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Effect of Aging on Power Integrity and Conducted Emission of

Digital Integrated Circuits

A. Boyer, S. Ben Dhia

Abstract — Recent studies have shown that integrated ciragihg modifies electromagnetic
emission significantly. The proposed paper aim&wluating the impact of aging on the power
integrity and the conducted emission of digitalegrated circuits, clarifying the origin of

electromagnetic emission evolution and proposimgethodology to predict this evolution. On-chip
measurements of power supply voltage bounces inMOE 90 nm technology test chip and
conducted emission measurements are combined lgittrie stress to characterize the influence of
aging. Simulations based on ICEM modeling moditigdan empirical coefficient to model the

evolution of the emission induced by device agingoposed and tested.

Keywords — Integrated circuits, power integrity, conductethigsion, accelerated aging, ICEM

modeling.



1 INTRODUCTION

Recently, many publications have forecast a deereheew CMOS technology device lifetime down
to few years [1], with anticipated appearance ofllma soft failures due to wear-out mechanisms. (e.g
hot carrier injection (HCI), negative bias instéi(NBTI), electromigration...) [2] [3]. The driftfo

the electrical characteristics of semiconductorices/have direct consequences on integrated circuit
(IC) electromagnetic emission (EME) and power intgg(Pl) [4]. The management of both
constraints constitutes a serious challenge fartreleic industry to ensure a reliable operation of
digital circuits and comply with electromagnetiongatibility (EMC) requirements. Recently, some
publications have shown experimentally that aceééel aging tests such as high or low temperature
operating life, thermal cycling, or electrical os&ess induce a significant variation of EME proetlic

by power supply units [5], high side switch devi¢&fkdigital circuits or I/O buffers [7]. However,
these studies do not clarify the origins of EME rdes and do not address the modeling and

prediction issues.

This paper intends to clarify the impact of IC apion Pl and conducted emission (CE)
experimentally and by simulation. A test chip desig in Freescale CMOS 90 nm technology, which
includes a digital core and on-chip sensors desglictd the measurement of power supply ripple, has
been developed to characterize the evolution afsPtime. In order to explain the effect of IC agin
on Pl and CE, an equivalent model of the circugdahon the Integrated Circuit Emission Model
(ICEM) approach [8] is developed. A simple empiriceefficient is included in the model to predict

the evolution of EME of ICs with time.

The paper is organized as follows: after a desonpdf the circuit under test, the on-chip sensors
and the experimental set-up, the measurement sesuthe evolution of the power supply voltage

bounces and CE are presented and discussed. Tiegmroposed modeling approach of the circuit Pl



and CE is described and, finally, simulation andasueement results are compared in order to

validate both our hypothesis about Pl and CE eiwwmiuwvith time and the proposed modeling method.

2 TEST CHIPAND EXPERIMENTAL SET-UP PRESENTATION
2.1 Test chip description
A dedicated test chip has been designed in Free€dIOS 90 nm technology for IC emission and
susceptibility modeling, and characterization oinggmpact on EMC of ICs. In particular, the test
chip includes a digital core with a dedicated posugrply voltage equal to 1.2 V. The structure @f th

core is a basic 100-stage shift register, syncheshby a 40 MHz clock, as described in Fig. 1.

2.2 On-chip voltage sensor

In order to monitor the voltage drops on the posapply of the digital core, an on-chip voltage
sensor is placed along the power supply rail ofcbre. This sensor is able to acquire the waveform
of signals on non accessible nodes with a presise itesolution (up to 15 ps). Its analog bandwidth
is equal to 10 GHz. Its principle and its implenaion in the test chip are explained in [9]. Inard

to prevent noise coupling with the digital cores ttesigned sensor has a dedicated power supply and
is isolated from the IC substrate by a buried Netaypue to its small input capacitance (4 fF), the
sensor is not intrusive and does not influencediheuit under test. Although the electrical stress
applied to the circuit under test can partiallyealthe performances of the sensor, it can be
recalibrated before any measurements. The calibrgitiocess is necessary to compensate effects of

imperfections due to non ideal behavior and mishre®©n voltage and frequency responses.

2.3 Description of the experimental set-up

The experiment is based on a measure-stress-metswrdgFig. 2), which consists in applying

electrical stress on the circuit under test andrinpting the stress during short periods reguliany



characterization purpose. With this procedure, ¢haracteristics of the circuit are monitored at
various degrees of aging. The choice of stressitiond (stress voltage and duration) is based on a
preliminary failure analysis of MOS devices devedpn this technology [10] [11]. At ambient
temperature, for DC stress voltages ranging froto 8 V and applied between the drain and source
of NMOS and PMOS devices, significant degradatiohthreshold voltage and carrier mobility are
induced either by HCI or NBTI after several hundrefl seconds. The amount of degradation and the
activated degradation mechanisms are relateddesstroltage, duration, transistor geometry and gate
oxide thickness. HCI is activated in NMOS devicesslarge drain-source voltages (between 3 V and
4 V). The gate-source voltage is selected to ogertine current injected in the substrate, whidmis
effect of HCI. The Ids (Vds;Vgs) characteristic tbe tested NMOS device is measured regularly
during the stress to extract the increase of tloldstioltage and the decrease of carrier mobility.
NBTI arises in PMOS devices for negative gate-sewadtage (between 3 V and 4 V). The drain, the
source and the bulk are set to the same poteiiti@.lds (Vgs) characteristic of the testes PMOS

device is measured regularly during the stressti@et the increase of threshold voltage.

In a circuit, degradation mechanisms such as NBd@IHCI coexist and participate to the change of
circuit performances. These characterizationsrapoitant for failure analysis at circuit level besa
the voltage conditions which activate the degradamechanisms can be determined. For the digital
core under test, a 3.6 V electrical stress is agpin the power supply during 120 minutes in otder
validate the influence of the stress voltage orafd CE changes. This stress activates NBTI on
PMOS devices of digital gates if their output isteelogical state ‘1. If the inverters of the clotree
are considered, NBTI is activated half of the &trése. HCI is activated on NMOS devices only

during logical state transitions.

The measurements of power supply voltage fluctaatieith the on-chip sensor are performed after



each stress interval. The sensor is not suppliethglstress phases in order to limit its aging.
Recalibration is done after each stress periodioagh experimental characterizations have not
shown any significant degradation of the sensoraduition, conducted emission measurements
according to thél Q" method [12] are performed after each stress iateim order to monitor the
variations of the transient current that returnghi ground. The conducted emission measurements
are done on a dedicated board which is not stresspdevent from any changes of th€lprobe
characteristics. During power supply voltage flattons and conducted emission measurements,

only the clock tree is activated in order to keeginaple and repetitive core activity.

All the experiments have been repeated on severables to ensure that similar results are
obtained. Nevertheless, the uncertainties linketthéoprocess dispersions which affect the ciraat a

not taken into account in this study.

3 EXPERIMENTAL RESULTS. EVOLUTION OF POWER INTEGRITY AFTER ELECTRICAL
STRESS

3.1 Initial measurement of power integrity

Fig. 3 presents the power supply voltage fluctuetiproduced by the digital core activity measured
by the on-chip sensor. Positions of clock edgesirdecated. Rapid drops appear at each clock
switching. These events are linked to the rapiderirdemand from every gate and latch of the core.
A damped oscillation with a pseudo-period equad.t ns follows the first rapid current impulsion.
This oscillation is linked to the anti-resonance doi the equivalent parallel LC circuit formed by t
on-chip capacitor and parasitic inductances aswautito power and ground package pins [13].

Similar voltage fluctuations are also measurechenground node of the circuit.

3.2 Impact of electrical stresson digital core power integrity

After stress, the core remains operational andatierage current consumption has not changed.



However, the core timing characteristics have ex@M\A specific part of the core has been designed
to measure the propagation delay through one Drlattd 100 inverters. The propagation delay
through the core after stress increases up to 3epénding on the stress duration. The electrical
stress applied on core power supply acceleratesautanechanisms such as HCI for NMOS devices
and/or NBTI for PMOS devices, which lead to an @ase of the propagation delay of each gate of

the core.

Fig. 4 presents the power supply voltage bouncessured by the on-chip sensor before and after
3.6 V stresses. A -30 % reduction of the peak-takpgemplitude is observed. The waveform of the
signal is also modified. The first peak is leseptand the period of the resonance oscillatiomloas
changed. Its amplitude is reduced, but it is g@inped at the same rate. This observation indicates
that the package inductance, the equivalent capeatof the digital and resistance linked to the
power distribution network (PDN) have not been @Hed by the electrical stress significantly. This
hypothesis is confirmed by impedance measuremetiteoPDN with a vector network analyzer, as
shown in Fig. 5. Whatever the electrical stresslduge and duration, the impedance of the circuit

power distribution network remains constant oviarge frequency range.

From these experimental results, the following higpsis can be proposed to explain the evolution
of power integrity of the circuit: the reduction pbwer supply voltage bounce is only linked to the
change of transient current produced by the cotwigc Wear-out mechanisms accelerated by
electrical stress have reduced mobility of carmmeMOS devices so the switching transient current

has been spread.

3.3 Impact of electrical stresson digital core conducted emission

Fig. 6 presents the evolution of the spectrum afdocted emission of the digital core during the

exposition to the 3 V electrical stress. Only thgedrum envelop is shown to facilitate the



comparison between the different curves. The resdtvs a time-dependent gradual reduction of the
conducted emission spectrum, which is more imporganhigh frequency. Above 400 MHz, the
emission level decrease exceeds 5 dB after a 3egssapplied during 240 minutes. Above 1 GHz,

the reduction of the CE level reaches 15 dB.

This experimental result confirms the previous hgpeis about the effect of the electrical stress on
the PI. the degradation mechanisms accelerateldebgléctrical stress not only reduces the amplitude
of the transient current produced by the circuiivitg, but also spread it because of a slowing dow
of the circuit. The next part intends to validdte proposed explanation about Pl and CE evolution
by simulation and thus to propose a method to ptade amount of variation of emission due to

circuit aging.

4 MODELING OF DIGITAL CORE AGING EFFECT ON POWER INTEGRITY AND
CONDUCTED EMISSION

4.1 Emission model construction and validation

The EME model is based on ICEM approach [8]. Thelehancludes two main parts: the internal

activity (IA) block which models the transient cemt produced by circuit operation, and the power
distribution network (PDN) which models the filtegi effect of the transient current due to IC and

package. Fig. 7 presents a simplified structuth@fiCEM model of the digital core.

A linear model based on an equivalent RLC circaipioposed for the PDN. The parameters of the
model are extracted from measurements. The pasiweent values are fitted from an impedance
measurement between Vdd and Vss pins of the digited made with vector network analyzer, as
shown in Fig. 5. A very simple approach is usedlfomodeling: two triangular waveform current
sources describe the current produced at each eldg&. They are associated to one activity state of

the core. Three parameters describe the currese puhveform: the amplitudsi, the rise and fall



times Tr and Tf. Even though such a waveform igegsimplistic, it provides a good estimation of
the actual current waveform which can be tuned autha precise analysis of the circuit power
consumption. Initially, the IA parameters are ected from a SPICE transient simulation on the core
model. Then, they are tuned in order to fit thewation results on Pl measurements done on a
“fresh” device. As only the clock tree of circust activated, the circuit activity is simple andipédic.

Only one IA block is necessary to model the curpgrntiuced by the clock tree switching.

SPICE transient simulations are performed to comph# waveform of the power supply and the
spectrum of the conducted emission of the digitaedrom the ICEM model. Fig. 8 presents a
comparison between the measurement and the siowlatithe power supply voltage bounce before
electrical stress. The simulated waveform is simifaterm of peak-to-peak amplitude, pseudo-
oscillation period and damping. Although the catiein between measured and simulated curves is
not totally perfect, the model offers a sufficiaaturacy for the aim of the study. A better cotreta
would rely on a more complex transient current viawa, extracted from a precise analysis of the

power consumption of the digital core.

Fig. 9 presents a comparison between the measuacegdimulated spectra of the core CE before
electrical stress. The correlation between measemeand simulation is also acceptable up to 1 GHz.
Extending the validity range of the model requieesnore complex model of the PCB and IC
substrate coupling. However, as the noise prodbgettie circuit becomes negligible above 1 GHz,

the model precision is enough for the rest of theys

4.2 Modding of degradation mechanismsinduced by electrical stress

Continuous electrical stresses have been carriecgDammn transistors and have shown that HCI and
NBTI were activated on NMOS and PMOS transistospeetively, and were dependent on the stress

voltage [11]. Both degradation mechanisms are aietd/ in the digital core by the large voltage



amplitude applied on the power supply. However,dbetribution of the PMOS degradation on the
Pl and CE evolution is predominant. It can be vedliby a SPICE simulation of the digital core with
a modified model of PMOS transistors which takes sccount NBTI effect. In the rest of the study,
only the NBTI on PMOS transistor will be considerBdBTI is activated when a negative gate-source
voltage is applied and leads to an increase dfhtteshold voltage ¥, of PMOS transistor and thus a
reduction of the saturation current. Fig. 10 préséine experimental characterization of the PMOS
transistor fy evolution with time when a constant gate-sourcéiage is applied. Two stress
voltages ware applied: 1.2 V and 3.2 V. The timelatvon of Vi can be estimated by a power law

model given by equation (1), where A andre fitting coefficients [14].
AV, (%) = Axt” (1)

The effect of NBTI can be taken into account irransistor model such as BSIM4 by changing
parameters which deal with the threshold voltagg.[The modeling of threshold voltage is complex
and depends on numerous parameters, such as thteaseitbias, channel geometry, doping profile
and gate-oxide thickness [16]. Changing the paramétyo, which defines the threshold voltage for
a long channel without substrate bias, providesnple method to model NBTI effect. Thus SPICE
simulations can be done to predict the evolutiofCofransient current vs. thery drift. If the models
of time evolution of Wy such as shown in Fig. 10 are known, the evolutiol® transient current vs.
stress time can be estimated. For example, inGMOS technology, applying a 3 V stress for 4
hours induces an increase ofiMof 19 %. SPICE simulations done on the digitakecarodel with a
modification of PMOS ¥y model leads to a division by 2 of the transientent amplitude and a

spreading of the current peak.

4.3 Integration of aging in |CEM model

In order to take into account the aging of the wirén the ICEM model, the following simple



methodology is proposed. The methodology reliestlom assumption that the charge transfer
associated to each gate switching does not chdtegestress. Although degradation mechanisms can
increase leakage current and thus modify the dymamirent consumption, the measurement of
average current consumption of the circuit doesenotve after stress, which confirms the validity o
the hypothesis. Only three parameters of the etgpnvaurrent sources in IA block are changed to
spread the current pulse created by the digitad:dibre rise and fall times Tr and Tf of the current
pulse are increased while its amplitusieis reduced. As the charge transfer associatezhth gate
switching does not change after stress, the ewoludf these parameters must ensure that transient
current integration over time remains constant. ilTleyolution is governed by an empirical
coefficients called “degradation ratio”, as shown by equati®)sand (3) equal to 0 means that the
digital core is not degraded and the current pidseot spread. I increases, a larger amount of
degradation is considered and the current pulspresad. In our ICEM model, the degradation ratio is

applied on both current sources of the IA block syatrically.

Digyoe = Dy 1= 03), 0<I<1 (2)

stress

tr initial
= , 0<d<1 (3
r stress 1- 6 ( )

t

4.4 Simulation of electrical stressimpact on power integrity

By simulation, the effect ad on the PI can be studied. Fig. 11 presents thkigmo of the peak-to-
peak amplitude of the power supply bounce wbes increased in both current sources. The result
confirms that the power supply bounce is reducednmMhe current pulse is spread. However, we
need to confirm that our approach is able to madtel evolution of the power supply voltage

waveform by a comparison with the on-chip measurgsdone in stressed cores.

Except if information about transistor degradatisravailable, the coefficierit value for a given

amount of stress is unknown initially. However, theve shown in Fig. 11 can help us to choose a



reasonable value to fit with EME measurement. Foonchip measurement results, a value a$
selected to obtain the same voltage fluctuationlitmaie. Fig. 12 presents the comparison between
the measurements and simulations of the power gwagtage bounces before and after a 120
minutes 3.6 V electrical stress. The coefficigns set to 0.58 to model the effect of the strasthe
ICEM model. The correlation between measurementsandlation curves is acceptable. The ICEM
model modified by the empirical degradation ragoable to reproduce the evolution of the power

supply voltage bounce with a reasonable accuracy.

4.5 Simulation of electrical stressimpact on conducted emission

In order to evaluate the relevance of our predictitethodology, the conducted emission of the core
after a 120 minutes 3.6 V electrical stress is &ed with the modified ICEM model. The
degradation ratio value is also set to 0.58. Fgpresents the comparison between measurement and
simulation results which are in a good agreementad GHz. The simulation reproduces the

observed reduction of the CE spectrum at high #aqu with a good precision.

The ICEM model is reused to simulate the effeca afifferent value of stress voltage. In Fig. 14,
the measurement and the simulation of the evolutibthe CE spectrum with time are compared
when the core is exposed to a 3 V stress. Accorttirthe measured power supply voltage bounces
and the graph presented in Fig. 11, the degradasiba values are 0.4 and 0.5 for 180 and 240
minutes respectively. The model is able to predith a quite good accuracy the time-dependent

reduction of the CE spectrum up to 1 GHz.

4.6 Prediction of the evolution of the degradation ratio
The prediction of the evolution of EME of an IC WilCEM relies on an accurate evaluation of the
degradation ratio. It can be extracted from datautiransistor degradation mechanisms and an

electrical model of the circuit to simulate how tin@nsient current is spread. In this case stuay, t



experimental data about NBTI helps us to evalusehreshold voltage increase vs. stress timeg for
given electrical stress condition. SPICE simulatiamn the digital core netlist are performed to
estimate the degradation ratio evolution vs. thessttime, for stress voltage equal to 1.2 V ad 3.

V, which is plotted in Fig. 15.

For example, according to Fig. 10, a 3 V stresdieghior 4 hours leads to an increase of;\éf 19
%. SPICE simulation of the digital core shows ttieg transient current amplitude is divided by 2
while its duration is nearly multiplied by 2. Thaarrent spread can be characterized by a degradatio
ratio equal to 0.5, which correlates with the ckawade in the previous part to simulate the evatuti
of CE. According to Fig. 15, under a nominal powepply voltage equal to 1.2 V, the same variation

of V14 and, thus the same Pl and CE change, would b&nebtafter 6x10s, i.e. nearly 2 years.

5 DIscUSsSION AND PERSPECTIVES

The simulation results confirm our hypothesis alibatorigin of the evolution of the Pl and CE after
circuit aging. The degradation mechanisms induced1@S device level, especially the NBTI
mechanism, tend to spread the current pulses peddog the switching of the gates of the digital
circuit. It leads both to a decrease of the powepl/ voltage bounce and a reduction of the
conducted emission spectrum, especially the cartab of high frequency harmonics. Moreover,
these results demonstrate that the evolution ofpthwer integrity can be predicted by a correct
modeling of the change of the circuit current congtion. A complex methodology based on an
accurate prediction of the power consumption froendircuit netlist combined with the modeling of
MOS device degradation mechanisms could providacamurate estimation of the evolution of the
power supply voltage bounce. However, in this pajpdras been demonstrated that a more simple
and non confidential approach based on an ICEM moale also a reasonable estimation of the

evolution of the parasitic emission and power symoltage bounce. A single empirical parameter



called degradation ratio is introduced in the mddehbke into account the current spread induced by
the IC aging. This parameter can be estimated fdata about degradation mechanisms in the

considered technology and the electrical modeheftésted circuit.

Modeling IC emission and integrating the effectaging is fundamental in order to predict the
emission at a larger scale, e.g. a board whiclgiates several ICs and numerous passive devices,
whose characteristics may change with time. Thiskviave several perspectives: firstly, validating
the proposed method on more complex circuit andyéra unique degradation ratio is enough to
predict EME evolution with ICEM model; secondlyetdevelopment of a simple method based on
simulation aiming at extracting the degradatiomoratcording to the stress conditions and duration
without a complete simulation of the tested circthirdly, the integration of technological process
dispersion which adds a non negligible uncertaintyhe prediction of the evolution of the EME ;
finally, validating the experimental results ané tnodeling approach on circuits designed in scaled

down technologies.

ACKNOWLEDGMENT

The authors would like to thank Bertrand Vrignondadohn Shepherd from Freescale
Semiconductor, Toulouse, for test chip developnaet their constant support. This study has been
done with the financial support of French NatioRakearch Agency (project EMRIC JC09_433714),

the regional council of Midi-Pyrénées.



REFERENCES

[1] J. Srinivasan, S. V. Adve, P Bose, J. A. Riverd)éTmpact of technology scaling on lifetime
reliability”, Proceedings of the International Cerénce on Dependable Systems and Networks,

(2004), pp.1-10.

[2] J. W. McPherson, “Reliability trends with advand@MOS scaling and the implications for
design”, Proceedings of the IEEE Custom Integra@@duits Conference (CICC),2007),

pp.405-412.

[3] M. White, Y. Chen, “Scaled CMOS technology relighiluser's guide”, NASA WBS

939904.01.11.10, 2008ttp://nepp.nasa.gov

[4] S. Ben Dhia, M. Ramdani, E. Sicard, Electromagn@uaenpatibility of Integrated Circuits:

Techniques for Low Emission and Susceptibility, Néark, USA, Springer-Verlag,2006).

[5] I. Montanari, A. Tacchini, M. Maini, “Impact of theal stress on the characteristics of
conducted emissions”, Proceedings of the IEEE Bymposium on Electromagnetic

Compatibility, 008), pp. 1-4.

[6] A. Boyer, A. C. Ndoye, S. Ben Dhia, L. Guillot, Brignon, “Characterization of the evolution
of IC emissions after accelerated aging”, IEEE $ram EMC, 2009), Vol. 51, N° 4, pp 892—-

900.

[7] S. Ben Dhia, A. Boyer, B. Li, A. C. Noye, “Charattation of the electromagnetic modelling
drifts of a nanoscale IC after accelerated liféste€lectronic Letters,2010), Vol. 46, N° 4,

PP. 278-280.



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

IEC62433-2, “Models of Integrated Circuits for ERhavioral simulation — ICEM-CE, ICEM
Conducted Emission Model”, International Electroi@ical Commission, Geneva,

Switzerland, 2006).

A. Boyer, S. Ben Dhia, C. Lemoine, B. Vrignon, “Cheterizing circuit susceptibility with on-
chip sensors”, Proceedings of Asia-Pacific Int. $gsium on Electromagnetic Compatibility,

(2012), pp. 73-76.

B. Li, N. Berbel, A. Boyer, S. Ben Dhia, R. FernamdGarcia, “Study of the impact of hot
carrier injection to immunity of MOSFET to electragnetic interferences”, Microelectronics

Reliability, (2011), vol. 51, pp. 1557-1560.

B. Li, “Study of aging effects on electromagnetarpatibility of integrated circuits”, Thesis,

University of Toulouse,2011).

IEC 61967-4 Ed. 1.1, “Integrated circuits - Measueat of electromagnetic emissions, 150
kHz to 1 GHz - Part 4: Measurement of conductedssioins - 1Q/150 Q direct coupling

method”, International Electrotechnical CommissiGeneva, Switzerland2Q06).

M. Swaminathan, A. Ege Engin, “Power Integrity Mbidg and Design for Semiconductors

and Systems”, Prentice Hall Signal Integrity Lilyg2007).

S. Chakravarthi, A. T. Krishnan, V. Reddy, C. F.dHala, S. Krishnan, “A comprehensive
framework for predictive modeling of negative bigsnperature instability”, Proceeding of

IEEE Interrnational Reliability Physics Symposiui@004), pp. 273-282.

J. B. Bernstein, M. Gurfinkel, X. Li, J. Walters, $hapira, M. Talmor, “Electronic Circuit

Reliability Modeling”, Microelectronics Reliability(2006), vol. 46, pp. 1957-1979.

M. V. Dunga, et al., « BSIM46.1 MOSFET Model — Sts#anual », 2007), UC Berkeley.






FIGURESAND TABLES

vddCore On-chip VssCore T
a.zv) sensor
DataIg
in 100 Inverters
>
L "
o
S
100 Inverters |2}
ClockX Clock Tree > &
| = 2
1
[ [ -
1
| L
1 Data
1 100 Inverters > out
—>
Figure 1. Structure of the circuit under test.
Full experiment duration
© © © ©
s 28| o 28|z 2 g2 Q2 |z8
Sl CQ|8sl 5 o|ESf 5O ES|5 O |E=
SE 2w |sg 2B (28 @@ 28|25 |28
gl w | 8| W 3| W 3
| 1 1 |
[fo n] 7 I ©]
Characterization Characterization Characterization Characterization  Characterization

@To

@m

@T2

@ TN-1

@TN

Figure 2. Principle of the characterization of aging
effect on power integrity and conducted emission:
measur ement-str ess-measur ement flow.



Clock rising Clock falling Clock rising

) i {
I ], I
e WAL N 5
5.\ \U/ VAIRTARIAY \U/ \
.

20 30
Time (ns)

Figure 3. Measurement of the power supply
voltage bounce of the digital core.

,\ ——T =0minute
12 /\ — — T =120 minutes

Vdd Core (V)
-
==
= |

b =

Eé
. —

B

et

]

4
e

N

<

4

-

@

40 50

o
=

20 20
Time {(ns)

Figure 4. Evolution of the core power supply
voltage bounce after 120 minutes of 3.6 V
electrical stress.

o
=}
=]

o

=]
5
=]

\ AM

o

Impedance (ohms)

—Before stress

—Afterstress
T T 11

1 T
1,E+06 1,E+07 1,E+08 1,E+09
Frequency (Hz)

Figure5. M easurements of the impedance of the
power distribution network of the digital core
before and after electrical stress.



60
E-- =1 | — T=0minute

- T g"—""“-'\ ----- T= 60 minutes
%_ 50 R\ — - =T=120 minutes
[e] \\ == T =240 minutes
E \
c h
O 40 \
8 w \¥
£
8 a0 A *
<] L
s N
= =
g 2 v
O Receivernoisefloarl | L _ _ 4L 11 L k' dl

10

1,E+07 1,E+08 1,E+09

Frequency (Hz)

Figure6. Evolution of the core conducted
emission after 240 minutes of 3V electrical stress.

. Power distribution Internal
: Board decoupling network (PDN) Activity (1A)

Rueg 23

Ccore
% ?

|_Rise |_Fall

Current(A)

time

1 15
Time (ns)

Figure7. ICEM model of the digital core.



Vpp meas. =59 mV ——Measurement

Y
=

[ Vpp simu. =57 mV ——Simulation

ANV TNNINI
AV VA

>

)

®

Power supply voltage (V)

>

1,14
00E+00 50E-09 1,0E-08 1,5E-08 20E-08 2.5E-08 3.0E-08 3.5E-08 4.0E-08

Time (s)

Figure8. Comparison between measurement
and simulation of the digital core power supply
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Figure9. Comparison between the measurement
and simulation of the digital core conducted
emission before electrical stress.
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60

s 5 —
1]
39 50 \
CE ~
< \
- Q
2T 45 N
o
23 \
0 40
8 5 \\
E 35
o
30

0 01 02 03 04 05 0,8 07
Degradation ratio &

Figure 11. Simulated evolution of the peak-to-peak
amplitude of the power supply voltage bounce vs.
degradation ratio.
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Figure 13. Comparison between the measurement
and simulation of the digital core conducted
emission after 120 minutesof 3.6 V electrical stress.
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