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New paradigm for
MEMS+IC Co-development
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New paradigm for
MEMS+IC Co-development



A New Paradlgm “

for MEMS+IC Development

MEMS design | System Design
(MEMS+IC)
Design Definition
MATLAB
MEMS+
parametric model

CoventorWare

field solvers
Refinement,
Optimization, MATLAB

MEMS+
parametric model Simulink
CoventorWare
field solvers

Issue Resolution

Cadence

Verification MEMS+

parametric model

CoventorWare
field solvers
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Introducing MEMS+

Agenda
* What is MEMS+
* Why use MEMS+
* How does MEMS+ work
* What's New in MEMS+ 4.0

* Conclusion
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What is MEMS+7

A tool for creating compact finite element models
that run in MATLAB, Simulink, and Cadence

Enter Design in 3D Simulate and Analyze Visualize Results in 3D

MEMS+ Simulator

MATLAB
4\ MathWorks

Simulink

Virtuoso

MEMS+ Finite Element Library:

MEMS-specific, 3D, high-order, parametric

Slide 9



Why Use MEMS+ ?

or what MEMS+ can do for you...

¥ Virtuoso® Schematic Editor L Editing: DLP Array5X5 schematic =]

Launch File Edit ate ations  Migrs Window Help  cadence

hl. Rotate 50




Why use MEMS+ SOV ENTOLR

MEMS present specific simulation challenges

MEMS are multi-physics . MEMS+ can simulate
N fully coupled physics
+ electrostatics N Dynamic response
+ fluidic effects - Rapid design studies
+ packaging effects - Design optimization
+ etc.

MEMS are part of asystem . MEMS+models work

- MEMS + control system in system and IC tools

« MEMS + IC e Closed-loop operation
» Noise analysis
» Device arrays

Slide 11



Why use MEM!

SOV ENTOL
MEMS are multi- phyS|cs OVENTOIZ

Need to quickly evaluate design concepts?

MEMS+ has an easy-to-use Ul for building parametric models,
with built-in simulator, and MATLAB and Python scripting interfaces

| B Matereloatogase | o Processeditor | offx mnovator | #] smulator | % VeriableCapacitor.Vary 1. DCSwezp1_Vary [ ‘
PREEE] DEf\:rmMudEB ttomElectrode 27,5852 TORORO D o @ 1 R FFemes w0 v fiy s Beggeraon:X 1 w Y 1w Z 1 = Color By Displacement Magnitude v
(Eompane = ) 2 .@’%ﬁﬂﬁ S b AT R s l-m'

4 13 ExternalSchematic
4 713 [0_BeamWidth 5

Dlspiacamart I

> 3 Components
» ¥ 1_BeamWidth 6
4 ™13 10_BeamWidth_7

"Beam Width = 5u Beam Width =6u Beam Width = 7u

4 @ Plate (5)
o /0_BeamWidth_6/Components/Rigidl
% /0_BeamWidth_6/Components/Local
 10_BeamWidth_6/Components/Local

* /I0_BeamWidth_6/Components/Local| _
# /10_BeamWidth_6/Components/Local|
4 ™13 1)_BeamWidth 7 ¥
4 X5 Mechanical Connectars o
l
raph Window a
|§| Graphs & X
] Graphs or —_—
4 [ Graph Tremi [ ?‘x
| ., 1_BeamWidth_5_Plate z -5e-07 [ \
i ~ 0_Beam\Width_6_Plate z L \
. I0_BeamWidth 7 Plate z -1e-06 \
-1.5e-06 [
I E \
2606 L L L 1 A ! L !
[ D 0 10 20 30 40 50

10_BeamWidth_7_Plate z = 234378, y= -2.20257e-07

Result of a vary analysis exploring different design geometries Shae 12
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Why use MEMS+. - W{

MEMS are multi- phy5|cs

Need to study the dynamic response of your sensor?

MEMS+ model of a gyroscope, M EMS+ model includes mechanical,
electrical and gas damping effects,
and is small enough for fast transient
simulations in Simulink or Cadence

oo B D0 E B F 30 s B0 E S @ S0k o Bl — ]|
T sient Analkysis “tran' time = (0 5 —> 40 ms) @
Transient response to Hy “ ” ” ” ” ” .
angular acceleration, : IR lr Il <
simulated in minutes i i Lo
on a laptop
l—msl% "~ e (rm
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Need to study the dynamic response of your actuator?

Simulated gas pressure on
electrodes as RF switch closes

MEMS+ models are
very fast and can easily
combine mechanical,
electrical and fluidic
effects in a transient

simulation ?

Tip
position

(m) _

—

o O
[J

RF switch tip position, closing and openiri/

0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Time (Ss)

PPPPPPP

e
L 1 1 1 M
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Why use MEMS+?

ro
I /% Cap5 (ProofMass,Stato
1> % Cap6 (E3,E10)
> % Cap7 (E4,E11)
b % Capl2 (E7,E12)
» & Capl3 (E8,E11)
b 2% Capl9 (E15,E10)
b ok Cand0 (F1A F1)
4| I ] »
|| Outputs [ Mechanical Connectors [

|| Graph Window

(4 Coventor MEMS+ - C/aMEMSp/MEMSp30/Acc-" is/Accel-3-2xisDCLdc* _@M
DE-& 2

| £ Materisbatagase | o5 Pro dator | & Accel-3-xis.DC1
PERCE b e W W] & @+ D FFrames 100 v RN

Components i A @R sakz 7)1 -

Sore Ex 6.00E-13
4 Graptis = \
4 [L] Graph Iteml o 5.00E-13
0. Beoutput Copl @ 4.00E-13 —
& 3.00E-13
0 10 20 30 40 50 60
Temperature (deg C)

MEMS+ can predict
how thermal effects on
your package will affect
critical sensor outputs
such as zero-offset in
accelerometers

Simulated zero-offset vs.
temperature for z-axis
of 3-axis accelerometer
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MS+?

Why use M

Need to simulate closed-loop control of your sensor?

3D accelerometer design in MEMS+ Simulink diagram:
accelerometer with sigma-delta controller

2 e

Scope7

—

Scope2

| TAY
S ez
k F_M

T |
= = Sroundt — ey
Fo = »|v_BotControl y 3
o s ]

o —_—

i »{V_BotDrive Cap_ i

oS- Accelerometer_v2 5 »] bitstream

hcwe V_ShuttleSen se ZOH Quantiser
~ - o ol
T T P
»|V_TopControl
Cap_SenseTopDrive
»|V_TopDri ve
Accelerometer_v2
=
s+1e3
cope1 Transfer Font

plug into Simulink
* Non-linear

* Parametric
* Fast and accurate
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Force-feedb nti _ o
of accelerometer — m

AVAVAVAVAY

Scope2

Input acceleration:
a, = sin(ot) at 256 Hz

| TAY
Sine Wave1 P_Massy

Sreet V_BotControl y’ L:y' B 4‘?

V_BotDrive Cap_SenseBotDrive
Accelerometer_v2

Concept: comniz
Use controller to
hold proof mass

IV

V_TopControl
Cap_SenseTopDrive

h 4 Y Y A4 Y

V_TopDrive

steady for any e
acceleration, and
use feedback
control signal as T
output.

Output bitstream
& control signal

Low-pass filtered
output signal



System stab‘i‘lit‘y"S'lm ,

in Simulink with MEMS+ mode

256 Hz input acceleration

Single-DoF results o
y DoF only

Multi-DoF results

Unrestricted
motion

Unstable: “Noise” grows until the combs pull-in!
© Coventur nc. cutt - lide 18



System stability simt

MEMS are part of a system

Need help to understand your

measured results?

Instead, load into MEMS+ to visually
observe device behavior:

1-DOF model in MEMS+

T R R

0000413108
- U_UUUW_N_?SU“_"--_,_ o

-2.15177a-005

0goodasear T

-0.000458145
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1-DOF model erroneously considers
the system stable
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Controller excites suspensions

into flapping uncontrollably Slide 19



MATLAB ‘

script
" 10 minutes CPU time
= to compute 400 mode
_ frequencies

model

s crb e st

Wafer Map of Drive Resonant Frequency (Hz) Wafer Map of Sense Resonant Freguency (Hz)

7050 7315
[ 7310
7045 7305
s 7300
B 7040 | 7295
= 7280
3 7035 | 7285
7280

7030
7275
7270

7025
7265

-005
-005
-0.05 0 005 025 o 005

Y-mode Frequency Z-mode Frequency

Example: Modal frequencies vs. process variations across wafers



MEMS are part of a Sy

SOVENTOIR

Need to provide a MEMS model to your IC designers?

Import a MEMS+ model to a

Cadence Virtuoso schematic

] ) 'Y Virtuoso® Schematic Editor L Editing: MEMSLib AccelerometerSchematic = 0 |
Cadence Virtuoso schematic

Launch File Edit Wiew Create Check Opfiohs Window Help

with a few button clicks =R =N

cadence

* Include all essential nonlinearities

* Selectively linearize for speed

MEMS+ model of
an SOI gyroscope

I maouge L: mo

» QK » | -

sqa| = .
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Need to simulate an array of actuators?

Cadence Virtuoso schematic of a mirror array

MEMS+ models
capture non-linear
effects and
simulates fast

Cadence Spectre
simulation results
visualized in MEMS+
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Why use MEM+ e
iy ‘ ENT |
MEMS are part of a syste SOV ENTOM

Need to perform noise analysis of your sensor?

« MEMS+ models support noise analysis in Cadence Spectre
and accurately predict thermo-mechanical noise

« MEMS+ includes all relevant noise sources in your MEMS+IC system,
enabling you to improve your signal to noise ratio

MEMS+ model of a microphone

MNoise Anabsis “noise’ freq = (1 Hz -> 1 MHZ) B

17 S7nv/santia)

MEMS+ symbol in a Noise analysis

_ : Cadence Virtuoso schematic in Cadence Spectre
mechanics, electrostatics and

fluidics (air pressure) effects

Slide 23



How does MEMS+ work?

or how to create compact FE model...

Analog Devices, Inc. All rights reserved



a different kind of FEA

Traditional Finite Element Analysis

( 3D Geometry A

/ Library of \

generic, low-order

; finite elements
Mesh /\ =

Generator k Brick, tet, shell,
and beam elements)

( Meshed Model A
Large
10k to 10M DoF
Y.

OV ENTOR

MEMS+ Finite Element Analysis

-

Library of parametric, h

MEMS-specific, high-order finite elements

RN
: 4 L

3D Design Entry S'\(/:&?I[lAgén
in Graphical Ul or Python
a N

Meshed Model

Small
10 to 1000 DoF
\_ y




R O,

Overview ofth'—é |

MEMS+ Element Library

COVENTON

/Rigid Shapes\ /Flexible Shapes\ 4 Beams ) /Suspensions\
Start with
Mechanical \\ <‘?§ q
Components 1 .E. —
I ===/t =~ /)
4 In-Plane 4 Side flnterdigitated
Add Electro- Electrodes Electrodes Combs
Mechanical
Coupling

Squeezed-Film
Damping

Chambers

Pressure
Loads

L
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Users assemble MEMS-specific, high-order finite elements
to create complex structures:

Straight

. / Beam
L ]

Quadrilateral _
Shape Rectangular Pie Shape

e Slide 27



SOV ENTOR

Ring Gyro, 345 DoF

DLP mirror, 11 DoF

RF Switch
119 DoF

Ring Resonator, 727 DoF

The MEMS+ approach is general: it has been used to create
compact, accurate models of many real-world MEMS designs
Slide 28



MEMS+ benefits -

Benefits of the MEMS+
high-order FEM approach:

» Simulation Speed

> Parameterization

» Compatibility

Slide 29
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MEMS+ Benefit:

Simulation Speed

SOV ENTOR;

« Auto-meshed models are huge and require long

simulation times

« MEMS+ models are tiny in comparison

/User Benefits:

in minutes

in minutes or hours
> Arrays

\_

~

» Multi-physics analysis

> Transient simulations

J

MEMS+
FE-Model

Auto Meshed models
are simply too big
to run fast!

Slide 30



MEMS+ Benefit:

Parameterization

« MEMS+ offers a direct way to create efficient parametric
models using high-order, MEMS-specific finite elements

Parameters may include geometric, process, material and environmental variables

» Enables design optimization, parameter studies,
sensitivity, yield and Monte Carlo analysis

Slide 31
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MEMS+ Benefit:

Compatibility

« Auto-meshed models are huge and require
proprietary solver to run

Auto Meshed FE-Model

MEMS+ FE-Model

MEMS+ Matlab Cadence
Solver Simulink Virtuoso
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DEeEd& @ o] » 1063 [Momal - = [BE] rREE®

Referance Capasitance

4\ MATLAB 7.11.1 (R2010b) Service Pack 1 f VALV N =

capt

File Edit Debug Desktop Window Help % msael E—[:mww
5 s - Ground
NME8| s B2 ¢ B3| @ C:\source\memsplus\trunkisrc\MEMSplus\QA\ v_Rotors u": v g
Shortcuts (2] How to Add | (2] What's New ADXL202
nt Ot /_Stator_Right_Short
>> h = cov.memsplus.Memsplus3DSchematic('DLP.3dsch'); AT ——r—
ot outt | oltags Contol Xn \_Stetor Lon Lasa

>> h.getInputNames

Valtage Control Yp

Loading model MemsplusMexl ...Done.

Joeeomet]  Launch Eile Edit ¥iew Create Check Options Window Help cadence

(=" g L R

ans =

'V_LeftBaseElectrode'
'V_LeftYokeElectrode'
'V_RightBaseElectrode'
'V_RightYokeElectrode'

>> dc = h.newDCAnalysis;
>> dc.setInput('V
>> dc.setInput('V

>> dc.compute

lldx||=2.440e-003, ||F||=1.040e-009,
|1dx||=1.055e-006, ||F||=3.890e-013,
| 1dx| |=2.431e-013, ||F||=9.070e-020,

Converged in 3 iterations after 0.59
Solution required 3+0 = 3 linearizatigq

f

4 Start

Umouse L: mousesingleSelectPt) t: mousePoplpd R: ddsOpenLibManager)

03| = | cme: sel: 0

(% Enables system level, MEMS/IC co-simulation and noise analysis
» Provides access to many existing tool boxes for design and
_ System optimization




What’s New in MEMS+ 4.0

— a new paradigm
for MEMS+IC co-design
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What’s New in MEMS+ 4. SOV ENTOR:

)

Ablility to export models in Verilog-A format
* Exported models simulate up to 100X faster
* Compatible with most A/MS simulators, not just Cadence
* Enables MEMS designers to share models with ASIC developers

More capacity and speed...
* Full 64-bit implementation to handle larger, more detailed models
* New sparse solver for modal analysis
* Faster loading of large models

More modeling options...
* New geometry options for curved combs, useful in gyro designs
* Selectively include fringing fields for in-plane motion
* Out-of-plane angle and length scale for imported package

* Save reaction forces and moments for verification
Slide 35



EOVENTOR

- MEMS+IC schematic |

Impart
- MEMS;

Structure

Sense_Right
Sense_Left
Comb_Outer

Comb_Inner

ght
eft
ner

ed
mbol

_Sense 2R

- Cophggom

Capa,

=
é
=4
=)
a
2
5
a
@
@
a
=

C =
Siticn

d
Fosition_Lefthassx

| DoubleMassGyroModslBpot T.va |

Exported |-

Verilog-A || :
Model Order Reduction (MOR) ||
« Preserves selected mechanical mod
 Reduces from 1000s to <10 DoF

» Preserves selected non-linear inputs

eSpa_Se:sE_Lefc H
¥ \etpa_Sense_Right :

/f Verilog-a model automatically generated on: Mon Oct 14 16:30

17 with: MEMS+ 4.0.0, Revision: 75276 (2013-10-13_12
/i

// Useful scale factors:

7

le+006 V=1m
le+006 V=1m
1e+006 V=1 m
1e+006 V=1 m

// Position LeftMass x :
// Position LeftMass_z : R S
// Position RightMass x : gnd

// Position RightMass z :

/f Comb Immer : 1V =1V
/f Comb Cuter : 1V =1V
/f Sense Left : 1V =1V
// Sense Right : 1 V=1
// Structure : 1 V=1

/. ._| Exported Verilog-A models

// Capa_Comb_Inner :

« Simulate up to 100X faster
« Compatible with most A/MS simulators
* Protect MEMS design IP
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Key Mechanical Modes Transient Simulation in Cadence Spectre
response to angular acceleration pulse, 40ms real time

Transient Analysis ‘tran": time = (0 s -> 40 ms)

D I’IV e M O d e [0 s A T P o
pp— 58201

“ ‘ L u\l‘lh ”‘ l"}

.u i

Verilog-A model Simulation Speed-up vs.
with 2"-order time per real full MEMS+
non-linearities time (s/ms) model
Coriolis force 0.27 255X
——/
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SOV ENTOI
Model Characteristic Full MEMS+ Exported Verilog-A

Included MEMS physics Mechanics, electrostatics, gas  Same as full model except
damping, piezo effects, noise simulation
package effects

Nonlinearities All input and state vars Selected input vars

Parametric Yes No

3D Result Visualization Yes No

Applicable device types Sensors (motion, mics,...), Same, except devices that
resonators, actuators depend on pull-in instability

Simulation speed Selective simplification for @p to 100X faster )
speed/accuracy trade-off

Compatible simulators Cadence Spectre and APS | Most A/MS simulators|

Protects MEMS device IP No \Yes )

Expected usage: Verilog-A models will be used for routine simulations while full
MEMS+ models will be used to investigate anomalous behavior and design corners

Slide 38
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Apphcable De' B OVENTOR

for Exported Verilog-A

Applicable to sensors and Not applicable for electrostatic
resonators, devices that have pull-in analysis of sensors, or
small displacement compared to actuators that depend on pull-in
air gap, including for intended function, including

* Accelerometers * Switches

* Gyros * Varactors (tunable capacitors)

* Microphones * Digital display mirrors

* Pressure sensors * Shutters

* Electrostatically-actuated * Scanning mirrors (large motion)

resonators

* Energy harvesters
* Scanning mirrors (small motion)

These limitations apply to MEMS+ 4.0.
Future releases will have more capabilities
Slide 39




Customer Quote

on Exported Verilog-A

Tero Sillanpaé, ASIC Design Manager, Murata:

“The Verilog-A Reduced Order Model (ROM) exported from MEMS+ 4.0
captures second order effects not seen in basic hand-crafted models without
any compromise in simulation performance. We were able to create a Verilog-A
ROM of a complex gyro design in just a few minutes, allowing our ASIC team to
work in parallel with the MEMS team on further design iterations. Harmonic
simulations in Cadence showed that the model maintained the expected modal
frequencies and was stable. Moreover, transient startup simulations were very
fast, on the order of 25s CPU time for 1s real time, before front-end electronic
components including RC parasitic were added. The robust model exchange
between MEMS and ASIC designers enabled by MEMS+ reduces the probability
of design error and can help avoid costly redesign iterations needed to address
unexpected behavior.”

Exported Verilog-A models have significant

advantages over hand-crafted models
Slide 40
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Verilog-A Export .

“Verilog-A Export” requires a new license key
* The license key is required to export Verilog-A from MEMS+

° Running exported Verilog-A in Cadence or any other A/MS simulator
IS unlicensed.

“Verilog-A Export” is a new option on our price list
° [t is an add-on to any MEMS+ bundle

* For multi-seat quotes, the number of Verilog-A Export licenses
should be the same as the number of seats

* Positive customer response indicates this is a high-value feature.

Slide 41



In Conclusion: - SOVENTOIR

MEMS+ models have significant benefits over traditional FEA
* Much faster simulations due to reduced degrees of freedom
* Parameterization enables rapid design exploration and optimization
* Compatible with MATLAB, Simulink and Cadence simulators

MEMS+ goes well beyond traditional FEA capabilities

* Simulate the dynamic response of sensors and actuators
with fully coupled physics

* Simulate closed-loop operation of sensors
* Perform noise analysis of sensors
MEMS+ 4.0 enables a new level of MEMS+IC co-design
* Exported Verilog-A models simulate much faster with sufficient accuracy
* Compatible with most A/MS simulators that take Verilog-A input
* Share models with partners and customers while protecting MEMS IP

Slide 47
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