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The Problem Statement
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" Localization + Communication
= Situation awareness, coordination, support
= | ocalization w/o any infrastructure
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Our Approach

Deterministic | + | Probabilistic | + | Cooperative

Deterministic
ta

= |nertial navigation
=  Foot-to-foot ranging

= Altimetry

= Magnhetometry

= Zero-velocity-update (ZUPT)

= Cloud of
signals of
opportunity

Probabilistic

A group of communicating mobile agents

= Cooperative
localization
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size of
an apple seed

The Concept of uNavChip

= Deterministic
on-chip gyro/accel, CMUT,
clock, altimeter, magnetometer

* Deterministic
self-contained sensing
core

= Probabilistic

on-chip spectrum analyzer
based on RF MEMS banks

* Probabilistic
listening to the cloud
of signals of
opportunity

= Cooperative
on-chip UWB wireless

= Cooperative ; |
ransceiver

leveraging distributed
sensor nodes

Provide maximum autonomy, security, precision
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: : , US Patent 9,696,340 Setormimiat
US Patent 9,611,138 eterministic
uNavChip fabrication US Patent 961,138

US Patent 8,368,154 B2

Sensor cavity &
structure pre-etch

Perylene flexible hinge Metal interconnects uNavChip structure
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Ultrasonic Ranger (CMUT) fabrication

-

o

Design

\ Bottom Electrode Top Electrade Membrane Opening J
4 . . I
Simulation
L —L—
a W r ] + E nnv
K 0.1 o ol /

Deterministic

/ Fabrication
a)| Si | s
 SiO, (2um) £ T
glass ‘

) Cr/Au \ 5 W E
o = 1 NS i A -
WER T
NS .--lﬂ >
Bottom electrode
2
-— " '//’
‘ ‘ == e "'::. L L
I i i I
top electrode 2 H'”‘
= B | ‘
d) M B -membtane essamspaasaly
| ] | 1
Rk o= pr— | 3 1 l
. . S |
"_ Bottom electrode ‘ .

uNavChip (Pl: Shkel, University of California, Irvine)

' UCIRVINE

UNIVERSITY
of CALIFORNIA




Prototyping of uNavChip

uNavChip Sensors

* Accelerometers -« Altimeter

» Gyroscopes « Ultrasonic ranger

» Magnetometer « Tunable radio

Accelerometer

accelerometer with continuous thermal compensation." IEEE
Sensors Journal 15.9 (2015): 5045-5052.
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uNavChip_v1

uNavChip_v2
(450mm3)

(150mm3)

Deterministic

-

3.8 mm

~

Gyroscope

Qx = 1.8M
Qy =1.7M
tuned = 60mHz
ARW = 0.015 °/rt(hr)
1 Bias =0.09 °/hr

open-loop
wi/o thermal control

4.5 mm

102 |, i : :
) 102
l'ime (sec)

5.4 mm

Askari, S., Asadian, M., Kakavand, K., and Shkel, AM. “Near-
Navigation Grade Quad Mass Gyroscope with Q-factor Limited
by Thermo-Elastic Damping”, Hilton Head 2016
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Algorithmic developments Deterministic

» ZUPT-aided inertial navigation (IMU)

» foot-to-foot directional ranging (Sonar)

» altitude compensation (Altimeter)

(a) Free inertial/mﬁigation

'—Left Foot

—Right Foot
O Start Point
. % End Point

(c) ZUPT+ Ranging

Altimeter
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Nontrivial considerations Deterministic

IMU mounting position Navigation error analysis Adaptive ZUPT detector
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Platform for field demonstrations

Hardware

NI-cR10-9039
(FPGA + CPU)

LiFePO4-Battery

Power management
Signal distribution

IMU sensors
(heel+front area)

Deterministic

Flex cable

Pair of SONAR
Sensors

(IMU)
Analog Devices
+ ADIS16485

(Sonar)
Devantech Ltd
+ SRFO08

(Altimeter)
TE connectivity
+ MS5803-01BA

Architecture Field demonstrations
ZUPT with IMU + Sonar + Altimeter
Interface GUI
Estimated and True Path, Northing-Easting-Down, m
mHost Vi Visualization and data logging
E S1NSFS ‘U 30 -
i @ ReaI-Tlm.reLz\S,O!l/ Kalman Filter | p Navigation 28 |
E!-'-m-"; Error States 4 v [’chllllloln
#FPGA-VI < UP
E naoMHL ?_ ¢ - {}: 26
i SCLK(3MHz2) || | £
1} — I T 24 —
= !l o MOSI 1 L 2 LN (’)il.' in g
< Ispl X [miso MU B MU' & [ 8
T i' E‘ csi (n:x,y,z) (n:x,y.2) i o” f* 22 ~
I
g ! cs2 [1 i
& ! " 20
i | o |SCL@200KHz) |
e | X . 2 / 18 ~
4I'C | < |SDA Sonar Sonar mC )2 {\SY\
B !
il ) ) N af -SW
i Altimeter'| |Altimeter’ TR B 4. 4 2 0. 2 8
i i a Easting, m Northing, m
ZUPT + ALT * Navigation time: 212 s
o it * Trajectory length (z): 142.6 m

® Ending of ZUPT+ALT
® Ending of ZUPT

* ZUPTHALT error: 2.021 m
* ZUPT only error: 13.45 m

Developed flexible platform for self-contained localization
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Ization

.
Cooperative Local
/ /7 e -
- P < i - ( #
1+ - | Cooperative _ ,f ‘
" | Localization /=7 |
i o %,’/ ‘.

» Challenge: - strong correlations that cannot
- limited communication

> Obijective: - Communication time = relative measurement time

» Solution: - upper-bound the join covariance
- estimate unknown correlations

be ignored

Cooperative

/ Algorithm level

Cooperative
Localization

Local filter

IMU/ZUPT
ISoP/GPS

Cooperative
Localization

Local filter

IMU/ZUPT

~

Local filter

ISoP/GPS
N P ISoP/GPS

IMU/ZUPT
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Cooperative

Cooperative localization Experiment

Algorithmic bias removal: PDR with a low grade IMU and
UWB UWB ranging with respect to a beacon
> Ranging sensor Obstructions: walls, café equipment, chairs and tables, bushes,

» Communication module trees, people

e,
> UWB Randing A :-.:_'_--EBS it ﬁiﬁiii‘lﬂ;@_mep_uyysj
« Main challenge: bias removal in NLoS and Ve o (3
long range LoS ranging e
 Our solution: algorithmic bias removal A
= No need for obstacle o £ o sl

identification/classification
» Low cost computation

|==Reference \
2 |===PDR-IMU only

; i 27.2267 (PDR-IMU Only)
f_« % |=+PDR with biased UWB

> UWB for Inter-agent Communication
* |nfrastructure free, stand alone communication

Loop closure error [m]

Y2

* No need to maintain any network-wide
connectivity between the firefighters

£ 6.8733 (PDR with biased UWB)

k 1.2980 (PDR with bias compensated UWB)

o
4
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Cooperatlve localization | Cooperative

Experiment
> Cooperatlve localization using LoS| UWB rangmg

15 =5 BT i!"""'
UWB —Agent 1 with ranging
» Ranging sensor Agent 2 with ranging
""""""" Agent 1 without ranging
» Communication module E 4| [—Apent 2 Witout fanging
é
* &
» UWB Ranging - .
G 5l
« Main challenge: bias removal in NLoS and *
long range LoS ranging | "
« Our solution: algorithmic bias removal o o | % 100 200 300 400
= No need for obstacle Navigation:ime;[s]

identification/classification
» Low cost computation

> Cooperatlve Iocallzatlon W|th NLoS UWB ranglng

> UWB for Inter-agent Communication

* Infrastructure free, stand alone communication

* No need to maintain any network-wide
connectivity between the firefighters
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140 F Cooperative
120 . |-Agent 1 - true trajectory
Agent 1 - current position
100 - Agent 2 - true trajectory
Agent 2 - current position
80 F Agent 1 - estimated position (w/o ranging)
Agent 1 - estimated position (w/ ranging)
60 Agent 2 - estimated position (w/ ranging)
40
20
0 —
-20 | | | I | |

-200 -150 -100 -50 0 50

——Agent 1 - w/o ranging
Agent 1 - w/ ranging
20 F —Agent 2 - w/o ranging

10 —Agent 2 - w/ ranging

0 | | | | | |
0 100 200 300 400 500 600

Self-contained cooperative localization improves accuracy by over 50%
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Signals of opportunity Probablisti
e Graduate student: A. Abdallah
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Performance Measure [m] LTE-IMU IMU Only LTE Only

RMSE 2.92 9.48 5.09
Standard deviation 2.71 10.36 5.66
Maximum error 5.6 22.53 14.24
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Signals of opportunity

= Graduate student: A. Abdallah

Probabilistic

Channel impulse response (CIR)

15 Long delay 15 Short delay Spatial separation
: ——LOS CIR ' ——LOS CIR A
| Multipath CIR i Multipath CIR
\ N Overall CIR ’HT -------- Overall CIR T
1 : 5 4 B ~
| : Rt \
1 - \

0.5

Channel impulse response (CIR)

Range [m)]

True

No multipath

10

- = = With multipath

>

Time -

Limitations of physical antenna arrays

Size
Cost

Limited number of resolved signals
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Sighals of opportunity

e Graduate student: A. Abdallah

Probabilistic

User Trajectory
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at z(k|j) Walk
I. Preprocessing Correlators EKF Model
and 7 '|land Tracking - o
Sampling Loops 8 Update Galalld Clock
l Models
z(k|k)
- SAN Correction: {H(K);(k) v, ;
A ] |
a(k|k) Data | ] DOA | [Multipath Carrier Phase
Formulation| |Estimation| [Mitigation {h,'u(k‘)}g:] Estimation

Fe=———— [ P ———— | -I T T
50 ‘: Ground truth === |
1
. Standalone LTE 1o 8
40 :
! Feedforward LTE-SAN === !
30 _ Feedback LTE-SAN =i 1
Y |
- |
10+ - |
O —ﬂﬁg‘-w-_—‘.-_-_m-:~\ ”"ﬁ
N Nenme—" - e -
110} SRR
20 - .
0 20 40 60 80 100
x [m]
Performance Mea- Standalone Feedforward Feedback
sure [m] LTE LTE-SAN LTE-SAN
RMSE 23.00 1.50 2.62
Standard deviation 12.22 2.92 1.76
Maximum error 45.07 8.40 5.56
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Expected Impact

= yNavChip

" 3 single-chip integrating deterministic, probabilistic, cooperative capabilities

" Miniaturized Personal Navigation Technology for GPS-challenged
environment

" Achieve the localization accuracy on the level of 1 meter

» Hours of self-contained localization
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