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1 Quick Recap: How to Design Your Sensing
Application?

«Step 1: What problem you want to solve?

«Step 2: Examine the 4 key design principles




Sensing Modalities

Computation

(42

Power and Energy

D
-

Connectivity



Outline

 An Introduction of IMU
 IMU Error Model
 IMU Calibration




* How to navigate when you cannot receive satellite data?




Example Application of IMU: Mitigate Urban
Canyon Problem

GPS only

* Key idea: integrate acceleration data over time to derive
location
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Example Application of IMU: Headset Tracking

 Goal: track location and
orientation of head or other
device

« Coordinates: Six degrees of
freedom:
« Cartesian frame of reference (x,y,z)

» Rotations represented by Euler
angles (yaw, pitch, roll)




* Gyroscope measures angular velocity w in
degrees/s

« Accelerometer measures linear acceleration a
in m/s?

 Magnetometer measures magnetic field
strength m in yT (micro-Teslas).
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Why it is Called Inertial Measurement Unit?

 What is inertia?
* |t means an object will continue its current motion

until some force causes its speed or direction to
change.

 Rotation inertia

 Arotating rigid body maintains its state of
uniform rotational motion.

Inertia Example #1: Why you need to wear a seatbelt
(especially if you are a giraffe)




How Accelerometer Work?

* [t measures acceleration

Mass on spring E

]
= 1
3 3

Gravity Free Fall Linear Acceleration  Linear
19 = 9.8m/s? Aocelerat.ion
plug gravity




Hooke's Law Newton’s Law
F =kx F = ma

« How to measure x?




How Accelerometer Work

Conductive plates (' = EA
/\ d
/ 1
Ta‘f

» C: capacitance
Dielectric * A: area

= & permittivity

i o d: dlstanoel

We can measure the varying displacement to measure
acceleration!




How to Measure the Changing Distance?

* Most common approach is to use MEMS (Micro electro-
mechanical systems)

MEMS Accelerometer




How to Measure the Changing Distance?

* Most common approach is to use MEMS (Micro electro-
mechanical systems)

MEMS Accelerometer




How Gyroscope Work

* |t measures angular speed (rad/s)
« Foundation: Coriolis Effect

Coriolis force

-==-=-=3 Starting direction

——> Changed direction

() WINDY.APP




How Gyroscope Work

* |t measures angular speed (rad/s)
« Foundation: Coriolis Effect + MEMS

Tl DowT
d S e




IMUJRIE&&ZEH

Pre molded LCP housing
E [ 1] + Low stress environment

25um Gold Bond Wires and

Gel Filling gold plated housing pads
+ Stabilizes the micro environment + Fast processing
around the elements and ASIC + Reliable
. + Soft material doesn't stress sensing + Gold to Gold Bonding on
Accelerometer sensing element clomens housing sle

+ Stich on Ball Bonding

inside the chi p Signal Conditioning ASIC

+ Temperature compensation
+ Extensive self diagnostics
+ Continuous failure detection

Accelerometer Sensing Element I

I Gyroscope Sensing element

Die Bonding Adhesive

Z B : Accelerometer sensing element *+Stainless teel I

+ Grounded Lid for EMC protection

Capacitive
accelerometer

#Z 1 yresonator

DET: SE Detector
VAC: Hivac

SEM MAG: 234 x DET: SE Detector
HV: 20.0kV VAC: Hivac 200 um Vega ©Tescan

Vega ©@Tescan
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Figure 1. Structure of capacitive accelerometer. (a) Diagram of accelerometer; (b) SEM structure.
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Table 2. The displacement of the seismic mass under acceleration.

Acceleration Displaceme nt

- = RIS ER G i
i o120 Emmmm) resonator

1.5 0.160
2 0.220




How Magnetometer Work

* Measures magnetic field strength
(Tesla or Gauss)

 Foundation: Hall effect




How Magnetometer Work

* Measures magnetic field strength
(Tesla or Gauss)

 Foundation: Hall effect + MEMS
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IMU Error Model

HBERIMUSIEREIBIR
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IMU Error Model

* Integration error for calculating position and angle

 Example
* How to get from angular velocity to angle?
* Integrate, knowing initial position




IMU Error Model: Angular Velocity =2 Angle

* NO NOoISe, NO

Angles/sec (in degrees/sec)

bias

Gyro Measurement
(angular velocity vs time)

A

0.1-e—eo—e—9o0o—0900—9 009

Time (in seconds)

— Ground truth
* Measured/estimated angle

Angle (in degrees)

Integrated Orientation
(angle vs time)

v

Time (in seconds)



IMU Error Model: Angular Velocity =2 Angle

* Noise, no bias

Gyro Measurement Integrated Orientation
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IMU Error Model: Angular Velocity =2 Angle

* NO noise, bias

Gyro Measurement Integrated Orientation
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IMU Error Model

L - misalignment/nonorthogonality between the axes
Deterministic |
1 bias (zero-g/zero-rate level offset)
error
- scale factor
WEMHIRE
Error of IMU
raw dataldl:
FENIRZE
stochastic flicker noise
error random Sensor noise

[3]D. Unsal and K. Demirbas, "Estimation of deterministic and stochastic IMU error parameters," Proceedings of the 2012 IEEE/ION Position, Location and Navigation Symposium,
2012, pp. 862-868, doi: 10.1109/PLANS.2012.6236828.




IMU Error Model

misalighment / nonorthogonality between the axes:

MEE. ARELTFRAES

Root cause: mechanical components cannot be produced perfectly/PCB package

Body frame

Calibration matrices 1 —aqy.
a=T"° T'=|0 1 —a.,
0 0 1




IMU Error Model

A
2
5
o ,’/
scale factor (77— Lt A +) < ——>
W 70 :
77 o
R
Root Cause: introducd from A/D conversion v
Calibration matrix: scaling matrices
s 0 0 ¢ 0 0
K'=10 s; 0], K=1]0 sy 0
0 0 s° 0 0 s

-4

0g on the X- and Y-axes and +1g on the Z-axis. The accelerometers’ scale factor is calibrated at the factory ~ MPUG6050 datasheet
and is nominally independent of supply voltage. Each sensor has a dedicated sigma-delta ADC for providing

digital outputs. The full scale range of the digital output can be adjusted to +2g, +4g, £8g, or £16g.




IMU Error Mode

bias (zero-g/zero-rate level offset) +ﬂicker noise(bias Instability):

© AERE (BRAREN) B RENEREEZEBEN
- Bl BRIERY, HEEBUREEESHYE (FRk) NWEREE
Root Cause: quite complex, e.g., sensitive to environment/temperature Definition of application grades
-
100°/h _ }
Industrial
. . . 5°h \
Calibration: two bias vectors ha bo N
1 p q p 1°/h ( Tactical
— | b2 — lpy
b by ’ b by 0.5%h L )
b? b9 6
z < 0.1°/h Short term }
Navigation
0.05°h \
Note: N
0.01°%h nevigation
* The biasis different every time you turn an IMU on due to flicker noise \/ sooore & Strategic
. 1°/h

* The biasis different even if the IMU is operating after a long time

[4]High-end Inertial Sensors for Defense, Aerospace, and Industrial Applications, YoleDéveloppement
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IMU Error Model

wOiSE

random sensor noise

scale factor
(siope of fine)

Sensor
i ) Output
Root Cause: sensitive to envwonment/temperatu re/pressure.

bias

0 Sensor
Input
How to express in calibration model:

) Y




IMU Error Model: In Summary

Complete sensor error model:

— TeK? (aS 4+ b 4 Va,)

Calibrated data Converting matrix  scaling ra bias random sensor

matrix data vector noise
For low-precision use:
Only need to evaluate the bias of IMU

For relative high-precision use:
Each error parameter should be carefully evaluated
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IMU Calibration

Other calibration method:

Use the calibrated accelerometer to calibrate gyroscope: Six - sided calibration method
RBET ZEWEBT AWET

' 3
Correct the N
accelerometer reading H ,,
SKERB T TBH T

l " Cost function: ) LN LN

Calculate the attitude in the M | B ¢ o
L(67°) =S [juar — ug 1|2 BN Vs N |
2 ek = v S 2SN

static interval by g
High precision turntable

l Estimate the parameter

o J
N

Integrate the gyro reading to
estimate the attitude

Ug k= \ [w;_‘gaua,k—l]

- \\ ~ /)
(attitude’estimate N (attitude given by
by gyro) acce in last interval )




IMU for Altitude Estimation

Something need to know before estimating attitude:

1. Earth coordinate(ENU)

izt N
NS o

XU
KE
. \ Y ecet
A
X ecef

The attitude refers to the change
between ENU and IMU’s own
coordinate(body frame)

2. Euler angle — Expression

quaternion(PHIt#L) - calculation

Euler angle:
Yaw/Pitch/Roll(Z-Y-X)



IMU for Altitude Estimation

accelerometer : magnetometer: gyroscope: deterministic
/ erfor/noise

Suffer from

" Platform Heading Angle . ] angular

angle [ speed

! ! ! ! ! - gyroscope output ‘
magnetometer output - '

time

Use earth magnetic field to l )
angle
—_— calibrate: [ —T—]
SR gyroscope
. ) ]_* " integrated over time
Use gravity to calibrate: 1. suffer from high frequency ' O A i
: noise, calculated pose will | T tme
1. IMU keep moving: P
: oscillate Use integration of angular rate:
acceleration=a+ g
- 2. sensitive to magnetic
2. difficult to calculate g drift problem
interference
yaw angle

Sheng Shen, Mahanth Gowda, and Romit Roy Choudhury. 2018. Closing the Gaps in Inertial Motion Tracking. In
Proceedings of the 24th Annual International Conference on Mobile Computing and Networking (MobiCom
'18). https://doi.org/10.1145/3241539.3241582
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