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University of California system
s Founded in 1868, now 10 campuses across California
= 450,000 people total (students, faculty, staff), $23 billion/year

University of California, Irvine
= Founded in 1965, 40,000 people, $2 billion/year
= Ranked #1 of all US universities under 50 years old
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UCI Microsystems Laboratory

http://mems.eng.uci.edu
Projects

= Navy gyro and FM IMU
= DARPA PASCAL, MRIG
= Other seedlings etc.

Collaborators

= JPL, ISC8

= NG Navigation Systems
= Foundries: Teledyne, IMT
= Past: NIST, UCB, Systron

= 10 people (8 PhD)
= $2M/year, $2M equipment
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Andrei M. Shkel Copyright © The Regents of the University of California. All rights reserved U c I California, Irvine




K
MEMS Gyros — Why?

20 years ago
m First silicon MEMS gyro by Draper

= 15,000 deg/h performance

Today
= 10° of consumer gyros, 108 of automotive

= 10* of tactical grade 10 deg/h silicon gyros
= Dozen groups developing 0.1 deg/h gyros

Next 5 years
= Customers will get the first 0.1 deg/h gyro

= Avalanche revolution in market and R&D
= Mid range FOGs, RLGs — out of business
= 102 MEMS IMUs, Internet of Things

N
Research Projects

NMR Gyros MEMS IMU

Prog,
! Masy p,.
0

Vestibular Prosthesis

. . - " . . . . . . . Whole Angle Gyros Optical Sensors
Precision, stability, miniaturization, on-chip multi-sensing functionality gle By P
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Ancient problem of PNT

’ 18th — 19th century

20th century 21st century

™ iE

Chip-scale gyroscopes

-

Sextant

Chip-scale atomic clocks

First 5 channel GPS

Back-staff Harrison clock 4

University of
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Today’s PNT solutions

Solution Challenge

GPS and GNSS UBX-G5010 1-10 m CEP: +

(absolute navigation ) TS = C-SWaP of user equipment: +/+

= Availability of signal: +/ -

= Resistance to jamming & spoofing: -
= Acceptable update rate: +/-

Inertial sensors & Clocks = 10m CEPin 20 sec (MEMS): +/-

HG1930 MEMS IMU

(incremental navigation) = C-SWaP of user equipment: +
= Availability of signal: +
= Resistance to jamming & spoofing: +

= Acceptable update rate: +

Enhanced inertial (e.g., ZUPTing) = > x100 extended operation (app limited)

Radio navigation, Radar navigation = $ engineered infrastructure

Vision-based g = Representation of environment, sensing
models, localization algorithms

Signal of Opportunity (SoOP): = Probabilistic (scenario dependent)
WLAN (Wi-Fi, Bluetooth, RSS), GSL/3G, = Many challenges: geometry of
AM&FM Radio, DTV, Cellular, RFID transmitters, multipath, non-line of sight

University of
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Inertial-only navigation

Flight from LA to NYC using inertial-only navigation system

o<

- e = :"\ - :
Tactical-Grade Navigation-Grade Strategic-Grade Strategic++ Grade
($5k-$25k) ($100k-$250k) ($250k-$1M) (~$8M)

University of
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The Grand Challenge

Position Accuracy (CEP):
= Desirable: 10 m after 20 min

Inertial guidance for munitions
Time of Flight
SoA IMU 10 sec 30 sec 60 sec 3 minutes 20 minutes 6
0.1 milli-G 0.05m 0.44m 1.77m 15.83m 110.8m accel :10 [G] orl u-G
- —4
0.02 deg/hr 0.004m 0.034m 0.922m 6.454m gyro:10 [deg/hour]
1 milli-radian = 0.002m 0.017m 0.461m 3.227m
RSS 0.050m 0.440m 1.770m 15.864m 111.048m allign :107 [rad] or 3.3 deg
Time of Flight
SoA Micro- 10 sec 30 sec 60 sec 3 minutes 20 minutes
IMU
4 milli-Gs 1.96m 17.66m 70.63m 633.35m 4,433.45m All in presence of
4 deg/hr 0.032m 0.856m 6.843m 184.348 1,290.436m
3 milli-radians = 0.006m 0.051m 1.383m 9.681m .
RSS 1.960m 17.681m 70.961m 659.635m 4,617.445m - 20,000 g (SUI'VIVG)
Time of Flight = 1,000 g (operation)
MEMS IMU 10 sec 30sec 60 sec 3 minutes 20 minutes
- * -54C to +85C
400 milli-Gs 196.29m 1,766.42m 7,063.22m 63,334.76m | 442,343.32m = 40Hz Spin
500 deg/hr 3.961m 106.942m 855.356m 23,043.526m | 161,304.68m
3 milli-radians = 0.006m 0.051m 1.383m 9.681m
RSS 196.33m 1,769.65m 7,114.82m 67,396.56 471,775.92m

University of
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@ Microtechnology for Positioning, Navigation, Timing

The program addresses the

emerglng DOD need to:
Decrease reliance on GPS
Increase system accuracy
Reduce co-lateral damage
Increase effective range

HG1930 MEMS IMU

HG9900 Nav grade IMU

Objective

Reduce SWAP&C S ] & . =

MagneoOpIiaIIrap Quartz Oscillator ” 3324 «\
Size mm3 1.6x107 6.5x10 8
Weight gram 4.5x103 2x102 ~2
Power Watt 25 5 ~1
Gyro Range deg/sec (Hz) 1,000 (3) 3,600 (10) 15,000 (40)
Gyro Bias deg/hr 0.02 4 0.01 (0.001)
Gyro ARW deg/vhr 0.01 0.12 0.001 (0.0001)
Gyro Drift ppm, 30 1 400 1
Accel. Range g 25 70 1,000
Accel. Bias mg 0.1 4 0.1 (0.001)
Misalignment p-radians, 30 200 1,000 100
Short-term Time Loss ns/min 0.001 100 1

Long-term Time Loss ns/month 10 N/A 32
Distribution Statement“A” (Approved for Public Release, Distribution Unlimited)

" JE
Our Options on Micro Scale

m Optical m Atomic m Mechanical
(Sagnac Effect) (Spin or “Sagnac”) (gyroscopic effect)
RLG ASG on NMR Spinning
= Exact cavity, = Magnetic m Large inertia
A =/ prec. mirrors, 0= sensor a-_L| and fast spin.
- /I:Z o gas leakage, VB, +Q measuring_ o] | evitation.
3 100sV (10W) Larmor shift Vibrating
= RFOG waves Foense = large drlve
4A _ Inarrowband i 20.% o amp, symm
Af = Q = like IFOG but Oy p, Sy
ALn |source &cav | “splitters”, = Whole angle
= IFOG covers “mirrors”, 6= gyro: hard to
low/medium oz ' dgtectors are |||_p jg 4| build, symm
performance different
Andrei M. Shkel Copyright © The Regents of the University of California. Allrights reserved UCI g:;l\;i::g Icr)i/mu
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What did and didn’t work
= Didn’t
Miniaturization of RLG
= Unavoidable solid glass optical block and mechanical

dither. Miniaturization reduced reliability from 10,000h to
~100h of operation, due to slow leakage of gas, exacting
cavity, precision mirrors, stringent clean room conditions

Tunneling accelerometer

= High sensitivity, but drift, large DC noise, migration of
atoms, interactive atomic force, mobile absorbed
contamination, distribution of electron traps, ...

= Did
HRG (e.g., Delco, SAGEM, 3nektponpnbop)
Bulk accelerometers with self-calibration (e.g., SiAc)

University of
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Type | & Type Il gyroscopes

) k,z x+—x+cox Vv, smwt k.z
j oa Ideal Type | Q on
‘ dynamics
o 2 . —_ <; 5 Coriclis
K+w’x = 2Qy g+ o Ly roly=-20% = g
; Q =
y + wn y = _ZQX 3*’ Vv X
= Ideal Type Il
Oscillating mass Z:' S H Driven oscillation TP apene
el dynamics =
()=
o= —n_[ Qdt o,
Precession ) :_229
measurement w”
e 1 Rate
| MEEERIEE FTTT measurement
Reference: A. M. Shkel. Type | and Type Il Micromachined Vibratory Gyroscopes. In IEEE/ION Position
Location and Navigation Symposium (PLANS), pg. 586-593, San Diego, California, USA, 2006.
Si f
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First MEMS devices — 2D

Vobue 8, Vb 4 APFLIED FPHYSICS LETTERS

1C0N SURFACE

A s
WETH HIGHAZ BAND.PASS PROFERTIES

Nov. 26, 1968 H. ©. NATHAN: ETAL 13,573
sotiac i ATIANEDN, ETA s ST 35
VIBATCAY NEMBLN AND MEANS RESPOMSIVE THERETO
me8 VR

Tiled Juze I8

Problem of high-Q frequency selectivity in IC
Used active feedback RC circuits & semicond.
Proposed passive mechanical resonance for Q

Harvey C. Nathanson, et al., 1965

Andrei M. Shkel
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30 years later — 2.5D

= Deviation from bulk wet etching processes

= Not IC-like surface micromachining

= Pulsed isotropic plasma etching & passivation
= High aspect ratio

= Franz Laermer and Andrea Schilp, 1996

US Patent 5,501,893

University of
California, Irvine

UCl
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Ideal Dynamics
A

.
Symmetry is the key

Actual Dynamics with Perturbations
S

rx {wﬁ o] X J{ 0 —291];_7% ay (], Bo By (X ) S Oy ) f(xE
[y) 0 of (yJ 2Q, 0 (y | Gy Oy (y By B, [y O, O, [f(%y)

Oyroscace Dysamic Fempcnes I, = 1.5, %, « 0.1, + 0,0+ 6)
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Ideal response
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X Pousion )

Anisoelasticity

Oyroncope Oyramic Resgoras (3, « 138,84, « 61 AN, <0, = 41

TOMA0sOM0% 0 007004 008008 81
Xmamon 4}

+ rotation

TO0BOMOMO0 0 GG 054 008 008 B
X Pousion .}

anisodamping
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3D shells on MACRO scale

northropgrumman.com sagem-ds.com |

Extremely high performance, boutique process, outrages cost

University of
California, Irvine

UCl
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3D inspiration Micro Glassblowing process
US Patent 7694531:_Micro-glassblowing of pyrex glass
—_—e e o o o Ew o = = m Etch cavities in silicon wafer
| | Anodic bonding
I 1 100 ym thick Pyrex 7740 glass
I m Place chip in furnace
| | 11 850# (above softening point)
| I lemove from furnace
I édoyeal to relieve stress
I = N el 7
I I Glass
(furnace pressure)
L e e — é_ é_ é_ é_atoo_m | Glass softens
* Knappe, et all, I8 ASFAEMS »351, 2005
*J. Eklund, A.M Shkel., JMEMS 2007
Andrei M. Shkel Copyright © The Regents of the University of California. All rights reserved UCI gg;l\;z:snlg I(:f/ine Andrei M. Shkel Copyright © The Regents of the University of California. All rights reserved Ucl Lég;l\;(e)'r,:g lc:f/ine
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Wafer-level process

US Patent 7,694,531:
Micro-glassblowing of pyrex glass

*J. Eklund, A.M Shkel., JMEMS 2007

University of
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From Pyrex to Fused Silica

I 2 3 m

Pyrex/Si

s DRIE of silicon Anodic bonding 850 °C glassblowing
Fabrication
Deep oxide etching Plasma bonding 1700 °C glassblowing
ULE/FS = Low mask selectivity = Requires <1nm Ra = Specialized furnace:
Fabrication

= Low etch rate = Very sensitive to

contamination

= High temperature
= Rapid cooling
= Most metals melt

1700 °C glassblowing temperature is required

University of
California, Irvine
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Fabrication Process “A”

Step 1: Etching/Bondin,
Silicon / Pyrex / Silicon
Simultaneous bonding

Step 2: Glassblowing
Through the stencil

875 °C for ~2 minutes

Step 3: Laser cutting
Excimer laser ablation

Along circle of latitude

Step 4: Stem release
XeF2 etching of stencil

>2000:1 selectivity

Wineglass with stem ‘

* Published in Technologies for Furure M.Worksop 201 |

Issues: Hollow/large diameter stem, requires stencil layer

. - N . University of
Andrei M. Shkel Copyright © The Regents of the University of California. All rights reserved California. Irvine

Fabrication Process “B”

Central post Etched cavity
Sonmmal post Pl Rl
1 7
a) Silicon subsrate is etched and glass device laver is bonded.
Glass dry etch
r——] o

b) Glass layer is etched, defining the perimeter and electrodes.

Thru-glass via ' m
i
= ] Xi =

<) Wafer stack is glassblown creating the 3-D shell structure.

Perimeter f
!
1

d)Silicon is etched using XeF, to release the wineglass structure,

Metal laver

¢) Athin metal layer is blanket coated using sputtering.

D. Senkal, M.J. Ahamed, AA. Trusov, A M. Shkel,, JMEMS
2013.

Plastic deformation of device layer

. S I ) University of
Andrei M. Shkel Copyright © The Regents of the University of California. Allrights reserved California, Irvine

Fabrication Process “C”

Fused silica Central post

a)

Self-aligned stem
]

1 I
- | -~ r"\
b 27 Wineglass wafer .
= IR NN NN
)
Metallization Sacrificial laver t t t t t t t t
d)

Capacitive gaps

Electrode wafer

Planar electrodes provide scalability to wafer-level

. _— N . University of
Andrei M. Shkel Copyright © The Regents of the University of California. Allrights reserved California, Irvine

_
Batch fabrication

Batch-process =» Scal

University of
Andrei M. Shkel Copyright © The Regents of the University of California. All rights reserved California, Irvine
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Surface quality

'.’I‘",f

AR el
ot PN NN

Before glassbhlowing |

ULE inverted-wineglass

Atomic smoothness (0.23 nm Sa)

. Senkal, M. J. Ahamed, A. A. Trusov, A. M. Shkel, S

2012.

Self-aligned stem |

Self-aligned < 20

Andrei M. Shkel
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Understanding Q-factor

l = i + 1 + Thermo-elastic dissipation of silicon

Q QTED QAnchor et 'u-::-— .""-'T‘
! + ! +

QEIect QAssym é’ !w :E::-
1 1 P a—ewnere

[ T

QViscous Qother

Surface losses = Glassblowing

TED =» Fused silica

2

? »
www.cormng.com

Material losses = High purity |

Total Q-factor is determined by the weakest link

Andrei

M. Shkel
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Q-factor

Q-factor Trend of Micro-glassblown Devices

LE+08

LE+07

1.LE+06

1.LE+05

LE+04

Q-factor (log)

1.LE+03

LLE+02

LLE+01

LE+00

Andrei M. Shkel
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FS wineglass
Q= 85,000

Pyrex wineglass
Q=2,000 O

=

)

Pyrex cell
Q=600

FS wineglass
Q = 1.14 millions

TED Limit

FS wineglass Q = 20 millions
Q= 3.2 millions

Jun, 2011 Dec. 2012

Copyright © The Regents of the University of California. All rights reserved

Jun, 2013

Q-factor is not at TED limit (20M), can be improved further

Jan. 2014

Apr. 2015 TED Limit

University of
California, Irvine
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Primary and Secondary Calibration on Active Layer

Bias Drift (illustration)

Current options when sensor drifts:

Motivation
Output Lo
(Volage) o
I”
’/
7 ] Input
el (Rotation)
7’

’
== Ideal response
= Drifted response

QO Use inaccurate data

Approach

Gyroscope

Why Now?:
QO Previously, technology pushed
towards the “perfect” sensor

O community now realizes the
challenges of this approach

O Phenomenon of drift not well
understood

O Re-calibration circumvents
knowledge about the cause of drift

New emerging technological

0 Remove sensor from system Calsllto;-sagt;on advances permit the
Q re-calibrate in lab & miniaturization of rate tables for
re-insert in system on-chip calibration
Q discard & replace
New AQQroach: . Co-fabricate ||2. Excite 3. Extract 4. Reset
1.Fabricate sensor directly on
calibration stage 74%»%—»
2.Periodically apply reference
stimulus (e.g. oscillatory) sensor _reference
3.Extract reference stimulus and L?J

Sensor

response

4.Recover new I/O relationship and
reset bi

ias

Approved for Public Release, Distribution Unlimited
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Quadruple Mass Gyroscope SOl as a platform

High Quality Factor CVG: - 100umsi. M|
» Dynamically balanced structure = Zero reaction moment on anchor = 100 Ym SOI 5im Sio2)
= Anti-phase motion: robust to g-forces = Mode Ordering and Mode reversal = Only 3 masks . S

um: Si

Lumped Mass CVG

Standing Wave CVG

| Quad Mass Gyro die |

QMG sealed at 0.1 mTorr |

milli- Hemispherical Resonator Gyroscope Quad Mass Gyroscope (QMG)

* Patent No.: US 7,839,059 B2 * Patent No.: US 8,322,213 B2
* Patent No.: US 8,991,247 B2

Flexible platform for academic research on design of sensors

QMG is dynamic analogous to HRG

University of University of
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Quad MaSS Ger (QMG) @ Currentresults: AlgorithmicDevelopment .. ..cr coomman
e I S ——
L mechanical | SideBand (oo |
drive mode amp

harmonic
Ratio 3

B Problem S | formula 7 _m" : :
Design Problem UL SO S 77777773 N N
Bias and Scale Factor drift, stablllty/ mstablllty ( || ] (Cocondl o
. . . { ——#Mod [« PID [« — = -'L I“ ‘I i
= 4 anti-phase tines Qshort term ../ — acuaisias ] 5 . by "y ‘W 5
Actual SF ; sin sing ]

(0] ULlong term . --- caiibrated Scale Factor e i JReforence, S8l
= 20 sync. levers g ORun to run & ol /-7 . : (o e [Secondly]
g g, ~ | 5 ; PLL cos g VCO |<—| ! ") demod |
gl > 4 g LA e ‘ i

% kA [ ——
Features [ ompan | 88 prileir (T
- = e P gemodc)
. bl : % [){')—’ _i_ mode (# i )
- Symmetrlc fand Q Input Rate (") g . []>+ - ta proaf mass Glm!
= : e

= Angle gain of 0.9 Approach S wis [Tk
g ol el S5 o 5'_\._'_'351&'
| QTED > 1, 000, 000 > Control loops Calibration stages h e . Quadrature m | :
L. xX-mode = Phase control = Thermalself-sensing _ |demod [

= 0.0001 ﬁ\/hr limit = Amplitude control a ié'b(‘:fnt;(end()j) 5 Qu.il!uluu “"f
. - : . - . 2 :
" gatedco?trol il = Side-Band-Ratio i Qompensated ¢ F_l ." .rm:-ru | - R‘"’“ Second| | i
o . . . - LU el = Mechanical Quadrature T O ) =N demod |l
Sophisticated design of multi-DOF system on a simple SOI platform  Gyro output st
* . . . .
Trusov, Schofield, Shkel, US Patent 8,322,213 Implemented Continuous Self-Calibration Algorithms
Si f
Andrei M. Shkel Copyright © The Regents of the University of Calfornia. All ights reserved UCI gg;;z:;g Ic:vmc DISTRIBUTION STATEMENT C. Distribution uumunzeuot:eursr;(;vezzv:;rn:hh:in;;s;:;it?;z‘rlLoenr:;\e(rt:;agn[;:;s:rpose of the Spring 2016 micro-PNT Program Review. 36




DARPA Currentresults: Electronic Platform

UCIRVINE

GRUMMAN

Loops:
= Rate mode,
= PLL
= AGC
= RCA
= QCA
Whole Angle
Mode Reversal,
Virtual
Carouseling
= Self calibration

Interface:
= DARPA
PALADIN

PALADIN-compatible control and characterization platform

DISTRIBUTION STATEMENT C. Distribution authorized to US Government agencies and their contractors for the purpose of the Spring 2016 micro-PNT Program Review.
Other requests for this document shall be referred to DARPA. 37

Current Results: Near-Nav Grade QMG

UCIRVINE

Performance
QMG Allan Variance
0P FEEpARY = 0 818 i} i ARW  0.015deg/rt-hr
= o Bias floor 0.09 deg/hr
? 0.09 deg/hr
i TENEE ARW  0.0562 deg/rt-hr
oLl \."“\--_-__L__z'eyi_gesisp_g\re?s\_: Bias floor 0.2 deg/fr
10° 10° 102 108

Time (sec)

Demonstrated near-Navigation grade in-run ARW and bias floor

DISTRIBUTION STATEMENT C. Distribution authorized to US Government agencies and their contractors for the purpose of the Spring 2016 micro-PNT Program Review.
Other requests for this document shall be referred to DARPA. 38
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1)) current results: Whole Angle Mode Performance

Scale Factor self-calibration stability

= 1hrat100° /s for .3E6 °

| |
= Pattern angle modulation = All closed loop operation
| Scale factor stability <20 ppm | | Angle error (° and PPM) vs. time (s) |
XHFC Scalo Factor Solf Stabilty 30C (Over 1000 Runs & & mincies oach) . H 1 H 1 —
== ST
ean 107 PPM
.
g §
-] = =
§ 3 g
Ed
Y 1208

6 S0 1000 1500 2000 2500 3000  3500°
Time, s

Whole Angle demo with 3 PPM error @18,000 ° /s range.

DISTRIBUTION STATEMENT C. Distribution authorized to US Government agencies and their contractors for the purpose of the Spring 2016 micro-PNT Program Review. 39
Other requests for this document shall be referred to DARPA.
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Approaches for miniature Multi-axis

Timing and Inertial Measurement Unit (TIMU)

| Discrete assembly

| | Stacked Chips

| | Single-chip |

AzIQz

@ Large size

@ High performance
single-axis sensors

Sensors

Reduced
footprint

(=) Bonding process
Vacuum packaging

Package

@ Small volume

@Compromised performance
of in & out-of-plane devices

Andrei M. Shkel
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UCI University of
California, Irvine

Innovative Claims

100 um device layen

1. Batch fabrication

Flexible hinges

=)
N

Interlocking latches

(2. Small volume
. High Sensitivity
High aspect ratio
single-axis sensors

N

N

DISTRIBUTION STATEMENT C. Distribution authorized to US Government agencies and their contractors for the purpose of the Spring 2016 micro-PNT Program Review.

Other requests for this document shall be referred to DARPA. 41/17
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Silicon origami-like approach

| Device Side | | Signal Processing Side |

Accelerometer

p D
I &
. (- Tae9qee

>
Resonator 9,’

aiiaia
Metal traces

Thru-wafer via (TWIDS) Polyimide
Aspect ratio better than 10:1* hinges

« A Efimovskaya, D. Senkal, A. M. Shkel, IEEE
Transducers 2015 Conf., Alaska, USA, June 21-25,
2015.

» A Efimovskaya, D. Senkal, S. Askari, A. M. Shkel,
IEEE ISISS 2015, Hawaii, USA, March 23-26, 2015.

« A Trusov, M.Rivers, S. Zotov, A. M. Shkel," Three
dimensional folded MEMS technology for multi-axis
sensor systems", US Patent 8368154 B2.

« A. Efimovskaya, Y. Lin,and A. M. Shkel, “THRU-
Wafer Interconnects for Double-Sided (TWIDS)
Fabrication of MEMS”, IEEE Inertial Sensors, 2016.

« A. M. Shkel and A. Efimovskaya“Thru-Wafer
Interconnects for MEMS Double-Sided Fabrication
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@ Chip-Scale Combinatorial Atomic Navigator (C-SCAN)

| Utilize ensemble of technologies to increase precision and sample rate |

O Ultra-miniaturization of = O Multi-functional microsystem
atomic inertial sensors = Atomic clocks as a frequency

* Harness energy transitions in reference for frequency
nuclei magnetic resonance, modulated sensors.

atomic interferometry, — = Evanescent wave confinement
hyperfine transfers, and atom of a Bose condensate
number amplification » Solid-state devices integrated

in atomic cells, feed-back

= Exploit inherent coupling in <
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O Fabrication processes

~——_ = Utilize under-explored processes:
post-release assembly, chip-level

O Combinatorics of
dissimilar physics
= Develop zero net phase-shift
coupling architecture to trigger
atomic emission and discipline
less accurate solid-state sensor

= Adapt optimal estimators for bias welding? .
adjustment and compensation = 3D fabrication and assembly
( processes: blow, stretch, stamp,
roll
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Ultimate Navigation Chip (uNavChip)
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Special Seminar by Prof. Andrei M. Shkel, The world-leading expert in MEMS gyroscopes
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13 May 2016 (Friday) 13:00~15:00
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Tohoku University, Aobayama Campus, Micro-Nanomachining Research & Education Center (MNC),
3rd floor, Seminar room
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(Building A14 on the map at http://www.mems.mech.tohoku.ac.jp/access/)
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Organized by S. Tanaka Laboratory and MNC, Tohoku University
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Prof. Andrei M. Shkel
Department of Mechanical and Aerospace Engineering, University of California, Irvine

Dr. Andrei M. Shkel has been on faculty at the University of California, Irvine since 2000.
From 2009 to 2013, he was on leave from academia serving as a Program Manager in the
Microsystems Technology Office of DARPA. Dr. Shkel has been on a number of editorial
boards, most recently as Editor of IEEE/ASME Journal of MicroElectroMechanical Systems
(JMEMS) and the founding chair of the IEEE Inertial Sensors conference (INERTIAL). Dr.
Shkel is the IEEE Fellow. He has been awarded in 2013 the Office of the Secretary of Defense
Medal for Exceptional Public Service, the 2009 IEEE Sensors Council Technical Achievement
Award, and the 2005 NSF CAREER award. He received his Diploma (1991) in Mechanics and
Mathematics from Moscow State University, Ph.D. degree (1997) in Mechanical Engineering from the University of
Wisconsin at Madison, and experienced postdoc (1999) at Berkeley Sensors and Actuators Center (BSAC).
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After briefly reviewing the fundamentals of MEMS gyroscope, the state-of-the-art MEMS gyroscope technology is
introduced. The performance of MEMS gyroscopes are continuously improving to reach the navigation grade, which
has been conventionally achieved only by optical gyroscopes. Various types of precise MEMS gyroscopes and
advanced control systems developed by Prof. Shkel’s Laboratory are presented, including a quad mass gyroscope, a
micro hemispherical resonator gyroscope (HRG), and origami-like 3D assembly of MEMS gyroscopes. In addition,
this talk touches on novel atomic MEMS for ultra-precise timing reference and magnetic sensing. After this seminar,
the attendee can understand that MEMS technology can further extend its sensing precision beyond the present level.
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