver a large frequency range (the average
reduction exceeds 2 dB for 4 samples and 1 dB fearfiples). The worst case average reduction
reaches up to 8 dBt is interesting to notice that the componentschtsuffer the largest reduction
of susceptibility level were the most susceptibiéally, and vice-versa.

Actually, it indicates that the susceptibility |éwispersion has increased after agifigis trend
is also confirmed by the results presented in Fighich show the standard deviation of the
susceptibility level distribution of the ten sangléefore and after aging. A 3 dB increase of the
variability of the susceptibility level is observedter aging. This effect could be linked to non
uniform stress of the ten samples or a change el test bench with time. However, these
hypotheses are unlikely because the temperatuideitise climatic chamber is homogeneous and
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the electrical stress conditions have been verifieding the stress. Moreover, repeatability

measurements on a golden reference sample provth¢heharacteristics of the DPI test bench are
stable. In chapter V, the simulation results presgbin Fig. 17 will provide a possible explanation

about the increase of susceptibility level variapil

Contrary to all the other samples, the susceptiddivel of sample 5 is slightly improved after
aging. It is not likely that this opposite trendliisked to measurement errors or recovery from
aging. Sample 5 is maybe a “lucky” component, inciwithe degradation mechanisms activated by
stress conditions have made the PLL a little mobeist to conducted EMI.
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Figure 6. Evolution of the average susceptibility level measdion a lot of 10 samples before and after acteléraging
test
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The reduction of the immunity level of the PLL claa correlated to the reduction of the free
running oscillation frequency. This reduction iekitd to the alteration of VCO characteristics
induced by internal degradation mechanisms, whabvehbeen accelerated during the aging test.
They have contributed to slow down the VCO and tbhift the capture range of the PLL. In
nominal conditions, the degradations induced by@gire not large enough to lead to a failure of
the PLL. However, they have seriously reduced thegin to voltage fluctuations and increased the
susceptibility of the PLL to EMI. This trend couldot be anticipated from susceptibility
characterization of fresh samples. Only suscejtjibiheasurements of aged components or CAD
simulation could predict these variations. In thletrpart, a susceptibility model which takes into
account VCO aging is proposed to explain the imtywhégradation.



I1l.  LONG-TERM IMMUNITY PREDICTION METHODOLOGY

Aging has a serious impact on VCO performancesragion mechanisms activated by harsh
conditions of the accelerated-life test affect $istor parameters, and thus the circuit responde an
its susceptibility to EMI. The prediction of immuayievel changes induced by aging relies on:

« amodel able to simulate the susceptibility ofhé to conducted disturbances

e a physical model of the VCO to simulate the impattaging induced degradation
mechanisms

A transistor based model will be used for the miodebf the VCO in order to integrate the
effect of device aging, i.e. the degraded transistan be identified and their characteristicsloan
changed according to an aging model. Figure 9 descthe proposed methodology to simulate the
change of the immunity induced by aging [11]. Frask aged transistor models are included on
device library, which can be extracted by devicarabterization, or by aging simulation. First, the
susceptibility level of the “fresh” circuit is emfrted. The circuit model only includes “fresh”
transistor model. Secondly, an analysis of theudiraging identifies which transistors are affected
by degradation mechanisms and changes transistdelsad-inally the susceptibility level of the
“aged” circuit is extracted and compared to theelef the “fresh” circuit. In the following parts,
the construction of the susceptibility model of BHd. is described.

ﬁ Aging analysis
Immunity model T
of “aged” Library of
component “aged” device

)

SPICE Transient JASE| WinspICE SPICE Transient
simulation g simulation

Conducted Conducted

susceptibility v susceptibility
extraction IC-EMC extraction

Comparison of immunity threshold
before / after aging

Figure 9. Long-term immunity prediction simulation flow

V. PLL SUSCEPTIBILITY MODEL CONSTRUCTION

A. Susceptibility model construction

The structure of the PLL susceptibility model relen ICIM standard proposal [12]. The model
presents two parts:

e The Internal Behavior (IB) block which describes thominal operation of the PLL and
detects failures induced by coupling of EMI

* The Power Distribution Network (PDN) which desceltbe coupling path of the EMI to
the sensitive nodes of the PLL. The PDN includes Bl injection system, test board
tracks, package and on-chip interconnects.

The IC model is finally inserted in the test bemobdel and the nearby environment (test board,
decoupling, injection cables) is added.
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Figure 10.Structure of the susceptibility model of a cirduétsed on ICIM [12]

1) Construction of the PDN block
The PDN model of the PLL is an impedance netwotkben the power and ground pins of the
PLL sub-blocks. Each sub-block counts one poweplstgnd two ground pins. Moreover, the PLL



input-outputs are biased by a dedicated power gughpich can interact with the PLL PDN. Thus,
the PLL PDN counts a total of 11 pins. A specifisttboard has been designed to extract the
impedance network of the PLL PDN by 2-port S pat@mmeasurements. The circuit is connected
to a vector network analyzer (VNA) by high frequer@S probes (Fig. 11). Probes are connected
to PCB pads placed as close as possible to thataimmder test. All the measurement configurations
between each pin of the PLL PDN are possible, stkagge inductances, circuit equivalent
capacitances, substrate coupling ... can be extréctedmeasurements.

Figure 11.PLL PDN model extraction by S parameter measuresnent

Fig. 12 presents the PDN model extracted from &rpater measurements. Only the structure
of the model and the name of the package termarelgiven for legibility purpose. Fig. 13 presents
comparisons between S parameter measurements @outhtsdins obtained from the extracted
model. The comparisons between measurement andasimnushow a good agreement up to 1
GHz.
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Figure 12.PLL PDN impedance model extracted from S parame&asurements

2) Construction of the IB block
The IB model construction relies on the transiemiugation of the transistor level schematic of

the PLL for two reasons:

e ensuring an accurate modelling of PLL failure meisias induced by VCO power supply
voltage fluctuation

« including transistor degradation mechanisms by gimgtransistor model parameters

However, adding the PLL PDN and circuit nearby emunent models can increase the
simulation time. Parasitic inductances associatedboard and package interconnects and
decoupling capacitances induces a long transieie.sThe following methodology is used to
overcome this issue. First, the voltage fluctuatiomplitude applied on PLL terminals and required
to induce a failure is simulated for different hamt disturbance frequencies. As the PLL is
extremely sensitive to VCO power supply voltagectilations, only the voltage fluctuation across
this node is simulated.
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Then, the voltage fluctuation levels are recorded isensitivity table (Fig. 14). In the ICIM
model,the IB is replaced by a simple monitoring of thétage fluctuation across the internal VCO
power supply during the susceptibility simulatiéti.the end of the susceptibility simulation, ieth
voltage fluctuation induced by the EMI coupling lerger than the amplitude given by the
sensitivity table, a failure is detected and thevéyd power of the disturbance is extracted.

I e P P S SPICE transient
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PLL transistor netlist )
VDD VCO
Freq. EMI fluctuations
10 MHz 0.1V
20 MHz 0.15V
Sensitivity table

Figure 14.Generation of a sensitivity table: sensitivity bétPLL to VCO power supply fluctuations vs. EMIdtency

3) Validation of the PLL susceptibility model

The susceptibility model of the PLL includes thecgit PDN model extracted from S parameter
measurements, the sensitivity level extracted ftansient simulation of the PLL netlist and the
model of the nearby environment (DPI test benchtastiboard).Fig. 15 presents the comparison
between the simulation and the measurement ofuseeptibility level of the PLL before aging.
good correlation is observed between 10 MHz andHkz.@ he efficient EMI filtering around 10
MHz, the high susceptibility between 400 and 8002ylBind the susceptibility peaks around 288,
576 and 864 MHz are simulated correcttyspite of some discrepancies, the sensitivitthefPLL
to conducted interferences is simulated correstythat this model can be reused for the simulation
of aging impact on susceptibility.



PLL susceptibility - measurement vs. model

——Simulation

—=—Measurement

/
\M\\/f,’f

/

=
15}

Forward power (dBm)
3

o

KA
o

10 1000

100
Frequency (MHz)
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V. SIMULATION OF THE IMPACT OF TRANSISTOR DEGRADATION®N PLL SUSCEPTIBILITY

A quantitative prediction of the effect of aging susceptibility relies on the identification of
critical transistors (e.g. based on electrical $itions or functional analysis) and the extractidn
variation laws of transistor electrical parametessstress conditions and time. In this case study,
the absence of characterization of transistor diediens prevents from an accurate prediction of
susceptibility level drift. In spite of the abserafeexperimental characterization, we can attempt t
use CAD simulations to propose and consolidatenagons about the origins of susceptibility
increase. With CAD simulations, different scenaradstransistor degradation can be tested: the
location of degraded transistors and device parmetfected by degradation mechanisms can be
changed in order to observe the impact of the diegiens of a specific transistor on the whole
circuit susceptibility.

First, the most likely scenarios of transistor delgition have to be set, i.e. propose the location
of degraded devices and device parameters affdayedlegradation mechanisms. Reliability
publications report that transistor degradation mmesms such as Negative Bias Temperature
Instability (NBTI) or Hot Carrier Injection (HCI) an have a significant impact on circuit
performances by increasing transistor thresholthgel Vth and altering carrier mobility U0 and
drain current [3] [13] [14]. In the following anis, we assume that threshold voltage and mobility
are the only model parameters affected by aging.

Some assumptions can also be done about the Ipadtategradations. The proposition of these
assumptions can be based on experimental measusearesimulations. Experimental results have
shown that the susceptibility increase is correlatéh VCO slowing down so the degradation can
be located on the transistors which have a majotribuition on VCO oscillation frequency. The
analysis of the VCO schematic presented in Figshdwvs that the oscillation frequency depends
mainly on the delay cell characteristics. Degramatimechanisms such as NBTI or HCI can
increase the channel resistance of the delayragistors and the delay. An electrical simulatibn
the voltages across each terminal of the delay teafisistors shows the PMOS gate is usually
negatively biased compared to the source, whictacaalerate NBTI mechanism. Moreover, as the
PMOS transistor is shorter than the NMOS transistar delay is very sensitive to PMOS channel
resistance length. Thus, we will assume that thygadiation of the PMOS transistor is the origin of
VCO slowing down and the increase of PLL susceliibi

The relevance of the assumption about VCO deg@uiinow tested by the simulation of the
VCO oscillation frequency. A degradation mechanisoth as NBTI applied on the PMOS
transistor of the delay cell decreases the camiebility and increase the threshold voltage. The
variation of the VCO oscillation frequency is simgd for an arbitrary change on the carrier
mobility and threshold voltage values. A changel6f% on a transistor parameter is usually
considered as a failure. Fig. 16.a presents thelaiion of the VCO oscillation frequency for
different power supply voltag&ith nominal and degraded Vth and Uo for the PM&@&distor of
the delay cell Fig. 16.b presents the measurement of the VC@laiem frequency measured
before and after accelerated-aging test. In meamneand simulation, aging and degradation of
the PMOS transistor of the delay cell lead to auctidn of the VCO frequency. The amount of
frequency drift predicted in simulation dependstio@ variation of carrier mobility and threshold
voltage.
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Based on the hypothesis of delay cell degradatiba, effect on the PLL susceptibility is
simulated. Fig. 17 presents the evolution of thenimity level at 550 MHz for different types of
degradation: either the threshold voltage Vth éséased, or the carrier mobility Uo is decreased, o
both parameters are changed. The amount of varidiovVth and/or Uo is marked X. In each case,
transistor degradations lead to a reduction ofrtimaunity level which reaches up to 6 dB, before a
complete failure of the PLL in nominal operatiohgtPLL is unable to lock even without EMI).
The result shows also that the delay cell is mensitive to mobility change.

It is interesting to notice that the reductionmfiunity level remains unaffected up to a certain
amount of transistor degradation. Above this amairntansistor degradation, the immunity level
starts falling rapidly. For example, if the var@atiof the threshold voltage is less than 20 % ef th
nominal value and the mobility remains constarg,réduction of immunity level is not significant
(less than 1.5 dB). Above 20%, the immunity leweuction reaches up to 5 dB before a complete
failure of the PLL. This simulation result can b@rpared to the experimental result presented in
Fig. 8 which shows the average immunity level wiotaper sampleThe measured susceptibility
levels of the samples exhibit a large and increpgigpersion after aging his simulation result can
explain the larger dispersion of susceptibilitydemeasured after aginghe relation between the
variation of a transistor parameter (e.g. threskoltage or mobility) and the reduction of the PLL
susceptibility level is not linear. For a givenpbssion of a transistor parameter, if this disparsi
tends to shift and exceed a given level, the vditiabof susceptibility level will increase
considerably.
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Figure 17.Analysis of the sensitivity of the PLL immunity lelws. variation of delay cell PMOSFET parameters

The worst case degradation scenario is now corldehe mobility is decreased while the
threshold voltage is increased by 10% from themimal value. The PLL susceptibility level is
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simulated between 10 MHz and 1 GHz. Figure 18 prissthe comparison between the simulated
susceptibility level of fresh and aged PLhe simulation predicts a global reduction of salvdB

of the immunity level over a large frequency ranghis trend is similar to the immunity level
decrease observed in measurement (Fig. 6). Thadkgpn of the mobility and threshold voltage
of the PMOS transistor of the delay cell is resjjdasfor a large part of the reduction of the PLL
robustness to conducted interferences. Howeveinthminity level decrease predicted in the worst
case scenario is less than the measured varigtiesimulation predicts an average reduction of the
immunity level about 1.6 dB while the measured agerreduction is about 3 dB. The maximum
reduction reaches up to 6 dB in simulation and BOird measurement. This difference can be
explained by the insufficiency of the susceptipilihodel to simulate the impact of mobility and
threshold voltage variations on the PLL performanck better transistor model would certainly
improve our immunity model.
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Figure 18.Comparison between the simulated susceptibilitgllef fresh and aged PLL

Even if the absence of internal reliability anadyand transistor degradation model prevents a
complete validation of this degradation scenarid an accurate prediction of the variation of
susceptibility level, the proposed model reprodugealitatively the measured evolution of the
susceptibility level of the PLL to conducted distances. The CAD analysis confirms that a
degradation of threshold voltage and mobility of ®# transistor of delay cell induced by a
degradation mechanism such as NBTI can reduce #éngimto power supply voltage fluctuations.
An accurate quantitative prediction of the evolntiof the susceptibility would rely on a
characterization of degradation mechanisms whictecef the transistors designed in this
technology and the extraction of equivalent motteigssert in the circuit schematic [15]. Moreover,
failure analysis methods such as laser stimulatem help to locate precisely the root cause of
susceptibility increase [16].

In addition to the aging effect, measurements hatiewn that the variability of the
susceptibility level tends to increase after agifige simulation results suggest that the varigbilit
of device parameters such as mobility and threshallage induces a dispersion of the
susceptibility level according to a non linear tielaship. Taking into account device variability
issues, e.g. with Monte-Carlo simulations, is intaot to predict accurately the distribution of the
susceptibility level variation and thus in whichtent the robustness to EMI can be modified.

VI. CONCLUSION

This article has been focused on the issue of teng- susceptibility of integrated circuits,
which relates to the changes of susceptibility lecteomagnetic interferences induced by circuit
aging. The long-term immunity has to be ensuredratiit design level to guarantee a high level of
safety of the final electronic applications. Thigppr has presented a simulation methodology to
predict the impact of circuit aging on conductedcgptibility. This method has been applied to
model and explain the variation of susceptibiligydl of a phase-locked loop measured after an
accelerated-life test. An electrical model of thé Pas been developed to predict the susceptibility
level of the PLL to conducted disturbances cougladhe VCO power supply pin. A hypothesis
has been proposed about the origin of the susdéptilevel drift. The degradation of carrier
mobility and threshold voltage of the PMOS tramsistf the VCO delay cell slow down the VCO,
modify the capture range of the PLL and thus ineeethe susceptibility. Including the change of
transistor parameters in the susceptibility moaeal imduced a similar reduction of immunity level
as the measured one. The simulation predicts hieasusceptibility of the PLL increases when the
degraded transistor exceeds a given level. Thisceftan explain the large dispersion of
susceptibility level drift measured after agingth8lugh the presented simulation results remain
qualitative, the characterization and the accunadeleling of transistor degradation mechanisms
will allow a quantitative prediction of susceptibjllevel drifts.
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