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Experimental demonstration of an on-axis laser ranging interferometer for future
gravity missions
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We experimentally demonstrate an interferometric architecture for next-generation gravity missions,
featuring a laser ranging interferometer (LRI) that enables monoaxial transmission and reception of laser
beams between two optical benches with a heterodyne frequency of 7.3 MHz. Active beam-steering loops,
utilizing differential wavefront sensing signals, ensure coalignment between the receiving beam and the
transmitting beam. With spacecraft attitude jitter simulated by hexapod-driven rotations, the interferomet-
ric link achieves a pointing stability below 10 µrad/

√
Hz in the frequency range between 0.2 mHz and

0.5 Hz, and the fluctuation of the transmitting beam’s polarization state results in a reduction of 0.14% in
the carrier-to-noise-density ratio over a 15 h continuous measurement. Additionally, tilt-to-length coupling
is experimentally investigated using the periodic scanning of the hexapod. Experimental results show that
the on-axis LRI enables the interspacecraft ranging measurements with nanometer accuracy, making it a
potential candidate for future GRACE-like missions.

DOI: 10.1103/5r3c-9n8z

I. INTRODUCTION

The Gravity Recovery and Climate Experiment
(GRACE) mission [1], a collaboration between the
National Aeronautics and Space Administration (NASA)
and the German Aerospace Center (DLR), was operational
from March 2002 to October 2017. It employed twin satel-
lites separated by approximately 200 km to precisely mea-
sure interspacecraft distance variations via a microwave
instrument (MWI), enabling the retrieval of Earth’s time-
variable gravity field [2]. Monthly gravity field maps
derived from the GRACE data were used to investigate
global-scale mass transport phenomena, including ice-
sheet dynamics, ocean circulation patterns, and continental
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hydrologic processes, which are critical for understanding
the dynamics of Earth’s climate system [3].

As the successor to the GRACE mission, the GRACE
Follow-On (GRACE-FO) mission was launched in May
2018 to extend continuous monitoring of Earth’s grav-
ity field [4]. In addition to the MWI serving as the
primary instrument, the mission incorporated a laser rang-
ing interferometer (LRI) as a technology demonstra-
tion. To mitigate temporal gaps between the GRACE-FO
mission and its successors, future GRACE-like mis-
sions are under active development. GRACE-Continuity
(GRACE-C), a joint mission between the United States
and Germany, is scheduled for launch in 2028 to ensure
uninterrupted data collection [5]. In parallel, the European
Space Agency is progressing with the Next-Generation
Gravity Mission (NGGM), which will employ a Ben-
der constellation to enhance spatial and temporal res-
olution [6], with an anticipated launch in the early
2030s.

The GRACE-FO LRI successfully tracked the inter-
spacecraft distance with a sensitivity level of 1 nm/

√
Hz at
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frequencies around 100 mHz, which is two orders of mag-
nitude better than the performance of the MWI [7,8]. The
GRACE-FO LRI utilizes optical heterodyne interferome-
try in a transponder configuration, representing the first
demonstration in space of interspacecraft laser links [9].
In the reference spacecraft, a laser is frequency-stabilized
to a highly stable optical cavity. A beam splitter diverts
a small fraction of the laser to serve as a local oscil-
lator beam, while most of the laser is transmitted to
the remote spacecraft. In the transponder spacecraft, the
laser is frequency-offset-locked to the incoming beam and
transmitted back to the reference spacecraft [8,10]. The
returning beam is then combined with the local beam to
produce the heterodyne signal, enabling the measurement
of relative phase shifts that encode the round-trip distance
variation between the two spacecraft. The reference and
transponder spacecraft are built identically, allowing them
to switch operational roles. In addition, an active beam-
steering method was implemented in the LRI to mitigate
the effect of the spacecraft attitude jitter [11]. Owing to the
success of the GRACE-FO LRI, the LRI has been selected
to be the primary instrument in the upcoming GRACE-C
and NGGM missions [12–14].

The GRACE-FO LRI employs an off-axis configuration
using a triple mirror assembly (TMA), which introduces a
lateral offset between the receiving (RX) and transmitting
(TX) beams [15,16]. This design circumvents the con-
straint imposed by the MWI, which occupies the line of
sight between the centers of mass of the two spacecraft. To
suppress the tilt-to-length (TTL) coupling that arises from
the spacecraft attitude jitter, the virtual vertex of the TMA
is aligned with the center of mass (CoM) of the spacecraft,
where the accelerometer is located. The LRI will be the
main instrument in future missions. Without the accom-
modation constraints imposed by the MWI, it becomes
feasible to investigate different topologies. Mandel et al.
designed a monoaxis architecture using a retroreflector and
polarizing optics, which integrates multiple methodologies
for heterodyne laser ranging while enabling beam-tracking
capabilities [17]. Our group has proposed an on-axis
architecture for laser ranging systems, which utilizes
polarization-dependent routing to maintain the antiparal-
lelism between the RX beam and the TX beam. This
design was thoroughly validated through numerical sim-
ulations, demonstrating its potential for high-performance
laser ranging [18]. The experimental result presented here
extends this framework by incorporating modifications to
the proposed on-axis topology.

This paper reports the experimental results of an on-axis
LRI, which establishes a transponder-based laser inter-
ferometric link featuring two independent active beam-
steering loops. A laboratory-developed breadboard model
demonstrates an on-axis interferometric link via antipar-
allel RX and TX beams between two optical benches.
With the angular jitters, the beam-pointing stability was

characterized using calibrated differential wavefront sens-
ing (DWS) and differential power sensing (DPS) signals.
The potential fluctuation of the TX beam’s polarization
state was quantified, and its impact on the carrier-to-noise-
density ratio (C/N0), defined as the ratio of carrier power to
noise power spectral density, was analyzed. Additionally,
the TTL coupling of the optical bench was investigated
through dedicated rotational configurations based on the
experimental model.

Beyond the GRACE-like missions, the concepts and
technologies demonstrated in this work could have broader
application potential. In the field of gravitational wave
detection, the Laser Interferometer Space Antenna (LISA)
mission will establish three laser interferometer links
between three spacecraft arranged in a triangular array
[19]. Related space-based initiatives include the Chinese
Taiji [20] and TianQin [21] projects, as well as the
Japanese DECi-hertz Interferometer Gravitational wave
Observatory (DECIGO) [22]. Additionally, the precision
beam-steering and DWS technologies developed here are
applicable to laser communication systems, where main-
taining precise alignment is critical for minimizing link
loss and maximizing data throughput. Moreover, the space
interferometric technology explored here could facilitate
fundamental experiments in space quantum interference
[23–25].

The paper is structured as follows. Section II introduces
the concept of the on-axis LRI. The experimental setup
and methodology are detailed in Sec. III, which provides
a comprehensive overview of the on-axis laser link, as
well as the implementation of DWS and DPS technologies.
Section IV presents the experimental results, focusing on
angle calibration, beam pointing, polarization effects, and
TTL coupling. Finally, Sec. V provides a summary and
concluding remarks.

II. ON-AXIS LRI CONCEPT

The concept of the interspacecraft laser interferometry
for geodesy in an on-axis configuration is shown in Fig. 1.
The twin spacecraft, operating in a trailing formation, orbit
at altitudes 300–500 km above Earth with an approximate
separation of 200 km in a near-polar orbit. In the reference
spacecraft, the laser is frequency-stabilized to an optical
cavity via the Pound-Drever-Hall technique [26]. To oper-
ate in a transponder scheme, the laser in the transponder is
frequency-offset-locked to the received signal from the ref-
erence spacecraft. The identical optical benches in the two
spacecraft utilize polarizing optics to enable monoaxial
transmission and reception of laser beams. The combina-
tion of a mirror (M1) and a quarter-wave plate (QWP) con-
verts the perpendicular-polarized (S-pol) beam reflected
by the polarizing beam splitter (PBS) into the parallel-
polarized(P-pol) light, thereby directing the majority of
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FIG. 1. Concept sketch of the interspacecraft laser interferometry in on-axis configuration. S/C, spacecraft; FIOS, fiber-injector
optical subassembly; Pol, polarizer; FSM, fast steering mirror; M, mirror; QWP, quarter-wave plate; HWP, half-wave plate; QPR,
quadrant photoreceiver; PBS, polarizing beam splitter; CoM, center of mass.

the laser power toward the remote spacecraft after retrans-
mission through the PBS. In contrast to the off-axis con-
figuration, the TX and RX reference points, which define
the pivot points to achieve the minimal TTL coupling for
the TX beam and the RX beam [27], are colocated in
the aperture of the optical bench. The fast steering mir-
ror (FSM), the aperture, and the quadrant photoreceivers
(QPRs) are arranged to establish optical conjugate planes
using imaging systems, making the path length insensitive
to the spacecraft’s angular jitter. The DWS signals related
to the spacecraft’s pointing angle are fed back to the FSM
or the attitude and orbit control system to maintain link
strength and mitigate TTL coupling.

Since an accelerometer cannot be directly placed on the
aperture of the optical bench, folding mirrors are imple-
mented here to establish an effective reference point where
the accelerometer is located, as explained in Fig. 2. As the
virtual image of the aperture, the effective reference point
equivalent to the virtual vertex of the TMA in the off-axis
configuration, coincides with the CoM of the spacecraft.
As depicted in Fig. 2, rotating the spacecraft about the
center of mass (CoM) by an angle α induces an angu-
lar tilt in the RX beam while suppressing longitudinal
phase shifts. Owing to the beam waist of the TX beam
being virtually in the CoM, longitudinal phase shifts of
the TX beam are suppressed as well when the space-
craft rotates about the CoM. As the mirror image of the
aperture, the location of the CoM can be adjusted by
repositioning the mirrors or altering their number, pro-
viding a high degree of flexibility to accommodate the
accelerometer.

The off-axis configuration, characterized by a simplified
optical bench and a high-precision TMA, does not utilize
polarizing components. As evidenced by the GRACE-FO

optical bench, this design incorporates a minimal number
of critical components, reducing the stability requirements
for the optical bench. However, its inherent racetrack
configuration complicates telescope integration, thereby
limiting the maximum measurable distance between space-
craft. In contrast, the on-axis topology leverages polarizing
optics with a shared reference point on the optical bench,
utilizing imaging systems and mirrors to achieve antiparal-
lel transmission and reception. This design minimizes the

FIG. 2. Schematic of reference point arrangements in an on-
axis system using folding mirrors. The CoM is the virtual image
of the aperture (AP), positioned via geometric unfolding of the
optical path to serve as the center of the accelerator (ACC). The
points of incidence on mirrors M1 and M2 are labeled A and
B, respectively. The center of AP is designated as point O. The
primed components M1′, M2′, AP′, A′, B′, and O′ denote the
rotated configurations of M1, M2, AP, A, B, and O, respectively,
following a rotation of angle α about the CoM. The red and green
traces illustrate the beam trajectories before and after rotation
about the CoM. The total length OA + AB equals the combined
length O′A′ + A′B′ + B′B, ensuring no piston effect during the
rotation. M, mirror; AP, aperture; CoM, center of mass; ACC,
center of the accelerator.
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FIG. 3. Schematic of the experimental setup. The red, blue, green, and black dashed lines denote the laser beam from the free-
running laser, the laser beam from the frequency-offset-locked laser, the optical fiber, and the electronic connections, respectively.
The coordinate system in the center of mass (CoM) is used to define yaw, pitch, and roll rotations. The definitions of the RX beam
and the TX beam are referenced with the reference bench. L, lens; M, mirror; FC, fiber collimator; FSM, fast steering mirror; QWP,
quarter-wave plate; HWP, half-wave plate; SEPR, single-element photoreceiver; QPR, quadrant photoreceiver; BS, beam splitter; PBS,
polarizing beam splitter; BD, beam dump; PZT, piezoelectric transducer.

TTL coupling caused by angular jitter while eliminating
the requirement for a TMA, a critical component in off-axis
systems. The on-axis topology enables the utilization of a
common telescope to enhance the received beam power
and reduce the divergence of the TX beam, which is par-
ticularly beneficial for shot-noise-limited interferometers
like the LISA mission [19]. For example, in Fig. 1, the tele-
scope can be placed between the aperture and the folding
mirrors.

As discussed in Ref. [18], the on-axis optical bench,
using the same laser configuration and incorporating
telescope imaging systems, shows an improvement in
C/N0, a key factor limiting the phase readout sen-
sitivity, compared to the GRACE-FO optical bench.
Moreover, the on-axis topology enables a more stream-
lined design, allowing for beam transmission and recep-
tion through a single telescope and baffle, which
yields a more compact and space-efficient system. In
contrast, off-axis configurations such as the GRACE-
FO LRI use a retroreflector mounted separately from
the optical bench, which increases assembly com-
plexity and thermal-control requirements. Because of
its telescope adaptability, the on-axis topology offers
distinct advantages for future potential space-laser-
interferometry missions that require a longer interferomet-
ric arm.

III. METHODS

A. Experimental setup

Figure 3 shows the experimental setup, which consists
of a reference bench, a transponder bench, and a phaseme-
ter. As a modification of the concept we proposed in [18],
the reference bench is installed in a hexapod (Newport,
HXP100-MECA), which provides six-degrees-of-freedom
motions to simulate spacecraft attitude jitter in the exper-
iment. In this experiment, the definitions of the RX beam
and the TX beam are referenced with the reference bench.
The transponder bench is fixed on an optical table and
used to produce the RX beam, simulating the far-field
beam from a remote spacecraft. The phasemeter tracks the
phase of beat-note signals, which is then used to implement
the active beam-steering loops. The transponder scheme,
validated in the GRACE-FO mission [4,8,9], is imple-
mented in this experiment, where the transponder laser is
frequency-offset-locked with the laser from the reference
bench. As enlarged excerpts from the reference bench in
Fig. 3, Fig. 4 illustrates the polarization states of beams
and highlights the principle of the beam-steering loop used
in this experiment.

On the reference bench, the laser is provided from a
nonplanar-ring-oscillator laser operating at a wavelength
of 1064 nm. The phase sensitivity measurement is not
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(a) (b) (c)

FIG. 4. Beam configurations in the beam-steering loop: (a) ideal alignment with zero DWS signal; (b) misalignment with nonzero
DWS signal; and (c) realignment with zero DWS signal. The polarization states of the red and blue beams are denoted by red and blue
text, respectively. The beam tilts illustrated in (b) and (c) are exaggerated for visualization, whereas in actual scenarios the angular
jitter would result in much smaller beam tilts. FSM, fast steering mirror; QWP, quarter-wave plate; HWP, half-wave plate; QPR,
quadrant photoreceiver; PBS, polarizing beam splitter; RHC, right-handed circularly polarized; LHC, left-handed circularly polarized;
P, parallel-polarized; S, perpendicular-polarized.

addressed in this work, and thus the laser is operated
in a free-running configuration, rather than the cavity-
stabilized setup depicted in Fig. 1. The laser light of about
5 mW enters the system via a single-mode polarization-
maintaining fiber, and its beam waist is imaged onto
an FSM (Physik Instrumente, S-325) using two identi-
cal lenses L1 and L2 and two mirrors M1 and M2. The
FSM is implemented here to adjust the TX beam in the
beam-steering loops. As illustrated in Fig. 4, this pro-
cess is facilitated by DWS signals, which are fed to the
FSM to maintain the coalignment between the RX beam
and the TX beam. After the FSM, a linear polarizer is
implemented to linearly polarize the incoming beam and
to obtain a polarization ratio of 95% S-pol to 5% P-pol.
The S-pol beam reflected by PBS1, with the most power,
is then transmitted twice through a quarter-wave plate
(QWP1), which flips its polarization state and sends it to
the transponder bench as the TX beam. The remaining P-
pol beam is directly transmitted through PBS1 and then
interferes with the RX beam at PBS2, forming the local
oscillator (LO).

The RX beam is reflected off a mirror M5 and enters the
system via a clipping at the aperture RX(TX)RP. By ori-
enting the fast axis at 45◦, QWP2 transforms the P-pol LO
beam and the S-pol RX beam into right-handed and left-
handed circularly polarized beams, thereby enabling the
heterodyne interference between the LO beam and the RX
beam at PBS2. The beat-note beams in orthogonal polar-
ization states are split by PBS2 and then detected by two
InGaAs four-quadrant photoreceivers QPR1 and QPR2,
respectively. A half-wave plate (HWP1) is inserted after

PBS1, with its fast axis oriented at 45◦, which converts
both the TX and RX beams to S polarization. Unlike the
45◦ linear polarization of the TX beam used in Ref. [18],
the configuration of pure S polarization of the TX beam
prevents potential phase retardance caused by subsequent
reflections, thereby eliminating the need for unpolarized
coatings on subsequent mirrors. All waveplates, including
QWP1, QWP2, and HWP1, are true zero-order waveplates,
minimizing the TTL coupling due to phase retardance [28].

The FSM and the RX(TX)RP form a pair of conjugate
images using a two-lens system of L3 and L6. This config-
uration magnifies the TX beam waist and images it onto
the RX(TX)RP, thereby reducing the beam divergence
angle. Simultaneously, the path length between the FSM
and RX(TX)RP remains stable during TX beam deflection
for angular jitter compensation, thus suppressing the TTL
coupling. To mitigate effects from beam walks and diffrac-
tion at the RX(TX)RP, the imaging system composed of
L4 and L3, and the imaging system composed of L4 and
L6, simultaneously image the FSM and RX(TX)RP onto
QPR1. For redundancy and balanced detection, L5 relays
the images onto QPR2. A virtual CoM is defined on the
bench, serving as the pivot point for the hexapod’s rotation
in this experiment. The CoM is positioned as the mirror
image of the RX(TX)RP.

On the transponder bench, a laser beam from a fiber col-
limator is split into two parts by a beam splitter BS3. The
smaller portion is guided to the single-element photore-
ceiver (SEPR) as a reference beam, enabling heterodyne
detection with the TX beam from the reference bench.
The phasemeter, employing all-digital phase-locked loops
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FIG. 5. Measured open-loop transfer function of the laser fre-
quency lock loop, including (a) the Bode magnitude plot and
(b) the Bode phase plot. The laser frequency lock loop com-
prises a high-speed piezoelectric transducer (PZT) feedback loop
and a low-speed temperature feedback loop. During the trans-
fer function measurement, perturbations were injected into the
PZT loop to characterize its frequency response. UGF, unity gain
frequency; PM, phase margin.

(ADPLLs), measures the beat-note frequency of the SEPR
signal [29,30]. This frequency is fed back to a fast piezo-
electric transducer actuator and a slow temperature con-
troller to regulate the laser frequency of the transponder
laser [30,31], achieving a 7.3-MHz frequency offset lock.
The open-loop transfer function of the laser frequency
lock was measured using a frequency response analyzer
(Moku:Lab, Liquid Instruments). As shown in Fig. 5, the
laser frequency lock loop exhibits a unity-gain bandwidth
of 32.36 kHz and a phase margin of 44.67◦.

To simulate the RX beam for the reference bench, the
beam reflected from BS3 is expanded using a two-lens sys-
tem comprising L7 and L8, yielding a collimated beam
with a 1/e2 radius of approximately 20.9 mm. This col-
limated beam, denoted as the RX beam, propagates to
the reference bench. The wavefront and intensity pro-
files of the RX beam can be approximated as relatively
flat within the central region, whereas the outer regions
are clipped by the aperture, which has a radius of 4 mm.
The beam distribution of the RX beam was characterized
by a Shack-Hartmann wavefront sensor (Imagine Optics,
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FIG. 6. (a) Intensity profile and (b) wavefront profile of the
RX Beam measured with a Shack-Hartmann wavefront sensor.
The measurement result presented here is based on zonal wave-
front reconstruction, and the wavefront tilts are corrected. The
RX beam is clipped at the aperture, and thus only the central
region of the beam distribution that falls within the aperture is
presented in this analysis.

HASO3-128-GE2) at a position 700 mm behind L7, equiv-
alent to the aperture’s location. The measured intensity
and wavefront profiles are shown in Fig. 6. The intensity
distribution varies by less than 40%, while the correspond-
ing peak-to-valley (PTV) and root-mean-square wavefront
errors are 170 nm and 38 nm, respectively.

Although a beam with lower wavefront error and inten-
sity drop could be achieved with increasing complexity of
the system, this was not considered necessary within the
scope of this investigation. Even with a 40% intensity drop
in the RX beam, C/N0 remained sufficient to ensure correct
phase tracking by the phasemeter during this experiment.
Throughout the experiment, only rotations of the reference
bench around the CoM occurred, which induced a beam
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tilt at the RX(TX)RP. The corresponding longitudinal path
length change resulting from this tilt constitutes the TTL
coupling discussed in Sec. IV D. While wavefront fluctu-
ations in the RX beam introduced an initial offset in the
DWS signal, this offset was calibrated using the method
described in Sec. III B.

The polarization state of the outgoing beam from the
transponder bench is orthogonal to the polarization state
of the TX beam, which is realized by rotating the linear
polarizer Polarizer2. Furthermore, HWP2 flips the polar-
ization state of the TX beam, ensuring that it interferes
with the beam from the transponder laser at BS4. A por-
tion of the TX beam ends up on QPR3, where it is used
to record the DPS signals that characterize the pointing
of the TX beam. Additionally, a polarimeter (Thorlabs,
PAX1000IR2) is installed on the transponder bench to
monitor the polarization state of the TX beam.

The phasemeter, originally developed for the LISA mis-
sion, is capable of tracking nanometer translations and
nanoradian-scale tilts from the heterodyne signals of two
laser beams. The phase readout of the heterodyne signals
is based on ADPLLs [29,30], which are implemented in
a field-programmable gate array platform. By combining
the phase information from four individual channels, each
connecting the signals from the segments of a QPR, the
phasemeter calculates and processes the horizontal and
vertical DWS signals [32]. These DWS signals character-
ize the relative wavefront tilt of the two laser beams and are
employed in the beam-steering loops in this experiment.

B. DWS and DPS

The DWS signals quantify angular misalignments by
measuring the phase difference of the beat-note signal (e.g.,
left–right or top–bottom) via a QPR. This method enables
precise determination of angular deviations between two
beams, with a gain factor (DWS signal amplitude per
wavefront tilt angle) ranging from around 103 rad/rad to
around 104 rad/rad, depending on the interferometer’s
design. More details about the DWS signal are included
in Appendix A.

The DWS signals acquired from QPR1 and QPR2
encode the relative wavefront tilt between the RX beam
and the TX beam. The horizontal and vertical DWS signals
are linearly proportional to the yaw and pitch misalignment
over a small angular range [32–34]. With misalignment
angles θyaw (yaw) and θpitch (pitch), the DWS signals are
derived via the conversion matrix T, given by

(
DWSh
DWSv

)
=

(
T11 T12
T21 T22

) (
θyaw
θpitch

)
, (1)

where DWSh and DWSv denote the horizontal and verti-
cal DWS signals, respectively. The diagonal elements T11
and T22 represent direct coupling factors between the mis-
alignment angles and the corresponding DWS signals. The

off-diagonal elements T12 and T21 describe cross-coupling
effects, wherein yaw misalignment induces vertical DWS
signals and pitch misalignment results in horizontal DWS
signals. Intrinsic DWS offsets arising from intersegment
variations in wavefront errors, readout electronics, cable
lengths, and QPR misalignment were observed in QPR-
based measurements. These offsets were quantified by a
modulated optical signal, which was artificially generated
by amplitude-modulating the RX beam while blocking the
LO beam. Throughout this paper, the measured DWS sig-
nals refer to the signals preprocessed by offset subtraction.

The desired direct coupling between the misalignment
angles and the DWS signals dominates parasitic cross-
coupling effects. Therefore, two independent control loops
utilize the horizontal and vertical DWS signals from QPR1
as servo signals to actuate the FSM and minimize the
misalignment between the RX beam and the TX beam
in this experiment. In the beam-steering loop, the beam
status of the LO beam, the TX beam, and the RX beam
are illustrated in Fig. 4, which shows the scenarios of
ideal alignment with zero DWS signal, misalignment with
nonzero DWS signal, and realignment with zero DWS
signal.

The block diagram of the beam-steering loop is depicted
in Fig. 7. The RX beam enters the optical bench with an
incident angle θRX on PBS1. After polarization alignment,
the RX beam interferes with the LO beam to produce het-
erodyne signals. The spacecraft attitude jitter introduces an
angular misalignment δθ between the RX beam and the
LO beam. This misalignment is detected by QPR1 and the
phasemeter, which outputs a nonzero DWS signal. This
signal is processed by a servo controller and converted to
an analog voltage via a digital-to-analog converter , driv-
ing the FSM to adjust the LO beam and the TX beam.
This feedback loop actively maintains δθ = 0, minimiz-
ing the misalignment between the RX beam and the TX
beam. This is the key property of both off-axis and on-axis
schemes, ensuring that the outgoing beam points towards
the remote spacecraft, independent of small misorienta-
tions of the local spacecraft. Although not included in the
loop analysis depicted in Fig. 7, the waveplates and the
imaging system are essential components of the overall
loop. The waveplates determine the polarization states of
the beams, thereby facilitating heterodyne interference at
PBS2 and ensuring the transmission of the TX beam in
the designated polarization state. Additionally, the imag-
ing system suppresses the RX and LO beam walk at QPR1
and QPR2, thereby maintaining stable interferometric link
operation within the loop.

To assess the stability of the beam-steering loops, the
open-loop transfer functions were characterized using a
frequency response analyzer (Moku:Lab, Liquid Instru-
ments). As shown in Fig. 8, the control loop based on
the horizontal DWS signal exhibits a unity-gain bandwidth
of 141.75 Hz and a phase margin of 55.01◦, whereas the
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TX

LO

RX

FIG. 7. Block diagram of the beam-steering loop. θRX, incident
angle of the RX beam on PBS1; θTX, exit angle of the TX beam
on PBS1; θLO, incident angle of the LO beam on PBS1; δθ , angle
difference between θLO and θRX; Ia,b,c,d, signal intensity at the seg-
ment (a, b, c, or d); ud, digital signal; ua, analog signal; FSM, fast
steering mirror; QPR, quadrant photoreceiver; BS, beam split-
ter; PhaM, phasemeter; DAC, digital-to-analog converter; PBS,
polarizing beam splitter.

control loop based on the vertical DWS signal demon-
strates a unity-gain bandwidth of 108.72 Hz and a phase
margin of 45.90◦. The bandwidths of both loops are much
higher than the frequency of spacecraft attitude jitter,
which is below 1 Hz in general [35]. Moreover, the phase
margins of both loops exceed the typical threshold of 45◦,
indicating that both beam-steering loops can operate with
adequate robustness.

The DPS signal obtained from QPR3 is sensitive to the
centroid shift of the TX beam and is therefore used to
characterize the pointing of the TX beam. Similar to the
DWS signal, the absolute pointing can be derived from
the measured DPS signal using a conversion matrix that
relates misalignment angles to DPS signals. The definition
of the DPS signal is provided in Appendix A. The differ-
ences in responsivity between different segments of QPR3
can lead to unexpected errors when measuring the DPS
signal. To mitigate this issue, the relative response dif-
ferences between QPR3 segments were measured using
homogeneous illumination from an integrating sphere.
These response differences were then used to calibrate the
true beam powers measured on QPR3 segments, ensuring
accurate DPS signal determination.

IV. RESULTS

A. Angle calibration

To determine the conversion matrices between the DWS
signal and the wavefront tilt angle, and between the DPS
signal and the TX pointing angle, the hexapod executed
angular scans with a triangular wave pattern in the yaw
and pitch directions, respectively. During the hexapod’s
motion, the beam-steering loops were open. As depicted
in Fig. 3, the yaw and pitch rotations are defined by the
coordinate system in the CoM, and the rotating pivot point
is located on the CoM.

(a)

(b)

(  
 )

Frequency (Hz)

M
ag

ni
tu

de
 (d

B)

FIG. 8. Measured open-loop transfer functions of the beam-
steering loops, including (a) the Bode magnitude plot and (b) the
Bode phase plot. To introduce a perturbation, a swept sine signal
was added to the signal ua, as defined in Fig. 7, to measure the
transfer function. The horizontal loop denotes the beam-steering
loop based on the horizontal DWS signal, and the vertical loop
denotes the beam-steering loop based on the vertical DWS signal.
UGF, unity gain frequency; PM, phase margin.

As shown in Figs. 9(a) and 9(b), the rotation angle of
the TX beam varies between −200 µrad and 200 µrad, as
determined by the hexapod’s position sensors. The DWS
signals measured from QPR1 and QPR2, and the DPS sig-
nal measured from QPR3, are presented in Figs. 9(c), 9(d),
9(e), and 9(f), respectively. The horizontal DWS and DPS
signals exhibit a linear relationship with the rotation angle
in the yaw direction, while the vertical DWS and DPS
signals show a similar trend as the rotation angle of the
pitch. A linear fit to the measured direct-coupling DWS
and DPS signals as a function of rotation angle yields the
corresponding coupling factors (T11 and T22), which are
summarized in Table I.

Residual alignment imperfections in the QPR introduce
cross-coupling effects in the measurements. As shown
in Figs. 9(c)–9(f), jumps in cross-coupling signals are
observed when the hexapod reverses its scanning direction,
while the cross-coupling signals remain relatively constant
between these jumps. These jumps may result from the
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FIG. 9. Angular scanning of the hexapod causes changes in the DWS and DPS signals in open-loop operation of the beam-steering
loops. (a),(b) Rotation angles of the RX beam with respect to the TX beam as functions of the scanning time, monitored by the
hexapod’s position sensors. (c),(d) Measured DWS signals as functions of the scanning time. (e),(f) Measured DPS signals as functions
of the scanning time. The angle information is provided from the hexapod’s position sensors. DWS1h and DWS1v denote the measured
horizontal and vertical DWS signals from QPR1. DWS2h and DWS2v denote the measured horizontal and vertical DWS signals from
QPR2. DPSh and DPSv denote the measured horizontal and vertical DPS signals from QPR3.

hysteresis and backlash effects [36], which produce tran-
sient instability of the hexapod’s motion during its settling
time. Excluding the observed jumps, a linear fit of the mea-
sured cross-coupling DWS and DPS signals with respect

TABLE I. Conversion matrices between the measured signals
and the rotation angles. The definition of T11, T12, T21, and T22
is explained in Eq. (1). The signals labeled DWS1, DWS2, and
DPS in the table indicate that the matrices were derived from the
measured DWS signals on QPR1 and QPR2, and the measured
DPS signal on QPR3, respectively.

Signal T11 T12 T21 T22

DWS1 13 666.62 −370.00 −751.86 −13 243.35
DWS2 −13 818.17 −147.87 −31.13 −13 421.61
DPS −1386.71 24.53 33.15 1515.20

to the rotation angle determines the cross-coupling factors
(T12 and T21), as presented in Table I.

B. Beam pointing

The stability of the beam pointing in an LRI sys-
tem affects the laser link, and the pointing noise can be
coupled into ranging measurements through TTL cou-
pling. To investigate the pointing stability of the on-axis
architecture, the hexapod was commanded to perform
typical motions derived from GRACE-FO pointing data
recorded on January 1, 2019 [37], which artificially pro-
duce the TX beam-pointing errors. The hexapod motion
was updated at a frequency of 2 Hz over 15 h continuous
measurements, with the CoM as the nominal pivot point.
The beam-steering loops were closed during the hexapod
motions. The coordinate information, provided from the
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FIG. 10. Amplitude spectral density (a) of the hexapod motion
and (b) of the pointing angle as functions of frequency. The
hexapod was commanded based on GRACE-FO jittering data
from January 1, 2019, while the beam-steering loops are closed.
The motion information used in (a) is obtained from the hexa-
pod’s position sensors. As shown in (b), all measured DWS and
DPS signals are converted to the tilt angles using the conversion
matrices obtained from Sec. III B, and the subscripts indicate the
signals used in the conversion. In-loop measurements obtained
via DWS1, depicted by the blue and green lines in (b), show
significantly lower values than the other pointing measurements.

hexapod’s position sensors, was used to monitor hexapod
motion in real time. Accordingly, the resulting amplitude
spectral density (ASD) of the hexapod motion is shown
in Fig. 10(a), which is consistent with the result in [37].
Although several harmonics above 0.1 Hz are present,
these frequency components are at the boundary of the
GRACE-FO frequency band of 2 mHz to 0.1 Hz [38] and
thus do not affect our analysis here.

To evaluate the coalignment between the RX beam and
the TX beam, the DWS signals from QPR1 and QPR2 were

recorded. For comparison, the DPS signals from QPR3
were used to characterize the absolute TX beam point-
ing. Using the relation of Eq. (1), the pointing angles
were determined by multiplying the DWS and DPS signals
by the inverse of the corresponding conversion matri-
ces detailed in Table I. The corresponding ASD of the
pointing angle is displayed in Fig. 10(b). In addition to
the in-loop DWS measurements from DWS1, out-of-loop
DWS measurements from DWS2 were performed as well.
The horizontal (yaw) and vertical (pitch) coalignments
derived from the in-loop DWS measurements are below
10−10 rad/

√
Hz at the frequency range from 0.07 mHz to

0.5 Hz, which indicates that the error signals are effectively
suppressed by the control loops. For frequencies between
0.2 mHz and 0.5 Hz, both direction coalignments derived
from the out-of-loop DWS measurements are lower than
10 µrad/

√
Hz, which fulfills the pointing requirement of

the NGGM [14]. Compared to the pointing measurements
of the GRACE-FO LRI [11], our measurements exhibit
better pointing stability in the frequency range below
0.1 Hz.

The DPS measurements within the GRACE-FO fre-
quency band (2 mHz to 0.1 Hz) reveal that the horizontal
(yaw) pointing derived from the DPS is slightly above
10 µrad/

√
Hz between 2 mHz and 2.5 mHz, whereas the

vertical (pitch) pointing derived from DPS is lower than
10 µrad/

√
Hz across the entire frequency band. In the

experiment, all the optomechanical mounts are off-the-
shelf components, and all the measurements were made
in air, which inevitably leads to pointing jitters in the RX
beam. Due to the jittering of the RX beam and the TX beam
steering, the pointing angles derived from the DPS sig-
nals are higher than those derived from the DWS signals.
In addition, the hexapod’s parasitic motion in the lateral
direction compromises the stability of the DPS. However,
owing to the nearly flat-top distribution of the RX beam,
the impact of this lateral motion on the DWS measure-
ments is negligible. The measured DWS signals, which
manifest the pointing of the TX beam with respect to the
RX beam, are the focus of our interest, not the absolute
pointing of the TX beam derived from the measured DPS
signals.

Following the activation of the beam-steering loops,
the beam-pointing stability in the yaw and pitch direc-
tions [Fig. 10(a)] was significantly enhanced, reaching
the performance levels indicated by the orange and gray
lines in Fig. 10(b). This represents a substantial improve-
ment, particularly in the frequency range below 0.01 Hz
where a two-order-of-magnitude reduction is observed.
As the critical component in the beam-steering loops, the
noise performance of the FSM impacts the beam-pointing
stability. In the DWS2 measurements, thermal and air
fluctuations limit further improvement at low frequencies.
Additionally, although the imaging system maintains the
optical path length almost consistent, the hexapod motion
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FIG. 11. Schematic of the optical detection used in the on-axis
LRI configuration. Unlike the reference bench shown in Fig. 3,
the imaging systems are omitted here as their inclusion would not
influence the polarization analysis. PBS, polarizing beam splitter;
QWP, quarter-wave plate; QPR, quadrant photoreceiver.

and the steering loops introduce variations in the laser
propagation path on the optical bench, further constrain-
ing the coalignment of the two beams in the low-frequency
band.

C. Polarization

In the beam-steering loop, the FSM actively deflects
the beam to compensate for angular jitter-induced mis-
alignment between the RX beam and the TX beam. The
propagation of the deflected beam through the polarizing
optics may cause a change in the polarization state of
the TX beam. Figure 11 illustrates the optical detection
scheme for the on-axis LRI. This polarization-dependent
detection scheme, comprising PBS1, PBS2, QWP, and
QPRs, converts deviations of the TX beam’s polarization
state from its nominal configuration (S polarization in this
experiment) into a decline in the received RX beam power
(Pseg

RX) at the remote spacecraft, ultimately leading to a
reduction in C/N0.

As illustrated in Fig. 11, the LO beam and the RX beam
impinge upon the detection system with input powers
Pin

LO and Pin
RX, respectively. Propagating the initial Stokes

vectors through the optical system via Mueller calculus,
we determine the polarization states at QPR1 and QPR2.
The corresponding received powers are subsequently com-
puted from the first Stokes parameter S0. Leveraging
the condition Pin

RX � Pin
LO characteristic of interspacecraft

interferometric links [27], C/N0 is derived as

C/N0 ≈ ηPin
LOPin

RX (1 − S1) R/64

[̃IPR] + qeRPin
LO/4 + ˜

[
δPin

LO/Pin
LO

] (
RPin

LO/8
)2

,

(2)

where η is the heterodyne efficiency, R is the responsiv-
ity of the photodiode, S1 is the normalized second Stokes
parameter describing the difference between the P-pol and
S-pol components in a beam, qe is the electron charge,
[̃IPR] denotes the power spectral density (PSD) of the pho-
toreceiver’s current, and ˜[δPLO/PLO] denotes the PSD of
the LO beam power fluctuation normalized to the aver-
age power. More details about the derivation of C/N0
within the Mueller calculus framework are provided in
Appendix B.

During the pointing measurements described in Sec.
IV B, the polarization state of the TX beam was moni-
tored by the polarimeter on the transponder bench, which
recorded the Stokes parameters, azimuth angle, and ellip-
ticity angle. In operational interspacecraft links, the TX
beam propagates to the remote spacecraft and becomes
the RX beam of the optical bench. Based on the polar-
ization state measurements, we analyzed the impact of
polarization state variations on C/N0 using the relation of
Eq. (2).

To minimize potential phase retardance during measure-
ments, the TX beam is transmitted through a nonpolarizing
optical path from the reference bench, situated after the
M5, to the polarimeter, as shown in Fig. 3. Additionally,
all waveplates are positioned between the two lenses of the
imaging system to mitigate the polarization state fluctua-
tion caused by beam deflection. This configuration ensures
a consistent angle of incidence on the waveplates despite
variations in the deflection angle of the TX beam induced
by the FSM, thereby maintaining the polarization state of
the beam.

Figure 12 shows the variation of the polarization state
of the TX beam over 15 h of continuous measurement.
Complementing the pointing measurements described in
Sec. IV B (which incorporate hexapod motion), stationary
hexapod measurements were taken as well for comparison.
For all measurements, the degree of polarization (DoP) of
the TX beam remained unity, indicating that depolariza-
tion did not occur during the measurements. The DoPs
are quantified by the magnitude of the measured nor-

malized Stokes vector, DoP =
√

S2
1 + S2

2 + S2
3, where Si

denotes the normalized Stokes parameter. The azimuth
angles remain confined to 90◦ ± 0.025◦ while ellipticity
angles (ε) approach zero (|ε| < 0.11◦), confirming the TX
beam’s predominantly S-pol state. During stationary oper-
ation, the TX beam exhibited slow variation in Stokes
parameters, azimuth angle, and ellipticity angle, which
results from the ambient temperature fluctuations. Whereas
the hexapod motion and the FSM beam-steering produce
rapid polarization-state variation, as validated in the point-
ing measurement results in Fig. 12. During the pointing
measurement, the Stokes parameter S1, azimuth angle,
and ellipticity angle exhibited PTV fluctuations of 0.0027,
0.89◦, and 1.3◦, respectively. These variations correspond
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FIG. 12. Temporal evolution of TX beam polarization state
during hexapod pointing maneuvers [Fig. 10(a)] versus station-
ary operation. The beam-steering loops are closed during the
hexapod pointing maneuvers.

to a 0.14% reduction in the C/N0 calculated via Eq. (2).
Accounting for the contribution from the ambient temper-
ature variation, the pure beam deflection contribution to
C/N0 loss is expected to be less than the calculated values.

D. Tilt-to-length coupling

To investigate the TTL coupling of the optical bench, we
drove the hexapod to rotate the entire reference bench
around a fixed point, while keeping the transponder bench
static. During the hexapod’s angular motion, the beam-
steering loops were closed so that the LO beam and the TX
beam could be actively coaligned with the RX beam. Then
the TTL coupling was characterized using the measured
phases on QPD1, QPD2, and SEPR.

The hexapod was programmed to execute 61-cycle
angular scans in the yaw and pitch directions at fre-
quencies of 0.493 81 Hz and 0.385 32 Hz, respectively.
The rotational dynamics of the hexapod conform to a
Jerk-limited SGamma profile [36], which can be mathe-
matically decomposed into a harmonic series within the
fundamental mode of the scanning frequency. A detailed
elaboration of this motion is provided in Appendix C. The
sampling frequency of phase measurement is 101.725 Hz,
a multiple of the scanning frequency. During the mea-
surements, the FSM’s strain gauge sensors resolved angu-
lar displacements in yaw and pitch with a resolution of
±0.05 µrad. In conjunction with the imaging system’s
magnification, the FSM’s angular displacements were con-
verted to the rotation angles of the setup, which were then
used to determine the TTL coupling factor.

The measurements were carried out in ambient air. To
mitigate the influence of external disturbances such as air
turbulence, thermal fluctuation, a dedicated fast Fourier
transform (FFT) filter was implemented on the raw data
derived from the measured phase at QPR1 and QPR2. The

FFT filter retains only a specific number of harmonics in
the spectral domain. The original spectral components of
the hexapod’s angular scans can be found in Appendix C.
The number of harmonics for the FFT filter was chosen
to be 12, which is the tradeoff between the measure-
ment accuracy and the background noise. The filtered data
were averaged over the period to obtain the round-trip
longitudinal path length variations.

The linear TTL coupling factor approximates the posi-
tional displacement between the rotating pivot point and
the CoM [39,40]. By leveraging this correlation, the rotat-
ing pivot point can be adjusted according to the measured
linear TTL coupling factor. The optimal pivot point was
determined through iterative measurements until the posi-
tional mismatch was reduced below the hexapod’s reso-
lution threshold. The determined optimal pivot point was
implemented in the final TTL measurements.

The longitudinal path length variations and TTL cou-
pling factor with ±500 µrad rotation angle in yaw and
pitch directions are shown in Figs. 13(a) and 13(b), respec-
tively. The QPR1 measurements closely match the QPR2
results, demonstrating the effectiveness of the balanced
detection scheme as a redundant design. The longitudi-
nal path length variations in the yaw and pitch directions
are constrained to magnitudes below 27 nm and 17 nm,
respectively. Correspondingly, the measured TTL coupling
values for these directions are less than 370 µm/rad and
350 µm/rad, respectively, exceeding the simulated results
by roughly one order of magnitude [18]. The GRACE-FO
LRI requires an optical bench TTL coupling of less than
80 µm/rad within a range of ±300 µrad [41], with simi-
lar requirements for the GRACE-C and NGGM missions.
However, the measured TTL numbers within this range are
145 µm/rad (yaw) and 188 µm/rad (pitch), which remain
approximately twice the specified limit.

The measurement inaccuracies could result from sev-
eral factors, including temperature fluctuations, imaging
system imperfections, and breadboard-level setup insta-
bility. The TTL coupling arising from the optical bench
and misalignment between the pivot point and the effec-
tive reference point are experimentally indistinguishable.
Consequently, the genuine TTL coupling of the optical
bench may be compromised during measurements. How-
ever, the prime source of the error stems from the precision
limit of the hexapod motion. During the scanning pro-
cess, unintended phase jumps arose during the directional
reversals, leading to spectral leakage during the filtering
stage. Additionally, instability in the pivot point during
the scanning process resulted in unintended longitudinal
path length fluctuations, which we define as longitudi-
nal coupling. These mechanical and kinematic deficiencies
introduce significant measurement inaccuracies.

The longitudinal coupling can be estimated using
Eq. (C3). During ±500 µrad rotations, pivot point posi-
tion uncertainties of 4 µm in the x and y directions and
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FIG. 13. (a) Round-trip longitudinal path length variations and
(b) tilt-to-length coupling factor as functions of rotation angle.
The above results include 12 harmonics obtained by fast Fourier
transform filtering.

2 µm in the z direction (as specified in Ref. [36]) resulted
in measurement uncertainty of 9.74 nm and 4.0 nm in
the longitudinal pathlength variation. These correspond to
36.1% and 23.5% of the measured magnitudes in yaw and
pitch direction, respectively. Since the TTL coupling fac-
tor was determined by the difference between the measured
longitudinal path length at adjacent angles, such signif-
icant uncertainty inevitably leads to substantial errors in
the TTL coupling factor, as shown in Fig. 13(b). Further
details regarding the estimation methodology are provided
in Appendix C.

To address the limitations of the hexapod, an auxiliary
interferometry system must be implemented between the
two benches to monitor the longitudinal coupling, which
can be subtracted during the postprocessing. This interfer-
ometry system requires an additional laser beam on the
transponder bench to produce a stable heterodyne signal.
Moreover, the interferometry system must share a com-
mon optical path with the TX beam, spanning from the
RX(TX)RP to mirror M6. However, implementing such a
configuration under the current setup is challenging due

to spatial constraints and system complexity. To further
improve the TTL measurements, we propose replacing the
breadboard system with a robust engineering model and
employing a hexapod with higher positional precision.

V. SUMMARY AND CONCLUSION

We present a laboratory-scale prototype that demon-
strates the feasibility of an on-axis topology for future
GRACE-like missions. The prototype consists of a
transponder-based laser interferometric link established
between two optical benches, with phase readout at a
heterodyne signal of 7.3 MHz. The reference bench is
mounted on a hexapod stage to emulate spacecraft atti-
tude jitter, while the transponder bench is designed to
reproduce the flat-top profile characteristic of beams from
remote spacecraft. To suppress angular jitter-induced mis-
alignment between the RX beam and the TX beam, two
independent beam-steering loops are implemented with
bandwidths of 141.75 Hz and 108.72 Hz, and phase mar-
gins of 55.01◦ and 45.90◦, respectively.

The calibration factors linking the DWS and DPS sig-
nals to the tilt angle were determined experimentally based
on the dedicated hexapod scans. These calibrated factors
were subsequently employed to assess the pointing stabil-
ity of the system. Under angular jitter analogous to that
of the GRACE-FO satellite, the measured pointing sta-
bility remained below 10 µrad/

√
Hz across the frequency

range of 0.2 mHz to 0.5 Hz in both horizontal and vertical
directions, meeting the GRACE-FO mission requirements.
Additionally, the fluctuation of the TX beam’s polarization
state only contributes to a 0.14% C/N0 degradation during
the 15 h pointing measurements. The TTL coupling was
characterized in the laboratory over a tilt angle range of
±500 µrad. The measured TTL values exceeded theoreti-
cal predictions, with the dominant limitation arising from
positioning inaccuracies of the hexapod.

The experimental results validate the principal feasi-
bility of the proposed interferometer and highlight its
potential as an alternative for future gravity recovery mis-
sions. The concepts and technologies developed herein
can benefit future interspacecraft laser interferometry mis-
sions. To achieve higher precision in TTL measurements,
it is essential to eliminate longitudinal coupling effects,
enhance the hexapod’s positioning accuracy, and improve
the optical system’s robustness. Due to the limitations
of the breadboard model, phase sensitivity remains unad-
dressed in this work. Future experimental investigations of
the phase noise of the on-axis LRI require characterization
in a vacuum chamber using a robust engineering model.
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APPENDIX A: DWS AND DPS

The DWS signals represent the phase differences
between beams across the four segments of a QPR,
enabling the measurement of relative wavefront tilt
between two optical beams [33,34]. By detecting the
phases ϕA, ϕB, ϕC, and ϕD at the four segments (A, B,
C, and D) of a QPR, the horizontal DWS signal DWSh
(difference between left and right) and the vertical DWS
signal DWSv (difference between top and bottom) can be
calculated as

DWSh = ϕA + ϕC − ϕB − ϕD

2
,

DWSv = ϕA + ϕB − ϕC − ϕD

2
.

(A1)

Each segment’s phase is determined using an ADPLL
[29,30].

The DPS signals describe the variations in received
power among the segments of a QPR. These signals are
sensitive to incoming beam shifts, making them helpful
in characterizing beam pointing. Given the recorded pow-
ers PA, PB, PC, and PD at the four segments (A, B, C,
and D) of a QPR, the horizontal DPS signal DPSh (differ-
ence between left and right) and vertical DPS signal DPSv

(difference between top and bottom) can be expressed as

DPSh = PA + PC − PB − PD

PA + PC + PB + PD
,

DPSv = PA + PB − PC − PD

PA + PC + PB + PD
.

(A2)

The DPS signals are the result of normalizing the total
received power.

APPENDIX B: POLARIZATION

In the on-axis detection system depicted in Fig. 11, the
LO beam and the RX beam enter with input powers Pin

LO
and Pin

RX, respectively. The P-pol LO beam is character-
ized by the normalized Stokes vector (1, 1, 0, 0)T. Through
Mueller calculus analysis of the system including PBS1,
QWP1, and PBS2, the Stokes vectors of the LO beams at
QPR1 and QPR2 become

( 1
2 , − 1

2 , 0, 0
)T

and
( 1

2 , 1
2 , 0, 0

)T
,

respectively. Given that S0 (first element of Stokes vector)
represents the total optical power of the beam, and assum-
ing uniform illumination of the photoreceiver active area,
the incident LO beam power on each segment Pseg

LO is given
by

Pseg
LO = Pin

LO/8. (B1)

With an input normalized Stokes vector (1, S1, S2, S3)
T, the

Stoke vectors of the RX beam at QPR1 and QPR2 can be
derived as

�SQPR1 = 1
4

(1 − S1, −1 + S1, 0, 0)T ,

�SQPR2 = 1
4

(1 − S1, 1 − S1, 0, 0)T .
(B2)

Accordingly, the incident RX beam power on each seg-
ment Pseg

RX can be obtained as

Pseg
RX = 1

16
Pin

RX (1 − S1) . (B3)

Given that Pseg
LO � Pseg

RX in an interspacecraft interferomet-
ric link, C/N0 can be approximated by the expression
derived in [27]:

C/N0 ≈ 2ηPseg
LOPseg

RXR

[̃IPR] + 2qeRPseg
LO + ˜

[
δPseg

LO/Pseg
LO

] (
RPseg

LO

)2
,

(B4)

where η is the heterodyne efficiency, R is the respon-
sivity of the photodiode, qe is the electron charge, [̃IPR]
denotes the PSD of the photoreceiver’s current, and

˜[δPLO/PLO] denotes the PSD of the received LO beam
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power fluctuation normalized to the average power. The
three terms in the denominator [[̃IPR], 2qeRPseg

LO, and
˜

[
δPseg

LO/Pseg
LO

] (
RPseg

LO

)2] of Eq. (B4) represent the noise of
the photoreceiver, shot noise, and relative intensity noise of
the laser, respectively. By substituting Eqs. (B1) and (B3)
into Eq. (B4), we derive the polarization-dependent C/N0
for the interferometric link as

C/N0 ≈ ηPin
LOPin

RX (1 − S1) R/64

[̃IPR] + qeRPin
LO/4 + ˜

[
δPin

LO/Pin
LO

] (
RPin

LO/8
)2

.

(B5)

APPENDIX C: TILT-TO-LENGTH COUPLING

The hexapod is employed to generate periodic rotational
motion for TTL measurements. Its rotational dynamics
adhere to a jerk-limited SGamma profile, characterized by
four parameters: maximum velocity, maximum accelera-
tion, maximum jerk time, and minimum jerk time [36].
The rotation angle of the hexapod can be decomposed
into a series of harmonics. Specifically, with the funda-
mental mode f0, the rotation angle Rot (t) at time t can be
expressed as

Rot (t) ≈
N∑

n=1

An sin (2π f0nt) , (C1)

where N denotes the number of harmonics to include in the
approximation, n is the mode number of the harmonic, and
An represents the amplitude at the nth-order harmonic. By
adjusting the maximum velocity, maximum acceleration,
maximum jerk time, and minimum jerk time in the hexa-
pod controller, the rotations of the hexapod were optimized
to approximate a sinusoidal scanning profile, as quantified
by enhancing the ratio of the fundamental mode in the rota-
tion spectrum. The optimized rotations were employed in
the TTL measurements.

During the TTL measurement, the hexapod executed
61 cycles of angular scans in the yaw and pitch direc-
tions, respectively. With the beam-steering loops closed,
the FSM’s angular displacements, measured via strain
gauge sensors, were converted to equivalent hexapod rota-
tion angles by multiplying the angular magnification of the
imaging system. Using the measured angles, the resulting
angular displacement spectral densities, computed via log-
arithmic frequency axis power spectral density [42], are
presented in Fig. 14. Notably, our rotational scans revealed
a series of harmonics in addition to the predominant
fundamental mode.

Similar to the off-axis LRI, the round-trip longitudinal
pathlength variation that arises from the offset between the
pivot point �ppivot and the reference point �pRP during the

(Hz)

(  
   

   
   

  
 )

FIG. 14. Hexapod angular displacement spectral density dur-
ing tilt-to-length coupling characterization. This spectrum
derives from 61-cycle angular scans, with rotation angles con-
verted from FSM strain-gauge sensor measurements.

rotation is given by

δρ = 2R · (�ppivot − �pRP
) · �eLOS, (C2)

where R defines the rotation matrix, and �eLOS denotes the
unit vector along the line-of-sight direction (the laser prop-
agation direction from the reference bench to the transpon-
der bench) [40]. For small rotation angles θyaw and θpitch, a
first-order approximation yields

δρ = 2θpitch
z − 2θyaw
y, (C3)

with 
y and 
z denoting the mismatches in the hexa-
pod’s rotation coordinate frame [15]. Since the rotation
frame used in the TTL measurements was derived from the
hexapod’s default coordinate system via a 14.4◦ yaw rota-
tion transformation, this additional transfer matrix must be
considered when estimating the longitudinal coupling. By
applying Eq. (C3), the positional errors from the specifica-
tion and rotation angles, the potential longitudinal coupling
can be determined.
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