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Abstract—Recent studies have shown that integrated circuit
aging modifies electromagnetic emission significalyt The
proposed paper aims at evaluating the impact of agg on the
power integrity of digital integrated circuits and clarifying its
origin. On-chip measurements of power supply voltag bounces
in a CMOS 90 nm technology test chip are combineditin electric
stress to characterize the influence of aging on pe@r integrity.
Simulation based on ICEM modeling modified by an emipical
coefficient in order to take into account the circit aging is
proposed to model the evolution of the power integfly induced
by device aging.

Keywords— Integrated circuits, power integrity, acaeled
aging, ICEM modelling

. INTRODUCTION

Recently, many publications have forecast a deereds
new CMOS technology device lifetime down to few ngef],
with anticipated appearance of hard or soft fadudwe to
wear-out mechanisms (e.g. hot carrier injectiorgatige bias
instability, electromigration...) [2] [3]. The driftof the
electrical characteristics of semiconductor devicaa have
direct consequences on integrated circuit electgmeiic
emission and power integrity (Pl). Recently, sorabligations
have shown that accelerated aging tests such &sonigpw
temperature operating life, thermal cycling, or caieal
overstress induce a significant variation of elmtiagnetic
emission produced by power supply units [4], higle switch
devices [5] or I/O buffers [6]. However, these $sddo not
address the evolution of power integrity and do alatify the
origins of emission change.

This paper intends to clarify the impact of IC agon PI
experimentally and by simulation. A test chip desd in
Freescale CMOS 90 nm technology, which includesgaatl
core and on-chip sensors dedicated to the measnteofie
power supply voltage fluctuations, has been dewslopo
characterize the evolution of Pl vs. time. In ortteexplain the
effect of IC aging on power integrity, an equivalemodel of
the circuit based on the Integrated Circuit Emissiodel
(ICEM) approach [7] is developed to simulate theAsimple
empirical coefficient is introduced in the modelsimulate the
evolution of the PI with time. The paper is orgauizas
follows: after a description of the circuit undest, on-chip
sensors and experimental set-up, the measureméntseo

evolution of the power supply voltage bounces assgnted.
Then, the proposed modeling approach of the cipuiter Pl
is described and, finally, simulation and measurgmesults
are compared in order to validate both our hypashaisout Pl
evolution with time and the proposed model.

Il.  EXPERIMENTAL SET-UP

A. Test chip description

A dedicated test chip has been designed in Freescal
CMOS 90 nm technology for IC emission and suscéipyib
modeling, and characterization of aging impact diCEof
ICs. In particular, the test chip includes a digdare with a
dedicated power supply voltage equal to 1.2 V. Hligcture
is a basic 100-stage shift register, synchronizeé 40 MHz
clock.

B. On-chip voltage sensor

In order to monitor the voltage drops on the posugply
of the digital core, an on-chip voltage sensorl&cgd along
the power supply rail of the core. This sensobis 0 measure
the waveform of voltage bounce across non accessibdles
with a precise time resolution (up to 15 ps). ltsalag
bandwidth is equal to 10 GHz. Its principle and its
implementation in the test chip are explained in [j8 order to
prevent noise coupling with the digital core, thesidned
sensor has a dedicated power supply and is isdiatedthe IC
substrate by a buried N layer. Due to its smallutnp
capacitance (4 fF), the sensor is not intrusivedoeb not alter
the performance of the tested block. Although thextdcal
stress applied to the circuit under test can ghrtalter the
performances of the sensor, it can be recalibragfdre any
measurements. The calibration process is necesgary
compensate effects of imperfections due to nonl idehavior
and mismatch on voltage and frequency responses.

C. Description of the experimental set-up

The experiment is based on a measure-stress-mdhmsure
which consists in applying electrical stress ondineuit under
test and interrupts the stress during short peréguilarly for
characterization  purpose. With this procedure,
characteristics of the circuit are monitored aios degree of

aging.

the



The choice of stress conditions (stress voltagedamation)
is based on a preliminary failure analysis of MO&vides
developed in this technology [9] [10]. For DC sgremltages
ranging from 3 to 4 V and applied between drain smafce of
NMOS and PMOS devices, significant degradations
threshold voltage and carrier mobility are induces: to HCI
and/or NBTI after several hundreds of seconds.drheunt of
degradation is related to stress voltage, duraticamsistor
geometry and gate oxide thickness. A 3.6 V elegitistress is
applied during 120 minutes in order to validateitifeuence of
the stress voltage on power integrity change.

performed after each stress interval. The sensootisupplied
during stress phases in order to reduce its agiegalibration

is done after each stress period, although expatahe

characterizations have not shown any significamgratation
of the sensor.

I1l.  EXPERIMENTAL RESULTS EVOLUTION OF POWER

INTEGRITY AFTER ELECTRICAL STRESS

A. Initial measurement of power integrity

Senso
measurements of power supply voltage fluctuatiome a

Fig. 2 presents the power supply voltage bouncessuned
by the on-chip sensor before and after 3.6 V stesh -30 %
reduction of the peak-to-peak amplitude is obserded he
waveform of the signal is also modified. The fipstak is less

obteep. The period of the resonance oscillatiomlsaghanged.
Its amplitude is reduced, but it is still dampedhet same rate.
This observation indicates that the package indeetathe
equivalent capacitance of the digital and resistainked to
the power distribution network (PDN) have not bedfected
by the electrical stress significantly.
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Fig 1 presents the power supply voltage fluctuation Fig. 2. Evolution of the corepower supply voltage bounderaf20 minutes

produced by the digital core activity measured gy on-chip
sensor. Positions of clock edges are indicatedidRdmops
appears at each clock switching. These eventsriedl to the
rapid current demand from every gates and latchéseocore.
A damped oscillation with a pseudo-period equaltd ns
follows the first rapid current impulsion. It i;ked to the anti-
resonance produced by on-chip capacitor and padkdgetor
(see part V for more details). This type of noise also
measured on Vss node. Similar voltage fluctuatiares also
measured on the ground node of the circuit.
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Fig. 1. Measurement of the power supply voltage bounceefitgital core

B. Impact of electrical stresson digital core power integrity

After stress, the core remains operational andutsscent
current has not changed. However, the core
characteristics have evolved. A specific part of ttore has
been designed to measure the propagation delayghrone
D-latch and 100 inverters. The propagation delagubh the
core after stress increases up to 31 % dependinfeostress
duration. The electrical stress applied on core gyosupply
accelerates wear-out mechanisms such as HCI ahBot.
They increase the propagation delay of each gateeafore.

timin

of 3.6 V electrical stress

This hypothesis is confirmed by impedance measumeme
of the PDN with a vector network analyzer, as shawhig. 3.
Whatever the electrical stress amplitude and duratihe
impedance of the circuit power distribution netwadmains
constant over a large frequency range.
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Fig. 3. Measurements of the impedance of the power distoibunetwork of
the digital core before and after electrical stress

From these experimental results, the following liipsis
can be proposed to explain the evolution of poweggrity of
the circuit: the reduction of power supply voltageunce is
only linked to the change of transient current picedi by the
core activity. Wear-out mechanisms accelerated lbgtrécal
stress have reduced mobility of carrier in MOS desiso the
%Witching transient current has been spread. Theeguence
is a reduction of the high frequency content of shétching
transient current, which has a direct impact ndy om power
integrity but also on conducted emission. The paxt intends
to validate this hypothesis by the modeling of ¢velution of
the power integrity due to circuit aging.



IV.  MODELING OF DIGITAL CORE AGING EFFECT ON POWER
INTEGRITY

A. Model construction and validation

The model construction is based on ICEM approagh [7
The model includes two main parts: the internaivagt(lA)
block which models the transient current producgcibcuit
operation, and the power distribution network (PDM)ich
models the filtering effect of the transient cutrdue to IC and
package.

A linear model based on an equivalent RLC circasit i
proposed for the PDN. The parameters of the model a
extracted from measurements. The passive elemémtsvare
fitted from an impedance measurement between Vddves
pins of the digital core made with vector networlalgzer, as
shown in Fig. 3. A very simple approach is used ff&ar
modeling: two triangular waveform current sourcesatibe
the current produced at each clock edge. Even thesugh a
waveform is quite simplistic, it provides a goodireation of
the actual current waveform which can be tuned outha
precise analysis of the circuit power consumptidrne
waveforms of the IA current source are fitted froamrent and
Vdd bounce measurements. For each current sounbefaur
parameters are adjusted: current peak minimum andnmim
10 and 11, rise and fall times Tr and Tf of the e&ig. 4
presents a simplified structure of the ICEM modehe digital
core.
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SPICE transient simulations are performed to complug
waveform of the power supply of the digital cored axtract
the peak-to-peak amplitude of the voltage fluctratiFig. 5
presents a comparison between measurement andasonubf
the power supply voltage bounce before electritialss. The
simulated waveform is similar in term of peak-take
amplitude, pseudo-oscillation period and dampinghdugh
the correlation between measured and simulatedesus/not
totally perfect, the model offers a sufficient aemy for the
aim of the study. A better correlation would rely a more
complex transient current waveform, extracted frmprecise
analysis of the power consumption of the digitakco
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Fig. 4. ICEM model of the digital core

time

B. Smulation of electrical stressimpact on power integrity

Wear-out mechanisms accelerated by electricalsstezgls
to degrade carrier mobility and threshold voltageMOS
devices which constitutes the gates of the digita. It leads
to a reduction of the saturation current of MOSiclev and an
increase of the propagation delay. In other woitdsads to a
spreading of the current pulse induced by the #ivitrof the
gates of the digital core. However, as the chargaster
associated to each gate switching does not chéteyestress,
the product between current pulse duration andentipulse
amplitude remains constant.
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Fig. 5. Comparison between measurement and simulationeoflitiital core
power supply voltage bounce before electrical stres

In order to take into account the aging of theudtrin the
ICEM model, the following simple methodology is posed.
Only three parameters of the equivalent currentcgsuin 1A
block are changed to spread the current pulseectdat the
digital core: the rise and fall times Tr and Tftbe current
pulse are increased while its amplitudeis reduced by an
empirical coefficien® called “degradation ratio”, as shown by
equations 1 and 2. B is equal to 0, it means that the digital
core is not degraded and the current pulse is pretad. 1f$
increases, a larger amount of degradation is cereidand the
current pulse is spread. In our ICEM model, the esam
degradation ratio is applied on both current sauadethe 1A
block.

Aligtress™ Aiinitial-(-‘]-'S). 0<6 <1 (1)

Aty stress= Al initiat/ (1), 08 <1 2

By simulation, the effect a¥ on the power integrity can be
studied. A first study consists in finding the pdakpeak
amplitude of the power supply voltage fluctuatios. \the
applied 8. Fig. 6 presents the evolution of the peak-to-peak
amplitude of the power supply bounce wheis increased in
both current sources symmetrically. The result icors that
the power supply bounce is reduced when the cupelse is
spread. However, we need to confirm that our aptrégable
to model the evolution of the power supply voltageveform
correctly by a comparison with the on-chip measemsdone
in stressed cores.
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Fig. 6. Simulated evolution of the peak-to-peak amplitudettee power
supply voltage bounce vs. degradation ratio

Although the coefficiend is empirical and its value for a
given amount of stress is unknown initially, theveushown in
Fig. 9 can help us to choose a reasonable valoe Bn-chip

measurement results, a valuedo$ selected to obtain the same

voltage fluctuation amplitude. Fig. 7 presents ¢henparison

supply voltage bounces with an acceptable accufidag. type
of modeling approach could also be used to pretfiet
evolution of conducted emission from digital intetgd
circuits, as shown in [6].
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Fig. 7. Comparison between simulated power supply voltagenbe after

120 minutes of 3.6 V electrical stress

between the measurements and simulations of theempow

supply voltage bounces before and after the siresdition
described in part II.C. The coefficiedtis set to 0.58 to model
the effect of the 3.6 V stress applied for 120 rrésu The
correlation between measurement and simulation esurg
acceptable. Our basic ICEM model modified by theieical
degradation ratio is able to reproduce the evaiutid the
power supply voltage bounce with a reasonable acgur

These results confirm the relevance of our hypddhegsout
the origin of the evolution of the power integrafter circuit
aging accelerated by an electrical stress. The adegjon
mechanisms induced a MOS device level tends tcadpitee
current pulse produced by the switching of the gate the
digital circuit, leading to a decrease of the povesipply
voltage bounce. Moreover, these results demonstnatethe
evolution of the power integrity can be predictgdabcorrect
modeling of the change of the circuit current cangtion. A
complex methodology based on an accurate predictiche
power consumption from the circuit netlist combingith the

modeling of MOS device degradation mechanisms coulg

provide an accurate estimation of the evolutiorthaf power

supply voltage bounce. However, a more simple aod n

confidential approach based on an ICEM model aftbtty an
empirical coefficient to take into account the Igire can also
provide a reasonable estimation of the evolutiothef power
integrity.

V. CONCLUSION

The proposed paper aims at clarifying the impaatinmiuit
aging on power integrity. Electrical stresses aapbn a digital
circuit lead to a reduction of the power supplytagé bounce.
This improvement is linked to a change of the tiemtscurrent
linked to the circuit activity. This hypothesis hdmen
confirmed by the modeling of the circuit activittased on
ICEM approach. The impact of the electrical stressthe
transient consumption is modeled by an empiricalffadent.
This basic and non confidential model reproduces pgbwer
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