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LISA Science is rich
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Figure: LISA L3 Proposal
Figs: The Gravitational Universe 2013

GBs

MBHs

EMRIs

Sensitive to low-f GWs

EM ~ 50 
GW~30,000

Verification binaries ~14
Kupfer, Korol, Shah et al. 2018



Simulation and INReP WGs

•T-1 LISANode Release and Repository 
Management
•T-2 LISANode Requirements Specifications
•T-3 LISANode Optimization
•T-4 LISANode Interfaces Development
•T-5 Implementation of TM, SC and MOSA 
Dynamics
•T-6 Implementation of Tilt-to-Length 
•T-7 Implementation of Laser Locking 
Scheme and Frequency Plan
•T-8 Implementation of Clock Noise
•T-9 Implementation of Relativistic Effects
•T-10 Noise models management
•T-11 Instrumental artefacts

Chairs: Luigi Ferraioli, Joseph Martino, Daniele Vertugno

•TLT 1 Project Planning 
•TLT 2 L0-L1 Requirement Doc 
•TLT 3 Analytical Formulation 
for performance model 
•TLT 4 Notations & 
Conventions 
•TLT 5 Physical Units 
•TLT 6 Astrophysical Dataset 
•TLT 7 Phase A Reference 
Pipeline: INReP  
•TLT 8 Test & Verification 
More: Sampling and Filter 
tests, etc.

Chairs: Sweta Shah, Yves Lemiere

L0 L1

Scrum Team: Karsten Wiesner, Niklas 
Reinhardt, Martin Staab, Olaf, Hartwig, Jean-
Baptiste Bayle, Jakob Livschitz, Fabian 
Euchner, Tim Haase, Uwe Lammers, Sweta 
ShahJean-Baptiste Bayle, Olaf Hartwig + developers

Hosted in in2p3 gitlab
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LISA Data chain : L0 —> L1
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Pre-processing	
(Kalman	Filter)	

OR		
another	scheme

TDI	processing
Raw	data	

(Ifo	measurements	
+	auxilliary) Suppressions	of:		

laser	+	OB	noise	
clock	noise	
tilt-to-length	
Relative	intensity	noise	
Back-link	fibre	
Etc.	

TDI	data	streams	
(Michelson,	Sagnac	…)

{
INReP

must satisfy  

L0-L1 
Requirements

L0

L1

LDPG - Working Group 6 - INReP 
Initial Noise Reduction Pipeline

L2 L3

L1 in different temporal 
releases (as KF improves 

data quality with 
increasing incoming data)
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LISA Constellation

30 cm telescopes, 2W laser beams 
SC relative motion ~ 10m/s 
ESA L3 Mission with launch in 2034 
+4 yrs operation
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Engineering Requirements

Figure 2  Payload Document Description

Residual acceleration noise

OB,rem OB,loc

TM,locTM,rem

Freely falling 
test mass (TM)

Interferometric sensing noise
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Measurement Principle
Split Interferometry:  
1. TM to OB 

2. OB to OB 

3. OB to TM 

Heterodyne Interferometry  

Transponder mode

~ 2.5 million km

Figure: Simon Barke PhD thesis 2015
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Noise Floor

Acceleration Noise

Readout Noise

✴ PM noise -> at low f 

✴ Readout noise -> at mid f 

✴ Short GWs -> at high f

Figure: LISA L3 Proposal

Shot noise + electronic+ 
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Raw data - L0

Markus Otto, PhD thesis 2014

Test Mass Ifo Reference Ifo

Long Arm signal
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LISA L0 Simulation

LISA Convention and Notation 
Ref: Eg. arXiv 2103.06976

• LISANode - python graph based, 
atomic nodes in C++

• Laser beam frequency - offsets & 
fluctuations

• Modulations: sidebands, clock tone

• Beam propagation - SC proper time, 
propagated signals by proper 
pseudo-range (light travel time + 
proper time conversion)

LISA Simulation Model Technical Note 
Bayle & Hartwig
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L0: Observation Equations

OB 2’ OB1

TM1

s1(t) = H1 + p20:3 � p1 +
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GW

GW 
Strain

Laser noise 
equiv. Strain 

OB motion  
Strain

Laser noise
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Markus Otto, PhD thesis 2014

Long Arm signal

Test Mass Ifo

Reference Ifo

TM motion
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L1 Time Delay Interferometry

12

Unequal Arm Michelson Ifo

Giamperi, Hellings, Tinto & Faller, Opt. Comm. 123, 1996 
Tinto & Armstrong, PRD 59, 1999 
Figure from M. Otto Thesis 2014

H1(t)� p(t� 2L1)� p(t)
<latexit sha1_base64="4LT0z4r407vnzdsFpp7gwu0aGjM=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3ASL0C5akirosuimCxcV7AXaECbTaTt0MgkzJ0IJBV/FjQtF3Poc7nwbp2kW2vrDwMd/zuGc+f2IMwW2/W3k1tY3Nrfy24Wd3b39A/PwqK3CWBLaIiEPZdfHinImaAsYcNqNJMWBz2nHn9zO651HKhULxQNMI+oGeCTYkBEM2vLMk4bnlKBciUpQqd15TkplzyzaVTuVtQpOBkWUqemZX/1BSOKACiAcK9Vz7AjcBEtghNNZoR8rGmEywSPa0yhwQJWbpOfPrHPtDKxhKPUTYKXu74kEB0pNA193BhjGark2N/+r9WIYXrsJE1EMVJDFomHMLQiteRbWgElKgE81YCKZvtUiYywxAZ1YQYfgLH95Fdq1qnNRrd1fFus3WRx5dIrOUAk56ArVUQM1UQsRlKBn9IrejCfjxXg3PhatOSObOUZ/ZHz+AEcukx0=</latexit>

H2(t)� p(t� 2L2)� p(t)
<latexit sha1_base64="llgK6e/chEJjG+Fb/s2jD3zgd2g=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3ASL0C5akijosuimCxcV7AXaECbTSTt0cmHmRCih4Ku4caGIW5/DnW/jNM1CW38Y+PjPOZwzvxdzJsE0v7XC2vrG5lZxu7Szu7d/oB8edWSUCELbJOKR6HlYUs5C2gYGnPZiQXHgcdr1JrfzeveRCsmi8AGmMXUCPAqZzwgGZbn6SdO1K1CtxRWo2XeunVHV1ctm3cxkrIKVQxnlarn612AYkSSgIRCOpexbZgxOigUwwumsNEgkjTGZ4BHtKwxxQKWTZufPjHPlDA0/EuqFYGTu74kUB1JOA091BhjGcrk2N/+r9RPwr52UhXECNCSLRX7CDYiMeRbGkAlKgE8VYCKYutUgYywwAZVYSYVgLX95FTp23bqo2/eX5cZNHkcRnaIzVEEWukIN1EQt1EYEpegZvaI37Ul70d61j0VrQctnjtEfaZ8/Sk6THw==</latexit>

x := yPD,1(t� 2L2)� yPD,2(t� 2L1)� [yPD,1(t)� yPD,2(t)]
<latexit sha1_base64="JCwSEHJPWGabhDvBwvYP+96jBc8="></latexit>
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L1 Time Delay Interferometry

Lot of work has been done and continuing: 
Armstrong et al,  
Otto et al,  
Vinet et al,  
Dhurandhar

13

3 Independent 
noise-free signals

Arms unequal 
by 1% ~ 
20000 km

L1 6= L2 6= L3

Fi
g:

Sh
ad

do
ck

 e
t a

l 2
00

3



14

L1 Time Delay Interferometry

Lot of work has been done and continuing: 
Armstrong et al,  
Otto et al,  
Vinet et al,  
Dhurandhar
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L1 6= L2 6= L3
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Unequal & time  
varying arm @ 10m/s
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OB 2’ OB1

TM1

s1(t) = H1 + p20:3 � p1 +
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Secondary Noises

NTTL
SC,`oc&R +NRIN +N clockNoise

Power ⇠ 1/108

Clock ⇠ 1/1013

} +

L0: Observation Equations
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L0-L1: Pre-processing before TDI

16

X(t), Y (t), Z(t)
<latexit sha1_base64="CjfpDn+x8JWwSjXBkzvWxBOxTsY=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAgVpCRV0GXRjcsK9qFtKJPppB06mYSZm0IJ/RM3LhRx65+482+cpllo64G5HM65l3vn+LHgGhzn21pZXVvf2CxsFbd3dvf27YPDpo4SRVmDRiJSbZ9oJrhkDeAgWDtWjIS+YC1/dDvzW2OmNI/kA0xi5oVkIHnAKQEj9Wy7XYazc/yY1SdTe3bJqTgZ8DJxc1JCOeo9+6vbj2gSMglUEK07rhODlxIFnAo2LXYTzWJCR2TAOoZKEjLtpdnlU3xqlD4OImWeBJypvydSEmo9CX3TGRIY6kVvJv7ndRIIrr2UyzgBJul8UZAIDBGexYD7XDEKYmIIoYqbWzEdEkUomLCKJgR38cvLpFmtuBeV6v1lqXaTx1FAx+gElZGLrlAN3aE6aiCKxugZvaI3K7VerHfrY966YuUzR+gPrM8f7OaRQQ==</latexit>

refers to clock in SC1
refers to clock in SC2

delays (meter 
accuracy)

Pseudo 
Random Code 

(PRN)

Unsynchronized 
L0 data and 
unevenly sampled

Synchronized L1 data

Perfect 
Imperfect

nanosec 
timestamping 
accuracyX(t) = ⌘20(⌧̂2 �

L3

c
� L2

c
� L20

c
) + ⌘1(⌧̂1 �

L2

c
� L20

c
) + ...

<latexit sha1_base64="zuN+Ci3wgbmzKPIfL8/LHRQ5U7E="></latexit>

⌧̂1, ⌧̂2
<latexit sha1_base64="XMYPnCbAhhX2MzbklopSBfyg1aI="></latexit>

si(⌧̂), ✏i(⌧̂), ⌧i(⌧̂)
<latexit sha1_base64="+4hdZu9Mp+UOXksBHDlU7vHTGwQ=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2ARKkiZqYoui25cVrAX6AxDJs20oZkLyRmhDH0SN76KGxeKCK70bUzbWdjWAyE/338Oyfn9RHAFlvVjFFZW19Y3ipulre2d3T1z/6Cl4lRS1qSxiGXHJ4oJHrEmcBCsk0hGQl+wtj+8nfjtRyYVj6MHGCXMDUk/4gGnBDTyzEvl8YozIOAASU/PsMMSxYV25qm+/hLPLFtVa1p4Wdi5KKO8Gp755fRimoYsAiqIUl3bSsDNiAROBRuXnFSxhNAh6bOulhEJmXKz6XpjfKJJDwex1CcCPKV/JzISKjUKfd0ZEhioRW8C//O6KQTXbsajJAUW0dlDQSowxHiSFe5xySiIkRaESq7/iumASEJBJ1rSIdiLKy+LVq1qn1dr9xfl+k0eRxEdoWNUQTa6QnV0hxqoiSh6Qi/oDb0bz8ar8WF8zloLRj5ziObK+P4FDICh0A==</latexit>

Long Arm, Test Mass, Reference 
Signals

Figure: Adapted from Simon Barke PhD thesis
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L0-L1: Pre-processing before TDI
Clock 1

Clock 2 Clock 3

17

Kalman Filter  
USOs drift and have biases 
Yan Wang et al. PRD 90, 2014 
Yan Wang et al. PRD 92, 2015

Figure 3  Payload Document Description

Carrier signal 
modulated with PRN 
and sideband

Spectrum of beatnote
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Code (PRN)
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With: Theory & Metrology in SYRTE, Paris

18

Clock Synchronization

TCB, 

(Barycentric 
coordinate 

frame) 

S/C  
proper time, 

t
<latexit sha1_base64="btWuKJH9/rrCxCKL5tGKBdwWU5A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4XeM/A==</latexit>⌧

<latexit sha1_base64="Wa8bCywmcQCIXorlDsXU45DPVf0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqI00Glapbc+cgq8QrSBUKNAeVr/4wYoniGpmk1vY8N0Y/pQYFk3xW7ieWx5RN6Ij3Mqqp4tZP57fOyHmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPOQvCWX14l7XrNu6zVH66qjdsijhKcwhlcgAfX0IB7aEILGIzhGV7hzVHOi/PufCxa15xi5gT+wPn8ASJ7jkw=</latexit>

S/C  
clock time

⌧̂
<latexit sha1_base64="AltUHSxBbR/WRFYRWXxbMjlYpL4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ic0oWy2m3bpbhJ2J0Ip/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUsS8iQIl76SaUxVK3g5HtzO//cS1EUn8gOOUB4oOYhEJRtFKj/6QIvGRZr1yxa26c5BV4uWkAjkavfKX309YpniMTFJjup6bYjChGgWTfFryM8NTykZ0wLuWxlRxE0zmB0/JmVX6JEq0rRjJXP09MaHKmLEKbaeiODTL3kz8z+tmGF0HExGnGfKYLRZFmSSYkNn3pC80ZyjHllCmhb2VsCHVlKHNqGRD8JZfXiWtWtW7qNbuLyv1mzyOIpzAKZyDB1dQhztoQBMYKHiGV3hztPPivDsfi9aCk88cwx84nz+CdJA3</latexit>

USO drift + 
stochastic 
fluctuations
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Laser locking schemes necessitated by :


• Doppler shifts (             ) in long arm 
laser beams


• Bandwidth limitation of photoreceivers 
and phasemeter: 


• 6 Lasers 


• Give 9 different beatnote frequencies


• Solution: 1 main/master, 5 
transponders with offset phase 
locking


There are 6 configurations IF one is 
chosen as main. Use computational 
geometry to find suitable offset 
frequencies
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Laser locking schemes

±10MHz
<latexit sha1_base64="D4bS3PFYtrk3qB6K+odfg86C8kg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mqoMeil16ECvYDmlA22027dDcJu5NiDf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXpAIrsFxvq3C2vrG5lZxu7Szu7d/YB8etXScKsqaNBax6gREM8Ej1gQOgnUSxYgMBGsHo9uZ3x4zpXkcPcAkYb4kg4iHnBIwUs+2vURi1/GAPUJ2V3+a9uyyU3HmwKvEzUkZ5Wj07C+vH9NUsgioIFp3XScBPyMKOBVsWvJSzRJCR2TAuoZGRDLtZ/PLp/jMKH0cxspUBHiu/p7IiNR6IgPTKQkM9bI3E//zuimE137GoyQFFtHFojAVGGI8iwH3uWIUxMQQQhU3t2I6JIpQMGGVTAju8surpFWtuBeV6v1luXaTx1FEJ+gUnSMXXaEaqqMGaiKKxugZvaI3K7NerHfrY9FasPKZY/QH1ucP5+6TMQ==</latexit>

5� 25MHz
<latexit sha1_base64="P3MFju36m3ORUvPVsoXrQArhR2c=">AAAB9XicbVBNT8JAEN3iF+IX6tHLRmLiRdKiRI9EL1xMMJGPBCrZLlvYsN02u1MVG/6HFw8a49X/4s1/4wI9KPiSSV7em8nMPC8SXINtf1uZpeWV1bXsem5jc2t7J7+719BhrCir01CEquURzQSXrA4cBGtFipHAE6zpDa8mfvOeKc1DeQujiLkB6Uvuc0rASHflk1K5A+wRkuvq07ibL9hFewq8SJyUFFCKWjf/1emFNA6YBCqI1m3HjsBNiAJOBRvnOrFmEaFD0mdtQyUJmHaT6dVjfGSUHvZDZUoCnqq/JxISaD0KPNMZEBjoeW8i/ue1Y/Av3ITLKAYm6WyRHwsMIZ5EgHtcMQpiZAihiptbMR0QRSiYoHImBGf+5UXSKBWd02Lp5qxQuUzjyKIDdIiOkYPOUQVVUQ3VEUUKPaNX9GY9WC/Wu/Uxa81Y6cw++gPr8werN5H7</latexit>
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Tilt to Length in LISA

Source is any Misalignment

~91 Misalignments per MOSA

Assumptions 
1. TM-Ifo: TM and S/C jitter coupling  

2. In Long Arm-Ifo due to local S/C jitter 

3. In Long Arm-Ifo due to remote S/C jitter

wave front 
error coupling

With: 
Gudrun Wanner, Gerhard Heinzel (AEI Hannover) 
Ewan Fitzimons (UKATC, UK) 

�sIFO = cIFO,� [�comp1 + �comp2 + ...]

pathlength
Coupling 
coefficient Individual 

components
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Clock Noise

Clock noise in TDI
sc1(t) = GW+ laser + OB + a1q1

Need additional information

ssb1 (t) = GW+ laser + OB +m20q2:3 �m1q1 � c1q1

Hellings et al. Opt Comm 124 1996 
Hellings PRD 64, 2001 
Tinto et al. PRD 65, 2002 
Otto et al. CQG 29, 2018 
Tinto & Hartwig PRD 98, 2018 
Hartwig & Bayle, 2020

21

Figure 3  Payload Document Description

Clock 1

Clock 2 Clock 3
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Clock noise - calibration
Assume:  USO frequency stability  

Noises: Random processes from lasers, USOs  

Given: 24 OB measurements

10�13

 Tinto & Hartwig, PRD98, 2018 Hartwig & Bayle, arXiv 2005.02430

PSD of TDI Michelson observable, Numerical LISANode
ASD of TDI alpha observable, Analytical

Clock noise in TDI X

TDI X req.

TDI X clock noise subtracted

Clock noise in TDI X

TDI X req.

TDI X clock noise subtracted



Summary & Outlook

• Ongoing studies to better understand effects
• Synchronization 
• Glitches
• Various orders of algorithms in INREP
• Frequency planning effect
• Secondary noise echoes in TDI 
• …



Thank You! 
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L0 —> L1

First Processing

TM Simulation

• Verification by 
MFR (10/21) first 
leg of data 
processing is 
understood 

• Reproducible

LDPG - 
Simulation 
Working Group

LDPG - INReP

Figure LDPG WG6 INReP


