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SUMMARY

I . Title
“A 3-axis Seismometer and The Program Development for Earthquake Sensing of

Structures” Final Report

II. The Outline of the R&D Projects Overview

* The final goal

- 3-axis seismometer and program development for earthquake detection of low
power MEMS-based structures

* R&D contents and scope
- MEMS-based development of accelerometer, three-axis seismic sensor system
- Integrated visualization technology development of augmented reality-based
instrumentation information

- MEMS-based development of three-axis earthquake acceleration sensor module

[I. R&D perform contents and result(course of research, result of research Etc.)
* MEMS earthquake detection module developed and validated through
laboratory tests
* Development of earthquake Monitoring Analysis Algorithm
* Augmented Reality-based architectural shape information visualization

technology development

IV. The final results of research and application performance

* R&D core performance
- Development of earthquake Monitoring Analysis Algorithm
- Earthquake and Vibration management monitoring system
- Construction of Test Bed
- Integrated visualization technology development of augmented reality-based

instrumentation information

- MEMS-based small earthquake acceleration sensor module
- Earthquake measuring noise reduction algorithm
- MEMS earthquake acceleration sensor readout ASIC

* Performance of Technology Application

- 3-story and 18-story RC structure building



. Effects of Research goal
* The reliability ensure of the earthquake related disaster management system
of the structure

= Reduce the enormous social costs associated with accidents

. Utilization plan of research results
= Sign of the technical implementation agreement
* Sales and market share of seismograph and building vibration

monitoring system
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Hog ad-ig +d LiE A

A1d A7y A= 2 AHE

1 @78 A5 2 PHE

3493}

AA 2

MEMS 7|4t 3= X R7tE&E=
=

OAd =498 AA 79

MEMS 7145 AlA 3709 24bit DAQES A%+
3% 7HE = WE RS ¥WEE RUEHY

7] EUEHEE 78 % A%

2% % E MEMS 7H&E= AlA 72 A

8 inch SOI & o2 AA wafer A|Z+

A A readout ASIC 3|2 A

0.13um CMOS &S & ASIC wafer A&t

~HEY 24
AR BA ANEe 2TFE oMIE ARE UAHo|

e HR AAE 913 GNSS DB 270 &4
7H4EE AR AAE A% ¥Me F4 U =
GNSS DB QlE|Ho] 2~ =2 EEFY] 7fgt
Vertex ShaderE ©| &3t FAAHR Ao =g /Nt
BIM H~E AR ARZIEE 7FAI8t A

Test Bed 7=

A4 wE A0 ANNEEAATF A HAAG A
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7
¥ %71 @Ee 4de Auss @ Fow 7H*46H°l: shdl, 28 BYAFS A
5 Adz O yelde Fe Asstel @A U7 WA 28 FE
s

R =
o e AEE BAGND ol HAHAY S L YTAZ AUE T8

MEMS A4 Ase o7 Fo] A7 o silicon 714l FZ2AA EAY3= w4 He o
=% 4 U= ROIC(readout ASIC)S] Aol s AAHHT. MEMS +%¢ ROIC 7N
T gk vl &3 AZte]l £2QFEE dolr] wWEel B AFHANA o] thik Al A

v}

=< [

£ T8 A3 IPE FHsts dl FHsta Az R AE AxdAE s HH e
=2

=

w2t MEMS AlA o] A4 4gol AAHEd, 1€ Analog 9
’?_—u Al ﬁZ]f’L data loggerU}X] 4l HH/\ o] WQs }—r 3 7] 9 gu Py
(o]

data s Z4+£ ATk Fhgoll AR A% AJx="e]l 2 4 Qo O]g 913 ROIC A A

Heloll 24bit sigma delta ADC 7]5S 78S T8 d7 FAZ FPst3 2w MEMS 714
T2 A4% 3% A REY BF AEE H48) oo AA REY AVE HAE T

UEE 2245 AAZ A Baks st 2AE Ayttt

A2d A 2 &

1. a7 A w7

P ARA G ST A LA

A7 RUHZS g8 A

™
N
4
brt
il
ol
e
m_c|>|_5
L

e 7HEE AA7E 2 ff_hﬂ] o=
’d ¥ (inertial force, F)E = | 93l ¥ F(seismic mass, M), 71A 7373 (spring, K),
%Léﬂyi—(damper HhE FAHE= 7IAA B8 A § FRE BAH U:}E]r et A
o] AAE AEste Wl

i

Earthquake — change in motion — change of velocity, v(t) — acceleration, a(t)

d2y(t ay(t
4T N

) =M a(t) =M—7 =
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mass &
t —> spring — t
_L system
y(t)

AN BUEEE 7HEE AA7E 7hok & o B FolA FasiA aysior & AR
d %= (noise floor), S X 9|(full scale range), =

o WA © 7F = (sensitivity, scale factor), A3
&2 9] (linear dynamic range), ™ <% (bandwidth)s |t

[RAAF 71455 AA dlE AFY

IE o) U
gedZel wgt ¥ Fes7 &85 (NER,  noise
HH%‘%Q‘%NF QIH:‘JHZ = - = [¢) o(

equivalent resolution) 278
=
h

HAY o MR BESE AT 24 ks 4Y JME=

A
o
o
do
pul
0
)+

mV/e | Analog ¥ ¥Y 7% ADC(analog to digital converter)2]

EY45E SF
bits/g | ENOB(effective number of bit) 1.2
¥4 H9 DR dB dB =20 x log
3dE 7H) =3z AR
EHQ:!%_ BW Haz u"ﬂ ‘T‘-”]’T =270
SP(short period), LP(long-period), BB(broadband)® T &
4] e RSS2 AQAE AME BA A Fel o=y g, gy
nwel eyl 23, AAE e dolth 58 285 BHAA DA Jew A A
Fo 45 B WP AZey] WEel 352 48] Aa) el MAATH s 2
97 2 F4ol @ 4 vtel gl

_22_



A& /A ZAL Wk ALk

AK-AS3257A
(Tokyo-Sokushin)

AK-ADA7 W 9. 2.5g
(mitutoyo) Amm(¢$) x 72.4mm
3l 5 100 ug
393C ° e

(seismic ICP)
9]y: Sémm(¢p) X 36mm

=9 +3.0g
21¥: 48mm(¢) x 30mm

KB12
(MMF)

dd A2 A BUHILS el t5el A4 2ES Aol smy AA BE
AAel 2719} Aol Fa ol ® UTHT fely 2% A £o7F BLHow Sof
g AE gulaA ADAF AN ARe BESE Azke] 28 AA Lol vl Fasi

Agstel A7pAs #-G oA MEMS(Micro Electro Mechanical Systems) 71&-& ©]-83H
silicon waferoll WH=A 71E& T8 42 FAHSCE b AAE AT F gloenzg 2¥
stet 714 EAE 2 ¢ dvh 2y @A A48 MEMS AlAE tiEE 2Hkd 71718
AFoz ANA T Agds 2 2el7E 7] WEdd ZleH o2 dol=rt uj$ £ 7ol
79

Y. MEMS 7}&% MM 18] AMSF
MEMS 7H4 5 AAMZ FAgd=ge ok AT L7 S8t = AS HdEs] f1s8) 4
of A&sh= 71A14 AeT=7F Basteh ok 1d

of ®el whe} go] AelE RS JAF HAe A FASY] WRe] Ay szyom
FAHE AN AF TEE BEE Zo| bt
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Si Steel ]
Yield strength GPa 69 21
Young modulus GPa 1700 2000
Density t/m? 23 78
Thermal conductivity W/mK 1570 330
Thermal expansion  ppm/K 23 173

[A2lzel 1A 54

A= v A 7}&(micro-machining) ©. 2 4£&3}71 7Hedtn 4B FHOE AR GILE
2 Zog U 2= 9t} =3I Az 2eole AAHo] slsdlr] wlEo] FZZOF micro
processor”} chip®ll WA ¥ = smart sensor22] LH= 7|the 4 Uoh

A Z AolHE 7HEste 7€ A =A PAZFE(Bulk micro-machining) ¥ X T
A7} (surface micro-machining) 2.2 T-&& & U=, A4 PA7HES A9 28 F=x
S ol&3to dolve dA Fge AAstaA AFer] ol Abol= Zrael Alefe] i
A Afres SAT @24 Ao AR 248 o8 & Al Aol FA A
BAFo R AEE F Ate ARl Uth

{100} Boron-doped
Jeh! Frontside Mask Si membrane
» !

m]m rui |

r'}}};;

Slanted {111}

70.5%
< Top View

Slanted {ul}\fﬂﬂml {111}

Self-limiting etches
<110>

Boron-doped
Si membrane

[=A "M 7}-&(Bulk micro-machining) 71'd £]

MR W UL e whe FAwb ke wEsEA A% gEe] 235
== Q =

Agstn HA A

Deposit & pattern oxide Deposit & pattern poly Sacrificial etch

Poly-Si Anchor  Cantilever

10 gm
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w29 mAZEES g4 vATEES A2 Hale £ PAIZEFS(Mixed micro-machining)©]
2tal St AR AElEE AT HP(high aspect ratio)E 7FEHOEA A5 AL
AA AREE 5Y F Ades S BT AT 7 AW ol FAL AR dgIEE ©
WP o E Zlo] 241Z4ek= DRIE(Deep reactive ion etching) 343 o] & T3Pt A =74n] 9
ol s 7hsexl doltk

[£3 " A71HE(Mixed micro-machining) 71'd X]

2 A ded 3 vAM7FEMixed micro-machining) 71ES o] &3t AZAF
MEMS 7145 AAE AZstazr sty 718 MEMS 7145 S AlA Y e 53 AMYS 3
g)sty ofej ot o

[ARAF 7HE5E A ZF ALY

Kl w9 A H| 3
=4 91 (FS) £ +2
=¥ F5 S7HEE S (NER) E 4 g DR 120 dB
o] & = (BW) Hz 0.1 ~50

AN
-
4
i
B

diy(t)  dy(t)

E)=M-a(t)=M =2 +b - + K, v(t)
¥ (s) 1 1
i T ey e i 2 Wy g
Senift —m e
5 +MS+M 5 QS g
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S, = ||K——EﬁfD,T‘ESGTlﬂTlth'EQHEﬂC}
‘\J M
a8y Ao £ EA4e 18d o &9 AESHE =°lt Aol FHE3H o 13l
7 Al whnlEstEz 7A JAsTE AA SACNA trade off7b Fasin. Ly
MEMS AlM = 712202 A4dZF (M) 27] dol d=e &2 AdHoloAx 71A %
FR(K)e 7Hed &0k stetl, ol®A HY 2= Fxo Fo] Fi Aort Sofuok
StE= 7hEo] o H YA d a7t sove BA7F EATH

oy

E{t)=M-a=K,y

K.y
g Sl
=M
SF M hanical t
—_ = = —= 7
T mn,.,mec anical sensitivit)
St MEMS AlA oA 71 BEAIZF He A2 Jeo 271049, A 71418 Fa3 77

FOoE FEE F AUTh °] T 7148 Fe-& AA interface 3] Z oA TAsHE= F
I BAAF AXMIE HESIE readout 3] ZoA ] o] F Ycloln o= &
Ay MEMS A Z 7M&= AlA 2% 5L FFolth wtd 71414 F22 3A 7F
A o] 93t BB Brownian AEo] &3 ILo=

1 ol 1> do X
o
N,

S S 2xe Tzo| A
Y 4 g, ok B AFM 27t AEEE 27] MR MEMS AW JhEs
AA7L 2 8@ FRolth

|Bmc T
BNEA = |oETle
v S0

;: Brownian Noise Equivalent Acce
kp = 1.38 x 10723 | /K ; Boltzmann constant

T =300 K; room temperaturs

o = 50 Hz; Bandwidth

@ = 1,000; Quality factor

M = 1mg; inertial mass

hE AA bl

Tx 71& 7F4 % A4 | MEMS 7H5E AlA H] 3L
T4 A A7) &= 0.1kg) 2 (=1x10"% kg)
ZIAA & o A =
A71H Fra T Fe = FF
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a8y @1k A7 AAE Bl FEEH FAY &R AXME 2R NLstE 2L )
o] Hohet Ao f ol Fokx= Aol wWEel 8 W 25 V&R AAE )

Haj A o] S 27} Au wjA st Aoz A e AT

......

R IRRAY
:
SR
5
§
—

A

sensitm
s

271 +%& MEMS 7t =AS o] 88 AA 28 74]

ot %3 MEMS 7H&5 AlA A3 w7

MEMS 7I4 = Al #g9d o3k Ao Hert 2etx e s F2EHE o]
HAE 714 = WHEslr] Yl AL (piezo resistive), WA (piezo electric), &3
(capacitive), & TH 3 (thermal convection), Bl'd & 3 (tunneling), & %! ¥(resonant) & THYF3H
2ol EA 7kt

Dashpot Proc:f mass Sp:‘ing

v 1 J
| O ; W
Limiters (boss)

DS AME A5TE A

s

18} ¥ (piezo resistive) MEMS 71455 AlA = 48 7HE5E(a)el 3 A E(F o= &
ARG A (Au)t WS o A=y o] WA= AAE(strain, Ae)o] WSt wEt A
FHSHAR) 7t B EFEUAATS AT

(Wheatstone bridge)E T3l HAYHI}=E =¢
Walo]7] wiiEo] &% W3l vzttt @] ok

acceleration,a = F, = Au — Ae = AR = AV
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K-axis Y -axis () (A)

R2 A Rt
-308 - @ ~ Vi
NRIx Riy 4 R3 ‘/ R4
(a) e nzxazy " 8) e
TS PO e ra—— » . Rlz E \R&: R#g { l‘—
EEEEEEEEm | Pleoresisios T oS P
[ % X o= T
{ > e Wy 4 H T ) R}\*-//’R;
" n.\ /: -..? Y L
— — — —
Wi
:Re S
. ; e W (A)
EEEEEEEEE » R4
= = “™. diaphragm
/ (Silicon)
Piezoresistors )
® N\ (B)
4 Wi R1 - - R4
S— — |- Seismic mass
38 (AR et (Glass) \\ﬂ /
| o | B
) «— Pedestal TForce Acceleration
(Silicon) [7

[FAEE MEMS 7H5 = AlA]

A3 (piezo electric)y MEMS 7H45 % AlAE dAFH 7 FLd A4 E(strain, Ae)o] ®
stol] oaf fFEE«e HstE HEske Wlelth ol & f& IAF FxRE= dA=ES FA
of st=tl =429 <A HollAd MEMS Ao dol=rt Eobxith, B3 A= FAAE
o] 17l W&ol DC HAEol AP &Rl A

acceleration,a = F, = Au = Ae = AQ = AV

(a) Pt-  / Zn0
- 1 SieNy g
. i v et N ,
I " 5i0,/SigNy, l v Q= Gk P
P-doped poly-Si p .\ o ) L2 8
ol : z L L4
) A .Alr N F Etch holes
S
/ | XeF, undercut
Buksi L °
[4AE MEMS 7l&5 5 AlA]

E'd & & (tunneling) MEMS 7I& 5 AlAE 53 2 158 53 2+ HIE A7V}
VT A5P4E 29RE VB AT B9Y ARE AT T oz wWsAw nA
Aol 7] W A 35S FASESE force balancings 2-&3)oF gt} whebA 14
S AR AR S QAT 35 A4 THl olgw HEY ARE IS tp Hiol v
A FHeksttt. =3 BE™ 54 AA Y FA WEE EA8E7] wiEol vholojx b =T}

A BolA = dHo] EATT
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acceleration,a = F, = Au — Al
Ir =¥z exp(—ah.@xm} s tunneling current
Vg: tunneling bias acrosselectrode gap, a; = 1.025, ¢ = height of tunneling barrier

X; = minimum tunneling gag

:
) , 4
I N — ¥ Tunneling Tip | Deflection Electrode
| 1MQ «15nh
/. | HiVollage
Emor Signal

180 mV

10 kQ 10 MQ
30 ¥V

1kQ

[E12€83d MEMS 7I&5 5 AlA]

& o7 3 (thermal convection) MEMS 7t4 % AlA = Wi g o3 =% a7l 9F
A FAEE ZEdA R JEE(ayt A7HEE WE 3710 iR dFeE 2= )
7F Wdkes A SAskE WA olth ol IC MEMS 725 A Fo=w FHE T A
A, ZIAAeR ol FEol ¥7]o)7] WEe FEAHoR we EEsT Iy 2=
W3l 548 159 &7 540 vy FxAo% 355 ©d el Add  flve
@ ol Atk

acceleration,a = F, = AT

(a)

e
«a‘g&e A Temperature

Acceleration -~ With acceleration
- No acceleration

dTE

Temperature Heater  Temperature
Sensor 1 Sensor 2

[€dFE MEMS 714 = Al

%18 (resonant) MEMS 7145 AAE 948 7FEE(a)d 93 BAH(F)o= A HY
AA(Au) HE o) 7] A28 AF 7= FE(Ae) o WstE s 7]A
2 7ol geA A AT (f7E dske ol

2 Yy fEo 1 AAE tAE &Ho] 7}

=2
L
ofo
ol
=
rlr
[-'0
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oF HEE UYES /¢ ) FAT Aok

acceleration,a = F, = Au — Ae = AK,, = Af,

ﬁ force

Quartz DETF({double ended tuning fork)

oscillati

— —
rmounting
/‘pad
force damping &
shock caging cap

[323 MEMS 7145 Al A

2% ¥ (capacitive) MEMS 7145 AA = Y 7SS (a)l o3 AP Y(F o= AZATF
o
=

o A (M)t WF W o] Wsol ulet BEkAE §3F WIHACE HEFE Yotk WY
of w2 &2 W= nAFZH oA HAE Algtsld AdPH o2 AL 4 3 AR
HFollo]EjE o] &3}t force balancing W4 o2 THo] 7hasith £ by Y WAHCE
TAT 5 QoA AR WA FEel JTFE A weths FYE 24V 59 &F Wt
= X wste] EEY Ax FAE Al /AEoE0l g AgEeh a2y viAe §3%
H3lZ RE Y 288 A= front end readout 327} EF A= EA7F AATE 9]
nRe IC 71ee WALE 2 AMHE FHolth odT o FE WA & &S HA
o RS §FF PHS Ay ek
acceleration,a = F, — Au — AC
| sPrRING W
| 1 eomm
W
1 1)
, 1 ,n [
. \/ .]mcuonro " Cea<caz »
?ﬁf‘r Rs SUBSTRATE
SENSORATREST (MOVEMENT SHOWN IS CREATLY EXAGGERATED)
[82F3 MEMS 7I& 5 AlA]
olef ol 2t AA A

ool Al AH3t 7Hx] WAl MEMS 714 = AlAe] EAS A st
W ZHolA 8FE MEMS AlA7E 71 7hsAdol =2
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A A %] FH o g
AU = Mot g s ea
[SF1600SA 7t = A4 ARG
= @4 Aok H] 31
%Eﬂﬂ H\E]l% gpeak i3
=9 7= V/g 2.4+0.24 s &9
=AW dB 117 100 Hz 919 E 7%
e HE g/ V Hz 0.3
T SH Hz DC~1.500 3dB 7l 71+
B 58 A& dB 46
HAE A} % 0.2
gt A A ZEANA EH 5= analog A1EE digital2 W3ste] JEHYS AN & I
83 datag loggeroll AAste HAoA FAst Jes S8 A 7FA7E7] S8 24bit
ADC7} B 83ttt o]& 913 SDM(sigma delta modulation) %29 ADC7} W&E DAQ

H/W<I NI-92395 X743}t NI-9239+= USB platformo| A 2Hg3tH PXI A& b3
23o]7] WEell note PColl AAS ™ FAXE A AZo] 7Hesithe o] Ao
Wireless DAQE A H3tEE F5 ¥4 data logger® Aol 75 stk 3ol Qlth

[NI-9239 Aok

35 9] A H] 1
AH = channel 4 A4zt A
ADC E3l& bit 24 Sigma delta modulation 2]
AUy "1 \Y% +10.5 Al ~AL
49 F= 1V s 70
AEY &5 kS/ s 1.613~50 A& AEH
T AAH dB 126 60 Hz 98 7%

AT ANAL AAs dd Jeol vdstE= AA ZEdd AU 77k f A A
+12Ve] AYE FFZ F AEF A8 ddddA oAHEZ +5V HAYEES WE H ol E
DC-DC ¥igs 33 Ad Ades FFst=s 748U 53] DC-DC AHE = =9
A Feol AR 7 JoeEE Y 1 IHE Rt

_34_



8 uft +12'V
/\ m
\\/ == 10uF =
5V adapter
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[AXA EE prototype W]

[AXA EE& prototype 2]
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GX(11)=5 Surface: Displacement field, X component (um)
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CSZ . —
AC, == AC,, = — x5, = 1492‘DXSZ=7.46><10 0%,
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9 9 9 g9 g
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_ Vi Cra _ 2.53%10°°

_ 2 196%10" % x 12
5 ” 5 X VE =1.26 <10 Vi, N

X
Cry1 = Cpyp = 8.854p X M

X 39X 2=5.45pF

_75_



Cryp _ 5.45p

= ~ — -6
Alp == Al = = =X 8, = 5 75X 5, = 27310 75,
Vi Crpn 2.73%x10°° .
Fy==Fp=—5x— == S X VB, = 13610 " X VN

[feedback A Z7]o WE FF5H] W}

TEA%V] 0.1 0.2 0.4 0.6 0.8 1.0 1.2

XZF TFEI[N] | 126n | 504n | 201.6n | 453.6n | 806.9n | 1.26 | 1.814

Y= F5¥[N] | 181y | 181y | 1.81y | 1.814 | 1.814 | 181 | 1.81p
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87/he] AWAEHE mdg & = ot

CSX1 CFX1 Csyl CFY1
5.05 pF + 545 pF +
14.92 pF + 2.53E-6 * Sx 5.45 pF + 2.73E-6 * Sy
7.46E-6 * Sx 2.73E-6 * Sy
—La 1~ 1.26E-6 * Vx112 . 1~ 1.36E-6 * Vy1~2
/] /] /]
. 2536 5 545 pF -
14.92 pF - ' 545 pF - 2.73E-9 * Sy
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2% 714= AA deial ]
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M kg 320.9< 10 ° 120.2x10"° a8 A

I Hz 1,364 1,031 I s

K N/m 23.57 5.04 Z1AA 27

c N/m/s 6.74x10° 1.91x10°° Q = 0.408

£ uN 6.3 2.4 488 @ 2g

S nm 266.9 476.2 A4 W9 @ 2g
AC pF 3.98 2.60 s SHWS @ 2g
BNEA g/ VHz 3.81x10 ¢ 5.51x10 ¢ Brownian noise
CNEA g/ VHz 6.49 <10 ® 6.40 <10 ® Circuit noise
TNEA g/ VHz 3.81x10° 6 5.51x10° Total noise
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[backbone 7% A& WHEH MEMS AlA FX]

(4748 MEMS A4 Tx2e] 47 shebulH)

A s g 2 3A
H9EY 4.11x10" "kg
7+ b B A
X = AlA HA] ?‘]J’H}‘] 2 14.41pF
1GE ARAE 2 = 0.792pF
el AAE A 5.76 pF
Hd A 1.87 %10 "kg
N 7 ]l Al B A~
Y = A4 A fMl 1§12 4.98pF
1G3 AHAE 2= = 0.473pF
= AR E 4.98pF

S B Rl A 4 wF 2719
£ SkHz] H-olA Atz 23}
25 Q3T AAA 2 backbone TZo 3]

rr Ly

(A% 2o 84 A

A o4 I AETF AF = H] 1

1=+ Hz 1,160 Trans-Y motion Y sensing mode
2 =} Hz 1,484 Trans-X motion X sensing mode
3 =} Hz 4,927 Trans-Z motion

4 =} Hz 8,650 Tilt-X motion

5 =} Hz 10,233 Tilt-Y motion
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B A 4.11x10" "kg
1f AsF 1,484 Hz
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@ MEMS ROIC A7

ROICE 7]eHEE &F/FstH  ofefe} %ol SCA(switched capacitor amplifier),
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converter) ¢ AlF AA7} F Qs

3.3V
Two Axis MEMS AXL T
', - a@ DOUT
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fSI fSE
|
Clock Gen Biasing

[7}&= AlA o] Hlgk readout architecture]
ROICOA 714 52% HEL AFE(analog front end)® CDS(correlated double

sampling)E &3 offset& A|ABIIL gaine XABs= 7le S T AFET
£
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== 5.68pF+236fFlg T ps
i l ' | | | 0.5\/DI
2 B AF
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SCA =9-& S&H(sample and holder)E &sll SDMoll 7Fei &=t ©] = CDSell <3l
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EQN. 81w (ol 1. 430
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[SCA+CDS+S&H simulation]

62t SDM(sigma delta modulation) }21¢] ADCE &3l digital pulse train®]
AB SCet SDM Abolell= clock F3k<= Aol &J3F alias &S AAL
AAF(anti-aliasing filter) A3t ADCE= Lz SDM WAlS o] &3t
clock 3+ 51.2[kHz], OSR(oversampling rate) 256°] BW(bandwidth) 100[Hz]
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[SDM schematic]
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Global foundryelA X&d 4+ UA=F FF FF o ot AAE MPstRorn, A
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~Jo|~
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_98_



Agilent
B ogurticn

Channels

[readout ASIC 5 Al¥]
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olg= ZAA ROICS analog front endE &gt I 2EE HQ Ao
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=R e

|t sigma delta
53 =de ¢
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I AFNA FEHs &8 7HEEAL Adse Hlastet 53] vk

1) AAF 7R AE

@O MEMS 7|8 3% 7145 EAA A A F<
@ AAF Testol] Q3 vl A V&=
® 3z AlAS E&) 10 thdF Test 23 H]

Al

« 12 AlF : 1Hz, 2gal
« 22 Al¥ : 10Hz, 4gal
« 32+ A : 15Hz, 2gal

>

i)
oz
i)
|

=4

« 100Hz HIE=E 5&

- 103 -




A 7

1. MEMS 7]4} 3=
7} EA14 Prototype

Type : 35 MEMS
t2g

Frequency Response

Range :

: DC-50Hz

2. KYOWA AS-GB

1=

iZg

Type :
Range :

Frequency Response

: DC~60Hz

3. GeoSIG AC-23

Type :

Range : +2¢g

Frequency Response :

3= Force Balanced

0.1~50Hz

4. ICPDAS GST-63-M

3= MEMS
iZg

Type :
Range :

Frequency Response :

DC~20Hz
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(1) Filtering

UAg WeE 4 4570 Sl FFT 243 AnE vgon AsA e Fus
Hee AASRD At Fos of ®

o
- Low Pas Filtering, HPF - High
A3l Equalizer’t $-27F 47 & & A= EHEZ‘#?_] oojtt. oo = AT el Ao FHA
713 (Noise A A), A8 A&7t 4o A& AF st AE0 FE3= 5 Holy 4=,
o2 g AT A, g4 A, 4 A, Hely FAl, A3 $AH 22 gAE A5 A
oA ot Fa% A4S stal Yt

gzg FdEPe FRAE FIR(Finite Impulse Response)d"ﬂr [IR(Infinite Impulse
Response)”7} 2™ x}o]= Feedback -+ we} F&-& 3. FIR2 Non Recursive &
E| £ Feedbacke] §17] wi&ol A3t Over sampling®|y Sampling rate W&ol A}-8-H
I RS £9o] Ygo 2 Fot2 = Feedbacke] 7] wfiEol FAetA X& 7HsAol 9
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o RS THANA FE AR YRIHOFE LPF
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BPF(Band Pass Filter) : F T34 Alo]9] A& = A7 1 0|99 4Ass aAdss
[[BPF(Band Pass Filter)]
. | } m JKWMM% | "\ T \‘ ~ “\ J
e LA M I AN ...,
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012 4
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M =1638471 2] HOlEE o3l Ful FE23 FHA Lo Fg3h 2 =10247) d
HE &8 FFT Had o a5 fHE(105)Y 712 Peak &9 AF=E

- 117 -



Fag Aol o= XS A8t Averaging 71We Z-&3Hh. AveragingS F
60,0007 Hl°1E1E 47 7Hex:D1~16384, (210001~26384, (320001~36384, @30001~46384)°. %
T&ot FFTE 335k, 24 Fo+ AEE5S Bgh
Fat ES11”‘:(+z"ﬂ]—5)% 100/16384 = 0.0061 Hz & 3}c}.
A EF 6274A F=sta JHEE A7l Otk SAAEE AA%Y. IAsFe
252 B (Fimins fimaxr-)2F FEZIZ(HLANA y= Hdlgto]l Hozkel 2 o) o) 4 o
5 FE

2 AR YWHOE 28 ASBTH)S A ABS

g AFE BAFT 235 49 dolEE A5 BN 99
L odelel AAE HdE wEe] AAIT. AAL dHolE #Y
Sampling RateZ AZHT} o|F2A AAE vloly U AlxagloA AR 9A]
of B4 A HolHE RAFEEH o Bde ¢o] 5o &4 & 5 UA AT
Z=Z xz ot}

(1) FFT(Fast Fourier Transform)

1< Fg o WHZH(Fast Fourier Transform, FFT)& ©]4F 3| W (Discrete Fourier
Transform, DFT)¥ 1 4 ®3-& W27 F3t= E&32Q daglFolth

Fejol Meoldt A AR AZE Fug Ao Fdste =4S A= oAt F
gloll WS (discrete Fourier transform, DFT)& ©]4HA<Ql 8 AlSo] gk Fjo] WHEo
2, HAE Az H“J"’% 2 Fokol AHRET FFTE HAE A& AHgdA #Hrjd A
2o 25 Tk darglFol ol=2717HA B2 EokollA ARSRHh

Xy, X, _ 01 TaEtal 7P W, DFT o3 2ol 43t

no1 2wy

fj ]Z]Oxke " j=0,.,n—1

o] 2 Felo] wet A4 On2)el kel WA, FFTE 834 O log n
o] dAo g Thestth no] AT AF L LQdFEAE ]%O}OE] dat e =Y
T AANL FFTE AHESd no] &Y A5o% On log n)e] A4t Sl¢E BAT
o olE 3 FFTE4 = &3 72 &4 delHe Fag AZd oE HeolHE ddstaxt
& o o] &3t
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O 7H&Es Az 8 Fu A5 E 58 33 RekA] F2
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A% AR F73d A (Augmented Reality) A ZE 7|

(1) AR7IHE 84 7)<l ARToolkite] T+& #4 9 =4}

8FF AR &3 [viwd: 14, Alvd A5 14, 6H94 =5 34, FUW=E 264, 7153
2173, 594 24, 718l 34, #H =219 37 F 597
l"i_ Q

Q) 1131- Howg x—l%gh /\1.04/74101/,]2 Ho];oﬂ zq_g. HLr] Z/\]—
A¥Y AR =, 393 A5 =4

R =7 AR Toolkit[Open Source 7|48} &-&
AR A& Bl ALgA &7 =4

(M8 T A AR JHAE B 7S FxEY A ARE HUT &8st 4
HAAEY 2 AdE, 7= AL A TS B A ZRUEE ZE 71EE 7R
AR #d A8 A 5 580 AR 3 3 B4

AEAF &9 EAHWindows 71 AR, fERo|= ZIHE JHAIS 2H7, 71EF $H7)
Open-source 7|¥+ 7}A13} 51 7| 874 =A

2 d7e 15d=S A% AR A& 3 AAZE BYEPGO 2% AR 5 28
zHe ¥

BIM(Building Information Model)oﬂ AT ARAY 9 TS 2H S =
dEAE A 9 BIM BRE &85 7FAs WUt 9

71E A 859 dEROE, WS HA¥= 7|t FH FRY HE

ue)

H AE 4

Pl

H 2~

)

haj

lN'

Application

| ARToolkit

| GLUT
OpenGL ‘Standard API | Video Library

Operating System
| 3D graphic driver | | Video Driver |

[AR Toolkit R 8] F=]
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U A5 F4dE =3 2 7HE Zle 24
- R, R, Ve dE S 3 AR 3
- 7FA18} 714(Xj3D, AutoCAD, CATIA Modeling, 3D MAX 5) HX 7}A18} et 2A}
- HF AR AH 7HA B4 3D MAX 7|ke] AR TEAIEE el 2AF 8 A st ek 24}

:r; Video AR Gsub Augmented
Module :> Module @MQ ?mage

> VIDEO || TRACKING |—»| DISPLAY |—»

Video Format : : Rendered Format
(Catnera Format) Tracking Format Display Format (OpenGL Format)

[AR X B3-S 943 Al AR A2 "

- YREE <2l AR Toolkit 7FAI8E Wl ZAF & H2E
s, LFAS 7HA s Wk 11 [OGRE 7% 5)
- OGRE 7149t 7pA18F 71 Zed 27 5 B 28 48 /g

3D Model BIM Data

e =
~ R
@ =

[ Browsing_§

Marker Recognition BIM Information Coupling

[AR 7]%F AR 7hA 3 vt 8L A 2] HA
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3 AR AZAR B4 2 G440 A
BIM @43ne AZ4ne A4 4% 7) B

e A8, iy A% 5o g BIM IFHARE FE

Holsta AR 7HA3HE 5 Y2 A

3]l Autodesk AbollA A Fdtal Y+ Revit TZI1H

[AR71¥F A3 daeE]Ee] 7]

vk ARZ|HE Xl?ﬂﬂl—; DB QI #H o]~ Z2EE] 7

& 5= BIM FE4A-Ee} ASF ARE BEstr] Asl, @4 716 AR Ao ik &
1YFS TR, Xl’ﬂ A dHolgulo] 225 HdEH AS dHolEE ARt 7Nt ARE
AgstRom, AXAZ Holguolx AAE f3 AFHE 27|ntE B4k, olE 7
Hto® QBHo]x ZREERS MEst

72 e
A AR 7HAEHE JdEFAl2 BE i ARV 7RAS 2
HHER lggas A2 uDBe el wE
0y A5 AN AS AR 31 A (Logger, &% PLC) H
RFID(Active/Passive), Zigbee & TF¥gt 73”%— ZIZEEH HRE F3
&= g & Atk B AAFAME AR FEFS T AP 2 ERES T
3t 7 AEEZRE FIFe HAEE 72+ A2"HIY FUFATE
259 sfdo] Pgo|th
A AR 7tAEE QIE T o)~ BELS GPS, 7M&EEAS 22 A
71258 FAlEo AAE= DB IEFH o] DBl A E=
tolE = HAHolHE 7|E2® e HC|2~E &olatA 37 T
7% UIE A&t
O HolE 20 F83EE, 54 AR HE 9 W SF
715 ATz H A P FAdA AE&T F Ae <
ElH o] 25 7dst St
ey AZ BE AEE 90% ©1%
Y7 AREdat
3 71 7+ 20139 10¥€ ~ 11€
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(1) A% FAAR ARV A8 =92 AL

(7H ARZIHE 7HASE ZEQlela 71E BREL 7 B9
AR7IHE 7hAI8E Z# 9 I+ Windows OS 374 $lo], &4 22l Ogre3D SDK 7|4t

stel AR 7d& #1% ARToolkits ©]-83t3l Maker Camera A& 9]¢ FlyCap 2}olH
22 E o] &3t

Q

8 OGRE AR Application Q

2 - o
< OGRE AR Lib o8
< OGRE E %
-é SDK Point Crey “'g =

ARToolkit Plus FlyCap2 Lib

Operating System

[ARZ]HE 74X 8 =g T2 AL FAE]

#AS3ka, AR 7HA 3

AAS HolEulol2s ¥4 HolEuolx H&Ee T3 ARE
zeddae BG4I VR HES s, Cameras T3 A€ 93kl Marker
£ 5% A874 Bge AT =3 ASE WS HolHE 7SR H. AR 7HAEE
T 22 AR 7HNEHE B EEE T dEASES] 3D AR E TSI

Brkers =t AR ZtA| 2}
Mgtao) Hel =3
Gl

AR 7tA|3H8 S8t
T EREED| o
3D By %
*AR 714|512
Fyst 29

[ARZ]%F 7}A 8 Ze )T 9
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BIM 2d & ESZHE 7HAg ZH YL
Stal X3S STt =3 wdy Eo] EHsE HA HolH e wE=

Model Interface 22 7N}t

G
[OSMSceneCallbacks.h
OgreOSMScene.h
OSMAnimSerializer.h
OSMRenderTexListener.h

EISE R ERIT

OgreOSMScene.cpp

/**********************************************************************
Scene Loader
FILE: OgreOSMScene.cpp
DESCRIPTION: Contains the OE_XMLScene reader (oe_scene)

**********************************************************************/

#include "OgreOSMScene.h"
#include "OgreTagPoint.h"
#include "OSMRenderTexListener.h"

using namespace Ogre;

enum {
SCENE_SKYPLANE = 1,
SCENE_SKYBOX,
SCENE_SKYDOME,

%

#define ENABLE_LOGMANAGER LogManager::getSingleton().setLogDetail(LL_NORMAL):
#define DISABLE_LOGMANAGER
LogManager::getSingleton().setLogDetail(static_cast<LogginglLevel>(0));

unsigned long OSMScene::mNextGeneratedNameExt = 1;

OSMScene::0OSMScene(SceneManager* pSceneMgr, RenderWindow* win) {}
bool OSMScene::initialise(const char* pszFilename, OSMSceneCallbacks* pCallbacks) {}

void OSMScene::declareResources(void) {}
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bool OSMScene::createScene(Ogre::SceneNode* pParent) {}

OSMScene::Cameralist& OSMScene::getCameralist(void) {}

OSMScene::LightList& OSMScene::getLightList(void) {}

OSMScene::EntityList& OSMScene::getEntityList(void) {}

Ogre::SceneNode* OSMScene::createNode(TiXmlElement* pElem, Ogre::SceneNode*
pSceneRoot) {}

Ogre::SceneNode* OSMScene::initSceneManager(TiXmlElement* sceneProp, bool& bHandled) {}
void OSMScene::setSceneProperties(TiXmlElement* sceneProp) {}

void OSMScene::createEntities(TiXmlElement* pEntityNode, Ogre::SceneNode* pSceneRoot) {}
void OSMScene::createLights(TiXmlElement* pLightNode, Ogre::SceneNode* pSceneRoot) {}
void OSMScene::createCameras(TiXmlElement* pCameraNode, Ogre::SceneNode* pSceneRoot)
{

void OSMScene::createHelpers(TiXmlElement* pHelperNode, Ogre::SceneNode* pSceneRoot) {}
void OSMScene::createShapes(TiXmlElement* pShapeNode) {}

void OSMScene::createRenderTexture(TiXmlElement* pRenderTexNode) {}

void OSMScene::createStaticGeometry(TiXmlElement* pStaticGeom) {}

void OSMScene::loadAnimations(TiXmlElement* animationsNode, SkeletonHandles& handles) {}
void OSMScene::setRenderTextureNodes(RenderTexture* rTex, const EntityList* showNodes,
const EntityList* hideNodes) {}

void OSMScene::loadMaterialAnimations(TiXmlElement* animationsNode) {}
OSMAnimSerializer::OSMAnimSerializer() {}

void OSMAnimSerializer::addAnimation(Ogre::SkeletonPtr skel, const Ogre::String& filename)

{}

T &
A AHE BI_M AR ZHE A Ao ‘fjijlﬂ]% W Autodesk Revit =77
W AR AHS Aofstr] 9% 11 2 AR 8 A dadE
TAZEZ ol FAERHAES 7vteR ASHREE 7HAS ZH AT
Al mEs] A FdED AHES Aosor 3 olE faiAe
& 3 5= BIM AR 944 AWERE AFEe ASAHEE ZFst
71 A3 AR Ao daglFe Aol Zagh
Autodesk Revit =714 FE8 FLHEE Ogre3D LTL2E 7Y
H 7 ZEdaE dEst Fof, B AAERHY ASAHRE 3
7% AR met A YAEE BIFeta FFo tig JhH dagES N
BetAT AEEHe AXNPEY AT HES 7HAE =y A9 =29 FPset
71847171 A% B3 g EE Ndskat
N 7tA 8t A 40fps ©]%
TPt At
=8 7| 7F 2013 11¢
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(2) & dS5= BIM 3R ARV|HE 7HAI3) 43
7INE ZEdY = e 9% 9<e3s BIM 4 HAE RdS A
Edge® 57 A< 71 AAZy nds QAT g 4] (- vV

X Sensor 1, Sensor 2, Sensor 3, Sensor 42 AHE AZASIHAT}.

' @

® 5 PYESE
(Sensor 1/2/3/4)

100m

42—

[7HA18E ZH A3 /128 BIM ¥4 H

olz) e} e AR 71X 3 BAHL 3 F

s
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[AR 7HA 3} 34 T8 F & 5]

T E A 8=
CCD Camera Point Grey FL2G - |+ Ag7 9 v7 A4 &
/AR A1 1352C-C = A 7FE-E vhdste] bdHE 9% HS
- A e diY
AbAZ=E O] Al x
daEE AAA Image & Maker | £3 o)x) uly] B3
Motion T H}o] 2 Leap Motion - AR HE dE =

AR 7M1 87 B3E AT AU eE TAY. A Aiet BdES A4, o
AE 7170 VREDS WS, ASATE SAAY FA 9Pe JPshd, AAS
DBel @& S@stvd, 7hAst zeddaol AW 17t Y AR
A,

@O ZHH 27 D=2

eI BiC}.

OMNEXT SN S g |
=rt /
- —
= =
_ : . — @A THSDBE ATIL -
L _'_'_._'_.-r_'_'_..—’"_

@X| TS HES
TpA|B}BICE.

[AR 7HA 3} 52 Aluhe] 2]

- 143 -



HE ARZINE ASAEE B 7HA S AlAE R

(1) AR7|HE AISAHE 7FA 3} A" QIE | o] = 7
e Ao A FHo ASAHR AAE 3AAH o7 st fdstth ob 1Y
< 1 7ide YEr T

AHEEHE 6E
{(Sensor 1/2/3/4)

SEE ez
{Sensor
1'/2'/3'14")

=z

=).

&
l‘r

|| Current FPS: 59.1133

IS ZH Y Y oM 2] W B AE]
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2) AR7|HE S Al=E A
73384 A8 &3 A WO Z Front DisplayZ]uhe] taZgol vt A4 o FH
1 A= Wearable Display”]®Ee] Z7FAISke] Tigk @ 771 SHiE I lo], H4le| Wearable
Display s ZAMI Aol 28 tute] =& st

(7}) Wearable Display A4
@ Google Glass(H|=)
H M 43383 e "9 Google Glasst Smart Glass EFYol™, A&} Alof
o ¥k HxFHolz ARE EHsts Wooltt. 1y Ay A= 4 i<
A A= ARG Alokell A Y THdRES AREtelof strE B AA| Fde FAY
stthal AddE

[Google Glass(7]=)]

@ GlassUp(°l& & o}

olgkg]ote] GlassUp©lghi= Wearable Display:= Smart Glass E}jolH, AAZ=
Wearable DeviceZ} ©FH et Smart Device?t AZ2T &+ UAe QAEHA|AE AFITh
Google Glasset= B2 7HA #=zd A4 ARE S9sts WH oz & AAe 44
I Aty @A mEA R A 8o E7Hs st

[GlassUp(el &gl oh)]
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@ Wrap 1200DXAR(¢] 28}, VUZIX)
ol&rg]o} VuzixAte] Wrap 1200DXAR Tl=E# o] AFAFS] Wrap 1200DX VRU ~F
golE ARFE o R A3 Rdo|tth GlassEtl 9] VRE2=Z#olo|n, ARZZ}E 2-H &
7helel A SA S AT ARA 28 &7 0] hastE Al Fojvh &old S ] Al

AEH S VuzixAte] Wrap 1200DXAR tlute]2~E MAFOZH, 7]& PC U E <}
=3 viA JhviEte] =de He tiE AR B o] rhesiAAl H Ao

Ramovable Earphones

HOMY Port

[Wrap 1200DXAR(®] 222}, Vuzix)]

W27 Warp 1200DXARS 2H8-3F R<55]
AYAFAA AHE3IA T, Front Display + Stand Marker Camera Z3HA|2-Hl

o
Wearable Display(Marker Camera YA &g)o. 2 /MAstHtt ofe) 182 H4AstE ARY
& AYE g YERR ST
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Ab. MEMS A A AA A28 B3 2 H2AE

dA B 7N E H2E
< ®9 F4 volHE rHASZH A A QA SRS L H

Displacement(m)

0.10 . L . 1 . 1 L 1 . 1

Time(sec)

[ T3 ZEE &3 7I5= HolE e A4 E ¥

tl o] E(El Centro A Z3}% (1940, NS))]

0.15

0.10 |-

Displacement(m)

-0.10 -

20.15 . I . 1 . 1

[HhS T3 28 A& F FAHES ol &3 M dHolE (A
55 &)

FHog FxE W HolE

o my
o
o
=)
X
rlr
o
)
A)
[
o
=
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o
&
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Cumnt FPE 451584

[ AA d5E S4 olvA]

Curment FPE- 599801

(4 oA A2 WgElolE A o) uA (5009)]
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6. ATy 23 2 A3 AF I

T HFAE T8 NEE ANA RELS 4k AFel vls) tie’ Heol €573

7heb £2F3tE G ST

BN rie

o2

Al

(912 AFHe] AL 2D 744 W)

A F G /A AL Azl AL @74
« Type : 35 MEMS
MEMS 7|4t 3% * Range : *2g 5000
Prototype « 9% : 65Smmx60mmx*56mm ’
« 77 : 0.5kg
« Type : 35 Force Balanced
AC-23/ * Range : t2g 6.000
GeoSIG « 21% @ 195mm*112mm*96mm ’
« 7 : 3kg
« Type : 35 Force Balanced
ES-T/ * Range : t2g 6.500
EpiSensor ¢ 918 : 127mm($)x76mm ’
« FA : 18kg
« Type : 3% Force Balanced
CMG-5T/ * Range : t2¢g 7000
Guralp « 9% : 176mm(&)*83mm ’
« FA : 27kg
« Type : 3%
AK-AS3257A/ . Range : +2g
N 7,000
Tokyo-Sokushin « 218 : 150(4)mm*68mm
« A : 3.5kg
« Type : 3%
JEP-8A3/ ¢ Range : f2¢g 2000
AKGC « 93 : 10lmm*124mm*25mm ’
« A 1kg
« Type : 3%
393C/ ¢ Range : f2¢g
N 5,000
seismic ICP « 9 : 56(¢)mm*56mm
« A 1kg
« Type : 3%
da-pa/ * Range : t2g 4000
e 7 & ¢ 21F : 48(#)mmx50mm ¢
« A : 1.5kg
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71 A Fel EAE AFH B 7]EE A3l MEMS 7|8 XA e] A5 2 7FAES A
WA N AAFS HAEAY 2D AE Tx o3} SolA IgAAQ =3 v sty
53 AsS EAg IujriaLe 24t A8 AF vl 400~5009H 7 A -HE A A
SR T

38 AFH AL AAF] He 2 714 v
GeoSig Guralp ICPDAS EpiSensor
E 7 Hl A 22

T (AC—23) (CMG-5T) | (GST-63—M) (ES—T) Wk AR

AR
TS

) 125 dB 127 dB 63 dB 155 dB 113 dB

AT . . \ . .

s -20to 70 °C | -20 to +70 °C | - 40 ~ +60C -20° to +70°C -

Kkl 12V 10 - 36V 12V 12V 12V

)52 195%112%96 176(2)*83 101x124%25 48()*50 65x60%56

e mm mm mm mm mm
sl 25 kg 2.7 kg 1kg 2.5kg 0.5kg
. 0.1% 0.1% H]Z7) 1% ol 1% ol
Linearity - o= « . =
ARA A5 ) |(ARA A 1) |(ARA A vD9) |((ARA A B |FHRA s T

A&7 1% 0.1% B 1% ©]u 1% °Ju

AL AL | (RRA A =) |(RIRA A W) |((AFA As v1D) (XAl s 9=5)|(RRAA s 1)

9% (0.1 Hz ~ 100 Hz| DC - 100 Hz DC - 400 Hz DC - 200 Hz DC - 100 Hz

714 6,000,000 7,000,000 2,000,000 6,500,000 %#2,000,000
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MEMS 7|dt A7 A0 A7HAY A3ke ofdf 9} 2o

[MEMS 7}5% AlA A7HA 4H
L TR T e
MEMS front end cost 12,000
ROIC front end cost 2,000
MEMS ROIC Assembly cost 2,000
total front end cost 16,000 17,600,000
Foundry profit 10,667
total front end price 26,667 29,333,333
wafer test 2,000
wafer dicing 200
wafer cost 28,867 31,753,333
number of die 1,600
die yield 10%
number of good die 160
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