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Abstract— In order to merge low power and high voltage dewdies
on the same chip at competitive cost, Smart Powentegrated
circuits (ICs) are extensively used. Electrical noés induced by
power stage switching or external disturbances gerstes
parasitic substrate currents, leading to a local sft of the
substrate potential which can severely disturb lowvoltage
circuits. Nowadays this is the major cause of faike of Smart
Power ICs, inducing costly circuit redesign. ModernCAD tools
cannot accurately simulate this injection of minorly carriers in
the substrate and their propagation in the substrat. In order to
create a link between circuit design, modelling and
implementation in innovative CAD tools there is a ped to

AUTOMICS should considerably improve the design
methodology by developing efficient CAD models afasitic
structures activated by HV functions integratecitomotive
Smart Power ICs [1]. In order to detect parasitipolar
structures activation and the induced substratploapeffect,
some measurements have to be done directly onnaiter
sensitive nodes using an on-chip sensor and theraligate
the proposed Spice models of the parasitic bigatastion.

This paper aims at presenting an on-chip sensocated
to the characterization of transient voltage flatimns due to
parasitic structures activation in real applicatimonditions.

validate these models by measuring the high voltage Section Il briefly presents substrate-coupling éssin Smart

perturbations that activate parasitic structures in the substrate
directly on the chip. This paper presents an on-chimoise sensor
dedicated to measurements of transient voltage fltizations

induced by high voltage activity and coupled by theubstrate.

Power ICs. Section Il introduces the principlesl atructure
of the proposed on-chip sensor. Section [V presents
experimental measurements of substrate couplingctsffon

Index Terms— on-chip sensor; Smart Power IC; substat SENSItive nodes in a Smart Power IC.

noise coupling; electromagnetic compatibility; subste parasitic
bipolar structures;

I. INTRODUCTION

Nowadays,
towards monolithic system integration merging oa #ame
IC (Smart power ICs) low voltage analog and/or tdigparts
with high voltage parts using power transistors.

Il. SUBSTRATE COUPLING ISSUESIN SMART POWERICS

In Smart Power ICs, sources of substrate couplirg a
parasitic NPN and PNP bipolar transistors (Figadfivated

many segments of microelectronics motg ‘below-ground’ or ‘above-supply’ working conditis of

High Voltage-MOSFETS at the circuit output [2], [3hese
parasitic bipolar transistors can be activated rdumormal
circuit operation by the switching on/off of indivet loads.

Substrate coupling in Smart power ICs occurs whémey can be also activated during usual automotikig

parasitic bipolar structures (with unpredictableesiand
location) are activated after an injection of catréto the
substrate due to internal switching activity oregral noise
coupling. When low power analog and digital applaas are
integrated with high voltage (HV) devices on thenealC,
these side effects become very important and Hutdfuhe
circuit operation. In turn, designers have to retyempirical
basis for the design strategy, which is expensive time
consuming. Today,

testing (EMI-EMC tests), by external
perturbations or electrostatic discharges.
Two physical mechanisms are behind this type opliog
as seen in Fig.1. The first one is the injection hofles
(majority carriers) into the p substrate. This feppwhen the
power output of the circuit, the drain of the povR¥IOS,
exceeds the power supply voltage VDD, activatirngaeasitic
PNP transistor. This in turn leads to a local \gstahift of the

electromagneti

when simulating circuits with HVsubstrate potential in the neighbour sensitiveteda@ blocks.

MOSFETS devices, their specific SPICE models amdis The second physical mechanism is the injectionl@fteons
every CAD tool but these models do not addressrgéina of (minority carriers) into the p substrate when thaird of the
these parasitic substrate currents of minority amgjority power NMQOS, at the power output of the circuitbedow the
carriers. ground potential and thus activates a parasitic Nahsistor.

AUTOMICS project [1] aims at providing SPICE modelsThese minority carriers injected into the substrate be
once implemented in CAD tools, will allow optimigirhigh collected by every surrounding NTUB and causinghiage
voltage and high current capability, EMI-EMC perfance fluctuation of the N-WELL of a surrounding sensitiblocks
with respect to substrate parasitic robustness. eMar, and cause its dysfunction.
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I11. ON-CHIP SENSOR: PRINCIPLE & STRUCTURE

The on-chip sensor was developed to address sayhl
power integrity issues at circuit level, like an -dmp
oscilloscope. Based on a sequential equivalent-sampling

method, the sensor exploits the benefits of subBagp

techniques, which ensure a very high virtual samale
without severe constraints on hardware bandwid#nit high
speed sampling circuits. The signal to measure thabe
repeatable and synchronized with the sampling comdnat
the sensor [4], [5]. The on-chip sensor has itsicded 5V
power supply as a critical and crucial requirementavoid
any external disturbances and noise produced e dttocks
of the circuit architecture description.

The on-chip sensor architecture, presented on Eigis
composed of an analog/digital core cell used totrobr8
sensor probes placed close to nodes monitoredgdthian test
[4], [5]. Each probe is composed of one Sample&H&&H)
cell, followed by a folded cascode operational afieplin
buffer configuration. The sensor core integrate$xh analog
multiplexer (to externally select one of the 8 g a folded
cascode operational amplifier in the buffer confadion and a
delay cell used to control the acquisition timeeTdelay cell,

used for subsampling method, provides a prograrmnaMP

sampling command with a variable delay added tofalimg
edge of the synchronization signal by a de{dy [4], [5]. The
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IV. STUDY OF SUBSTRATE COUPLING ISSUESIN SMART POWER
CIRCUITS

The on-chip sensor is now used to study substaipling
effect in Smart Power IC. The proposed study fosuse
typical sensible devices and structures used BB AMS
High Voltage CMOS technology using the H35 20V desi
kit with 3 metal layers. This technology permitsigolate low
voltage transistors, with a buried N-WELL, from higoltage
part of the circuit. The sensor was entirely destgwith 5V
isolated MOS transistors. sensor was entirely aesigwith
5V isolated MOS transistors. The entire test cirgthe on
chip sensor, one DC-DC converter and two bandgepoia

the same die) is mounted in a 32 QFN package, and i

soldered on a four-layer EMC test board with atrgunding
electronics and I/O connections.

Sensor measurements aim at determining the amdunt o

coupling between a power part (the output stage DC-DC
converter) and a low voltage analog part (bandgdiprence
ltage). Two sensor probes have been placed oBE®C
converter output in order to measure its transiesitage
profile. Three other sensor probes are placed erb#imdgap

princip'e of Subsamp"ng method and the Signa| metoiction sensitive nodes, in order to measure the impa(E[ubetl’ate
are described in Fig. 3, . The control of the defagone by coupling on this structure. TABLE I. gives the chateristics
two external analog signals: the,\esignal shapes the timeof these sensors. In order to ensure that the selu@s not
range for the delay, while the,¥ .y Signal ensures the delayaffect the bandgap function, two bandgap devicespagsent
fine control. The delay law varies between 50ns H@Dns. in the test chip: one with the sensor probes at trdical
The input voltage range of a nominal (without atiggor) is nodes and another without. No major differencesoaiserved
between 0.6 V and 4 V. For high voltage measuresnant between both bandgap.
attenuator is placed at the input of the probeefsure low
intrusion during voltage measurements the S&H (@eith the
optional attenuator) form a high impedance probin wiput

Table |
PROBESS4,S5,56,S7AND S8CHARACTERISTICS

capacitance of 25fF with a bandwidth of 1.7GHz. Probe No. Probe Location Input signal Attenuation
Due to imperfections and mismatch in the implemra S e TR razg/eto v fat'loﬂ

of the on-chip sensor, call_bratlon procedures havebe Brobe S5 DG Outgut Vo B0V T

performed. The sensor imperfections can be easiy pes6 Bandgap N-WELL 0.6V to 4V 1

compensated by post-processing from the transfectifbn [prope 57 Bandgap output 06Vio 4V 11

characterization. Probe S8 Bandgap VDD 0.6V to 4V 1/1




Two case studies are intended in this work. That fine is
done during nominal circuit operation and consisits

supply and its output have the same initial sigeape of this
perturbation and the residual following fluctuasoare also

observing the coupling between a power device (BE-Draused by the resonance of the substrate RLC netWbe

converter) and a low voltage analog block (1.23Wdwmp
reference voltage circuit, later bandgap).
experiment, done by inducing an external electroratig
perturbation, has the purpose to measure the cauphd the
impact of the current injection on the output oé thower
device (DC-DC converter) to the low voltage blobkrdgap).

A. Coupling between power and low voltage analog block

The objective of the experiment presented on Fis t
observe disturbances induced by the switching ef@&-DC
converter on a bandgap circuit. Measurements velldone
directly on the DC-DC converter outputs (sensorbpsoS4,
S5) and also directly on the bandgap circuit samsitodes as
its N-WELL, its output, and on its low voltage pawsupply
(sensor probes S6, S7 and S8 respectively).
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+ — F=>Sensor Probe S6 Probe S8
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Fig. 4 Coupling between power and low voltage amalocks

During DC-DC switching operation,
measurements, presented on Fig. 5, shows that soise
appears on the bandgap sensitive nodes. The noigktwde
is linked to the DC-DC converter power supply vgéa
(TX_VDD20) and the switching current (related te tload

on-chip sensor

bandgap output signal has been perturbed also bgeth

The seécoresidual fluctuations, but in a much less amount.
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Fig. 5 DC-DC output effects on Bandgap power supplgt output
(left colon: rising edge; right colon: falling edge

B. Influence of an EMI injected on DC-DC output stage on
bandgap

In the experience presented on Fig. 6, the outpuh®
DC-DC converter (TX_LX pin) harmonic disturbances a
coupled in order to simulate the coupling of an
electromagnetic interference test (EMI injectiost}eln real
conditions the potentially mechanically large load long

resistance and inductance). Due to the high tenhpof@bles connected to the output of the DC-DC cosvertay

resolution of the on-chip sensor measurementsainparison
to oscilloscope measurements),
fluctuations on the bandgap sensitive nodes leads a better
understanding of the coupling mechanism preser®rirart
Power ICs.

The voltage overshot above the high voltage powpply,
observed on the rising edge of the DC-DC convesteput
signal, more precisely on the drain of the conchgctbutput
power PMOS. This effect is the source of the atitivaof the
parasitic PNP transistor leading to a local positixoltage
shift of the substrate. Thus surrounding bandgafy®-L has
also a positive voltage shift relative to this age shift. As a
consequence, bandgap power supply and its outpug thee
same initial signal shape of this perturbation. Thsidual
following fluctuations are caused by the resonantethe
substrate RLC network. The bandgap output signahds
perturbed by these residual fluctuations, as exgect

On the other side, when a falling edge occursea-DC
converter output (probes S4 & S5 saturates bel@W)) the
drain of the conducting output power NMOS have railar
below ground voltage overshot. This effect leadsthe

the observed voltage

couple a significant amount of electromagneticuiisince.
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For the EMI injection test, the DC-DC converter mow
supply voltage (TX_VDD20) is set to 12 V without yan
resistive load on its output. The on-chip measurémare
performed on the same nodes as in the previous test

The test has been performed with various distudanc
amplitudes and at different frequencies. Only mezsents
with frequency of 10MHz will be presented in thiaper, see
Fig. 7, as they show very well the nature of theipding
between the DC-DC converter output and the bandgap
sensitive node. This test highlights the role of Bubstrate
coupling mechanism and especially the role of thé P

activation of the parasitic NPN transistor anchis source of a junction between the drain of the PMOS device efBIC-DC
local negative voltage shift of the substrate pidén converter output and the surrounding N-WELL. Depegan

Surrounding bandgap N-WELL collects the substrateent
and has also a negative voltage shift. Thus, banggaver



the amplitude of the disturbance, the nature ofdbepling the DC-DC convertepower output. The surrounding N-
may change as we can see on Fig. 7. WELL of the bandgap device fluctuates too, butshape of
Sd[:‘l';_sLX] f— P;ggzﬁ;:;;ggm 541[;’rx5_|__x1 —— 54 [PFOR=32,87dBm] the Signal is distorted Clearly ShOWing that therent within
; i ]x———~—",~PNP| the substrate triggers the activation of the pticad®N

= $4 [PFOR=7,97dBm]
12

g £, S ) ; .

Z "5 :,—/L—N_—7£_——A_/-/-/—/-_ =:1§ -/ /activation  junctions. The bandgap power supply and its oulptuates

2 e BN \ \ too and their signal shape showing a non-lineainref this

< 10 10 type of coupling. As a result, the integrity of tloaitput
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tens up to hundreds of millivolts and generationvoltage
offsets(as seen on Fig. 7 the observed voltage offsehet t

U/\’\ /\/\ ,\/\’ bandgap output is about +55mV).
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i 1,3 i i
s 12 S L N 3 /\ / / chip sensor offers a more accurate evaluation @fseh
L \Jmean| 7/ ||\ g1 Mean substrate coupling issues than a simple oscillascop
< V1225 M =128V : g :
e p- o wl e o o measurements without the possibility to scan I1€rimil nodes.
bl T— fime [ne] This on-chip sensor has the advantage to perform lo
MR 5 romiriiaen] | 5o oo 2R intrusion voltage measurements with high tempasbiution
P S o S A E; 45 A have a large bandwidth obtained by subsamplingnigole
2.0 \ / \ / Lo |E s /\'\ /V.\ /\' and due to its separated power supply and its oésseto the
5.V = AV S T LW/ ame . e . -
£ = measured point any additional noise coupling frotheo
3,27 3,35

100 time [ne] 200 we | 100 time [ne) 200 200 circuit blocks is avoided.
Fig. 7 EMI test on chip measurements of in presence Th_e first exper_imen_t clearly shows the effect obstate
ofal()gMHz disturbance with different Power Fordvaalues coupling meChan,lsm ',n S,mart Power lcs Wh_en the OC-D
(PFOR=7,97dBm:17,77dBm;27,77dBm:22,87dBm;32,77dB5:&dBm)  CONverter output is switching causing a couplingbamdgap
) critical nodes. Both coupling mechanism are obsktamrd the
_From the previous measurement results the effatt®® ,.qyation of the parasitc PNP and NPN transistoe
signals on the DC-DC converter output (TX_LX) and Oyemonstrated. The amount of substrate couplingnied to

bandgapinternal signals are quite complicated to pe fullfe DC-DC converter power supply voltage and itiching
described as they are dependent on the EMI ampliartl ¢\, ront with the second experiment, the EMI iriectests

frequency. Nevertheless some interesting generalesions . he output of the DC-DC converter, the analysfighe

can be drawn and two issues can be determined. results confirms the major importance of the pai@$PN
For small voltage fluctuations amplitude coupled on

junction activation in the coupling between the DC-
TX_LX node, below a threshold voltageshoaabove the oonyerter output and a neighbour bandgap referesicage.
power supply voltage TX_VDD20, the measured sigtaaés

: - ", X In the future, these on-chip measurements can eé s
not distorted. It can be noticed that a part of thisturbance is | 5jigate the new SPICE models of Smart power ICs

coupled on the internal signals of the bandgap ks the o\ eloped within the AUTOMICS proiect
same shape as the input disturbance and the ad®lénd veloped withi project.
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