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Purpose

= Analog amplifiers very common in signhal conditioning

= Very sensitive to out-of-band electromagnetic
disturbance, specifically differential inputs
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Purpose

= Many researches on modeling of the failure mechanisms
and op-amp design improvement

= Issue still misunderstood by most electronic designers

= No simple models available to validate their design

v Dedicated training to clarify this problem (observation by
» measurement, modeling, evaluation of design guidelines)

v' Based on low-cost demo board and SPICE simulation

= J. G. Tront, J. J. Whalen, C. E. Larson, J. M. Roe, "Computer-Aided Analysis of RFI Effects
in Operational Amplifiers", IEEE Trans. on EMC, 21, (4), Nov. 1979

= D. Golzio, S. Graffi, G. Masetti, "New Circuit Modeling of Operational Amplifiers", IEEE Int.
Symp on EMC, USA, 1989

= F. Fiori, "A New Nonlinear Model of EMI-Induced Distortion Phenomena in Feedback CMOS
Operational Amplifiers", IEEE Trans on EMC, 44, (4), Nov. 2002

= J. M. Redouté, M. Steyaert, EMC of Analog Integrated Circuits, Springer, 2010
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Purpose

= Contents of the training:
v lllustration on a real case-study

v Presentation of conducted
iImmunity test-bench

v Analysis of the failure mechanisms

v EMI-hardened vs. non-hardened
op-amp

v Building of susceptibility models of
op-amp

v Simulation of DPI tests on op-amp

v Evaluation of design guidelines for
iImproved immunity WWW.ic-emc.org
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Presentation of the experiments

- Two comparable amplifiers from www.ti.com

LMVGS'] °ACI’IVE In English ~| | Alert me
Single 12 MHz, low voltage, low power amplifier

DATASHEET

LMVE5x 12-MHz, Low Voltage, Low Power Amplifiers datasheet (Rev. K)
=] view now E Download

LMV851 @acme
Single 8 MHz Low Power CMQ

In English >~ | Alert me

DATASHEET

LMV851/LMV852/LMV854 8 MHz Low Power CMOS, EMI Hardened Operational Amplifiers datasheet (Rev. A)
n Download

e
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Presentation of the experiments

= TI's universal op amp

evaluation board 551012875

= Comparison of conducted
immunity on V+ and Vout

EMI Hardened

A4

Characteristics L.MV651 LMV861
Power supply +/-2.5V +/-2.5V
Static gain 93 dB 110 dB
GBW product 12 MHz 30 MHz
Slew rate +/- (not|3.6/-2.2V/us 21.2/-242 V/us
specified by datasheet)
Max. input offset | 1.5 mV 1 mV
voltage
CMRR 100 dB 93 dB
PSRR 95 dB 93 dB
EMIRR Not defined 70 - 110 dB (400-
2400 MHz)
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Presentation of the experiments

= DPI test bench at INSA
= Very close to IEC 62132-4 Direct Power
Injection tests from 1 MHz to 1 GHz

= Forward power = 25 dBm (0,3W)
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Experimental results

= Op-amp mounted on non-inverting amplifier
configuration (gain x2)

= Injection on non-inverting input V+ and Vout.
= Failure criterion: +/-100 mV output offset

\ M\ Oscilloscope
HF active O/ > (EMI-induced
‘ /

DC voltage DPI on Vout
DPI on V+
F% o D

ffset .
probe 50 Tz offset meas.)

Oscilloscope 500 Q 500 Q
(Vpm and Vey

meas.)
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Experimental results
= Susceptibility level and EMIRR measurements on IN+
and Vout

= EMI-hardened version is the most robust, except between
25 and 60 MHz.

= Different types of failures appear depending on frequency
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Failure analysis

= Low-frequency DPI failure:

Positive offset

LMV651
SR+ > SR- (3.6 /-2.2 V/us)
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LMV861
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Failure analysis

For both op-amps, three failure
mechanisms are observed:

Compensation of failure
il 1 mode 1 by failure mode 2

1. Up to some tens of MHz : positive
offset, quasi-linear increase with EM

[ |
[ |
[ _ : |
: disturbance amplitude (slew rate o °
| asymmetry) : 04 _
: I 05 _F,,..--*:"#— —— 1MHz
. I ’ v - = =10 MHz
: 2. Above some tens of MHz : negative , % . _,“._’,.Y/ ----- 30 MHz
| offset, rapid increase with EM | g [t N T M B | R
! disturbance amplitude (weak : 0.2 T
] : i =
L distortion) | o4 ~la
—————————————————————— \
~
. . -0.6
3. High frequency and large disturbance 0 05 K 15 2
level : saturation of the output Vemi(Vpp)
(asymmetrical cut-off) Evolution of EMI-induced offset vs. disturbance

amplitude and frequency
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Failure analysis

High-frequency DPI failure: weak distortion brought by
input differential pair

v Non linear behavior of MOS transistor leads to
rectification of induced RF current

v' Generation of drain current offsets (I and Ipy)

v" Induced drain current imbalance Alp:

u,C W —
P2 B L ngl vfgz)
v Drain current imbalance if:

= Diff. mode voltage Vpy, # 0
= Common-mode voltage Vg, # 0

Al —Im_lm =

v Theoretical EMI-induced input-related voltage
offset:

Vg in = v —v “VDMVCMHCM‘COS(¢+ arg( ))

H. = Vie - ja(CT-FCX)‘
- Veu ja’(zcgs+CT+CX)+28

High-pass behavior INS” o LAAS
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Modeling op-amp susceptibility

= No susceptibility models provided by manufacturers (even the
slew rate asymmetry is not given)

= Failure mechanisms are based on complex mechanisms, whose
accurate modeling requires unknown information for end-users

=
=

Propose a simplified equivalent electrical SPICE-
based model built from measurement results (no extra
measurement and rapid modeling process)

Susceptibility simulation made with IC-EMC freeware

INSA e
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Modeling op-amp susceptibility

= Proposed equivalent model for slew rate asymmetry
and weak distortion effects:

1. Slew rate asymmetry Calculated from measurements

___!?_Tf_lwﬁ / T\

I, = Max [I E}tanh (K E:’.VD ),IZ_W tanh (KAVD )J
] VD \\_’I \\_’/
V |—" ‘ _______
off Weak

: ZOUT
IN+ \ OouT
Vp it Cg,) Rs| |Cs ::TVS Vout =Vs

IN- \ ........ Vss

Vi

_________

2. Weak distortion

S
'OULOUSE
&ELECTRIC

Equivalent filter fitted INS” ‘gﬂmtgsmms LAAS )

from measurements » CNRS
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Modeling op-amp susceptibility

= |C-EMC, a tool for simulating

_emission & _susc_;eptibility of Key tools
integrated circuits
o A schematic editor . ‘
0 hok
o An interface to WinSpice .‘ . M‘ - I\‘_:II" @ ﬁhE]J

o A post-processor to compare
simulated with measured spectrum

o Freeware, online www.ic-emc.org Spectrum (S;;:'th
, analysis art
o 250 pp documentation, 15 case y ,
i Near-field Impedance IBIS
studies simulation simulation interface
5{;; D:n\H-diaA'Lzm > ERMEE QAR QA B | 3 — — ‘ | - . -f?')‘
B ) /‘N;rvf “
SOV | !
-
-
i = % \,//
e |

Frequency(H)
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Modeling op-amp susceptibility

= Op-Amp macro model described using SPICE “E” elements (any
formula)

= DPI simulation in IC-EMC using RF disturbance & coupler

= |terative simulations with varying frequencies (10 per decade)

Offset detection
RF disturbance SheL Macro(-)moAdeI of the (Vout)
Lbias[ p mp
I v

e }J‘ﬁ . op-amp model

r coupler 1n INp out

@ T ? -~

Bias tee (1 nF - 1 pH) Rin Cout

RF disturbance source
Sub-circuit

* Subcircuitterminals:

“inP —> node number 1

*inh —> nade number 2

“ outOpAmp —> node number 3

.subckt IrmvB51 inP inM outOpAmp

* Subcircuit created 24/04/201911:29:22

Edm nem 0 VALUE = V{inP)(inh}
Ecm ncr 0WALUE = M(inP)+viink))/2

Ehcm nhem 0 nom 0-2.75

=

§
2 Dl
[

il 2
iskwp [hs] ]

Chem nhem hem 127p
Fhcm hem 050

et H

”vwWWH

Eprod nprod 0WALUE = V{ndm, 0/ (hcm.0)

*Low pass filter with cut-off frequency = 1589 kHz

Rifilt nprod nprod_filt Tk

Cflitnprod_filtd 1n

Eiz 1inP nprod_fito 1

* Decomment line below to remowve weak distortion effect
*Eis2 1inP WALUE = 0

*INPUT R

Edm ndm O VALUE = V(inP_f)-V(inM_f) }
(V(inP_f)+V (inM_f)

) /2

| | | E1 nl1 0 VALUE = 964e-6*TANH(9.18*V (1, inM_f))
|tammmsmws] | E2 122 0 0.002 VALUE = 1099e—6*TANH(8.06*V (1,inM_£))
”Hl e SURATE ’ OF APPLIED

20000 spw  B00M OO 1 % ci .ends SCIENCES

7
B0 B0l i 0se g
TOULOUSE CNRS
— — DEPARTMENT OF COMPUTER & ELECTRICAL
ENGINEERING

M
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Validation of the models

= Comparison between measurements and simulations of
LMV651 and LMV861 DPI level and EMIRR (non-inverter
configuration).

= |njection on non-inverting input
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= Quite good agreement between 10 and 500 MHz.
= Loss of accuracy around 10 MHz: limitation of slew rate model
= Loss of accuracy above 500 MHz: lack of models of coupling

between pins |
INSA SoENCes CNRS
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ENGINEERING




EMC COMPO 2019

Oct 21-23, Haining

Validation of the models

= DPI test in another configuration: voltage follower and
additional external low-pass filter on non-inverting
input pin (LMV651)
30

[ [ T TTTTTT [ / ,
Measurement
/
.25 \ = = Simulation ~ ""/J.;
£ 1\ / ’
0 W\ /
T 20 ./J
| = ‘ J o
g \ ,..--""r.-ﬂ
a 15
\ ”
o \ f
T \ /
m 1[} /[
£ \ /!
Q
w ° </
0
1,E+06 1,E+07 1,E+08 1,E+09
Frequency (Hz)

= Good agreement up to 400 MHz
= Above 400 MHz: limitation of the model
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Training scenario & feedback

pour UincENEUR [

2-hours measurement :
Discovery of injection test
bench
Single-frequency DPI injection
to highlight failure modes
Comparison between standard
& EMI-hardened OpAmps
2-hours simulation;
Simulation of DPI test bench
on a resistive load
Simulation of DPI test bench
on a OpAmp model
Positive feedback from
attendees (90%
satisfied/100 students)

BASIS OF ELECTROMAGNETIC B
COMPATIBILITY OF g
INTEGRATED CIRCUITS

Alexandre Boyer and Etienne Sicard
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Conclusion

= A practical training dedicated to the susceptibility of op-amps

to electromagnetic disturbances:

= [llustration of typical failure mechanisms

= Building a simple equivalent electrical model

= Test different EMI reduction techniques (EMI-robust op-amp, filtering)
= The simple op-amp equivalent model provides acceptable

prediction results for op-amp end-users to anticipate EMI

Issues up to 500 MHz.
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