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Abstract In the observation of seismic rotational motion, fiber-optic seismometers with wide

frequency band, high sensitivity and portability have broad application prospects. The performance of
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fiber-optic rotational sensors is affected by the ambient noise of the observation environment.
Therefore, it is of great significance to test the limit of instrument self-noise and verify its
teleseismic signal resolution ability in low-noise environment. In the underground tunnel of the
discontinued Huainan Panyi-East Coal Mine, which is located at a depth of —848 meters, we
carried out a joint deep underground seismic observation. The self-noise and LLove wave recording
capabilities of four types of rotational seismometers, including molecular-electronic rotational
seismometer (R-2) based on electrochemical technology and three types of fiber-optic rotational
seismometers (FOS1/FOS2/FOS3), were compared to figure out instrument sensitivity and
characteristics. Results indicate that the sensitivity of the fiber-optic rotational seismometer is
higher than that of R-2 electrochemical seismometer; the size of fiber-optic seismometer limits the
high self-noise of FOS3 six-component seismometer (three translational components + three
rotational components) ; FOS1 and FOS2 fiber-optic seismometers have lower self-noise and Allan
deviation, which can effectively record the teleseismic rotational signals with an epicentral
distance of about 1000 km, and the waveforms recorded by the two seismometers keep higher
coherence. It can be deduced that the deep underground environment can be used to test and

compare the self-noise of fiber-optic rotational seismometers, which will help to understand and

improve the performance of rotational seismometers in China.
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Fig. 3 Photos of observation stations

(a) — 848 m underground tunnel; (b) Photos when arranging instruments; (c) Refrigeration chamber; (d) Surface observation

instrument array; (e) FOSI fiber-optic rotational seismometer; (f) FOS2 fiber-optic rotational seismometer; (g) FOS3 six-component

seismometer (left) and R-2 rotational seismometer (right); (h) Deep underground observation instrument array.
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Fig. 6 FOSI1 (a——c) and FOS3 (d—f) harmonic noise frequency band distribution
(a,d) Harmonic noise amplitude and frequency scatter plot; (b,e) Frequency relation of harmonic order;
(c,f) Amplitude (dB)-frequency attenuation relationship.
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Allan deviation of rotational seismometers
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e 7 Me A 9 5% . FOST 72/ T 100 s JBA N 5
FOS2 i ol 16 8 4 0 B AR BT — 5 /9 10
FOS2 9 R. 7y &t Allan i £ 9F % i 2t V Bl
2% (Vaccaro and Zaki,2012) ,4F 100 s A ¥ L B ¥
RAGTE P AL & RO MR LR R S T AR i
XF LRI A7 i B AEAE 22 0. R-2 19 Allan
5 2 MERAE 0. 2~20 s FEE AN A — A4, R
A AE A « (D BB BOARA OGRS T4 W AT B2 (2)
I A 3490 LN R2 1) 4% 3é6 R B8 FE 4 1 (Bernauer
et al. ,2012).
x2 UFENAFISH
Table 2 Instrument test characteristic parameters
ek XA
sy Al

FOSI 8.0601X107°

ARW(rad « s7V2) Bl(rad » s7%) RRW(rad + s ?)

2.5870X 10710 5.4394X 1071

FOS2 3.2342X107%  1.7853X107°% 9.8743X10"!!
K FOS3 1.0623X1077  2.3998X107° 4.6819X10 !
R-2  1.0688X1077 4.3448X10° 7 1.6499X10°°
FOS3 1.0343X107%  5.3496>X107° 1.9141X10~1°
o R-2  4.6565X10°7 6.5485X10°%  2.6672X10*
FOS2 1.5191X10°%  2.1524X10°° 7.8055X10 !?
Ry, FOS3 1.1581X1077 5.1934X107°% 2.7604X10" !
R-2 1.2256X1077 4.8453X107% 6.5229X10"!!

2.5 HIENXTEE

A v ] b 22 5 O o 3 SR A YA i UR T A (1)
7% H 5 (https: / news. ceic. ac. cn/) , i 7 1 Fd & #
LT F e 7 A o RO M XS R 107 K3 REL E
HREH)F-3F 5. H i T2 N R R T 1000 km
FR L 52 e AR 5 LF- Sl A5 5 AH 0 BE 55 AR Y 2
WHLE=H A B 2021 4 4 A 18 HIE QIS AEE R E
MR 5 LA F iR (B 1 HLEL 5 HLE2, 72
HR LR 3). PR 52 52 P A BE B AL 2y 10 km, &
B ZIAUAH 2229 3 min, YN R IE MR, K] 8 IR T
THE T R LA (] 5L 28 U0 T 1% e 2% i 3] 38 B B i A5 5
Horb, el M A2 A0 St Ay 2 3L DU Y R. i e A
T AT M R IO 7% 4 2 U1 [ SF- Sl i R S i CHly TR
5k 52 1 R BSCR A7 i 0] A, R-2 A 30 5 31 12 ) B 1 5K
). gk A b2 R o3 2 DR T IS B R O 6
S UEPEHT B BIE ) L AR TE TR IS WO 045 B 1
SNR A SCfl A9 5 W8 bE 153005 26 A UM 5 s
P M 5 W P B IR W 24 AR PO AED) 5 T 2R O O i 4k
JINIE 7R i ) 85 1% (Kristekova et al. , 2006). B 4 47
Hi R A B M R IC S P AR TE T AR R lasp9l AL
A4 b 2= % B8 2] B (Kennett and Engdahl,1991).

x3 HEMS.65M6IMERNASHERR
Table 3 Earthquake catalog of Hualian M5. 6 and
M6. 1 earthquakes

2 % By i Z W B
N (UTC) M O @) (km)  (km)
2021-04-18  _ .
HLE1 1411 :39 5.6 23.92 121.53 7 1078. 80
2021-04-18 . .
HLE2 14:14:38 6.1 23.94 121.43 5 1072.71

Hi [ 8 T LA o i 5% 15 5 A 15 M Lb B i AUl
9. 85(FOS2) i A1k FF- 2l {5 5 {5 W bL — T 1T B 1A
T8 5 A AL A R DCPR 5y — Ty 1T X i 2 b RR S ) K
JIE B M T R R BT R OB R LI U v R
R EE. AR HE T R ALHOG IR AU BT Tk 52
Gy 7 O 9 R BE ) (Lee et al. .2009b) . IR
a0 7R 1O T e i b 7R AN A A BE TS A B R 4R T
=3 [a] (Aki and Richards,2002).

145 0] [ PR b KB AE 9 SH 325 Love
P R4 R J5 ) WY Jie e iz 3l . i SV il Rayleigh
P A G p e #%. AR FOST 5 FOS2 £
ROCR T IR R R, e ¥ 155, 7E 4 3% b fE
BFIWIAL B B Love 1Y RE . 76 U8 P & il 4 N
(R A () 400 26 i 3 A5 5 o 3R B0 0 AN ) 19 5 2 - FOST
HIICSEAE 0. 3~0. 4 Hz A B0 b = , FOS2 £ 0. 6~
0.7 Haz A5 EB 0 W w5 52 BT B 2 5 305 M 6 X 19
FI W P K F- FOS3 50 10 55 213 79 U b 7% 5 7

E A W FE R G e R 73 1t 5 8- 3 o3
] SRy M52 5 J7 AL AR S AE R Y TS SR AR T Y A ke O
% (Igel et al. ,2005). BP LS 1, A XL %) Love
g 3 (1] Ji e 3o 32 15 D) o o 3 J8E AT 52 B Loove JAH B
JE P T ST L S B WL, R S B A P e e b R
AU (4 Love % R. 43 & 5 [6] 1k WL I (4 ~F- 2l 1) [a]
T B Ar BA B & A 56 Pk (Kurrle et al. ,2010;
Yuan et al. ,2020) , 3 1 Ay VAR ié e 1 72 AOKS B2 5
PERESE Bt T 2%, 18 9 JE/R T HLE2 #i5R Love 3
3K 5 #Y -3 5 e E AR T I — AL OB X L. Sy TR
& Love i iy 7 P 3 [ Jie 5% 38 B2 5 U0 1) Jin 3 BE 79 AH
SN FATHT I H) PR 5 S A BE D 2 s RIS E) B L 3
BIOfRic A mE N E W EMERE 5
FOSI # kb . FOS2 WLl 1) R. 43 & 2 80 3 5 U0 1)
R EE B R AR S L DR 22 O ) 7 PN R O AR AR A
0.75 LAk, BB FOS2 Xt Hb i 5 1 9 LI A 451
BA—E L.
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(a) R. rotational rate observed by FOS1
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Fig. 8 Waveform and time-frequency spectrum of Hualian earthquake recorded by fiber-optic rotational seismometers FOSI (a),
FOS2 (b), FOS3 (¢) and broadband seismometer CMG-40TDE (d)
The gray waveform in the upper half of the sub-graph is the original signal, and the other colors are band-pass filtered signals

(passband: 0.3~0.7 Hz).
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T3 #r (Grinsted et al. , 2004; Mao et al. ,2020). i (Cross Wavelet Transform, XWT)# /R T
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Fig. 9 The fitting degree of R, rotational rate and At transverse acceleration and

their correlation coefficients in time domain
(a) At and R.(FOS1); (b) At and R.(FOS2); (¢) R.(FOSI1) and R.(FOS2). The black curve is the transverse acceleration
observed by broadband seismometer CMG-40TDE. The blue and red curves are the vertical rotational rate observed by FOSI and
FOS2 rotational seismometers, respectively. The dotted line is the control line with the correlation coefficient of 0. 75. The green

circle is the correlation coefficient of waveform in the corresponding time window.
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Fig. 10 Wavelet coherence analysis of transverse acceleration and vertical rotational rate
The first row displays the acceleration/rotation rate waveform in the time domain, and the first column shows the Power Spectral
Density. (a)—(c) is the Wavelet Coherence (WTC) of the two instrument signals corresponding to the row and column, and (d)—({)

is the logarithmic scaling amplitude of the Cross Wavelet Transform (XWT).
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] XWT o ik 8L T %5 5 1 B 48— k. /N A T
% (Wavelet Coherence, WTC) gt — 3/~ T = B
{55 % 2/ P A2 43 A T . 5 FOSL M 1L,
FOS2 WL R. Jié ¥ 55 U1 1a) > 3l in 38 B2 22 1) 44 3K
TSR AR TR S A A TS

3 e

Mg b ERAE SRR T R B ZE 1 AR
15 20 1 40 55 W P HL A WSO s 0 A T BRLG S TR R
Hiu R Y M RS K PR 2 2 IR T M AT (Carter et al.
1991; Marfaing et al. , 2009; Rosat et al. ,2016).
35 T2 25 Bl T8 A - Sl R AR R R X
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2017).
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Fig. 11

Root PSD of 3™ and 4™ mockups of fiber-optic gyroscopes developed by iXblue Co. The 3™ mockup has

stable low-frequency band, but high noise in high-frequency band; the improved 4™ mockup get a decreasing of the

high-frequency noise (green circle on the right), but at the expense of low-frequency band stability (red circle on

the right) (de Toldi et al. ,2017)
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