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Effect of Electrical Stresses on the Susceptibditya
Voltage regulator
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Changsha, Hunan, 410073, China
wujianfei990243@gmail.com

Abstract —Analog circuits such as linear voltage regulators are
very sensitive to electromagnetic interferences which induce
voltage offset on their outputs. In harsh environments, the aging
of this component can be accelerated and could lead to an
increase of the effect of electromagnetic interferences. This paper
proposes an original study about the drift of the susceptibility
level of a low dropout voltage regulator submitted to electrical
stresses. Some analyses based on CAD simulations are proposed
to explain the experimental observations.

Keywords: analog circuits, electromagnetic interferences,
susceptibility, accelerated-ageing, reliability, CAD simulation

. INTRODUCTION

During their lifetime, electronic systems are exgabdo
harsh conditions (high temperature, moisture, tha¢mycling,
overvoltage...) which contribute to accelerate theingg
process. Several sources have reported that tydsC
mitigation techniques are affected by harsh coolti[1] [2].
Recently, some research works have shown experétheior
by simulation the potential impact of the agingimtegrated
circuits on susceptibility to electromagnetic ifiéeences
(EMI) [3] [4] [5].

Analog circuits such as linear voltage regulatce aery
susceptible to EMI. The low dropout (LDO) voltagegulator
is widely used in modern electrical systems withese EMC
problems. Various papers have described
mechanisms of LDO regulators under conducted EMiicky
are linked to the operational amplifier (op-amp] [B] or
bandgap circuit cell [8]. Research focuses mainty the
analysis of EMC failure mechanisms and low susbéibyi
design techniques, but little attention is giverthte LDO’s real
application environment and its effect on suscdijtib

This article describes an original study on thengeain
LDO susceptibility after aging accelerated by eleat stress.
In order to provide a better insight into the imipatintrinsic
LDO circuit degradation, experimental characterarat of the
susceptibility of a LDO voltage regulator are conda with
electrical stresses in order to give the time ddpehvariations
on its electromagnetic behavior. Moreover, SPIGRutitions
are used to clarify the origins of variations of&eptibility
level of the LDO device after aging. Section |l gats the
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device under test and gives a general descripfidineotypical
failure induced by EMI in this circuit. Section ltletails the
susceptibility measurement set-up and
accelerated ageing. Susceptibility measurementsrdednd
after stress are presented in section IV. Finadgtion V
proposes analyses based on simulation in ordetatdycthe
origins of the measured decrease of susceptitehtsl.

II.  IMMUNITY OF LDO VOLTAGE REGULATOR TO
ELECTROMAGNETIC INTERFERENCES

A. Test chip description

The LDO regulator under test was implemented irest t
chip designed with the Freescale CMOS 90 nm process
aims to provide a regulated power supply voltaga temall
digital core. Fig. 1 illustrates the internal sttwre of the LDO
voltage regulator which contains a Kuijk bandgapréderence
circuit and an output amplifier designed to workhnaa +3.3 V
supply, applied on terminal ¥/ The nominal voltage of the
bandgap reference voltage is +1.25 V and given duaton
(2). The gain of the output amplifier is 1. Bandgeference
circuit and regulator outputs are monitored throutje
terminals \gr and \pur.
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Figure 1. LDO structure and general setup of input/outputieals

conditions fo



B. EMI-induced failure description

RF noise coupled to the power supply pin of a LMRage
regulator leads to a common failure of analog discuthe
EMI-induced offset [7]. This type of failure is kad to the
non-linear operation of the circuit which induces affset on
the regulated output voltage by rectification effddis failure
is very harmful because it cannot be filtered ondeas been
generated. In our LDO voltage regulator, DC offsah be
induced at bandgap and regulator outputs. Two kvedlvn
mechanisms can be responsible of the circuit D&: shi

»  First, a rectification phenomenon involving the digr
transistors of the bandgap cell [8]

» Secondly, a distortion phenomenon at the diffea¢nti

input pairs of the op-amps of the bandgap cell thied
output follower amplifier [10].

In our test chip, the second mechanism is the medesant
because of the weak coupling between the powerlysungt
and the polysilicon resistor of the bandgap, whichvents
from a significant RF noise coupling to the basenteal of
both bipolar transistors. Fig. 2 presents an exdent circuit of
the differential input pairs of op-amp when RF edis coupled
to the power supply net. A part of this incomingtdibance
can also be coupled on inverting and non inveritipgt of the
differential pair. The PMOS transistors of the eliéfintial pair
operate in saturation regime and we suppose thkhgeo
fluctuations are sufficiently small to prevent ttmnsistor
differential pair from switching off.
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Figure 2. Input PMOS differential pair under interferencenfrpower pin
and differential pair inputs

Any RF voltage coupled to the gate or source temgiof
differential pair transistors causes a DC shiftha differential
current, because of the non linear relationshipveen gate-to-
source voltage and drain current of MOS transisior
saturation mode. Three paths for disturbance cogikist in
the bandgap op-amp: one from, Yo the common nod&” of
the PMOS differential pair via the parasitic capasi G (Cs
represents the parasitic capacitance betwegnakd X) and
Cgs (gate-to-source capacitance of M1 and M2); oneftbe
output to the inverting and non-inverting inputsa vihe
feedback circuit and & (Cy represents
capacitance between “X” and the substrate) offepossible
path for disturbance to be coupled from the sutestieor the
op-amp in the regulator output, the first pathhis $ame from

the parasitic

Vn. The non-inverting input couples the disturbanoeiog
from the bandgap output and non-inverting input tioése
from the follower amplifier output.

The output offset voltage is calculated in the gneg of an
RF signal (¢p) with differential () and common-mode {y
and \cy) components. The RF noise is coupled to the PMOS
source and the differential and common-mode noise a
injected into the PMOS gate. M1 and M2 are in th@istion
region and of the same size (assume W=W, L=Lj=L,).
The differential drain current of M1 and M2 A8y which is
established as follows:

— :upCox w
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(2)
W
= /JpCoxT Vy ( Ve Vx) + VaOn

where Yy is the voltage at the common-source node of the
differential pair. Let's assumedg=Css=Cgssy CGr=Cst+Cy and

Om=0m1=0m2:
v, = S(ZCGS)—F ng v, + SCS Vi (3)
s(2C+ C)v2g, " {2Cur O)v2g,

Bip (®)=V(3 &+, G W3R G a5 € o e
Where
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/ W
|gm| =,/ BIASlupCoxT (6)

The differential pair output current average dsethipyg
can be used to calculate the voltage offset olphamp inputs
AV i USing the transconductance amplification factgoiy
the differential pair stage.

Ai
AV = _% ™
m
_|HCox W 2 (8)
‘AVIN|diff‘ - vad,pk 2 + o 2
gm 4gm + (ZCGS+CT)
Where

A=V 5 COSPP, o+ PRV i)~ Goey w008(PHip, o P )] (9)

As there is negative feedback on both op-amps, the
feedback forces the differential current to carmel hence an
offset is created on the output voltage. The outfliage of
the regulator ¥yt can be described as per Eq. (9) below with
an offset ofAVoyr:

R 10
VOUT :VREF + AVOUTl + AVOUT2 :VREF _(l+ Rz]AVINldiff - AVIN21:1iff ( )

Where AV oyt and AVoyr, are the voltage offset on both
op-amp outputs, andV i and AV g are the distortion
caused by the voltage offsets on both op-amp inputs



[ll.  EXPERIMENTAL CHARACTERIZATION OF THE IV. EXPERIMENTAL RESULTS
EVOLUTION OF CONDUCTED SUSCEPTIBILITY AFTER AGING
A. Susceptibility results
A. Conducted susceptibilitytest set-up RF disturbances coupled along the power supphopthe
Measurements were carried out in accordance with |IELDO voltage regulator induce DC offset at bandgapu a
standard 62132-4: Direct Power Injection (DPI) [IThe test regulator outputs. The DPl measurement resultsllastrated
bench for the DPI measurements is described in3Fig. in Fig. 4. Fig. 5 shows the RF voltage sensitiafythe LDO
voltage regulator. In low frequency, when the ESbelow the
op-amp unity gain frequency, the regulator workghimnormal

£ st Gorar | Oscilloscope | -+++ mode and the output voltage is controlled by thegatiee

: 3 feedback of the follower amplifier. No differentiabltage can

> MP“ Test Criterion exist between non-inverting and inverting inputbo®e this
°°°° - L vae oma frequency, the op-amp no longer works in the negati

margin
Vour =

Mean M”‘““” feedback regime and a differential voltage appéemtsveen

_______ a0 1V non-inverting and inverting inputs. According touatjons (7)
and (9), an EMI-induced offset arises and the sigulbty

level decreases. With the parasitic effects oftédst chip and

IEEE Bus Frequency from 1 MHz to 1 GHz D PCB interconnects, more or less conducted intarfereis
transferred to the op-amp terminals and more &r digstortion
Figure 3. Direct Power Injection test bench and offset are induced. Above 700 MHz, the paasifiects of

bonding, packaging and the PCB will work as filtenproving
Decoupling capacitors were removed from the powethe immunity level.

supply Vv to ensure efficient coupling of EMI to the LDO
input. A 47 nF capacitor (C_filter) is mounted toprove the
output stability of the bandgap reference circliite regulated
output \pyr is loaded by a 33@ resistor (R_load) and a
parallel 100 pF capacitor (C_load). The DC offgethiced on
both bandgap reference circuit and regulator ostpuére
monitored. A deviation of +/- 0.1 V from the nomirautput
voltage \ker and \pyr is tolerated. As the nominal output
voltage can change due to LDO ageing, the critésarpdated
according to the new 3¢ and \pyr voltage to keep the same
offset condition.
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B. Electrical stress 1 10 100 100¢

During their lifetime, CMOS transistors are affettby Frequency (MHz)
intrinsic failure mechanisms such as time dependitéctric Figure 4. Susceptibility level of the LDO voltage regulatacarding to DPI
breakdown (TDDB), negative bias temperature intgbi 1
(NBTI) or hot carrier injection (HCI) [12], mainlgctivated by
harsh environmental conditions such as high or low
temperature and electrical overstress.
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In this study, DC electrical stresses are appliedtioe
power supply pin of the LDO voltage regulator tcelerate
the damage rate for the relevant wear-out failueehmanisms.
The stress constant voltage is set to +5 V (150%hehormal
voltage of +3.3 V). Balancing the ageing time affdats, the
chosen voltage +5 V is based on experiments donsirmbe
MOS devices to measure the degradations induced®y
stress. The ageing is applied until the device unest fails. 0 100 1o0c
Circuit tests were carried out every day (T= 1 dayf)the tests Frequency (MHz)
were performed a.‘t ambient temperature. After_ 7 dalys Figure 5. Sensitivity of the LDO voltage regulator to RF agje fluctuations
component had failed, hence the ageing and telststgor the applied to its power supply pin
complete degradation of the LDO right up to an oaverable
failure. These experimental results have been woafi by a
second circuit tested in the same conditions.
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B. Evolution after aging

The susceptibility level of the regulator tendsiriorease
when electrical stresses are applied on the powslyg pin, as
shown in Fig. 6. Over a large frequency range,ameunt of
forward power to inject to the device to induce /a :1 V



offset increases about 1 or 2 dB after 7 days. oditin the
circuit is still functional, it becomes less andderobust to
EMI.
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Figure 6. Evolution of measured susceptibility level of tiegulator

V. ANALYSIS OF THE EVOLUTION OF THE SUSCEPTIBILITY
LEVEL OF THE VOLTAGE REGULATOR

A. Proposed methodology for the analysis

susceptibility relies on the identification of @rél transistors
(e.g. based on electrical simulations or functi@ralysis) and
the extraction of variation laws of transistor ¢leal
parameters vs. stress conditions and time. Irctse study, the
absence of characterization of transistor degradsitprevents
from an accurate prediction of susceptibility legigft. In spite
of the absence of experimental characterizationcameattempt
to use CAD simulations
assumptions about the origins of susceptibilityéase. From
CAD simulations on the circuit netlist, differentemarios of
transistor degradation can be tested: the locaifotlegraded
transistors and device parameters affected by dation
mechanisms can be changed in order to observenihact of
the degradations of a specific transistor on thelevtircuit
susceptibility.

First, an electrical model of the voltage reguldtas to be
built in order to simulate both the impact of defgion at
transistor level and the susceptibility to conddcte
interferences. Then, the most likely scenarios rahdistor
degradation have to be set, i.e. propose the totafidegraded
devices and device parameters affected by degoadati
mechanisms. Reliability publications report thaansistor
degradation mechanisms such as Negative Bias Tetoper
Instability (NBTI) or Hot Carrier Injection (HCl)an have a
significant impact on circuit performances by irasi|g
transistor threshold voltagery and altering carrier mobility
UO and drain current [12]. In the following anasyswe
assume that threshold voltage and mobility areotilg model
parameters affected by aging. From SPICE simulatidone
on circuit netlist, reasonable assumptions abcatidhation of
degraded transistors can be done. From the sironlatf
voltage applied on the different nets of the circwie can
deduce if one transistor is in a condition that eacelerate a
degradation mechanism. For example, a large doasotrce
voltage accelerates HCI and leads to a reductiomatbility

to propose and consolidate

and an increase of threshold voltage. A large megaate to
source voltage in PMOS transistor accelerates NBifll leads

to an increase of threshold voltage.

Finally, the different degradation scenario candsted: the
is updated from the assumptions uabo
degradation location and modifications of threshetitage
and mobility. SPICE simulations are launched touate the
impact on the susceptibility level of the LDO vgjéaregulator.
If the simulation predicts similar changes of sipsibdity level
than those observed in measurements, the assus@timut

circuit netlist

the origin of susceptibility drift are relevant.

B. Susceptibility modeling of the LDO voltage regutato
A SPICE model of the regulator disturbed by conddct

interference according to DPI standard has beealoged and
validated by comparison with measurements. Theagelt
regulator model is derived from the circuit tratmisnetlist.
Parasitic elements such as junction capacitorsiftérential
pairs of op-amps, polysilicon-substrate capacitofspoly-
resistors are added in the circuit model. The n®adlthe
circuit package, external passive devices and qatirttircuit
interconnects have been fitted with S-parerset
measurements. Fig. 7 presents the comparison hetiee
A quantitative prediction of the effect of aging on measured and simulated RF voltage sensitivity ef DO
voltage regulator. The simulation result shows latiree good
the measurement frequency
inaccuracies of the model are linked to the linotag of PCB
and circuit substrate models. Nevertheless, as gemweral
susceptibility level of the regulator is simulateatrectly, the
model is reused to study the impact of electridedss on

board

matching over

susceptibility.
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Figure 7. Comparison between DPI measurement and simulatibD©

SPICE simulations confirm the major role of diffetial
input pairs of op-amps in the generation of DC etfisy EMI
coupling. Other part of the voltage regulator sastthe output
buffer has a negligible impact on susceptibilityttod device. In
the following parts, our attention will be focused op-amp.
The following assumption is made: the susceptjbiitift of
the LDO voltage regulator is associated to a changthe
generation mechanism of DC offset in the diffe@nthput

voltage regulator

pair, and thus to the degradation of op-amp tréorsis

The



C. Identification of the transistors degraded by elieci 18

stress . ——Original madel
. ey —=—Bias current PMOS |vio| increased by 2.9%
In order to propose reasonable location of degradedz,, \ - roe o
: . . N . . N0 8%
transistors in op-amp, operating point simulatians done to \\ fas curren 0 ?ncrease v5 |
compute the voltage applied on each terminal otrduesistors Bias current PMOS [vto| increased by 11 5% |-

of op-amp under electrical stress condition applied the
power supply pin. Fig. 8 details the electricalesohtic of the
op-amp. The transistors in voltage conditions whicdn
accelerate degradation mechanisms are highlighted.
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+1:1v~ bt Figure 9. Simulation of the effect of bias current transigtdi) degradation

on the LDO voltage regulator susceptibility

Secondly, the impact of the combined degradatiohs o
transistors M7 and M10 on the susceptibility lelgelested, as
shown in Fig. 10. The threshold voltage is incrdaiseboth
transistors symmetrically. The susceptibility levef the

regulator is affected seriously in low frequencg, below the
éﬁ”ss op-amp unity gain frequency. It confirms the pre@ssertion

Figure 8. Op-amp schematic and location of transistors degtdy about the. impact of M7 a?nd MlQ degra(_jatlons. Howetves

electrical stress conditions in op-amp degradation scenario is unlikely since the measured
susceptibility level increase is not more importamtlower

Although the differential pair occupies a centrasiion in ~ frequency.
the EMI-induced offset generation, operating paintulation

1.8

shows that stress conditions are not applied ateossnals of _ —e—Original model _ _
the transistors of the differential pair (M5 and M®&hey are 15 | e o | nereases Y
certainly not responsible of the observed susciiptitarift. 24, M7 and M10 NMOS |vio| increased by 15% |/
However, three other transistors are placed isstrenditions: 5 M7 and M10 NMOS |vto| increased by 20%
the bias current transistor M1 and the output tstmis of the 22 75N

current mirror loads M7 and M10. Do these degiadat E‘ 1 L] -\\

explain a change of the EMI-induced DC offset gatien? [ 1/ % ﬁ
According to equations (5) and (7), any degradatonM1 %0'8 ¥ W, J
contributes to a reduction of its drain curregtd, which leads =08 - 3/ LN E AN

to reduction of the transconductancg of differential pair z SRS ¥, L g ‘
transistors and thus an increase of the EMI-indwgésst. The = %! T v
combined degradation of M7 and M10 contributes to a o2

decrease of the open-loop gain of the op-amp.dtices the .

negative feedback below the op-amp unity gain feagy. 1 10 100
These intuitive assertions can be verified by SPICE Frequency (MHz)

simulations. Figure 10.Simulation of the effect of the combined degradutiof
transistors M7 and M10 on the LDO voltage regulatesceptibility

1000

D. Simulations of the impact of electrical stress loa t
susceptibility level of the voltage regulator VI. CONCLUSION

Several degradation scenarios are tested with SPICE
simulations. First, the impact of the degradatidnthe bias
current transistor M1 is tested. Several simulatiai the
susceptibility of the voltage regulator are perfechwhen the
threshold voltage ¥, of M1 transistors of both op-amps are
increased. Fig. 9 presents the evolution of theceptbility
level of the LDO voltage regulator for differentlwvas of \ju.
The simulation results show that the sensitivityRie voltage
fluctuations increases constantly over all the desgpy range
when V4 increases. This non frequency dependent behasvior
similar to the measured susceptibility level dr#o this
degradation scenario is certainly realistic.

This paper has presented an original study ofrifpact of
aging induced by electrical stress on the conducted
susceptibility of a low dropout voltage regulatdhis type of
analog circuit is sensitive to radiofrequency ifésgnces
coupled to the power supply which induce voltadeat$ at the
output, mainly due to rectification effects at ttigferential
inputs of internal operational amplifiers. The expental
results have shown that the aging accelerated égtriglal
stress leads to a general increase of the susitigptitn
blectromagnetic interferences conducted along toavep
supply. In other word, a given voltage offset a&ismn the



regulator output for a smallest amount of distudean
Analyses based on CAD simulations have confirmed this
reduction of susceptibility level can be activated intrinsic
degradation mechanisms at transistor level. One@adatjon
scenario can explain the broadband increase of the
susceptibility level of the voltage regulator: #lectrical stress 4]
applied on the power supply tends to deteriorate lfas
current transistor of operational amplifiers. Ase tlEMI-
induced offsets in operational amplifier are dikedinked to

the bias current, this internal degradation leadatincrease of [5]
the DC offset generation. Further studies combining
susceptibility measurements after electrical seesnd CAD
simulations will be done to validate this hypotisesind clarify (6]
the impact of aging on the immunity to electromaigne
interferences.

(3]

(7]
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