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Overview
‣ Introduction on LISA data processing 

‣ Basic principle of TDI 

‣ TDI with the current design 

‣ TDI generators 

‣ Propagation of noises and signal through TDI 

‣ Laser locking 

‣ Key ingredients of TDI 

‣ New convention
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LISA data
‣ Generation rates: 

‣ Generation volumes:
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LISA Ground Segment
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LISA Ground Segment
‣Workflow preliminary versions:
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LISA : Measurements
‣ Problem with 2.5x109 m : A laser beam cannot make a 

round trip because too much intensity is lost. 
• 100pW received for 1 Watt emitted. 

‣Measurement with one arm                                         
and interference between                                           
two incoherent lasers in phase : 
• Distant laser  
• Local laser. 

‣ 6 measurements … at least!
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LISA : Measurements (old design)

s1 = sGW
1 + sShotNoise

1 + Dreal
3 p�lasernoise

2 � plasernoise
1 � 2�Acc.Noise

‣ Phase shift between the two beams measured by phasemeter. 
‣ Beams from an external spacecraft, are delayed :  

• delay operator Direal :  

‣ The measurement :
Dreal

i x(t) = x
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 Time Delay Interferometry 
‣ Pre-processing of the science data, 

‣ Combinations of delayed measurements to reduce laser noise:  
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 Time Delay Interferometry 
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Time Delay Interferometry
‣ Time Delay Interferometry:   

• Combine delayed measurements to reduce laser noises, optical 
bench noises, … ? 

• Algebraic development: many combinations (generators) 

• Different precisions level 
- 1st generation: rigid formation of LISA : Di’ s = Di s, 

- generation 1.5: Sagnac effect : Di’ s ≠ Di s but Dj Di s = Di Dj s, 

- 2nd generation: flexing and Sagnac effect : Dj Di s ≠ Di  Dj s

Vallisneri,  gr-qc/0504145 (2005)

Tinto & Durandhar, Revue Living Rev. Rel. 8 p 4 (2005) 
Durandhar, Nayak & Vinet, PRD 65 102002 (2002)
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Time Delay Interferometry
‣ TDI generation 1 

‣ TDI generation 1.5 

‣ TDI 2nd generation: until 7 delay operators combined
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Time Delay Interferometry
‣ Reduction of laser noises by 8 orders of magnitude !

A GW is 
hidden 
here !

Phasemeter 
(cut off due to the filter 

required for 
 digitalization of signal)

Petiteau & al, Phys. Rev. D  (2008)

√
PS

D
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LISA measurements
‣ Exchange of laser beam to form several interferometers 

‣ Phasemeter measurements on each of the 6 Optical Benches: 
• Distant OB vs local OB  
• Test-mass vs OB 
• Reference using adjacent OB 
• Transmission using sidebands 
• Distance between spacecrafts 

‣ Noises sources: 
• Laser noise : 10-13 (vs 10-21) 
• Clock noise (3 clocks)  
• Acceleration noise (see LPF) 
• Read-out noises 
• Optical path noises

Ch
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Figure 2.3: Interferometric measurement on one LISA satellite, exemplarily explained
for the horizontal OB. Light of a local laser (red) is used for transmission to the distant
S/C and to sense the space-time variation between for GW interaction. Simultaneously,
the light interfers on the local optical bench with the received weak light (wine red)
to form the science interferometer beatnote. The test mass motion is read out in the
TM interferometer using light (orange) from the adjacent optical bench transmitted
through a back-link fibre. The reference IFO directly compares local laser and adjacent
local laser. Moreover, the spacecraft is controlled by DFACS including TM position
readout and thruster actuation such that the S/C follows the test masses.

its variation due to GW is combined from three interferometric measurements:
TM-to-OB on the far spacecraft, OB-to-OB between sending and receiving S/C, and
OB-to-TM on the receiving spacecraft. This concept is called ‘split interferometry
configuration’ and we will come back to it in Sec. 2.5.

Laser light from the adjacent optical bench (orange) is used for the interferometric
TM readout. Since the benches are not rigidly connected to provide the angular
pointing flexibility of ±1¶ (Sec. 2.1.2), the OB-to-OB connection is established by
an extensile optical fibre. Laser light is transmitted through this so-called back-link

 © M. Otto, PhD thesis (2016)
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LISA measurements
‣ Configuration and conventions  

(from Jean-Baptiste Bayle’s 
PhD)  

(WARNING: not following the 
new LISA Consortium 
conventions)
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LISA measurements
‣ Long arm interferometer (IFO)

Local Distant 
spacecraft

GW laser noise spacecraft jitter readout noises

with the sign of the difference between frequencies
delay operator: 
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LISA measurements
‣ Test-Mass Interferometer (IFO)

Local
Other MOSA 
on the same 
spacecraft

with the sign of the difference between frequencies

laser noise spacecraft jitter
readout noises

Test-Mass noises = LPF

optical fiber 
noises
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LISA measurements
‣ Reference Interferometer (IFO)

Local
Other MOSA 
on the same 
spacecraft

laser noise

readout noises

optical fiber noises
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LISA Measurements
‣With clock noises: 3 Ultra-Stable Oscillator (USO)  

• Pilot tone sampled by the ADC and subtracted from measurement 
to cancel ADC timing jitter 

• USO used to generate pilot tone  
• => USO noises in measurements as scaled by the relevant beat 

note frequency
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LISA measurements
‣ Side-band measurements on science interferometers 

• Amplification of clock noises on sidebands by factor mi
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LISA measurements
‣ Phasemetre 

• Input data from quadrant photodiode at 80 MHz 
• Heterodyne interferometry  
• Phase Locked Loop 
• Output: phase and/or relative frequency fluctuation at 30 Hz 

‣ Drag Free Attitude Control System 
• Use the output of the phasemeter: TM IFO & beam angles 
• To control the spacecraft motion and Test-Mass motion on all 

degrees of freedom except the sensitive one
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LISA measurements
‣ On-board computer 

• Anti-aliasing filtering of the phase meter data then 
downsampling around few Hz for telemetry (2.5, 3.2, 4 or 5 Hz) 

• Strong contraints on the filter; example attenuation > 240 dB 
• Impact on the data: small delays added
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Suppressing S/C jitter noise
‣Workflow preliminary versions:

L0.1

Calibrations
(TBD)

Sim L0 

MOC

Simulator

 L0.2 
[L0.1 

calibrated]

Clock Sync + 
Ranging 
(Kalman)

ranging

TDI correction for 
SC jitter + TTL (?) 

correction TDI xi
TDI correction 

“single laser / SC” TDI Q
TDI correction 

“Full” TDI X,Y,Z
TDI correction 

“clock jitter noise”

 L0.3
[L0.2 

calibrated &
restamped]

L1 
“TDI X,Y,Z” 

+ ?

Sim L1

L2
Cross-check, 

selection, 
merging

L3
Scientific 
validation

Process

Data

Real

Simulated

Telemetry:
+ Phasemeter
+ DFACS
+ GRS FEE
+ CGT
+ CMS
+ SciDiag
+ Housekeeping

Low Latency 
Short 

Low Latency 
Long

Deep analysis

Release 
preparationTDI Xc,Yc, 

Zc
TTL correction

L0.1
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(TBD)
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MOC

Simulator

 L0.2 
[L0.1 
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Clock Sync + 
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ranging

TDI correction for 
SC jitter + TTL (?) 

correction TDI xi
TDI correction 

“single laser / SC” TDI Q
TDI correction 

“Full” TDI X,Y,Z
TDI correction 

“clock jitter noise”

 L0.3
[L0.2 

calibrated &
restamped]

L1 
“TDI X,Y,Z” 

+ ?

Sim L1

L2
Cross-check, 

selection, 
merging

L3
Scientific 
validation

Process

Data

Real

Simulated

Telemetry:
+ Phasemeter
+ DFACS
+ GRS FEE
+ CGT
+ CMS
+ SciDiag
+ Housekeeping

Low Latency 
Short 

Low Latency 
Long

Deep analysis

Release 
preparationTDI Xc,Yc, 

Zc
TTL correction

L1 L3L2

L0

GW 
analysis 

with 
multiple 
pipelines

Generation of 
final products
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Suppressing S/C jitter noise
‣ TDI step 1: removing spacecraft jitter 

• Extract the spacecraft jitter by subtracting reference IFO from 
Test-Mass IFO 

• Then correcting the science IFO 

• Residual spacecraft jitter :
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Suppressing laser noise
‣Workflow preliminary versions:

L0.1

Calibrations
(TBD)

Sim L0 

MOC

Simulator

 L0.2 
[L0.1 

calibrated]

Clock Sync + 
Ranging 
(Kalman)

ranging

TDI correction for 
SC jitter + TTL (?) 
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“single laser / SC” TDI Q
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 L0.3
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Cross-check, 

selection, 
merging
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Simulator

 L0.2 
[L0.1 
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TDI correction for 
SC jitter + TTL (?) 

correction TDI xi
TDI correction 
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TDI correction 

“Full” TDI X,Y,Z
TDI correction 

“clock jitter noise”

 L0.3
[L0.2 
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restamped]

L1 
“TDI X,Y,Z” 

+ ?
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L2
Cross-check, 

selection, 
merging

L3
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validation

Process

Data

Real

Simulated

Telemetry:
+ Phasemeter
+ DFACS
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+ CGT
+ CMS
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Deep analysis
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Suppressing laser noise
‣ TDI step 2: removing half of the laser noise 

• Combining reference IFOs and combining with the result of the 
previous TDI step  

=> Cancel all pi’ 
     => Situation equivalent of having one laser per spacecraft
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Suppressing laser noise
‣ Reducing all laser noises 

• Several complex combinations 
• Can be seen as virtual interferometer 
• TDI generation 1.5 takes into account the unequal arms 

• TDI generation 2 takes into account first order time evolution of 
arm length
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Noises after TDI
‣ Assuming no clock noise and perfect ranging, laser noise and 

spacecraft jitter are reduced below other noises, i.e. 
acceleration and readout (here all IFO noises)

LISANode simulation
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Flexing-filtering effect
‣ Coupling between filter and delay 

• => residual laser noise depend on the filter
J.-B. Bayle et al., PRD (2019)

LISANode simulation
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Flexing-filtering effect
‣ Analytic approximation (linear delay): 

• with: 
- L : travel time along arms 
- Sp : pre-stabilised laser noise 
- filter term:                                      

- 𝛼k : the 2 N + 1 filter coefficients of the FIR filter 
- Filter output are 

J.-B. Bayle et al., PRD (2019)
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Suppressing clock noise
‣Workflow preliminary versions:

L0.1
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(TBD)
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Suppressing clock noise
‣ Use the sideband signal where the clock noise is amplified to 

build a calibration signal similar to TDI but clock noise only 
then subtract it from the standard TDI to form the 
corrected TDI.  

                                                   with       

Ri and Ri’ combination of ri and ri’ such that           &                                      
with Pi and Pi’ polynomial of delays. 

‣ Noise level:

Hartwig et Bayle, arXiv:2005.02430
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Suppressing modulation noise
‣Mi are additional deviations present in the sidebands relative 

to that same pilot tone, e.g., due to noise added by the 
electro-optical modulators or the fibre amplifiers.  

‣ The EOM imprinting the clock noise on side band are 
working at different frequency on primed and unprimed OB, 
for example Mi at 2.4 GHz and Mi’ at 2.401 GHz.

Hartwig et Bayle, arXiv:2005.02430
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Suppressing modulation noise
‣ To correct at the first order the modulation error, we form 

new quantities: 

‣ Then subtract a polynomial combination to the standard 
TDI to form the corrected TDI 

‣ Noise level: 

                                   with

Hartwig et Bayle, arXiv:2005.02430
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Suppressing clock noise
‣ Results: clock noise well suppressed but modulation residual 

not negligible

Hartwig et Bayle, arXiv:2005.02430

Reference Modulation error

Clock noise
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TTL correction
‣Workflow preliminary versions:
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TTL correction
‣ TTL: coupling between rotation of beam with respect to the 

optical system and longitudinal phase measured by IFO 

‣ See Hubert’s slides 

‣ Subtraction of correlation with pointing noise measured with 
DWS => done on ground after TDI 

‣ Under development 

‣ Preliminary noise budget existing (see dedicated TN by 
Ewan Fitzimons and performance TN)
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TDI generators
‣With 6 links, there is a large numbers of possible TDI 

combinations suppressing laser noise: generators  

‣ X, Y, Z: Michelson equivalent  

‣ 𝜶, 𝜷, 𝜸 : Sagnac 

‣ 𝛇 : fully symmetric Sagnac: senses the constellation rotation, 
& combines all interferometric signals with exactly one delay
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TDI generators
‣ Specific generators when 2 links are missing 

• TDI 1.5: 

• TDI 2.0 in Hartwig et Bayle, arXiv:2005.02430
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TDI generators
‣ Noise uncorrelated generators: 

• Form a basis of TDI generators by diagonalising the noise 
correlation matrix 

• If all the noise of the same type are at the same level, identical 
PSD, SXX = SYY  = SZZ, and CSD, SXY = SXZ  = SYZ 

• Diagonalisation => generator A, E and T.
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TDI generators
‣ Several possibilities for A, E, T 

‣ Standard one, convention in the Consortium, used in LDC 

‣ Noise level:  
• SA = SE = SXX - SXY 

• ST = SXX + 2 SXY 

‣ Response to GW: 
• T very weak 
• A, E => main generators                                                                      

used for science
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Noises & TDI
‣ Noise budget to be done at the TDI level 

‣ Input of science analysis : 
• Data analysis 
• Figures of Merits 
• …

01/29/2020 - LISA Instrument Planning 
17

telescope 
noise

TX Optical 
Path Noise

Long-arm IFO  
Readout

laser 
noise

Clock 
noise

backlink 
noise

S/C jitter 
noise

acceleration 
noise

RX Optical 
Path Noise

Test Mass IFO  
Readout noise

Referenc IFO  
Readout noise

TDI X noise

Science 
PerformanceSensitivity

Single Link 
Equivalent noise

TTL

TDI representation : 2nd step

TDI XY noise

1. Transfer functions are identical for all noises and signal 

2. Each link have uncorrelated noises  

3.Provide XY channel 

4.Connect to Science Performance

TDI - generation

TDI - Units
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Noises & TDI

01/29/2020 - LISA Instrument Planning 
17
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3.Provide XY channel 

4.Connect to Science Performance

TDI - generation

TDI - Units

Figure of Merit (FoM)

Objectives and context

Asses the impact on the scientific performance of instrumental design choices in

phase A+

Two studies in 2020: Low frequency and mission duration conducted by LSG

In 2021 we want to make many of them:

Plug performance TDI noise budget as input
Simple output light: green / orange / red
Consistent analysis wrt instrumental assumptions
Reproducible studies (tracked tools)

SO1-Galactic binaries SO3-EMRI

SO2-MBHB SO4-SOBBH SO7-Background

Population

Waveform

Noise budget

Mission profile

SXX - SXY

1yr - Keplerian orbits

Assumptions

- Fixed populations and waveform

! uncertainties in color scale

- Fixed mission profile

Tools

- GW TDI fast approximation ! 1.5

- SNR computation: detectable sources ?

- FIM and bayesian parameter estimation:

measurable parameters ?

1
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Sensitivity
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Figure 2.3: Interferometric measurement on one LISA satellite, exemplarily explained
for the horizontal OB. Light of a local laser (red) is used for transmission to the distant
S/C and to sense the space-time variation between for GW interaction. Simultaneously,
the light interfers on the local optical bench with the received weak light (wine red)
to form the science interferometer beatnote. The test mass motion is read out in the
TM interferometer using light (orange) from the adjacent optical bench transmitted
through a back-link fibre. The reference IFO directly compares local laser and adjacent
local laser. Moreover, the spacecraft is controlled by DFACS including TM position
readout and thruster actuation such that the S/C follows the test masses.

its variation due to GW is combined from three interferometric measurements:
TM-to-OB on the far spacecraft, OB-to-OB between sending and receiving S/C, and
OB-to-TM on the receiving spacecraft. This concept is called ‘split interferometry
configuration’ and we will come back to it in Sec. 2.5.

Laser light from the adjacent optical bench (orange) is used for the interferometric
TM readout. Since the benches are not rigidly connected to provide the angular
pointing flexibility of ±1¶ (Sec. 2.1.2), the OB-to-OB connection is established by
an extensile optical fibre. Laser light is transmitted through this so-called back-link

Noises

Sensitivity

Response of the detector to GWs
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TDI transfert function for noises
‣ Study the propagation of acceleration and  noises through 

TDI 

‣ Others noises neglected or assumed to be cancelled by TDI 

‣ 4 interferometric measurements in spacecraft 1 (simplified 
version)
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TDI transfert function for noises
‣ Suppressing spacecraft jitter noise 

‣ Suppressing half of the laser noise:
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TDI transfert function for noises
‣ TDI X 1.5 (time domain)
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TDI transfert function for noises
‣ Computation of the PSD: 

• OMS terms 

• Acceleration terms
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TDI transfert function for noises
‣ Computation of PSD: 

‣ Approx. : All armlength equal  

‣ Approx. : All noises of the same type have the same PSD
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TDI transfert function for noises
‣ TDI X 1.5: 



  TDI -   A. Petiteau  -  Cours LISA France - Paris - 7-8th January 202150

TDI transfert function for noises
‣ TDI X 2.0: 
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TDI transfer function in practice
‣Model: 

• multiple beams. Example of MOSA 1:
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TDI transfer function in practice
‣Model: 

• Measurements. Example of MOSA 1:
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TDI transfer function in practice
‣ Doing the same procedure as the one described before, we 

get transfer function TDI X2.0 for all noises sources 

‣ To be used in performance model (see Joseph’s talk) 

‣ Approximations: 
• There is no coupling between S/C and DFACS (two independent 

bodies): K = 0 
• All armlengths of the constellation are equal. 
• All noises of the same type have the same PSD, i.e  

• The laser nominal frequencies are almost constant and equal, so are 
the laser wavelengths.
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TDI transfer function in practice
• for unsuppressed noise 

with
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TDI transfer function in practice
• for suppressed noise 
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TDI transfert function for noises
‣ Correlations: 

• If a noise source appears in several terms when doing combining 
measurements at TDI level correlation appears while it was not 
present in the measurement. 

• Examples: 
- thermal noise presents on acceleration noise and OMS noise 
- telescope noise for emitted beam and received beam: 

- …
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GW signal
‣ The single link response (the laser light emitted by ”s”ender 

to the ”r”eceiver) to GW is given as: 

‣ where: 
• k is direction of GW propagation, 
• Rr,s vector position of a sender/receiver 
• nrs unit vector of the link 
• Source:  

- ecliptic latitude 𝛽 and longitude 𝝀 
- polarisation 𝜓 

‣ Apply TDI on the yrs directly
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GW signal & TDI
‣ TDI on the yrs : signal for a particular source (hij, 𝛽, 𝝀, 𝜓) 

‣ General TDI transfer function to GW: average over 
polarisation and sky. Complex to compute: 
• Semi-analytical computation 

with R𝜮 : average response in phase for a standard Michelson. 
Semi-analytical computation with numerical integral (see Larson 
et al. 2000, PRD 62(6):062001) 

• Numerical simulation using white noise stochastic background 
emitted from many sources regularly distributed over the sky 

• Analytical computation in long wavelength approximation
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GW signal & TDI
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Laser locking / frequency planning
‣ In reality the laser are not 6 free running lasers but there is 

one main laser on which one the other are locked with offsets 

‣ The time evolution of offset: frequency planning
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Laser locking / frequency planning
‣ Different locking schemes (TN from Gerhard Heinzel) 

• Example

Warning: not 
usual 

indexing!
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Laser locking / frequency planning

‣ Provide the following formulation for the 5 locked lasers:
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Laser locking / frequency planning
‣ For unsuppressed noises (readout noise, optical path noise, 

acceleration noise, …) => same PSD as for free running 
lasers 

‣ For suppressed noise:  
• depend on the locking configuration 
• not the same for X, Y & Z 
• Work in progress via analytical formulation and simulation 

(locking implemented in last version of LISANode)
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INREP: Analytical formulations
‣ TDI transfer functions without & with phase locking, PSD 

& CSD, TDI1.5 & TDI2.0: 
• Unsuppressed noises => done 
• Suppressed noises:  

- laser frequency noise => partially (flexing-filtering, armlength 
uncertainties bias & stochastic, interpolation) 

- Translational spacecraft jitter noise => done 
- Clock jitter noise => done 
- Clock correction residuals => partially (modulation, sideband 

readout noise) 
- TTL => partially 

• …
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INREP: Analytical formulations
‣ TDI transfer functions without & with phase locking, PSD 

& CSD, TDI1.5 & TDI2.0: 
• … 
• Correlated noises:  

- Telescope => done 
- Backlink => done 
- correlation need to be identified first => on demand 

‣ Cross-checking with LISANode:  
• 70% done for PSD 
• To do for CSD
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Key ingredients of TDI
‣Measurements 

‣ Arm length knowledge 

‣ Synchronisation of data 

‣ No aliasing => onboard filtering 

‣ Interpolation 

‣Mitigate the impact of artefacts, i.e. gaps and glitches 



  TDI -   A. Petiteau  -  Cours LISA France - Paris - 7-8th January 202167

Armlength 
‣ Knowledge of the absolute armlength is crucial 

‣ Several combined technics: 
• Direct measurement: pseudo-random code imprinted on laser 

beam => precision at the meter level (TBC) 
• Kalman filter:  

- combine a dynamic model of the whole LISA constellation 
(orbits, PSD of clock jitters) and phasemeter raw measurements 

- => precision at cm level 
• TDI-Ranging: minimisation of noises in post-processing (data 

analysis) with armlength treated as parameters 
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INREP: Clock synchronisation
‣ Study TDI vs 

clock 
synchronisation

20

Figure: Theory & Metrology in SYRTE, Paris

20

Raw data Data in a common
timescale

Data in a common
reference frame
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Clock
synchronization
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Clock synchro +
Ref. frame 

transformation

Case 2

TDI

Case 3

TDI

Linear combination
of shifted signal 

stream

Xj(T̄ )
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Ref. frame 
transformation

Clock Synchronization

by SYRTE
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Clock Synchronization

TCB, 

(Barycentric 
coordinate 

frame) 

S/C  
proper time, 

t
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S/C  
clock time

⌧̂
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USO drift + 
stochastic 
fluctuations by Sweta Shah
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Anti-aliasing filtering
‣ On-board sampling rate at few tens Hz (10Hz, 12.8Hz, 16Hz ?)  

‣ Telemetry sampling rate at few Hz (2.5Hz, 3.2Hz, 4Hz, 5Hz ?) 

=> on-board filtering 

‣ To avoid any aliasing residual at TDI                                                         
level, strong reduction requested                                                          
=> typically > 240 dB 

‣ Linear response => FIR 

‣ Coupling with delay used in TDI                                                          
(flexing -filtering) 

‣ Computing cost
exa

mple
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Interpolation
‣ Discrete input timeseries=> we need to have a very precise 

interpolation in order to get measurement between samples 

‣Which method ?  
• we are using Lagrange interpolation with 32 points but other 

methods could be tested 

‣ Importance of the sampling                                                       
rate
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Artefacts
‣We are expecting artefacts in LISA data: 

• Gaps 
• Glitches 
• … 

=> Interaction of TDI with these artefacts have to be 
studied 

‣ For example it could increase the gap size 
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Data analysis & TDI
‣ The input of GW search pipelines are TDI data: 

• X, Y, Z  
• A, E, T : assuming all noise level are the same, noise matrix is 

diagonal => likelihood computation is just a sum 

‣Most of the methods are using matched filtering => TDI 
has to be included in the template: 
• Computation of template have to be very fast  

- approximation in the TDI implementation 
- very fast TDI ?
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TDI infinity
‣Main idea: likelihood directly in terms of the basic phase 

measurements with marginalization over the laser phase 
noises in the limit of infinite laser-noise variance 

‣ 2 studies: 
• Vallisneri et al. 2020 arXiv:2008.12343 
• Baghi et al. 2020 arXiv:2010.07224
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New conventions
‣ Ongoing uniformisation of 

the convention in the LISA 
Consortium 

‣ Spacecraft, indexed from 1 
to 3 clockwise looking down 
the z-axis, onto the solar 
panels  

‣ MOSAs, indexed with two 
numbers ij



  TDI -   A. Petiteau  -  Cours LISA France - Paris - 7-8th January 202175

New conventions
‣Measurements 

‣ TDI 
• Advantage: natural chaining of indices when concatenating 

delays 


