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Laser-intensity fluctuations cause undesired phase noise even in balanced heterodyne interferometers.
However, in space missions in particular, such as LISA Pathfinder or LISA, direct measurements of these
fluctuations at the relevant frequencies are often not available. Hence, it can be challenging to estimate
their impact on the interference phase. To address this, we propose a new method for characterizing laser
relative intensity noise (RIN) using differential wavefront sensing (DWS), with the latter being a well-
established technique typically used for angular sensing and control. Unlike other methods, this approach
does not require an additional reference interferometer and instead takes advantage of the inherent phase
subtraction of DWS. This allows us to estimate the RIN value at the heterodyne frequency and its har-
monic, relative to the sensor noise floor of the total measurement system. Moreover, it provides a strategy
to identify the ideal set point for minimizing RIN couplings in DWS.
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I. INTRODUCTION

Balanced heterodyne interferometers have been crucial
instruments in highly sensitive displacement measure-
ments, used in various applications, naturally including
scientific space missions [1,2]. However, estimating laser-
intensity fluctuations, also known as laser relative intensity
noise (RIN) [3–5], has been a challenge in space missions
such as LISA Pathfinder (LPF) [6,7]. RIN couples into the
interference phase, causing undesirable phase noise that
reduces the sensitivity in the high-precision measurements.
To understand the overall sensitivity in flight, a direct
RIN measurement covering all potential coupling frequen-
cies would be necessary. However, this is impractical for
space missions with limited data recording, processing,
and transmission capabilities.

Differential wavefront sensing (DWS) is a technique
widely used for angular sensing and control [8–11]. It
holds potential as part of the solution to this issue. DWS
measures the wavefront tilt differences between two inter-
fering beams using quadrant photodiodes (QPDs). The
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wavefront tilt differences have a significant effect on the
interference signal, and an effective measurement is pro-
vided through the phase distribution changes observed on
the QPD segments by comparing the top-bottom and left-
right quadrants. RIN appears as a correlated noise on all
these quadrants.

DWS inherently includes a reference phase subtrac-
tion from the complementary quadrants, which provides
the possibility to characterize RIN without requiring an
additional reference interferometer for this purpose.

One effective methodology to exploit the DWS scheme
involves the controlled tilting of wavefronts. This creates
a phase shift between the correlated noise vectors on the
quadrants, enabling the maximization of the RIN coupling
in the phase readout. Once the RIN is effectuated into the
phase readout, it becomes possible to estimate the quantity
with reliable accuracy due to its common-mode rejection
properties.

Exploring the DWS parameter space through a series
of varying tilts allows for fitting the RIN models to the
collected data, ascertaining the coupling strength and the
intensity of the so-called 1f - and 2f -RIN components
(described further in Sec. III). The procedure involves
careful analysis of the collected data and its application to
the developed RIN model.

We further look at a technique called “balanced detec-
tion,” which can be adopted to suppress intensity noise
by subtracting two π -shifted interferometer output ports.
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FIG. 1. Illustration of a heterodyne DWS measurement with
two incoming wavefronts having an exemplary tilt angle γ

in one spatial dimension. This translates to a phase difference
between top and bottom segments of a QPD as visible in the
corresponding power signals of the heterodyne beats.

Balanced detection is also beneficial for DWS because
it suppresses the 1f -RIN component, allowing a direct
measurement of the impact of 2f -RIN (which remains
unaffected by balanced detection).

For reference, it is noted that a similar experiment
(with longitudinal steps instead of angular tilts) has been
performed in the past using common-mode subtraction
properties of the longitudinal pathlength signal, where, in
contrast to DWS, it is necessary make use of an addi-
tional, independent reference interferometer sharing the
same correlated noise [5,12].

Overall, the methods presented here (based on find-
ings in Refs. [6,7,13–17]) demonstrate how laser-intensity
fluctuations can be estimated and mitigated to improve
sensitivity and noise modeling using a typical DWS setup,
as it is also planned for the future Laser Interferometer
Space Antenna (LISA) mission.

II. DWS IN HETERODYNE INTERFEROMETERS

DWS is a technique to measure the tilt of an optical
wavefront with high precision. In heterodyne interferom-
eters, where the power on the photodiodes is oscillating
at a frequency fhet, DWS is implemented by measur-
ing averaged phase differences between two points on a
wavefront, which correspond to the wavefront’s tilt γ , as
illustrated in Fig. 1. This is done by comparing phase mea-
surements between segments of the QPDs. The different
quadrant phases (qA, qB, qC, qD) are combined to form the
well-known standard combinations

φraw = (qA + qC) − (qB + qD)

2
, (1)

ηraw = (qA + qB) − (qC + qD)

2
. (2)

They correspond to the vertical and horizontal tilt angles
between the wavefronts, with an advantageous magnifica-
tion factor in the order of a few thousand, that depends on
the geometrical beam properties (represented by f (γ ) in
Fig. 1) [7,10,18].

The resulting αraw (shorthand notation for either φraw

or ηraw) can be calibrated to yield effective angles α

(shorthand notation for either φ or η) of the physical object

under test, for example a steering mirror, a free falling
test mass, or a spacecraft telescope with a certain point-
ing, from which the beam is reflected. The linearity range
of f (γ ) may effectively be in the order of a few hundred
µrad around α = 0 rad.

One advantage of DWS is that the pathlength differ-
ence between the two “interferometers” formed by the
top/bottom and left/right quadrants, respectively, is very
small. This effectively suppresses direct phase noises, such
as frequency noise, and enhances the sensitivity to RIN in
the experiments detailed in the following. However, this
(using two quadrants each instead of four) comes at the
cost of increasing the influence of uncorrelated readout
noises by a factor of

√
2 in units of phase noise, compared

with the longitudinal pathlength signal. This is due to an
overall lower signal-to-noise ratio. In the longitudinal sig-
nal, all four quadrants are summed, and the DWS signals
cancel due to symmetry.

III. RIN COUPLING IN DWS

Laser RIN r is defined as the fluctuations of the laser
power δP normalized by the average beam power P,

r = δP
P

, (3)

and is often expressed in units of an amplitude spectral
density (ASD), referred to as r̃ [Hz1/2]. By adding small
subscripts (r1,2, P1,2, δP1,2) the two interfering beams can
be distinguished, since both contribute a phase error.

From previous publications [3–5,15,19] we know that
RIN couples in a heterodyne interferometer via three sepa-
rate mechanisms. First, from photon radiation pressure on
movable reflective surfaces along the optical path, causing
mainly longitudinal pathlength fluctuations, that subtract
to a large extent in DWS. Second, the so-called 1f -RIN
coupling, which is causing phase noise depending of the
RIN spectral density at the heterodyne frequency, r̃ (1fhet),
and, third, 2f -RIN, which is causing phase noise from RIN
at twice the heterodyne frequency, r̃ (2fhet).

Therefore, the main effects that affect DWS originate
from 1f - and 2f -RIN. Due to their correlation across
quadrants the common mode rejection depends on the
corresponding DWS angle αraw.

The phase noise in either DWS angle can be described
by the following equations (adapting Ref. [5] for DWS). If
r1 and r2 are correlated with equal ASD (r̃1 = r̃2 = r̃), the
equations in units of phase noise (representing components
of α̃raw in [ rad Hz−1/2]) are

α̃raw
1f =

√
2 (P1 + P2)√
ηhetP1P2

r̃ (1fhet)

∣
∣
∣
∣
sin

(
αraw

2

)∣
∣
∣
∣
, (4)

α̃raw
2f =

√
2r̃ (2fhet) | sin(αraw)|, (5)
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phase

FIG. 2. Plot of the RIN coupling equations with the resulting
phase error in DWS, normalized by the RIN value r̃. This plot is
the basis of the experimental RIN characterization in this article.
It shows the zeros for 1f - and 2f -RIN and the magnification of
the coupling due to beam power mismatches (increasing noise
for larger mismatches).

and if they are uncorrelated, for example from different
lasers (but still with r̃1 ≈ r̃2 = r̃), the coupling yields

α̃raw
1f,u =

√

2
(

P2
1 + P2

2

)

ηhetP1P2
r̃ (1fhet)

∣
∣
∣
∣
sin

(
αraw

2

)∣
∣
∣
∣
, (6)

α̃raw
2f,u = r̃ (2fhet) | sin(αraw)|. (7)

Here, ηhet describes the heterodyne efficiency entering
from the overlap integral of the interfering beams [18]. It
reaches 1 for ideal alignment and degrades for imperfect
overlap.

Figure 2 shows the normalized coupling strength based
on the DWS phase for the various cases and includes
power mismatches P1,2/P2,1 up to 105 for correlated RIN.
By multiplying the y axis with the RIN ASD value one
finds the resulting phase noise in [ rad Hz−1/2]. The max-
imum factor between correlated and uncorrelated DWS
noise is given by

α̃raw
1f

α̃raw
1f,u

∣
∣
∣
∣
∣
max

= P1 + P2
√

P2
1 + P2

2

∣
∣
∣
∣
∣
∣

max

=
√

2, if P1 = P2, (8)

with the limit → 1 if there is a large mismatch. Therefore,
in the cases of beam-power mismatches, only the 1f -RIN
equation for correlated RIN is plotted.

The total noise in DWS for either φraw or ηraw (again
using placeholder αraw) is the squared sum of the 1f - and
the 2f -RIN phase noise terms,

S1/2
RIN

(

r̃, αraw) =
√

(

α̃raw
1f/,u

)2 + (

α̃raw
2f/,u

)2. (9)

This requires to apply the correct equations for correlated
or uncorrelated (subscript “u”) RIN coupling depending on
the experimental setup.

Regarding the 1f -RIN terms it is important to note
that these equations are only true if the beam powers
are identical between the quadrants, which is naturally a
good approximation for well-aligned Gaussian beams in
their fundamental mode. However, wavefront tilts may
introduce beam walks due to lever arm effects on the pho-
todiode surface if no imaging optics are set up, as it was
the case for LPF, but is different for LISA.

Overall, from the presented equations it follows that if
the DWS readout is at 0 rad, the RIN coupling is minimal.
This represents the most effective suppression strategy.
However, the reverse is also true: if the RIN coupling is
minimal, the raw DWS readout is around 0 rad. There-
fore, by measuring the noise (as done in the experiments in
this paper), and without knowledge of the DWS to phys-
ical test mass angle calibration factors, this allows us to
find the minimum noise coupling. This could function as a
cross-test if there has been a knowledge uncertainty, for
example if only the calibrated data are available due to
limited telemetry.

IV. BALANCED DETECTION

Balanced detection is a technique commonly used for
improving measurement sensitivity and reducing noise.

Traditional interferometers use a single photodetector to
measure the intensity of the interference pattern. In bal-
anced detection, the interference pattern is split into two
paths, and two separate photodetectors measure the inten-
sities of the two paths. This typically involves a lossless
recombination beam splitter, which implies a π phase shift
between the two output ports due to energy conservation.
The electrical signals from the photodetectors are then
subtracted from each other. This technique helps in can-
celing out common-mode noise and unwanted background
signals, while providing signal redundancy.

Assuming a signal s and a common, correlated noise
(such as 1f -RIN) n, the two ports conceptually measure
s + n (port A) and −s + n (port B). Thus, balanced detec-
tion entails a calculation of the type ((s + n) − (−s +
n))/2 = s. The complete removal of the noise in the last
step (or, rather, its efficiency) depends on equal amplitudes
and phases of the noise vectors in both output ports.

Balanced detection reaches high suppression with ideal
50/50 beam splitters and equal electrical processing gains
of each photodiode segment.

Overall, by subtracting the two detector outputs, bal-
anced detection helps in improving the signal-to-noise
ratio and effectively suppresses common noise sources
such as laser-intensity noise from 1f -RIN. However, 2f -
RIN cannot be removed, since it is subject to the same π

phase shift as the signal [5].
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V. OUR TESTBED: THE LISA PATHFINDER
SPACE MISSION

The LPF mission was a precursor mission to LISA,
which will detect and study gravitational waves in space.
Launched in December 2015 by the European Space
Agency (ESA), LPF successfully demonstrated the key
technologies necessary for future implementation of LISA
[20,21].

The mission’s primary objective was to demonstrate the
free fall of two test masses with sufficient low noise levels
as needed for gravitational wave detection in LISA. LPF
housed high-precision interferometers, tasked with metic-
ulously monitoring the position and orientation changes of
the test masses. These test masses, shielded from exter-
nal influences, floated in a state of near-perfect free fall,
isolated from any nongravitational forces.

The experiments discussed in this article were possible
thanks to the excellent low-noise performance provided
by the so-called optical metrology system (OMS) and the
gravitational reference sensor (GRS), respectively.

On the one hand, the OMS hosted four laser interferom-
eters that allowed the distance variations and changes in
orientation between the two test masses (and between test
mass 1 and the spacecraft) to be measured to very high pre-
cision; see Fig. 3. This enabled the detection of incredibly
small changes in distance, with a residual sensor noise of
32.0+2.4

−1.7 fm/
√

Hz along x above 200 mHz and an angular
sensitivity of approximately 100 prad/

√
Hz in the φ and η

DWS coordinates (as visible in Fig. 4; see also Ref. [7] for
more details).

The OMS operated using a single Nd:YAG laser with
a wavelength of 1064 nm. It worked by initially split-
ting this laser into two beams. Each beam’s frequency
was then adjusted by acousto-optical modulators, creat-
ing a difference frequency fhet, set to 1 kHz. Following
these alterations, the beams were directed to the optical
bench. Here, they followed a measurement path (red trace
in Fig. 3) and a reference path (blue trace in Fig. 3) before
their beat signals were detected at two output ports with
QPDs, enabling balanced detection. The phase extraction
occurred through the use of single-bin discrete Fourier
transforms and phase tracking algorithms.

The measurements from the OMS were used by the
spacecraft’s dragfree and attitude control system (DFACS)
to adjust the spacecraft’s position and maintain it in a
dragfree orbit around the test masses. This ensured that the
test masses remained in a perfect free-fall state, isolated
from nongravitational forces.

On the other hand, the GRS provided sophisticated elec-
trostatic sensing and actuation capabilities, which were
also integral to the mission’s DFACS [22].

The electrostatic sensing capability of the GRS involved
measuring the position and orientation of the test masses
relative to their housings. This was achieved by detecting

FIG. 3. Illustration of the LPF optical bench with the four
interferometers and the distances and angles measured by the
OMS. For the experiments discussed in this article, one or both
test masses were tilted in the φ, η plane (please note that the
test mass angles are labeled φ in this article compared with ϕ

in this rendering). The photodiodes are named by interferome-
ter and are labeled (A) and (B) for the two output ports of each
recombination beam splitter. PM, power measurement diode for
the measurement beam; PR, power measurement diode for the
reference beam. Reprinted with permission from Ref. [6].

the capacitance changes between the test masses and
surrounding electrodes. These measurements allowed the
DFACS to determine the exact position of each test mass in
six degrees of freedom (three translational and three rota-
tional, including the three degrees of freedom that were
sensed in parallel by the more sensitive OMS).

The actuation capabilities were used to apply forces and
torques to the test masses without physical contact, using
electrostatic forces. This was done by applying voltage to
the electrodes surrounding the test masses. By carefully
controlling these voltages, the DFACS could adjust the
position and orientation of the test masses, ensuring they
remained in a state of pure free-fall and perfectly centered
within their housings.

Using the capabilities of the GRS and OMS together,
we performed the experiments by tilting the test masses to
a number of different set points via the GRS actuation, and
analyzed the effects of RIN in DWS, as explained in the
next section.

VI. EXPERIMENTS

In particular, two experiments from the LPF mission
can be used to investigate the RIN-to-DWS coupling. The
basic principle in both of them consisted of commanding
a set of angular test mass orientations via the electrostatic
controller to rotate test masses 1 and 2 around their y and z
axes, and calculate the resulting amplitude spectral noise
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FIG. 4. Overview of the DWS sensitivity measurements for the full mission, scaled to test mass angles. Most of the noise changes
can be attributed to RIN coupling. The two experiments addressed in this article have been marked. Modified with permission from
Ref. [7]; further details can be found there.

density each time. LPF has proven to be quiet enough
to reach a quasiflat, sensor noise dominated sensitivity at
the high-frequency range in the angular test mass read-
out above about 1 Hz [6,7], that is sensitive to the RIN
coupling described previously.

Motivation for these investigations arose from observa-
tions during the mission: the test mass alignment along φ1,
η1, φ2, and η2 (see Fig. 3) had shown a varying noise floor
(at frequencies > 1 Hz affected by RIN) for each of a set
of static angular set points that were originally applied to
reduce another noise, the so-called tilt-to-length coupling
(at lower frequencies 20 mHz to 200 mHz) [7,23]. This is
indicated by the “DWS alignment” annotations in Fig. 4,
which shows the changing DWS noise performance dur-
ing the mission under nominal operating conditions. In this
plot, the two experiments discussed here are highlighted.
It can be seen that they were performed under different
operating conditions. The first happened during a period
of an unknown increase in the overall noise, whereas
the second experiment was run during a phase of space-
craft cooling, that reduced the temperatures from about
22 to 11 ◦C.

The RIN coupling was found to be the cause of most
of the changing behavior (above 1 Hz) over the course of
the mission. It became obvious that its influence on DWS
may be used to characterize the strength and validate an
noise optimized operating point. It should be noted that no
direct RIN measurement at kHz frequencies was available
onboard for telemetry, even though there was an analog
power stabilization loop active.

A. DWS experiment 1

The first experiment was performed during the main
mission when the exact RIN to DWS coupling was still
unknown. It was not optimized for the RIN characteriza-
tion, but it still contains valuable data and was therefore
included in this article.

For the tilts selected in this experiment, only test
mass 2 was chosen because of its closer position to the
photodiodes, minimizing any resulting beam-walk on the
surface of the quadrants, and because it is influencing
the differential interferometer, which is less susceptible to
environmental disturbances.

To perform this investigation, a time slot of 24 h was
available, starting from 2016-06-02 08:30 UTC. The static
tilts performed previously (to reduce tilt-to-length cou-
pling) showed that a test mass needs roughly 30 min to sta-
bilize after an actuation command is issued. With 15 min
measurement time afterward, it limited the number of
slews to 30 while still allowing a transition back to nominal
test mass orientation after the last measurement point. The
plot of this experiment is given in Fig. 5, see also Ref. [16].

The investigation procedure consisted of one actuation
command per step. It required that during the experi-
ment, the spacecraft was in DFACS mode SCI1.2 (high-
resolution sensing, low actuation authority on the elec-
trostatic controllers) and that the following sequence was
repeated for all set points: (1) issue the actuation command
from the current set point to the next set point; (2) wait

FIG. 5. Time series of the first experiment in units of test mass
angles.
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30 min for the test mass to stabilize; (3) measure the DWS
noise for 15 min.

In this first experiment, the tilts were limited to a
parameter space of ±250 µrad for the test mass 2 angles.

During the noise measurement the system was kept in
its current state without any other commanding, assuring
stable measurement conditions.

B. DWS experiment 2

An enhanced version of the first DWS experiment was
planned during the mission extension, which aimed to
increase the test mass 2 tilts to explore a more extensive
phase space while reducing the beam walk by simultane-
ously actuating test mass 1. It also included measurements
without balanced detection.

The commanded slews followed a stepwise scheme,
covering a range of approximately −600 µrad to 600 µrad
for test mass 2 in φ2, η2. Similar to the first experiment, the
noise was measured at each set point. However, after a few
minutes at each set point the B side of the phasemeter was
“masked.” This procedure effectively turned off balanced
detection, as the entire second output port of the inter-
ferometer was deactivated. Subsequently, the noise was
measured in this new “unbalanced” configuration before
unmasking the B side again and proceeding to the next
set point, where the process was repeated. Figures 6 and
7 show an overview of the experiment scaled to test mass
tilts and the resulting contrast. Observations show a con-
sistent minor overshoot prior to stabilizing at a new set
point, aligning with expectations based on prior experi-
ments. In limited instances, for brief durations, four data
channels were acquired at a sampling frequency of 100 Hz
through the so-called interferometric data log for diagnos-
tic objectives. The moments when this data was collected
have been masked due to the introduction of transients in
certain channels by the process.

The experiment commenced on February 6, 2017, at
23:06 and continued for approximately 48 h. However, due
to a failure in a preceding experiment, test mass 2 was not

FIG. 6. Time series of the second experiment in units of test
mass angles. Modified with permission from Ref. [17].

at its zero position, but remained at a longitudinal offset of
275 nm.

This second experiment was conducted during the cool-
ing phase of the spacecraft and, therefore, potentially influ-
enced by different conditions. However, the laser unit itself
was only a few ◦C lower compared with before cooldown
(still above 20 ◦C) and the effect is hard to quantify. It was
likely that the optical beam paths have changed due to ther-
momechanical stresses leading to a small bending of the
optical bench, which was compensated for by the electro-
static controllers, keeping the DWS readouts stable [24].

C. Description of the data

During the experiments, the sampling frequency of the
data telemetered to Earth was set to 10 Hz and contained
the interferometric DWS channels, optical powers and
contrasts per interferometer averaged across both output
ports, as well as housekeeping data.

The nature of the data acquisition process imposed
certain limitations. Consequently, only the data that had
undergone a range of steps was available for analysis.
First, a single-bin discrete Fourier transform was applied,
which already included a downsampling step from 50 kHz
to 100 Hz. A subsequent downsampling step reduced the
frequency to 10 Hz using a moving average filter. Finally,
the data underwent DWS processing before it was prepared
for telemetry. The second downsampling process was nec-
essary to reduce the data transmission rate to ground.
However, it is worth noting that downsampling may intro-
duce aliasing effects in the data, potentially affecting the
final results of the experiment. In addition, no individual
quadrant data were available.

The processing that took place onboard resulted in DWS
signals from the unique quadrant phases of the so-called
X1 interferometer (φraw

1 , ηraw
1 , denoting raw wavefront

angles from test mass 1 relative to the optical bench)
and the X12 interferometer (φraw

12 , ηraw
12 , indicating differ-

ential wavefront angles), as detailed in Eq. (1). Utilizing
a linear combination and calibration coefficients derived
from before flight, these signals were processed into phys-
ical test mass angles φ1, η1, φ2, η2 with respect to the
onground calibration. For the purpose of our evaluation
in this article, these quantities have been inverted again
during post-processing, as the direct dependence of RIN
coupling relies on the “raw” DWS data.

Due to the demanding schedule of mission activities and
other experiments, it was only possible to run each of the
experiments once. The duration of each segment was only
in the order of 7 min, thus reducing the amount of time
segments available for averaging.

D. Noise model

The noise model used here is a simplified version
of the noise model presented in Fig. 4, (see Ref. [7,
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µr
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µrad µrad

FIG. 7. Overview of the second experiment. First test mass is shown on the left, second test mass with larger tilts on the right in
units of test mass tilts. Note that some segments have been masked out due to onboard packet switching causing transients. Modified
with permission from Ref. [17].

equations (9)–(26)]), since we do not need to propagate
the DWS measurements through the test mass angle lin-
ear combinations. It only contains the 2f -RIN coupling
(dominant RIN term in LPF) from Eq. (4) and additive
readout noises such as shot noise and phasemeter noise
(mainly depending on analog-to-digital convertor (ADC)
quantization noise ĨADC). The readout noises scale recip-
rocally with the contrast (ci for each interferometer), and
the shot noise that also depends on the average power
	i per interferometer. Hence, the total noise model for
each DWS channel is (either X1 for φ1, η1 or X12 for
φ12, η12)

SDWS,X1 = SRIN
(

r̃, {φraw
1 , ηraw

1 }) + SPhasemeter
(

c1, ĨADC
)

+ SShot noise (c1, 	1) , (10)

SDWS,X12 = SRIN
(

r̃, {φraw
12 , ηraw

12 }) + SPhasemeter
(

c12, ĨADC
)

+ SShot noise (c12, 	12) . (11)

The fit in the data analysis is then using two free param-
eters which are not directly known: r̃ and ĨADC. The other
parameters are known from telemetry.

This noise model describes the pseudoflat sensor noise
floor above 1 Hz, where no real angular motion is visible.

It should be noted that it is only due to the high-
sensitivity and low-noise configuration of LPF, well below
requirements, that this experiment was possible.

E. Data analysis

Since only one laser was used, the equations for corre-
lated RIN between the two interfering beams are used. The
acousto-optic modulators may introduce uncorrelated RIN
between the two beams, but the influence is unknown and
assumed negligible here.

By design, r(t) appears correlated on all quadrants.
Therefore, all DWS channels can be jointly analyzed. The

raw phases ηraw
1 , φraw

1 (from X1), and ηraw
12 , φraw

12 (from X12)
were measured onboard. Only the calibrated test mass
angles η1, φ1, η2, φ2 from linear combinations of the raw
phases were available as telemetry. To use these in our
model, the linear combinations are reversed as described
previously. Then, all raw phases can be plotted on the same
x axis.

For the subsequent analysis, stable segments were cho-
sen based on a threshold criterion permitting the con-
trast (for X1 and X12 individually) to vary by less than
0.2 % s−1. These segments were subsequently divided into
periods of balanced detection (configuration for experi-
ment 1 and 2) and unbalanced detection (only applicable
for experiment 2).

For each individual segment of the first experiment, the
LPSD is shown in Fig. 8. It can be seen that the noise floor
above 1 Hz is relatively flat and depends on the angular set
point. Further, some spectral lines are present. The exact
coupling of the n · 1 Hz components is unknown [12], but
those spectral components are likely caused by the pulse-
per-second timer and are masked out before averaging. The
second experiment has very similar spectral densities per
segment (not shown here).

To investigate the coupling per tilt angle, we calculate
the power spectral density (PSD) for each tilt using 50 %
overlapping Blackmann-Harris-92 (BH92) windows with
30 averages. Only every fourth bin is retained to avoid cor-
relations between neighboring bins [27]. At 2 Hz the center
bin and two surrounding bins are masked to remove the
influence of onboard 1 Hz harmonics. Afterward, the spec-
trum is averaged. To allow for comparison with (Fig. 4,
[7]), the same frequency range of 1.2 Hz to 2.8 Hz has been
chosen.

However, it should be noted that not all segments show
a particular white noise floor. They have slightly different
gradients on them, as visible in Fig. 8. It can be seen that
higher noise levels associated with larger test mass tilts
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(a) (b)

FIG. 8. First DWS experiment with ASDs for each angular set point. (a) X1 interferometer raw DWS angles of test mass 1. (b) X12
interferometer raw DWS differential angles between test mass 1 and 2. The amount of noise depends on the angular set point, which
was constant (but not zero) for test mass 1 angles and varying for test mass 2. In the second experiment (not shown in this plot) both
test masses were actuated. Figure produced using the logarithmic-frequency-axis power spectral density (LPSD) algorithm [25] (1000
frequencies, 100 averages) with 66.1 % overlapping BH92 windows [26].

have higher gradients in the spectral densities. For lower
noise values the shape appears flat.

The noise floor of the data predominantly consists of the
phasemeter readout noise, which is primarily dominated
by ADC noise, shot noise, and RIN (for nonzero test mass
tilts), as explained previously. However, it is worth men-
tioning that there is an unexplained percentage of the noise
in the DWS data (see Ref. [7, Figure 23]).

We use the noise model described above for estimat-
ing the RIN level. We fit using a weighted Levenberg-
Marquardt nonlinear least squares algorithm [28], invoking
two free parameters: the RIN level r̃ and the phasemeter
noise, parameterized by ĨADC.

F. Results and Discussion

Figure 9 represents the overall result of the average
phase noise over the DWS “raw” phase, incorporating
data from both experiments. All channels are combined,
as they are expected to measure the same RIN. The plot
illustrates two cases: the black (first experiment) and blue
(second experiment) points in the plot correspond to the
nominal case, where balanced detection is achieved using
both output ports of the beam splitter; conversely, the
green points (second experiment) indicate segments where
one side of the phasemeter was disabled, resulting in the
use of only one beam splitter output port; these segments
are referred to as “unbalanced” since they lack balanced
detection.

In addition, the plot includes noise model predictions
(shown as solid lines for visibility) based on the results

of the fitting process, but the noise model is only evaluated
at the points shown. After the fitting process, the segments
have been sorted by DWS phase.

It is clear that the data from the first experiment (in
black) is not consistent with the second experiment. This
is likely due to an unknown change in noise levels that was
observed during the time of the mission when this experi-
ment was performed (see Fig. 4) and the different operating
conditions a few hundred days apart. It still yields a result
consistent with the generally expected pattern, but only
samples a smaller parameter space below π/2, therefore
not allowing the full model to be tested.

Upon examining the second experiment indicated by
blue and green, several interesting aspects are visible. Pri-
marily, the highest points of the sinusoidal RIN coupling
show negligible variations between scenarios of balanced
and unbalanced detection while still being consistent with
zeros being at π , which suggests that 1f -RIN was less
than 2f -RIN. This behavior is probably attributable to
the analog power stabilization loop aboard LPF, aiming
for a heterodyne frequency of 1 kHz, and experiencing
gain reduction soon after (indicated by plots in proprietary
mission documents, still well below requirements).

Second, the noise level around 0 rad increases by a
factor of

√
2 when disabling balanced detection as antic-

ipated. This amplification occurs because balanced detec-
tion results in a factor of 1/

√
2 for uncorrelated noises

(the combination of two correlated signals with two
uncorrelated noise sources equals

√
2/2). Thus, the inverse

situation arises when balanced detection is not in opera-
tion.
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FIG. 9. Results from both DWS tilt experiments. The black traces and points stem from the first investigation in June 2016 with
smaller test mass tilts, whereas the remaining data are from the dedicated RIN experiment in February 2017. The annotations put the
balanced “b” and unbalanced “ub” traces in relation. Here, 2f -RIN is clearly dominant, since the peak heights remain approximately
the same. For each experiment, all four DWS channels have been jointly analyzed, since they share the same RIN. The noise model
differentiates between the angles, since it maps the data from the respective interferometers for each corresponding point. It has only
been evaluated at the data points, and the solid lines are just plotted to improve visibility. Reanalyzed and modified with permission
from Refs. [14,15].

Lastly, a number of points with enlarged noise levels
are present around 0 rad. These instances occur when one
DWS channel approaches zero offset (leading to vanishing
RIN coupling), whereas its complementary channel main-
tains a nonzero offset (at increased RIN coupling). This
condition implies a reduced contrast in X1 or X12 (depend-
ing on the specific test mass tilt), leading to higher noise
coupling factors for the readout noises of the correspond-
ing DWS channel of the same interferometer. This effects
the channel that has vanishing RIN coupling most strongly,
thus leading to the sharp increase around 0 rad.

In addition, a good number of points that do not exactly
follow the standard sinusoidal RIN pattern match well
with the data included in our model. This is related to the
increase of phasemeter noise at lower contrasts. Around
the peak points we see more variation than what our model
predicted. This might be related to changes in how the laser
was behaving over the course of the experiment, which
lasted for 48 h.

For the second experiment the two free parameters
estimated yield RIN (at 2fhet) r̃ = 2.50(2) × 10−6/

√
Hz

and ADC ĨADC = 103.4(24) × 10−12 pA/
√

Hz with active
balanced detection, and r̃ = 2.47(2) × 10−6/

√
Hz, ĨADC =

97.4(16) × 10−12 pA/
√

Hz with unbalanced detection.
Confidence intervals for 95 % are plotted with dashed

lines and corresponding colors. For the first experiment,
the values are r̃ = 3.32(2) × 10−6/

√
Hz and ADC ĨADC =

138.1(3) × 10−12 pA/
√

Hz, with an increase in both RIN
and phasemeter noise. The latter is not expected (see Ref.
[7]) and remains unsolved.

With regards to the combined fitting approach chosen:
this was selected because the X1 DWS channels exhibit
substantially smaller tilts and fail to sample the majority
of the RIN sinusoidal. Importantly, the RIN parameter is
correlated between the DWS channels, whereas the ADC
noise is not. This is particularly apparent as the anticipated√

2 difference is well demonstrated in both the balanced
and unbalanced cases.

The previously mentioned correlation between the ADC
and RIN parameter is calculated from the fitting process,
yielding a correlation coefficient of 0.35 (first experiment,
balanced), 0.44 (second experiment, balanced), and 0.51
(second experiment, unbalanced). This strong correlation
can be understood that when the test mass is tilted, it not
only amplifies the RIN coupling strength because of an
additional phase offset, but also modifies the contrast due
to diminished beam overlap.

In terms of the contribution of 1f -RIN during the unbal-
anced segments, it has not been incorporated into the
model since it is indistinguishable in the data set.
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FIG. 10. Comparison of longitudinal and angular experiments for indirect RIN characterization for different frequency bands. Both
x-steps and DWS tilts are analyzed for the same number of frequency bands for comparison (from lighter to darker color as stated in
the bottom legend). It should be noted that the dip structure in blue was not observed in ground tests (see Ref. [5]) and the discrepancy
remains unexplained thus far. Modified with permission from Ref. [15].

In summary, the phase-dependent noise coupling is con-
firmed in DWS, particularly by the findings of the second
experiment, thereby verifying the theory of a sinusoidal
systematic in the coupling. The duration allocated for each
segment of measurement in this experiment was relatively
short (less than 7 min as compared with more than 15 min
in the first experiment). This was done to capture as many
set points (approximately 60 per channel) as possible.

As suggested earlier by the unaltered maximum slope
for both balanced and unbalanced detection scenarios, the
1f -RIN appears to be significantly smaller than the 2f -
RIN. This aligns with the expectations drawn from ground
measurements with the same active power control loop.
As a result, the phase noise induced by RIN during the
LPF mission is primarily dominated by 2f -RIN, with only
a minor contribution from 1f -RIN.

In general, and for example in LISA, the opposite is
expected. As the noise power in a band-limited spectrum
tends to decrease towards higher frequencies, the 1f -RIN
coupling will be dominant most naturally, especially for
higher heterodyne frequencies. Therefore, the coupling
pattern without balanced detection is expected to rather
follow the 1f -dominated traces in Fig. 2 in general.

G. A systematic discrepancy observed in LPF flight
data

The described method and results can be compared
against data obtained from a similar experiment in the lon-
gitudinal data channel (so called “x-steps”), as outlined
in the introduction. This was performed onground (see
Ref. [5]) and twice inflight during the LPF mission at dif-
ferent times compared with the test mass tilts, see also

Ref. [12]. However, as Fig. 10 shows, especially the peak
heights between angular and longitudinal channels do not
agree, whereas the zeros around multiples of π appear to
be consistent. The cause of this behavior remains unclear.
However, both models show consistent fit results across
both longitudinal and angular channels for data at the same
time, as is evident from Figure 15 in Ref. [7]. That figure
uses the data from experiment 2 of this article for a fit of
the longitudinal model in the longitudinal channels. There,
it confirms the same coupling strength in the differential
o12 channel as we find in this article here within the errors,
while utilizing the appropriate noise model. Therefore, the
coupling model itself appears validated and the apparent
factor two difference in the peak heights of Fig. 10 does
not arise from the models themselves. Rather, the method
of either “tilting” versus “stepping” may introduce roughly
the factor two difference in the coupling, which could be
related to a change in the overlap integral.

It should also be noted that in similar ground measure-
ments the “4f ” dip structure is not visible, as presented in
Ref. [5]. More details on the discrepancy can be found in
Ref. [15, Chapter 14].

We present this discrepancy also to encourage further
ground-based experiments. For reference, there is ongoing
effort to investigate noise couplings in DWS with the so-
called TDOBS experiment [29].

VII. CONCLUSION

In this article, we have shown how laser RIN influences
DWS measurements. This provides an indirect estimation
of the RIN level r̃ to project its influence on angular and
longitudinal phase channels, proving especially useful in
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cases when no direct RIN measurements are available.
This method is based on the inherent DWS common-
mode rejection and can be considered complementary to
a similar estimation via the longitudinal phase informa-
tion, which, however, relies on an additional reference
interferometer.

Measurements from the LPF space mission confirm
the use-case, the expected coupling pattern and possi-
ble minimization around zero DWS phase offsets. The
results are within mission requirements and corroborate
the RIN estimates used in Refs. [6,7]. However, a factor-
of-two discrepancy compared with similar longitudinal
experiments appears in inflight data and fosters further
research.

Moreover, the coupling and results presented in this arti-
cle are directly applicable to LISA, where the local test
mass interferometry is very similar to that on LPF. By
design, due to the foreseen laser requirements and envis-
aged balanced detection, RIN is well mitigated in LISA,
see also Ref. [19]. However, our introduced and tested
scheme outlines a possible inflight characterization.

The research presented may also become applicable
for future GRACE-FO style missions, if there is intent
to implement a similar dragfree test mass with optical
readout [30].
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