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@+AB.*C-<D%A*E0%+<%F20%1-<F0GF%-;%HI%

•  JB.FB6*.%<-+D0%K%LAMB.D0%0G1+F*C-<D%

•  ::%N;0.FO%*F%F0DF%A*DD%P0;-60%

D0+DA+1%4*Q0%R0.E%*66+Q0D%

@S4*Q0%*66+Q0D%

*F%DBPSE0F01F-6%

:04F-<+*<%<-+D0%*F%A+66-6%

&%



@+AB.*C-<D%A*E0%+<%F20%1-<F0GF%-;%HI%

•  JB.FB6*.%<-+D0%K%LAMB.D0%0G1+F*C-<D%

•  ::%N;0.FO%*F%F0DF%A*DD%P0;-60%D0+DA+1%

4*Q0%R0.E%*66+Q0D%

•  #AP+0<F%D0+DA+1%A-C-<%

•  @B6;*10%4*Q0%A-E0.D%E0Q0.-M0E%P?%J0..*%

•  I2-6<0%*<E%3BT20D%A-E0.%;-6%PB.,%

1-<F6+PBC-<%

•  HDCA*F0D%A*E0%BD+<T%60*.%D0+DA+1%E*F*%

#%;04%2B<E60ED%

A0F06D%0<-BT2%F-%

DBMM60DD%DB6;*10%

1-<F6+PBC-<%

/B.,%1-<F6+PBC-<%

60A*+<D%

U%



:04F-<+*<%<-+D0%1-B.E%.+A+F%#EQ*<10E%V+6T-%
D0<D+CQ+F?%EB6+<T%2+T2%D0+DA+1%*1CQ+F?%

WVLXS''YU/S(&Z%

[%



@0+DA+1%D0<D-6%<0F4-6,D%1-B.E%P0%BD0E%;-6%
:04F-<+*<%<-+D0%DBPF6*1C-<%

•  @0+DA+1%D0<D-6%7D+T<*.%\%<-+D0=%

•  LI]%-BFMBF%7!"%D+T<*.%\%:8%<-+D0=%

•  ]+<E%^L7_=%F-%A+<+A+`0%NDBPF6*1F0EO%

D+T<*.%

•  aMCA*.%R.F06D%%

•  @BPF6*1C-<%0b1+0<1?%

•  (%c%:-%DBPF6*1C-<%

•  '%c%(''d%DBPF6*1C-<%

Ys(ω) = Y (ω) +

�
dω�

�

I

αI(ω,ω
�)XI(ω

�)

XI = sI + σI

Y = H +N

δ�Ys(ω)∗Ys(ω)�
δαI(ω,ω�)

= 0

αI(ω,ω
�) = −

�

K

�
dω��XI(ω)

∗XK(ω�)�−1�XK(ω�)∗Y (ω)�

@0<D-6%<-+D0%*MM0*6D%+<%

E+*T-<*.%0.0A0<FD%-;%

16-DDS1-660.*C-<%A*F6+G%

(1− �(ω))2 = 1− C†
SN (ω)CSS(ω)−1CSN (ω)

CNN (ω)

W!8%J0..*)%!"#$%&#)%!0<8%X0.8%!6*Q8%7&'('=Z%
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Test mass
Sensors

:04F-<+*<%<-+D0%DBPF6*1C-<%%
D+AB.*C-<D%

•  @+AM.+R0E%A-E0.%

•  HGM-<0<C*.%16-DD%1-660.*C-<%

;B<1C-<%P0F400<%D0<D-6D%

•  X0TB.*6%T6+E%

•  J0<F060E%*6-B<E%F0DF%A*DD%

•  ]-6%::%+<%`%E+601C-<%-<.?%

•  NaMCA*.O%M-D+C-<+<T%-;%D0<D-6D%

•  e00M+<T%M60Q+-BD%D0<D-6D%RG0E)%

1*.1B.*F0%DBPF6*1C-<%0b1+0<1?%

*D%;B<1C-<%-;%M-D+C-<%-;%<0GF%

D0<D-6%

•  aMCA+`0E%;-6%M*6C1B.*6%

1-660.*C-<%.0<TF2%7;60fB0<1?=%

�ρ(ω,x)∗ρ(ω�,x�)� = 2πΓ(ω)2δ(ω − ω�)e−
|x−x�|
ξ(ω)

ξ(ω) : Correlation length

g%



:04F-<+*<%<-+D0%DBPF6*1C-<%
D+AB.*C-<%60DB.FD%

•  /*D0E%-<%F2+D%A-E0.%D0Q06*.%

2B<E60E%D0<D-6D%<00E0E%F-%

*12+0Q0%*%>'%d%60EB1C-<%

•  @0<D+CQ+F?%-;%D0+DA+1%D0<D-6D%

@:X%h%>%

•  @0<D-6%<0F4-6,%-MCA+`0E%

;-6%;60fB0<1?%*<E%T0-.-T?%

•  aMCA+`*C-<%0*D+06%;-6%

2-A-T0<0-BD%A0E+*%

•  i-<T06%1-660.*C-<%.0<TF2D%

•  "2*F%+D%*%60*.+DC1%A-E0.%-;%

D0+DA+1%*1CQ+F?j% 100 101 102 1030.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Number of sensors

Su
bt

ra
ct

io
n 

ef
fic

ie
nc

y,
 1

 

 
Optimal / =0
Optimal / =0.4
Optimal / =0.8
Grid Lx = 0.5
Grid Lx = 1
Grid Lx = 2

]-6%T6+E%D+AB.*C-<D)%kKl%c%'%

Y%



$0Q0.-M%*%D0+DA+1%A-E0.%P*D0E%-<%A0*DB60*P.0%
fB*<CC0D%

•  5-DF%60.0Q*<F%fB*<CC0D%;-6%:04F-<+*<%<-+D0%DBPF6*1C-<m%

•  7n-406=%DM01F6*.%E0<D+C0D%

!  ::%D1*.0D%.+<0*6.?%4+F2%*AM.+FBE0%

•  J-660.*C-<%%

!  #D%*%;B<1C-<%-;%E+DF*<10%P0F400<%D0<D-6D%K%;60fB0<1?%
!  /0F400<%Q06C1*.%*<E%2-6+`-<F*.%A-C-<%

!  @BPF6*1C-<%F012<+fB0D%60.?%-<%716-DD=1-660.*C-<%*A-<TDF%D0<D-6D%*<E%P0F400<%

D0<D-6D%*<E%::%

•  J-AM.0G%1-660.*C-<m%

•  J-2060<10m%%

•  J-660.*C-<m%

Kk =
�ukz∗k��

�uku∗
k��zkz∗k�

|Kk|

αI(ω,ω
�) = −

�

K

�
dω��XI(ω)

∗XK(ω�)�−1�XK(ω�)∗Y (ω)�

�[Kk]
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HG*AM.0D%-;%D0+DA+1%1-660.*C-<%A0*DB60A0<FD%

•  JHX:%

%

•  $H@p%

%

•  3+T2%1-2060<10%;6-A%A+16-S

D0+DA+1D%

•  #P-Q0%*%;04%3`%1-2060<10%+D%.-DF%

4+F2+<%q(''%A%

•  i+F06*FB60%M6-Q+E0D%A-E0.D%;-6%

F?M+1*..?%P02*Q+-6%

•  HGM-<0<C*.%

•  /0DD0.%;B<1C-<%

sources of noises, depth of tunnel etc.�. For example, the
spectrum measured by Shiltsev at DESY presents much
larger amplitudes at f�1 Hz due to noises generated by
different technical devices of the HERA collider and of the
city.
The power spectrum allows one to identify contributions

from different frequencies according to the formula

�2� f 0� f� f 1���
f 0

f 1
p� f �d f . �6�

This is illustrated by Fig. 2, where the contributions of dif-
ferent frequency bands to the rms amplitude are shown. This
plot is the result of continuous measurements by Juravlev
et al. in Finland in the Hiidenvesi cave �10�. In the high-
frequency part the rms amplitude is one order of magnitude
larger during the working hours than during the nighttime
and holidays. The smooth variation of amplitudes in the low-
frequency part is due mainly to weather variations above the
ocean and sharp isolated peaks are earthquakes, usually re-
mote.
One should note that since the power spectrum of a real

signal is symmetrical, it is sufficient to consider only positive
frequencies with the proper normalization. In all figures in
this paper the measured spectra are defined so that the inte-
gral for only positive f in �5� is equal to the variance �2�.
However, in all formulas �except �6�� we will use spectra
defined from �� to �� in such a way that �5�, for example,
is valid.

2. Correlation measurements

The absolute measurements, performed simultaneously by
two sensors, allow one to find the mutual power spectrum of
two signals x1 and x2:

p12� f �� lim
T→�

1
T��T/2

T/2
x1� t �e�i�tdt�

�T/2

T/2
x2*� t��ei�t�dt�.

�7�

In contrast with p( f ) this spectrum is complex. For a real
signal x(t) one can write p12*�p21 , so that the imaginary
part is given by

2i Im�p12��p12�p21 . �8�

One can note that if characteristics of ground motion do not
depend on the location, then this imaginary part should be
equal to zero. This condition is assumed to always be satis-
fied.
The normalized mutual power spectrum can also be used:

N12� f ��
p12

�p1p2
. �9�

The real part of N12 is called ‘‘correlation’’ and its module is
called ‘‘coherence.’’ According to the above-mentioned as-
sumption, N12 will be real and p1�p2 and N12 will depend
on the distance between points but not on their position.
Perfect correlation between the two points corresponds to

N12( f )�1, the absence of correlations to N12( f )�0, and per-
fect anticorrelation �phase shift �) to N12( f )��1. Similar
to the power spectrum, in practice the estimation of the cor-
relation can be found by averaging several measurements.
The relative precision in this case depends also on the cor-
relation itself:

�N12
N12

��1�N12
nav

. �10�

In a simple case when there are only transverse waves that
propagate along the line connecting two probes, the waves
have phase velocity v , there is no dissipation, and the
sources of the waves are remote enough, the correlation �9�
will be equal to

N12� f ��cos��L/v �, �11�

where L is the distance between the probes. If the distribu-
tion of the directions of propagation is uniform on the azi-

FIG. 2. The rms amplitude of different frequency bands versus
time. The measurements were taken in Finland, October–November
1994 �10�.

FIG. 3. Correlation spectra of ground motion measured at
CERN in the LEP tunnel �7�. The distances between sensors were
225, 500, 1000, and 2000 m.
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FIG. 6: (Color) Coherence spectra measured at different distances at DESY: 0 m, 10 m, 600 m, 740 m (diameter of PETRA

ring) and 960 m in the HERA tunnel.

the seismic sensor will be a flat distribution up to the Nyquist frequency. Therefore, an efficient method to visualize

the “cultural noise” content of a site, as a deviation from purely random noise, is to plot the acceleration amplitude

spectral density S
(a)
k in units of µm/s

2
/
√

Hz

�
S

(a)
k = (2πk/T )

2
�

Sk. (9)

Eq. (9) utilizes the relationship between the PSD of displacement and velocity, Sec. III Eqs. (1) and ( 2), and an

analogous form of Eq. (3) in which the Fourier transform of displacement is written in terms of Fourier transform of

acceleration

ũk = −
˜̈uk

(2πk/T )2
. (10)

Results are shown in Figs. 11, 12 and 13. For simplicity of reference, they are classified into three groups: group A,

group B and group C sites respectively.

Since measurements were taken with a constant sampling rate, discrete Fourier transform translates these equally

spaced time bins into equally spaced frequency bins and since one plots with a logarithmic frequency scale, there would

be many bins at higher frequencies where concurrently, the signal becomes noisier. Therefore the data in Figs. 11, 12

and 13 have been re-binned into logarithmic frequency bins. The microseismic peak is seen in all of these plots.

However, group A sites show a clear deviation from the flat distribution expected as in the ideal case. Fig. 11 reveals

the high “cultural noise” content of these sites confirming the conclusion reached earlier by looking at Fig. 9. Group

A sites have an average rms value of more than 50 nm in general (see Table III). The site IHEP, Beijing, can be

classified in group B, but is placed in Fig. 11 for comparison. Group B sites, Fig. 12, generally have an average rms

vibration of 10-30 nm. Spring8, Harima in Japan which can be classified as group C, is shown together in Fig. 12

#8%@06?%*<E%a8%:*M-.?)%n2?D8%X0Q%H%>[%7(rrg=%%

"8%/+*.-4-<D%0F8%*.)%HsXaSI0V%X0M-6F%7&''Y=%%r%



]60fB0<1?%E-A*+<%<BA06+1*.%1-660.*C-<%
M6-M*T*C-<%*.T-6+F2A%

•  @+AB.*F0E%D0+DA+1%<-+D0%

•  :-+D0%E+DF6+PBF0E%4+F2%E0MF2%E0M0<E0<F%!P,S,Rm%%
•  !+Q0<%6*C-%P0F400<%M60DDB60)%D20*6%*<E%X*?.0+T2%

4*Q0D%

•  #%6*<E-A%M2*D0%*<E%+D-F6-M+1%E+601C-<%-;%
M6-M*T*C-<%+D%D0.01F0E%;-6%0*12%;60fB0<1?%P+<%

•  J-660.*C-<%*<E%60.*CQ0%M2*D0%-;%F20%<-+D0%
P0F400<%*..%T6+E%M-+<FD%+D%1*.1B.*F0Em%

•  J-2060<10%;-..-4D%T+Q0<%;B<1C-<%

•  $+601C-<%*<E%4*Q0SE0M0<E0<F%1-660.*C-<%;*1F-6%"
•  X0.*CQ0%M2*D0%*<E%60.*CQ0%E+601C-<%-;%F20%

1-660.*F0E%<-+D0%+D%1*.1B.*F0E%;6-A%F20%4*Q0%

E+601C-<%*<E%F20%T6+E%M-+<F%M-D+C-<D8%

•  J-660.*C-<%60.*C-<D2+MD%P0F400<%F6*<DQ06D0%K%

.-<T+FBE+<*.%E+601C-<D%*<E%2-6+`-<F*.%K%Q06C1*.%
1-AM-<0<FD%

| Xseis (!) |!
AP,S,R
f

e"z"P ,S ,R /#

Test mass!
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aNN (ω)

Xseis,i(ω)
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n60.+A+<*6?%60DB.FD%D2-4%1-+<1+E0<10%4+F2%
0GM01F*C-<%%

•  ('%G%('%G%('%T6+E%

•  #Q06*T0E%-Q06%[''%D+AB.*F0E%]]ID%

•  J-660.*C-<%1*<%P0%A-E0.0E%P?%

0GM-<0<C*..?%E01*?+<T%/0DD0.%

;B<1C-<%
W!8#8%n6+0F-%!"#$%&#%t-B6<8%!0-M2?8%X0D8%(([%7&''r=Z%
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:04F-<+*<%<-+D0%1-AMBF*C-<%*<E%DBPF6*1C-<%
BD+<T%1-660.*C-<%A-E0.%

•  J*.1B.*F0%:04F-<+*<%:-+D0%

•  n.*10%*%<BAP06%-;%D0+DA-A0F06D%

*<E%0Q*.B*F0%DBPF6*1C-<%0b1+0<1?%

•  n60.+A+<*6?%60DB.FD%

•  /*D+1%60TB.*6%T6+E%-;%DB6;*10%

D0+DA-A0F06D%

•  :-%-MCA+`*C-<%-;%<0F4-6,%

•  @+AM.0%D0+DA+1%*AM.+FBE0%A-E0.%

•  @M*6D0%T6+E%
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:BA06+1*.%A-E0.D%4+..%20.M%F-%E0F06A+<0%
60fB+60A0<FD%;-6%D0+DA+1%D0<D-6%<0F4-6,D%

•  50*DB60A0<FD%F-%P0%E-<0%*F%V+6T-%

F-%M6-Q+E0%+<MBF%;-6%A-E0.%

•  "+F2%F4-%M-6F*P.0%I&['%DF*C-<D%

•  n6-EB10%*<%0DCA*F0%-;%::%*F%F20%

D+F0%

•  aMCA*.%E0<D+F?%*<E%E+DF6+PBC-<%-;%

D0<D-6D%

•  X0fB+60A0<FD%-<%F20%D0<D-6%

D0<D+CQ+F?%

•  HGM01F0E%DBPF6*1C-<%0b1+0<1?%
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GS 11D 360 Ohm
GS 11D 4000 Ohm
GS 20DX 395 Ohm
hp MEMS
Typical Virgo seismic
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•  n06;-6A*<10%

•  !0-M2-<0%2*D%DBM06+-6%D0<D+CQ+F?%

•  i-4%1-DF%%

•  i-4%M-406%

•  :-+D0%D-B610D%

•  n60S*AM%Q-.F*T0%K%1B660<F%

•  $+T+C`*C-<%<-+D0%

•  @0<D-6%<-+D0%<0T.+T+P.0%

•  L<%1-..*P-6*C-<%4+F2%-F206%%

D1+0<CR1%0<E0*Q-6D%

•  @0+DA+1%+<F06;06-A0F6?%7Is%$0.u=%

•  i-;*6%D0+DA+1%*66*?%

•  n+0660%#BT06%-PD06Q*F-6?%



Xv$%+<F-%5H5@%*110.06-A0F06D%*.D-%B<E064*?%

•  L<%1--M06*C-<%4+F2%5H@#\%K%s<+Q06D+F0+F%I40<F0%

•  @+.+1-<%DF6B1FB60%

•  J*M*1+CQ0%+<F06;*10D%

•  n-D+C-<%E0F01C-<%

•  X*<T0%(''%BA)%<A%60D-.BC-<%

•  &'rg%M]KTw%(%;]KBA%

•  J.-D0ES.--M%;-610S;00EP*1,%1-<F6-.%%

-;%D0<D+<T%0.01F6-E0D%

•  n-F0<C*..?%120*M06%*<E%A-60%%

6-PBDF%F2*<%T0-M2-<0D%

(>%



@BAA*6?%

•  #EQV+6T-%D0<D+CQ+F?%+D%.+A+F0E%P?%

::%EB6+<T%2+T2%D0+DA+1%*1CQ+F?%

•  #%<BA06+1*.%A-E0.%+<1-6M-6*C<T%

A0*DB60*P.0%D0+DA+1%fB*<CC0D%+D%

P0+<T%E0Q0.-M0E%%

•  5-E0.%4+..%P0%BD0E%+<%1-AP+<*C-<%

4+F2%A0*DB60A0<FD%F-%M60E+1F%::%

*<E%60fB+60E%DBPF6*1C-<%

M*6*A0F06D%

•  @0+DA+1%<0F4-6,D%*<E%D0<D-6D%

B<E06%E0Q0.-MA0<F%+<1.BE+<T%

5H5@%F012<-.-T?%%
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