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Abstract

Technology for imaging the lithospheric structure using earthquakes, such as receiver func-
tions and seismic interferometry, have advanced greatly in the last decade. Three component, low
cost accelerometer sensors have been constructed using Micro Electro Mechanical System (MEMS)
technology, and are providing new opportunities for earthquake observations. To evaluate the fea-
sibility of MEMS sensors for earthquake observations, dense seismic array observations were
carried out using MEMS sensors in Mizusawa district, northern Honshu, Japan, for three months in
2007.
performance for local and regional earthquakes. However, due to high-noise levels from the sensor

In comparison with observed seismograms of velocity sensors, MEMS sensors show high

itself at lower frequencies, MEMS sensors are not adequate for recording teleseismic waves.
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1. [FU®IC

AR, Ly — BRI T s & ofiic
T HEORFICE - T, HARMIEZH WY V27 =
T —HEDOA A =Y v TENRKRE CHEREL K (Wilson
and Aster, 2005; Ruigrok et al, 2008). B <1,
74 ) EVIBT L= FRRKEET L — b D RIZihAIAS
WEDR T TIIEME AR ERLTED, 257D
EiReEo ik - =~ P VEEZI ST 52 &
13, MEHIBOMBEFRED 2 & = X L2 FFET 5 L TE
PRI LE T > CWE (Wuetal, 2007). & < ICFEH
RHIEEI T — 5 2R LA £ — Y v 73, gk - b
= v P VOIS EEEZH S ICT 2 L TEMTHD
(Abe et al,, 2007), EHHBE FMHIEBFKRFK 7o Y2 7 b
CBWTH, FIMEREHASDE TR B AHEER
WL BA A=YV TINTFEINTWS CEHIE D, 2009).
MEMS (Micro Electro Mechanical System) %=k

INEEE & v 4 — 13, HAHED SHEERT— 5 £ 7T
BST % 2 ILasZREE 2R S, BO/ 1 ABREW
b D DIEAMFE TR X TR A ICEN TV 5, MEMS
R 2 v 4 — S E O A RIS O EARNIC T L
F U5V 3R OB, FIEEAE RO
HEFEROEERELT2b0E LTEHE TV S
CRAT, 2004; 7RME - )1, 2009). C ONE#EE € 3 — O
E AR R I 2 FtE 25 L T < T &3, R
W78 FARHIEEEI 21T 5 - 0ICEETH 5. DR,
200749 H 28 H~12 H 28 H (90 HR: FEHKINE &)
T - T, EFERBEMNTICE O T HARMIEEN AT,
MEMS + > % — OHEIC > W TOMET 21T - 2.
Tld, MEMS & v+ —Z2H Wi @illy 2 7 & &, EBED
BB ICE D < & v 4 — OFRHTIc D W Tih R 5,
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2. MEMS EI=maMEEE v H—DEALBRME
B2 27 ADHEE
2.1. MEMS EINEE+ 4 — DEMERIE & ik
U MEMS (Micro Electro-Mechanical System) T
B9 2 £AfiBes, FEEENT~OBEHIEHR LW DN H
5. MEMS & v 4 — D —fIC i & 1Ll 72 D 13559 20
FERichy, HTO T 7Ny JEELZEE)T S 720 O
BRAAE v — & LTEbNIRD .. 4H, #ERE:
MHAN—=FF 4 27 T, HEOREHKS KL LIE
TIEHENTWA, Thid, MEMS 81578 s ksl
MO TH B0, RMTREEETE ST EMRE
WHERTH 5. P 5 MEMS BFothT, HHEEEHT
RESNDZ 2V —1E, &ROEKLTVWS MEMS & v
+—Td 5. MEMS IIIEE & v+ — OB,
= VIR, FEAEN, BRI EAEMLanT

eSS,
WBD, RIFFHERERCTHS (Fig. 1. £+ —K

KTHBERF v /X% - £ —13, TEEICGLET
BEg % £ — 21l fFi s fcmld) 7 l/—bt, [l
FLU—hMILOERENTOS, INEEICED ©— 28
BE#LcBIELT, A#7F L - EFEEFL - ED
EWRENET B, COELBEEA v F v THEEKICK
DEHAIT 2. COXD WINEERHEEE Y ) 3 v F
ZFoIHY»IAL T & T, MEMS HHEREE & » & — ik
fEsnh 3.

Z 9 L7 MEMS I#E € v+ — 1, /NI 72
EHTEL OFELAI L1z, BB DS ES

x [g]) Acceleration of Gravity

i - JIERE T

i - B

OHFITB T 2E R IIALITENRTOS, 2hid, MEMS
R & >+ — OYERE, FRICHPETTRESIRE L ~ v & H
o/ 14 ZX0BRIck . o0, —RcEARICERS
N MEMS NIEEE & >~ — 13, BEMNEKL (/4 XN
UHSEY), HIFERER & 2 W I HIRR BRI 3 L T
W, Fig. 2 13, KT (2004) 12 & 3 XKICHIUEZEA THE &
SN BEHASHIE (BHRERIED 27Nz 7o boT, MEMS
IR & v — 2 &0 BB MER & = 0FHIER (R
R & E ) AR L TWA, SEREEIE, —RicE
FEAL - BIF b s LTV B MEMS JlikfE + /#—@ET(EIJ
K TH D, BHRAREHERREE cHEE SN BT
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Fig. 1. Schematic diagram showing the principle of capaci-
tive MEMS accelerometer sensor after Yamada (2006).
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Fig. 2. Frequency and intensity range of acceleration for various objects of oscillation

observation and corresponding accelerometer sensors modified after Ohtake (2004).
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KR D EREEA LN HIL T E bbb, T15b 5, K Hz
~H 10 Hz D EEEICAWTHE O T 0.1 4G L~V D]
EDRMEEL L5, BRSNS, HEEAEST oK
EIFREE, T OO RERS & AHTha <, o
PDEADIGHAIRES & v —BRDER L s -1z, T
5 LeEF I L, KER CILAE O Y IREE#E A —
#1— CKE ION & {AE Sercel 1) (3, 1990 FH %4
M oI EOBAFEIC L b MEMS NEE £ 4 — &2 F|H 4
5 LAY e, AMRAN 2 EREEDHEFT
13, ZIRoCEE BEHIEEEE S RL L TB Y, FUIEO &
v —=DEEBICHEH SN S, T OREREHEI Y 2 5 408
ZHBET 2 BENFESEESE &N, Y
+ —BHFR DI L 15 - 72 (Gibson et al., 2005).

{LE Sercel L A3BHFE L 72 MEMS JIEE & » + —
(Sercel Inc., 2007), K OKETON #4355 L 72 MEMS
HisfE 4 4 — (Colibrys Ltd., 2006) (&, W1 b, Fig. 2
DOUFRRFEIC A I 5 & v —HREE > TV A, Sercel
oG, Fig. 1ITR L 72#ifE% U ok ORI T,
Wi G 2 2R T 5 T v —EER EXET
W5, ION o, &35, ‘proof mass’
LN BIREN A2 5 H O H0 AR REYE L,
JEEAZHDTWSE, 9 L7z MEMS IIEE &~ — 1
MEES RO —E & L THARAE ATV A, B
L, IONfDt v4 —=Eoic>0Tid, 24 ZMWHD
Colibrys 3B, #liEH > T\ 3. Colibrys E T,
AR & L CoWEEAE I 2 Sk E MEMS IR
v —& LT, BEEEENMELTRBY, THe I H
J1 o SF-1500 (Hi—p%43), SF-3000 (Zi%5), 7V %
WAL D Digital-3 (R4 BEEREL TV S, K
WETIE, HIEERIC X 2 MEEFEED A1 L F RS
BRI B 5 MEMS HE#EE + v 3 — %2 H W ok sm o
A BN R Y R 7 4 O EBIRTREVERREE D 72
IZ, Colibrys tt @ 7 F v 7' 1718 SF-3000 )k & 7 ¥ ¥
VB Digital-3 ® & v — ZFIidER & L.

Fig. 313, 7 v # W J1B Digital-3 Icfdb & v+ —
HEMBERIBEONETH 5. KOAURIT 2 {HD MEMS

U —DEEISNTVS. Ths EERT IS0
VH— R COEETRENTH DL, WEBIZEL 113 5
nNTHY, GEF =S PNE SN TV, Fig. 413, 77
o 7 )R SF-1500 O N7 a v 7 KT, MEMS & ~
# — D JE 1 ASIC (Application Specific Integrated
Circuit) 1T & 2B A AATN TV A, Digital-3
3, ThoT7Fo/HRE 3RS, ERE24 £y ME
Eorvysvy—sx2Hdsbo7c, 7+ o 7R
F0bESIEEEMR SN TV, Fig.5d, 0
Digital-3 @[Alfg 7o v /RTdh 5. 7+ o 7Rd SF-
1500 % SF-3000 & 3 #isy, Fuyvr<io A/DE
BEY 2 L—yBflAATH, 128kHzDE y bR K1) —
ATTFOINNT—=MT A= 3 VT 4 IVF —~NED
N5, Digital-3 T, VYA —Yavy7 4y —&L
T, Cirrus-Logic #t® CS5376A i LTEh, FV
g F— IR (v 7)) v SRR T vy —
i) 13, CoLSLIcikET 3. FY s vHTIE VWS &
DfhiT, Digital-3 TR TH 5 5513, 16.384 MHz D F
Rz, 7Y 7 VEIERO TCXO GRERMIERK IR
B BEHsNhTWEETHE. COREEFERL, &
WEDOY 7 ) vy oy 7 26EE L, SAEREIEZE T
CTGPSWEDILWEWES LYYV v 7oy 7%
EIAEE 32 EN0JRETH 5.
2.2. MEMS BI=fSNEEE 3 —DEARLHF
Fig. 6, Fig. 81t 7 > v 7MKL UF 7 ¥ & WA MEMS =
BANLERE 2 v — KO L 3 — Y ONREEART. &
7z, Table L IZ I o DHEAMEEERERT. 7H e/ H
J15I MEMS JifFE & ~ 4 — 1B L T3, Colibrys {k
SF-3000 % 7 )V 3 ®EA/KEMRICINGA L, EHEICKEESR &
axz % (BREAT, 7FHorF—s ) 281
RESNOER, AE100mm X5 & 100mm, 1.0kg &
NG, GEBSRETH B, EIL, 12V/GT, E—72
e LTORAKNENEIG THS (G IFE/IILERE). *
to, /A XL (8 7fE) id, 300~500nGrms/ v/
(10-1000Hz) <, gal (cm/s») #5513, I1mgal I T
b5, HL, ZovrvH+—3HHEDCHES, +HhbbH

Fig. 3. Outlook of Digital-3 MEMS accelerometer sensor and its electronics

unit by Colibrys Ltd. (2006).
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Fig. 4. Block diagram and electrical connections of analog-output type MEMS accelerometer

sensor by Colibrys Ltd. (2006).
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gital Bit
Feedback to stream Output to
Center-mass FIR Filter and
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System Output

Digital Sensor Functional Block Diagram

Fig. 5. Block diagram and electrical connections of digital-output type MEMS
accelerometer sensor by Colibrys Ltd. (2006).

LB Tl ST EIIINEE SN T B EAH 1.2
Volt O DC A 7w FEFEELTHAEN S, Tk
W, WUNs s A4 XLV OIREABINIG 3EEICE, v
I—=FDDC LAVTHIFI LS W & D ISR 2 LN
b5, BRMEEELG%EELTR, avFryH—TDC
WA EHy v dB(a—hy b7 45 —=)m, DCA 7

oy FEF v VT B AIATL 1T & DI
BThB.

7V & VHTI MEMS s & » 4 —cBJ L T,
Colibrys #£® Digital-3 % 2 7 » L Z &IES/KERITIHN
L, EbmickiEESREaxs 4 (ERAT, FY5ILVF—
g T AR L7z, K& & /ERIF, AME 65 mm X G &

— 254 —



HARMEERNC B 35 MEMS BUNLERE & » & — QRS

175 mm, 1.4 kg &/NRCEWRAAIEETH %A% (Table 1),
A/DEWE Y 2 — VITEED A IS LTV 5 7
W, 77+ o 77 MEMS NS+ v 4 — X 0 i34 A
IR E WV, AEERA L 7 Digital-3 T, HINTEED
BR300 F-FEbH5 ROBEEOSVE—-FT
iZ, Ev hDEAD, 58nG T, /1 XL ~UL (Nominal)
&, 100nGpeak/V (10-400Hz) EHEENTWDS (&
s o 7E). -7, 7+ v 7 HIE MEMS S+ ~
+#— (SF-1500, SF-3000) &%t LA, HE/ 1 XL
NV I/5RRETHD, RELEFElLshTws &
ZoNd, HL, THEIRERCERLZETHD, E
BROMIEF — & Tl 4 2861, 1/6 £ TOERIIR
SN ot TOBBEET— KT, HEINESE R
302G ThH, 514+ v 7L v Y120dBLLEEE
LCTWa, TOE—FTIE, i o ERHIEF cIUE

Fig. 6. Outlook of earthquake observation system employed
with analog-output type MEMS accelerometer sensor.

MO[gETH 5. T oftic, JUBEE— F GUIEHEE
PH: £045G), (REEE— F (UEILREHPH: £1.6G)
MBI TE B, F12, V2 VEEREHSOHRE L, KEB
PISFU A= a v 7 4y —ITRIFLTOVS, AR
7 4 vy =K, ERRGIAE &R/ MAH D RS AT RE T
b, TV v IEBEEIERK 2kHz 5 S/ 0.5 Hz
$ THEIRTE %, 14, Digital-3 357 Y4 v7— 2 HH
DIcDDNTG X — §BEFCHIEIEEA VI —T = —
Z[BliEE, HHF— 5 22D 2 oEEE, v 7 v
77 ey g OFIEE S &, AR LB g Bl A AN
LWEDD 5.
2.3. MEMS B=pgaMEEE v —z2HO BRI
BEAYRF A

MEMS N £ v+ — %2 O 7o m o o n iRk ic &
NIEH Y R T & OFEBIA[REMEREE D 72 B 1, MEMS
BIZ R IR & v o — % BARHIEEIAl v 2 57 4 & L
T, THueHIEIROGF Y VIO v — A HE
Uit E A RGP & Lie, 7+ a7 )] MEMS
TEE L v+ —ick 3 v 25 A& LT, Colibrys thod
SF-3000 % Mgk L 7o =B ImEEE & 4 —1ig, (B HiEk
Bl Ao MS2000 L I3 — 5 KUY 59 &4
A vy 7 R L cilEEE A R L 72, Fig. 61
VAT ARERONEE, F1, MS2000 5L eE0
$v 2 7 LRSS % Fig. 71CRd. 74 v 7/ MEMS
DEE & » 4 — OBKERMNICE, ETEEYIc>0T
D HEITIHE D DC B85y % 45759 2 BRUAE 2 A0A
ATH 5.

iz, 7Y 7)) MEMS & £ v+ — i L %30
$RIE[E 13, Colibrys # d Digital-3 = MHEE & ~
B =T, (B HIBREI RSSO GPS L v — N/
ZIEIIRE, 7=y oA —HE R F oLl t Ny
T ERERL, YATa{LLIcbDTHB. Fig. 8izv

Table 1. Main specifications of MEMS accelerometer sensors.

Analog MEMS Accelerometer

Digital MEMS Accelerometer

. 1 vertical component
Multi-Component Sensors

2 horizontal component

1 vertical component
2 horizontal component

+1.6Gpeak (Strong motion mode)

(0.5ms, 1/2-sine)

Max. Acceleration +3.0Gpeak . e
+0.2Gpeak/+0.45CGpeak({High Sensitive Mode)

Sensitivity +1.2Volt/G 58nG/bit
Resolution (Digital Quantization) | — 60nG [High Sensitive Mode)
Frequency Response DC-1,500Hz DC-1,000Hz
Self Noise 300-500nGrms/y Hz 100nGpeak/y Hz [High Sensitive Mode)
Shock Resistance

1,500Gpeak 1,500Gpeak

Dimensions

100mm in diameter, 100mm in length

65mm in diameter, 175mm in length

Weight 1.0kg

1.4kg
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Table 2. Basic specification of the recording system employed with digital-output type MEMS accelerometer sensor.

Data Logger Digital MEMS 3C Accelerometer
Max. Records Channels 3ch g 1 vertical component
Multi-Component Sensors .
Data Format WIN Compressed Format 2 horizontal component
Sampling Frequency 100/250/500/1000/2000Hz Max. Acceleration +1.6Gpeak (Strong motion mode)
Data Storage Compact Flash Memory High Sensitive Mode Selectable | $0.2Gpeak/+0.45Gpeak
Max. Continuous Recording Time | 40 days or more @ 4ms Sampling Frequency Response DC-1,000Hz

Time Stamp Accuracy

<10 psec

Digital Quantization

&0nG [High Sensitive Mode]

Interfaces

High Speed Serial 460.8 kbps.

Shock Resistance

Bluetooth (BT). LAN

[0.5ms, 1/2-sine)

1.500Gpeak

Real Time Waveform Monitor (LAN)

Power Requirements

12vDC/0.12A (Typical)

Wireless (BT), System Caontrol [PDA) Environments Dust & Water Proof
DC+12V, Automatic System Shutdown Dimensions &5mm in diameter, 175mm in length
F in Case of Power Loss Weight 1.4kg

Power requirements - -

400 hrs or more continuous operation

with two 72Ah Li-lon Batteries Battery
Dimensions L207mm=W246mm=H174mm Battery Type Lithium-lon Battery
Weight >2kg Voltage and Capacity DC+12V/72ANh
Size L207mm=W 140mmxH232mm
Weight 7kg
GPS ANTENNA
A
MSZ2000REC
DATA LOGGER
Analog Accelerometer Unit
3 Component
GPS DATA
MODULE
~—  CONTROL BOARD ey
MS2000AD
I
Fig. 7. Configuration of earthquake observation system employed with analog-output type

MEMS accelerometer sensor.

Fig. 8. Outlook of earthquake observation system employed with digital-output type MEMS accelerometer sensor.

2T LRONERE, T, MS2000 %582 A0
v R T AN E Fig. 9 1ITRT.
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HEp o, F—Eic 2 EHo ey —E2BFEL, 1~
2OV 2 RE A N THIcE C L, HEF— 5 2005 L 7-.
Fig. 1017 + o 7 AR & 572 5 L HRI MEMS I
W2 vy — TS U 72 Sl I 2 n 9. EDR:
ik, 175 7O ko SKFE) X B, KFEE) Y o, -
TEy ZEholEiz, 74 v rBlERkt, 795 TEKEG

| pewav
r Battery
i
:

TRLTH B, DD, 7Hus/Hi#EFTY s
RO IRIARIE DR ARMEDS 1 £152 XD ICHELTH
5. NSO, HEZEE—FLTVEDN, KF
B OWIEO—BIcETOERGR LN T Eobh
5. TN, & —EROIRCBAES D EARN T
(i, EROEEIRIOEVICL 2HEBLENEZL LN
5. ZIT, IO DOEENERIEEV BRSO
Tt L, RiEEAAER <7 by, fRigHZE SO

DC+12v
Battery

{ ) GPS Antenna

Fig. 9. Configuration of earthquake observation system employed with digital-output type

MEMS accelerometer sensor.
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Fig. 10. Comparison of observed waveforms of impulsive seismic source by analog-output type and digital-output
type MEMS accelerometer sensors. Right-hand side shows figures of spectrum comparison (top), amplitude ratio

(middle), phase difference (bottom).
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Fig. 11. Observed waveform of vibrator sweep seismic source by analog-output type MEMS accelerometer
sensor. Sweep frequency: 8-96 Hz, Sweep length: 10 sec., Taper length: 0.3 sec.
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Fig. 12. Observed waveform of vibrator sweep seismic source by digital-output type MEMS accelerometer
sensor. Sweep frequency: 8-96 Hz, Sweep length: 10 sec., Taper length: 0.3 sec.
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Fig. 13. Waveform of ground noise observed late at night by analog-output type MEMS accelerometer sensor.
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Fig. 14. Amplitude spectrum of ground noise observed
late at night by analog-output type MEMS accelero-
meter sensor.
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Fig. 15. Waveform of ground noise observed late at night by digital-output type MEMS accelerometer sensor.
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Fig. 16. Amplitude spectrum of ground noise observed
late at night by digital-output type MEMS accelero-
meter sensor.
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Location map of the dense seismic array observation in Mizusawa district,

northern Honshu, Japan. Small square dots show the observation stations.
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R AR OEORE FO T V< ZICEFEDE 4
B5EIC3, MER TSk AREE SV, F 1k,
HEFHEICB LT3 v v — BRI O 8 ] nTRENE S5
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i) Type-C (Teleseismic Wave)
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W3, Fig. 19 (% Fig. 18 OEIRIZREFIC i@ E 7 + v
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Example..Local Earthquake
Station : Kitakami ML(M-2) / (Lat., Lon.) = (39.060, 141.203)
Event : (Lat., Lon., Depth{km), Magnitude)
= (38.875,141.600,73.8,3.0) South lwate Inland
Event time : 2007-12-6 05:55:43 6557
Display ; BPF..N/A [ Trace Max Scaling
Travel Time{sec)
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Fig. 18. Example of observed earthquake (Type-A).
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Example..Local Earthquake

Station : Kitakami Mt.[M-2) / {Lat., Lon.) = (39.060, 141.203)
Event : (Lat., Lon., Depth(km), Magnitude)

= (38.875,141.600,73.8,3.0) South wate Inland
Event time : 2007-12-6 05:55:43.65J5T

i : -1 T i
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lt g NS-comp
T Y e—— | EERSETI ot Mark L4-30 1.0Hz
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..|l|lI|L.,..,...‘,..*....,.... s At o i b am bt MIBFK L-4-3D 1.0Hz
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| - B PSS R P ....._...||“||,.Ii.......|.;.Jm_...._.. IR I | Lennartz LE-3D 1.0Hz
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—~ . aneaf Aurﬂhuqh-ﬂl..lld 0 b i e A ARt s . i s Lennartz LE'SD 10"2
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Fig. 19. Example of observed earthquake (Type-A). After applying band-pass filter: 0.01-7.0 Hz.
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Fig. 20. Comparison of amplitude spectrum for horizontal component of Digital- MEMS and 1.0 Hz geophone
sensor (Lennarz LE-3D). Time integration was applied to the observed record of Digital MEMS.
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Example..Regional Earthquake[1]

Station : Kitakami ML(M-2) / (Lat., Lon.) = (39.060, 141.203)
Event : {Lat., Lon., Depth{km), Magnitude)

= (37.304,141.757 44.1,5.9) Offshore Fukushima Pref.
Event time : 2007-11-26 22:51:37.56J5T

Display : BPF..0.01-5.0Hz [ Trace Max Scaling
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Fig. 21. Example of observed earthquake (Type-B). After applying band-pass filter: 0.01-5.0 Hz.

Example..Regional Earthquake[2]

Station : Kitakami Mt.{M-2) / (Lat., Lon.) = (39.060, 141.203)
Event : (Lat., Lon., Depth{km), Magnitude)

= (36.427,140.696,52.9,4.7) Northern Ibaragi Pref.
Event time : 2007-11-30 18:36:58.08J5T

Display : BPF..0.01-5.0Hz [ Trace Max Scaling

Relative Time(sec)
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Fig. 22. Example of observed earthquake (Type-B). After applying band-pass filter: 0.01-5.0 Hz.
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Example..Teleseismic Wave

Station : Kitakami MEL(M-2) / (Lat., Lon.) = (39.060, 141.203)
Event : (Lat., Lon., Depth{km), Magnitude)

= (-25.810,177.270,144.1,7.BMw) South Fiji Island
Ewvent time : 2007-12-9 7:28:39.00GMT

Display ; BPF..001-3,0Hz / Trace Max Scaling
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Fig. 23. Example of observed earthquake (Type-C).

Relative Time(sec)

After applying band-pass filter: 0.01-3.0 Hz

Table 3. Combination of various profiling method. Table shows profiling methods, which
employ controlled seismic source and natural earthquake data, and corresponding resultant
subsurface profile and related seismic sensors.

Processing Profiles Geophone | Geophone | Digital
(10Hz) (1Hz) MEMS
Active CMP Stack P-wave Seismic
Seismic Prestack Imaging Reflection Profile
Profiling Migration V/A Migration Velocity Profile o A o
RAP Processing AVO Response
Refraction Analysis Tomographic Velocity
Profile
Local Prestack Imaging !
Earthquake | ( Analogous to Reverse VSP ) Reverse-VSP-C.DP P.rofl'le o © ©
Imaging Interferometric Seismic P-wave Acous_tlc Seismic
[Type-A] Imaging Profile
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