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- Single finger set
= There are 30 pairs of differential capacitor at every axis

~ The total capacitance is 64fF

Proof Mass = 0.7 pgram S
Proof Mas
&

125 Micron
QOverlap

1.3 Micron
Gap

4 Microns
Thick

Fixed Outer Plates
Anchored to Substrate -L/‘
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2-Axis Accelerometers
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2-Axis Accelerometers

Here is (highly exaggerated) compound motion along the X and Y axes.
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Parameter Test Conditions/Comments Min Typ Max Unit
SENSOR INPUT Each axis
Output Full Scale Range (FSR) User selectable +2.048 g
+4.096 g
+8.192 g
Nonlinearity +2g 0.1 % FS
Cross Axis Sensitivity 1 %
SENSITIVITY Each axis
X-Axis, Y-Axis, and Z-Axis Sensitivity +2:g 235,520 256,000 276,480 | LSB/g
+4g 117,760 128,000 138,240 | LSB/g
+8¢g 58,880 64,000 69,120 LSB/g
X-Axis, Y-Axis, and Z-Axis Scale Factor +2g 39 pg/LSB
+4g 7.8 ug/LSB
+8¢g 15.6 ug/LSB
Sensitivity Change due to Temperature —40°C to +125°C +0.01 %/°C
0 g OFFSET Each axis, 2 g
X-Axis, Y-Axis, and Z-Axis 0 g Output -75 +25 +75 mg
0 g Offset vs. Temperature (X-Axis, Y-Axis, and Z-Axis)' —40°C to +125°C -0.15 +0.02 +0.15 mg/°C
Repeatability? X-axis and y-axis +3.5 mg
Z-axis +9 mg
Vibration Rectification? +2 grange,ina 1 g orientation, <04 g
offset due to 2.5 g rms vibration
NOISE DENSITY +2g
X-Axis, Y-Axis, and Z-Axis 25 ug/\Hz
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Figure 28. ADXL 356 Vibration Rectification Error (VRE), Figure 31. ADXL356 Vibration Rectification Error (VRE),
Z-Axis Offset from +1 g, +10 g Range, Z-Axis Orientation =+1g Z-Axis Offset from +1 g, £40 g Range, Z-Axis Orientation = +1g
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GYROSCOPES
Dynamic Range

Sensitivity
Error Over Temperature
Misalignment

Nonlinearity’

Bias
In Run Bas Stability

Angular Random Walk

Error over Temperature
Linear Acceleration Effect
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ADIS1649573f5

ADIS16495-1BMLZ
ADIS16495-2BMLZ
ADIS16495-3BMLZ
ADIS16495-1BMLZ, 32-bit
ADIS16495-2BMLZ, 32-bit
ADIS16495-3BMLZ, 32-bit
—40°C<Tc<+85°C, 10

Axis to axis

Axis to frame (package)

1 0, ADIS16495-1BMLZ, FS = 125°/sec
1 0, ADIS16495-2BMLZ, FS = 450°/sec
1 0, ADIS16495-3BMLZ, FS = 2000°/sec

1 0, ADIS16495-1BMLZ
1 0, ADIS16495-2BMLZ
1 0, ADIS16495-3BMLZ
1 0, ADIS16495-1BMLZ
1 0, ADIS16495-2BMLZ
1 0, ADIS16495-3BMLZ
-40°C<Tc<+85°C, 10
Any axis, 1 o (CONFIG register, Bit 7 =1)

£125
+450
+2000

© Macnica, Inc.

+480

10485760
2621440
655360
0.2
+0.05
+0.25
0.2
0.2
0.25

0.8
1.6
33
0.09
0.1
0.18
0.1
0.007

°/sec
°/sec
°/sec
LSB/®/sec
LSB/°/sec
LSB/°/sec
%
Degrees
Degrees
% FS

% FS

% FS

°/hr
°/hr
°/hr
°/r/hr
°/hr
°/Nhr
°/sec
°/sec/g
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Figure 9. Gyroscope Allan Deviation, ADIS16495-1
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iRENTERVEERTE  S=6likER

IRETR ADI ADI |&! Competitor 1 |&1 Competitor 2
ADXRS ADXR
450 S453

ERIETEHE 25°/ hr 16°/ hr 5°/ hr
FRENHDHIMEE 0.03°/seclg - 0.1°/seclg 0. 1°/sec/g
IR REVE 0.0052°/sec 0.0017°/sec 0.0174°/sec 0.0174°/sec

(BRIZREHE10°HADS)

RSSiRz (°/hr) 31.23 - 62.84 62.67

RENSRESENE + RIEMIRNREVE = RIENRFIRE
AR R RBEEEERAENRANRER, HETERE.

BB IR TR AR A= B D DR E s R A =200,
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MEMS IMU

Angular rate of rotation (spin rate)
= Delta-angle

Linear acceleration

= Delta-velocity

= QOrientation, with respect to gravity
(aka... tilt, incline angle)

Triaxial measurements

= Mutually orthogonal

Legacy IMUs also had magnetometers and
barometers

Primary use is in dynamic orientation tracking

Secondary use in short-term velocity and
position tracking

mAcnicA
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IMU 18#R

\
) Sensor Design
» Stability/repeatability (long-term drift; scale and bias) o
» Noise (angle random walk) s [Dherent to sensor §
» Vibration rectification performance §
» Hysteresis > an
w
]
Y Theoreticaily capable of =
b Hormarty ; mmmmp being corrected through
» g effect error (linear acceleration) test and calibration ]
"§' Calibration
» Offset/bias «
» Scale/gain error e  CoOMectable through test > %
Y/ and calibration -
» Tempco's %
» Cross-axis sensitivity ) @
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IMU B

= Pre-Calibration Accelerometer Output
ax axc my; myp Mmag\ (ax  [by 0 piz pPi3\ /[’
" ay (ayc> = (m21 ma2 ng) Ay + | by | |+l P21 0 p23 || @ °
az azc ms3; Mmzz ms3z/ |\ az by p31 p32 O 5 -
= Post Calibration Accelerometer Output

axc
B ayc

azc

= Bias Correction (1)
~ Scale Factor Correction (2)

~ Alignment Correction Error Correction (2)

. . . \
POINT OF PERCUSSION
= The Point of Percussion Correction (3) PHNTHEEERCORSION. o
= Map the accelerometer to the corner of the IMU package SEE CONFIG[6].

- Temperature Correction (4)

o
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IMU B

= Pre-Calibration Gyro Output

0y wxc mq1 Mq2 M13 wx bx lll l12 l13 axc
. wyc |=(ma1 Mzz Maz || oy + | by | |+ L1 Lo bs|{2,
Wz wzc ms3; M3z MmM33 wz bz l31 32 33 azc
= Post Calibration Gyro Output @ @ @
Wxc
" wyc
wzc

= Bias Correction (1)

= Scale Factor Correction (2)

= Alignment Correction Error Correction (2)
= Linear Acceleration Correction (3)

= Liner g correction factors

- Temperature Correction (4)

o
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ADI IMU f2IV Rz

ADIS1635x
ADI First to Market with Industrial Targeted IMUs . .
2007 v F!rst to market in MEMs
ADIS1636X v" First to marketin
2x Performance Increase; Interface/Footprint Compatible 'ndUSt”al_lMUS
2009 v Leader in performance
e ADIS1648x density N
\,3.?6\‘3"\“‘“«{_ 4x Performance Increase; Tactical Grade IMU v Leader in all-condition
- Family 2011 industrial-grade
| ~ ADIS1644x . performance
50% Size Reduction; Interface Compatible; 10 DoF v P it t
2012 Proven commitment,
ADIS1646x innovation, and value
50% Size Reduction; Noise, Stability, and Cost Improvements
2016
ADIS1647x
70% Size Reduction; Smallest/Best-in-Class IMU
2017
ADIS1650x
u 40% Size Reduction; High Performance Component-Level IMU
2018
AD24501
=

Automotive Qualified; High Performance Component-Level IMU

o
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- Delta-velocity registers are " | &
available in the ADIS1646x, I\ SR L
ADIS1648x products AV, = |ay(e)-dr AV, -_Z:.ar(”)

A S n=
= Intended to track more short ’

changes, while being augmented by ¢ & ; | L&
other position tracking “observers  AD, = Iar (¢)-dr* ADy=—%"> a,(n)

MACNICA
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- Key value is in direct observation of rotation

- Key behavior to manage is bias, which has a
direct impact on the angle bias drift

- Delta-angle registers are available in the 1 N
ADIS1646x, ADIS1647x, ADIS1648, ADIS1649x -
MOy =—2 o(n)
S n=l

(]
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)
@cmp(t) m Pcor(t) @p(t)
:\_/ Motor i g
1 Mechanical |
— Connection !
Qe(t) i
) ) ) K_Yﬁ
~ Calibration | Digital
Integrator < Alignment | Filtering MEMS IMU
— — — —__
We(t) wg(t)
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Rate-gyroscope
signals

Project
Accelerometer accelerations
signals onto global
axes
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Orientation

Correct for
gravity

Initial
Velocity

Velocity

Initial
Position

Position
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T—HRETEREPEIRIN
Patent pending couplers allow efficient use of area
Patented quad mass design to reject vibration
Fully coupled drive for high Q
Shuttles to decouple orthogonal forces and motion

Low stray capacitance for reduced noise

Patented in-plane quadrature tuning electrodes

o
MACNICA © Macnica, Inc.
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Low drift: high stability over life (stress,
temperature, moisture, shock, aging, etc.)

Low noise: ability to resolve low level vibration
signals across the frequency band

Low power: ASIC design innovations; intrinsic
MEMS design for signal level

High bandwidth:
(bandwidth up to 50 kHz)

Metric

Condition-based monitoring

Noise
Wide temperature range: the MEMS design  Density
i i - (WghHz)
delivers guaranteed O g drift over the entire
Tempco (mg/°C)

temperature range
In-Run Stability (ug)

Long-Term Bias

Repeatability

(mg)

Power/Current (uA)
MACNICA

© Macnica, Inc.

ADI High
Performance
Accelerometer
S

20

0.15

Improvement
over Similar
Cost
Competitors

10x

10%
10%

100x

10x to ~100X%
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ADIS1650X THgEXTEL
Product Features ADIS1650X Epson V340 Xsens INV Fairchild
Mti-1 MPU6050 FIS1100

Dynamic Range 125 to 2000 dps +400°/se 450 dps 2000 dps 250 to 2000 2560 dps
(Gyro/Accel) 8gto40g © 69 169 dps 8¢
+8¢g 169 .
ADIS16500:
Gyro In-Run Bias (dph) 2.0 2 BI5 <10 2000 dpS 40 g
Gyro Noise, ARW 0.003 0.0025 0.01 0.005 0.01 (—25to +85°C)
°/s/\Hz, °/Nhr 0.15 0.2 A7
Bandwidth Hz 550 50 200 180 256 345
ADIS16505:
Vibration Rejection 0.010 No spec 0.01 (0.001)** 0.1 2000 dpS 38 g
dps/ p !
s —40to +105°C
Alignment Accuracy 0.1 0.01%FSR (?) 0.1 0.10 11 11
(deg) o o o] o]
Bias Tempco dps/°C 0.002 0.004 0.001 0.16 0.1 ADIS16507:
Accelerometer Noise, 0.023 0.020 0.25 02 0.4 0.05 2000 dps, 42 9,
VRW mg/\VHz, m/s/~hr 0.012 0.15 —40 to +105°C
Bandwidth Hz 600 50 200 180 260
Bias Tempco mg/°C 0.008 0.046 0.1 0.86
Temperature Range —40°Cto —40°Cto —40°C to —40°C to —40°Cto —40°Cto
+105°C +85°C +85°C +85°C +105°C +85°C
Package (in mm) 15x15x5 11x15x3mm 10x12x 4 12.1x12.1x2.6 4x4x.95 3.3x33x1
I—.—l
*ADIS16500 - Lower-cost, but not suitable

- Higher priced

) . . - Questionable value
**questionable, likely not under same conditions - Range, bandwidth Q

for performance driven apps
- Performance limited

and accel limitations - Order of magnitude lower performance

o
IIIACI\IICA © Macnica, Inc.
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Value of IMU is Proportional to Bias Stability Under Actual Operating Conditions
(True/Application-Level Bias)

Low Precision Consumer Sensors $ nil, ‘along for the ride’

% Primary Sensor during tens-of-seconds outages, state-

ADI Indus/Tac Grade Sensors . .
transitions, blindness...

Military/Nav Grade Sensors $$55$ Potential to be the only sensor in some cases, (cost-prohib)

Relative Performance Measures ..., i meters

, , Not all 1-dph are the same...
Achievable Bias _ _
(incl all errors) ~error, 30 S, 30 mph ~error, (5]0] S, 30 mph in-run bias (dph) 10 5 1
linear-g (dps/g) 0.1 0.05 0.1 0.05 0.01 0.1 0.05 0.01 0.001

linear-g effect
10 dph 22m 17.3m :Irldi;;:)eg 314 | 157 314 | 157| 31 314 | 157| 31| o3
5 dph 1.1 m 86m Total/Act
ual Bias 33 | 186 322 | 165| 59 314 | 157 | 325| 104
1 dph 0.2m 2.7m (dph) T T T T
0.1 dph 0.1m 0.3m

Comp-C  Comp-B Comp-A ADI

For example, a 1 dph gyro with poor (0.1) g-rejection is equivalent to a >30 dph gyro
when experiencing minimal tilt (road grade, tire pressure differences, ... )

o
mACI\IICA © Macnica, Inc.
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IMU iS40

Gyro Offset, Short and Long Term...
... Key to Providing Value in Sensor Fused Navigation System

Yaw (_;yrcscope Deag Reckoning

= Single Axis Gyro Integrated
~ Velocity from OBD2 port

- ESC-Grade

= 3 Loops: 2.8 mile and 7 minutes, per loop

s NEW Autonomous-!

= Simple, non-optimized test demonstrating
significance of bias stability

— Initial offset subtracted

Grade (SMG)

Y Displacement (m)

-200 45 260 460 660 B(‘)O IO‘UO 1500
X Displacement (m)
Gyroscope Spin axis - = A
frame Cell Phone Typical Expected Implication /
Sensors ESC Autonomous Advantage
Grade Grade

>15°/hr Tactical Grade
Glrmbal Roter (unbalanced, Stability,
Bias stability uncharacterized, 10°/hr <1°/hr Substantially
typically not Reduced Position
specified) Error

(]
& MACNICA © Macnica, Inc.



Lateral Drift (m)
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ADIS1650X THEE

Car Velocity
= 100km/h

. ARW = 0.13 deg/rt(hr) | Bias Stability = 2.3 deg/hr Road Vibration
! = lgrms

IMU SPEC

= ARW=0.13 d/rtHr

» |RBS=2.3dph

» Linear g rejection 0.01dps/g
Simulation Results

» The expected lateral drift after travelling at 100
km/hr for 30 seconds is 0.4m (1 sigma). In other
words, 68% of the time this gyroscope will have
<=0.4m of error after 30s of driving.

i : i .. = = = = This gyro can navigate for 17.4s seconds
before exceeding 0.3m of lateral error (3
sigma). In other words, 99.7% of the time the
error after 17.4s seconds will be less than

0.3m.

7.
MACNICA © Macnica, Inc.
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ADIS16495 4gE 4T

Car Velocity
= 100km/h

ARW = 0.06 deg/rt(hr) | Bias Stability = 1 deg/hr

e = Road Vibration

= 1grms

IMU SPEC

= ARW=0.06 d/rtHr

= |IRBS=1dph

= Linear g rejection 0.01dps/g

Simulation Results

» The expected lateral drift after travelling at 100 km/hr
for 30 seconds is 0.2m (1 sigma). In other words,
68% of the time this gyroscope will have <=0.2m of

06

041

02f

0

Lateral Drift (m)

02F

04}

sk " error after 30s of driving.
R[] :
=0 5 10 = - = > = This gyro can navigate for 21.2s seconds before
Ve frec) exceeding 0.3m of lateral error (3 sigma). In other

words, 99.7% of the time the error after 21.2s
seconds will be less than 0.3m.

(]
mACI\IICA © Macnica, Inc.
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IMU EF5Roadmap

Available Component and Module Inertial Solutions
for High Performance Applications

- Low noise, low drift, vibration rejecting

gyroscopes

«  ADXRS290/5, dual axis - Vibration/[HUMs/shock sensors

= ADXRS646, single axis = ADXL100X, single-axis, ultra low noise
= ADXRS62X, 453 lower performance, cost = ADIS16228, tri-axis, integrated FFT

=  ADXL372, tri-axis, high-g, ultralow noise/power
- Low noise, low drift accelerometers
= ADXL35X, tri axis

= ADXL203, dual axis i . :

« ADXL34X, 350: lower performance, cost * ADIS16480, attitude and heading outputs
~ Six DoF inertial measurement units - Tilt sensors

* ADIS1649X,485 tactical grade performance * ADIS16209, dual-axis precision inclination

* ADIS1646X/47X, best size/cost * ADIS16210, tri-axis precision inclination

= ADIS16445 cost/performance

~ Ten DoF inertial measurement units £ Tﬂoﬂg;l;sctzwgtioplnllon'itoring sy
« ADIS16448 cost/performance , tri-axis ultra low power acceleration/switch

= ADIS16488 highest performance

(]
MACNICA © Macnica, Inc.
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=iesERE A ADIS1650X ADIS1647X

Portfolio Positioning
70% size reduction over prior generations

ADIS1650X and ADIS1647X

Higlgh end module performance in small, cost-effective complete Lowest noise industrial-grade IMU
solution
= 2%hr Targeted at high volume (cost-sensitive) industrial applications,

Robust sensing measurements reduce the need for complex isolation which demand and value high performance
or system-level compensation

= Industry best g-rejection and alignment l n d u Stry PO sitionin g

System ready implementation through proven iSensor integration, Only industrial-grade IMU in surface mount package
calibration, and reliability

Z, A 5% wider dynamic range and 2x wider bandwidth
Key Benefits ' \"/ than existing modules

Wide dynamic range (2000 dps, 40 g) coupled with low noise, low Up to 10X better vibration rejection
drift, and high vibration immunity, for the most accurate sensing

under complex motion

Up to 10x lower accelerometer noise

Integration and precision alignment of industrial-grade linear and
rotational sensing cores into complete IMU with optimized
embedded sensor processing

Calibration across temperature on every device ensures best
possible performance and lower overall system cost

(]
MACNICA © Macnica, Inc.
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=1Ege IMU

ADIS16490/ADIS16495/ADIS16497 Inertial Measurement Units
Tactical Grade, Highly Stable, and Ultralow Noise

Tactical-grade performance

= Noise: 1.6 mdps/\VHz; 16 pghHz
= In-run bias: 0.8°/hr; 3.6 g $10K

Lowest noise linear and rate sensors

=

N
Industry best vibration rejection \ o

— N
"

Cost

System ready implementation through proven iSensor
integration, calibration, and reliability S1K

Key Benefits S0

Low drift navigation and low jitter stabilization in extreme/complex Lo s
environments "

Calibration, across temperature, on every device ensures critical
performance and dynamic compensation

Integration and precision alignment of tactical-grade linear and
rotational sensing cores into complete sensor-fused IMU, with
optimized embedded sensor processing

Footprint and interface-compatible with ADIS1648x generation
iSensor IMUs

mACI\IiCA © Macnica, Inc. IndUStry BeSt SwaP/$



BEXIEL

ADIS1646x/ADIS1647x/ADIS1649x:

Confidential

MACNICA

© Macnica, Inc.

ADIS1646x ADIS1647x ADIS1649X
Size 24.3 X 22.4 X 9 mm 15 X 11 X 15 mm 44 X 47 X 14 mm
NO YES NO
Solder-reflow 44-ball
attach? Requires post fab install BGA Single- Requires post fab install
pass PCB fab
YES NO YES
Connector? 14-pin 22-pin
Flexibility in PCB Limitations on PCB fab Flexibility in PCB fab
fab
Keyed NO NO YES
Connector? Easier to insert incorrectly Reduced mis-insertion risk
Precision NO NO YES
alignment 1° (typical) >1° (typical) 0.25°
features? (max)
T
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Roadmap
Inertial Measurement Unit (IMU) Roadmap

High Performance

ADIS1648x

5dph

IMU

Kennedy
Tactical-Grade
Repeatability

ADIS1649x

Reagan

<2 dph <1dph

Leading Short-term Stability
Zeus 1 and
Compact Performance [ = oz Zeus 2
W gFremy AutoQual
a5, ADI516441)U( . ﬁg:gigjf;)/( FALCON . RAPTOR
wn 12 dph <5qiph " s dph

Industrial IMU Market Leader

Quad-Mass/
Y solitude

Industry Best
Total Specification

*. Flight certified; DAL-B Design Assurance, DO-

178/DO-254 Certification Artifacts

MACNICA

W <5 dph ]

Component Level HighPerf IMU

Component/Core
ADXL35x PRYM

Multi-axis

Ultralow Noise, 3-Axis Tactical Grade

Accelerometer

2021 to 2023

2019

2018

2017

© Macnica, Inc.
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