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Abstract

The Laser Interferometer Space Antenna (LISA) is a future ESA-led space-based observatory
to explore the gravitational universe in the frequency band between 10~ Hz and 1Hz. LISA
implements picometer-precise inter-satellite ranging to measure tiny ripples in spacetime induced
by gravitational waves (GWs). However, the single-link measurements are dominated by laser
frequency noise, which is about nine orders of magnitude larger than the GW signals. Therefore,
in post-processing, the time-delay interferometry (TDI) algorithm is used to synthesize virtual
equal-arm interferometers to suppress laser frequency noise.

In this work we identify several laser frequency noise coupling channels that limit the per-
formance of TDI. First, the on-board processing, which is used to decimate the sampling rate
from tens of megahertz down to the telemetry rate of a few hertz, requires careful design. Ap-
propriate anti-aliasing filters must be implemented to mitigate folding of laser noise power into
the observation band. Furthermore, the flatness of these filters is important to limit the impact
of the flexing-filtering effect. We demonstrate that this effect can be effectively reduced by using
compensation filters on ground. Second, the post-processing delays applied in TDI are subject
to interpolation and ranging errors. We study these laser and timing noise residuals analytically
and perform simulations to validate the models numerically. Our findings have direct implica-
tions for the design of the LISA instrument as we identify the instrumental parameters that are
essential for successful laser noise suppression and provide methods for designing appropriate
filters for the on-board processing.

In addition, we discuss a dedicated ranging processing pipeline that produces high-precision
range estimates that are the input for TDI by combining the sideband and pseudo-random noise
(PRN) ranges. We show in this thesis that biases in the PRN measurements limit the laser noise
suppression performance. Therefore, we propose time-delay interferometric ranging (TDI-R)
as a third ranging sensor to estimate bias-free ranges that can be used to calibrate the biases
in the PRN measurements. We present a thorough statistical study of TDI-R to evaluate its
performance. Therefore, we formulate the likelihood function of the interferometric data and
use the Fisher information formalism to find a lower bound on the estimation variance of the
inter-satellite ranges. We find that the ranging uncertainty is proportional to the inverse of the
integration time and the ratio of secondary noise power, that limits the interferometric readout,
to the laser noise power. To validate our findings we implement prototype TDI-R pipelines and
perform numerical simulations. We show that we are able to formulate optimal estimators of
the unbiased range that reach the Cramér-Rao lower bound previously expressed analytically.
The developed TDI-R pipeline will be integrated into the ranging processing pipeline to perform
consistency checks and ensure well-calibrated inter-satellite ranges.

Keywords: Gravitational waves, LISA, Time-Delay Interferometry
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Kurzzusammenfassung

Die Laser Interferometer Space Antenna (LISA) ist eine Mission der européischen Weltrau-
magentur (ESA) zur Detektion von Gravitationswellen im Frequenzbereich zwischen 10~* Hz
und 1Hz. Gravitationswellen induzieren relative Abstandsénderungen, die LISA mithilfe von
Laserinterferometrie mit Picometerprézision misst. Ein grofses Problem hierbei ist das Frequen-
zrauschen der Laser. Um dieses zu unterdriicken, ist es notwendig, mithilfe eines Algorithmus
namens TDI (engl. time-delay interferometry), virtuelle Interferometer mit gleichlangen Armen
zu Konstruieren, wie z.B. das klassische Michelson-Interferometer.

In dieser Arbeit untersuchen wir die Performanz von TDI unter realistischen Bedingungen
und identifizieren verschiedene Kopplungsmechanismen des Laserfrequenzrauschens. Als erstes
betrachten wir die Datenverarbeitung an Bord der Satelliten, die bendtigt wird, um die Abtas-
trate der interferometrischen Messungen zu reduzieren. Hierfiir sind Anti-Alias-Filter vorgese-
hen, die der Faltung von Laserrauschleistung in das Beobachtungsband vorbeugen. Aufserdem
wirkt sich die Ebenheit der Filter auf die Effektivitat von TDI aus (engl. flexing-filtering-effect).
Dieser Effekt ist bereits in der Literatur beschrieben und wir demonstrieren in dieser Arbeit die
Moglichkeit, ihn mithilfe von Kompensationsfiltern effektiv zu reduzieren. Als zweites betrachten
wir Kopplungsmechanismen von Laserfrequenzrauschen im TDI-Algorithmus selbst. Fehler in
der Interpolation der interferometrischen Messungen und Ungenauigkeiten in den absoluten Ab-
standsmessungen zwischen den Satelliten fiihren ebenfalls zu einer unzureichenden Reduzierung
des Laserfrequenzrauschens. Wir beschreiben die oben genannten Kopplungsmechanismen an-
alytisch und validieren die zugrundeliegenden Modelle mithilfe von numerischen Simulationen.
Das tiefere Verstandnis dieser Residuen ermoglicht es uns, geeignete instrumentelle Parameter
zu wihlen, die von hoher Relevanz fiir das Missionsdesign von LISA sind.

Des Weiteren beschéftigen wir uns in dieser Arbeit mit der moglichst genauen Bestimmung
der absoluten Absténden zwischen den Satelliten, die fiir den TDI Algorithmus erforderlich sind.
Hierfiir werden die Abstandsinformationen aus den Seitenbdndern und der PRN-Modulation
(engl. pseudo-random noise) kombiniert. Wir zeigen, dass die PRN-Messung von systema-
tischen Verzerrungen betroffen ist, die zu Laserrauschresiduen in den TDI-Variablen fiihren.
Um diesen Fehler zu korrigieren, schlagen wir als zusétzliche Abstandsmessung TDI-Ranging
(TDI-R) vor. TDI-R ist zwar ungenauer, aber frei von systematischen Verzerrungen und kann
daher zur Kalibrierung der PRN-Messungen herangezogen werden. Wir présentieren in dieser
Arbeit eine ausfiihrliche statistische Studie, um die Performanz von TDI-R zu charakterisieren.
Dafiir formulieren wir die Likelihood-Funktion der interferometrischen Messungen und berech-
nen die Fisher-Informationsmatrix, um die theoretisch mogliche untere Grenze der Schitzvarianz
zu finden. Diese verhélt sich invers proportional zur Integrationszeit und dem Verhéltnis von
Sekundarrauschleistung, die die interferometrische Messung fundamental limitiert, und Laser-
rauschleistung. Zusétzlich validieren wir die analytische untere Grenze der Schétzvarianz mithilfe
von numerischen Simulationen und zeigen damit, dass unsere Implementierung von TDI-R opti-
mal ist. Der entwickelte TDI-R-Algorithmus wird Teil der Datenverarbeitungspipeline sein und
Konsistenzpriifungen und Kalibrierung der priméren Abstandsmessmethoden ermdoglichen.

Schlagworter: Gravitationswellen, LISA, Time-Delay Interferometry
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Table 1: Table of symbols and notation used in the manuscript.

Symbol Unit Description

c ms~t  Speed of light in vacuum (299 792458 ms~1)

10) cycles General phase of a system (e.g. laser, clock or beatnote)

v Hz Instantaneous frequency, defined as time derivative of the phase ¢(t)
12 Hz Central laser frequency, nominally 281.6 THz

L m Physical arm length of interferometer

x° [z] Slow varying (out-of-band) offsets of quantity x(t)

xc [z] Fast (in-band) fluctuations of quantity z(t)

C

& cycles Carrier phase of laser ij

i cycles Optical phase modulation of laser ij
qSI;;b/ Isb cycles Upper or lower sideband phase of laser ij
S - Decimation stage operator (includes anti-aliasing and decimation)
F - Filtering operator
Snmy - Decimation operator (where M denotes the decimation factor)
T S Sampling time, defined as time interval between samples
fs Hz Sampling frequency, defined as %
fn Hz Nyquist frequency, defined as half the sampling frequency
T [z] Signal x(t) passed through the decimation stage
Ty - Time reference frame transformation operator (from b to a)
t s Barycentric coordinate time (global time reference frame)?
Ti s Proper time on spacecraft i (includes relativistic effects)
oT; S Deviation of proper time on spacecraft i from TCB
Ti s Onboard time on spacecraft ¢ (includes clock imperfections)
07 s Deviation of on-board timer from proper time on spacecraft i
D;; - Delay operator, applies propagation delay d;;(¢) from spacecraft j to ¢
f)ij - Delay operator, applies decimated propagation delay Sd;;(t)
Dij - Post-processing delay operator, applies to discrete data
ﬁij - Delay operator, applies estimated delay czij(t)
ﬁij - Post-processing delay operator, applies estimated delay dij (t)
@ij - Post-processing delay operator, applies estimated and decimated delay Jij (t)
R, (T) (2] Auto-correlation function of quantity z(t)
S (f) [2]>/Hz  Power spectral density of quantity z(t), defined as Fourier transform of R, (7)
S.(f) [z]/vHz Amplitude spectral density of quantity z(t), defined as square-root of PSD
04j Hz Megahertz-frequency offset from nominal laser frequency of laser ij
Dij cycles  Laser phase noise of laser ij
q; s Timing jitter of clock 4
M;; s Modulation noise on MOSA ij
H;; S Path length variation (in units of seconds) along link ij caused by a GW
ijb s Path length noise (in units of seconds) on optical bench ij
NP s Equivalent path length noise (in units of seconds) due to readout noise
NP s Equivalent path length noise (in units of seconds) due to backlink fiber noise
Nié; s Path length noise (in units of seconds) due to acceleration noise of the TM
B;; s Ranging bias of the PRN measurement
Ng S Ranging noise of the PRN measurement
E{X} [X] Expected value of random variable X
Var{X} [X] Variance of random variable X, defined as E {(X — E{X})?}

1The symbol ¢ is often used as the “muted” variable for time dependent functions in which case it can represent
the evolution of time in any time reference frame (not just the TCB).
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Chapter 1

Introduction

Gravitational waves (GWs) are tiny perturbations of the metric tensor that defines the structure
of spacetime. They are emitted by heavy masses that are accelerated; most commonly in binary
system, where two compact objects revolve around each other. Due to the radiation of gravi-
tational energy, such compact binary systems lose angular momentum over time, and therefore
their orbital distance shrinks and the orbital period decreases. This enabled Taylor (1994) to
perform the first indirect detection of GWs using radio observations of a system consisting of a
pulsar and another neutron star. The loss of angular momentum over time was perfectly con-
sistent with Einstein’s theory of general relativity, so he concluded that the binary system must
radiate energy in form of GWs. This initial proof of the existence of GWs led to the construction
of the first ground-based detectors.

1.1 Gravitational Wave Detection

GW astronomy is a new and fast moving field that opens up new windows for observing the
most energetic events in the Universe. In 2015, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) announced the first direct detection of GWs emitted by a stellar-mass
black hole merger. Shortly after, many more compact binary coalescences were added to the
catalogue (Abbott et al., 2019; Abbott et al., 2021), among them, the first multi-messenger
observation of a binary neutron star inspiral (Abbott et al., 2017). Recently, pulsar timing array
(PTA) collaborations around the world reported strong evidence for an isotropic stochastic
GW background at nanohertz-frequencies (Reardon et al., 2023; Agazie et al., 2023; EPTA
Collaboration et al., 2023; Xu et al., 2023). This leaves a wide unexplored GW landscape
between PTAs and ground-based detectors ultimately limited below a few hertz by seismic and
Newtonian noise. The Laser Interferometer Space Antenna (LISA) (Amaro-Seoane et al., 2017)
is a space mission selected by ESA as the third large mission in the Cosmic Visions program
themed “The Gravitational Universe” to fill-in parts of the gap left by PTAs and ground-based
detectors. It will be sensitive between 0.1 mHz and 1Hz. Moving the detector to space allows
for much larger baselines and provides a much more quiet environment for the test masses that
serve as inertial references for the relative length measurement.

Stable references in time and translation are the fundamental ingredients to probe the ripples
in spacetime caused by GWs. Figure 1.1 shows the most basic detector design consisting of two
stations at different locations hosting clocks that are synchronized via an optical link. The
transferred clock reading is sensitive to the differential effect of time dilation at the two stations
and to the travel time the light takes to traverse the space between stations. Both effects
depend on the spacetime metric that is disturbed by the GW. It is possible to form a ranging
and timing observable from the remote clock comparison (Reynaud et al., 2008). The advantage
of this procedure is that the ranging observable is rejecting timing noise of the clocks while the
timing observable is less sensitive to spurious motion of the stations. Laser interferometers like
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Figure 1.1: Artistic illustration of a single baseline GW detector composed of two stations car-
rying clocks that are synchronized via an optical link. The blue fabric, the clocks sit, represents
the spacetime that is perturbed by the passing of GWs. Due to the local spacetime metric at
the stations the clocks tick at different rates, thus accumulating different readings. Furthermore,
the light travel time between the stations is modulated by the GWs. Those two effects are the
fundamental principles to detect GW.

LIGO or LISA rely on ranging by realizing equal-arm Michelson interferometers to measure GW
as frequency standards are not mature enough to be sensitive in the timing observable.

1.1.1 Laser interferometry for GW detection

A laser interferometer is a device to detect tiny changes in relative distance measurements. As
the laser light is coherent over many cycles it effectively acts as a very precise measuring stick.
Laser interferometers are used on ground and in space to perform ranging experiments, e.g.,
lunar ranging and other geodesy experiments.

The first laser ranging interferometer in space is currently flying on the Gravity Recovery
and Climate Experiment follow-on (GRACE-FO) mission (Abich et al., 2019). It consists of
two spacecraft on the same near polar orbit with a separation of 200 km. Laser interferometers
constantly track the inter-satellite range that is modulated by the Earth’s gravity field. The
instrument has reached precisions of tens of 200 pm/ VHz.

In the following, we explain the basic working principle of a Michelson interferometer (see
fig. 1.2). This type of interferometer is used in all operational ground-based observatories, like
LIGO. It is constructed from a laser source, a beam splitter, two end-mirrors that serve as test
masses (TMs) and a photodiode detecting the interference pattern.

For simplicity, we model the laser beam as a plane wave propagating along the beam axis
neglecting its transversal profile (which is usually assumed to be Gaussian). Thus the electric
field vector at the longitudinal coordinate z and time t is given as

E(z,t) = Ey - cos (2m(z,1)). (1.1)

Here Ej denotes the field amplitude and ¢(z,t) the phase of the laser light (in cycles). For
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Figure 1.2: Illustration of a basic equal-arm Michelson interferometer setup.

monochromatic light and propagation in vacuum the laser phase is given as
z
P(z,t) = vy - (t - E) + ¢o. (1.2)

The laser phase is quickly increasing quantity (in space and time) with terahertz optical fre-
quencies.

In a Michelson interferometer a laser beam is emitted by the laser source and split into two
identical copies' at the beam splitter. Both beams traverse the arms reflecting off the end-mirrors
of the interferometer and recombine again to interfere at the output port of the interferometer.

A plus-polarized GW traveling perpendicular to the interferometer stretches one arm by
dL(t) while compressing the other one by the same amount. Therefore, after the round-trip
though the arms the phases of the beams have evolved differently. The phases at recombination
read

P1(t) = o - <2L+iL(t) - t) (1.3a)
bo(t) = v - <2L_(CSL(75) - t> (1.3b)

The photodetector at the output port measures the intensity of the incident light which is
proportional to the square of the superposition of the electric fields. The terahertz-oscillations
of the intensity are much too fast for the photodiodes bandwidth. Therefore, it effectively acts
as a low-pass filter rejecting oscillating components at the optical frequency of the laser. This
is indicated in the equation below by the angular brackets.

I(t) o <(E1<t> + E2<t))2> = (EBi(t)) + (E3(t)) + 2(Eq(t) - Ea(t)) (1.4)

The first two contributions are the individual intensities of the beams. They oscillate at twice
the optical frequency and, therefore, they yield a constant photocurrent. The cross term can be

!This is not exactly true as the beam that is transmitted at the beam splitter picks up extra phase 5 - However,
transmitted and reflected beam switch roles after traversing the arms and, hence, are in phase again at the output
port of the interferometer.
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rewritten by using the trigonometric identity cos(a) cos(8) = <et5 )JQFCOS(Q_B ).

2
(BYa(0)) = B3{cos® (2rid o(1))) ~ 0 (1.5)
(Eq(t) - Ea(t)) = E§< cos (2mgy(t)) - cos (2ma(t))) (1.6)
2
= 20 cos (2m(91(1) + 6a(1)) +cos (2n(en(t) ~ a(1)))) (1.7

~ % (; + cos (2m (1 (t) — gbg(t)))) (1.8)

As we will see below the cosine function of the differential phase d¢(t) = ¢1(t) — pa(t) survives
the detector as its evolution in time is driven by the Doppler shift caused by the GW. Therefore,
we find for the total measured intensity?

I(t) oc E§ - (1 + cos (2m(¢1(t) — $2(t)))) - (1.9)

Throughout the manuscript we call §¢(t) the phase of the beatnote formed by the two beams
recombining at the beam splitter. It can be extracted from eq. (1.9) by a dedicated device, a
phasemeter.

Plugging in the phases calculated in eq. (1.3) the beatnote phase is indeed sensitive to the
disturbance 0 L(t) that is caused by the GW. We find

SL(t)

Sop(t) = vy - (1.10)

1.2 The Laser Interferometer Space Antenna

The Laser Interferometer Space Antenna is a future space observatory led by the European
Space Agency that will start observing GWs in the late 2030s (Amaro-Seoane et al., 2017). It
will be sensitive in the 107* Hz to 1 Hz frequency band and thus opening up a complementary
window for GW astronomy between PTAs and ground-based observatories, like LIGO.

In this section we give a brief description of the LISA mission parameters. We start off
by taking a closer look at the high-level measurement principle and then discuss the catalogue
of GW sources LISA is expected (or even guaranteed) to detect. Ultimately, we describe the
individual components that are relevant for appropriately model the LISA measurements that
are further used in this thesis to demonstrate the performance of the instrument.

1.2.1 The LISA constellation

LISA consists of three satellites flying in formation and constantly exchanging laser beams to
realize picometer-precise ranging. The three spacecraft are placed in heliocentric orbits trailing
the earth by approximately 20° (see fig. 1.3). Each orbit is tilted towards the ecliptic such that
the satellites form an almost equilateral triangle with arm length of 2.5 million kilometer. The
plane defined by the triangle is inclined towards the ecliptic by 60° and its normal vector stays
aligned towards the sun. Furthermore, during the course of a year the constellation performs
its typical cartwheel motion, enabling LISA to resolve the sky location of individual sources.
As the antenna pattern sweeps across the sky the signal is modulated by the time-dependent
instrument response and picks up a characteristic Doppler signature.

The LISA mission relies on picometer-precise ranging measurements along the 2.5 million
kilometer arms to pick up GW strains of the order of 1072!. As the frequency standard on board
the LISA spacecraft are only 10712 stable(see LISA Performance Working Group (2021) for the

2Here, we assume an ideal contrast of one.
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Earth 25 million km

1 AU (150 million km)

Figure 1.3: Orbital trajectory of the LISA constellation. The LISA spacecraft are depicted by
black dots and are separated by 2.5Gm. They form an (almost) equilateral triangle that is

performing a cart-wheel motion around the sun (right panel). Taken from Amaro-Seoane et al.
(2017).

allocated stability of clocks and lasers), measurement of the differential effect of time dilation
is far out of reach. To be insensitive to timing jitter of the local frequency reference (i.e. the
laser source) LISA realizes equal arm interferometers that effectively reject laser noise. This
technique is already implemented in today’s ground-based GW detectors that all implement
equal-arm Michelson interferometers.

Constructing an equal-arm Michelson interferometer with the dimensions of LISA in space
is extremely difficult. As the end-stations of the interferometer are not rigidly connected to the
central station, they will drift around with relative line-of-sight velocities of up to a few tens
of meters per second. Furthermore, the beams strongly diverge when propagating between the
spacecraft such that the light intensity is reduced by a factor 10'° (Amaro-Seoane et al., 2017).
Therefore, it is rather impractical to back-reflect them at the end-stations to form a beatnote at
the center-station which would diminish the light power by another factor of 10!° rendering the
beam immeasurable. The solution is to detect the “one-way links” that compare local with distant
laser light that has traveled along the link. In post-processing the six resulting measurements
can be combined in an algorithm called time-delay interferometry that synthesizes arbitrary
virtual interferometers (see section 3.1.2). The ultimate goal of time-delay interferometry (TDI)
is to seek interferometers with sufficiently equal arms to suppress laser noise to acceptable levels.
At the same time the sensitivity for GW signals must be preserved.

1.2.2 LISA Sources

The LISA band is richly populated with a multitude of astrophysical GW sources (Amaro-Seoane
et al., 2023). Figure 1.4 provides an overview showing the characteristic strain of the various
source types and at which frequencies they emit. The most abundant source type for LISA is
represented by millions of compact galactic binaries (Nissanke et al., 2012) indicated as light
blue dots. The black and blue lines represent black hole binaries as observed by ground based
detector already today. LISA will observe them in their early inspiral phase and be able to
predict their merger. In general, compact binary systems consist of stellar remnants, i.e. white
dwarfs, neutron stars or stellar-mass black holes. As they revolve around each other in a close
orbit they emit a virtually monochromatic signal at twice the orbital frequency. As a result they
lose orbital momentum and slowly spiral into each other. Out of all compact galactic binaries
only roughly a thousand will be loud enough and, therefore, resolvable by LISA. The remaining
binaries will blend into a foreground hum that is indistinguishable from a stochastic signal
(Amaro-Seoane et al., 2023; Sesana, 2016; Périgois et al., 2021). It is represented by the grey
area in fig. 1.4 and limits the detector sensitivity at millihertz-frequencies. Compact binaries
also facilitate a great opportunity for multi-messenger astronomy as they can be observed in
the optical, UV and x-ray spectrum (Gaia Collaboration et al., 2018; Brown et al., 2020; Stella
et al., 1987). This puts LISA in a unique position as those electromagnetic surveys include
“guaranteed sources” (also dubbed “verification binaries”) that will be detected after only a few
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Figure 1.4: Overview of expected LISA sources (see text for detailed explanation) taken from
Amaro-Seoane et al. (2017).

weeks to month (Stroeer and Vecchio, 2006). Those are indicated with blue asterisk in fig. 1.4.

Another class of binary sources are massive black hole (MBH) binaries with component
masses ranging from 103 to 107 M. MBHs reside in the center of most galaxies (Kormendy and
Ho, 2013) and were recently observed directly by the Event Horizon Telescope (Akiyama, 2019).
Their origin is assumed to be twofold; some MBH must have already existed at early cosmic
times (Baniados et al., 2014), others may have formed via successive merger events (Fakhouri
et al., 2010). With LISA it will be possible to detect GW signals from MBH binaries out to
redshifts z ~ 20, thus, will help us to drastically improve our understanding of their formation
and growth across cosmic ages. Depending on their components masses they will sweep across
the LISA band in their final stages of inspiraling and finally merge. Figure 1.4 shows three
examples at z = 3 of different masses as the thick lines changing color from yellow to dark red.
The vertical ticks mark the time to merger. Current estimates of the observed merger rates are
highly uncertain and predict 1 to 100 detection per year (Sesana et al., 2005; Amaro-Seoane
et al., 2023).

The MBHs hosted in the center of most galaxies also form another type of binary system
with stellar-mass compact objects, so-called extreme mass-ratio inspirals. Radio observations
of our own galactic center have revealed a highly dynamic environment where the central MBH
is surrounded by a cluster of stars on highly eccentric orbits (Genzel et al., 2010) suggesting
the existence of extreme mass-ratio inspirals (EMRIs). The name stems from the fact that the
involved masses differ by many orders of magnitude. Common mass-ratios range from 10~ to
107°. A sub class is represented by intermediate mass-ratio inspirals which describe systems
consisting of an intermediate-mass black hole either inspiraling into a MBH or stellar-mass
compact objects revolving around it with typical mass-ratios below 107°. These systems hold a
myriad of exciting science cases (Amaro Seoane, 2021). The orbits of lighter component around
the central black hole are highly eccentric and dynamic. These characteristics can be viewed
in fig. 1.4 as the five red lines. The signal of a single EMRI is not just a chirping sinusoid but
has higher harmonic content due to the elliptic orbit. As a consequence EMRIs probe different
regimes of spacetime curvature along its orbital phase. However, the GW emission is strongest
in the highly relativistic regime where the companions are closest reaching velocities of a few
percent of the speed of light.

The final class of anticipated GW signals are broadband stochastic GW backgrounds. They
can be either of astrophysical or cosmological origin. The former stems from abundant popu-
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lations of compact binaries at various redshifts (Schneider et al., 2001; Rosado, 2011). Their
virtually monochromatic signals spectrally overlap and are indistinguishable from noise. How-
ever, the most prominent background source for LISA will be the combined signal coming from
millions of detached white dwarf binaries from our own galaxy (Nelemans et al., 2001). An
estimate of their expected spectral strain is shown in fig. 1.4 as the grey shaded area. Due to
the stochastic nature of the background it behaves as instrumental noise and impacts the LISA
sensitivity at millihertz-frequencies. The second possible origin of a stochastic GW in the LISA
band are cosmological processes, e.g. a first-order phase transition in the very early universe
(Caprini et al., 2016) or primordial black holes (Garcia-Bellido et al., 2016). The detection of
stochastic background is especially difficult as they can easily be confused with instrumental
noise. Therefore, traditionally to distinguish signal from measurement noise the data taken by
several detectors is cross-correlated to filter out the signal that is common among them. As
shown in section 3.1, LISA can be understood as two Michelson interferometers rotated by 45°
against each other and a third “null”’-channel that is insensitive to GW and thus acts as a monitor
for instrumental noise (Flauger et al., 2021).

1.2.3 Time reference frames

Exact timing plays a crucial role for the discrete sampling of the LISA measurements and data
processing on ground. The measurements are represented by megahertz-beatnotes that contain
tiny GW induced Doppler shifts. Tracking of the beatnote phase at microcycle-precision requires
ultra stable clocks. In section 1.2.4 we will see that the clocks that will be implemented in LISA
drift apart by many seconds over the mission time. Therefore, the measurements taken on the
spacecraft must be resynchronized to a well-defined reference frame prior to handing the data
over to data analysis.

To better understand the various effects determining the spacecraft on-board time, we in-
troduce the various time reference frames relevant to model the LISA measurement chain and
properly design effective data processing algorithms. We indicate the time scale a physical quan-
tity x is defined in by a superscript. For the global time scale barycentric coordinate time (TCB)
we choose t, for the spacecraft proper and on-board clock times we use 7; and 7;, respectively.
Here the index i = 1,2,3 denotes the spacecraft. Furthermore we introduce the operator TZ
that transforms a variable z°(¢) given in time scale b to time scale a, i.c.,

2% (t) = T¢xb(t). (1.11)

Here, the variable ¢ is used as the “muted variable”. It does not define the reference frame of the
measurement (we could also call it 7) but only indicates the time of evaluation in the reference
frame given by the superscript.

The barycentric coordinate time

The TCB is a well-defined global time reference frame to describe events in the solar system (Ka-
plan, 2006). It places a perfect clock in the barycenter of the solar system neglecting relativistic
effects due to its gravitational potential, therefore realizing a coordinate time in a “mass-less”
universe with a well-defined origin.

For LISA this time frame is relevant to describe effects that apply to the full constellation.
Examples are the individual orbital trajectories of the three satellites or the effect of a passing
GW. It represents the time reference frame in which astrophysical events are usually described,
like solar system ephemerides or the emission of GWs.

The spacecraft proper time

To describe any physics that happens inside the spacecraft it is convenient to define the spacecraft
proper time as a co-moving observer would experience it. In general, this time scale differs for
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each LISA spacecraft and drifts apart by a few milliseconds over the course of the mission
(Bayle et al., 2022b). In our modeling we use it to describe all local physical processes, e.g.,
the evolution of the laser and ultra-stable oscillator (USO) phases or path length noises due to
moving optics.

As the spacecraft proper time is related to the TCB we define the transformation of a physical
quantity x! expressed in the TCB into the spacecraft proper time by

x7i(t) = T 2! (t) = 2 (17 (t)) = 2" (t + 6t;(t)) (1.12)

where we have introduced the operator T;" that effectively shifts the time argument ¢ by the
deviation 6t;(t) of the TCB with respect to the spacecraft proper time on spacecraft i (Hees
et al., 2014).

The spacecraft on-board time

As opposed to the spacecraft proper time the spacecraft on-board time includes technical im-
perfections of the real clock. The properties of real clocks are characterized by their Allan
deviations which expresses the frequency stability over a certain integration time. A thorough
study of various space qualified clocks can be found in Hartwig (2021).

Analogously to eq. (1.12) we can define the transformation of an on-board physical quantity
27 (t) into the on-board clock frame. We use this operation to model time-stamping of all LISA
measurements.

zTi(t) = Tiﬁx” (t) =" (Tji (1)) =a"(t+ dmi(t)) (1.13)

Here, 67;(t) denotes the time difference between the spacecraft proper time and the spacecraft
on-board time as it is observed by the clock.

1.2.4 Instrument overview

In this section we want to give an overview of the LISA instrument. Here, we mainly discuss
the space segment, i.e., the satellites, that host the interferometric detection system.

As discussed in section 1.2.1 the fundamental measurement principle of LISA is to monitor
tiny relative distance changes between the satellites that are induced by GW radiation with
picometer-precision. Therefore, the interferometric detection system must be built such that it
does not introduce spurious path-length noise that buries the GW signals.

In what follows, we discuss the various subcomponents that make up the detection system
and discuss their critical stability parameters. Each spacecraft hosts two identical MOSAs that
facilitates all components required for the optical interferometry. They are attached to a hinge
to be able to follow the far spacecraft with the telescope as the opening angle of the triangle
changes slightly over time. Figure 1.5 shows a sketch of a single MOSA.

As we will see, the sensitivity of LISA is mainly limited by two classes of noises. Spurious
accelerations of the TMs at low frequencies and readout noise of the interferometric detection
system at high frequencies. The level and temporal correlation properties of the noise sources is
characterized by their power spectral density (PSD) or amplitude spectral density (ASD) (the
square-root of the former). They are intimately connected to the auto-correlation function and
represent the spectral content of the noise (for more details see section 1.3). This is relevant
for determining the signal-to-noise ratio of a GW signal. The spectral components of the latter
only compete with the spectral components of the noise at the same frequency. Therefore, the
signal-to-noise ratio of a monochromatic signal is dependent on the signal’s frequency. This
gives rise to the characteristic strain shown in fig. 1.4 which defines the detectors sensitivity and
takes into account instrumental noises and the average detector response (Moore et al., 2015).
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Figure 1.5: Overview of the interferometric readout on a single MOSA. Each MOSA hosts a
laser source, an optical bench, a telescope and a GRS. Adjacent MOSAs are connected via
the backlink fiber to exchange light. The three different beams are ultimately combined in
the inter-spacecraft interferometer (ISI), the test-mass interferometer (TMI) and the reference
interferometer (RFI). Taken from Wissel et al. (2023) with permission from the author.

AN

Geodesic reference sensor

Effective GW detection requires a very quiet environment. In on-ground observatories this is
achieved by suspending mirrors as pendulum masses that strongly decouple them from ground-
motion. Space, on the other hand, is naturally very quiet as any free-falling objects simply
follow their geodetics. However, even the inner solar system is not quiet enough to allow for
GW detection. The solar wind will shake the satellites and spoil the picometer-precise relative
length measurements. The solution to this is to implement a so-called GRS which tracks any
non-gravitational forces on the spacecraft. This yields geodetic references that are much closer
to “free-fall” than the spacecraft itself.

The GRS is inherited from the LISA pathfinder mission and is constructed from an Au-Pt
TM (cube of side length 46 mm) placed inside a vacuum housing that is vented to space to reduce
the residual gas pressure further. The latter shields the TM from any external disturbances and
such serves as free-falling inertial reference for the range measurement. Moreover, the GRS
housing is equipped with electrodes that exert electrostatic forces to control the position of the
TM and ultra-violet lamps to discharge it. As the two TMs on adjacent MOSAs follow slightly
different geodesic they would drift apart over time. It can be shown that it is sufficient to
only control the position of the TMs in y and z direction and leave the (sensitive) x direction
untouched.

The TM interferometer reads out the longitudinal position of the TM (see fig. 1.5). The
inertial stability of the TM is limited by residual gas pressure in the GRS housing which is of
the order of a few micropascal. Upon impact, residual gas molecules transfer tiny momenta to
the TM. The performance of the GRS was extensively tested in the LISA pathfinder mission
not just fulfilling the mission requirements but even exceeding the requirements set for the LISA
mission (Armano et al., 2016; Armano et al., 2018). Those are given by

Sem(f) = (27 f)"2 - 3fm/s?/VHz - \/1+ (@)2 : \/1+ <8H{HZ>4. (1.14)
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The factor of (27 f)~2 converts the requirement (Amaro-Seoane et al., 2017) from acceleration
units to displacement units for easier comparison later. We plot the requirement curve in fig. 1.6.

Interferometric readout system

As demonstrated in section 1.1.1 laser interferometers are a sensitive tool to measure the relative
path-length difference in an equal-arm Michelson interferometer. All operational ground-based
interferometers use such a setup to sense GWs. For LISA it is impossible to directly construct
an equal-arm interferometer in space for two reasons. First, after propagating a laser beam
from one spacecraft to the other the beam diverges and only a few hundreds of picowatts out
of the few watts originally emitted. Back-reflecting the beam would attenuate the power by
the same factor and would render it immeasurable. Second, the LISA triangle is not perfectly
equilateral. Due to the orbital dynamics governing the trajectory of the satellites the arms of
the constellation are time-dependent and differ by a few percent.

As a solution LISA implements the so called split-interferometry design which leads to three
interferometers per MOSA as shown in fig. 1.5. The TM to TM measurement is performed in
parts. Locally, the TM interferometer measures the TM position with respect to the MOSA.
Then, the inter-spacecraft interferometer performs a measurement between the local and the
distant MOSAs. To relate adjacent lasers via the backlink fiber the reference interferometer is
implemented. The dominating noise in each interferometer is now presented by laser frequency
noise. The origin of this noise is the jitter of the laser frequency around its central value. In this
manuscript we assume a level of?

Sy(f) = 30 Hz/vVHz. (1.15)

Converted to displacement units the level reads 5 mm/ VvHz at 1mHz which strongly violates
the targeted picometer-precision by nine orders of magnitude. The solution is to combine the
three interferometers in the TDI algorithm discussed in section 3.2 to form virtual equal-arm
interferometers that effectively suppress laser noise.

After laser noise suppression the performance of the interferometric readout is limited by
several other effective displacements noises. Even though all optical components in the path
of the beams are rigidly fixed to the optical bench they are subject to tiny movements due to,
e.g., temperature fluctuations or vibrations of the telescope. Those result in path-length noises
that couple similar to a GW to the central laser frequency and produce an additional phase
contribution

B(t — NP(t)) =~ ¢(t) — N°P(¢) - v(t). (1.16)

Similarly, the propagation of the adjacent beam through the backlink adds phase noise to the
beam due to scattering centers in the fiber (Fleddermann et al., 2018; Max Rohr et al., 2020).

Another major contribution is photon shot noise which mainly depends on the power level of
the interfering beams. Quadrant photodiodes are used to detect the megahertz beatnote formed
by the interfering beams. Due to the low power level of the distant beam (hundreds of picowatts)
the dominant unsuppressed noise in the inter-spacecraft interferometer is shot noise at a level of
roughly 6 pm/v/Hz (Bayle and Hartwig, 2023).

Overall, the LISA noise budget allows for 10 pmv/Hz of effective displacement noise in the
interferometric detection system. The LISA performance model keeps track of the individual
contribution and allocates part of the budget to each. To account for the fact that residual force
noise on the TMs is dominating the noise budget at frequencies below a few millihertz, the white

3Here, for simplicity, we omit the commonly assumed noise shape function that amplifies the noise power at
frequencies below 2 mHz.
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Figure 1.6: Comparison of various requirement curves. In blue the requirement of displacement
noise in the interferometric readout system is shown. The acceleration noise requirement on
the TM (converted to displacement units) is plotted in red. The grey dashed line indicates the
microcycle-requirement that serves as a benchmark.

noise budget of 10 pm/+/Hz is relaxed as

4
VSito(f) = 10pm/vVHz - {1 + <2H}HZ> . (1.17)

We plot the requirement in fig. 1.6. We observe that the relaxation has the desired effect. The
requirement curve for interferometric displacement noise stays below the requirement for TM
acceleration noise.

As a benchmark to judge the relevance of a noise source disturbing the measurements we
define the picometer (displacement units) or equivalently the microcycle (phase units) require-
ment. They denote the same thing and only differ by the unit they are expressed in. To convert
from displacement units to phase units we have to divide by the nominal laser wavelength
Ao = 1064 nm.

2mHZ>4 (1.18)

S
Again, we add it to the graph in fig. 1.6 to compare it to the other requirement. The rationale

behind it is a factor ten below the other curves and therefore virtually negligible. It would take
100 uncorrelated noise sources with a level of 1 pm/v/Hz each to add up to a level of 10 pm/+/Hz.

ngq(f) = 1pcycle/VHz - /1 + (

Onboard clock and frequency distribution system

Each LISA spacecraft houses a single USO that serves as a unique clock to drive all on-board elec-
tronics. Furthermore, the on-board timer is derived from this clock which is used to accurately
time-stamp all measurement. Time-stamping can be modeled as shifting the time argument of
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Figure 1.7: Distribution of the clock signal of the USO. The left panel represents the injection
of the pilot tone into the phase readout of the photoreceiver. The phasemeter’s ADC digitally
samples the sinusoidal beatnote and extracts its phase. The right panel shows how the various
frequencies required in LISA are derived from the 10 MHz clock. For more details see the text.
Adapted from Bayle and Hartwig (2023) with permission from the author.

the beatnote phase ¢ by the timing jitter ¢ of the clock.

Pt +q(t) =v-(t+q(t) =) +v-q(t) (1.19)

In this calculation we assume that the derivative of the beatnote phase, the beatnote frequency
v, is constant. The timing-jitter couples proportionally with the beatnote frequency which is of
the order of 20 MHz. To fulfill the microcycle-requirement we need a clock timing stability of
50 fs/v/Hz.

/Sy - 20MHz < 1pcycle/vVHz (1.20)

However, with current state-of-the-art space-qualified clocks this cannot be achieved. The base-
line design of LISA foresees a temperature-stabilized quartz oscillator with a timing precision
of

S,(f) = 10~ s/v/Hz - (é) (1.21)

This level of timing jitter results in a phase noise level of approximately 6 mcycles/v/Hz at 1 mHz
which strongly violates the microcycle-requirement. The solution to this problem is to distribute
the clock signals among the satellites and measure it differentially in an auxiliary channel. This
is achieved by modulating sidebands on the laser beam via electro-optic modulators.

In addition to the timing jitter of the clock the ADC is subject to sampling jitter. For
mitigation a 37.5 MHz pilot tone is injected in the readout of the photodetectors before digitally
sampling the signals (see left panel of fig. 1.7). After sampling it at the phasemeter rate of
80 MHz it provides a timing reference to correct all phase readouts. This procedure is called
pilot tone correction.

The right panel of fig. 1.7 shows the distribution of the 10 MHz* clock signal to the different
subcomponents. For sideband modulation it is upconverted to 2.4 GHz and 2.401 GHz for left-
handed and right-handed MOSAs, respectively. The 2.4 GHz signal is then downconverted again
by a factor of 32 to derive the 37.5 MHz pilot tone. The 80 MHz phasemeter clock can be either
derived directly from the 10 MHz clock signal or from the 2.4 GHz signal.

Critical for performance is a stable phase relation between the optical 2.4 GHz phase mod-
ulation and the pilot tone. The latter indirectly defines the timing of the sampling procedure
via pilot tone correction and is therefore the relevant timing reference for each spacecraft. The
sidebands are read out in the inter-spacecraft and reference interferometers to synchronize the
carrier-carrier beatnote measurements with femtosecond-precision. Here, the stability of the
sideband modulation on right-handed MOSAs is secondary as it can be related to the sideband

4This has been recently changed to 3-22*Hz ~ 50.3 MHz. However, the particular choice of the USO frequency
does not change the general principle of the conversion chain, so we stick with the 10 MHz clock in this manuscript
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modulation on left-handed MOSAs via the sideband-sideband beatnote measured locally by the
reference interferometer. Furthermore, the phase stability of the 80 MHz phasemeter clock is
also not performance critical as it is accounted for by the pilot tone correction.

Any deviation of the phase of the optical 2.4 GHz signal from the pilot tone due to errors
in the downconversion or the phase modulation is described by modulation noise. The current
best estimate of modulation noise in terms of timing jitter is given by the LISA Performance
Working Group (2021) as

=y
Sur(f) =83 x 107 s/VHz - (é;) N (1.22)

For the optical phase modulation error on right-handed MOSAs we assume a level that is ten
times higher to account for the “larger” separation from the pilot tone in the frequency conversion
chain (see fig. 1.7). However, as we will later show this can be mitigated by the ranging processing
algorithm presented in section 3.2.4.

1.3 Time Series Analysis of Stochastic Signals

In this manuscript, we make extensive use of the notation of spectral densities of stochastic
processes. Therefore, in this section, we give a brief overview of the definitions and methods we
use to derive analytical expressions for those. Stochastic processes are, as the term “stochastic”
suggest, random processes that cannot be predicted. However, we can define “ensemble quan-
tities” that describe the temporal correlation properties of a random process. The most basic
random process is represented by the white Gaussian random process. For any distinct times ¢
and to the values the random process z(t) takes are uncorrelated. We write

E{z(t1) - 2(t2)} = 0. (1.23)

Here, E{-} denotes the ensemble average which expresses the mean value over many independent
realisations of the process. This property does not apply to all random processes. Any random
process of finite bandwidth is indeed correlated in time which can be described by the auto-
correlation function (ACF). For zero mean random processes z(t) the ACF is defined as

ACF{z(t)}(r) = B{x(t) - x(t + 7)}. (1.24)

In this definition of the ACF, we require that the random process x(t) is stationary which implies
that the statistical properties of the process are independent of absolute time ¢ and only the
relative displacement 7 is relevant. Evaluating the ACF at 7 = 0 yields the variance or power
of the process.

The PSD views the frequency content of the ACF in the Fourier domain. The PSD is defined
as the Fourier transform of the ACF.

PSD{z(t)}(f) = /R ACF{z(t)}(r) - =277 dr (1.25)

It indeed represents a density function as the integral over all frequencies yields the total power of
the signal [;PSD{x(t)}(f)df = ACF{z(t)}(0). As the ACF is a real function of even symmetry
the PSD inherits the same properties. Therefore, it is customary to only consider positive
Fourier frequencies f and “discard” negative frequencies. This gives rise to the one-sided PSD
which is defined only for positive frequencies and equals to twice the two-sided PSD to account
for the negative frequencies in the density function. In the remainder of this document, we
implicitly mean the one-sided PSD if we discuss spectral densities and make use of the symbol

Sz(f) = 2-PSD{x(t)}(f)-
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Next, let us discuss the effect of linear time-invariant (LTI) systems on a stochastic process.
A system is called LTI if its properties are constant over time and it reacts linearly to any input
such that the result of the input z(t) = x1(t) + x2(t) equals to the sum of the results of the
individual inputs. We write

F(.%'l(t) + .%'Q(t)) = F$1(t) + F$2(t). (1.26)

Here, we have introduce the operator F that maps the input z(¢) to the output y(¢) of an LTI
system. This can be described by convolving the impulse response h(t) of the system with the
input. Formally we have

y(t) = Fa(t) = / h(r)a(t — 7) dt. (1.27)

R

The output y(t) of the system is again a random process with a modified PSD. Using eq. (1.24),
eq. (1.25) and common Fourier transformation rules, we find that the PSD of y(t) equals to the
PSD of x(t) multiplied by the magnitude square of the Fourier transform of the impulse response
h(f). ) ]

Sy(f) = FSu(f) = [h(f)]* - Sz(f)- (1.28)

The latter is also called the transfer function of the system. Here, F denotes the effect of the
operation on the PSD, which is a simple multiplication for LTI systems.

In the data analysis presented in chapters 3 and 4 we operate on discretely sampled data.
To apply the formalism introduced above we use the Whittaker-Shannon interpolation formula
given in Oppenheim et al. (1999) as

o0

z(t) = Z sinc(fst —n) - p. (1.29)

n=—oo

It perfectly reconstructs the continuous-time representation from the discrete samples. Here,
the sinc-function is defined as sinc(z) = % Furthermore, this identity only holds for signals
x(t) that are band-limited up to the Nyquist frequency which is given by %

Next, let us define the effect of a finite impulse response (FIR) filter on a discretely sampled
time series x,,. The operation is described by the discrete convolution of the finite length FIR

filter kernel h,, with the data

Then, we use eq. (1.29) to represent this operation in continuous time. It is trivial to show that

y(t) = /RZ hnd (T — mTy) x(t — 7) dt, (1.31)

h()

where 0(t) denotes the Dirac-delta function. In the equation above we have identified the impulse
response h(7) of the FIR filter operation which can be used to calculate the transfer function.
Another operation we require for the modeling of the LISA on-board processing is decimation
which describes the reduction of the sampling rate by an integer factor M. Decimation is
implemented by skipping every M-th sample in the time series. Formally we have

Yn = TMon- (1.32)

In appendix B we show that this process cannot be represented by an LTI system. As a conse-
quence, a transfer function does not exist for this operation but instead the PSD of y(t) is given
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by folding so-called aliases into the new band which is limited up to the new Nyquist rate. From
eq. (B.13) we derive the following expression for the one-sided PSD

M—-1
Sy(f) = SaSa(f) = rect <J'f> >S5 (1.33)
s n=0

Here, S M Sz(f) is a shorthand notation representing the action of the decimation operator in
Fourier space on the PSD of z(t) and the rectangular function is defined to be equal to zero for
|f| > fn and equal to one for |f| < f, such that the decimated signal is band-limited up to the
new Nyquist rate f,, which is defined as half the sampling rate fs after decimation. Finally, the
nth alias, Sg(gn)( f), on the right-hand-side of eq. (1.33), is given by

5

x

(f) = {Sx (nfn+f) if n is even, (1.34)

Se((n+1)fn—f) if nis odd.

Equations (1.33) and (1.34) highlight the typical folding into band of any spectral component
that resides at frequencies higher than the new Nyquist rate (up to the highest frequency M f,,,
which corresponds to the Nyquist rate before decimation). This result is also presented in Staab
et al. (2023b).

1.4 Outline

This thesis is structured as follows. In chapter 2 we present the detailed modeling of the
LISA measurement that serves as a basis for the remaining chapters. We introduce the basic
measurement principle of LISA; performing inter-satellite ranging with picometer-precision using
laser interferometry. To understand what limits the ranging performance we explain the coupling
mechanisms of various instrumental noises. Most relevant in this context are laser frequency
noise and timing jitter of the clocks. They completely dominate the single-link measurements
and cover up any GW signals.

The solution is presented in chapter 3 which discusses the TDI algorithm that can be used
to synthesizes virtual equal-arm interferometers. Those are (almost) immune to laser frequency
noise and clock timing jitter. Prior to TDI the various ranging sensors have to be “fused” in a
dedicated ranging processing pipeline to form accurate, high-precision estimates of the pseudo-
ranges that are required as an input for TDI. Then, we investigate the various coupling channels
of laser and timing noise residuals in the TDI combinations. We find that biases of a few meters
in the pseudo-random noise (PRN) ranges limit the laser noise suppression in TDI.

To calibrate those biases we propose to use time-delay interferometric ranging (TDI-R) which
is a bias-free ranging method for LISA. We present a detailed statistical analysis of TDI-R in
chapter 4 using the Fisher information formalism and present analytical lower bounds on the
estimation variance of the ranges.

Finally, we conclude in chapter 5. We discuss the implications of this thesis for the LISA
mission and point out avenues for future work.
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CHAPTER 1.

INTRODUCTION




17

Chapter 2

Instrumental Modeling

In this section we explain the model behind the LISA measurements that we analyze in the
remaining chapters. Bayle and Hartwig (2023) give a concise overview of the modeling used in
state-of-the-art LISA simulators, like LISA Instrument (Bayle et al., 2022a) and LISANode. We
only reproduce the model in phase units here as frequency units are straight-forward to derive
by taking the time derivative.

Stable frequency standards are the core components of the LISA mission. As explained
in section 1.2.4 lasers and clocks are used to perform inter-satellite ranging with picometer
precision and timing of the measurement chain. Even though lasers and clocks have very different
requirement they both can be described by the same formalism. Therefore, the main task of
LISA modeling is to represent the phase evolution of each frequency standard appropriately. In
general, frequency standards are very stable oscillators with an initial phase ¢g = ¢(tp) and a
nominal frequency vy. Thus, their ideal phase evolution, according to the local proper time, is
given by

¢o + 1o - (t — o). (2.1)
However, in reality, the real frequency of the oscillator is different from the nominal one and
their exact timing is subject to noise. We describe any deviations from the nominal phase in
terms of timing deviations z(¢). The real phase is then modeled as

B(t) = ¢o + 1o - (t +z(t) — to). (2.2)

Conceptually and numerically it is appropriate to split up the timing deviations x(¢) into a large
but slowly varying component and small in-band fluctuations.

x(t) = z°(t) + 25(t) (2.3a)
y(t) =y°(t) +y°(t) (2.3b)

Here, we also define the fractional frequency deviations y(t) = &(¢) that represent the relative

frequency shifts with respect to the nominal frequency. Slow drifts in this variable capture effects
like Doppler shifts in the laser beams or systematic clock offsets that vary over time scales of
a few months. For the frequency standards used in LISA, y°(t) is of the order of 10~7, which
accumulates to a timing deviation of a few seconds over the mission of ten years. On the other
hand, in-band timing fluctuations z¢(¢) account for much less. For example, the LISA lasers
have a fractional frequency stability in terms of ASD of \/ST, =10"131/ vHz. This results in
an in-band noise root mean square (RMS) of!

1Hz Sy 1
/104 o @2rf)? df =~ 1.6 x 10™ “s. (2.4)

1For this order-of-magnitude calculation, we neglect again the noise shape function that amplifies the power
at frequencies below 2 mHz.
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Therefore, the timing deviations accumulated by the slow drifts is around 12 orders of magni-
tude higher than the timing fluctuations caused by in-band noise. To appropriately describe
both quantities we model the slow varying fractional frequency shifts y°(¢) and in-band timing
fluctuation z€(t) in separate variables and express the total timing deviations as

t
z(t) = / YO () dt + x¢(t). (2.5)
to
Consequently, the total phase of a frequency standard can be described by two scalars, the initial
phase ¢g and the nominal frequency 1, and two time series, the out-of-band fractional frequency
deviations y°(t) and the in-band timing fluctuations z¢(t).

¢
P(t) = ¢o + o - / (1+y°(t") dt’ + o - 2°(2) (2.6)
to
In the following section we will explain the contents of the main LISA measurements which are
the beatnote phases of the three interferometers and the PRN ranges. We start off by describing
the model of the laser beams. Besides the main carrier phase it also contains sidebands that
are used to transfer the clock signals and spacecraft timers for absolute ranging. Ultimately,
the beatnote phase measurements and PRN ranges are discretely sampled according to the
spacecraft timers and decimated down to the telemetry rate of 4 Hz.

2.1 Laser Beam

As already introduced in section 1.1.1, we describe laser beams in the plane-wave approximation.
The electric field at some fixed point along the beam axis is given as

E(t) = Eq - cos (2mo(t)), (2.7)

where Ej denotes its amplitude and ¢(t) determines the time-dependent phase of the laser,
which quickly accumulates due to the terahertz optical frequency. Furthermore, we assume that
the laser propagates in vacuum at the speed of light without suffering from dispersion.

For our studies we assume Ey to be constant and therefore irrelevant to the final beatnote
measurement. However, in general, the beatnote phase tracked by the phasemeter is sensitive
to fluctuations in the absolute laser power. This coupling is called relative-intensity noise and
is further detailed in Wissel et al. (2023).

The relevant quantity for modeling the beatnotes are the six laser phases. They encode the
evolution of the carrier phase, the upper and lower sideband phase and the reading of the local
timer. For simpler modeling we keep track of each quantity in a separate variable.

Following this decomposition the laser carrier phase at the source without any modulations
can be described by using eq. (2.6),

() = 90,45 +vo - (t—to+x5;(t)) (2.8)
¢
= 0.5 T / (vo + v - y5() ) At + v - 55 (L) (2.9)
to — —_———

045 (t') pi;(t)
Here, we have identified the slowly varying megahertz-offsets 0;;(¢) and the laser frequency noise
pij(t)-
2.1.1 Pseudo-random noise modulation

LISA implements absolute ranging by modulating a pseudo-random noise code onto the laser
beam (Esteban Delgado, 2012). This code is read out by the phasemeter on the distant spacecraft
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and correlated with a local copy to infer the propagation delay between the satellites. In essence,
this allows to compare the timer of the emitting and receiving spacecraft at the events when the
beams were emitted and received, respectively. To simplify the modeling we directly compare
the readings of the timers which are defined as

t
7(t) = %o + / 1+ () dt’ + 5(¢) . (2.10)
0 )
qi

They are derived from the pilot tone and therefore inherit the properties of the USO. Here,
%(t') describes any slow varying fractional frequency drifts of the clock and ¢;(f) any in-
band timing jitter. To allow the timers to be started at an arbitrary time we introduce the
initial timer reading 7y ; at time ¢y. For more convenient modeling we rewrite eq. (2.10) in terms

of the nominal spacecraft proper time and timer deviations
7i(t) =t + 67 (t). (2.11)

The timer deviations collect large drifts and small fluctuations. To retain numerical precision in
the small variable we decompose 7;(t) into 677 (t) and 67f(¢). They are related to the quantities
in eq. (2.10) as

t
077 (t) = 7o, — to + / y, "0 () ae’ (2.12)

to

671 (1) = ai(t). (2.13)

2.1.2 Sideband modulation

For clock noise transfer, the local clock is phase-modulated onto the laser carrier phase. The
modulation phase qbf;(t) is derived from the megahertz clock signal which is upconverted to a
few gigahertz. We can therefore model the total phase of the signal as

¢
i () = 90 + Vo /t L+ 570) dt' + gl - (a(t) + My (1)) (2.14)
0

Additionally to the timing jitter of the clocks g;(t), we account for any extra noise that adds
in the modulation chain by the modulation noise M;;(t). The modulation frequency Vg on
left-handed and right-handed MOSAs are 2.4 GHz and 2.401 GHz, respectively. The 1 MHz
difference between left-handed and right-handed MOSAs is needed to allow separation of the
carrier-carrier and sideband-sideband beatnotes.

The modulation phase is then fed to an electro-optical modulator that modulates the phase
of the electric field that passes through the device. We can formally describe this process by
augmenting eq. (2.7) with a modulation term,

E(t) = Ey - cos (2m¢°(t) + mcos(2mp™ (t))). (2.15)

For LISA, the modulation index m is about 0.15, and thus sufficiently small to truncate the
Jacobi-Anger expansion after the linear term and rewrite this expression as

E(t) ~ Ey - cos (276°(t)) — Eq - % sin (276" (1)) — Ey - % sin (276" (1)). (2.16)

We note that the modulated laser beam is represented by a superposition of three frequencies,
the carrier and the lower and upper sidebands. The phase of the latter is defined as

@Z-Sb/le(t) _ ;':j(t) :l:(b?;(t) (217)

The term sideband comes from the fact that they oscillate at a nominal frequency of ygsi?/ Isb _

C m
v; £ Voij-
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2.1.3 Free-space propagation

In the next step, we propagate the variables defined above through free space. This is required to
transport the laser beams from the laser source to the photodiodes. We can model propagation
of an arbitrary phase ¢(t) as a time-delay by d(t). This is possible since the wavefronts travel
at constant rate; the speed of light. We split this delay up into a large slowly drifting quantity
d°(t) and small in-band fluctuations d°(¢). The out-of-band component captures the slowly
evolving inter-spacecraft light travel times due to orbital dynamics or (almost) constant optical
path-lengths on the optical benches. The in-band component describes path length noises due
to the instability of components on the optical bench that limit the relative length measurement
by LISA, but also the effect of GWs on the travel time.

Let us observe the effect of a time-delay on an arbitrary phase ¢(t) as it is given in eq. (2.6).

t—d(t)
P(t —d(t)) = ¢o + 10 - /t 14 y°(t) dt’ + vo - 2 (t — d(2)) (2.18)
t—de(t)

~ ¢+ 10 - /t 14+ y°(t)dt — d(t) - vo - (14 y°(t — d°(t))) + vo - 2 (t — d°(t))
’ (2.19)

=g —1p - /ttido(t)l +y°(t)dt’ + v - /tt(l —d°(t")) - (L+y°(t —d°(t))) dt’

+vo - (2t — d°(t) —d(t) - (1+9°(t — d°(1))))

(2.20)

In the second line we expand the integral to first order in the small quantity d.(¢). Furthermore,
the effect of the later on the time-delay of the already small quantity x¢(t) can be neglected.
Finally, we perform the substitution ¢ — ¢’ — d°(#') and collect the following terms. We find a
modified initial phase offset

to
¢0 — 10+ / 1+ y"(t’) dt/, (2.21)
to—de(t)

the Doppler shifted and delayed out-of-band fractional frequency

(1—d°(t)) - (L +y°(t — d°(t))), (2.22)

and the effective timing jitter of the delayed phase
2(t = d°(1)) — d(t) - (1 + 97t — d°(1))), (2.23)

that consists of the origin delayed timing jitter and the coupling of the small in-band delay
fluctuations to the delayed out-of-band fractional frequency. The modified initial phase offset
and the Doppler shift are illustrated in fig. 2.1.

We recover equivalent expressions for the description of the laser phase including sideband
modulation as reported in the literature (Bayle and Hartwig, 2023). In addition, we explicitly
model the effect of the initial phase ¢ in lasers and clocks.

In the following we will make extensive use of the notion of delay operators which are defined
as

Dz(t) = z(t — d(t)). (2.24)

The delay operator D effectively delays the argument of an arbitrary time-dependent function
x(t) by the value d(t).
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-

Phase

Time

Figure 2.1: Illustration of total phase propagation by applying an arbitrary time-dependent
time-delay d(t) that models beam propagation between the spacecraft. The blue and red lines
represent the origin phase and propagated phase, respectively. The grey arrows indicate the
time-shifting operation which leads to a reduction of the phase offset and a smaller effective
slope (Doppler shift). The effect of the much smaller in-band component of the time-delay is
not resolved in the picture.
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2.2 Interferometry

Each MOSA hosts three interferometers combining beams from the local laser, the adjacent
laser and the distant laser. The mixing of the beams in each interferometer generates three
beatnotes that are in the bandwidth of the photodetector: the carrier-carrier beatnote and
the two sideband beatnotes. Each of those beatnote phases is tracked by an individual digital
phase-locked loop (DPLL).

Constant optical path lengths on the optical benches are assumed to be zero?. Therefore, we
only model the in-band optical path-length noise that is caused by various effects, like thermal
expansion due to temperature fluctuations. Furthermore, upon detection on the photodiodes,
readout noise enters the beatnote measurements. It is made up of photon shot noise and elec-
tronic noise of the readout chain.

At the time of writing, the LISA simulators do not implement the non-inertial motion of
the spacecraft® or MOSA translational jitter. The modeling of the spacecraft dynamics is quite
sophisticated as it includes a control loop that adjusts the spacecraft position to follow the TMs
and suppress the influence of external disturbances (Inchauspé et al., 2022). For now we assume
that the optical benches follow perfect geodesics such that the test-mass interferometer only
senses the residual acceleration noise shaking the TMs. Furthermore, we account for translational
MOSA jitter and spacecraft motion in TDI (see section 3.2.1).

The reference and TM interferometers combine beams from adjacent MOSAs. The so-called
backlink fiber is used to optically connect the two optical benches. Propagation through the
fiber introduces phase noise, which we call backlink noise.

As explained in section 1.1.1, interfering two laser beams at optical frequencies and detecting
the time-dependent power of the superposition is equivalent to mixing the two frequencies. The
readout chain is only sensitive to the difference frequency that we call beatnote. The beatnote
frequency is always interpreted as positive by the phasemeter that tracks its phase. In our
modeling we implicitly assume that the sign ambiguity can be resolved, as the signs can be
inferred from the frequency plan. Furthermore, the phasemeter only tracks the phase up to an
integer cycle, such that it reads

p(t) = ¢1(t) — p2(t) +n, (2.25)

where n € Z is constant but unknown and resets at any interruption. Interestingly, we will see
later that the transfer function of TDI has a vanishing response to carrier beatnote measurements
and laser phases at d.c. thus it removes any constant offsets. Therefore, the modeling of the
laser initial phase and carrier beatnote phase ambiguity is not required.

2.2.1 Carrier beatnotes

The three carrier beatnotes are produced by beating the carrier phases of two beams against each
other. They represent the main science measurements of LISA and are later processed through
TDI to produce the final observables. Apart from the overwhelming laser noise that is suppressed
in TDI, they contain the GW signal, other path-length noises and test-mass acceleration noise
that ultimately limit the sensitivity of the detector.

Inter-spacecraft interferometer

The inter-spacecraft interferometer interferes the distant beam with the local beam. Below
we express the optical path length both beams have to travel from the laser source to the

2In reality they are not because of the path lengths between components on the optical bench. However, if
they are matched for each interferometer they do not impact the laser noise suppression in TDI as, in the end,
they represent a simple group delay of a few ns

3This feature is already available in the simulation tool LISANode which is not used in this thesis.
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interferometer.
b,isi;j<¢ji

disiyy ey, (8) = d5(8) + Hij (1) + Nop ™0 0% 1) (2.26a)

diioy s,y (1) = N0 20 (1) (2.26D)
The distant beam experiences the inter-spacecraft propagation delay that consists of large out-
of-band component df;(t) that is driven by orbital dynamics and the tiny fluctuations H;;(t)
caused by a passing GW. Additionally, it collects any optical path-length noises. The local laser
only experiences the latter.

Let us make use of eqs. (2.9) and (2.20) to express the total phase of the inter-spacecraft
beatnote. For better readability we drop the explicit time-dependence.

iSigj = Disiin¢ji¢§i - Disiij%%‘j d)gg + Ng')’ISI (2.27)
t
. .C N} 70 ! o
o~ isig 44 +/ D} 0 — 0 — di: - vodt’ + Diipii — pij
1 t 1777 1) 1] 19171 ) (2.28)

_ (Hz‘j 4 Ni0jb7isiij<—¢ji) . (VO + D%Oﬂ) + N;)jb,isiij<—¢ij . (VO + Oij) + N;;’isic.

For the reason stated above we omit specifying the initial phase isig;;. The offset frequency of
the beatnote is now of the order of megahertz as the central laser frequency 1y drops out. As
small fluctuations, we collect the differential laser phase noise, the GW and optical path-length
noises coupling to the associated carrier frequencies and readout noise.

Reference interferometer

The reference interferometer mixes the adjacent beam and the local beam. Their respective
optical path lengths are entirely made up of optical path-length noises.
o borfis ¢ by
oty (1) = NEPTCH (1) 4 NP0 (1) (2.29a)
b,rﬁi 1 iq
dussyey (1) = N 0700 (1) (2:29D)

As the adjacent beam is connected via the backlink fiber it additionally picks up backlink noise.
Ideally, this noise is identical for counter-propagating beams such that it cancels in TDI (see
section 3.2.2) but in practice, we do expect some non-reciprocity of the fiber backlink.

The resulting beatnote phase has the following form.

rﬁgj (t) - Drﬁij%@k(b(i:k - Drﬁ¢j%¢ij ¢fg + N;‘]Q,rﬁ (230)

t
1,ij¢—i b,rfi;j<;
~ rfig i + / oi, — 0ij dt’ + pix — pij — (N RANLNT ij g 9 ") - (vo + o) (2.31)
to .

ob,rﬁij<—¢¢j

+ N . (V0+0z‘j) +Ni?)’rﬁc.

v

Test-mass interferometer

Similar to the reference interferometer, the TM interferometer interferes the adjacent beam and
the local beam. However, the local beam is bounced off the TM and therefore senses the spurious
test-mass acceleration noise Ni‘sj (t).

dimnisy ey (1) = NPT TR (L) 4o NP0 (), (2.32a)
b,rfi;j¢ij

It is counted twice as the beam travels forth and back along the additional path length produced
by the motion of the TM.
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The resulting beatnote phase reads

tmigj (t) = Dtmiij‘*¢ik (z)(z:k - Dtmiij<*¢ij ;':j + Nz‘rf,tml (2'33)

t
. bl,ij«ik b, tmi;;—¢;

~ tml&ij +/ Oik — Ojj dt’ + pi — pij — (Nl.j ijeik Nioj mijj ¢ k) . (Vo + Oik)

to

(2.34)
+ (2N + NPT (v + 035) + NI

The results for the carrier beatnote phases are consistent with the existing literature (Bayle
and Hartwig, 2023). The only differences are that we account for the offset frequencies o;; of
the lasers for the coupling of in-band path-length fluctuations and that we explicitly model the
initial phase of the interferometers.

2.2.2 Sideband beatnotes

The sideband beatnotes are produced by beating the sideband phases against each other. They
are defined in eq. (2.17) and contain the sum or difference (upper and lower sideband) of the
carrier phase d)f»j and the phase modulation qﬁf} We model the phase readout of the sideband
beatnotes in a feed-forward configuration. This means that the sideband DPLL receives the
carrier beatnote phase and uses it to offset its error point. As a result, the phase register only
accumulates any additional phase to the carrier phase.

To read out the lower and upper sidebands individually LISA implements two separate
DPLLs. Both signals in principle track the same quantity but have independent readout noise.
Furthermore, they experience slightly different Doppler shifts due to their different absolute
frequency in the beam (v§ & v"). Therefore, we propose that the phase readouts of the upper
and lower sidebands are merged on board to avoid sending redundant data and relax the data
budget. However, the exact merging procedure must be able to detect whether the upper or
lower sideband beatnote is degraded to minimize the technical noise in the combined product.

Let us explain the contents of the sideband beatnote using the example of the inter-spacecraft
interferometer. To model the feed-forward readout we subtract the carrier beatnote. The upper
and lower sidebands are then given by

. .usb/Isb ro,isiusb/lsb .,
151;1; /1s (t) = Disiije@i ((b;l 4 ¢§rl‘) — Disiije@j( fj + ¢Zl) + Nijo’ S — 181% (2.35)

= :t(Disiij<—¢ji¢;% - Disiij<—¢ij Qﬁ?) + Nir](')JSlubb/lsb - NZ‘I;)’ISIC' (236)
Here, we use the definition of the sideband phases in eq. (2.17) and the carrier beatnote in
eq. (2.28). After subtraction, the sideband beatnotes inherit the readout noise of the carrier
beatnotes. However, we notice that it is common mode for the upper and lower sideband
beatnotes while the phase modulation that contains the clock information is differential mode.
We therefore consider in the following the combined sideband signal as

sqqusb _ s slsb
sy — isi®
isisP (t) = % (2.37)
ro,isi"sP _ Nro,isiISb
.. m_ 1. . m ij ij
= DlSlz-]-<—cf>ji¢ji Dlslij<—¢ij i + 2 (238>
isisb
N;";),lsl

t
__ :.:8b m m ) m m j0 o  Uso,0 m , Uso,0 jy,/
= 18155 + / Vogi — Vou; — iy - Vogi + Vo (1 — d3) D3y " — vgly, ©dt

Lo (2.39)

+ 1,5 D5 (Qj + Mji) — Vo (Qi + Mij) + Nirjp,isisb'

The carrier beatnote readout noise cancels and the inherent sideband beatnote readout noise
is reduced by a factor v/2 in amplitude. In the last line we plugin the definition of the phase
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modulation (see eq. (2.14)). We neglect the coupling of path-length noises to the gigahertz
modulation frequency as they are much smaller than the picometer readout noise (NP - vyt <
N ro’ifOSb). Furthermore, we find that the sideband beatnote beats at nominal frequency of
Vo — Voi; = £1 MHz and tracks the differential clock information contaminated by modulation
noise and readout noise.

The reference and TM interferometer sideband beatnotes are defined similarly and compare
adjacent phase modulations on the same spacecraft. We derive

¢
:¢.sb __ e sb m m m , Uso,0 m  Uso,0 7,/
ifo}; (t) = ifog;; + / Voik — V0u; T VouirY:  — V04iY | dt

to (2.40)

+ Vg,lik (Qi + Mik) — yffij (Qi + Mij) + Nirjp,ifOSb‘

As they measure the same quantity, we use the placeholder ifo;;, which can either be replaced
by rfi;; or tmi;;. As we will later see, this measurement tracks the differential modulation noise
on adjacent MOSAs and can be used to remove the dominant modulation noise terms.

2.2.3 Absolute ranging

An absolute ranging measurement is achieved in LISA by modulation of a PRN code on the
carrier. It is read out by the phasemeter and correlated with a local copy in a delay-locked loop
to infer the time shift between the codes. As the codes have a finite length corresponding to a
few hundred kilometers, the delay measurement is ambiguous and can only be determined up to
an integer multiple of the code length. However, this ambiguity can easily be resolved on ground
using position and synchronization information of the spacecraft obtained from ground-based
observations.

We model this measurement as the difference of spacecraft timers 7; as those drive the timing
of the modulation and extraction of the codes. The six PRN ranges compare the local timer
with the distant timer that has propagated along the link

Rij(t) = ﬂ(t) — Dijf'j(t) + Bij + Ng(t) (2.41)

To account for noise in the readout process we add a generic ranging noise term to it with a
typical RMS amplitude of 1m at 4 Hz. Furthermore, the PRN range is potentially biased due
to various sources of group delays. Most of those are calibrated on ground prior to launch but
might drift over the mission time. We assume that typical values for the residual bias B;; are
of the order of meters.

We plug in the model for the timer given in eq. (2.11) and arrive at

Rij(t) = (57%(15) - Dij(S%j(t) + d%(t) + Bij + Nllj(t) (2.42)

Here, we can clearly see that the PRN range is a pseudo-range, as differential clock information
is entangled with the inter-spacecraft distance. We neglect any coupling to path-length noises
or GW signals (picometer) as they are much smaller than the ranging noise.

2.3 Sampling and Onboard Processing

All LISA measurements defined above are encoded in the differential phase of two interfering laser
beam as they arrive at the photodetector. As already mentioned, DPLLs in the phasemeters are
employed to read out the different components of the beatnote phase (carrier-carrier, sideband-
sideband beatnotes and PRN range). Prior to this, the continuous-time analog signals need to
be converted to discrete-time digital signals. To appropriately capture beatnote frequencies up
to 25 MHz, the DPLLs run at 80 MHz. Finally, several decimation stages are used to decimate
down to the telemetry rate of 4 Hz.
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2.3.1 Sampling by the on-board clock

We model the process of signal sampling as transforming the time reference frame of the mea-
surements from the spacecraft proper time to the spacecraft on-board time as it is dictated by
the spacecraft timer. Therefore, we apply the following transformation to all beatnote phases

¢ (t) = THem (t) = o™ (1] (1)), (2.43)

which requires the reading of the spacecraft proper time Tj “(t) according to the spacecraft on-
board time. However, we currently only model the “inverse” quantity 7, (t). To calculate it, we
evaluate eq. (2.11) at time 7,7 (7), which gives

t =77 (71 (1)) = 17 (t) + 07 (17 (1)), (2.44)
where we also used that, trivially, 7. (TZT i (t)) = t (Bayle and Hartwig, 2023). This procedure pro-

vides an implicit definition of TZ— “(t). Again, to avoid large numbers we only calculate deviations
of the spacecraft proper time from the on-board time d7;(¢) and find

6 (t) = =07 (t + 675(2)). (2.45)

Generally, there exists no closed-form solution of this equation for arbitrary 67;(t) so it must
be solved numerically. This is achieved in an iterative fashion. As an initial guess we set

(571-(0) (t) = —d7;(t). Then we calculate more and more accurate estimates by following
oM (1) = =57, (t + 57 (1)), (2.46)

until the solution has converged close enough for our purposes. If we like to retain numerical
precision we can also operate on the decomposed timer deviations

61 (t) + 075 (t) = —07;(t + 07i(t)) (2.47)
~ —§7; (t+ 67L(t)) — O7E(t) - 677 (¢ + 670(1)), (2.48)

which yields expressions for the slow drifts and small fluctuations of the deviation of the proper
time from the on-board time. We identify

619 (t) = =077 (t + 677(1)), (2.49a)
ety = 0Tt (E)) (2.49b)

L4650 (t+070(1)

Ultimately, we can use eq. (2.49) to describe signal sampling as defined in eq. (2.43).

¢ (t) = ¢ (t + 0mi(t) (2.50)
~ @7 (t 4 077 (1)) + 075 (¢) - V70 (t + 677(1)) (2.51)

L . 67E(t+ 072 (t)) o o
= @7 (t+677(1)) — VT (64 6T(1)) (2.52)

1+ 070 (t + 672(t))

— mTi0 i o 57:16(15) . Ti0
=T} <¢ 0= s <t>) (2.53)

In the last line we observe how the timing jitter of the clocks (§7f(t) = ¢;(t)) couples to the
megahertz-beatnote and enters the beatnote phase measurement.
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2.3.2 Onboard processing

The phasemeter DPLLs output measurements of the beatnote phases and instantaneous frequen-
cies at 80 MHz. This is required due to the megahertz-Doppler shifts that determine the absolute
beatnote frequencies and therefore, the minimum rate of the DPLLs. However, LISA’s sensitive
band start below 1 Hz. To allow for some margin, the baseline design foresees a final sampling
rate of 4 Hz that allows some headroom for appropriate filter design. Reducing the sampling rate
by a factor of 2 x 107 is not a trivial task. It requires several stages of decimation. Each includes
an anti-aliasing filter and a decimator that reduces the sampling rate by an integer factor by
simply “skipping” samples. The filter removes all power at frequencies higher than the Nyquist
rate after the decimator and ensures that aliasing does not contaminate the data irreversibly.
The modeling of the filters and decimation is discussed in more detail in section 3.3.1.



28

CHAPTER 2.

INSTRUMENTAL MODELING




29

Chapter 3

Time-delay Interferometry

Time-delay interferometry is a post-processing technique to suppress the overwhelming laser
noise in the LISA interferometric measurements. This is achieved by time-shifting the latter
and linearly combining them to cancel common laser noise terms. Tinto and Armstrong (1999)
first proposed TDI for unequal-arm interferometers. As the two beams departing from the beam
splitter traverse different path lengths (d; and dsg, respectively), upon recombination laser noise
does not cancel perfectly. The solution to this is to read out both arms individually which yields
two round-trip measurements

yi(t) = p(t —di) — p(t) + Hi (1), (3.1a)
yg(t) = p(t — dg) — p(t) + Hg(t). (3.1b)

Here, p(t) denotes laser phase noise and Hj(t) and Hs(t) represent the phase shifts induced by
a passing GW in the arms of the interferometer. The goal of TDI is to find appropriate linear
combinations of time-shifted versions of y;(¢) and ys(t) that cancel out the laser phase noise.
Tinto and Armstrong (1999) propose the following combination

X(t) = (ya(t — da) —y1(t)) — (v2(t — d1) — ya2(t)) (3.2)
= (Hi(t — d2) — Hi(t)) — (Ha(t — d1) — Ha(t)). (3.3)

As we can observe, all laser noise contributions drop out and the GW signal remains in the
combination X (¢)!. This TDI combination is commonly referred to as the first generation
Michelson combination as it represents a Michelson interferometer where both arms are traversed
twice by each beam to achieve equal path lengths.

3.1 TDI Combinations

3.1.1 Modeling laser beam propagation

The following sections make extensive use of time-shift operators. Therefore, before we set out
to explain the various TDI combinations, we want to properly define this operations and discuss
some of its properties. The time-delay operator D acts on a time series ¢(t) by shifting its
argument ¢ — ¢ — d(t). Formally, we write

Do(t) = ¢(t — d(t)). (3-4)

Here, d(t) denotes a general time-dependent delay. In LISA time delays operations are used to
model propagation of laser phases between spacecraft which is illustrated in fig. 3.1. The world
lines of two spacecraft with non-zero relative velocity as viewed by an external observer at rest

!The GW signals enter as finite differences which approximate a time derivative at small frequencies.
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are represented by the black lines. At time ¢ the first spacecraft emits a laser beam with phase
¢1(t1). The laser beam travels towards the second spacecraft (represented by the blue arrow)
and intersects its path at time to. There, the received phase must equal to the emitted phase

¢(t1). We define the delay
d(te) = to — t1 (3.5)

to relate the time of emission ¢; and time of reception to. Therefore, for the received phase we
can write ¢ (t2 —d(t2)). We conclude that the delay operation defined in eq. (3.4) appropriately
models propagation of the laser phase.

Conversely, we can define the “anti”-propagation of a laser beam. Conceptually, photons can-
not only travel forwards in time but also backwards. While in the real world time is a constantly
increasing quantity, post-processing of recorded data allows us to move in both directions; the
past? and the future. An example is given in fig. 3.1 where the red arrow illustrates a laser beam
traveling backwards in time. It is emitted on spacecraft 2 at time ¢ and received by spacecraft
1 at an earlier time ¢;. These times can be related by the advancement

a(tl) = t2 — tl. (3.6)
In general, we define the advancement operator A as

AG(t) = 6(t + alt)). (3.7)

The delay d(t) and advancement a(t) are intimately connected. We note that their definition
in egs. (3.5) and (3.6) are almost identical but differ by the time they are evaluated at. Using
both equations we can relate delays and advancements.
(3.5) (3.6)
t1 =ty — d(tg) ="t1 + a(tl) — d(tl + a(tl)) = a(t) = d(t + a(t)) (3.8&)

(3.6

"2t 4 a(t) Bty — d(ts) + a(ts — d(t2)) = d(t) = a(t — d(t)) (3.8b)

The resulting equations provide instructions on how to derived advancements from delays and
vice versa. One difficulty is that in both cases the left-hand quantities are defined implicit as
they also appear in the argument of the corresponding right-hand side quantity. This makes
it impossible to write down a closed-form solution of either. However, for the special case of a
linearly evolving delay we can explicitly state the solution for the advancement. It is given by

a(t) = ——. (3.9)

The apparent singularity at d = 1 is ruled out by special relativity that ensures d < 1 as the
spacecraft cannot move at superluminal speeds?.

As one can already presume from fig. 3.1 delay and advancement are inverse operations. We
can proof that by observing their successive action on ¢.

AD¢(t) = Ag(t — d(t) = ¢(t + a(t) — d(t + a(t)) | = (1) (3.10a)
DAG(t) = Dot + a(t)) = d(t — d(t) + a(t — (1)) = (3.10b)

©

—~
~

N—

We identify eq. (3.8) and conclude that A is indeed the inverse of D and vice versa.

2In the real world this is forbidden as it violates causality; the detection of a photon precedes its emission.
3Here, we assume that the rate of change of the delay is given by d = 1 — % where v; and v2 denote the
relative velocities of the spacecraft. The + distinguishes between the two possible directions the laser beam is

sent (represented by the light cone).
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Figure 3.1: Spacetime diagram illustrating the propagation of laser beam from spacecraft 1 to
spacecraft 2 (blue arrow) and the respective anti-propagation (red arrow). The black dots mark
the events of emission and reception depending on the propagation direction (in time) of the
beam.

3.1.2 Virtual interferometry

The aforementioned time-shift operators can be used to build up more complex beam paths.
In LISA those form virtual equal-arm interferometers that suppress laser noise. To distinguish
between the different links we label time-shift operators with two indices ij. Here, i denotes
the index of the receiving and j the index of the emitting spacecraft. Following this, we have
D;; for propagation from spacecraft i to j and its inverse operation A j; for anti-propagation the
reverse path. As there are three LISA spacecraft (i,j = 1,2,3) we find six combinations of ij.
In general, opposing time-shifts are not equivalent, e.g. D19 # Doj.

The fundamental building blocks for TDI combinations are the six one-way measurements
that interfere distant beams with local beams. We define

ﬂij(t) = Dij(bj(t) — gbz(t) (3.11)

Figure 3.2 provides a representation of the one-link measurement 1712(¢). Here, the blue dot
represents the emission time of the local beam (at coordinate time ¢) and the red dot followed
by the red arrow the emission time of the distant beam (at time ¢ — dy2(t)) and the propagation
to the local spacecraft.

From the basic one-way measurements we can synthesize arbitrary two-beam interferometers.
We require that both beams are emitted on and received by the same spacecraft. However, they
are allowed to traverse different paths in between which makes them sensitive to GWs as the
beams sense the differential strain along their paths.

X(t) = Tig(t) — Tuo(t) (3.12)

Here, T1 and Ty; define the time-shifts that the beams experience along their round-trips. The
roman numerals are to be replaced by a string of spacecraft indices defining the beam path. To
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Figure 3.2: Illustration of the one-way measurement 712(f) and the round-trip variable
Me2e1(1).



3.1. TDI COMBINATIONS 33

indicate the direction of the time-shift we connect the spacecraft indices by arrows. Forward
facing errors denote advancements and backward facing ones delays.

We can generally define time-shift operators representing arbitrary paths by nesting those basic
operators. Here, we have to take care that the right-most index of the time-shift operator
applied to the left is identical to the left-most index of the time-shift operator applied to the
right. This assures that the total time-shift operator still represents a valid photon path. For
example, the time-shift operation T, ;T; 1 = T;;_ relates the event of emission at k£ and
even of reception at i. The sequence of events happening in between is the following: A Photon
is emitted on spacecraft k and propagates backwards in time to reach spacecraft j at an earlier
time. Then, it is reflected towards spacecraft ¢ where it is received after propagating forwards
in time.

Constructing an arbitrary two-beam interferometer from the 7 variables is done in two steps.
First, two round-trip variables nr and ny are computed. They represent interferometers with a
long arm that defines the round-trip path I and II, respectively, and a short arm that is vanishing.
We define two rules to recursively build them up from the six one-way measurements.

Ti.joj(t) — ¢i(t) + Tiymin(t) = Ticjerr(t) — ¢i(t) (3.15)
Tijdj(t) — ¢i(t) — Tiojmietis(t) = Tijsrdr(t) — ¢i(t) (3.16)

We note that we can extend the long arm of an intermediary variable by a delay or advancement
by adding or subtracting an appropriately time-shifted version of the one-way measurements.
For illustration we draw the spacetime diagram for the round-trip variable 11, o, 1 in fig. 3.2
where the local beam (blue dot) is interfered with itself after taking a round-trip to the distance
spacecraft 2 and back.

Finally, we take the difference of the two round-trip variables 71 and n;. The contribution
from the short arms cancels and we have successfully synthesized the interferometer given in
eq. (3.12).

Generally speaking, there exists an infinite number of possible two-beam interferometers. We
can construct round-trip beam paths of as many links as we like. Furthermore, we can combine
any pair of round-trips to realize two-beam interferometers which increases the amount of possi-
bilities further. Vallisneri (2005) conducts an exhaustive “brute force” search of interferometers
involving up to 24 links. In a follow-on study Muratore et al. (2020) identifies combinations that
were previously missed. We propose to explore the space of TDI methodologically by starting off
with the very simplest interferometers and deriving more sophisticated combinations that fulfill
certain conditions for laser noise suppression. We will extensively make use of the terminology
introduced by Vallisneri (2005) and the indexing conventions used in Muratore et al. (2020).

Let us first consider the eight full round-trip paths around the constellation shown in the
upper panel of fig. 3.3. Each arrow head represents an event of reception and each bullet
an event of emission. Photons propagate forwards in time on solid lines and backwards on
dashed lines. Using the six LISA symmetry transformations we find 48 different possibilities in
total. By appending them we can construct any single-beam paths that start and end at the
same spacecraft. The shortest of such paths just takes a two-link round trip to a neighboring
spacecraft. As an example, in the second row of fig. 3.3 we depict the construction of the
round-trip path 1 < 2 < 1.

In the next step we combine the beams pairwise to form two-beam interferometers. The
most common one is the Michelson variable X. We combine two beams that start at the local
spacecraft and take a simple round-trip to the two distant spacecraft. Here, we have two options:
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Figure 3.3: Overview of simple single beam paths and basic interferometers for the LISA constel-
lation consisting of three stations. Dots indicate emission events, arrow heads reception events,
solid lines propagation of photons and dashed lines “anti-propagation” which is defined as a
photon traveling backwards in time. In the top panel we collect the eight possible beam paths
to take a clockwise round-trip from the bottom spacecraft. In the second panel we demonstrate
how to combine the basic 3-link beams to construct a round-trip beam to a neighboring space-
craft. The +-sign connects the emission event of the second beam with the reception event of
the first. In the last two rows we present some simple interferometers with different properties.
The black arrow for the link failure surviving combinations indicate the links involved.
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Either both beams are traveling forwards/backwards in time or we alternate.

X§V() = Ticse191(t) — Ticoci61(t) (3.17a)
XP(t) = Tioso101 (1) — Trze 11 (t) (3.17b)

Here, X(gl) represents the classical Michelson interferometer. It is said to be closed as for
equal and constant arms the times of emission of the two beams coincides and therefore close
the loop created by the two beams. In this setup laser noise cancels perfectly. On the other
hand, combination X(()2) is not closed as the times of emission of the beams is vastly different.
Hence, this is not a laser noise suppressing combination. We illustrate the topology of both
combinations in fig. 3.3.

From the three link beams we can readily construct Sagnac-type variables «. In those we
combine two counter-propagating beams where we have many more choices as for the Michelson

combinations. First, let us discuss two members that fulfill the |L| closed property.

0‘(()1) (t) = Tre3e20101(t) — Dicoc3c101(t) (3.18a)
04(()2) (t) = T1o3c20101(t) — Dicoc3101(t) (3.18b)

Combinations are called |L| closed if the times of emission coincide for a static unequal arms
and non-rotating constellation such that d;; = d;;. These combinations are sensitive to rotations
of the LISA constellation as the beam traveling in the direction of rotation experiences a longer
round-trip path. The reader can find a depiction of oz((]l) in fig. 3.3. Further we show the standard

first generation Michelson variable X fl)

Lastly, we want to discuss the class of the basic link failure combinations. They can be
synthesized by two and three-link beam paths respecting that only four of the six links is used.
In case of a link failure they present fall-back options. They complement the Michelson-type
variables that are already only using four links. They can be categorised into three classes, the
relay U, beacon P and monitor E combinations.

that is discussed later in this section.

Uop(t) = Ti2c101(t) — Ticse2o101(1) (3.19a)
Py(t) = T1o2e3c101(t) — T1o32101(1) (3.19b)
Eo(t) = T12535101(t) — Tiezso101(8) (3.19¢)

The names correspond to the specific function one of the spacecraft accepts. The links that
are used are depicted in the last row of fig. 3.3 as black arrows. For the relay-type one satellite
seems to transpond the beam. For the beacon and monitor-type the local spacecraft only emits
or receives. It is easy to verify that those combinations are not closed and therefore have poor
laser noise suppression capability.

Laser noise suppression performance of closed and |L| closed combinations

Some of the TDI combinations defined above cancel laser noise for constant (and equal) arms.
However, the LISA constellation will flex and rotate around its barycenter as the three spacecraft
independently follow their respective heliocentric orbit. Consequently the light travel times
between the satellites vary by a few percent and opposing arms, i.e., ij and ji, differ by about one
millisecond. This is illustrated in fig. 3.4 where the light travel times along the six arms are shown
assuming a realistic numerical orbit file provided by European Space Agency (ESA). The light
travel time difference between opposing links is modulated by the movement of the constellation
around the sun where two effects overlap. First, due to the orbital velocity of approximately
30kms~! the apparent distance for a photon traveling parallel to the orbit is extended by
d - v which explains the consistent modulation shown in the lower panel of fig. 3.4. Second,
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Figure 3.4: Evolution of light travel times between spacecraft for realistic LISA orbits (standard
orbit file taken from Bayle et al. (2022b)). The upper panel shows the light travel times for the
six arms (ascending indices in dark shade and descending in light shade). As opposing arms
are difficult to distinguish we plot in the lower panel the difference, e.g., dia(t) — da1(t), which
follows a sinusoid with a period of once a year.

the characteristic cart-wheel motion of the LISA constellation superimposes a subdominant
modulation with an amplitude of a few microseconds as the rotation velocity can be estimated
to be of the order 200ms~!.

To estimate the residual laser noise power due to the arm length mismatch between the two

beams we use the approximation®

VSsx (f) = At -/ Sp(f), (3.20)

where At denotes the difference between times of emission. We note that laser frequency noise
couples proportional to mismatch At into the phase measurement.

Let us estimate the residual laser noise for the basic Michelson Xél) and Sagnac interferom-
eters ag assuming a stabilized laser source with a white frequency noise of 30 Hz/ VHz. An arm
length difference of 0.1s in the basic Michelson interferometer amounts for a phase residual with
an ASD of roughly 3cycles/v/Hz. As this violates the microcycle-requirement by many orders
of magnitudes the basic Michelson combination is not a viable option for LISA. On the other
hand, the Sagnac interferometer experiences an arm length mismatch of about 10 ps. In fig. 3.4

we plot in black the numerical value of

(dlg(t) + dgg(t) + dgl(t)) — (dlg(t) + d32(t) + doq (t)), (3.21)

which approximately gives the arm length mismatch for the Sagnac combination «g. As a result
the residual laser noise in this combination stands at 300 pcycles/v/Hz which is still violating the

4This approximation holds in the limit of small §t. For large values much greater than the correlation time
of the laser the residual power approaches the uncorrelated sum of two (apparently) independent laser sources,

ie., Ssx(f) = 2-Sp(f).
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microcycle requirement by two orders of magnitude. Therefore, we must synthesize more sophis-
ticated virtual interferometers that have arm length mismatches smaller than 30 ns according to
eq. (3.20).

The generation of L closed and L closed combinations

Traditionally, TDI combinations are grouped into so called “generations”. Above we have pre-
sented members of the zeroth generation (not closed), generation 0.5 (closed) and first generation
(|L| closed). As we have discussed above, inter-spacecraft distances differ by tens of thousands
of kilometers and even light travel times sharing the same link deviate by a few milliseconds.
Thus, in general we have to consider six unequal light travel times d;;. This fact calls for L
closed property which requires a combination to represent a closed loop for six constant but
unequal arms. In the literature this property is referred to as modified TDI or generation 1.5.

We can conveniently generate combinations of this class by choosing two beam paths (I and
I1) and appending them in an alternating fashion®. The difference of the two beams represents
a L closed combination X by definition.

X(t) = TiTus(t) — TuTio(t) = [T1, Tulo(?) (3:22)

Here, we have introduced the commutator of time-shift operations. This provides us with the
general recipe to turn a zeroth generation variable into its generation 1.5 counterpart. As an
example, we consider the Michelson combinations defined in eq. (3.17).

Xfl)(t) =Tie3c1e2c101(t) — Trcocies1é1(t) (3.23a)
XP(t) = Tiosotc2c161(t) — Treac 1535161 (1) (3.23b)

Even though combination XSQ) is not even closed, using the recipe in eq. (3.22) turns it into a L
closed variable. Doing the same to the relay, beacon and monitor variables defined in eq. (3.19)
recovers the original combinations reported in the literature (Tinto et al., 2004; Vallisneri, 2005).
They are defined as

Ui(t) = Troc1e3c2c101(t) — Trcseoc1c2c101(1) (3.24a)
Pi(t) = Tisoc3coc101(t) — Tinseoc3e101() (3.24b)
Ei(t) = Tias3525101(t) — Tiezsos35101(1) (3.24c)

For the beacon P; and monitor Fq combination we find the sections 3 =123 and2 1= 2

in the beam paths (upper arrow for beacon, lower arrow for monitor). Those represent null
bigrams, i.e., vanishing paths, and we strike them out. Therefore, Uy, P; and F; combinations
represent an alternative set of three L closed variables that use eight links®.

It can be shown that the difference in emission times of L closed combinations is of order
d-d. To estimate the magnitude of higher order derivatives of the light travel time d we assume
a sinusoidal modulation on top of the 8.3s nominal value with an amplitude of 0.1s and a
characteristic frequency of once per year. This yields the relation
‘dnd(t)‘ ~0.1s- (2ryr )" =¢"- 0.1 7" (3.25)
din ’ '
with € = 2 x 1077, From this we follow that the rate of change of the light travel time is of the
order of 2 x 1078ss™!. The difference in emission times for L closed combinations can then be
estimates as 100 ns which still violates the 30 ns projection we have estimated before.

°In a recent publication Tinto and Dhurandhar (2023) refer to this as the “lifting” procedure.
5The relay combination U; seems to have ten links. However, the last time-shift T2. 1 is common to both
beams which makes it effectively an eight link combination
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To improve on laser noise suppression even further we introduce the class of L closed variables.
Members of this class are also called second generation variables. They take multiple round-
trips to equalize the differences in the time-dependent light travel times of an orbiting LISA
constellation (Shaddock et al., 2003; Cornish and Hellings, 2003). The exact condition for this
property to be fulfilled can be taken from Vallisneri (2005). In short, a combination is called
L closed if the beams represent a closed loop in the limit of small travel time derivatives. The
“openness” At of the loop is of the order of d-d? and d?-d which is second order in € and evaluates
approximately to 300fs. This results in a laser noise residual of 9ncycles/ vHz which is much
smaller than the microcycle-requirement. Hence, second generation TDI is deemed sufficient for
the LISA mission.

To construct L closed variables we can simply apply the recipe for L closed variables intro-
duced in eq. (3.22).

X(t) = (T1Tu)(TuTy)¢(t) — (TuTr)(TiTu)¢(t) = [T1Tw, TuTié(t) = [T, Tul, TuTi]é(t)

(3.26)
Interestingly, we recover a second order commutator that already hints towards the L closure
property. As an example we explicitly state the differences in emission times for the classical
Michelson combinations of increasing generation.

Atx,(t) = D131t — Diat (3.27)
= di21(t) — di31(t), (3.28)
Atx, (t) = [Di31, D1zt (3.29)
= dyo1(t) - di31(t) — di31(t) - dion (t), (3.30)
Atx,(t) = [[D131, D121], D12131]t (3.31)

= (di21(t) - diz1(t) — dis1(t) - dio1(t)) (da1 (t) + dizi(t))

! . (3.32)
— (di21(t) + di31(t)) (dr21(t) - dis1(t) — disi(t) - dra1(?)),

which are of order O(€?), O(e!) and O(e?), respectively. For this calculations we have come back
to the notion of delay operators D;; and also introduce the notation of contracted delays which
are defined as D;j;, = D;;D ;. We illustrate the beam paths in fig. 3.5 and visually demonstrate
that the emission events become more simultaneous for increasing generation.

Practical considerations

Above we have presented how to construct various TDI combinations that suppress laser noise
for realistic LISA setups. This begs the question whether there exists a set of combinations that
is in some sense “complete”. This is important as it is rather impractical to consider all possible
(infinite amount) combinations at the same time.

From a naive algebraic point of view one would follow that a set of three combinations should
span the entire laser noise free space. In TDI we seek linear combinations of the six one-way
measurements 7 that cancel out laser noise. As there are only three lasers appearing in the
system of equations it is overdetermined (6 measurements, 3 unknowns). We follow that there
exists a linear transformation that transforms the six one-way measurements into a set of three
laser noise free and three laser noise dominated variables which we discard (cf. section 4.3 and
Armstrong et al. (1999) for more details).

Dhurandhar et al. (2002) demonstrate in a more rigorous algebraic study that this naive
reasoning is incomplete. They show that for a static and non-rotating LISA constellation the
space of laser noise free combinations is appropriately described by a module over polynomials
in the three constant delays. They identify a minimum set of four generators that are required to
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B

Spacecraft positions

Figure 3.5: Spacetime diagrams of the Michelson variables of increasing generation. The dots
indicate events of emission and arrows in red and blue the two beam paths. We represent the
world lines of the three spacecraft as slightly slanted (non-zero relative velocity) black lines. The
left most plot shows the “classical” Michelson interferometer where events of emission are clearly
separated. For the first generation Michelson variable (center plot) the difference is reduced.
Ultimately, for the second generation Michelson variable the events of emission of the two beams
seems identical by eye.
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span the entire space of laser noise free variables. We note that those four “basis” combinations
are not independent as they can be related to each other up to a global delay polynomial.
However, different generator exhibit different responses and most importantly insensitivities at
characteristic Fourier frequencies towards GW signals. Those are the reason for requiring 4
generators for a “three dimensional” space as once those nulls are present in a combination they
are irreducible. In a follow up study (Nayak and Vinet, 2004) they extend this approach to a
rotating constellation which yields a total of six generators.

Finally, let us take the perspective of a data analyst. The three basic Michelson combinations
redundantly measure the three GW strains along the arms’. We have

X(t) = Hs(t) — Ha(t) (3.33)
Y(t) = Hu(t) — Hs(t) (3.34)
Z(t) = Ha(t) — Ha(?) (3.35)

where Y and Z represent Michelson interferometers centered on spacecraft 2 and 3, respectively
and H; denotes the GW signal projected on the link opposite to spacecraft . We can trans-
form this set of three combinations with similar properties into a set of two combinations that
“concentrate” the GW signals and one that is completely insensitive (Cutler, 1998). The latter
is simply given by the sum of the three Michelson combinations. Prince et al. (2002) present a
technique to identify the optimal set of such combinations to maximize the signal-to-noise ratio
of a GW signal uniformly distributed on the entire sky. They obtain the three combinations
which can be equivalently defined from the Sagnac or Michelson variables as

At) = Z(t)\_ﬁX(t) (3.36)
B(r) = X(t) — 2%@ + Z(t) (3:37)
() = X(t)+Y(t)+ Z(t) (3.38)

V3

Here, A and E are sensitive to GW signals while T" represents the null channel. In data analysis
the latter is rather important as it serves as a noise monitor (Muratore et al., 2022) and helps
distinguishing stochastic GWs from instrumental noise in the sensitive channels.

Generalizations of TDI

In standard TDI approach discussed above is well established by now (Tinto et al., 2023).
However, there has been some ideas to generalize the standard method to transform the mea-
surements to a set of observables that suppresses laser noise and is sensitive the GWs. The
general idea is to use principal component analysis to identify the low variance components
that represent laser noise suppressing variables (Romano and Woan, 2006; Baghi et al., 2021b;
Baghi et al., 2021a; Baghi et al., 2023). This initial work is extended to setups assuming perfect
knowledge of the light travel times (Vallisneri et al., 2021) and “fully data-driven” algorithms
that even work without any prior knowledge on the laser noise content in the measurements.

3.2 TDI in Practice

In the split-interferometry setup of LISA, the fundamental one-way measurements 7;;, that
compare laser phases from different spacecraft, are not readily available. They have to be
constructed from the three interferometers introduced in section 1.2.4 and further detailed in

"Here, we assume a static, non-rotating constellation in the long wave length approximation such that a link
produces the same GW response in both directions.
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Figure 3.6: Illustration of MOSA jitter suppression. The wiggly and straight black lines represent
the positions of the MOSAs and TMs, respectively. The left panel shows the inter-spacecraft
interferometer formed by the blue beam in the red dot at the arrow head and the two TM
interferometers formed by the red arrows and the blue and yellow dots at the corresponding
error head. The right panel presents the MOSA jitter free variable £ (see eq. (3.46)).

section 2.2.1. This is achieved in two steps: First, MOSA jitter is removed that affects the
inter-spacecraft interferometer. As a second step, the information contained in the reference
interferometer is used to cancel three of the six laser phases. This procedure yields six one-way
measurements 7 that are free of MOSA jitter and refer to a single laser per spacecraft. We
discuss both processing steps in more detail below.

3.2.1 Suppression of MOSA jitter

External disturbances in the space environment, like solar radiation pressure shake the space-
craft. Additionally the MOSAs that host the interferometers are not rigidly fixed to the space-
craft but need to independently move to point to the distant spacecraft. Therefore, they are also
subject to displacement noises. To mitigate the effective movement of the MOSAs very quiet
TMs are implemented to act as inertial reference points. Dedicated TM interferometers are
implemented to track the longitudinal motion of the MOSAs with respect to the corresponding
TM. This enables us to correct for it in post-processing (Estabrook et al., 2000).

As defined in eq. (2.34) the TM interferometer compares the same laser beams as the reference
interferometer. However, the important difference is that the local beam probes the TM before
interfering with the adjacent beam. Therefore, it picks up additional path length given by the
round-trip from the MOSA to the TM. The round-trip delay dyiosa,;=1m;; () is a small quantity
as the spacecraft is actively controlled to follow the TM. Hence, we can develop the expression
for the TM interferometer as

tmi;; () = ir(t) — ¢4 (t — dmosa,;=1m;; (1)) (3.39)
~ ¢ik(t) — ¢ij(t) +dmosa,=1m;; (T) - vi;(t). (3.40)
~—_—— —

rfig; (t)

Here, we note two things. First, we recognize that indeed the TM interferometer tracks the same
beatnote phase as the reference interferometer up to the additional phase contribution from the
time-varying MOSA-TM-distance. Second, we realize that the round-trip path can be split up
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into single contributions. Therefore, we write
dMOsA;=TM;; ()
2

We use these properties to virtually move the lasers and interferometers on top of the TMs
(which is rather impractical in reality). This is illustrated in fig. 3.6. We construct the MOSA
jitter free variable £ in two steps. First, we subtract the TM interferometer from the reference

~

dMOSA” %TMij (t) —

>~ drM,;+ MOSA; () (3.41)

interferometer to yield the following measurements
l“ﬁij (t) — tmiij (t)
2

>~ —dMOSA;«TM,; (t) - V75 (t) = Dymosa,; Ty, @i (1) — ¢ii (1), (3.42a)
>~ —drm;;«MOSA,; (1) - V75 (t) = Drm, - Mosa,, @i (t) — ¢ij (1) (3.42b)
In the next step, these two virtual interferometers are used to construct a TM-TM-measurement.

l"ﬁij (t) — tmiij (t) rﬁji (t) — tmiji (t)

&ij(t) = 5 D, e MOSA; 1815 (1) + Drm; ;- MOSA 5 (3.43)
= D1, MOSA;; @i () — ¢i5(t)
+ Drm; ™y, 95i(t) — Dmy - Mosa;; @ji(t)
= Dy, ey, @i (t) — ¢ij(t) (3.45)

In practice, the local delay drw,; < MosAa,;; 18 set to zero as it only couples weakly to the megahertz-
beatnote frequency. Furthermore, for the same reasons, we use the “usual” propagation delay
D;; for the distant MOSA to local TM propagation.

rﬁij (t) — tmiij (t) n Dij rﬁji (t) — tmiji (t)
2 2
With this we have successfully constructed the intermediary variable £ that represents a
virtual interferometer referenced to the (almost) inertial TMs (see right panel of fig. 3.6). Still
at low frequencies the interferometric readout is limited by TM acceleration noise (ignoring
primary noises).

&j = iSiZ‘j (t) + (346)

3.2.2 Reduction to three lasers

The intermediary variables £ given in eq. (3.46) almost resemble what we require as inputs for
TDI. However, the one-way measurements used in eq. (3.11) is defined for a single laser source
per spacecraft. In the following, we explain how to reduce the six laser source contained in & to
only three.

The reference interferometer (see eq. (2.31)) relates the lasers on adjacent MOSAs via the
backlink optical fiber. Consequently, we can use it to interchange adjacent laser phases in our
expressions. This is convenient as we can replace all occurrences of lasers on right-handed
MOSAs with their adjacent counterpart on left-handed MOSAs or vice versa. The common
choice in the literature is to keep left-handed lasers and discard right-handed ones.

Before we can proceed, we need to reduce the fiber noise of the backlink. This is achieved
by subtraction of adjacent reference interferometers. As the additional path length due to fiber
noise is a small quantity we can develop the expressions up to first order and find

I‘ﬁik(t) — I‘ﬁij (t)

= (DMoSAMOSA,; 9ij (1) — dir(t)) — (DMOSA,; MOsA, Pik(t) — ¢35 ()

2 (3.47)
=~ ¢ (t) — Gir(t) + drosaeMOsA,,; (1) - (Vi (1) — v5;(1)) (3.48)
>~ ¢i;(t) — Pik(t)- (3.49)
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Backlink fiber noise cancels under two conditions. First, the path length noise must be reciprocal,
i.e., counter-propagating beams pick up the same small additional path length dyiosa,;, <Mos Aij-
Second, the wavelength of the laser beams must be identical as path length noises couple to the
optical frequency of the lasers. This is approximately true as the optical frequencies only differ
by a couple of megahertz and therefore the residual coupling of backlink noise is negligible.

Then, we use of the fiber-noise-suppressed interferometer in eq. (3.49) and reduce the six
lasers to the three left-handed ones. We have to treat the intermediary variable ;; differently
for left-handed MOSAs and right-handed MOSAs. For ij = 12,23, 31 (left-handed MOSASs) the
distant laser has to be interchanged with its adjacent counterpart. We define

I'ﬁjz' (t) - rﬁjk (t)

nij(t) = &ij(t) + Dy 5 (3.50)
=Djj0;i(t) — ¢ij(t) + Dyj(dju(t) — ¢5i(t)) (3.51)
= Dijpjk(t) — ¢ij(t). (3.52)

Equivalently for the indices ij = 13,32,21 (right-handed MOSAs) the local laser has to be
replaced. We define

ma(t) = £5(0) + (t) 5 i (1) (3.53)
=Dy0ji(t) — ¢ (t) + ¢ (t) — dur(t) (3.54)
= Dy;ji(t) — din(?). (3.55)

Consequently, the six intermediary variables 1 only contain three lasers and we can simplify the
notation and write

nij(t) = Dijd;(t) — ¢i(t) (3.56)
with ¢1 = @12, 92 = ¢o3 and ¢3 = P31.

3.2.3 Clock synchronization

All measurements aboard the satellites are taken according to the spacecraft on-board time
(see sections 1.2.3 and 2.3.1). In order to perform data analysis the measurements need to
be synchronized to a well-defined global reference time frame, e.g., TCB. This is required since
astronomers use it to relate astrophysical events to the recorded LISA data. The on-board timers
are expected to drift by several seconds over the mission duration. The current requirement on
the knowledge of desynchronization to properly conduct parameter estimation is 0.1 ms.

LISA implements two measurements to keep track of the timer deviations. First, the space-
craft will send dedicated timing packets down to Earth that contain a reading of the on-board
time at emission. This is combined with the orbital information from ground tracking to synchro-
nize the on-board clocks to TCB with millisecond-accuracy. Second, the clock-sidebands realize
a differential clock comparison that tracks the evolution of the clocks relative to each other
with high precision. This information is used to properly synchronize the megahertz-beatnote
measurements among the satellites.

Synchronizing the beatnote phases to TCB using the ground tracking information is imprac-
tical. As they are taken only once a day and are not precise enough to monitor the in-band clock
timing jitter, clock noise remains in the beatnote phases. Therefore, as proposed by Hartwig
et al. (2022) we first perform TDI in the time reference frames of the spacecraft timers and only
in the very end synchronize the combinations to TCB. This order is convenient as TDI combi-
nations naturally have a small beatnote frequency as compared to the few MHz of the original
interferometric measurements. Furthermore, clock noise is suppressed in the TDI variable and
therefore it is sufficient to make use of the out-of-band timer deviations from TCB to synchronize
the variables.
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We note that the very first publications on TDI all assume interferometric measurements
that are synchronized to TCB and light travel times as an input to TDI. This scheme requires
that clock synchronization and TDI are interchanged. In fact, the two steps are intimately
connected as TDI itself can be regarded as the synchronization of the three spacecraft clocks
to a single one (i.e. each combination receives two virtual laser beams on the same spacecraft
according to the corresponding spacecraft clock). Therefore, one is free to choose any time
reference frame per spacecraft (even fictional ones) and transform the six one-way measurement
into that frame. However, the pseudo-ranges that are an input to TDI have to be corrected for
the particular choice of time reference frames to ensure that TDI is appropriately synchronizing
all one-way measurements to the respective “combination” reference time frame (i.e., the time-
frame of the spacecraft that receives the two beams). A sensible and common choice is to
synchronize the three spacecraft clocks to TCB. As a consequence, the six pseudo-ranges have
to be corrected for the effect of the differential timer deviations such that they only account for
the light travel time between the satellites. We now return to the first scheme described in the
previous paragraph as it requires least processing steps as we take the one-way measurements
and pseudo-ranges in the time reference frames they are originally taken in which eliminates the
need of a re-synchronization step and correction of the pseudo-ranges.

Let us introduce some basic definitions that are relevant for the synchronization process.
First, let us redefine the beatnote phases neglecting any path-length noises. Instead of first
writing the laser phases qﬁgj and phase modulations qﬁg in the spacecraft proper time and then
transforming it to the spacecraft on-board time, we directly define the phases in the spacecraft
on-board time and then account for the different time reference frames when propagating the
beams. We yield the following models for the carrier-carrier and sideband-sideband beatnotes
of the inter-spacecraft and reference interferometer

isi¢ 0T (1) = D™ (1) — 6™ (8), (3.57a)
i () = g™ () — o™ (). (3.57b)

Here, we have introduced the operator DT’ = T”DT‘TTJ where dT' defines the measured pseudo-

range. It accounts for the relativistic frarne transformatlons the propagation delay and time
references transformations between the spacecraft on-board time and spacecraft proper time.
The operator DTZ defines the proper pseudo-range which accounts for the time reference frame
transformation between spacecraft proper times and the propagation delay between the space-
craft given by the light travel time as measured by an external observer. Moreover, in the

equation above the phases (;5 ¢/m
thus clock effects enter.

G5 () = RO (t) = 0 45 + V645 - (£ + 67i(t) — to) + pis (1) (3.58a)
¢ (1) = T“¢C () = gy + Vo - (E+ Mij(t) —to) (3.58b)

We find that clock noise is entering the carrier phase as it couples to the terahertz-frequency
of the laser. Its level is comparable to the level of laser phase noise. However, in the differential
measurement of the interferometers clock noise becomes subdominant again as it is common to
both beams and consequently couples via the megahertz-beatnote frequency. The modulation
phase, on the other hand, simplifies as the clock related effects drop out. Intuitively, this makes
sense as the spacecraft on-board time is by definition the time reference frame in which the clock
has a constant rate. The phase modulation is only disturbed by modulation noise.

The one-way measurements 7717; recorded in the reference frame of the on-board timers can
be constructed as presented above (using the measured pseudo-range as the propagation delay)
and are modeled analogously as

now evolve according to the spacecraft on-board time and

nfi(t) = DIgT (1) — 7. (3.59)
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We note that eq. (3.59) has the same algebraic form as eq. (3.11) and therefore the total laser
phase should be suppressed when performing TDI using the measured pseudo-ranges. As a result
we obtain a virtual interferometer with round-trip delays calculated from nested pseudo-range
delay operators. Those are defined as

DD} = TZD]; T/ T D, T = TiD];, T} = D}, (3.60)
1

and conveniently contract to an equivalent pseudo-range delay operator. We can use this prop-
erty to demonstrate that any TDI combination X7 we obtain is indeed equivalent to the same
combination X7 given in the spacecraft proper time transformed to the spacecraft on-board
time.

Let us discuss this for the example of the second generation Michelson combination Xos.

X;l = [DgwlaD?zlm] ? (t) (3.61)
=T 151212131 T5 Tt — Ti}ngsng‘pil (t) (3.62)
= T7! [D74151, DThia]07 (1) (3.63)

X5t ()

By definition XJ' is free of clock noise as ¢1' describes the laser phase evolution in the proper
time frame that is only disturbed by laser noise. Furthermore, the virtual beatnote of XJ' is
sub-millihertz®. Therefore, when performing the time reference frame transformation clock noise
coupling is reduced by a factor 10'° compared to the usual mega-hertz beatnotes. In summary,
TDI applied to total beatnote phases and measured pseudo-ranges timestamped according to
their respective on-board time suppresses both laser and clock noise.

The resulting combination still needs to be synchronized to TCB. This is much easier to do
as clock noise is already suppressed. Therefore, only the out-of-band component of the timer
deviations from TCB is required which is measured by the ground station. The synchronization
step hence reads

X'(t) ~ T X7 (t). (3.64)

3.2.4 Ranging processing

The main goal of the LISA instrument is to determine the inter-spacecraft ranges with high
precision to measure the strain of a passing GW wave. To achieve that LISA implements the
inter-spacecraft interferometer that is sensitive to the picometer path length changes. However,
laser phase noise obstructs the signal. To mitigate it we build more complex virtual interfer-
ometers using TDI. This recovers the picometer-sensitivity of LISA (which applies now to the
measurement of the length of the differential beam path of the virtual interferometer, not a single
link). TDI relies on a independent absolute ranging estimate with an accuracy of approximately
10m and noise lower than 30 pm/+/Hz® (also see Tinto et al. (2003)).

The accuracy and precision of the independent estimate of the measured pseudo-range is
realized with two auxiliary measurement; the PRN range and the sideband beatnotes. The
PRN range is implemented by modulating a pseudo-random code on the laser beams which is
read out and correlated with a local copy of the code at the receiving spacecraft and enables
determination of the absolute range with meter-accuracy. However, the noise properties of this

8The beatnote frequency of a TDI combination is driven by the differential Doppler shift in the two virtual
beams. For the second generation Michelson variable it is given by %Atxz () - vo ~ (4d(d121d'131 — d.131c'l.121) +
2d(d121 — Cz131)(CZ121 + d’131) — 8d2( d 101 — 8‘131))1/0 < 1 mHz assuming approximately equal arms.

9Here, we assume a laser frequency noise level of 30 Hz / VHz and a beatnote frequency of 10 MHz. For more
details see section 3.3.
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measurement are insufficient with an ASD of roughly 1m/v/Hz. To achieve the micrometer-
precision stated above LISA modulates the clock signals as gigahertz-sidebands on the carrier.
Therefore, the sideband beatnotes realize a femtosecond-precise relative ranging measurement
(with an unresolved ambiguity of 12.5 cm).

It is possible to combine the PRN range and sideband beatnotes to yield a high-accuracy,
low-noise estimate. A simple scheme is presented by Hartwig et al. (2022) that we will discuss
in the following. For optimal state estimation a Kalman-like filter can be applied (Reinhardt
et al., 2023).

In the first step we reduce six phase modulations to only three. The reason for this is already
discussed in section 3.2.4; the modulation noise on right-handed MOSAs has a ten-fold amplitude
as compared to left-handed MOSAs. To remove the former we form the 7 intermediary variables
for the sidebands beatnotes.

m (1) = Do (1) — o7 (1) (3.65)

=i, + v - (DEM;(t) — Mi(t) — dii(t)) (3.66)

Here, single-indexed quantities refer to left-handed MOSAs (and therefore vg* = vg; = 2.4 GHz).

The constant phase offset 7782]- is dependent on the absolute phases of the USOs. Its exact value

is irrelevant to us as we are primarily interested in the in-band noise properties that are given
by the modulation noise contributions.

The PRN range in as given in the spacecraft on-board time can be derived from eq. (2.41)
by applying the transformation given in eq. (2.43). It reads

RJi(t) = R]:(7%(t)) =t — D[it + Bij + N (t) = d[i(t) + By + Nj(0), (3.67)

and can be used to calibrate the constant in the sideband range. We determine the constant by
taking the mean of the difference of the sideband range and the PRN range. Then, we subtract
it from the sideband range itself

" sb(t sb(¢
dzj?(t):—n”()—mean _nzgrfl)

m
) )

~ R} (t)} ~ dji(t) + By — DM (t) + Mi(t).  (3.68)

The resulting estimate of the measured pseudo-range inherits the bias of the PRN range and
the noise of the sideband range. The uncertainty of the determination of the constant can be

estimated as @ where T is the duration of the data. After only a couple of seconds the
uncertainty drops below the dominant bias terms B;; which is of the order of meters.

To further improve the ranging measurement one can extract the ranging information con-
tained in the carrier-carrier beatnotes. The most dominant in-band contribution comes from
the instability of the lasers’ frequency and appears correlated among the beatnote phases. The
TDI algorithm makes use of this property to suppress laser noise. As it reacts rather sensitive
to errors in the ranges, one can use a technique called time-delay interferometric ranging (TDI-
R) to infer them. Those estimates are by definition unbiased and can be used to validate and
calibrate the PRN measurements. More details on TDI-R can be found in chapter 4.

3.2.5 TDI in units of frequency

A convenient quantity for describing the evolution of the beatnote phases is given by its deriva-
tive, the beatnote frequency. Over the whole mission duration it stays roughly constant and
within the phasemeter’s bandwidth (5 MHz to 25 MHz). A double precision float (approximately
16 digits of precision) is sufficient to numerically represent it as a 20 MHz beatnote frequency
produces a noise floor with an amplitude of approximately 2nHz/ vHz. We require that the
numerical noise floor stays below the microcycle-requirement given in eq. (1.18) which takes its
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minimum of 20 nHz/+/Hz at 2 mHz which results in a margin of one order of magnitude. On the
other hand, the beatnote phase is a rapidly increasing quantity which requires a large number
of significant digits to deal with its dynamical range. After a year the phase has accumulated
approximately 10 cycles and to meet the microcycle requirement we would need around 20
significant digits.

In principle, when converting from phase to frequency no information is lost apart from the
initial phase of the beatnote. The total phase can be reconstructed by integrating the beatnote
frequency and inferring the integration constant from some other measurement.

o) = o0+ [ vt at (3.69)

The standard TDI combinations representing two-beam equal arm interferometers seem to
be insensitive to the initial beatnote phase ¢g. They effectively act like differentiators at low
frequencies as one-way measurements 7;; enter TDI combinations multiple times with different
delays. As an example we consider the first generation Michelson variable X; where 713 enters
as

t t—dlgl(t)

a(t') dt’ + / ms(t') dt’ (3.70)

to

(1= Diar)ms(t) = /t
= /tt?'?13(t/) + (1= dizn ()i (' — diaa (t')) dt' — /to ma(t') dt’.

0 to—di121(to)

() +D121m3(t)
(3.71)

We insert the definition of the beatnote phase and find that the initial phase drops out. Similarly,
TDI combinations act like derivatives on the laser phase. Therefore, they are insensitive to the
initial phase of the lasers.

Consequently, the computation of TDI combination in units of total phase should be possible
from beatnote measurement given in frequency units as sketched in eq. (3.71). Here, we also
introduce the Doppler delay operator D that applies additional to the time-shift a multiplicative
Doppler factor and is defined as

Du(t) = (1 —d(t))v(t — d(t)). (3.72)

The additional last term in eq. (3.71) represents a constant phase offset and drops out if
considering the TDI variable in frequency units.

3.3 Laser and Timing Noise Residuals

Onboard the spacecraft and in on-ground data processing laser noise and other timing noises
enter the beatnote measurements through various channels (Staab et al., 2023b). We discuss
the residuals due to the non-commutativity of the decimation stage and the delay operation
(partially described in Bayle et al. (2019)) and the impact of ranging (Tinto et al., 2003) and
interpolation errors arising in post-processed TDI (Shaddock et al., 2004).

3.3.1 On-board processing residuals

As discussed in section 2.3 decimation stages are used on board to reduce the data rate from
80 MHz down to 4 Hz. Those involve filters to mitigate aliasing, and decimators. In the following
we will discuss how those operations give rise to residual laser noise.

In section 3.2 we have discussed several reduction steps that are needed to suppress laser and
clock noise to the fundamental limit that is given by the arm-length mismatch. However, we
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have left out the description of the on-board processing. Before telemetry, each measurement is
passed through several stages of decimation that we denote by the operation S. Therefore, the
measurements relevant for laser noise suppression are given as

isiij = S(Dijdji — ij), (3.73a)
rfi;; = S(¢ir — ¢ij)- (3.73b)

Here, we introduce the bar notation that indicates decimated measurements.
To carry out TDI we require precise measurements of the propagation delays between the
satellites. Those are subject to the same decimation procedure such that we have only access to

dij = Sdy;. (3.74)

We denote the corresponding delay operator by I_)ij. Next, let us observe the effect of applying
this operator two a generic decimated phase ¢ = S¢. We aim to find a rule to commute the
delay operation with the decimation stages to pull S in front of the expression. We find that
this commutation gives raise to a commutator.

Dg(t) = D(¢°(t) + S¢*(t))
~ D°(t) — Sd*(t) - D°v°(t) + D°S¢(¢)
~ S(D¢°(t) — d*(t) - D°v°(t) + D?"(t)) — [S, D’ ()
~ SD¢(t) — [S,D%¢"(t)

Here, we made use of the fact that the decimation stages have no effect on the out-of-band
part of the phase!’. Furthermore, we have used the property given in eq. (2.20) to develop the
delayed total phase into its in-band and out-of-band components. The operator D° denotes a
delay by the out-of-band component of d(t) = d°(t) + d*(¢).

To demonstrate the use of eq. (3.78) we derive the form of the intermediary variable n for
left-handed and right-handed MOSAs. The former is defined as

Mlij = isiy; — Dy e — xfyi ; i (3.79)
= S(Dyjdji — ¢ij) — DijS(dji — djk) (3.80)
= S(Dijdjr — ¢ij) + [S, DY (050 — b)) (3.81)

We yield two terms. The first one has the same algebraic form as eq. (3.11) and the second
resembles an additive term that will remain even after TDI. This demonstrates the general
coupling mechanism of residual laser noise due to the non-commutativity of the decimation
stages with the out-of-band delay operator.
The intermediary variable n for right-handed MOSAs does not pick up the commutator as

there are no delay operators applied to form it. It is easy to verify that

TRy — 1Ay

nij = ISIij + % = S(D”qbﬂ — ¢zk’) (382)
Adopting the single-index notation for left-handed laser (¢1 = @12, ¢2 = @23 and ¢3 = ¢31) we
find a general expression that holds for all 7;;.

Mij =S (Dijd; — ¢i) +[S,DY] (¢ji — b5)° (3.83)

0For this to hold we require that the filters have vanishing group delay. This can be achieved by implementing
acausal digital filters, where an integer group delay is compensated by reassigning shifted timestamps to the
samples.
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Here, we identify n;; (without the bar) and the difference of the laser phases in the second term
can be approximated by just their laser noise content. This is possible since laser noise is the
dominant in-band contribution in beatnote phase.

Next, we want to give a more detailed description of the commutator. As already mentioned
above, in the current baseline design of LISA the decimation procedure is performed in stages.
Each stage consists of a digital filter to prevent aliasing and a decimator. Therefore, the entire
decimation procedure can be represented by

1

S = [[ SuuF: (3.84)
i=N

Commutator rules can be applied to study the effect of each stage individually. In this manuscript,
to simplify the modeling we only consider a single stage. This also reflects the implementation of
the state-of-the-art LISA simulators that we will use to verify our models. Therefore we redefine

S = Sy, F. (3.85)

and insert it into the commutator of eq. (3.78). Next, using commutator rule eq. (A.2) we split
it up into two terms.
[SMiFa DO} = SM¢[F7 DO] + [SMJ/, DO}F. (386)

We find two contributions, the filter-delay commutator that is decimated, and the decimation-
delay commutator of the filtered signal. In the following sections we will take a closer look at
those and discuss the conditions for them to be non-vanishing.

Filtering-delay commutator

The magnitude of the filtering-delay commutator strongly depends on the time-dependence of
the delay d°(t). Intuitively, the commutator becomes zero for a constant delay as then both,
filtering and delay operation, represent LTI systems that commute by definition. However, in
case of a time-dependent delay the commutator is non-vanishing. The first description can be
found in Bayle et al. (2019) where it was dubbed “flexing-filtering effect”.

In what follows, we rederive the result using the definitions established in section 1.3. We
set off by expanding the expression

FD ¢ (t) = /R hp(T) (t — 7 — d°(t — 7)) dt (3.87a)
= / h(T)¢(t — 7 — d°(t) + 7d°(t)) dt (3.87b)
R
~ /hF(r)¢€(t —d°(t) — 1) dt + /hF(r)Td’O(t)qBE(t —d°(t) — 1) dt (3.87¢)
R R
= D°F¢ () + d°(t) DOG%&(t). (3.87d)

Here, we assume a small delay derivative d° < 1. As we will later see d° is dominated by the
clock drifts ¢° which are of the order of 5 x 10~7. Relative inter-spacecraft velocities play a
minor role as tens of ms™! corresponds to d° ~ 1078, In the next step, we expand the laser
phase to first order in 7d°. This is appropriate as 7 takes as its maximum value half the filter
kernel length such that the product 7d° remains small. In the last line of eq. (3.87) we collect
the two convolution integrals and identify two terms. The first one resembles the application of
the operators in reverse order. The second term represents exactly the commutator we sought
for, therefore, we write

[F,D°)6(1) = FD6(1) ~ DF(1) = d°(1) D°G = 6(1) (3.88)
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Here, the operator G represents a filter operation with kernel hg(7) = 7- hp(7). To express the
PSD of eq. (3.88) we assume a constant delay derivative and find

& die(f)|’
2 df

Spe (f) =

56 S (1). (3.89)

Consequently, the amplitude of the flexing-filtering effect is dependent on two factors. First, it is

directly proportional to the delay derivative d°, and second, it relies upon a flat filter response.

For a filter that is unity throughout the band the magnitude of dhdFi;f) would be exactly zero.

However, realizing such a filter comes with high computational cost as many taps would be
required. Therefore, in principle, one has to trade off number of filter taps against the level of
flexing-filtering residual. Another solution is to correct the non-flat response of the anti-aliasing
filters on ground by means of a compensation filter. This is discussed in more details at the end
of the section.

Decimation-delay commutator

The non-commutation of the decimation and the delay operation also affects the residual in
eq. (3.78). As explained in section 1.3 decimation describes the process of reducing the sampling
rate of a discrete-time signal from M - f; to fs. Here, f; denotes the sampling rate after
decimation. For the decimation-delay commutator applied to a general phase noise we write

(S, DO¢(t) = Sa D¢ () — DSy ¢0°(t). (3.90)

We can directly infer that the condition for a vanishing commutator is that D corresponds to
an integer shift (after decimation, so d° - fs equals to an integer k). In discrete time we write

Sy D¢y, = Sy ark = Pt (ni)s (3.91)
DOSM¢¢7€1 = DO¢§\/[% = ¢§\/[.(n,k)- (3.92)

As both expressions yield the same result we conclude that the statement above is correct. For
non-integer delays we cannot rely on the discrete formulation of the expression but have to make
use of the Whittaker-Shannon interpolation formula (see eq. (1.29)) to transform the problem
into continuous time. The derivation of the commutator of decimation and the application of a
general LTI system is given in appendix B.1.

To express the PSD of equation eq. (3.90) we use eq. (B.18) of appendix B and plugin the
transfer function of a constant delay h(f) = e 274" We find

M-1
S([Sz’”“’D ](f) = rect <;) Z_: 4-cp(d) - S(;n)(f) (3.93)

$ n=1

where the weighting factors ¢, (d°) are given by

en(d) = {sinz(wfsgdo) for n even, . (3.94)

sin? (7 s d?)  for n odd.

As the delay d° generally varies over time the amplitude of the residual is modulated. We find
an upper bound of the PSD by setting all ¢, = 1. On average, assuming that d° covers many
multiples of the sampling time Ty, ¢, takes the value %
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Compensation filter

As mentioned above the aforementioned flexing-filtering effect can be suppressed by means of
a compensation filter. This filter is placed after the last decimator and can even be moved to
the on-ground processing pipeline to relax computational requirement on the spacecraft. It is
used to “lift” the transfer function of the decimation stage to ensure unity gain in-band. We can
model it as having a decimation stage operator

S =F*S,,F. (3.95)

We model the compensation filter F™ as an FIR filter running at the decimated sampling rate
fs. Hence, for modeling we can commute it with the decimator by

FSMixn = FxM.n = Z hkmM(nfk) = Z ilka?M.n,k = SMJ,].:O“%'”. (3.96)
k k

Here, the filter kernel hn is defined as

. h if kmod M =0
by = { k/M (3.97)

0 else

which is equivalent to the original filter kernel filled with M — 1 zeros in between taps. The
[S, D°] commutator is now given as

[FTSF,D°] = [SFF, D’ (3.98)
= S[FF,D% +[S,D’JF*F. (3.99)

We have again proceeded as in eq. (3.86) and split the commutator into two contributions. The
first one is responsible for the flexing-filtering effect and the second one for aliasing. Note that
the level of flexing-filtering is reduced as the transfer function of F*F is closer to unity in-band.
On the other hand, the effect of aliasing is amplified as the compensation filter lifts up the
response in the stop band of the filter F.

To demonstrate the effect of the compensation filter and validate the models derived for the
filter-delay and decimation-delay commutators, we run numerical simulations and compare them
against our models. In our setup, we simulate a time series of red phase noise with an ASD of

Vo) = \/S(h) - @nf) ™ = 30Hz/VETz - (2nf) " = 4.77 cycles/ViTz - ij (3.100)

at a rate of 16 Hz. We use the optimized filter design for phase units described in appendix C as
the anti-aliasing filter and suggest a compensation filter that uses 81 taps. The latter is computed
via sampling of the impulse response of a continuous-time filter that has the reciprocal transfer
function of the original anti-aliasing filter in-band.

To investigate frequencies down to 1074 Hz we choose 250000s as the duration. Then,
we simulate two commutators. The first one involves the simple decimation stage presented
in eq. (3.85). The second simulation additionally uses a compensation filter to suppress the
flexing-filtering effect.

5OSVED] (1) = [y F, DVlp(t) = SyFD°p(t) — DSy Fi(t) (3.101a)
S0 SUFPIU (1) o [F*S B, Dlp(t) = F*SyFDp(t) ~ DF*SyFp(t)  (3.101b)
In both cases we decimate by a factor of four. The calligraphic D indicates that we are using

a fractional delay filter to numerically approximate the delay operation for discrete time series.
The impact of that is further discussed in detail in section 3.3.2. To suppress interpolation
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Figure 3.7: Commutator residuals due to the flexing-filtering effect and aliasing. The numerical
ASDs of the filtered laser phase noise is shown in yellow, and the commutator residuals with
(blue) and without (red) compensation filter are plotted. For more details on the models see
text.

residuals sufficiently we choose the Lagrange interpolation method with a high interpolation
order of 101 which is implemented in the Python package PyTDI (Staab et al., 2023a). As the
simplest time-varying delay we choose a linear dependence of the delay

d°(t) =do+d -t (3.102)

with dyp = 8s and d = 5 x 1077, With those parameters the delay will scan from 8s through
8.125s which correspond to an integer delay and a mid-sample delay (e = 0.5), respectively.
The numerical ASDs of the simulation outlined in eq. (3.101) are shown in fig. 3.7. The
yellow line represents the level of laser phase noise after filtering. In solid blue and red the
results of the commutator with and without compensation filter is plotted. For comparison, we
also show models for the flexing-filtering effect (with compensation in dashed-dotted red and
without compensation in dashed red) and aliasing effect (dashed blue). They are given as

. ~ 2
sp PN =8 | = T2 s ). (3.103)
Sy [F+F,D°] . [ |ded (BF+(f) : BF(f)) :
Sse (f)=Sa | |5~ T S;(f) |, (3.104)
S[S4¢7D0]F+F(f) ~ rect <f> ‘MZ_14 g (Jo) ) (F+FS (f))(n)(f) (3 105)
) - fs ] n D . .

Here, we note that the flexing-filtering contributions residing at f > 2 Hz are potentially aliased
into band. Therefore, the not only the flatness in-band is relevant for this coupling but also
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Figure 3.8: Illustration of the discrete convolution of the fractional delay filter kernel k&, (the
comb-shaped structure) with the time series ¢,,. As an example we choose a kernel length N = 4,
an integer shift j = —5 and a fractional shift e = 0.25.

out-of-band. The last equation represent aliased noise that dominates the on-board processing
residual after appropriately compensating for the non-flatness.

In fig. 3.7 we indeed observe that without compensation the flexing-filtering effect dominates
the residual for frequencies higher than 3 x 1072 Hz. With compensation, on the other hand, it
is pushed below the residual due to aliasing which cannot be further reduced by any means.

3.3.2 TDI residuals

The post-processed implementation of TDI requires an independent measurement of the prop-
agation delays between the satellites and an appropriate interpolation method to time-shift the
discretely sampled data. Errors in the ranges and inaccurate interpolation will introduce residual
laser and timing noise in the resulting combinations.

Therefore, we introduce the post-processing delay operation D that is subject to ranging noise
in the ranging estimates. As an example we observe its action when forming the intermediary
variable 1 on left-handed MOSAs.

. rfi;; —rfi;
flij = isiij + Dyj—r——2= 5 . (3.106)
R A — rfis
= iSiZ‘j + (Dij + Dij — Dij) W (3.107)
A rfi;; —rfi;
— i + (Dyy — D) —L——2* (3.108)

2

We recover the “true” variable and an additional residual that is produced by the difference
between the post-processing delay operation and the actual delay operation. Let us further split

(D —D)g(t) = (D —D)o(t) + (D — D)g(t). (3.109)

Here, we distinguish between the residual caused by interpolation errors (first term) and ranging
errors (second term). Let us now study both effects individually.

Interpolation error

In order to time-shift the discretely sampled beatnotes by arbitrary delays we require an inter-
polation method. In practice, this operation is carried out by a fractional delay filter which is
represented by an FIR system. In fig. 3.8 we illustrate this operation. For optimal performance
the filter kernel k,, is centered around the time of evaluation. We split the delay into an integer
shift j and a fractional shift e such that we can write —d = (j + €)Ts where T denotes the sam-
pling time. This is convenient because a time-shift by an integer amount of samples is trivial
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and can be performed beforehand. Furthermore, the filter kernel k,,, is then only dependent on
the fractional shift e. We can formally represent the fractional delay filter by

N/2-1

(PP)n =Y km(€) bnjm. (3.110)

m=—N/2

Here, ¢,, are the discrete-time samples of the beatnote phase and N is the length of the length
of the kernel. Here, we only work with even length kernels but a similar expression for odd N
can be easily derived.

Let us now apply the rule for transforming this discrete-time operation into a continuous
LTT system. We find the continuous-time kernel

N/2—-1
ho(T) = Y km(e)-6(r = (j+m)Ty). (3.111)
m=—N/2
with a transfer function of
N/2—-1
ho(f)= > km(e) e 2 UtmT, (3.112)
m=—N/2

Using those definitions we write the interpolation residual as

567 (t) = (D — D)é(t) = D (D"'D — 1) 6(t) (3.113)
A

Here, the operator A effectively describes the dissimilarity of D~1D from unity. We use eq. (1.28)
to derive the PSD of the residual and find

SE) = [Ro() - 1| s,(6). (3114)

A

In general, the propagation delays in LISA vary slowly over time. As the interpolation error
is dependent on the value of the fractional shift € the amplitude of the residual is modulated
over the year. It is easy to verify that it vanishes for ¢ = 0,1 as an integer shift is trivially
implemented. For any other fractional value the delay filter can be designed such that the
interpolation residual stays below some requirement.

Classically, Lagrange interpolation is used to interpolate LISA data (Shaddock et al., 2004).
This method fits a Lagrange polynomial of order N —1 to the data which is centered around the
time of evaluation. It can be shown that this method produces a maximal flat response at DC.
Therefore, it is well suited to interpolate LISA data at low frequencies. However, the optimal
response at low frequencies comes at the cost of slow convergence at high frequencies close to
the Nyquist frequency.

To relax this behavior we introduce a new class of fractional delay filters in appendix D.
They are based on the design of FIR type II filters which have an even number of coefficients
and are symmetric. As a result, the transfer function of this filter naturally exhibits a fractional
group delay of 0.5. An arbitrary fractional delay filter can be derived from this with a similar
magnitude response. Therefore, we can tailor the frequency response over the LISA band to
fulfill a specific frequency-dependent requirement and at the same time minimize the number of
coefficients of the interpolation kernel.

To test the performance of the two interpolation methods we run a simple numerical simu-
lation using PyTDI (Staab et al., 2023a). As in section 3.3.1 we generate a time series of red
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Figure 3.9: Interpolation residual of fractional delay filters. The ASD of raw laser phase noise
is shown in yellow and the solid blue line represents the ASD of the resulting interpolation
residual for € = 0.25 using the FIR type II design with N = 28. For comparison the dashed lines
represent models for € = 0.5 for the FIR type II design (blue) and Lagrange interpolation (red)
with N = 42. For reference we indicate the upper bound of the LISA band and the 1 ucycle/v/Hz
requirement with grey dashed lines.
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laser phase noise with the ASD given in eq. (3.100). Then we choose a constant delay d and
apply it to the time series. For one copy we use the fractional delay filter we want to test and
for another we use Lagrange interpolation of very high order (N = 102) that serves as the “true
reference”. The difference of the two should then be an approximate numerical representation
of eq. (3.113).

The result of this experiment is shown in fig. 3.9. The level of raw laser phase noise is shown
in yellow. For both interpolation methods we choose the minimum number of coefficients to push
the interpolation residual below the 1 pcycle/ vHz requirement in the LISA band. For the FIR
type II design (blue) we find N = 28 and for the Lagrange interpolation method (red) N = 42.
The superior performance of the latter at low frequencies is obvious as the red dashed line
quickly drops to very small number not resolved in the graph. However, the FIR type II design
only uses two thirds of the number of coefficients and trades off low-frequency performance for
drop rate close to the Nyquist frequency to still fulfill the requirement. To demonstrate the
effect of leakage (non-zero at DC) in the design procedure of this kernel type we choose € = 0.25
(d = 8.1975s at fs = 4Hz) for the numerical simulation. The model represented by the blue
dashed-dotted line perfectly explains the residual.

Ranging error

The second contribution in eq. (3.109) is due to ranging errors. We define the estimated delay
operator as D which applies a delay of d(t) = d(t) + r(t). Here, r(t) describes any deviation
from the true delay d(t). As we assume a small delay error we can expand to first order and find

6P (t) = (D — D)¢(t) ~ —r(t)Du(t). (3.115)

We note that the delay error couples to the beatnote frequency v(t) = d)(t) From section 3.2.4
we know that r(¢) contains nano-second slowly drifting offsets and femto-second in-band noise.
Therefore, analogously to the beatnote frequency we distinguish between 7°(t) and r¢(t). Let us
develop eq. (3.115).

r(O)Du(t) = (D) + r°(MDY(t) + < (DV(t)  +r<(t)Dr(t) (3.116)
~~ S—— S—
out-of-band residual laser noise  ranging noise coupling second order

The ranging residual splits into four terms. The product of the two out-of-band components is
itself out-of-band and therefore irrelevant for us''. The second term represents the coupling of
laser frequency noise to slow varying ranging offsets. Similarly, any timing jitter in the ranging
error couples to the mega-hertz beatnote frequency. Lastly, the product of the two in-band
component is second order in small quantities and can therefore be safely dropped.

To model the PSDs of the two relevant terms above we assume a constant ranging bias B
for the out-of-band component of the ranging error and constant beatnote frequency a. Then,
the PSD of eq. (3.115) is trivially given by

SD(f) = B2S,(f) + a2S,(f). (3.117)

To numerically validate theses findings we have to also consider the quickly increasing phase
ramp in the simulation of the beatnote phase. As this produces large numbers that reduce
the numerical precision of the floating point representation we switch to frequency units. The
beatnote frequency is easier to handle as it does not grow arbitrarily large but stays within
certain bounds. Therefore, we simulate it as the sum of the beatnote offset a = 10 MHz and
laser frequency noise p(t).

v(t) =a+p(t) (3.118)

11\We will later see that it is further suppressed by TDI that acts like a derivative at low frequencies.
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Figure 3.10: Ranging residual from ranging error. In yellow the level of raw laser frequency noise
with ASD of 30 Hz/+/Hz is shown. The solid blue line represents the result of the difference given
in eq. (3.119) alongside with models for the contribution caused by the ranging bias (dashed
blue) and ranging noise (dashed-dotted blue). Again, we show the 1pcycle/v/Hz requirement in
dashed grey.

We express eq. (3.115) in frequency units by taking the derivative

S2 () = (15 - 1'3) v(t), (3.119)

where D is the Doppler delay that also includes the Doppler shift (cf. section 3.2.5). As the
dominant ranging noise in LISA we assume modulation noise with an ASD given in eq. (1.22).
The PSD of eq. (3.119) follows by multiplying eq. (3.115) by the factor (2w f)?. We find

SR(f) = @ )2 (B2Sp(f) + a®Su(f))- (3.120)

The numerical results of eq. (3.119) for a bias of B = 5 x 107%s ~ 15m are presented in fig. 3.10.
The ASD of the ranging residual (blue) is well explained by the model. At low frequencies the
contribution from modulation noise coupling to the beatnote frequency dominates, while at high
frequencies the laser noise coupling with the ranging bias takes over.

3.3.3 Michelson combinations

In this section we apply the formalism we have derived in the previous sections to the second
generation Michelson variable. In the first step we bring together the results on the effect of
on-board processing and the post-processing delay operator for the intermediary variable 7.
We use the definition given in eq. (3.56) and replace each occurrence of the propagation delay
D by the corresponding decimated post-processing delay D. Furthermore, we operate on the
decimated interferometric measurement as they are produced by the spacecraft. Using eqs. (3.83)
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and (3.108) we find

. IS—IU 4 @ij rﬁjigrﬁjk if €ijk = 1 (3 121)
771] - . EU_EZJ . . ’
isi; + —H5—+ if €5, = —1
= Sni; — [S, D7;]p; + [S, DY]pji + (Dij — Dij) (d5i — ¢5), (3.122)
ong5 ! onf;

where €5, denotes the Levi-Civita symbol which equals to 1 for even permutations of i, j, k =
1,2,3 and -1 for odd permutations. The first two terms in the last line are grouped together as
they will form the fundamental laser noise residual in the final TDI combination. We identify
the other two as the residual due to on-board processing and the use of the post-processing
delay.

TDI relies on constructing more and more complex beam paths. For illustration we form the
intermediary variable 7;;; = Dyjr¢r — ¢; that represents an interferometer which combines the
local beam with a beam that has traveled from spacecraft k over j to i. We construct it from
the single-link intermediary variables defined in eq. (3.122).

ﬁijk = ﬁij + @ijﬁjk (3.123)
S,D >

= Snijr — [S, D]k + 5771% V460D, (3.124)

Again, we collect residuals related to fundamental laser noise residual in the first two terms and

the remaining ones in the last two terms.

Finally, we build the second generation Michelson variable X3 via several intermediary vari-
ables to save up on computational cost. This is possible as Xo possesses a high degree of
symmetry as it is composed of two beams taking several round-trips of increasing complexity.
Results for Yo and Z5 can be obtained by circular permutation of the indices. We have

ﬁiﬂ = ﬁij + 'Dijﬁji (3.125a)

Nijiki = TNiji + Dijifliki (3.125b)

Nijikikiji = Nijiki + DijikiNikiji (3.125¢)
)

Xo = 131212131 — 121313121 (3.125d

We apply the rule given in eq. (3.124) repeatedly and find
v o o o [S.D] D

Let us first develop the terms that produce the fundamental laser noise residual and out-of-
band drifts due to time-varying delays. Therefore, we expand the decimated Michelson variable
X5. Here we need to specify the time reference frame all measurements and delay operators are
naturally given in, the spacecraft on-board time 7;.

3.127
3.128
3.129

3.130

T 71 71 71
SX2 - S[D131217D12131] 1
_ T1TY7L T1 T1
- STT1 [D131217 D12131] 1
_ 71,0 T1 T1 71,0 T1 Ty Ty
- STTl ([D13121’D12131] 1 + [D13121’ D12131]p1 )

_ m71,0[)71L T 71,0 71,0 71,0 71
= T7,°[Di3191, DT5131101"" + S[D 13151, Div13 P

(3.127)
(3.128)
(3.129)
(3.130)

In the second line we transform the commutator into the proper time of spacecraft 1. Then,
the laser phase ¢7""” now given with respect to its proper time is free of clock noise. Therefore,
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we can split it up into slow drifts ¢7" and in-band laser noise pi'. Furthermore, all time-shift

operators can be reduced to their out-of-band version as they are applied to small quantities,
such that the coupling of the in-band component is negligible. Here, the delay operator DZT]Z
accounting for the proper pseudo-range is naturally free of in-band components since we neglect
the effect of GW signals. Let us now combine the decimated and the second-order commutator
in eq. (3.126).

SX; - [87 [ ’1%,1021? D71—12710i’>1]]p71—1 = TZ?O[DE’)HD 71—12131] 71—170 + [D71—§710217 ]:)ﬁlr1271031]sp71—1 <3'131)

X3 60X

We obtain two terms. The first one collects the out-of-band drifts of the TDI combination and
the second one represents the fundamental laser noise residual due to arm length mismatch.
With this, we summarize the contents of X» as

Xp = X9+ 06X+ 6X5P 4 5xD. (3.132)

The remaining terms are discussed in the respective section. We collect the laser noise
residual due to on-board processing 5X£S’D} and TDI residuals that we further distinguish as
interpolation residuals § X2, bias residuals § X2 and modulation noise residuals § X2/.

5XP = 6XP + 6XB + 5x} (3.133)

We verify the models developed above by running numerical simulations using the LISA
Instrument simulator. This simulator generates the LISA interferometric measurements (see
chapter 2) in units of total frequency for the reasons discussed in section 3.2.5. To obtain the
most realistic LISA setup but at the same time observe the residuals we include only laser
and clock related effects. We choose six laser sources locked to a cavity such that they are
independent and have the same level of laser frequency noise

S;(f) = 30 Hz/VHz. (3.134)

The central frequency of each laser is offset from the nominal value vy = 281.6 THz by a constant
amount of a few megahertz to obtain valid absolute beatnote frequencies in range from 5 MHz
to 25 MHz. As the baseline mission design of LISA foresees locked lasers, we discuss the impact
of laser locking later.

For the clocks we consider the most complete model available in the simulator. Their devi-
ations from the nominal frequency is described in terms of a fractional frequency shift y(¢). It
includes a random jitter component represented by a flicker noise with an ASD of

\/Sa(f) =632 x 1071 VHz - <B{Z>_é : (3.135)

and an out-of-band drift that is modeled by a second order polynomial
Yo+ Yri - t+yai-t (3.136)

We summarize the individual numerical values of y, ; in table 3.1. As described in section 2.1.1
the spacecraft timer is derived by integrating the fractional clock frequency. If we assume
synchronized timers at launch and a transfer time of 400 d we find that the timers will be desyn-
chronized by a few seconds. Therefore, we consider initial timer offsets d7p; in the simulation.
Prior to any processing we convert the data type of each simulation output from a double
precision float (64 bit) to an extended precision float (equivalent to 80 bit for the machine used
in this study). This measure avoids adding numerical noise that potentially limits the result
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670, (8)  wou (ss7h) yri (571 Y2 (572)
clock 1 - 5% 1078 1.6 x 10719 9x 1024
clock 2 - 6.25 x 107 2 x 10714 6.75 x 1023
clock 3 - —3.75x 1077 —1.2x107M —1.125 x 10722

Table 3.1: Summary of the numerical values used in the LISA Instrument simulator for the
initial timer offsets 07; and the polynomial coefficients y,, ; that parameterize the out-of-band
fractional clock frequency deviations defined in eq. (2.11).

when operating on the megahertz-beatnotes in TDI. We then process the simulation output
in two steps. First, we combine the sideband beatnotes and the PRN ranges to form a high
accuracy, high precision estimate of the measured pseudo-ranges. Then, we use the Python
package PyTDI (Staab et al., 2023a) to evaluate the second generation Michelson variable Xo.
Ultimately, to check the validity of the derived models and the level of residual laser noise we
evaluate the ASDs.

Let us define a nominal configuration of the secondary instrumental noises, the on-board
processing and the implementation of TDI. The goal of the nominal configuration is to well
suppress any laser noise residuals. To analyze the individual residual laser noise contributions
we change certain parameters in the simulation and processing chain. The nominal on-board
processing consists of a strong anti-aliasing filter and decimation from 16 Hz to 4 Hz. To account
for the flexing-filtering effect the filter is very flat in the pass-band. More details on the filter
can be found in appendix C. Furthermore, ranging biases are set to zero and modulation noise
that acts as ranging noise in TDI is turned off. For the interpolation method used in TDI we use
high order Lagrange interpolation (N = 62) which leaves negligible interpolation error in-band.

In the following sections we discuss the individual residual laser and timing noise contribu-
tions. FEach experiment modifies some relevant parameters in the simulation and processing.
We will discuss those and demonstrate that we can relax the nominal configuration to use less
stringent filter and interpolation kernel design and allow for ranging errors. We compare the
resulting PSDs to the microcycle-requirement which is propagated through TDI and reads

S (f) = 64 -sin? (2 fd) sin? (47 £d) - SII(f), (3.137)

where d represents an average arm length over all arms. The additional factor of four accounts
for the number of inter-spacecraft interferometers involved in the Michelson combination.

For brevity we omit specifying the time reference frame of physical quantities and delay
operators and implicitly assume that they are given in the spacecraft on-board time and D;;
denotes the delay by the out-of-band component of the measured pseud-range d:; Furthermore,
for the coupling of laser noise residuals we assume constant arms in the models for simplifying
the expressions and enabling us to express their PSDs (which requires stationary processes).

Onboard processing residual

Let us first discuss the laser noise residuals in X5 that are caused by the non-commutativity
of the decimation stage and the propagation delay. To “turn on” this residual we modify the
nominal configuration defined above by introducing a more relaxed anti-aliasing filter. We use
the optimized design for frequency units described in appendix C.

As the optimized anti-aliasing filter design amplifies the flexing-filtering coupling, we also
include a compensation filter that we design similarly to the procedure outlined in section 3.3.1.
For comparison we process two sets of data; with and without the compensation filter.
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The laser noise residual in X9 due to a general decimation stage S is given as

5X2[S’D] = —(1—Di31)(1 — D12131) ([S,Du]pm + D12[S,D21]P12>

(3.138)

+ (1 = Di21)(1 — D12131) ([S, Di3)ps1 + Dys[S, D31]p13>-
We substitute S by SyF for the simple decimation stage and by FTSyF for the decimation
stage including the compensation filter. Furthermore, we split up the contributions coming from
the flexing-filtering coupling and aliasing an find the following analytical models for their PSDs

SngDo](f) = 16 sin* (7 fd12131) ( sin® (7 fd31) (S(;S(g[lF’D(I)Q](f) + S(;SQLF’DZI](JC))
. 9 Sy [F,D3,] Sy [F,D3,] (3.139)
+sin’(mfdion) (S5g,, 0 () + S5y, (f)))
S(E?X%,DO}F(']@) — 1681n2(7rfd12131)(Sln2(7rfd131)(S([;zi’DgﬂF(f) + S([s(sbAIngl]F(f)) (3 140)
) Sy ,D° Sy,D2 :
o+ sin? (m i) (S VB () + S5 PR ()
where the individual contributions of each laser is given by
F.Dy d5; dhw ()|
Sy [F,DC, G a;j dhg _
S&;ﬁji ! (f) =S ot df ‘ P(f) (3141>
[Sy,DY|F f N - -
Ssen " (f) = rect <f> 3" 4-e(dy) - (FS,(0)) () (3.142)
$ n=1

To reproduce models including the compensation filter each occurrence of F has to be re-
placed by FtF (and hp(f) must be replaced by BF+(f) - hg(f)) in the expressions above.

As the simulations are performed in units of frequency we have to slightly modify the PSD
models. To transfer the models to frequency units it is not sufficient to multiply by a factor
of (27 f)? as the decimation operation is non-linear and does not commute with the derivative.
Therefore, we have to proceed more thoroughly and replace each occurrence of p;; by p;;. The
effect of this is that all PSDs of laser noise Sy(f) (or S;(f)) collect an additional (27 f)? factor
in the expressions above.

Next, we compare the analytical models to numerical simulations. In fig. 3.11 we show the
results for the Michelson combination Xy computed with (blue) and without (red) the compen-
sation filter. The analytical models match well and demonstrate that indeed the compensation
is required for this particular filter design to not violate the microcycle-requirement. When
applying the compensation filter the flexing-filtering effect is reduced below the residual due
to aliasing. Between 107%Hz and 1072 Hz the numerical residual is dominated by numerical
noise in the simulation. We verify this by running a noise-free simulation that only includes
the megahertz-offsets of the beatnotes and the deterministic clock drifts. The result is shown in
light grey and determines the numerical noise floor of any simulation.

Interpolation residual

The interpolation residual stems from the deviation of the interpolation kernel’s transfer function
from an ideal time-shift. We implement an interpolation method that uses a 28-coefficient kernel
which is based off of an FIR type II low-pass filter design (for more details see appendix D).
Otherwise, we adopt the nominal simulation and data processing setup.

The coupling of interpolation errors to the TDI variables is dependent on the particular
implementation of the algorithm. Nested delays can be realized either by successively applying
fractional delay filters D;; D, to a measurement or, alternatively, by shifting the measurement
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Figure 3.11: Commutator residuals due to on-board processing. The numerical results for the
Michelson combination X9 with and without compensation filter are shown in solid blue and
solid red. We superimpose models for the flexing-filtering effect (dashed red and dotted red) and
aliasing (dashed blue). Additionally, we plot the microcycle-requirement in dashed grey and the
numerical noise floor of the simulation in leight grey.
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Figure 3.12: Interpolation residual in TDI. The solid blue line shows the numerical result using
the FIR type II interpolation method which is well described by the model in dashed blue with
the exception of the numerical noise floor arising at frequencies below 1072 Hz.

in one go by using D;j;, that delays it by the effective delay d;;i(t) = di;(t) + dj (t — dij(t)).
From a computational stand-point, collecting all delays in a single time-shift operation is often
less expensive as delay operations can be factored such that they can be reused (e.g., Dijiri =
D;;iD;; in eq. (3.125)). Whether atomic delay operations D;;Dj; or contracted ones Djjj
perform better depends on the numerical value of the delays. As a general rule, delaying time
series by a small fractional delay is favorable as the interpolation error tends to zero for an
integer time-shift.

To simplify the coupling and modeling 9f the re§id1}al we decide to use atomic delay op-
erations for the evaluation of eq. (3.125) (Dyjr — DijDj).
appearing in eq. (3.132) is given as

Then, the interpolation residual

6X7 = (1 —Diy31)(1 — Digiz1) (Ar2p1 + D12Ag1712)

i . (3.143)
— (1 = Dy21)(1 — Dyg131) (A13031 + D13Asipi3).

Here, the bar on top of p;; indicates laser frequency that was passed through the decimation
stage S. The PSD of this expressions reads

Six, (f) = 16sin® (7 fd12131) ( sin® (7 fdis1) (Arz + Agy)

~ ~ ~ (3.144)
+ sin® (7 fdia1) (Arz + A31)> SSp(f).
with A;; as defined in eq. (3.114).

We show the results of the numerical simulation (solid blue) alongside with the analytical
model (dashed blue) converted to frequency units in fig. 3.12. The model explains the residual
well above 1072 Hz. Below this frequency numerical effects take over which are not covered by
the numerical noise floor of the simulation (light grey) but have another origin. At the time of
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Bl'j (S) aij (MHZ) bij (MHZ)

MOSA 12 —1.1x 1078 16.5 10.0
MOSA 23 1.5x1078 17.9 20.0
MOSA 31 1.6x 1078 17.9 8.00
MOSA 13 —6.5x 107* —6.09 —10.0
MOSA 32 2.5x 1078 —10.0 —8.00
MOSA 21 9.5 x 107? —7.85 —20.0

Table 3.2: Overview of ranging biases B;;, mean inter-spacecraft interferometer beatnote fre-
quencies a;; and mean reference interferometer beatnote frequencies b;; for each MOSA.

writing, for the FIR type II interpolation method the kernel that is convolved with the data is
only available in double precision (64 bit). Therefore, the result is limited by a white noise floor
with an amplitude of approximately 3 x 1078 Hz/v/Hz. We estimate that the level scales with
the number of coefficients in the interpolation kernel, that are all subject to numerical noise, and
the megahertz-beatnote frequency. This additional noise floor can be mitigated by updating the
interpolation kernel to extended precision. However, the calculation involves Numpy routines
that are only available in double precision. In the future we will seek for suitable alternatives.

Ranging residuals

Lastly, we discuss the ranging residual that is caused by biases in the absolute ranging measure-
ment and modulation noise in the sidebands. For studying this residual we add both effects to
the simulation. The ranging biases are chosen randomly and their values are given in table 3.2.
The level of modulation noise is assumed to be ten times higher in the right-handed MOSAs
as compared to the left-handed ones. However, after ranging processing (see section 3.2.4) only
left-handed modulation noise remains and we can model the ranging error per MOSA as

T‘Z‘j(t) = Bij — Diij(t) + Mz(t) (3.145)

where we define My = Myy, My = Moz and M3 = Msz;. The ASD of left-handed modulation
noise has the usual level as given eq. (1.22).

Inserting eq. (3.145) into eq. (3.132) yields the following residuals due to the ranging bias
and modulation noise, respectively.

6X5 = —(1— D131)(1 — D12131) (D12B12p21 + D121 Ba1pnz)
+ (1 = D121)(1 — D1g131) (D13 Bisps1 + D131 Bsipi3)
6X3" = —(1 — Dy31)(1 — Dya1s1) (a12M; + Dizag M)
+ (1 = Dy21)(1 — Dig131) (a13M1 + Digag Ms) (3.147)
+ (1 = Di121)(1 — D131)(1 — Dyg131)b1 M)y

(3.146)

The mean beatnote frequencies of the inter-spacecraft interferometer a;; and the reference inter-
ferometer bijm appearing in the simulation are listed in table 3.2. Their values range between
5 MHz to 25 MHz and are relevant for the coupling of modulation noise. Again, the bar on top of
laser frequency noise and modulation noise terms mark the decimation process applied to them.

12 A5 reference interferometers are symmetric we use the short-hand notation by = b1z = —ba1, b2 = bag = —b32
and b3 = b31 = —b3.
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Figure 3.13: Laser and timing residuals due to ranging errors. The solid blue line represents
the ASD of the simulated data including ranging biases and modulation noise. We model both
effects in dashed blue and dashed-dotted blue, respectively.

The PSDs of the residuals are given by

St (f) = 165 (x fdizngr) (sin®(r fdian) (B, + B)

+sin’(rfdi) (B + Bh) ) 25 )28, (/).
S(%[(Z (f)=16 Sinz(ﬂ'fdlglgl) ( sin® (Wfdlgl)agl + sin? (7rfd121)a§1

+ ‘(1 - eiQﬂfdl?l)alg —(1- e*Q“ifdl?’l)alg

+ (1 _ e—27rifd121) (1 _ 6_27rifd131)b1’2>SSM(f).
(3.149)

(3.148)

They agree with the expressions given in the literature assuming equal arms (Hartwig et al.,
2022; Staab et al., 2023b). To properly account for the fact that the decimation stage is applied
to data in frequency units we need to replace each occurrence of S,(f) and Sys(f) by Sp(f) and
Sy (f), respectively.

As before we compare the models to numerical simulations. In fig. 3.13 we show the results
of the simulation (solid blue) superimposed with the models for the coupling of laser noise to the
ranging bias (dashed blue) and modulation noise coupling to the beatnote frequencies (dashed
dotted blue). We see that the models explain the excess noise very well (apart from frequencies
below 4 x 10~* Hz where the numerical noise floor dominates). Furthermore, we note that the
microcycle-requirement is violated by the modulation noise coupling at low frequencies. As
a consequence, the planning of the noise budget has to allocate more than the conservative
1 peycle/ VvHz to this particular source of noise.
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3.3.4 Discussion

In this chapter we have demonstrated the performance of TDI for realistic LISA measurements.
We show how the sideband beatnotes and PRN measurements can be combined to accurately
determine a precise estimate of the measured pseudo-range. We then study the different coupling
mechanisms of laser and timing jitter to the final TDI combination. We identify three main
channels; the standard laser noise residual caused by an arm length mismatch, residuals due to
on-board processing and residuals that arise during TDI.

To check the validity of the derived models we run numerical simulations. Prior to processing
of the data we convert it two a higher precision data type (in our case an 80 bit long double). This
is required as the computation of second generation TDI variables reproduces a transfer function
that looks like a double derivative at low frequencies with a dependency of f2. Evaluating the
microcycle-requirement in frequency units propagated through TDI yields 10710 Hz/ vHz which
is 17 orders of magnitudes below the nominal values of the beatnote frequency and hence double-
precision float is not sufficient. As the use of extended precision requires more computational
resources we propose a similar treatment as in the simulation of the LISA data; decomposing
the total frequency into slow varying offsets and small in-band fluctuations. As a result, the
variable with the fluctuations has a reduced dynamic range as it is dominated by laser frequency
noise at levels of hundreds of Hz/v/Hz. This would allow us to return back to double-precision
which is supported more widely in today’s CPU architectures.

The fundamental laser noise residual due the arm length mismatch dictates the choice of the
generation of TDI combinations. In this chapter, we only discuss combinations up to the L closed
property as this reduces the fundamental laser noise residual sufficiently for LISA. However, in
theory, there is no limit to the “closureness” of virtual interferometers. The third generation of
TDI combinations would cancel laser noise up to second order in the inter-spacecraft velocities,
and up to first order in accelerations. The study of higher generation combinations might be
relevant for future LISA-like missions that are challenged with more constraining requirements,
higher level of laser noise or more dynamic relative motion of the stations.

The on-board design of the decimation process reducing the sampling rate of the interfero-
metric data from 80 MHz to 4 Hz induce laser noise residuals due to non-flatness of the overall
filter response of the decimation stages and the aliasing effect. We demonstrate the ability of
compensation filters to lift the pass-band droop and make the in-band response sufficiently unity.
This results in a reduction of the flexing-filtering effect. The compensation filters can run on
ground to relax the computational requirement on board. On the other hand, the aliasing effect
must be dealt with already on the spacecraft as it is irreducible after the fact. To keep residuals
below the microcycle-requirement we suggest an appropriate FIR filter design for the last stage
of the decimation process; decimating the sampling rate from 16 Hz to 4 Hz. We show that a
filter with 29 coefficients suppresses the aliasing effect sufficiently which reduces the number of
coefficients by a factor of five compared to previous filter designs which are currently used as
the default in the LISA simulators.

The last category of laser noise residuals are introduced in TDI processing. The TDI al-
gorithm relies on the implementation of discrete fractional delay filters and estimates of the
inter-spacecraft ranges. To interpolate the data in between samples we design an appropriate
interpolation kernel that uses a minimum set of coefficients. With that we reduce the compu-
tational cost'® and the number of samples that need to be truncated where the filter kernel
does not fully overlap with the data. As the computation of the filter kernel has to be repeated
for every value of the time-shift we propose to evaluate it on a grid beforehand for selected
fractional shifts. The grid has to be dense enough to interpolate linearly between them. This
look-up table can then be used for computing interpolation kernels for arbitrary fractional shifts.

13Reducing the computational cost for on ground processing might be beneficial for the early alert pipeline.
However, we generally expect TDI not to be the computational bottleneck of the processing chain.
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Furthermore, errors in the ranges estimated from the PRN ranges and the sideband-sideband
beatnotes introduce laser and timing jitter residuals in the final TDI combination. The former
couples to slowly evolving biases in the ranging estimates which have to be below a couple of
meters. The limiting in-band noise of the ranges is given by modulation noise that enters in the
frequency distribution and modulation chain of the sidebands. We demonstrate that modulation
noise couples to the megahertz beatnote frequencies and surpasses the microcycle-requirement
at low frequencies. Therefore, this has to be appropriately reflected in the instrument noise
budget.

As opposed to secondary noises the transfer function of laser noise residuals in TDI is de-
pendent on laser locking (Nam et al., 2022; Staab et al., 2023b). Intuitively, this makes sense
as laser locking introduces strong correlations among the six laser sources. This needs to be
considered in the conclusions drawn above. However, Staab et al. (2023b) find that laser locking
changes the overall transfer function only slightly. We suggest a follow-on study that evaluates
a worst case over all locking configurations (Heinzel, 2018) under consideration for LISA.
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Chapter 4

Time-delay Interferometric Ranging

Time-delay interferometric ranging (TDI-R) is a method to determine the propagation delays in
LISA from the carrier-carrier beatnotes. It was first discussed in the literature by Tinto et al.
(2005) and tested experimentally by Mitryk et al. (2012) in a table-top experiment as well as
proposed for the GRACE-FO mission (Francis et al., 2015). The basic concept behind TDI-R is
that TDI combinations are rather sensitive to ranging errors. As a consequence, if slightly wrong
estimates of the ranges are used, the power in the TDI combinations will increase. In TDI-R we
seek those ranges that minimize the residual laser noise power in the TDI combinations. The
classical TDI-R estimator that was introduced by Tinto et al. (2005) reads

- 1 /T .
O1s = argmin/ ‘X(t!G)‘th. (4.1)
o T'Jo

Here, the parameter vector @ contains the delays dyo, do1, di3 and d3; as the Michelson com-
bination X only depends on the arms adjacent to the central spacecraft. The integral on the
right-hand side of the expression calculates the power of the combination. The arg min-function
finds the delays that minimize the power. The index LS stands for “least squares”.

This heuristic approach to estimate the delays can be easily extended to all six arms including
Y and Z in the calculation of the power. Analogously, any other set of TDI combinations can
be used, e.g., the orthogonal set of A, E and T (Page and Littenberg, 2021). It has been
shown that for an “optimal” TDI-R estimator the secondary noise in the TDI combinations has
to be “whitened” (and “de-correlated”) before calculating their power (Baghi et al., 2021b). In
this chapter, we conduct a thorough analysis of the stated problem; how to optimally estimate
the propagation delays required for TDI from the carrier-carrier beatnotes. We give analytical
estimates of the lower bound on the estimation variance using the Fisher information matrix
formalism.

4.1 Mathematical Foundation

The aim of this section is to derive from first principals an optimal estimator of the inter-
satellite ranges appearing in the definition of the inter-spacecraft interferometer. We start by
formulating the likelihood function of the available data streams and then study the Fisher
information matrix (FIM) in the limit of dominant laser frequency noise.

4.1.1 Basics of statistical inference

In probability theory a random variable X describes the results of an experiment with an un-
certain outcome. Before conducting the experiment one can only describe the probability of a
particular result. As an example we consider the toss of a coin. We know that the outcome of
this experiment is either heads or tails with a probability of 0.5. After repeating the experiment
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ten times we yield seven times heads and three times tails. How can we be sure that it was a
fair coin with equal probability for both, heads and tails? What is the significance of the result?
And what might be the most probable probability for heads and tails?

Those questions are the concern of the theory of statistical inference which makes certain
statements about the outcome of an experiment after it was performed. To do this we have
to choose a sampling distribution that describes the joint probability distribution of the obser-
vations. In the example above we assume that each coin toss can be regarded as a Bernoulli
experiment repeated n = 10 times. The probability to observe k times heads is given by the
binomial distribution. It is given by

o = (1)t =, (4.2)

where the parameter p denotes the probability to toss heads.

A reasonable question to ask after observing k = 7 is: What if the coin is biased (p # 0.5)?
What is the most probable value of the probability p? Evaluating the sampling distribution
given in eq. (4.2) for the outcome of the experiment yields the likelihood function L(p). It is a
function of the parameter p and allows one to test different values. The value p that maximizes
the likelihood is called mazimum likelithood estimate. It is defined as

pMLE = arg max L(p). (4.3)
p

Here, we have introduced the hat-notation that indicates that p is not the true value of p but

just an estimate. If we evaluate the maximum likelihood estimator by demanding dﬁ;p) =0 we

find that pyre = % which is 0.7 in our case. This result might not be surprising at first but it
relies strongly on the assumption we made before on the sampling distribution and the choice
of the estimator.

Properties of estimators

Estimators are objects that infer a set of parameters 6 from measured data d. They are them-
selves random variables with a probability density function f(#). The maximum likelihood
estimator introduced above is just one example but in general there exists infinitely many es-
timators to do the job. However, only some will perform well with regards to some optimality
criterion. To illustrate this point let us look at a classical example, the sample variance.

We intend to infer the variance o2 of an unknown distribution. Therefore, we draw a finite
number of samples (z;)%; from this distribution and estimate the sample variance. Let us
consider two estimators

52 = % S (@i — 7)? (4.4a)
(4.4b)

Here,  denotes yet another estimator, in this case, for the sample mean. It is defined as
- N
T=1/N} i i
Which of the estimators for the sample variance given in eq. (4.4) performs better? In an
attempt to answer this question let us take a look at their expected value and their variance (for
reference see, e.g., Jenkins and Watts (1968)). For 62 we find

E{6?} = ——0?, (4.5a)

———0", (4.5b)
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and for 63

E{63} = o2, (4.6a)
2 4

As we see there is no definitive answer. Estimator 4?2 has a lower variance which is a measure of
the spread of its distribution. However, estimator 6% is said to be unbiased as on average it will
determine the true variance o2 of the distribution in question. Therefore, whether to use either
of the estimators depends on the criteria one is interested in.

In summary, the two fundamental measures of the performance of an estimator 0 is its bias

B{} and its variance Var{f} defined as

B{6} =E{6} — 6 (4.7)
Var{f} = E{(6 — E{6})*} (4.8)

The maximum likelihood estimator

In section 4.1.1 we have introduced the likelihood function £(8). It is equal to the probability
to observe data d for given parameters 6.

L(0) = f(d]6) (4.9)

The likelihood function should not be confused with the probability distribution of the parame-
ters 8. The latter can be expressed using Bayes’ theorem which assumes a prior distribution of
the parameters that is informed by the likelihood function to yield the posterior distribution.
The maximum likelihood estimator is defined yield the parameters @ that maximizes the
likelihood function.
Oy = arg max £(6) (4.10)
4

Similarly, it is sometimes more convenient to work with the log-likelihood that is defined as
1(0) =log(L(O)). (4.11)

Since the logarithm is a strictly increasing function maximizing the likelihood function is equiv-
alent to maximizing the log-likelihood. Often the latter is easier to handle numerically as it has
reduced dynamical range. Furthermore, the logarithm of normal likelihood functions becomes a
quadratic form which is convenient to evaluate on a computer.

The maximum likelihood estimator has two properties that are very useful in our applica-
tion. First, it is a consistent estimator. Consistency mean that increasing the sample size (i.e.,
integration time) will result in a more precise estimate without limit. Second, it is an efficient
estimator. The variance of the maximum likelihood estimate approaches the Cramér-Rao lower
bound in the limit of an infinite sample size. The Cramér-Rao lower bound is the lower bound
for the variance of any unbiased estimator and is defined as the inverse of the Fisher information

matrix with entries o2 )
(6
I; ;(0) = —E . 4.12

For a multivariate estimator 8 the Cramér-Rao bound on the covariance matrix ¥ is expressed
as the matrix inequality

> >1(60)7" (4.13)

which means that the difference of the left-hand side and right-hand side is a positive semidefinite
matrix.
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Figure 4.1: Toy model setup with two long-arm readouts 7121 (t) and 7131 (t) given in eq. (4.14).
The round-trip delays are given by dy21 and di3;.

In the following we use this formalism to statistically describe the LISA beatnote phases
to extract the inter-satellite ranges. The beatnote phases contain large deterministic drifts
and Gaussian distributed noise'. Therefore, we will start of by using a Gaussian likelihood
function that represents the distribution of the data. Then, we use the Fisher information
matrix formalism to find the lower bound on the delay estimates. In the last step, we verify our

analytical findings numerically with simulations.

4.2 Toy Model

Let us start off by considering a simplified LISA setup to discuss the basic properties of the
analysis. As a toy model we assume a static unequal-arm Michelson interferometer where both
arms are read out separately. The setup is shown in fig. 4.1 and consists of a single laser source
that is split at the central beam splitter. The beams pick up constant delays di2; and di31,
respectively, and recombine with an original copy at their corresponding beam splitter. Hence,
the photodetector track the beatnote phases

n21(t) = (D121 — 1)p(t) + Ni5; (1), (4.14a)
ma1(t) = (D131 — 1)p(t) + Ni5(t). (4.14b)

Here, N{ﬁ(t) denotes the readout noise of the photodetectors and p(t) the in-band laser frequency
noise of the laser. The photodiodes detect a homodyne signal as the interfering beams are not
subject to Doppler shifts and thus the terahertz optical laser frequency drops out. Furthermore,
we intentionally make use of the LISA notations as indeed this setup can be reproduced by
assuming a locking configuration where spacecraft 1 hosts the primary laser and spacecraft 2
and 3 act as transponders. Then the inter-spacecraft interferometers on spacecraft 1 effectively

measure the beatnotes in eq. (4.14).

The goal of TDI-R is to estimate the round-trip delays encoded in those beatnotes. The
traditional approach (Tinto et al., 2005) minimizes the residual power in the laser noise canceling

1This is a rather strong assumption which is found typically wrong in real-world experiments. Those usually
comprise non-stationarities and glitches which violate the previous assumption.
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TDI combination. For this setup it is given as

X(t) = (1 — Dyar)mz1(t) — (1 — Diz1)mizn (t) (4.15)
(1= D) V{5 (£) — (1 — Dyz)Ni3, (1). (4.16)

12

Here, the hat on top of the delay operators indicates that we use estimates of the round-trip
delays as the true values are not accessible. We formulate the traditional least-squares estimate
as the parameter set @ = (d121 di31)" that minimizes the power in the TDI combination X (t).

. . 1 [T R
615 = arg min P(0) :argmin/ | X(¢]9)]* at (4.17)
0 é T Jo

As an alternative, we propose the maximum likelihood estimator

OyiLe = argmax £(0) = argmax f(d | 8), (4.18)
0 0

where d = (121 mgl)T. Here, the challenge is to find a convenient parameterization of the
data d to express its probability distribution f(d|@). Ultimately, from this we can derive the
likelihood function £(0) to seek the Cramér-Rao lower bound on the covariance matrix of the
estimates of any unbiased estimator.

4.2.1 The reduced likelihood function

The aim of this section is to derive the likelihood function for the toy model setup to compute
the Cramér-Rao lower bound. In our analysis the data d is represented by a discretely sampled
time-series of duration T' = NT; where N is the number of samples and T the sampling time. As
we assume zero-mean colored Gaussian noise the probability distribution of the measurements
in eq. (4.14) is given by

e—3n =

f(d|0) = . (4.19)
(2m)MN det(X)

The data vector has elements n = (77121(t0) ms1(to) mo1(t1) ) e RMN_ Here, M denotes
the number of channels and is equal to two for the toy model. The covariance matrix > €
RM-NXM-N s quite a big matrix and numerically expensive to operate on.

Therefore, it is convenient to describe the data in the Fourier domain. In appendix E
we derive the statistics of the Fourier coefficients of zero-mean Gaussian time series. More
specifically, the calculations below hold for multivariate T-periodic time series in the limit T —
oo. Conveniently, Fourier coefficients 7}, are independent for different k£ and complex multivariate
normal. Therefore, the joint distribution is given by the product of distributions of the individual
components.

knk

f(d]6) ~ Hfme HMdetFk (4.20)

Here, the dagger denotes the conjugate transpose. We use common Fourier transform rules to
express the Fourier coefficients and find

B 6—27rik‘Afd121 -1 ~ B

Mg

The delay operations in eq. (4.14) become multiplicative factors and such much easier to handle
in further calculations. The scalar pg and vector n; denote the Fourier coefficients of the laser



74 CHAPTER 4. TIME-DELAY INTERFEROMETRIC RANGING

noise p(t) and the readout noises n(t) = (Ni3,(¢) N{gl(t))T. Consequently, using eq. (4.21)
we can express the covariance matrix I'y, as

Ty = E{iikil} = My E{[pe|*} M], + E{fii],} (4.22)
Pk Nk

where we identify the variance of pi and the covariance matrix of 2, which are given by

 S,(kAf)

P, = p2T 7 (4.23)
S(kAS) (1 0

N, = SHEAS) (o 1) _ (4.24)

Here, we assume that the readout noises are uncorrelated such that Nj becomes diagonal.
Similar to eq. (4.20) the log-likelihood function of the data can be written as the sum of the
individual log-likelihood functions [x(€) of the vector of k-th Fourier coefficients.

K K
=Y " 1(0) =D —log(n™ det Ty,) — 7T} i (4.25)

= k=1
In the next step, we attempt to simplify this expression further by introducing the unitary
transformation Ulﬁk = (Ek Fk)Jr 17 of the Fourier coefficients. The matrix E; is chosen such

that it spans the null space of ML, i.e., the subspace ELﬁk represents laser noise free channels.
We insert Uy into ;(€) defined in eq. (4.25) and yield

1x(0) = —log(7™ det Ty) — ) U Ul T UL UL i, (4.26)
\\1,_/ \T
= —log(7M det ") — (UT7)(UTTU) "L (UTH). (4.27)

For better readability, we have dropped the subscript k. The last term in eq. (4.27) can be
further expanded into four terms adopting the blocked definition of the matrix U = (E F)Q.
The blocked entries of (UTT'U)~! are approximately given by

Ef(MPMf + N)E Ef(MPMT + N)F\ '
f
(UTu)” (F fMPMT + N)E  FH(MPM' + N)F (4.28)
_ (EINE EINF ! (4.29)
~ \FINE FH(MPM' +N)F '
EfNE  ENF O\ 130
FINE FIMPM'F (4.30)
(ENE)~! —(ENE)"'EINF(FTMPM'F)~! (4.31)
—(FTMPM'F)~'FINE(ETNE)~! (FTMPMTF)~! '

Here, we make use of the inversion formula for block matrices and the fact that the laser noise
PSD is dominating across the entire band such that P > N. If we insert this into eq. (4.27)
we find that out of the four terms only one is relevant for maximum likelihood estimation of
the delay parameters as the remaining terms are only weakly dependent on those. Maximizing
the log-likelihood with respect to the parameters is therefore approximately equivalent to only
maximizing this single term. We write the maximum likelihood estimator as

Orip = argmax [(0) ~ arg max (), (4.32)
6 6

*Here, the matrix E should not be confused with the expectation value operator E{-}.
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where () is the reduced log-likelihood function defined as

[(6) = > —AfEx(ELTE,) " EL i . (4.33)

F RO

Similarly, in the definition of the Fisher information matrix (see eq. (4.12)) we can readily
replace (@) by 1(0) as parameter independent terms drop out after taking the derivatives. As
the Fourier component are statistically independent we can calculate their Fisher information
matrices individually and sum them up in the end. The Fisher information matrix for the k-th

contribution is given by

ngt) = -p{ S o _p {20 (134)

90,00, 80,00,
= E {7} 0:0;(Ex (B[ N,Ey) " "E])i } (4.35)
~ 2P, Re { Tr{M! (8;E}) (ELNLEL) 71 (8;Ex) M, } ). (4.36)

In the last line we use the identity E{Z'AZ} = Tr{T'A} where I' = E{#&'} and again the limit
P, > Nj. Furthermore, we can see that the columns of E; do not have to be orthonormal
as required for the unitary transform introduced above. To demonstrate this we can define
E) = E;A where A is full rank and mixes the orthonormal basis vectors to forms a new non-
orthonormal but complete basis. If we plug this into eq. (4.36) we find that the transformation
matrix A drops out and we have effectively substituted E; with Ej.. Consequently, we redefine
Ej requiring that its column vectors represent some basis of the null space of M;L
For the toy model the null space has dimension one and we choose

—1 + ezﬂ'fkdlsl
Er = ( L onfudia ) (4.37)

such that it coincides with the definition of the laser noise canceling TDI combination X (¢) in

eq. (4.16).
In the next step we plug eq. (4.37) into eq. (4.36) and find
s, 4sin? (7 fdi31) __4cos(nfAd)sin(mfdi21) sin(m fdi31)
I(f) o p(f) 2—cos(27 fd121)—cos(27 fdi31) 2—cos(2m fdi21)—cos(2m fdi31) (4 38)
Sro(f) _4cos(7rfAd) sin(w fdi21) sin(w fdi31) 4sin2(7rfd121) :
N 2—cos(2m fdi21)—cos(2m fdi31) 2—cos(27 fdi21)—cos(27 fdi31)

Interestingly, the information at frequency f is proportional to the “signal-to-noise” ratio ;%((J;)).
N

In this context, the signal is represented by laser noise. Conversely, TDI requires better knowl-
edge of the delays for higher levels of laser noise. So increasing the laser noise power in the LISA
band to improve the performance of TDI-R is self-defeating.

To derive the full Fisher information matrix over all Fourier components we take the discrete
sum over the individual contributions. In the limit of long observation times 7" the sum can be

approximated by an integral.
K (S
=3 1A =T [ 1) df (4.39)
k= 0

1

We find that the information grows proportional with the “integration time” T.
In the special case of equal arms (dj2; = di31) the full Fisher information matrix becomes

singular as we find
S (1
I_T/o SR?(f)df (‘1 1)’ (440
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which has a determinant of zero. Therefore, we reparameterize the parameter vector 6 to
represent the sum Yd and difference Ad of the two round-trip delays.

,_ (2d dizt +diz) _ (1 1
o - <Ad gt (1 1) (4.41)
——

A%

Indeed, the transformed Fisher information matrix of the parameters 8’ has only one non-zero
entry, the Fisher information on the delay difference Ad.

S0 47 (09 o

The interpretation of this is that for equal round—trlp delays it is impossible to infer information
on the sum of the delays 3.d as the likelihood function is completely degenerate in this parameter.
On the other hand, the difference can be estimated and we find the Cramér-Rao bound on the

variance _1
aAd > ( Sro ) . (4.43)

In the next step, we verify our finding in this sectlon by using numerical simulations.

I'=v-liv="T

4.2.2 Numerical simulations

Unfortunately, the reduced likelihood function in eq. (4.33) is not valid for short integration times
T and non-periodic data. Therefore, we seek a better representation by formulating the reduced
likelihood function in time-domain. As introduced in eq. (4.19) the time-domain representation

makes use of the time-discrete nature of the data n = (T]lgl(to) ms1(to) mo1(t1) . .)T € R2N
with covariance matrix ¥ € R2V*2N_ We can apply the same reasoning as in the previous section
and project the measurements onto two subspaces, one laser noise dominated and the other laser
noise free, both roughly of dimension N (cf. Vallisneri et al., 2021). We assume the following
reduced likelihood function analogous to eq. (4.33)

- 1
1(0) = —§XTE;(1X. (4.44)

Here, the vector of laser noise free TDI variables is defined as X = (X(to) X(t1) ...) and
Y x is its covariance matrix. The maximum likelihood estimator in time-domain is then given
by
Orie = arg max 1(6). (4.45)
6
The (negative) cost function presented in eq. (4.44) is equivalent to a cost function used in
weighted least-squares estimation. Here, the covariance matrix Y x accounts for correlations
among the samples and weights them according to their noise variance.
To evaluate the reduced likelihood function we need to model the entries of the covariance
matrix Y x. We assume independent and identically distributed readout noises in the two beat-

note measurements and find

(ZX)Z',]‘ = E{X(t:) - X(¢))} (4.46)

=E {(1 - D131)N1r31(t)‘ (1- D131>N{gl(t)’t=tj}

(4.47)
+E{ (1= DN 0], 0~ D)Mo, }
)
= 2Ry (t; —ti) — RN(tj — ti + diz1) — Ry (t; — diz1 — ty)
+ 2R§\?(tj — ti) - R?g(tj —t; + d121) — R}r\([)(t]’ —di91 — ti)
— RY(r). (4.49)

— z

(4.48)
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Figure 4.2: ASDs of toy model channels. The yellow line shows the numerical ASD of 1197 which
is dominated by laser phase noise modulated by the round-trip transfer function. In solid blue
and red we represent the numerical ASDs of the TDI variable X prior to and after filtering.
Residual laser phase noise in X at frequencies above 1.2Hz are well suppressed by the filter.
Furthermore, We superimpose the model for the ASD in X (dashed red).

As the arms are static the covariance matrix is composed of constant diagonals and we can
write 7 = t; — t;. Furthermore, R}y denotes the auto-correlation function of the readout noise.
As we consider a white shape that is naturally band-limited up to the Nyquist frequency, the
auto-correlation function is proportional to the sinc-function

A2
RIZF{:/)(T) = 7.}08 SinC(fsT), (450)

where fs denotes the sampling frequency and A = 6 ucycles/ VHz is the level in units of ASD.

To check how well the model fits the numerical simulations we simulate the one-way mea-
surements 7 for 25000s and compute the variable X with the true delays (dj2; = 16.332s and
dy31 = 16.145s) using PyTDI (Staab et al., 2023a). Then, we compare the numerical ASD of
the resulting laser noise free variable with the model S'¢(f) by taking the Fourier transform of
eq. (4.49). For the simulation of the one-way beatnote phase measurement defined in eq. (4.14)
we generate red laser phase noise eq. (3.100) and readout noise with a level of 1pcycle/v/Hz.
The simulation is performed directly at a sampling rate of 4 Hz and no filters or decimators are
used. To apply the propagation delays we use Lagrange interpolation of very high order (= 131).

In fig. 4.2 we plot the numerical ASD of X in blue and superimpose the model in dashed red.
It agrees well up to a frequency of approximately 1.2 Hz. For higher frequency residual laser
noise is limiting the combination that is introduced by interpolation errors. To suppress those
effects and emulate the fact that we obtain reliable data only in the LISA band (10~% Hz to 1 Hz)
we use an FIR filter with a cut-off frequency at the band-edge. As a consequence, the model
overestimates the ASD of the filtered combination (red) by around four orders of magnitude at
frequencies higher than 1Hz. This is acceptable as overestimation of the power only results in
less weighting of those frequencies in the cost function.



78 CHAPTER 4. TIME-DELAY INTERFEROMETRIC RANGING

— A B Jeast-squares
@ PO 1 B maximum likelihood
= P
- L .
%) 2 1
a 7,
3 V2 /
| 7 ] / ey
5 Aol =
5 0 / / %
= / / '%
5 i P g
g / | | ’ A~
) / L’
g —27 I /
: | SR
E R
s
—4 —2 0 2 4 -5 0 5
. . 5 _9 N
Estimation error di21 — di21 (107" s) Estimation error dia; — di21 (107%s)

Figure 4.3: Histograms of estimation errors. In the left panel we show the two dimensional joint
sample distribution of the maximum likelihood estimates. The ellipse (dashed line) traces a
line of equal probability and encloses 68 % probability assuming a bivariant normal distribution
with a covariance matrix given by the Cramér-Rao bound. The right panel demonstrates the
advantage of the maximum likelihood method r(red) over the traditional least-squares method
(blue). As an example we only plot the estimation error of arm djo;.

In the next step we want to validate the lower bound for the covariance matrix of the
delay estimates di21 and dyi31. We perform a Monte-Carlo simulation to sample the probability
distribution of the maximum likelihood estimate given in eq. (4.45). Therefore, we choose the
integration time 7' = 1000 s and run N = 10 000 simulations with independent noise realisations.
Then, for each run we calculate the maximum likelihood estimate éMLE. To minimize the reduced
log-likelihood function we use the conjugate gradient method as implemented by SciPy (Virtanen
et al., 2020).

The calculation of the reduced log-likelihood function in eq. (4.44) is performed in two steps.
First, the TDI combination X is calculated using fractional delay filters using the Lagrange
interpolation method (of order 61). Second, the product X TE;{lX is evaluated. To safe com-
putational time we precompute the Cholesky decomposition of the covariance matrix X x. It is
defined from the auto-correlation function of the readout noise and the delays estimates which
we do not know beforehand. However, the result is not sensitive to small errors® in the delays
used for the computation of the covariance matrix. To simplify we assume the true delays in this
calculation. Once we have obtained the Cholesky decomposition of the covariance matrix we can
calculate the product X TE;X in two steps. First, E)_(IX is interpreted as an equivalent linear
system of equations X xY = X. The solution Y is exactly the result of the earlier expression.
In the last step, we only have to take the scalar product XTY . This concludes the calculation
of the log-likelihood function.

The results of the Monte-Carlo simulation are shown in fig. 4.3. The left panel shows the
sampled distribution of the maximum likelihood estimate. We find a strong correlation between
the two arms as predicted in the analytical work before; in the limit of equal arms the sum of
the arms cannot be determined as it the likelihood function is fully degenerate in this variable
and only the arm difference is available.

3We ran some quick numerical checks to confirm this assumption. The estimator yields the same result for
delay errors over many standard deviations of the final estimate. In practice, the covariance matrix and its
Cholesky decomposition can be recomputed in each iteration, however, which would result in a vast increase of
computational cost.
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For our particular choice of arm length and integration time 7" let us explicitly state the
lower bound on the covariance matrix ¥g. It is given by the inverse of the Fisher information
matrix (see eq. (4.40)) and evaluates to

2.52 1.79 18 2
> .
Yo > (1'79 251) 1071862, (4.51)

Here, we can clearly see the correlated property of the parameters dio; and di3; as the off-
diagonal terms are positive. For visual inspection we superimpose the line of equal probability
of a normal distribution (which has the shape of an ellipse) with the covariance above (red
dashed line in left panel of fig. 4.3). The probability is chosen such that the resulting ellipse
encloses approximately 68 % which is equivalent to the one-sigma confidence interval in the
univariate normal case. To validate the result we count the number of samples of the Monte-
Carlo simulation that resides inside the 68 %-confidence ellipse and find a slightly lower fraction
of 67%. This is in good agreement with the theoretical lower bound as the lower percentage
indicate the real distribution is slightly broader then the theoretical limit.

In the right panel of fig. 4.3 we compare the traditional least-squares estimator with our
maximum likelihood estimator (see eq. (4.17)). The calculation of the power of the TDI variable
X is much simpler as we can just use a discrete sum to approximate the integral. We can clearly
see that the distribution function of the least-squares estimates is broader and, therefore, a
less optimal estimator of the delays. To compare the performance we estimate the width of the
distributions in the sensitive direction (in the case of equal arms) which is given by the arm length
difference. We find sample standard deviations of 0&% =1.38x 10?5 and O'X%’E =1.18x1079s.
This results in an improvement of 14 % of the maximum likelihood method over the least-squares
method.

4.3 Full LISA

In this section we want to return to the full LISA case by generalizing the results we have
obtained for the toy model in the precious section. The setup becomes more complex as the
split interferometry setup produces long arm and local reference measurements. Furthermore,
we need to consider six arms that are time-dependent. As Doppler shifts in the beams become
relevant, the interferometric measurements must be defined in terms of total phase (instead of
just laser phase noise as in eq. (4.14))

isii; (t) = Dyjji(t) — ¢ij(t) + Nij (¢) (4.52a)
rfi;;(t) = din(t) — ¢i;(t) (4.52b)

where ¢;;(t) denotes the laser phases that we model as ¢gi; + 1045 - t + pij(t). Here, ¢g;; is
the initial phase of the laser, v ;; its nominal central frequency and p;;(t) any phase deviations
from the nominal phase. Moreover, the only noise apart from the latter is readout noise in the
inter-spacecraft interferometer.

As before, we collect all measurements in a single vector ordered as

T
N-1
_ . 9N
y= ({{ls”ﬁ'(tk)}z'j—12,23,31,13,32,21 {rﬁij(tk)}ij—12,23,31}k:0> €R™. (4.53)

Here, we take the six inter-spacecraft interferometers in standard order and append the three
reference interferometers on left-handed MOSAs. This is sufficient as we do not model the
influence of fiber noise which necessitates the extra step described in section 3.2.2.

In section 3.1.2 we argue that in a static but rotating constellation of three spacecraft the
number of independent laser noise free variables is three (we discuss this in more detail in
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section 4.3.2). The classical choice is the three Michelson variables defined from the intermediary
variables 7;; as

X1 = (1—=Di21)(ms3 + Di3nz1)
— (1 = Di31)(m2 + Diana),
Xo = (1 — D121 — D12131 + D1312121) (113 + D13m31)
— (1 = D131 — Digi21 + Di213131) (112 + D12m21).

(4.54)

(4.55)

The remaining combinations Y and Z follow by cyclic permutation. The first generation Michel-
son variable cancels laser noise for six constant arms. Therefore, it is well suited for the analytical
computation of the Fisher information matrix to compute the Cramér Rao lower bound (see sec-
tion 4.3.2). On the other hand, we require the second generation Michelson variables to apply
the TDI-R algorithm to a realistic LISA setup with flexing arms where the first generation
suppresses laser noise insufficiently.

The intermediary variables 7;; in egs. (4.54) and (4.55) can be computed as

—D;irfi if e =1,
;5 = isiy; Uk Rk (4.56)
—|—I‘ﬁik if €ijk —1.

Before we set off to formulate the likelihood function of the data let us investigate the
implications of considering total phase instead of only the in-band phase fluctuations.

4.3.1 Absolute laser frequency estimation

For a flexing LISA constellation the absolute laser frequency couples to the interferometric
measurements and even persists after TDI*. The reason for this is that the slow-drifting Doppler
shifts caused by the time-dependent arms shift the terahertz-frequency by a few megahertz.
This results in megahertz-beatnotes in the inter-spacecraft interferometers. As a result we can
directly monitor the lasers’ optical frequencies and their Doppler shifts. Let us investigate the
inter-spacecraft interferometer in units of frequencies. By taking the derivative of eq. (4.52) we
obtain

isigj (t) = (1= dij (1) Dy (voi + Dsi(t)) — (vois + Dig (¢)) (4.57a)
~ (Wji — vo,i5) — dij(t) - voji + Dyjpji(t) — pis(t) (4.57b)
rfigj (t) = (Vo — vo.5) + Din(t) — Pij (2). (4.57¢)

We note that the measurements are indeed sensitive to the relative laser frequencies vy j; — 19 i;
and the Doppler shift dw (t) - vo,5i- The “common mode” nominal laser frequency couples only
via the Doppler shift which is nominally around 1078, In the limit of vanishing inter-spacecraft
velocities the Doppler term cancels and the inter-spacecraft interferometer becomes insensitive
to the absolute laser frequency.

To disentangle the relative laser frequency and the Doppler shift in eq. (4.57) we require an
independent sensor for the Doppler factors dzy Those are provided by the sideband beatnotes
(see section 3.2.4) with high accuracy. If we assume constant inter-spacecraft velocities and
constant laser frequencies (integration times 7" that are much smaller than the dynamics of the
system) we can set a figure on the estimation performance. As we consider white laser frequency
noise with a level of 30 Hz/ VvHz we can simply use the average of the time series to yield a good
estimate of the dc component of the signals in eq. (4.57). We follow that the variance of the dc

4This coupling is not to be confused with the need of a scale factor to convert the relative phase measurement
back to a relative distance measurement. This scale factor is given by the laser wavelength which must be properly
calibrated beforehand or estimated online (e.g., using the method proposed here).



4.3. FULL LISA 81

component estimate depends on the integration time 7' and reads 0’2AVO = 2% where the factor
two accounts for the independent laser noise contributions in each interferometer. Therefore,
we conclude that the relative laser frequency vg j; — 19,;; can be determined with a precision of
oAy, The determination of the absolute laser frequency requires knowledge of the Doppler shitft
d. Its estimation precision o, is worse by a factor d~1. If we choose an integration time of one
day we find oa,, >~ 0.1Hz and o0, ~ 10 MHz.

4.3.2 Delay estimation

In this section we want to apply the Fisher information matrix formulation developed in sec-
tion 4.2.1 to the LISA constellation with six independent lasers. Furthermore, we consider six
static delays d;; which define the parameter vector 8 that we seek to estimate. Under the condi-
tion of dominating laser frequency noise we can analogously follow that the likelihood function
can be simplified and restricted to the space of laser noise free combinations. Then, it is suffi-
cient to only consider the reduced likelihood function in the Fisher information analysis which
yields an lower bound of the estimation variance.

As for the toy model we work in Fourier space to make the calculation tractable. This requires
circular noise time-series such that the Fourier coefficients of the time series are statistically
independent (see appendix E). Therefore, the joint probability distribution of the data can be
written as a product of the individual probability distributions of the Fourier coefficients. Let
us redefine the variables that are used in the simplified calculation of the Fisher information
matrix in Fourier space (see eq. (4.36)).

The Fourier coefficients that describes the vector of measured time series y(t) is given by

-1 0 0 0 0 e 2mikafdi>
0 -1 0 0 6727rikAfd23 0
0 0 -1 e 2mikA fdsy 0 0
0 0 e~ 2mikATds -1 0 0
Jr = 0 e~ 2mikA [dsz 0 0 —1 0 Pi + M.
6727rikAfd21 0 0 0 0 -1
-1 0 0 1 0 0
0 -1 0 0 0 1
0 0 -1 0 1 0
My

(4.58)
Here, the matrix M; mixes the laser sources to form the inter-spacecraft and reference interfer-
ometers. The vectors pp and ny collect the Fourier coeflicients of the laser noise and readout
noise in standard order

p(t) = (pa(t) pos(t) par(t) pis(t) psa(t) pau(d)’, (4.59)
n(t) = (N{3(t) NS3(t) Nig(t) Nig(t) Ngt) Ngt) 0 0 0)'. (4.60)

The trailing zeros in the definition of n(¢) indicate that we only consider readout noise in
the inter-spacecraft interferometer and neglect any other secondary noise processes (especially
readout noise in the reference interferometer as it couples only subdominantly in the final TDI
variables).

The complex covariance matrix of the k-th Fourier coefficient follows analogously as

Ty = B{§rd}} = My E{prp},} M| + E{fxi}}, (4.61)

Pj, Ny
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where we identify the covariance matrices of pg and 7 which are given by
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As the laser noises are independent but identically distributed their covariance matrix is (con-
stant) diagonal. On the other hand the covariance matrix of the readout noise reproduces the
zeros in the lower right corner.

In the next step let us analyze the mixing matrix My in more detail. It has rank 6 which
indicates the number of linearly independent rows. The null space of M that is spanned by
the columns of E; projects the laser noise dominated interferometric measurements onto a set
of three TDI combinations. We choose the set of first generation Michelson combinations and
define the combination in two steps. First, we construct the intermediary variables with the
matrix E] and only then projects those onto the laser noise free subspace using E? .

1 0 0 0 00
0 1 0 0 0 0
0 0 1 0 00
0 0 0 1 00
E] = 0 0 0 0 10 (4.64)
0 0 0 0 0 1
0 0 —e2miAfdar 10 0
—e2iASfdiz 0 0 001
0 — 2Tt das 0 010
_(1 _ eQTriAf(d13+d31)) (1 _ e27riAf(d23+d32) e2ﬂ'iAfd21 0
0 _(1 _ eZ‘n’iAf(dgl—i-dlg)) (1 _ eQﬂ'iAf(d31+d13) e27riAfd32
EX B (1 _ eQTriAf(dlg—‘rdQl))eQ'friAfdl;; 0 —(1 = eQTriAf(dsz-ngg)
k — 1— e27riAf(d12+d21) 0 —(1 — e2miAf(dsa+das)) p2miA fdaa
0 7(1 o e27riAf(d21+d12))eQﬂ'iAfdgg, 1— eQﬂ'iAf(dglerlg)
_ (]_ _ 627”'Af(d13+d31))eQWiAfdlz 1 — 2miAf(d2s+ds2) 0
(4.65)
To perform both steps at once we must multiply the two matrices
E, =E] - Ef. (4.66)

At first the order seems counter-intuitive, however, to project the measurement g into the
laser noise free space we have to perform X = E]t,ﬂk = Eé( TEZngk. Additionally, we can check

whether we have captured the entire null space by calculating the rank of ET; it is full rank.

We then proceed with the calculation of the Fisher information matrix. For a single Fourier

coefficient the result is equivalent to eq. (4.36) with P, = % (the identity matrix in
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Figure 4.4: Cramér-Rao bound o4 as a function of integration time 7' (blue). For comparison
the horizontal dashed line in grey represent the maximum allowed bias to limit the laser noise
residual in the Michelson variable below the microcycle-requirement.

eq. (4.62) vanishes during calculations). To obtain the full Fisher information we take the sum
over all single information matrices that can be approximated by an integral (cf. eq. (4.39)).
To simplify the expression we directly assume the case of equal arm length. We find that the
Fisher information matrix is independent of the arm length. It reads

100000
010000

S 001000

I_T/O S}fg(f)df' 000100 (4.67)
0000710
000001

Furthermore, we do not encounter any degeneracies as it was the case for the toy model in the
equal arms limit. They are broken by the fact that all six lasers must cancel (as opposed to one)
in three (as opposed to one) TDI combination. As the Fisher information matrix is (constant)
diagonal the delay estimates are mutually uncorrelated and we can readily write down their
individual Cramér-Rao bound. It is given by

a2 ([ )

Analogously to eq. (4.43) we find that the lower bound on the estimation variance of the delays
is inversely proportional to the integration time 7" and the integrated PSD of laser frequency
noise weighted by the PSD of readout noise.

In fig. 4.4 we evaluate the Cramér-Rao bound given in eq. (4.68) for different integration
times T'. We assume the usual level of 30 Hz/ v/Hz for laser frequency noise and 6 pcycles / vHz for
the readout noise in the inter-spacecraft interferometer. The evaluation of the integral becomes
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trivial and we set the upper integration limit to 1 Hz (the high frequency end of the LISA band).
We see that after about a minute of integration the standard deviation of the delay estimate
falls below 10 m which represents the maximum allowed arm length error to limit the laser noise
residual in the Michelson combination below the microcycle-requirement.

4.3.3 Bias calibration

As already hinted towards in section 3.2.4 TDI-R can be used to calibrate ranging biases in the
PRN ranges. Therefore, we set up a numerical experiment where we use TDI-R to calculate
independent estimates of the ranges that are by definition free of any ranging bias. We run
numerical simulations using LISA Instrument (Bayle et al., 2022a). Here, for the sake of realism,
we choose numerical orbits provided by ESA (Martens and Joffre, 2021) generated by LISA
Orbits (Bayle et al., 2022b). The simulation is performed over a duration of 20000s in units
of frequency fluctuations. For convenience, we omit total frequency units to avoid trends in
the TDI variables that have to be properly modeled and removed prior to evaluation of the
reduced likelihood function. Furthermore, for all numerical calculations we can rely on double
precision floats (as opposed to extended precision) which speeds up the computation. Similar to
the toy model simulations, we only include laser noise and readout noise in the inter-spacecraft
interferometer with the following white levels

V/Sp = 30Hz/VHz, (4.69)
V/S% = 6 ncycles/VHz. (4.70)

Furthermore, we also simulate ranging biases in the PRN ranges that we attempt to estimate
in this experiment. They are chosen as given in table 3.2.

As the arms are flexing we have to parameterize them appropriately. Therefore, we use
splines to model them. We choose polynomial order three and five knots such that there is one
knot every 5000s. The rationale behind it is that we want to avoid overfitting any noise or
signal in the LISA band. With a “sampling rate” of 2 x 10~% Hz the delay models contain only
frequency components up to the Nyquist rate of 107*Hz by construction. As a consequence,
the parameter vector 0 is of dimension 6 x 5 = 30.

As in section 4.2.2 we need to formulate the likelihood function in time-domain as the
frequency-domain representation is only valid for periodic noises and long integration times 7.
Furthermore, in the realistic LISA setup considered here, the arm lengths are time-dependent
which makes the measurements non-stationary for which the Fourier series representation does
not exist. Therefore, we formulate the reduced likelihood as in eq. (4.44) where

X = (Xg(t()) Yg(to) Zg(to) Xg(tl) .. ) S Rg'N (4.71)

now collects the second generation Michelson variables X5, Y5 and Z, in frequency units for all
times. We require second generation variables as those sufficiently approximate the null space
for flexing arms. We calculate them numerically using PyTDI (Staab et al., 2023a).

The entries of the covariance matrix ¥ x consists of N x N (where N = 80000 is the number
of samples) blocks of dimension 3 x 3 that describe the covariance between the three combination
at times ¢; and ¢;

X(t:)- X(t5) X(t:)-Y(t;) X(t:)- Z(t;)
(Sx)yy =BL | V(0) - X(4) V() -V(E) Vit 2(8) | - (4.72)
Z(t)- X () Z(t)-Y(ty)  Z(L) - Z(t5)

Plugging in the definition of the second generation Michelson combinations (eq. (4.55)) and
taking into account readout noise in the inter-spacecraft interferometer yields a rather lengthy

expression that is left out here for the sake of brevity. It is composed of terms involving the
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Figure 4.5: Differences between PRN range and TDI-R range for delay dij3. Each blue line
represents a single realization. The horizontal dashed line in black indicates the true value of
the bias Big = —1.1 x 1078s. The grey area indicates the region covered by the Cramér-Rao
bound evaluated for T' = 5000s. The interval that we consider in our analysis is marked by the
vertical dashed lines in grey.

auto-correlation function of the readout noise (derivative) R2(7) evaluated at different times
T = (tj — dl(tj)) — (ti — dH(ti)). Here, the roman indices I and II indicate nested time-delays.
We make use of the rule that the auto-correlation function of the time derivative of a process is
given by the negative second derivative of the auto-correlation function of the process itself.

d? A2 ne( f.r) — s
RY(7) = —@Rﬁ\?(ﬂ — 7.}08(77]05)2 ) <sinc(f87) B 2smc(f zifg:;S(Trf T))

Here, R () represents the auto-correlation function of readout noise in phase units which we
assume to be band-limited and white with a level of A = 6 pcycles/v/Hz (analogues to eq. (4.50)).

When calculating the matrix ¥ x we run into computational problems. Storing the full matrix
requires roughly 50 GB which exceeds the memory of the machine we run our simulations on.
Fortunately, the matrix ¥ x arranged in the order we have defines in eq. (4.72) is concentrated
around the diagonal. The reason for this is that the ACF of the readout noise quickly decays for
large 7. Therefore, we only store a finite band of the matrix along the diagonal with maximum
|7| = |t; — ti| of 100s (those account for a maximum delay of 8 x 10s and margin for the
finite width of the ACF). To achieve actual zeros outside of the band we use a Kaiser window
to smoothly taper off the ACF with a total width of 40s and an attenuation of 240dB. The
windowing results in a mismodeling of the noise process. As we have chosen quite a conservative
window, the effect will only be visible at very low frequencies which are lifted by the window.
This results in overestimating the PSD which is acceptable as it only leads to less weighting at
those frequencies (as discussed already in section 4.2.2)

To investigate the statistics of the reduced maximum likelihood estimator described here and
check consistency with the Cramér-Rao bound estimated in section 4.3.2 we run an ensemble of

(4.73)
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20 simulations. For each realization we individually calculate the maximum likelihood estimate
OAI(\Z)LE (here, 7 indicates the run) using the conjugate gradient method. The results are presented
in fig. 4.5. Each blue line represents the difference between the PRN range and the TDI-R range
for one realization. Here, we only show the results for the delay di2. The horizontal dashed
line in black shows the true value of the bias we set in the simulation. We can observe that the
TDI-R estimate is unbiased as the range difference fluctuates around the true bias. The grey
area represents the expected minimal uncertainty given by the Cramér-Rao bound evaluated for
T = 5000s. The reason for using the knot separation of the splines is that it determines the
degrees of freedom of the model. By allowing a high number of the latter the model will “overfit”
the data. Furthermore, we can see that TDI-R performs poorly at the boundaries. Therefore, in
our further analysis, we only consider the central 10000s indicated by the vertical dashed lines
in grey. We denote this interval in the following by the symbol P.

Ranging performance

To assess the ranging performance of TDI-R we consider the metric

1 i
0% = 2 / (PRNG;(t) — TDIRZ(‘J‘) (t) - Byj)”
i P

dt. (4.74)
It represents the mean squared error of the TDI-R estimate from the true range. We construct
the true range by subtracting the true bias from the PRN estimate. We calculate this metric for
every realization ¢ and take the mean over all arms and realizations. The square root of the result
represents the root mean squared of the ranging error of TDI-R. We yield ¢; = 2.81 x 10795
which is consistent with the analytical Cramér-Rao bound given in eq. (4.68) for T" = 5000s
which reads 2.83 x 107 s. We therefore conclude that we have formulated a minimum variance
and unbiased estimator of the six ranges d;;. The result can be further improved by smoothing
the result using a Kalman-like filter (Reinhardt et al., 2023) or models with less degrees of
freedom.

Bias calibration performance

In the last step of our analysis, we estimate the six biases B;; using the results from TDI-R.
To estimate those we subtract the TDI-R ranges from the PRN ranges which are contaminated
with the bias. Then, we take the temporal mean by integrating the difference and dividing by
the length of the time series P. Formally we yield estimates of the six biases

~

g~ L / (PRN;(t) — TDIRY (1)) dt, (4.75)
P Jp J

]
for the i-th realisation. We analyze them by calculating the squared error from the true biases

; 2
0%5) = <B¢(j) - Bij) - (4.76)

To reduce the variance of the latter we take the average over all arms and realizations. The
square root of the result yields a mean estimation error of 2.07 x 107?s which is consistent
with the analytical Cramér-Rao bound for T'= P = 10000s which reads 2.00 x 10™9s. Again,
we conclude that we have found the optimal estimator for the ranging bias in the PRN ranges
using TDI-R. To improve the performance further the integration time P must be increased (see
fig. 4.4).
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4.3.4 Discussion

In this chapter, we have presented a thorough analysis of an optimal TDI-R estimator by for-
mulating the likelihood function of the LISA carrier-carrier beatnotes. We calculate the Fisher
information matrix in the limit of dominating laser noise and find simple expressions for the
limit of equal arms. Then, we derive the Cramér-Rao bound that is defined as the inverse of
the Fisher information matrix. It determines the lower bound on the estimation uncertainty of
any unbiased estimator of the parameters of the likelihood function, i.e., the delays in LISA. We
validate those analytical limits by running numerical simulations and demonstrate that we are
able to formulate optimal estimators that reach the Cramér-Rao bound. Ultimately, we show
that TDI-R can be used to calibrate biases present in the PRN ranges.

In the studies presented in this manuscript, we concentrate more on the analytical under-
standing of TDI-R. As a next step it is important to implement this method in the ranging
processing pipeline for LISA. In a ranging sensor fusion study by Reinhardt et al. (2023), the
traditional TDI-R estimator (Tinto et al., 2005) has been already successfully applied to resolve
the ambiguity of the PRN ranges and calibrate their bias. To implement the optimal TDI-R
estimator introduced here in state-of-the-art LISA processing pipelines it has to be adapted for
more realistic data.

Realistic LISA data comprises beatnote phases or frequencies in total units. Due to Doppler
shifts and the Frequency plan the central frequency of the lasers is time-varying. Consequently,
we need to appropriately model both the Doppler shifts and drifting absolute laser frequencies to
remove the deterministic trend present in the TDI variables to properly express their likelihood
function. Furthermore, more realistic models for the lasers have to be assumed. First, the ASD
of realistic laser frequency noise deviates from white noise below a few mHz. However, we expect
that this adjustment will only have a negligible effect on the results. Second, the baseline design
of LISA foresees locked lasers. Those effect the correlation properties of the six lasers as they
are not independent anymore but follow each other with a time lag. The consequences of laser
locking are currently investigated in dedicated studies.

To make the TDI-R algorithm more robust against instrumental glitches and the impact of
GWs it can be beneficial to artificially amplify laser frequency noise in a frequency band that
is free of any disturbances. The simplest scheme is to modulate a tone at around 1 Hz (Francis
et al., 2015). Then, only the power at a single frequency has to be analyzed which makes this
method more robust. Furthermore, the amplitude of the tone can be tuned such to achieve a
particular ranging precision.

Overall, the run time of the algorithm and its memory demands can be improved. Therefore,
we propose to reformulate the likelihood function in the Frequency domain. For finite-length
time series that are not periodic and non-stationary the Fourier coefficients will be correlated.
Therefore, their covariance matrix will have off-diagonal terms and require a similar treatment
as we do in the time domain. However, assuming appropriate windowing of the time series,
the covariance matrix of the Fourier coeflicients will be much more concentrated around its
diagonal.



88

CHAPTER 4. TIME-DELAY INTERFEROMETRIC RANGING




89

Chapter 5

Summary and Conclusion

In this thesis, we have discussed various aspects of the initial noise reduction pipeline for the
Laser Interferometer Space Antenna (LISA); a space mission led by ESA to measure gravita-
tional waves (GWs) in the 10~*Hz to 1 Hz frequency band. Time-delay interferometry (TDI)
represents an integral part of the initial noise reduction pipeline to suppress laser frequency noise
by synthesizing virtual equal-arm interferometers. We provide an overview of various TDI com-
binations suitable for LISA and discuss their operational advantages. To numerically compute
TDI combinations we have developed the Python package PyTDI (Staab et al., 2023a) that is
extensively used in this thesis and also widely adopted in the LISA consortium. It can handle
interferometric data given in either phase or frequency units. Prior to performing TDI, precise
estimates of the inter-spacecraft pseudo-ranges have to be calculated. We present a ranging pro-
cessing pipeline that combines ranging information from the sideband-sideband beatnotes and
the PRN ranging measurements to yield femtosecond-stable propagation delays that serve as an
input for TDI. Furthermore, we demonstrate the ability to calibrate biases in the PRN ranges
using a technique named time-delay interferometric ranging (further discussed below). To vali-
date the performance of the ranging processing pipeline and the TDI algorithm, we analytically
model laser and timing residuals and compare them to numerical simulations using the LISA
simulation suite developed by the consortium. The residuals arise due to on-board processing of
the interferometric data and errors introduced by the post-processing implementation of TDI.
We demonstrate good agreement between the PSD of the numerical results and the models that
describe the coupling of the residuals to the final TDI output analytically.

From the modeling of laser and timing noise residuals, we have identified direct implications
for the design of the LISA instrument. First, modulation noise that is introduced when deriving
the phase modulation signal from the pilot tone and modulating it on the laser beam represents
the limiting in-band ranging noise. It has to be appropriately accounted for in the LISA noise
budget as it exceeds the microcycle-requirement, which serves as benchmark in our investiga-
tions. Second, the design of the on-board decimation stages reducing the sampling rate of the
interferometric data from initially 80 MHz down to the telemetry rate of 4 Hz requires careful de-
sign of anti-aliasing filters. We suggest the use of FIR type I filters, which have an odd number of
coeflicients and therefore an integer group delay which can be easily compensated. Furthermore,
they exhibit zero phase distortion. The design of these filters is trading-off the amount of aliased
laser noise and computational effort. Therefore, we propose filter designs for the final decimation
stage (16 Hz to 4 Hz) that use a minimum number of coefficient and, at the same time, produce
a laser noise residual below the microcycle requirement. Previously, it was assumed that the
so-called flexing-filtering effect also poses requirements on the filter design. However, we show
that this effect can be mitigated by applying a compensation filter on ground that flattens the
response of the decimation stage in the LISA band. Lastly, we investigate different interpolation
methods used to implement time shifts in post-processed TDI. We present a novel method to
design minimum length interpolation kernels that fulfill the microcycle-requirement.
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In the second part of this thesis, we present our advances on the statistical description of time-
delay interferometric ranging. TDI-R is a post-processing technique to extract ranging informa-
tion from the carrier-carrier beatnotes. We derive the optimal TDI-R estimator by formulating
the likelihood function of the interferometric data that contains the inter-spacecraft propagation
delays as parameters. Using the Fisher information formalism we express the Cramér-Rao bound
which sets the theoretical limit on the estimation variance of the delays. We then demonstrate
prototype TDI-R pipelines. We run Monte-Carlo simulations to test their performance and
characterize their estimation statistics. Ultimately, we show that our implemented algorithms
perform very close to the theoretical limit we have calculated analytically before. Hence, we
conclude that we have found the optimal TDI-R estimator.

For future studies, we propose to combine the presented data processing pipelines and in-
crease the complexity of the LISA data that is analyzed. Especially, the TDI-R algorithm needs
to be prepared for data in total phase or frequency units which requires estimation of the ab-
solute laser frequency to detrend the TDI variables. Furthermore, the effect of laser locking,
which is foreseen in the baseline design of LISA, on the performance of the various pipelines
has to be studied. Staab et al. (2023b) already investigated the coupling of laser noise residuals
in the second generation Michelson variable X5 for the N1-12 locking topology. This study has
to be extended to the remaining locking topologies that are considered for LISA. In turn, this
also means that the ability of TDI-R to estimate biases in the PRN measurements is dependent
on the locking topology used. Therefore, we should evaluate the performance of TDI-R for the
various locking topologies. Furthermore, the performance of TDI-R can be enhanced by modu-
lating a low frequency tone around 1Hz on the frequency of the primary laser. This artificially
increases the laser noise power in a narrow frequency band and would make the TDI-R algo-
rithm more robust against in-band disturbances like glitches, non-stationary instrumental noise
or even GWs.
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Appendix A

Commutator Algebra

In this manuscript we make extensive use of the notion of commutators. They express whether
it is allowed to interchange the order of two operators A and B applied to a timer series x(t).
We define the commutator of A and B as

[A,B]z(t) = ABz(t) — BAx(t). (A1)

which itself defines an operator again. If [A, B] = 0 the operators A and B are said to commute.
Commutators possess a set of identities that we use to simplify expressions and split them
up into individual contributions. Relevant for our calculations are

[A+B,C]=(A+B)C-C(A+B)=[A,C|]+[B,C] (A.2a)

[A,B] = —(BA — AB) = —[B, A] (A.2b)

[A,BC] = ABC-BAC + BAC —BCA = [A,B|C + B|A, C] (A.2c)
=0

[AB,C] = ABC-ACB + ACB-CAB = A[B,C| + [A,C|B (A.2d)

=0
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Appendix B

Aliasing for Stochastic Processes

Aliasing occurs when decimating the sampling rate of a discrete time series. The resulting time
series has a reduced band-limit and therefore any power that resides at higher frequencies will
be folded into band. To mitigate this, it is important to implement appropriate anti-aliasing
filters before decimation that act as low-pass filters which remove any signal content above the
new Nyquist frequency.

Here, we describe the effect of aliasing on stochastic processes. As introduced earlier, due to
their random nature they are best characterized by their ACF or PSD. We follow the definitions
given in section 1.3.

Let y, be a discrete time series with sampling rate fs that is derived from z,, by decimating
it by a factor M. Formally we write

Yn = TnM (Bl)
y(t) = Y sinc(fit —n) -z (B.2)

In the second line we use the Whittaker-Shannon interpolation formula (see eq. (1.29)) to rep-
resent the discrete time series as a continuous one.

In the next step, we use the definition in eq. (1.24) to write down the ACF of y(t). We
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develop
ACF{y()} (1) = E{y()y(t + 1)} (B.3)
E{( Z sinc (fst —m me> ( Z sine (fs(t+7) — n) ng)} (B.4)
= sinc (fst —m) sinc (fs(t + 7) — n) ACF{z(¢)}((n — m)T%) (B.5)
= Z sinc (fst — m) sinc (fs(t +7) — n) /RPSD{x(t)}(f) eZrif(n=m)T. qf (B.6)

m,n=—o0

/RPSD{sc(t)}(f) ( Z sine (fst — m)eQWifst> ( Z sine (fo(t +7) — n)€27rifnTs> df

(B.7)
_ /R PD{0}S) ni et <f_fmf) =2 =) pect (f_f"f) 2l =nf)(147) | f

(B.S8)
- /R PSD{z(t)}(f) nioo rect (f_f”f> (2milf=nf)r o f (B.9)

/Rrect< ) ( Z PSD{x(t) f+nfs)> > 4f. (B.10)

In eq. (B.6) we replace the ACF by the inverse Fourier transform of the PSD. This enables us
to factor terms containing m and n, respectively. Then, in eq. (B.8) we use common discrete-
time Fourier transformation laws which convert the sinc-functions into rect-functions which are
defined by

sinc(z) = (B.11)
0, if |z|>
rect(z) = &, if [z] =
1, if |z| <

(B.12)

N[ N N[

In the next line, we observe that the constituents of the sum are only non-vanishing if m = n
which leave us with a single sum running over index n. Finally, in eq. (B.10), we perform the
substitution f — f + nfs and identify the PSD of y(¢) as the Fourier Transform of the ACF
which is given by

M

> > PSD{z(t)}(f + nfs). (B.13)

n=—M

PSD{y(1)}(f) = rect (jf

S

B.1 Decimation-Filtering Commutator

In this section we derive the PSD of the commutator of the decimation and filtering operations.
In general, the filtering operation represents any LTI system, e.g. also a constant time-shift.
Formally, the commutator is given by

y(t) = [SMia F]x(t) = SM‘LFI‘(t) — FSMix(t). (B.14)

One has to make sure that the operator F is well defined for both sampling rates, before deci-
mation and after decimation.
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As eq. (B.14) represents a difference of two time series, its PSD can be expanded into

PSD{y}(f) = PSD{SsF(t) — FSyx(t)}(/) (B.15)
— PSD{SaFa(t)}(f) + PSD{FS (1)} (/)

— CSD{SyFalt), FS1a(0}(f) — CSD{FSaga(t), SauFa(n}(). )

The first two terms are already explained in the previous section. The cross spectral densities
(CSDs) can be derived in a similar manner and we find that

M
CSD (S (1) FSaa(t)) (1) = i f)veet (1) 30 F(7+nf) PSD(a(0)(f+n1.) (BT
M

s
n—=—

Therefore, the PSD of the commutator is given by

M = ~ 2
) 2 )h(f) = h(f +nfs)| PSD{z(t)}(f +nfs)- (B.18)
n=—M

n#0

PSD{(0}(1) = rect (£
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Appendix C

Filter Design

In this work we use three different filter designs for anti-aliasing before decimation. The first
design is used as the default in the LISA simulators as it is very flat in the pass-band and has
high suppression in the stop-band. As it is a rather conservative design using N = 145 filter taps
we seek a less stringent design for phase and for frequency units. Here, we require that aliased
noise resides below the microcycle-requirement. We find that 29 taps for phase units and 33
for frequency units are sufficient. This is a vast improvement compared to 145 taps. We show
the transfer function and its derivative of each design in fig. C.1. Furthermore, a more detailed
investigation on the aliased noise for the two optimized designs is presented in fig. C.2.

C.1 LISA Instrument design

The calculation of the filter taps for LISA Instrument’s default implementation relies on the
windowing method (see e.g. Oppenheim et al., 1999). We use the firwin-funtion from the
scipy.signal Python package (Virtanen et al., 2020). We choose a Kaiser window with an
attenuation of 240dB which amounts to a stop-band suppression of 12 orders of magnitude.
To allow for some margin the transition-band starts at 1.1 Hz and the stop-band at 2.9 Hz. In
fig. C.1 we see the transfer function in blue. It exhibits high flatness in the LISA band and high
suppression in the stop-band.

C.2 Optimized design for phase units

To relax the filter design and use fewer filter taps we introduce another design method. We
image® the microcycle-requirement (that only holds in-band) up until the Nyquist rate before
decimation. Then, we design a filter such that it has unity gain at dc and fulfills the following
optimality criterion. We require that the filter design minimized the absolute maximum weighted
error of the transfer function in the stop-band. Here, the weighted error is given as

E(f) =W (f)(h(f) = ha(f))- (C.1)

Here, we restrict ourselves to FIR type I filters that have an odd number of taps and even
symmetry such that their transfer function iz( f) is real up to a linear phase. The desired
transfer function hg(f) is zero in the stop-band such that the error function simplifies.

To find the filter taps that minimize the maximum weighted error in the stop-band there
exists a number of quickly converging algorithms (Parks and McClellan, 1972; McClellan et al.,
1973). We adopt the Parks-McClellan algorithm also discussed in Oppenheim et al. (1999). To
account for the red shape of the laser phase noise /S, (f) = 30 Hz/v/Hz- (27 f)~" we put a lower

! Imaging denotes the inverse process to aliasing. Instead of folding aliases into band upon decimation we fold
in-band power out-of-band to determine the maximal allowed power of the aliases.
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Figure C.1: Transfer functions (solid) and derivatives (dashed) of various filter designs.
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Figure C.2: Effect of anti-aliasing filter designs on laser noise for phase units (left panel) and
frequency units (right panel). The raw laser noise is shown in yellow. It has a red shape in
phase units and is white in frequency units. The ASD after anti-aliasing is shown in blue and
the aliased contribution after decimation to 4 Hz is shown in red. The grey and white bands in
the frequency range 2 Hz to 8 Hz indicate orientation of the sub-bands after folding. Grey sub-
bands are mirrored before they are added to the 0 Hz to 2Hz band. As the filter for frequency
units is compiled from two filter we show the effect of the first filter in blue dashed (for more

details see the text).
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weighting on higher frequencies. Therefore, the weighting function is given by W (f) = f~!. As
a result the transfer function (yellow) plotted in fig. C.1 slowly increases in the stop-band (which
is hard to see). In fig. C.2 (left panel) we show the effect of the transfer function on the red
laser phase noise. Here, we observe that after filtering (blue line) the phase noise is equi-ripple
in the stop-band. This is as intended since folding the frequency range 2 Hz to 8 Hz into band
produces aliased noise (red line) that stays below the flat microcycle-requirement.

C.3 Optimized design for frequency units

The design of the anti-aliasing filter in frequency is more complicated as the microcycle-requirement
appears now as /S5 (f) = Lncycle/ VHz - (27 f). Imaging this requirement to frequencies up
to 8 Hz produces zeros at 4 Hz and 8 Hz. To automatically impose zeros in the transfer function
of the anti-aliasing filter at those frequencies we construct a composite filter from two FIR type

I filters, one running at 16 Hz and the other one running at 8 Hz. As each of those filter has a
definite zero at their respective Nyquist frequency we fulfill the above requirement.

The stop-band of the first filter starts at 7Hz and we use a weighting function that is
equivalent to the imaged microcycle-requirement. To stay below it we require 9 taps. The ASD
of laser noise after the application of the first filter is shown as the dashed blue line in fig. C.2
(right panel). In the next step we design the second filter that runs at 8 Hz with a stop-band
ranging from 3 Hz to 4 Hz. We choose the same weighting function and find that 11 taps suffice.
We combine the two filter designs into a single filter by discrete convolution of the coefficients
which gives in total 9+ 211 —2 = 31 taps. The total transfer function of this filter is shown in
fig. C.1 as the red line. Characteristically, the transfer function has a bump between 5Hz and
7Hz. This is allowed and only relaxes the number of required taps as this band is aliased to the
interval 1 Hz to 2 Hz which is not part of the LISA band.
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Fractional Shift Filters Based on FIR
Type 1I Filters

In section section 3.3.2 we discuss about interpolation residuals and propose a new kernel design
that relaxes the required number of coefficients. As consequence the interpolation error increases
at low frequencies. Therefore, we carefully derive an interpolation kernel based off of a FIR type
IT low-pass filter design that respects the microcycle-requirement at all frequencies.

We start by designing an FIR type II filter that has even number of taps and even symmetry.
We proceed with a similar algorithm as already introduced in appendix C. We seek the filter
taps that minimize the maximum weighted error in the domain of interest. Here, we desire a
response of unity up to a frequency of 1 Hz. As an additional constraint we fix the response at
dc to exactly one. This procedure yields equi-ripples in the pass-band of the filter.

The interpolation error is formulated in frequency domain as the deviation of the interpola-
tion kernel transfer function from a pure delay which is represented as a complex linear phase
(cf. eq. (3.114)). To fulfill the microcycle-requirement we demand

3 _ SENS)
AS gred A<

which yields a constraint on the maximal allowed interpolation error. In fig. D.1 we plot the
right-hand side of the equation above as the black dashed line. Here, we assume a laser phase
noise ASD of 30 Hz/vHz - (2 f)~'. Therefore, the requirement picks up a slope of one which
dictates a weighting function of W (f) = f~! for the weighted error function such that the
response is closer to unity at low frequencies. Using the Parks-McClellan algorithm we solve
for the filter coefficients and find that 18 taps are sufficient to push the absolute error of the
transfer function (dashed red line in fig. D.1) below the requirement.

The transfer function of the resulting FIR type II filter designs naturally possesses a group
delay of half a sample. Therefore, it already represents a fractional shift filter for the special
case of € = 0.5. Next, we seek to generalize this approach for all € between 0 and 1. To achieve
this we first come up with a continuous-time representation of the interpolation kernel k(t). By
discretely sampling a shifted version of it we yield the coefficients of any fractional shift filter.
As an integer shift is equivalent to convolving by a Dirac-delta pulse we already identify the
values of k(t) for times that are integer multiples of the sampling time Ts. We summarize this in
fig. D.2 where we show in the left panel the FIR type II filter coefficients in blue and the Dirac
pulse in grey. The red line represents k(t) that smoothly interpolates between the fixed values.

(D.1)

u(t) = w(t) - sinc(2f,t) (D.2)
N/2-1

k(t):Zv(tn~€S>-iLn:v(t)+ 3 v<t(n+1/z).€s>-hn (D.3)

n=—N/2



102 APPENDIX D. FRACTIONAL SHIFT FILTERS BASED ON FIR FILTERS

1 1
10° ¢ I === projected microcycle-requirement 1
: === FIR type II transfer function :
1 —— FIR type II method |
1073 ¢ I . ) I
g I Lagrange interpolation I
= | |
e
£ 10 " _
E I ——————_
@ [ ===z =
=) -— . = N
S| -— -
E 10_9 : —____—— ”— L :
Y ___—’ -
2 I -2 I
g 1077 ¢ 1 - |
1< | - |
= _L--" I
2 15 = |
< 1077 1 I 1
< I I
|
|
10718 ¢ 1 1
| |
1 1
! t t t !
10" 10°? 1072 107! 10°

Frequency (Hz)

Figure D.1: Comparison of the interpolation error of different kernel designs with the projected
microcycle-requirement in dashed black. For a fractional shift of € = 0.25 the performance of the
newly proposed FIR type II method (solid red) and the standard Lagrange interpolation method
(solid blue) is shown. Additionally, the magnitude response of the FIR filter the interpolation
kernel is based off of is plotted in dashed red. For more details on the design parameters see the
text.
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Figure D.2: Illustration of the design procedure of the interpolation kernel using the FIR type
IT method for N = 8 and f; = 4Hz. The left panel shows the continuous-time kernel function
k(t) that smoothly interpolates the filter taps that are interleaved with a Dirac pulse. In the
right panel we show the shape of the constituent of the Fourier transform of l;:( f) that defines
the frequency response of the interpolation kernel.

Here, h, are all supports including the Dirac pulse and h,, denotes only the filter coefficients.
We choose a window function w(t) such that k(¢) has a finite length. The Fourier transform of
the kernel defines the frequency response. We find

n=0

B(f) = ; <1ZJ(f’)  rect <2J;>> () ;<1 + 1;2_12005 <27rf(n+ 1/2)%) -hn> (D.4)

B(f) A(f)

where A(f) denotes the amplitude response of the FIR filter and B(f) the frequency response
of the windowed sinc-function.

In the right panel of fig. D.2 we plot both the periodic response of the term %(1 + A(f)) in
blue and the effect of the windowed sinc which acts like a low pass filter with magnitude response
B(f) in yellow. A proper choice of the window function w(t) is crucial for the performance of
the filter as it reduces the effect of aliasing when discretely sampling the interpolation kernel
k(t) again. The coefficients of the interpolation kernel follow as

km(e) =k((m+1—¢€)-Ty) (D.5)

Finally, let us describe the parameters we choose to interpolate the beatnote measurements
sampled at 4Hz. We follow the algorithm above to calculate FIR filter taps that fulfill the
microcycle-requirement which yields 18 taps. Then, we choose a Kaiser window (Nuttall, 1981)

given as
Io(ﬁm) il < L
w(t) = e it <3, (D.6)
0 else .

Here, the parameter S determines the suppression of the sidelobes and we choose § = 26.6 which
is equivalent to an attenuation of 250 dB. Furthermore, the length of the window L determines
the number of coefficients of the interpolation kernel. We set L = (10 + 1)7s such that the
resulting kernel has length M = 18 + 10 = 28. To compare the performance of the proposed
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method with the standard Lagrange interpolation method, we plot the interpolation error for
e = 0.25 in fig. D.1. We observe that the interpolation error of the proposed method (red line)
generally performs better than the FIR filter amplitude response. However, at low frequencies
we can see the effect of aliasing which is suppressed down to a level of roughly 1072 by the
windowing. On the other hand, Lagrange interpolation (blue line) requires 42 coefficients to
achieve the microcycle-requirement in the entire LISA band.
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Statistics of the Fourier Transform

Let z(t) be a real zero-mean Gaussian process (for its rigorous definition see, e.g., Rasmussen
and Williams, 2006). We assume it to be band-limited and periodic in time with period T
such that we can represent it with a finite number of Fourier coefficients. The Fourier series
representation is given as

K

z(t) = Y EpemhAL (E.1)

k=—K

Here, Af is given by the inverse of T" and K determines the number of frequency components
such that KA f surpasses the band limit. As the Gaussian process is real the Fourier coefficients
Z), are not independent. It can easily be verified that Z, = Zj. Therefore, x(t) is uniquely
described by K coefficients (Zx)5_; (the k = 0 component vanishes because of the zero-mean
property).

In the next step we seek to express the probability density function of the Fourier coefficients
which are defined as

r
2

1 4
iy = T/ x(t)e 2 RAL q¢. (E.2)

T

2

Our first observation is that Z; must be Gaussian distributed as the Fourier transform is a linear
operation on the Gaussian process x(t). Furthermore, Zj, is circular symmetric (its distribution
is invariant under adding a deterministic complex phase) so we follow that the vector & collecting
all K Fourier coefficients is jointly distributed as

p(&) = (7K det 0) e EFEE, (E.3)
Here, the complex-valued covariance matrix is defined as
> =E{zz'). (E.4)

It expresses the covariance between different Fourier components. We find that it is approxi-
mately diagonal for large T'. Let us demonstrate this by using the definitions given in eqs. (E.2)
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and (E.4).
%
B{z,3]} = / / CE{a(t) - a(t))) e PRI 2TIAY gt i (E.5)
= J — S N ——
2 ACF{z}(t—t')

/ / / PSD{I’} 27rzf (t—t") . —27rik:Aft . eQWilAft’ df de d¢’ (E6)

T12 PSD{z}(f) / LT at /_ Ze—%(f—mfﬁ’ dt’ df (E.7)
T12 / PSD{z}(f) - sine(Tf — k) - sine(Tf — 1) df (E.8)

In the first line we have identified the ACF of x(t) defined in eq. (1.24) that we replace by the
Fourier transform of the PSD. To develop this further we assume the PSD appears approximately
constant within a frequency interval of the characteristic width of the sinc-function in eq. (E.8)
which is of the order % Then we can write

PSD{}(kAf) if 1 _
E{z2]} ~ T ’ (E.9)
0 else.

Here, we have used the fact that the integral over the product of sinc-functions that are displaced
by an integer evaluates to

/ sinc(Tf — k) - sine(Tf — 1) df = ‘Z‘;l, (E.10)
R
where 0y is the Kronecker delta. In the limit 7" — oo the expression eq. (E.9) becomes exact.
Let us now consider a vector of real zero-mean Gaussian processes z(t) of dimension M
that share the same properties as before. Similarly, we express them in terms of their Fourier
coefficients (Zk)le. Following the derivation above it is easy to verify that in the limit T —
oo the vector of Fourier coefficients is statistically independent among different frequencies.
Therefore, we follow that Z; is jointly complex Gaussian and we write for its joint probability

density function
p(Zh) = (7 det ) Le BEN A (E.11)

where ¥, € CM*M ig the covariance matrix for the k-th Fourier coefficient of the different
channels with entries

_ CSD{z, zj}(/cAf)
T

(Bk)iy = (E.12)
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