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Next generation GWDs
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Einstein Telescope Design sensitivity
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Next generation GWDs
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Newtonian Noise (NN)
• Direct consequence of mass density fluctuations in the environment 
• seismic noise, advected temperature and humidity fields, acoustic fields 
• NN is a changing gravitational force accelerating the suspended test masses 

• NN bypasses isolation systems designed to suppress environmental/seismic noise 
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δ ⃗a( ⃗r0, t) = − G∫ dVρ( ⃗r)( ⃗ξ( ⃗r, t) ⋅ ∇0) ⃗r − ⃗r0
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Harms, 2015 https://doi.org/10.1007/lrr-2015-3

https://doi.org/10.1007/lrr-2015-3
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Newtonian Noise (NN) Model
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From seismic fields

Harms, 2015 https://doi.org/10.1007/lrr-2015-3
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Newtonian Noise (NN) Model
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Newtonian Noise (NN) Model
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Newtonian Noise (NN) Model
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From seismic fields
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NN cancella'on
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NN cancella'on
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NN cancella'on
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NNC system for ET

14

• 12 TMs require NNC 
• 20 seismometers per TM 
• Seismometers: high sensitivity, high SNR, <10Hz

} = 240 borehole sensors 
(Very expensive)

Simulation results for body wave NN

Badaracco, Harms. 2019, https://
doi.org/10.1088/1361-6382/ab28c1

8

Figure 4. Comparison of DE with BH algorithm, and of single-axis with three-axis 
case. The number of seismometers is N  =  6 with SNR = 15. The seismic !eld has a 
mixing ratio p   =  1/3. In each case, the optimization was run 100 times and solutions 
collected in one plot. The colors on the bar measure the different values of residual 
obtained with the minimization. See the appendix for a better understanding of the 
optimal array con!gurations. (a) Minimum residual R = 0 : 4298 found with BH 
algorithm. Seismometers with one measuring axis along x parallel to the relevant 
test-mass displacement. (b) Minimum residual R  =  0.4159 found with BH algorithm. 
Seismometers with three measuring axes (x, y, z), relevant test-mass displacement along 
x. (c) Minimum residual R  =  0.4298 found with DE algorithm. Seismometers with one 
measuring axis along x parallel to the relevant test-mass displacement. (d) Minimum 
residual R  =  0.4159 found with DE algorithm. Seismometers with three measuring 
axes (x, y, z), relevant test-mass displacement along x.

F Badaracco and J Harms Class. Quantum Grav. 36 (2019) 145006

https://doi.org/10.1088/1361-6382/ab28c1
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Distributed acoustic sensing (DAS)
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Multiple fibers in 
individual boreholes 

and along 10km 
interferometer arms

Fibers are very 
sensitive seismic 
strain sensors

OTDR: optical time domain reflectometry
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× 10−5
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WAVE
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Seismic network 
in Hamburg

Abbildung 1: Karte der Faser-Teststrecke im Demonstrations-Experiment am Campus Bahrenfeld und im Tunnel
des EuXFEL. Im Nordosten verläuft die Faser durch die Experimentierhalle

”
Max von Laue“ und folgt dort kurz der

Kreisbahn von PETRA. Weitere Sensoren und Anregungspunkte sind ebenfalls in der Karte verzeichnet. Die rechte
Seite zeigt die Lage der Testumgebung und des Campus in Bahrenfeld im Hamburger Westen.

EuXFEL Tunnel konnten unmittelbar einigen dort laufenden Subsystemen zugeordnet werden. Die Systeme
(Hochfrequenz-Stationen) wurden hierfür einzeln abgeschaltet und konnten so direkt im Interrogator iden-
tifiziert werden. Durch diesen Schritt konnte auch indirekt die Positionsreferenzierung des Fasersensors im
Tunnel realisiert werden, da die Position der Systeme dort genau bekannt ist. Im EuXFEL Tunnel konnten
auch Audioereignisse identifiziert und lokalisiert werden, wobei o↵enbar lautes Sprechen und Rufen Faserab-
schnitte in spezifischen Tunnelabschnitten anregte. Weitere Informationen und Details der Messkampagne
sind in Anhang A zusammengefasst.

Das Demonstrations-Experiment endete mit dem Abbau der Glasfaserinterrogatoren und Seismome-
ter. Anschließend wurden alle Daten (ca. 60 Terabyte) gesammelt und auf einem Server des Physnet-
Rechenzentrums der Universität Hamburg zur Datenauswertung gesichert. Seit Juni 2021 besteht hier für
alle Nutzer der verschiedenen Institutionen die Möglichkeit, die Daten mit den dort vorhandenen Rechen-
leistungen zu analysieren. Damit ging die Demonstrationsstudie in die zweite Phase über, die Datenaus-
wertungen, welche seitdem andauert.

6

• Large research campus  
physics, seismology, engineering, informatics, … 

• May 2021, 2 weeks, 60TB 
• Sensors: 

• 12.6km fiber readout with 2x DAS Systems, 
1m gauge (= 12,600 seismic strain sensors) 

• Seismometers, Geophones, Rotational 
seismometer

(http://wave-hamburg.eu)

mailto:no_reply@apple.com
http://wave-hamburg.eu
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WAVE data analysis 
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Seismometer vs. DAS measurements

Abbildung 11: Vergleich der Seismometer-Daten mit den DAS-Daten. Dargestellt ist ein Erdbeben, das am
21.05.2021 in Qinghai (China) mit einer Magnitude von 7,4 stattfand.
In der Abbildung sieht man, dass die Amplituden der Summenspur aus 600 Datenspuren im Zeitfenster, in dem das
Erdbebensignal eintri↵t, größer sind als diejenigen der Einzelspur. Die Amplituden des nicht erwünschten Rauschens
am Anfang der Datenspur werden dagegen reduziert. Im untersten Plot sind viele DAS-Datenspuren untereinander
abgebildet. Die blaue Linie markiert die in der mittleren Abbildung gezeigte Einzelspur. Der rote Bereich umfasst die
600 Spuren, aus denen die Summenspur gebildet wurde.
In der unteren Graphik sind neben den vertikalen Linien, die den kohärenten seismischen Wellenfronten entsprechen,
räumliche Variationen der gemessenen Schwingungsamplituden zu sehen. Diese können mit inhomogenen Untergrund-
strukturen zusammenhängen und veranschaulichen, wie DAS-Messungen eine hohe zeitliche und räumliche Auflösung
bieten.
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• Earthquake Magnitude 7.4,  
May 2021, Qinghai, China 

• Comparison between seismometer 
(displacement) and DAS (strain) 

• Coherent seismic wavefront 
propagating through the EuXFEL 
tunnel 

• Spatial variations of the 
oscillation: due to inhomogeneous 
subsurface structure? 

• More results online: 
http://wave-hamburg.eu

http://wave-hamburg.eu
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Abbildung 5: Spektren aller DAS-Sensoren entlang des Beschleunigertunnels XTL während des Beschleunigerbetriebs
des EuXFEL. Bereits auf den ersten Blick sind viele Komponenten, die Störungen oder Geräusche verursachen, anhand
ihres charakteristischen Spektrums identifizierbar. Exemplarisch sind einige prominente Komponenten markiert.

EuXFEL 47.5 Hz Störfrequenz Die Experimentatoren beim EuXFEL beklagten sich letztes Jahr über
Störsignale, die bei der Auswertung der Experimente als Artefakt sichtbar sind und damit die Messungen
beeinträchtigten. Eines der Störsignale äußerte sich bei einer Frequenz von 47.5 Hz. Dies wurde in der
Experimentierhalle am Ende des Beschleunigers beobachtet. Dieses akustische Geräusch wurde o↵ensicht-
lich auf den Photonstrahl übertragen und war so letztlich auch auf den Experimentierstationen als Artefakt
sichtbar. Wie in Abbildung 6 zu sehen ist, ist diese Störfrequenz auch deutlich in den DAS-Daten zu finden.
Dank der Ortsauflösung konnte sowohl die Art der Störung, akustische Wellen, als auch ihre Ausbreitung
im Tunnel untersucht werden. Dabei war die große Reichweite der Störsignale im Tunnel, mehrere hundert
Meter, überraschend. Mittlerweile konnten von den Kolleg*innen beim EuXFEL Heliumkompressoren als
Ursache identifiziert werden.

Abbildung 6: Spektrum eines Tunnelabschnitts im
EuXFEL, fokussiert auf das 47.5 Hz Störsignal. Es wird
zum hinteren Teil des Tunnels stärker und wird durch
Heliumkompressoren verursacht. Dieses Störsignal be-
einträchtigt die Messergebnisse aus der Experimentier-
halle, konnte aber für lange Zeit keiner Ursache zuge-
ordnet werden.
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Noise source, 47.5Hz, imprinted 
onto the photon beam in the 

EuXFEL at DESY ?

• The spatial resolution of 
the DAS system could 
identify the noise source: 

- classified to be acoustic 
noise 

- Identification of origin 
of noise sources 
(Helium compressor) 

• More examples and 
animations online: 
http://wave-hamburg.eu

http://wave-hamburg.eu
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DAS investigations
• Sensor self-noise measurements 
• Comparison with seismometers 
• Coupling tests to ground 
• Investigation of special fibers 

(engineered and helic) 
• Limitations for ET: 

• Interrogator is a black box 
• Fiber lengths ⚡pulse repetition 

rate and backscatter power 
• High optical input power for high 

spatial resolution and long distance 
• No multiple fiber readout 
• dynamic range ⚡, fading, LFN 

• Own sensor development

20

DESY tunnel

Fiber clamping system Cable platforms
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New distributed fiber sensors for ET
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Using digitally-enhanced heterodyne interferometry
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- Much higher signal 
- Reasonable losses 
- Less fading (control of phase) 
- Highly-precise interrogator required to 

use extra light & reduce the noise floor

e.g. FBGs, 
accelerometers, 

…
Engineered fibers

Shaddock, 2007, DOI: 
10.1364/OL.32.003355

https://doi.org/10.1364/OL.32.003355
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Fig. 2: Measured signal amplitudes of a delay scan using the two-mirror set-up (see inset)
with a mirror separation of 36 cm and a PRN rate of 1.25 GHz. The amplitude of the model is
determined by the power levels expected from the cavity response for collimated beams. The
model also assumes that the bandwidth of the PRN code generation and the signal detection is
infinite.

range of demodulation delays. By using the triple mirror delay line we can vary the delay with
sub-sample precision (2 cm steps). For the two-mirror constellation with l = 36cm the resulting
amplitudes are shown in Figure 2. The maxima corresponding to the reflection at the first mirror
(a), the reflection at the second mirror (b) and to multiple round trip signals (c for the first round
trip) are clearly visible. This shows that the system is indeed able to multiplex optical signals
with path length differences of only a few centimetres. As expected, by blocking the second
mirror all but the first correlation peak vanish (not shown).

However, the measured amplitudes show some significant deviation from ideal values. The
first aspect is that the maximum amplitudes of the correlation peaks do not match to the power
levels expected from the mirror reflectivities (see red dashed lines in Figure 2). We do not
assume that this is caused by the DI scheme, but rather that the interferometric contrast is not
equal for the measured delays. Due to the divergent beam and the non-stable cavity geometry
(two planar mirrors) the modes of different back reflections can vary significantly, potentially
leading to this effect.

The second deviation to notice is that the form of the peaks is deviating strongly from the
ideal rectangular shape expected for an ideal system with infinite bandwidth. Furthermore, the
form varies even between the peaks and it sometimes includes additional maxima next to the
actual correlation. The slow drop of the correlation from one peak to the next is the reason that
we choose a mirror distance of three times our minimal delay separation (3x12 cm), to reduce
the inter-signal cross talk.

There are various possible causes for these deformations. To discuss this we remind the
reader of the principle behind DI [1]. The PRN code that is phase modulated onto the light
can be described by a function c

0(t) with values {0;p}. For the demodulation, a delayed copy
of the PRN code c(t � td,x) is used that has corresponding values {1;�1}. In the ideal case
for a single reflection, the photodiode signal vPD(t) is decoded with the correctly delayed PRN
code (see Eq. 1) and the properties of the phase modulation c

0(t) generate a bipolar amplitude
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Results DI experiment
• High speed free beam setup in air 

  →  spatial resolution 
 @ 10 Hz   |    @ 1 Hz 

fPRN ≈ 1.25 GHz 12 cm
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Isleif et al. 2014, DOI:10.1364/
OE.22.024689
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Fig. 3: Displacement spectral density of the two-mirror set-up using a phase modulation of
1.25 GHz and a mirror separation of 36 cm. Shown is the phase noise of the initial signals l̃x
(blue), the relative mirror motions l̃ba (orange) and l̃ca (green) and the null measurement Dl̃

(red).

To investigate the unknown noise and to exclude optical effects and cross talk between a, b
and c, we perform measurements using an alternative zero combination. By tuning the overall
delay we read out the phase of only the first reflection using two consecutive PRN delays
(a-,a+ in Figure 2), while blocking the second mirror. Both of these signals contain the exact
same optical path length, therefore their phase difference should combine to zero:

ẽ =
2p
l

(ja+ �ja�)⇡ 0. (6)

The results of this measurement with a PRN rate of 1.25 GHz are shown in Figure 4 (green).
We find an excess noise increasing to low frequencies, which is likely the same one observed
in the two-mirror measurements.

To exclude the presence of classic heterodyne interferometer noise sources in the zero com-
binations we analysed the coupling of laser frequency and amplitude noise and found both to be
negligible. By using different PRN repetition lengths we confirmed that these do not influence
the noise at low frequencies as would be indicative of higher or lower PRN autocorrelation with
a change in code length. We therefore conclude that the effect must be unique to the DI scheme.

5. Clock noise coupling due to limited bandwidth

If we assume the PRN correlation does only influence the signal amplitudes (see Equations 1
and 2), one would not expect the phase noise present in ẽ . However, since the bandwidth of
our system is limited, a coupling between the delay, which determines the correlation, and the
measured phase might exist. If such a coupling is present, any variations in the overall delay td
would create a phase change and the coupling factor would depend on the delay position on the
correlation peak. Such a delay can easily be introduced by clock noise in either the transmission
or detection of the modulated signals.

Based on this assumption we introduce the possibility to modulate the clock of the serial
transceiver relative to the ADC clock in our experiment. Thereby, we can directly influence td.

Mirror motions

3 orders of magnitude 
common mode rejection 

„Null“ stream 
(sensing noise) 

(here limited by clock jitter)

• Multiplexing capabilities 
• High dynamic range 
• High common mode rejection 
• Flexible signal combinations

https://doi.org/10.1364/OE.22.024689
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per DI-interrogator 

feasible

Common mode rejection pm/√Hz-level 
performance < 10Hz 

Optimal strain sensor 
array for NNC  

with Jan & Francesca
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(a) Distributed optical fiber sen-
sor (DOFS) around test mass
read out by digitally-enhanced
heterodyne interferometry (DI).
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(b) Simulation on optical power required in an interfer-
ometer to achieve pico-strain-precision with a wave-
length of 1550 nm. The minimal signal power in com-
bination with strong LO of 1 mW is 20 nW.
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The power level is set by Fig. 4b.

Fig. 4: Simulations and sketch of the number of sensors and arrays.

which is restored after digital demodulation. DI allows signals originating at different locations10 in
the setup to be distinguished during signal processing by using their autocorrelation properties. The
copies of the PRBS codes are shifted accordingly to the time-of-flight of the desired signal to recover
the phase measurement. The faster the phase is modulated, e.g. 500 MHz, the higher the spatial
resolution, e.g. 20 cm in fiber11. In a laboratory experiment, the PI demonstrated that high-speed
PRBS modulation of 1.25 GHz can be used to resolve individual signals within 36 cm spatial
distance with a sensitivity better than 3 pm/

p
Hz at 10 Hz [31]. Since the discrimination of

optical signals in DI is based on the time-of-flight analysis, the phase modulation speed must
be taken into account by the ENG in the design of optimal sensor arrays (optimal DOFS).

To realize a multiplexed readout scheme with more than a hundred channels, technological and
fundamental limits must be considered:

1) Fundamental limitations in laser interferometry are shot noise (SN), electronic noise (EN) and
relative intensity noise (RIN), which dominates the optical readout noise for low optical powers. Un-
published simulations were made by the PI, estimating the required laser input power for a
given number of FBGs in one DOFS, shown in Fig. 4. Fig. 4b shows the combined fundamental
noise sources and indicates that an optical power of at least 20 nW12 must be back-reflected from
the n-th FBG to ensure pico-strain-/

p
Hz-noise. The reflected power at the n-th FBG is the weakest

and is shown in Fig. 4c. The solid lines show the optical power reflected of the n�th FBG, and the
dashed lines show the power of the n�th roundtrip between FBGs in the transmission of the fiber.
Both signals are used to read out and characterize DOFSs. To achieve the 20 nW level an input
power of 0.4 mW (10 mW) is required to read out 100 FBGs with 3% (5%) reflectivity per DOFS.
The ENG will refine these simulations by integrating fiber losses and reflection gradients to
ensure optimal signal qualities in both reflection and transmission of the fiber sensors.

2) The magnitude of crosstalk between channels in DI is proportional to the ratio 1/L, where
L is the length of the M-sequence. A research group at Australian National University (ANU) in
Canberra has analytically and experimentally shown that crosstalk between two electric fields can
be suppressed up to 55 dB13 [38] . Based on this, DI should be able to measure the phases of up
to several hundred channels with one single photodetector. The same research group has recently

binary sequence (PRBS), which is periodic. They are bit sequences generated using maximal linear-feedback shift
registers and produce a sequence length of 2m � 1

10having a time delay
11xair = v/f = 3 · 108 m/s/500MHz = 0.6m ) xfiber = 0.6m/(n = 1.45) = 0.4m, divided by 2 assuming a reflection setup
12for a wavelength of 1550 nm. The minimum optical power for 1064 nm is 40 nW
13with a phase measurement bandwidth of 10 kHz and for 1� 10 pm/

p
Hz displacement sensitivity
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fundamental limits must be considered:

1) Fundamental limitations in laser interferometry are shot noise (SN), electronic noise (EN) and
relative intensity noise (RIN), which dominates the optical readout noise for low optical powers. Un-
published simulations were made by the PI, estimating the required laser input power for a
given number of FBGs in one DOFS, shown in Fig. 4. Fig. 4b shows the combined fundamental
noise sources and indicates that an optical power of at least 20 nW12 must be back-reflected from
the n-th FBG to ensure pico-strain-/
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Hz-noise. The reflected power at the n-th FBG is the weakest

and is shown in Fig. 4c. The solid lines show the optical power reflected of the n�th FBG, and the
dashed lines show the power of the n�th roundtrip between FBGs in the transmission of the fiber.
Both signals are used to read out and characterize DOFSs. To achieve the 20 nW level an input
power of 0.4 mW (10 mW) is required to read out 100 FBGs with 3% (5%) reflectivity per DOFS.
The ENG will refine these simulations by integrating fiber losses and reflection gradients to
ensure optimal signal qualities in both reflection and transmission of the fiber sensors.

2) The magnitude of crosstalk between channels in DI is proportional to the ratio 1/L, where
L is the length of the M-sequence. A research group at Australian National University (ANU) in
Canberra has analytically and experimentally shown that crosstalk between two electric fields can
be suppressed up to 55 dB13 [38] . Based on this, DI should be able to measure the phases of up
to several hundred channels with one single photodetector. The same research group has recently
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DI distributed strain sensors

[3] Sibley etl al 2020: https://www.osapublishing.org/abstract.cfm?URI=oe-28-7-10400

• Fiber noise (length, temperature, humidity) 
• Laser noise (laser frequency noise)1 
• Clock jitter noise (high speed) 
• Autocorrelation suppression  

(length of PRN code) 
• Multiplexing channel noise  

(1000 channel limit?)2,3 

• Sophisticated digital signal processing 
system: FPGA  

• Costs? (polarization maintaining fibers, 
dedicated fibers, laser frequency reference) 

• Coupling to seismic field

[1] Gray et. al 2014, DOI: 10.1117/12.2059435
[2] Spollard et. al 2022: https://opg.optica.org/ol/abstract.cfm?uri=ol-47-7-1570

https://www.osapublishing.org/abstract.cfm?URI=oe-28-7-10400
https://www.osapublishing.org/abstract.cfm?URI=oe-28-7-10400
https://www.spiedigitallibrary.org/redirect/proceedings/proceeding?doi=10.1117/12.2059435
https://opg.optica.org/ol/abstract.cfm?uri=ol-47-7-1570
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DI distributed strain sensors
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Limitations of strain sensors: laser frequency noise
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(a) Strain PSD of a seismometer and a single-fiber strainmeter in a
borehole at Piñon Flat Observatory (PFO), University of California,
San Diego (data taken from https://pfostrain.ucsd.edu/pfo/,
Jan Harms and Harald Lück). The measurements are correlated for
a band between 50 mHz and 5 Hz.
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(b) Displacement ASD of digitally-enhanced heterodyne interfer-
ometry (DI) measured by the PI in 2014 [31] and laser frequency
noises models with 10 kHz/

p
Hz (Mephisto), 10 Hz/

p
Hz (Rio) and

0.4 Hz/
p
Hz (Menlo) at 1 Hz. The MenloSystems leads to pico-

meter performance for up to 725 m sensor separation.

Fig. 3: The data in (a) shows coherence between strain and displacement (seismometer) measurements. The models and
data in (b) show how the laser frequency stability limits the sensor distance assuming pico-strain performance.

shown in Fig. 3b, see next paragraph) or crosstalk between the channels or the physical quantities,
such as temperature and seismic noise, both measured via fibers. Especially temperature noise will
limit the seismic strain measurement in fibers and scales with the dimensions of the DOFS [32, 33].
When fibers are encapsulated in materials such as polydimethylsiloxane polymer, it was shown that
the temperature dependence increases almost by a factor of four [34]. This way, reference fibers for
distributed temperature monitoring should be co-located with the distributed seismic fiber sensor to
subtract temperature noise in data post-processing. The ENG will calibrate DOFSs and measure
its coupling to temperature and seismic noise. The ENG will develop a digitally-enhanced in-
terrogator to read out multiple (up to four) DOFS, each having hundreds of seismic sensors.

How to realize a low-frequency readout for various pico-strain measurements in distributed
optical fiber sensors?

The use of fibers as seismic sensors offers, on the one hand, the advantage of measuring seismic
strain, which will have certain benefits in the approach of NNC. At the same time, DOFS realize large
seismic sensor arrays and can reduce the number of boreholes and thus efforts and costs in ET.
However, a readout system that can achieve pico-strain-/

p
Hz-precision at low frequencies around

and below 1 Hz and simultaneously read out many fibers is missing. Highly-precise optical mea-
surements of 1 pm/

p
Hz displacement noise (equivalent to 1 pico-strain-/

p
Hz for 1 m gauge

length) at 1 mHz is reached by laser interferometry developed by the PI for the space-mission
LISA, [35]. In LISA, heterodyne interferometry and a digital phasemeter are used to enable phase
measurements with a high dynamic range to counteract the motion of the satellites and the test
masses moving with velocities up to 15 m/s. This robustness against high dynamics is helpful for
DOFS as the fiber length, and strain changes can exceed micrometers, which can not be resolved
by classical homodyne laser interferometry.

To read DOFS with only one laser beam, digitally-enhanced heterodyne interferometry (DI) is par-
ticularly well suited. It combines LISA-like precision with multiplexing capabilities spread-spectrum
modulation techniques to distinguish between multiple optical signals at a single photodetector based
on their light travel time [36, 37, 31]. This makes it suitable for reading out FBGs in optical fibers.
The phase of the laser light is pseudo-randomly modulated with 0 or ⇡ by using a maximum length
M-sequence9. This phase modulation, e.g., using a PRBS, breaks the coherence of the laser beam,

9Since the first concepts of DI by Shaddock in 2007 [36], M-sequences were used because of their excellent autocorrela-
tion properties and efficient generation in digital logic. They are maximum length sequences, a type of pseudorandom

• Depends on interferometric 
arm length mismatch dL 

• Might be common mode in 
some signal combinations 

• To ensure pico-strain: 

• Mephisto (1064nm, 
NPRO):  
dL = 1m @100Hz 

• Rio (1550nm, diode laser):  
dL = 1m @10kHz 
dL = 1cm @1Hz  

• Menlo (frequency comb): 
dL = 100m @100mHz



Distributed seismic fiber networks for Newtonian noise cancellation in the Einstein Telescope Katharina-Sophie Isleif |

10

[8] and seismic !elds [13]. However, NN will still play a role. As shown in !gure 7, NN from 
surface waves will be insigni!cant if the detector is constructed a few 100 m underground. 
However, the NN from seismic body waves cannot be avoided at any depth, and it becomes 
a sensitivity-limiting noise contribution below 10 Hz. Depending on the quality of the under-
ground site, one still needs to mitigate body-wave NN by up to a factor 10.

Figure 5. Results obtained with DE with three-axes and single-axis sensors and 
p   =  1/3. The theoretical sensor-noise limit is shown as black curve (SNR curve). The 
residuals correspond to the minimum over 100 optimization runs for each number of 
seismometers.

Figure 6. The histograms show the variability of the residual functions for an 
underground array with N  =  15 seismometers (single and three-axis) and SNR = 15 
when modifying the optimized array coordinates with a Gaussian with standard 
deviation of σ. The two vertical dashed lines show the residuals for the optimized 
coordinates.
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to cancel part of the NN using an optimal linear !lter, the Wiener !lter [16, 17], which pro-
vides a coherent estimate of NN from seismic observations. For long, perpendicular detector 
arms and isotropic seismic !elds, NN picked up by different test masses is uncorrelated. In 
this case, one can cancel all of a detector’s NN by canceling NN from each test mass indi-
vidually. It should be noted though that the seismic measurements for NN cancellation at the 
two inner test masses will in any case be correlated, which means that even if seismic arrays 
deployed at all four test masses have identical con!guration, the Wiener !lter will be different 
at the vertex station due to correlations between the two seismic arrays.

Following Newton’s law, we can write the perturbation of gravity acceleration as follows:

δ"a ("r0, t) = −G
∫

dVρ ("r)
(
"ξ ("r, t) ·∇0

) "r −"r0

|"r −"r0|3
 (1)

where !ξ(!r, t) is the seismic displacement !eld, ρ("r) the density of the ground medium, !r0 
the position vector of the test mass, and r points to locations inside the ground medium. 
The linear dependence of the gravity perturbation on the displacement !eld makes it explicit 
that correlations between seismic displacement and NN must exist. These correlations deter-
mine the Wiener !lter. Wiener !lters can be formulated in time or frequency domain. For 
Gaussian, stationary noise as considered throughout this paper, frequency-domain correla-
tions are expressed as cross-spectral densities (CSDs) [7]. The performance of a Wiener !lter 
can be quanti!ed by the relative residual NN spectral density spectrum R(ω) that it leaves in 
the GW data [2]:

R(ω) = 1 −
"C†

SN (ω) · (CSS(ω))
−1 · "CSN(ω)

CNN(ω)
. (2)

Here, !CSN represents the vector of CSDs between the displacement recorded by N seismom-
eters and NN, CSS is the matrix of CSDs between all seismometers, and CNN is NN spectral 
density. In the following, we will use 

√
R to quantify the noise reduction. The best possi-

ble cancellation using N equal seismometers characterized by a certain signal-to-noise ratio 
(SNR) is achieved if the seismometers’ data are all exact copies (up to some irrelevant transfer 
function) of the NN so that the CSD between NN and seismometers assumes its theoretical 
maximum. In this case, the noise residual is

Rmin(ω) = 1 − 1
1 + 1/(N · SNR(ω)2)

≈ 1
N · SNR(ω)2 . (3)

This ultimate sensor-noise limitation can be derived in different ways. Maybe the most straight-
forward method is to consider a simple case, e.g. when cancelling NN from compressional 
waves (p   =  1), where we know that all seismometers of an optimized array should ideally be 
located directly at the test mass. In this case, one can set all vector and matrix components 
in equation (2) equal to 1 except for the diagonal elements of CSS, which are 1 + 1/SNR2. 
Evaluating this equation then directly yields equation (3). Accordingly, for suf!ciently high N 
so that the residual R is limited by the SNR of the sensors, the residual R from optimal arrays 
needs to fall at least with 1/N, since one can always just add a new seismometer next to an 
existing one effectively averaging over seismometer instrument noise.

We will only consider the cancellation of NN from a single test mass. The residual R can be 
understood as a function of the seismometer positions with a !xed number of seismometers. 
One can then search for the seismometer positions that minimize the residual. We choose here 
to optimize the array for a !xed frequency, which translates into a !xed length of the seismic 
waves.

F Badaracco and J Harms Class. Quantum Grav. 36 (2019) 145006

R(ω) = 1 −
⃗C †
SN(ω) ⋅ ( ⃗C SS(ω))

−1
⋅ ⃗C SN(ω)

⃗C NN(ω)
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[8] and seismic !elds [13]. However, NN will still play a role. As shown in !gure 7, NN from 
surface waves will be insigni!cant if the detector is constructed a few 100 m underground. 
However, the NN from seismic body waves cannot be avoided at any depth, and it becomes 
a sensitivity-limiting noise contribution below 10 Hz. Depending on the quality of the under-
ground site, one still needs to mitigate body-wave NN by up to a factor 10.

Figure 5. Results obtained with DE with three-axes and single-axis sensors and 
p   =  1/3. The theoretical sensor-noise limit is shown as black curve (SNR curve). The 
residuals correspond to the minimum over 100 optimization runs for each number of 
seismometers.

Figure 6. The histograms show the variability of the residual functions for an 
underground array with N  =  15 seismometers (single and three-axis) and SNR = 15 
when modifying the optimized array coordinates with a Gaussian with standard 
deviation of σ. The two vertical dashed lines show the residuals for the optimized 
coordinates.
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to cancel part of the NN using an optimal linear !lter, the Wiener !lter [16, 17], which pro-
vides a coherent estimate of NN from seismic observations. For long, perpendicular detector 
arms and isotropic seismic !elds, NN picked up by different test masses is uncorrelated. In 
this case, one can cancel all of a detector’s NN by canceling NN from each test mass indi-
vidually. It should be noted though that the seismic measurements for NN cancellation at the 
two inner test masses will in any case be correlated, which means that even if seismic arrays 
deployed at all four test masses have identical con!guration, the Wiener !lter will be different 
at the vertex station due to correlations between the two seismic arrays.

Following Newton’s law, we can write the perturbation of gravity acceleration as follows:
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∫
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|"r −"r0|3
 (1)

where !ξ(!r, t) is the seismic displacement !eld, ρ("r) the density of the ground medium, !r0 
the position vector of the test mass, and r points to locations inside the ground medium. 
The linear dependence of the gravity perturbation on the displacement !eld makes it explicit 
that correlations between seismic displacement and NN must exist. These correlations deter-
mine the Wiener !lter. Wiener !lters can be formulated in time or frequency domain. For 
Gaussian, stationary noise as considered throughout this paper, frequency-domain correla-
tions are expressed as cross-spectral densities (CSDs) [7]. The performance of a Wiener !lter 
can be quanti!ed by the relative residual NN spectral density spectrum R(ω) that it leaves in 
the GW data [2]:

R(ω) = 1 −
"C†

SN (ω) · (CSS(ω))
−1 · "CSN(ω)

CNN(ω)
. (2)

Here, !CSN represents the vector of CSDs between the displacement recorded by N seismom-
eters and NN, CSS is the matrix of CSDs between all seismometers, and CNN is NN spectral 
density. In the following, we will use 

√
R to quantify the noise reduction. The best possi-

ble cancellation using N equal seismometers characterized by a certain signal-to-noise ratio 
(SNR) is achieved if the seismometers’ data are all exact copies (up to some irrelevant transfer 
function) of the NN so that the CSD between NN and seismometers assumes its theoretical 
maximum. In this case, the noise residual is

Rmin(ω) = 1 − 1
1 + 1/(N · SNR(ω)2)

≈ 1
N · SNR(ω)2 . (3)

This ultimate sensor-noise limitation can be derived in different ways. Maybe the most straight-
forward method is to consider a simple case, e.g. when cancelling NN from compressional 
waves (p   =  1), where we know that all seismometers of an optimized array should ideally be 
located directly at the test mass. In this case, one can set all vector and matrix components 
in equation (2) equal to 1 except for the diagonal elements of CSS, which are 1 + 1/SNR2. 
Evaluating this equation then directly yields equation (3). Accordingly, for suf!ciently high N 
so that the residual R is limited by the SNR of the sensors, the residual R from optimal arrays 
needs to fall at least with 1/N, since one can always just add a new seismometer next to an 
existing one effectively averaging over seismometer instrument noise.

We will only consider the cancellation of NN from a single test mass. The residual R can be 
understood as a function of the seismometer positions with a !xed number of seismometers. 
One can then search for the seismometer positions that minimize the residual. We choose here 
to optimize the array for a !xed frequency, which translates into a !xed length of the seismic 
waves.
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Figure 12.8.: Performance of the one-mirror zero combination measurement
'a0a00 with and without active clock stabilisation. The chip rate was 625MHz.

surements. This e↵ect depends strongly on the deformation of the correlation
due to limited bandwidth, hence, it might not have been visible in earlier exper-
iments using slower chip rates and lower bandwidth signals. It is assumed that
for an infinite bandwidth this e↵ect would not occur, since the reconstructed
sine waves after decoding would be perfect sinusoids. First simulations were
also able to reproduce this coupling for a finite signal bandwidth.

To validate that this new noise coupling is indeed the limiting e↵ect an active
stabilisation scheme was implemented. A delay-locked loop (DLL) was con-
structed, that used the correlation of an analogue version of the PRN code to
determine clock jitter between the ADC and the GTX (see Figure 12.7). The so
generated error was fed into a controller and the resulting actuator signal was
used to control the phase of an analogue phase shifter (see Figure B.9), which
was included in the clock distribution from the ADC to the GTX. The unity
gain frequency of the loop was measured to be around 40Hz.

The stabilisation via the DLL reduced the excess noise in the single mirror
zero combination measurement, as shown in Figure 12.8. The noise level at
10mHz was reduced by almost one order of magnitude. This proved that the
sampling jitter was indeed the limiting e↵ect. The achieved results with the
stabilisation were not easily reproducible. It is assumed that the analogue phase
shifter was not well suited to drive the signal into the GTX. Its internal clock
structure is rather complex and not designed for such an actuation scheme.
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Fig. 3. Averaged spectra of system noise. (a) Noise spectra in loga-
rithmic coordinates; (b) noise spectra in linear coordinates.

Fig. 4. Measured acoustic signal. (a) Signal in time domain;
(b)–(e) signal spectra of channels 45, 46, 47, and 48 respectively.

compensated to �93.56 dB re rad/
p

Hz. Therefore, the com-
pensation effect is 11.56 dB. In the experiment, this maximum
value of the compensation effect occurs four times among the
100 measurements.

The sensing result of an acoustic signal is shown in Fig. 4. The
acoustic signal is applied on the last channel with a frequency of
500 Hz by wrapping the fiber between the two reflectors around
a piezoelectric transducer (PZT), while other channels are not
applied with the signal. The last four channels are measured.
Figure 4(a) shows the time-domain signals obtained from the
four channels. Figures 4(b)–4(e) are the power spectra of the
signals obtained from the four channels. In Figs. 4(b)–4(d),
there is a crosstalk noise at 500 Hz with a power of 20 dB lower
than the signal at minimum in Fig. 4(e). Considering that the
signal under test for most real applications is much smaller than
the test signal used in this experiment, this crosstalk noise may
often be covered by other noise in the system and thus does not
influence the system.

To demonstrate the noise level limitation of the system and
the theoretical value of intensity noise described in Eq. (11),
the main noise of the system is analyzed by an experiment. On
the condition that the pulse width of the probe lightwave is
set to 100 ns, the system noise level is measured with different
signal powers, which are controlled by adjusting the driving
current of EDFA. The relationship between the signal power
and the system noise level is given in Fig. 5(a), where both the
experimental result and the theoretical result are given. The
theoretical result is calculated according to Eq. (11) and has
3 dB more attenuation because the noise is from the signals of
two reflectors. Then, on the condition that the signal power
is set to �45 dBm, the relationship between the pulse width
and the level of the system noise is given in Fig. 5(b). The noise

Fig. 5. (a) Theoretical and experimental results of the relation-
ship between signal power with the noise level; (b) theoretical and
experimental results of the relationship between pulse width and noise
level.

level before compensation is higher than the theoretical result,
since the main noise of the system changes from intensity noise
to phase noise as the pulse compression technique is adopted.
In these two figures, the system noise level with compensation
reduces linearly and fits well with the theoretical result, which
indicates that the main noise of the system with compensa-
tion is the intensity noise, and the noise level is the same one
as predicted by Eq. (11). In conclusion, even though the weak
reflector array method and pulse compression technique can
greatly enhance the SNR, in order to combine these techniques
and make these enhancements add up linearly to the system, a
phase-noise compensation configuration is needed.

In this Letter, we demonstrate a quasi-distributed acoustic
sensing system with an ultra-low noise level. According to the
analysis of the intensity noise, this high SNR is brought by the
weak reflector array method, which gives about 20 dB enhance-
ment, and the pulse compression technique, which gives about
18 dB enhancement. As the intensity noise is reduced by these
two techniques, the phase noise becomes the main noise of the
system. Therefore, we propose and optimize the phase-noise-
compensated configuration, which gives 11.56 dB reduction
to the noise level at maximum. This system has the capability
to achieve the noise level of �93.16 dB re rad/

p
Hz at 500–

2500 Hz, which equals a strain resolution of 92.84 f "/
p

Hz at
500–2500 Hz for the weak reflector array with a 20 km sensing
distance and 20 m spacing.
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level before compensation is higher than the theoretical result,
since the main noise of the system changes from intensity noise
to phase noise as the pulse compression technique is adopted.
In these two figures, the system noise level with compensation
reduces linearly and fits well with the theoretical result, which
indicates that the main noise of the system with compensa-
tion is the intensity noise, and the noise level is the same one
as predicted by Eq. (11). In conclusion, even though the weak
reflector array method and pulse compression technique can
greatly enhance the SNR, in order to combine these techniques
and make these enhancements add up linearly to the system, a
phase-noise compensation configuration is needed.

In this Letter, we demonstrate a quasi-distributed acoustic
sensing system with an ultra-low noise level. According to the
analysis of the intensity noise, this high SNR is brought by the
weak reflector array method, which gives about 20 dB enhance-
ment, and the pulse compression technique, which gives about
18 dB enhancement. As the intensity noise is reduced by these
two techniques, the phase noise becomes the main noise of the
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level before compensation is higher than the theoretical result,
since the main noise of the system changes from intensity noise
to phase noise as the pulse compression technique is adopted.
In these two figures, the system noise level with compensation
reduces linearly and fits well with the theoretical result, which
indicates that the main noise of the system with compensa-
tion is the intensity noise, and the noise level is the same one
as predicted by Eq. (11). In conclusion, even though the weak
reflector array method and pulse compression technique can
greatly enhance the SNR, in order to combine these techniques
and make these enhancements add up linearly to the system, a
phase-noise compensation configuration is needed.
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sensing system with an ultra-low noise level. According to the
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