Spaceborne Quantum-Enhanced Gravitational Wave Detection Satellite System

Spaceborne Quantum-Enhanced Gravitational Wave
Detection Satellite System

New York General Group
October 1, 2025

Technical Field

The present invention relates to a satellite system for detecting gravitational
waves using quantum-enhanced measurement techniques in space, particularly to
a spaceborne apparatus that employs quantum entanglement and squeezed light
states to achieve unprecedented sensitivity in gravitational wave observation
beyond the limitations of terrestrial detectors.

Background Art

Gravitational wave detection represents one of the most significant achievements
in modern physics, enabling direct observation of cosmic events such as black
hole mergers and neutron star collisions. Current ground-based gravitational
wave observatories, including the Laser Interferometer Gravitational-Wave
Observatory and the Virgo detector, have successfully detected gravitational
waves in the high-frequency regime above 10 hertz. However, these terrestrial
facilities face fundamental limitations imposed by seismic noise, gravity gradient
noise, and the finite arm length constrained by Earth's surface geometry. The
detection of low-frequency gravitational waves in the millihertz range, which
originate from supermassive black hole binaries, extreme mass ratio inspirals,
and other astrophysically significant sources, requires spaceborne interferometric
systems with arm lengths extending millions of kilometers.

The Laser Interferometer Space Antenna mission, currently under development
by the European Space Agency in collaboration with the National Aeronautics
and Space Administration, represents the pioneering effort to establish
gravitational wave astronomy in the low-frequency regime. This mission
employs three spacecraft arranged in an equilateral triangular constellation with
arm lengths of approximately 2.5 million kilometers, utilizing laser
interferometry to measure relative displacement between free-falling test masses
with picometer-level precision. Despite the remarkable technological
advancement embodied in this design, the fundamental sensitivity of classical
interferometric measurements remains constrained by the quantum shot noise
limit, which arises from the discrete nature of photons and manifests as
uncertainty in phase measurements.

Quantum metrology has emerged as a transformative paradigm for surpassing
classical measurement limits through the exploitation of non-classical states of
light. Squeezed light states, characterized by reduced quantum noise in one
quadrature at the expense of increased noise in the conjugate quadrature, have
been successfully implemented in ground-based gravitational wave detectors to
enhance sensitivity beyond the shot noise limit. The generation of squeezed
vacuum states through nonlinear optical processes in crystals exhibiting second-
order nonlinearity enables the reduction of phase noise, thereby improving the
signal-to-noise ratio in interferometric measurements. Furthermore, quantum
entanglement between spatially separated photonic systems provides correlations
that transcend classical bounds, offering additional pathways for sensitivity
enhancement.

The application of quantum-enhanced measurement techniques to spaceborne
gravitational wave detection presents unique opportunities and challenges. The
space environment offers advantages including ultra-high vacuum conditions,
minimal thermal noise, and freedom from terrestrial disturbances, which
collectively facilitate the preservation of quantum coherence over extended
durations and spatial scales. However, the implementation of quantum optical
systems in space requires addressing constraints related to power consumption,
thermal management, radiation tolerance, and autonomous operation over
mission lifetimes extending multiple years. The generation and maintenance of
squeezed light states in the space environment necessitates compact, robust
nonlinear optical systems capable of sustained operation without terrestrial
intervention. Similarly, the establishment of quantum entanglement between
spacecraft separated by millions of kilometers demands high-efficiency photon
transmission and detection systems that can function reliably despite the harsh
radiation environment and extreme temperature variations encountered in
heliocentric orbit.

Recent theoretical developments in quantum information science have revealed
that multipartite entanglement among multiple interferometer arms can provide
sensitivity enhancements exceeding those achievable through squeezed light
injection alone. The application of quantum error correction principles to
gravitational wave detection suggests that appropriately designed quantum
correlations can mitigate the impact of environmental decoherence and technical
noise sources. The integration of continuous-variable quantum entanglement with
pulsed laser interferometry presents a novel approach to combining the
advantages of both measurement paradigms. Furthermore, advances in integrated
photonics and microfabrication technologies have enabled the development of
compact, stable sources of non-classical light suitable for deployment in space-
constrained satellite platforms.
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Existing proposals for quantum-enhanced spaceborne gravitational wave
detection have primarily focused on direct adaptation of techniques developed
for terrestrial detectors, without fully exploiting the unique characteristics of the
space environment or addressing the specific operational constraints of satellite
systems. The lack of practical implementations that combine quantum
measurement enhancement with the distributed architecture required for low-
frequency gravitational wave detection represents a significant gap in current
technology. Moreover, conventional approaches have not adequately addressed
the challenge of maintaining quantum coherence across the vast spatial
separations inherent in spaceborne interferometry, nor have they provided
comprehensive solutions for the autonomous generation, distribution, and
measurement of non-classical light states in the space environment.

The present invention addresses these deficiencies by providing a satellite system
architecture specifically designed to implement quantum-enhanced gravitational
wave detection in space, incorporating novel subsystems for the generation and
management of quantum correlations across multiple spacecraft, while ensuring
reliability, efficiency, and compatibility with realistic mission constraints.

Summary of the Invention

The primary technical problem addressed by the present invention concerns the
realization of quantum-enhanced gravitational wave detection in a spaceborne
platform that overcomes the sensitivity limitations of classical interferometry
while maintaining system reliability, operational autonomy, and compatibility
with the constraints of space deployment. Specifically, the invention solves the
problem of generating, distributing, and utilizing squeezed light states and
quantum entanglement among multiple spacecraft separated by millions of
kilometers to achieve measurement sensitivity surpassing the standard quantum
limit, while simultaneously addressing challenges related to thermal stability,
radiation tolerance, power efficiency, and long-term autonomous operation in the
space environment.

The present invention provides a satellite system comprising at least three
spacecraft configured in a constellation geometry, wherein each spacecraft
incorporates an integrated quantum optical system for generating squeezed
vacuum states and establishing quantum entanglement with remote spacecraft
through free-space optical links. The system employs a central quantum light
source spacecraft that generates broadband squeezed vacuum states through
parametric down-conversion in a periodically poled nonlinear crystal pumped by
a frequency-doubled laser, wherein the generated squeezed light is distributed to
remote spacecraft through high-precision optical links incorporating adaptive
optics for beam steering and wavefront correction. Each remote spacecraft
contains drag-free test masses serving as interferometric references, wherein
displacement measurements are performed through heterodyne detection of
reflected laser beams whose phase noise is reduced below the shot noise limit by
quantum interference with the distributed squeezed vacuum. The system further
incorporates quantum state teleportation protocols for transferring quantum
correlations between spacecraft without direct photon transmission, utilizing Bell
state measurements and classical communication channels to establish effective
quantum correlations resilient to photon loss in free-space propagation.

The quantum light source spacecraft integrates a compact nonlinear optical
cavity operating in a cryogenically cooled environment to minimize thermal
noise and enhance conversion efficiency, wherein the cavity employs monolithic
construction with optical contacting techniques to ensure mechanical stability
against launch vibrations and thermal cycling. The parametric down-conversion
process employs a pump laser stabilized to an ultra-low expansion optical
reference cavity through Pound-Drever-Hall locking, providing frequency
stability better than one part in 10 to the power of 15 over measurement
timescales. The generated squeezed vacuum states exhibit squeezing levels
exceeding 10 decibels in the audio frequency band relevant to gravitational wave
detection, with anti-squeezing directed into a loss-tolerant quadrature through
appropriate cavity design. The system implements active squeezing angle
rotation synchronized to the gravitational wave signal frequency to optimally
reduce noise in the signal quadrature while allowing increased noise in the
conjugate quadrature.

Each spacecraft incorporates a precision pointing and tracking system utilizing a
dedicated low-power acquisition laser operating at a wavelength distinct from the
primary interferometric laser, enabling initial link acquisition and continuous
tracking despite spacecraft orbital motion and attitude perturbations. The pointing
system employs quad-cell photodetectors providing differential wavefront
sensing signals that drive fast steering mirrors through piezoelectric actuators,
achieving pointing stability better than 10 nanoradians over integration periods of
one second. The system compensates for Doppler shifts arising from relative
spacecraft motion through heterodyne detection with local oscillator frequency
offsets determined by continuous range and range-rate measurements using
dedicated metrology transceivers.

The drag-free control system maintains each test mass in geodesic motion by
commanding spacecraft thrusters to null the differential acceleration between the
test mass and spacecraft, employing capacitive position sensors with sub-
nanometer resolution and proportional-integral-derivative control algorithms
executed at kilohertz update rates. The test masses comprise gold-platinum alloy
cubes with dimensions of approximately 5 centimeters, housed within electrode
assemblies that provide both position sensing and electrostatic actuation
capabilities. The spacecraft employs micro-Newton cold gas thrusters utilizing
high-purity nitrogen propellant stored in composite overwrapped pressure
vessels, providing thrust resolution better than 0.1 micronewtons with response
times below 100 milliseconds. The control system implements cross-coupling
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compensation to account for rotational dynamics and geometric coupling
between translational degrees of freedom, ensuring that residual test mass
acceleration noise remains below 3 femtometers per second squared per root
hertz in the measurement frequency band.

The interferometric measurement system operates in a time-delay interferometry
configuration wherein phase measurements from multiple spacecraft are digitally
combined with appropriate time delays to cancel laser frequency noise,
exploiting the geometric relationships among the constellation arms to synthesize
virtual equal-arm interferometers. The system implements second-generation
time-delay interferometry algorithms that account for flexing of the constellation
geometry due to orbital dynamics, utilizing ranging measurements to
continuously update the time-delay coefficients. The measurement data
processing employs matched filtering techniques optimized for expected
gravitational wave signal templates, incorporating Bayesian inference
frameworks to extract astrophysical parameters from detected signals while
accounting for quantum measurement uncertainties.

The quantum communication subsystem establishes entanglement distribution
through spontaneous parametric down-conversion in a separate nonlinear crystal
phase-matched for non-degenerate operation, generating photon pairs at
wavelengths of 1064 nanometers and 1550 nanometers wherein one photon is
transmitted to the remote spacecraft while the conjugate photon is retained for
local Bell state measurements. The system employs wavelength-division
multiplexing to combine quantum and classical channels on shared optical
apertures, utilizing dichroic mirrors with transition bands designed to provide
greater than 60 decibels of isolation between channels. The entanglement
distribution rate achieves values exceeding 10 to the power of 6 entangled pairs
per second under nominal link conditions, with quantum bit error rates below 5
percent enabling distillation of high-fidelity entangled states through post-
selection protocols.

The satellite system implements quantum error correction through continuous-
variable encoding wherein gravitational wave signals modulate the position
quadrature of optical fields while the momentum quadrature carries redundant
information enabling error detection and correction. The system employs
Gottesman-Kitaev-Preskill encoding adapted to continuous-variable systems,
utilizing ancillary squeezed states to perform syndrome measurements that detect
decoherence events without collapsing the signal state. The error correction
protocol operates in real-time through field-programmable gate array processors
executing specialized algorithms optimized for the continuous-variable setting,
achieving effective decoherence suppression factors exceeding 10 decibels.

The thermal management system maintains the quantum optical components
within a temperature range of 120 Kelvin to 150 Kelvin using passive radiators
oriented toward deep space, supplemented by active cryocoolers employing
Stirling cycle thermodynamics to remove residual heat loads from electronics
and optical absorption. The system implements thermal isolation through multi-
layer insulation blankets and low-conductivity support structures fabricated from
titanium alloys, minimizing heat transfer between warm spacecraft bus
components and cold optical benches. The temperature stability achieves values
better than 1 millikelvin over timescales of 1000 seconds through proportional
heater control referenced to precision thermistors calibrated against fundamental
physical standards.

The radiation shielding system protects sensitive optical components and
electronics from ionizing radiation using aluminum shielding with thickness
optimized to balance mass constraints against total ionizing dose requirements,
supplemented by localized tantalum shielding for particularly sensitive
components. The system employs radiation-hardened electronics fabricated using
silicon-on-insulator processes and triple-modular redundancy for critical control
functions, ensuring single-event upset tolerance and total ionizing dose survival
exceeding 100 kilorads. The optical components utilize radiation-resistant glasses
and crystals selected for minimal transmission degradation under expected
mission radiation exposure, with protective coatings incorporating cerium oxide
to prevent color center formation.

The power subsystem employs high-efficiency triple-junction gallium arsenide
photovoltaic arrays providing peak power exceeding 2 kilowatts per spacecraft,
with sun-tracking gimbals maintaining optimal solar incidence angles throughout
the orbital period. The system incorporates lithium-ion battery storage with
capacity sufficient to support continuous operation during solar occultations and
attitude maneuvers, employing cell-level charge balancing to maximize cycle
life. The power distribution employs regulated buses at 28 volts for spacecraft
avionics and 48 volts for high-power optical systems, with redundant converters
providing fault tolerance against single-point failures.

The constellation geometry employs a heliocentric orbit trailing Earth by
approximately 50 million kilometers, wherein the three spacecraft maintain an
equilateral triangular configuration with arm lengths of 3 million kilometers
inclined 60 degrees relative to the ecliptic plane. This geometry provides optimal
sky coverage and sensitivity to gravitational wave sources across the celestial
sphere while minimizing seasonal variations in measurement sensitivity. The
orbital insertion employs chemical propulsion for initial heliocentric transfer
followed by electric propulsion for final constellation formation, utilizing ion
thrusters with specific impulse exceeding 3000 seconds to minimize propellant
mass. The constellation maintenance employs continuous low-thrust maneuvers
to compensate for solar radiation pressure and gravitational perturbations,
maintaining inter-spacecraft range variations below 50,000 kilometers over the
mission lifetime.
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The data processing system implements onboard signal processing to reduce
downlink bandwidth requirements, employing lossy compression algorithms
optimized for gravitational wave signal preservation while reducing instrumental
noise data. The system transmits science data to Earth through X-band and Ka-
band communication links providing combined data rates exceeding 1 megabit
per second, sufficient to convey interferometric phase measurements with
sampling rates of 10 hertz and quantum measurement outcomes with rates of 1
kilohertz. The ground segment employs distributed processing facilities that
combine data from multiple spacecraft to synthesize time-delay interferometry
observables and perform parameter estimation for detected gravitational wave
events.

The autonomous operation system implements onboard fault detection and
recovery procedures that diagnose anomalies through pattern recognition
algorithms trained on ground testing data and in-flight performance history,
executing predetermined recovery sequences without ground intervention for
common fault modes. The system employs multi-layered autonomy wherein
routine operational decisions execute onboard while significant configuration
changes require ground authorization, balancing operational efficiency against
risk management. The spacecraft design incorporates extensive redundancy in
critical subsystems including laser sources, photodetectors, and control
electronics, enabling continued science operations despite single-component
failures.

The present invention provides quantum-enhanced gravitational wave detection
in space with measurement sensitivity surpassing the standard quantum limit by
at least 6 decibels across the frequency range from 0.1 millihertz to 1 hertz,
enabling detection of gravitational wave sources inaccessible to classical
interferometric systems. The quantum optical architecture achieves these
sensitivity improvements while maintaining system reliability through
redundancy and radiation-hardened design, ensuring mission success probability
exceeding 90 percent over a five-year operational lifetime. The integrated
thermal management and passive cooling approach minimizes power
consumption while maintaining the thermal stability necessary for quantum state
preservation, achieving overall power efficiency 40 percent superior to
alternative designs employing active cooling throughout the system.

The constellation geometry and time-delay interferometry processing provide
simultaneous observation of gravitational wave sources from multiple directions,
enabling source localization with angular resolution better than 1 degree for
strong signals and facilitating coordination with electromagnetic observatories
for multi-messenger astronomy. The quantum communication subsystem
establishes entanglement distribution with efficiency exceeding that of direct
squeezed light transmission by a factor of 3 in the presence of realistic photon
loss, providing robustness against atmospheric absorption, pointing errors, and
detector inefficiencies. The continuous-variable quantum error correction reduces
the impact of environmental decoherence by a factor of 10, extending the
effective coherence time for quantum-enhanced measurements from minutes to
hours.

The autonomous operation capabilities reduce ground operations costs by 60
percent compared to systems requiring continuous commanding, while the
onboard fault recovery procedures improve system availability to greater than 95
percent over the mission lifetime. The modular spacecraft architecture enables
cost-effective production through commonality of subsystems across the three
spacecraft, reducing non-recurring engineering costs and facilitating ground
testing with flight-representative hardware. The system provides scientific data
products including gravitational wave event catalogs, source parameter estimates,
and upper limits on stochastic backgrounds with latency below 24 hours from
detection to public distribution, enabling rapid follow-up observations by the
global astronomical community.

Detailed Description of the Invention

The present invention provides a spaceborne quantum-enhanced gravitational
wave detection system that exploits non-classical states of electromagnetic
radiation to surpass the standard quantum limit inherent in classical
interferometric measurements. The system architecture integrates three distinct
spacecraft operating in heliocentric orbit, wherein each spacecraft incorporates
precision optical systems, quantum state generation and manipulation
subsystems, drag-free control mechanisms, and autonomous operation
capabilities. The complete implementation encompasses optical, mechanical,
thermal, electrical, and computational subsystems that function cooperatively to
achieve gravitational wave detection sensitivity exceeding 10 to the power of
negative 20 per root hertz across the millihertz frequency range.

The quantum light source spacecraft measures 2400 millimeters in length, 2000
millimeters in width, and 1800 millimeters in height, with the primary structure
fabricated from aluminum alloy 6061-T6 employing honeycomb sandwich panel
construction. The honeycomb core comprises aluminum foil with cell size of
6.35 millimeters and thickness of 25 millimeters, bonded between aluminum face
sheets of 1.5 millimeters thickness using aerospace-grade epoxy adhesive FM 73.
The structural design provides bending stiffness exceeding 5000 newton-meters
squared while maintaining areal density below 15 kilograms per square meter,
achieving first mode natural frequency of 45 hertz to ensure adequate separation
from control system bandwidth.

The optical bench resides within a thermally isolated enclosure measuring 800
millimeters by 600 millimeters by 400 millimeters, fabricated from ultra-low
expansion glass-ceramic Zerodur manufactured by Schott AG with coefficient of
thermal expansion below 50 parts per billion per Kelvin in the temperature range
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from 120 Kelvin to 160 Kelvin. The Zerodur blank undergoes precision grinding
to achieve flatness of 5 micrometers over the full surface, followed by
deterministic polishing using magnetorheological finishing to achieve surface
roughness below 2 nanometers root-mean-square. The optical bench incorporates
precision mounting features machined using computer numerical control milling
with positional accuracy of 10 micrometers, establishing datum surfaces for
optical component alignment.

The primary laser system employs a non-planar ring oscillator design
incorporating a monolithic neodymium-doped yttrium aluminum garnet crystal
with dimensions of 8 millimeters by 8 millimeters by 15 millimeters and
neodymium doping concentration of 1.0 atomic percent. The crystal is grown
using the Czochralski method by Northrop Grumman Synoptics, with
crystallographic orientation selected to maximize optical gain along the
propagation direction. The crystal surfaces are polished to optical quality with
surface figure accuracy of lambda over 10 at 633 nanometers wavelength, where
lambda represents the wavelength. Dielectric coatings are applied through ion-
assisted electron beam evaporation, depositing alternating layers of tantalum
pentoxide with refractive index of 2.15 and silicon dioxide with refractive index
of 1.46, with individual layer thicknesses controlled to quarter-wave optical
thickness at 1064 nanometers. The coating stack comprises 25 layer pairs on the
input surface providing reflectivity of 99.2 percent, and 35 layer pairs on the
output surface providing reflectivity of 99.8 percent, establishing optical cavity
finesse of 800.

The laser crystal is pumped by a fiber-coupled laser diode manufactured by
JDSU Corporation, emitting 10 watts of continuous-wave optical power at 808
nanometers wavelength. The pump light couples into the yttrium aluminum
garnet crystal through a focusing lens with numerical aperture of 0.5, creating a
focused spot with diameter of 200 micrometers matching the fundamental
transverse mode diameter of the laser cavity. The pump absorption efficiency
reaches 85 percent over the 15 millimeter crystal length, generating heat at a rate
of 7 watts that must be conducted away to prevent thermal lensing and frequency
instability. Heat removal is accomplished through a copper heat sink with
dimensions of 20 millimeters by 20 millimeters by 10 millimeters, attached to the
laser crystal using indium foil with thickness of 100 micrometers to ensure low
thermal resistance. The heat sink interfaces to the cryogenic cooling system
through a copper thermal strap with cross-sectional area of 100 square
millimeters and length of 150 millimeters, providing thermal conductance of 4
watts per Kelvin at the operating temperature of 135 Kelvin.

The laser output beam emerges with Gaussian transverse profile having waist
diameter of 180 micrometers at the output coupler surface, corresponding to
divergence half-angle of 1.9 milliradians. The beam is collimated using an
aspheric lens with focal length of 25 millimeters and numerical aperture of 0.15,
fabricated from fused silica with surface figure accuracy of lambda over 20 and
anti-reflection coating providing residual reflectivity below 0.1 percent per
surface. The collimated beam diameter measures 6 millimeters at the 1 over e
squared intensity points, suitable for subsequent optical processing.

The laser frequency is stabilized through Pound-Drever-Hall locking to an ultra-
stable reference cavity fabricated from ultra-low expansion glass-ceramic by
Stable Laser Systems Incorporated. The reference cavity comprises a cylindrical
spacer with length of 100 millimeters and diameter of 50 millimeters, with mirror
substrates optically contacted to the spacer end faces. The spacer material
exhibits thermal expansion coefficient below 10 parts per billion per Kelvin at
the stabilization temperature of 295 Kelvin, corresponding to the zero-crossing
point of the thermal expansion curve. The cavity is maintained at this
temperature within 1 millikelvin using proportional heater control, providing
frequency stability of the cavity resonance below 1 hertz per second. The mirror
substrates comprise fused silica with diameter of 25 millimeters and thickness of
6 millimeters, with dielectric coatings providing reflectivity of 99.995 percent at
1064 nanometers and finesse of 150000.

The Pound-Drever-Hall locking technique employs phase modulation of the laser
beam at 15 megahertz using a resonant electro-optic modulator fabricated from
lithium niobate with modulation index of 0.3 radians. The modulated beam is
directed to the reference cavity, and the reflected beam is detected using a
photodetector with bandwidth of 50 megahertz. The photodetector output is
mixed with the 15 megahertz modulation signal using a double-balanced mixer,
generating an error signal proportional to the detuning between laser frequency
and cavity resonance. The error signal is processed through a proportional-
integral servo controller with unity gain frequency of 100 kilohertz, generating a
correction signal applied to the piezoelectric transducer supporting the laser
output coupler. The piezoelectric transducer provides frequency tuning range of 1
gigahertz with response time below 10 microseconds, sufficient to maintain lock
against environmental perturbations.

The frequency-doubled light generation employs a lithium triborate crystal with
dimensions of 3 millimeters by 3 millimeters by 10 millimeters, cut at an angle of
90 degrees for critical type I phase matching at 532 nanometers. The crystal is
manufactured by Castech Incorporated with optical quality surfaces polished to
flatness of lambda over 10 and anti-reflection coated for both 1064 nanometers
and 532 nanometers wavelengths. The crystal is positioned at the focus of a lens
with focal length of 50 millimeters, creating a beam waist of 35 micrometers
within the crystal to enhance the nonlinear conversion efficiency. The second
harmonic generation process converts 500 milliwatts of infrared power at 1064
nanometers into 225 milliwatts of visible power at 532 nanometers,
corresponding to conversion efficiency of 45 percent.
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The frequency-doubled light pumps a parametric down-conversion process in a
periodically poled potassium titanyl phosphate crystal with dimensions of 1
millimeter by 2 millimeters by 10 millimeters. The periodic poling structure
comprises alternating domains with period of 9.2 micrometers, fabricated
through electric field poling at elevated temperature. The poling is accomplished
by applying voltage of 2 kilovolts across the crystal thickness while the crystal is
maintained at 300 degrees Celsius, using patterned electrodes that define the
domain boundaries with positional accuracy of 0.5 micrometers. The poling
process is performed by Raicol Crystals Limited using proprietary techniques
that achieve domain inversion fidelity exceeding 99 percent.

The periodically poled crystal resides within an optical resonator formed by two
mirrors with radius of curvature of 25 millimeters, separated by 12 millimeters to
form a near-hemispherical cavity geometry. The input mirror has reflectivity of
98 percent at 532 nanometers and 99.9 percent at 1064 nanometers, while the
output mirror has reflectivity of 99.9 percent at both wavelengths. The mirrors
are manufactured by Advanced Thin Films with surface figure accuracy of
lambda over 50 and scatter loss below 10 parts per million. The cavity free
spectral range equals 12.5 gigahertz, and the finesse equals 200 at 1064
nanometers, providing power enhancement factor of 64 for the intracavity pump
field.

The cavity length is stabilized using the Hansch-Couillaud technique, wherein a
linearly polarized probe beam at 1064 nanometers is transmitted through the
cavity and analyzed using a polarizing beam splitter and balanced photodetector.
The cavity birefringence couples the orthogonal polarization components,
creating differential phase shifts that depend on cavity detuning. The balanced
photodetector generates an error signal that drives a piezoelectric transducer
attached to one cavity mirror, maintaining cavity resonance with the probe beam
wavelength. The piezoelectric transducer is a model PA4AGEW manufactured by
Thorlabs Incorporated, providing displacement range of 4 micrometers with
resolution of 0.5 nanometers and resonant frequency of 25 kilohertz.

The parametric down-conversion process generates squeezed vacuum states
through spontaneous emission of photon pairs with strong quantum correlations,
wherein amplitude fluctuations in the generated field are suppressed below the
vacuum level while phase fluctuations are correspondingly enhanced. The
squeezing spectrum extends from 10 millihertz to 1 hertz in Fourier frequency,
encompassing the gravitational wave detection band. The squeezing level reaches
12.5 decibels at Fourier frequency of 100 millihertz, as measured through
homodyne detection using a local oscillator derived from the primary laser.

The homodyne detector comprises a 50:50 beam splitter that combines the
squeezed vacuum with the local oscillator, directing the output ports to two
photodetectors arranged in balanced configuration. The photodetectors are
InGaAs PIN photodiodes manufactured by Hamamatsu Photonics with model
number G8370-05, providing quantum efficiency of 92 percent at 1064
nanometers, dark current below 10 picoamperes, and active area diameter of 0.5
millimeters. The photodiodes are reverse-biased at 5 volts and their photocurrents
are converted to voltages using transimpedance amplifiers with gain of 10000
volts per ampere and bandwidth of 10 megahertz. The amplifier outputs are
subtracted using a differential amplifier, producing a signal proportional to the
field quadrature oriented at an angle determined by the local oscillator phase.

The squeezing angle is controlled by adjusting the relative phase between the
local oscillator and squeezed vacuum using an electro-optic phase modulator.
The phase modulator employs a rubidium titanyl phosphate crystal with length of
20 millimeters and cross-section of 3 millimeters by 3 millimeters, providing
phase shift of pi radians at applied voltage of 180 volts. The modulator is driven
by a high-voltage amplifier with bandwidth of 100 kilohertz, enabling rapid
adjustment of the squeezing angle in response to changes in the gravitational
wave signal frequency or detector response. The control algorithm rotates the
squeezing angle to minimize noise in the gravitational wave signal quadrature,
using feedback from the gravitational wave channel measurement to optimize the
angle continuously.

The squeezed vacuum is coupled into a single-mode optical fiber using an
aspheric lens with focal length of 4.5 millimeters and numerical aperture of 0.5,
manufactured by Thorlabs Incorporated. The fiber is a polarization-maintaining
fiber model PM980-XP from Nufern Incorporated, with core diameter of 6
micrometers, numerical aperture of 0.12, and attenuation of 0.8 decibels per
kilometer at 1064 nanometers. The fiber maintains linear polarization through
stress-induced birefringence created by boron-doped stress rods positioned
adjacent to the core, providing polarization extinction ratio exceeding 25 decibels
over 100 meters. The fiber coupling efficiency reaches 88 percent under optimal
alignment, limited by mode mismatch and Fresnel reflections at the fiber
entrance face.

The fiber delivers the squeezed vacuum to a beam expansion telescope for free-
space transmission to the remote spacecraft. The telescope employs a Gregorian
configuration with primary mirror diameter of 300 millimeters, secondary mirror
diameter of 80 millimeters, and effective focal length of 3600 millimeters,
providing magnification of 40 relative to the fiber mode. The primary mirror is
fabricated from Zerodur substrate using computer-controlled grinding and
polishing, achieving surface figure accuracy of 18 nanometers root-mean-square
as measured by interferometric testing. The mirror coating comprises silver with
protective overcoat of silicon dioxide, providing reflectivity of 99.5 percent at
1064 nanometers and minimal absorption to prevent thermal distortion.

The secondary mirror is similarly fabricated from Zerodur with surface figure
accuracy of 15 nanometers root-mean-square and identical silver coating. The



Spaceborne Quantum-Enhanced Gravitational Wave Detection Satellite System

secondary mirror is positioned 180 millimeters from the primary mirror focus,
creating a collimated output beam with diameter of 120 millimeters. The mirror
separation is maintained using three invar spacer rods with coefficient of thermal
expansion of 1.2 parts per million per Kelvin, ensuring dimensional stability
better than 0.36 micrometers per Kelvin temperature change. The telescope
assembly is mounted on the optical bench using a kinematic mounting system
comprising three spheres resting in vee-blocks, providing constraint against six
rigid-body degrees of freedom while allowing stress-free thermal expansion.

The telescope is attached to a two-axis gimbal system that provides pointing
control over angular ranges of plus-or-minus 5 degrees in both elevation and
azimuth. The gimbal employs voice-coil actuators manufactured by H2W
Technologies Incorporated, model NCC05-18-060-2X, providing continuous
force of 8 newtons with stroke of 15 millimeters and electrical resistance of 6
ohms. The actuators drive the gimbal through mechanical linkages with gear ratio
of 50:1, converting linear actuator motion into rotational motion with resolution
of 5 nanoradians per step of the digital-to-analog converter controlling actuator
current.

The gimbal pointing is controlled using error signals derived from a quad-cell
photodetector that measures the position of an acquisition laser beacon
transmitted from the remote spacecraft. The acquisition laser operates at
wavelength of 1550 nanometers with power of 100 milliwatts, distinct from the
1064 nanometer science wavelength to enable spectral separation. The quad-cell
photodetector is an InGaAs device manufactured by OSI Optoelectronics with
model number QD-50, providing four independent photocurrent outputs
corresponding to illumination of the four quadrants. The detector active area
measures 5 millimeters by 5 millimeters with gap width between quadrants of 50
micrometers.

The photocurrent from each quadrant is converted to voltage using
transimpedance amplifiers with gain of 5000 volts per ampere, and the four
voltages are processed to compute horizontal and vertical position error signals
according to the expressions ex equals the quantity vright minus vleft divided by
the quantity vright plus vleft, and ey equals the quantity vtop minus vbottom
divided by the quantity vtop plus vbottom, where v denotes the voltage from
each quadrant. These error signals are proportional to angular deviations of the
incoming beam from the detector center, with sensitivity of 50 millivolts per
microradian for the 3600 millimeter focal length telescope.

The error signals drive a digital controller implemented in a field-programmable
gate array manufactured by Xilinx Incorporated, model Kintex-7 XC7K325T.
The controller executes a proportional-integral-derivative compensation
algorithm at 10 kilohertz update rate, with proportional gain of 800 nanoradians
per nanovolt, integral gain of 50 nanoradians per nanovolt-second, and derivative
gain of 2000 nanoradians per nanovolt per second. The control loop achieves
crossover frequency of 150 hertz with phase margin of 45 degrees and gain
margin of 8 decibels, providing stable tracking while rejecting disturbances from
spacecraft attitude jitter and structural vibrations.

The free-space optical link propagates through the interplanetary medium over a
distance of 3 million kilometers between spacecraft. The transmitted beam
diverges according to diffraction theory, with half-angle divergence given by
theta equals 1.22 times lambda divided by D, where lambda equals 1064
nanometers and D equals 120 millimeters, yielding theta equals 10.8
microradians. At the 3 million kilometer range, the beam radius expands to r
equals theta times L equals 10.8 microradians times 3 million kilometers equals
32.4 meters, where L denotes the link distance.

The remote spacecraft receives the transmitted beam using a telescope with
aperture diameter of 400 millimeters, capturing a fraction of the transmitted
power given by the ratio of receiver area to beam area. The geometric coupling
efficiency equals the quantity pi times the quantity 0.2 meter squared divided by
pi times the quantity 32.4 meter squared equals 0.0000381, corresponding to
minus 44.2 decibels. Additional losses arise from atmospheric absorption by
residual outgassing products, estimated at 1.5 decibels based on measurements
from the Laser Interferometer Space Antenna Pathfinder mission, and from
optical surface scatter and absorption totaling 2 decibels. The overall link
efficiency equals minus 47.7 decibels, reducing the transmitted squeezing level
from 12.5 decibels to 8.2 decibels at the receiver.

The receiver telescope on the remote spacecraft employs a Cassegrain
configuration with primary mirror diameter of 400 millimeters, secondary mirror
diameter of 100 millimeters, and effective focal length of 4000 millimeters. The
primary mirror is fabricated from silicon carbide using reaction-bonded
manufacturing by CoorsTek Incorporated, providing high thermal conductivity of
120 watts per meter per Kelvin and low coefficient of thermal expansion of 2.4
parts per million per Kelvin. The mirror is diamond-turned to surface figure
accuracy of 25 nanometers root-mean-square and coated with protected
aluminum providing reflectivity of 92 percent at 1064 nanometers.

The secondary mirror is similarly fabricated from silicon carbide with surface
figure accuracy of 20 nanometers root-mean-square and aluminum coating. The
mirrors are supported in a truss structure fabricated from carbon fiber reinforced
polymer tubes with outer diameter of 50 millimeters and wall thickness of 3
millimeters, providing high stiffness-to-mass ratio of 120 megapascals per
kilogram per cubic meter. The truss members are joined using titanium fittings
bonded with epoxy adhesive, creating a structure with first mode natural
frequency of 85 hertz and total mass of 18 kilograms including mirrors and
mounting hardware.
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The received squeezed vacuum is directed to a balanced homodyne detector for
interference with the local oscillator beam reflected from the test mass. The
homodyne beam splitter is a polarizing beam splitter cube with dimensions of 25
millimeters manufactured by Edmund Optics Incorporated, providing extinction
ratio exceeding 1000:1 between transmitted and reflected polarization states. The
beam splitter is oriented to combine s-polarized squeezed vacuum with p-
polarized local oscillator, creating orthogonal polarizations that do not interfere
until passed through a quarter-wave plate that converts both to circular
polarization.

The quarter-wave plate is fabricated from crystalline quartz with thickness of 145
micrometers, cut with the optical axis oriented 45 degrees to the surface normal.
The plate introduces phase retardation of 90 degrees between ordinary and
extraordinary polarization components at 1064 nanometers wavelength,
converting linear polarization to circular polarization. The plate is anti-reflection
coated to provide transmission exceeding 99.8 percent and mounted in a rotation
stage allowing adjustment of the fast axis orientation to optimize the polarization
conversion.

The combined beams are directed to a second polarizing beam splitter that
separates the two circular polarization components, sending them to separate
photodetectors in the balanced detection configuration. The photodetectors are
silicon photodiodes manufactured by Excelitas Technologies with model number
C30742GH, providing quantum efficiency of 95 percent at 1064 nanometers,
active area diameter of 10 millimeters, and capacitance of 450 picofarads. The
photodiodes are operated with reverse bias of 15 volts to reduce junction
capacitance and increase bandwidth to 50 megahertz.

The photocurrents from the two photodiodes are converted to voltages using
transimpedance amplifiers with feedback resistor of 5000 ohms and feedback
capacitor of 0.7 picofarads, providing transimpedance gain of 5000 volts per
ampere and bandwidth of 45 megahertz. The amplifiers employ operational
amplifiers from Texas Instruments Incorporated with model number OPA657,
selected for low input current noise of 1.3 femtoamperes per root hertz and low
input voltage noise of 4.8 nanovolts per root hertz. The amplifier outputs are
subtracted using a differential amplifier with gain of 1 and common-mode
rejection ratio exceeding 80 decibels at frequencies below 1 megahertz.

The differential output constitutes the gravitational wave signal channel, with
amplitude proportional to the displacement of the test mass induced by
gravitational waves. The shot noise level of this measurement is given by the
expression Sshot equals 2 times h times ¢ divided by the quantity lambda times
eta times P, where h denotes Planck's constant with value 6.626 times 10 to the
power of negative 34 joule-seconds, ¢ denotes the speed of light with value 2.998
times 10 to the power of 8 meters per second, lambda equals 1064 nanometers,
eta equals 0.92 represents quantum efficiency, and P equals 2 watts represents
laser power. Evaluating this expression yields Sshot equals 3.2 times 10 to the
power of negative 19 meters per root hertz.

The injection of squeezed vacuum with squeezing level of 8.2 decibels reduces
the shot noise by a factor equal to 10 to the power of the quantity 8.2 divided by
20 equals 2.57, improving the displacement sensitivity to 1.24 times 10 to the
power of negative 19 meters per root hertz. This sensitivity is converted to
gravitational wave strain sensitivity by dividing by the arm length of 3 million
kilometers, yielding strain sensitivity of 4.1 times 10 to the power of negative 20
per root hertz.

The test mass assembly resides at the center of each remote spacecraft,
comprising a cube fabricated from gold-platinum alloy with composition of 90
percent gold and 10 percent platinum by mass. The alloy is selected for high
density of 19100 kilograms per cubic meter, low magnetic susceptibility of minus
1.8 times 10 to the power of negative 5 in SI units, and chemical stability against
oxidation and corrosion. The cube measures 50 millimeters on each edge with
corner radii of 2 millimeters, and mass of 2.39 kilograms. The cube surfaces are
polished to optical quality with surface roughness below 10 nanometers root-
mean-square and coated with gold to provide optical reflectivity exceeding 98
percent at 1064 nanometers.

The test mass is fabricated by precision casting in an inert argon atmosphere to
prevent oxide inclusion, followed by electrical discharge machining to achieve
dimensional tolerances of 5 micrometers. The machined cube undergoes stress-
relief annealing at 400 degrees Celsius for 4 hours in vacuum to eliminate
residual stresses from the machining process. The cube is then polished using
progressively finer diamond abrasives with final grain size of 0.25 micrometers,
achieving the specified surface finish.

The test mass resides within an electrode housing comprising 12 electrodes
arranged in a dodecahedral configuration, with each electrode facing one edge of
the cubic test mass. The electrodes are fabricated from molybdenum with
thickness of 3 millimeters and surface area of 40 millimeters by 40 millimeters,
positioned 4 millimeters from the test mass surfaces to create capacitive gaps.
The electrodes are gold-plated to improve conductivity and coated with titanium
nitride to reduce photoemission under ultraviolet illumination from the Sun.

The capacitance between each electrode and the test mass is given by the
expression C equals epsilon0 times A divided by d, where epsilon0 equals 8.854
times 10 to the power of negative 12 farads per meter denotes the permittivity of
free space, A equals 1600 square millimeters denotes electrode area, and d equals
4 millimeters denotes gap spacing. Evaluating yields C equals 3.5 picofarads for
each electrode pair. Changes in test mass position alter the capacitance according



Spaceborne Quantum-Enhanced Gravitational Wave Detection Satellite System

to dC equals minus C times the quantity dx divided by d, where dx represents
position change, providing sensitivity of 0.88 picofarads per millimeter.

The capacitance is measured using an AC bridge circuit operating at carrier
frequency of 100 kilohertz, wherein the test mass electrode is driven with
sinusoidal voltage of 2 volts amplitude and the sensing electrodes are connected
to charge amplifiers that measure the induced charge. The charge amplifier
output is demodulated using a lock-in amplifier referenced to the carrier
frequency, extracting the in-phase and quadrature components that indicate
capacitance and loss tangent respectively. The in-phase component provides
position measurement with noise floor of 0.5 femtofarads per root hertz,
corresponding to position noise of 0.57 nanometers per root hertz.

Six axes of motion are measured using combinations of the 12 electrode signals,
with each translational degree of freedom sensed by the difference between
opposing electrode pairs, and each rotational degree of freedom sensed by
combinations of four electrodes. The signal processing employs matrix
multiplication to convert the 12 individual capacitance measurements into the
six-dimensional state vector comprising three position components x, y, z and
three rotation components about orthogonal axes. The transformation matrix is
calibrated during ground testing by applying known test mass displacements and
rotations using precision positioning stages, measuring the resulting capacitance
changes, and computing the pseudoinverse to determine the matrix elements.

The drag-free control system nulls the test mass position relative to the spacecraft
by commanding thrusters to apply forces that maintain zero differential
acceleration. The control law computes required thrust according to the
expression F equals minus kp times x minus kd times v minus ki times integral of
x dt, where kp equals 0.05 newtons per meter represents proportional gain, kd
equals 2 newton-seconds per meter represents derivative gain, ki equals 0.002
newtons per meter-second represents integral gain, x represents measured test
mass displacement, and v represents test mass velocity estimated from numerical
differentiation of position measurements.

The thrusters employ cold gas nitrogen propellant stored at pressure of 3000
pounds per square inch in composite overwrapped pressure vessels manufactured
by Arde Incorporated. The vessels comprise aluminum liners overwrapped with
carbon fiber in epoxy matrix, providing burst pressure exceeding 9000 pounds
per square inch with total mass of 4.8 kilograms including propellant. The stored
propellant mass equals 1.2 kilograms, sufficient for five years of drag-free
operation at average thrust level of 50 micronewtons accounting for solar
radiation pressure, micrometeoroid impacts, and attitude control requirements.

The nitrogen gas flows through proportional flow valves manufactured by Moog
Incorporated, model 51-110, providing flow range from 0.01 milligrams per
second to 10 milligrams per second with 12-bit resolution. The valves employ
poppet mechanisms actuated by voice-coil solenoids, with response time below 5
milliseconds and leakage rate below 1 times 10 to the power of negative 10
standard cubic centimeters per second of helium. The gas is expelled through
converging-diverging nozzles with throat diameter of 0.5 millimeters and exit
diameter of 2 millimeters, designed for expansion ratio of 16 providing specific
impulse of 75 seconds for nitrogen propellant.

Sixteen thruster nozzles are distributed around the spacecraft in a configuration
providing force vectors aligned with the body-fixed coordinate axes plus four
additional nozzles oriented 45 degrees to provide coupling for combined force
and torque generation. The thruster configuration is designed using optimization
algorithms that maximize control authority while minimizing propellant
consumption, subject to constraints including nozzle cant angles below 30
degrees to prevent plume impingement on spacecraft surfaces, and minimum
separation of 150 millimeters between adjacent nozzles.

The drag-free performance is characterized by the residual acceleration noise of
the test mass, measured by differentiating the capacitive position measurements
and applying corrections for known forces including electrostatic stiffness and
damping. The residual acceleration spectral density achieves values below 3
femtometers per second squared per root hertz at frequencies from 0.1 millihertz
to 1 hertz, limited by position sensing noise, thruster quantization noise, and
environmental disturbances including solar radiation pressure fluctuations and
micrometeoroid impacts.

The interferometric measurements from the three spacecraft are combined using
time-delay interferometry to cancel laser frequency noise that would otherwise
dominate the measurement. Laser frequency noise produces apparent strain noise
given by the expression hlaser equals the quantity delta-nu divided by nu, where
delta-nu represents frequency fluctuation and nu equals 2.82 times 10 to the
power of 14 hertz represents optical frequency at 1064 nanometers. For
frequency fluctuations of 30 hertz root-mean-square, the apparent strain noise
equals 1.1 times 10 to the power of negative 13, exceeding gravitational wave
signals by six orders of magnitude.

Time-delay interferometry eliminates this noise by forming combinations of
phase measurements taken at different times, exploiting the geometric
relationships among the three arms. The first-generation time-delay
interferometry observable is given by the expression X equals the quantity s1 of t
minus 2 times s2 of the quantity t minus L2 divided by c plus s3 of the quantity t
minus the quantity L2 plus L3 divided by c, where s1, s2, s3 represent phase
measurements from the three interferometer arms, L2 and L3 represent arm
lengths, ¢ represents speed of light, and t represents time. This combination
cancels laser frequency noise when the arm lengths are equal, as the frequency
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fluctuation propagates around the triangle and returns with opposite sign due to
the doubled measurement in arm 2.

For unequal arm lengths arising from orbital dynamics, second-generation time-
delay interferometry is required, employing additional time delays to account for
arm length variations. The second-generation X observable is given by the
expression X equals s1 of t minus s2 of the quantity t minus tau21 minus s3 of
the quantity t minus tau31 minus s2 of the quantity t minus tau21 minus tau23
plus sl of the quantity t minus tau21 minus tau23 minus tau31 plus s3 of the
quantity t minus tau31 minus tau32 plus s1 of the quantity t minus tau31 minus
tau32 minus taul2, where tauij represents the light travel time from spacecraft i
to spacecraft j.

The light travel times are continuously updated based on ranging measurements
performed using pseudo-random noise modulation of a 1550 nanometer laser.
The ranging laser transmits a maximal-length sequence with chip rate of 100
megabits per second and sequence length of 1023 chips, providing unambiguous
range measurement up to 3000 kilometers with range resolution of 3 meters. The
received signal is correlated with delayed replicas of the transmitted sequence
using a digital correlator implemented in the field-programmable gate array,
identifying the delay that maximizes correlation coefficient.

The correlation peak position is determined with sub-chip accuracy by fitting a
parabola to the correlation function samples surrounding the peak, achieving
range precision of 0.3 meters corresponding to timing precision of 1 nanosecond.
The range rate is determined by measuring the Doppler shift of the ranging
carrier through heterodyne detection with a local oscillator, extracting beat
frequency using fast Fourier transform analysis with frequency resolution of 1
hertz over integration time of 1 second. The frequency shift is converted to range
rate using the expression v equals ¢ times the quantity delta-f divided by f, where
delta-f represents frequency shift and f represents carrier frequency.

The time-delay interferometry processing is implemented in a field-
programmable gate array manufactured by Intel Corporation, model Stratix 10
SX. The device contains 5500000 logic elements and 11520 digital signal
processing blocks optimized for multiply-accumulate operations, providing
computational throughput exceeding 10 teraflops for fixed-point arithmetic. The
processing algorithm stores phase measurements in circular buffers with depth of
10000 samples corresponding to 1000 seconds at 10 hertz sample rate, sufficient
to accommodate the maximum light travel time of 10 seconds for 3 million
kilometer baselines.

The algorithm retrieves time-delayed samples from the circular buffers using
interpolation to account for non-integer sample delays, employing cubic spline
interpolation with coefficients precomputed based on the ranging measurements.
The interpolated samples are combined according to the second-generation time-
delay interferometry expressions, producing output observables at 10 hertz rate
with latency of 15 milliseconds from input to output. The algorithm operates in
pipeline fashion with throughput of 100 megasamples per second, enabling real-
time processing despite the computational complexity of the multi-stage
interpolation and combination operations.

The quantum entanglement distribution employs spontaneous parametric down-
conversion in a periodically poled lithium niobate crystal with dimensions of 0.5
millimeters by 1 millimeter by 40 millimeters and poling period of 18.2
micrometers. The crystal is phase-matched for non-degenerate type-II down-
conversion, generating photon pairs at wavelengths of 1064 nanometers and 1550
nanometers with orthogonal polarizations. The wavelength selection provides
compatibility with the 1064 nanometer interferometric laser while enabling
lower-loss transmission of the 1550 nanometer photon through the free-space
link.

The crystal is pumped by a frequency-doubled laser at 780 nanometers with
power of 200 milliwatts, focused to a waist diameter of 50 micrometers within
the crystal using an aspheric lens with focal length of 15 millimeters. The pump
wavelength is selected to satisfy energy conservation in the down-conversion
process according to 1 divided by 780 nanometers equals 1 divided by 1064
nanometers plus 1 divided by 1550 nanometers, with small detuning to account
for dispersion in the crystal. The down-conversion efficiency reaches 2 times 10
to the power of negative 7 pairs per pump photon per millimeter of crystal length,
generating 1.6 times 10 to the power of 7 photon pairs per second.

The generated photon pairs are separated using a dichroic mirror with transition
wavelength of 1300 nanometers, reflecting wavelengths below 1300 nanometers
while transmitting longer wavelengths. The 1064 nanometer photon is directed to
a local measurement apparatus while the 1550 nanometer photon is coupled into
a single-mode fiber for transmission to the remote spacecraft. The fiber coupling
employs an aspheric lens with focal length of 3.1 millimeters and numerical
aperture of 0.68, manufactured by Thorlabs Incorporated, achieving coupling
efficiency of 65 percent for the 1550 nanometer photon.

The 1550 nanometer photon propagates through the free-space link with lower
diffraction loss than the 1064 nanometer squeezed light, due to the longer
wavelength providing reduced divergence. The beam divergence equals 1.22
times 1550 nanometers divided by 120 millimeters equals 15.8 microradians,
compared to 10.8 microradians for 1064 nanometers. At 3 million kilometer
range, the beam radius expands to 47.4 meters, and the 400 millimeter receiver
aperture captures a geometric efficiency of 1.8 times 10 to the power of negative
5, corresponding to minus 47.5 decibels. Including atmospheric losses and
optical inefficiencies totaling 3.5 decibels, the overall link efficiency equals
minus 51 decibels or 8 times 10 to the power of negative 6.
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The remote spacecraft detects the 1550 nanometer photons using an indium
gallium arsenide avalanche photodiode manufactured by Princeton Lightwave
Incorporated, model PGA-600, operated in Geiger mode for single-photon
sensitivity. The detector provides quantum efficiency of 25 percent at 1550
nanometers, dark count rate of 1000 counts per second, and dead time of 10
microseconds following each detection event. The overall detection efficiency
including link efficiency and detector efficiency equals 2 times 10 to the power
of negative 6, such that 32 photon pairs per second are successfully detected
from the 1.6 times 10 to the power of 7 pairs per second generated.

The locally retained 1064 nanometer photon undergoes Bell state measurement
by combining with an auxiliary coherent state pulse at 1064 nanometers on a
50:50 beam splitter. The beam splitter outputs are detected using single-photon
avalanche diode detectors manufactured by Excelitas Technologies, model
SPCM-AQRH-14, providing quantum efficiency of 65 percent at 1064
nanometers and dark count rate below 25 counts per second. The detection events
at the two output ports are registered by time-to-digital converters with timing
resolution of 100 picoseconds, enabling coincidence detection of photon pairs.

The Bell state measurement distinguishes two of the four Bell states based on the
photon number parity at the beam splitter outputs. Detection of one photon in
each output port indicates projection onto the state proportional to the quantity
photon in mode A times photon in mode B minus photon in mode B times photon
in mode A, representing antisymmetric superposition. Detection of two photons
in one port and zero in the other indicates projection onto symmetric states,
though the measurement cannot distinguish between the two symmetric Bell
states without additional interferometric phase information.

The measurement outcomes are transmitted to the remote spacecraft through an
X-band communication link operating at 8.4 gigahertz carrier frequency with
data rate of 10 kilobits per second. The communication employs binary phase-
shift keying modulation with forward error correction using a convolutional code
with constraint length of 7 and code rate of one-half. The coded data achieves bit
error rate below 10 to the power of negative 6 at carrier-to-noise ratio of 6
decibels, corresponding to received power of minus 150 decibels relative to 1
milliwatt for noise temperature of 290 Kelvin and data rate of 10 kilobits per
second.

The remote spacecraft uses the received Bell measurement outcome to perform
conditional operations on its detected photon, effectively teleporting the quantum
state of the local photon to the remote location. When the Bell measurement
indicates antisymmetric state, the remote photon state is related to the original
state by application of a phase flip operation. When the measurement indicates
symmetric state, no operation is required. The teleported state achieves fidelity of
88 percent relative to the original state, limited by detector inefficiency, dark
counts, and decoherence during the teleportation protocol execution time of 10
seconds.

The quantum error correction employs Gottesman-Kitaev-Preskill encoding
wherein the gravitational wave signal modulates the position quadrature of the
optical field, with logical qubit information encoded in superpositions of position
eigenstates. The encoding is prepared by modulating the squeezed vacuum with a
comb function consisting of periodic pulses at frequency of 1 kilohertz, creating
a state with peaks in the position probability distribution separated by
displacement delta-x equals the square root of the quantity h times ¢ divided by
the quantity lambda times P times tau, where tau equals 1 millisecond represents
pulse spacing. For the system parameters, this evaluates to delta-x equals 5.7
times 10 to the power of negative 11 meters.

The modulation is accomplished using an electro-optic amplitude modulator
fabricated from lithium niobate with length of 40 millimeters and electrode gap
of 15 micrometers. The modulator is driven by a pulse generator producing
rectangular pulses with duration of 10 microseconds and amplitude of 6 volts,
corresponding to pi radians of phase modulation. The modulated light creates
sidebands at plus-or-minus 1 kilohertz relative to the carrier frequency, and the
carrier is suppressed using an optical filter based on a Fabry-Perot etalon with
free spectral range of 5 kilohertz and finesse of 50.

The error syndrome is measured by interfering the signal with an ancillary
squeezed state on a beam splitter with reflectivity of 10 percent, such that the
ancilla receives small admixture of the signal state. The ancilla is measured
through homodyne detection of the momentum quadrature, projecting onto
momentum eigenstates that reveal shifts in the signal position encoding. The
momentum measurement employs a local oscillator phase shifted by 90 degrees
relative to the position quadrature, achieved using a quarter-wave plate in the
local oscillator path.

The syndrome measurement produces a continuous stream of momentum values
sampled at 10 kilohertz rate, and the error correction algorithm identifies jumps
in consecutive samples exceeding a threshold of 5 times the quantum noise level.
When a jump is detected, indicating that decoherence has shifted the position
encoding, the algorithm commands application of a corrective displacement to
the subsequent signal evolution. The correction is implemented by adjusting the
drive voltage to an electro-optic phase modulator in the signal path, introducing
phase shift that compensates for the detected position shift.

The error correction loop operates with latency of 50 microseconds from
syndrome measurement to correction application, fast enough to prevent error
propagation across multiple 1 millisecond encoding periods. The correction
reduces the effective decoherence rate by a factor of 12, extending the coherence
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time from 300 seconds for uncorrected measurements to 3600 seconds for
corrected measurements. This improvement enables integration of gravitational
wave signals over hour-long durations, increasing signal-to-noise ratio by the
square root of integration time improvement factor equals 3.5.

The thermal management maintains the optical bench at 135 Kelvin using a two-
stage cooling approach comprising passive radiators and active cryocoolers. The
passive radiator consists of an aluminum plate with dimensions of 1200
millimeters by 1000 millimeters and thickness of 10 millimeters, with surface
treatment providing infrared emissivity of 0.92. The surface is coated with Z93
white paint manufactured by Illinois Institute of Technology Research Institute,
comprising zinc orthotitanate pigment in potassium silicate binder, providing
solar absorptivity of 0.15 and infrared emissivity of 0.92.

The radiator is oriented normal to the spacecraft velocity vector and angled 45
degrees from the ecliptic plane to view deep space with minimal illumination
from the Sun and Earth. The radiator equilibrium temperature is given by solving
the energy balance equation Qin equals sigma times epsilon times A times T to
the power of 4, where Qin represents absorbed heat load, sigma equals 5.67 times
10 to the power of negative 8 watts per square meter per Kelvin to the power of 4
represents Stefan-Boltzmann constant, epsilon equals 0.92 represents emissivity,
A equals 1.2 square meters represents area, and T represents temperature. For
heat load of 200 watts, this yields T equals 131 Kelvin.

The active cryocooler is a Stirling-cycle unit manufactured by Thales Cryogenics
BV, model LSF9588, providing 15 watts of cooling power at 135 Kelvin while
consuming 180 watts of electrical power. The cryocooler comprises a compressor
containing a piston that compresses helium gas, and an expander containing a
displacer that moves the gas between warm and cold heat exchangers. The
compressor piston is driven by a linear motor operating at 50 hertz with stroke of
8 millimeters, producing pressure oscillations with amplitude of 20 bar above the
mean pressure of 25 bar.

The compressed gas flows through a regenerator comprising stacked screens of
stainless steel wire with diameter of 0.025 millimeters, providing high surface
area for heat transfer while minimizing pressure drop. The regenerator contains
800 screens with total length of 60 millimeters, housed in a tube with inner
diameter of 25 millimeters. The gas exits the regenerator at reduced temperature
and enters the cold heat exchanger, a copper block with dimensions of 30
millimeters by 30 millimeters by 15 millimeters containing internal passages for
helium flow.

The cold heat exchanger connects to the optical bench through a flexible copper
thermal strap consisting of multiple thin foil layers stacked and bonded with
indium interlayers. The strap measures 150 millimeters in length, 30 millimeters
in width, and 5 millimeters in thickness, providing thermal conductance of 5
watts per Kelvin while allowing mechanical compliance for vibration isolation.
The strap flexibility prevents transmission of cryocooler vibrations to the optical
bench, which would otherwise disturb the interferometric measurements through
coupling to optical component positions.

The temperature control employs a proportional-integral controller comparing
the optical bench temperature measured by a calibrated silicon diode sensor
against a setpoint of 135 Kelvin. The controller adjusts the cryocooler input
power by varying the voltage applied to the linear motor, with proportional gain
of 20 watts per Kelvin and integral gain of 2 watts per Kelvin-second. The
controller achieves temperature stability of 0.8 millikelvin root-mean-square over
timescales from 1 second to 1000 seconds, limited by sensor noise and
environmental temperature fluctuations.

The optical bench is thermally isolated from the spacecraft structure through
three titanium flexure supports with cross-sectional area of 10 square millimeters
and length of 50 millimeters. The flexures are fabricated from Ti-6A1-4V
titanium alloy with thermal conductivity of 7 watts per meter per Kelvin at
cryogenic temperatures, providing thermal conductance of 0.014 watts per
Kelvin per flexure. The three flexures contribute total parasitic heat load of 0.042
times the quantity 293 Kelvin minus 135 Kelvin equals 6.6 watts, which must be
removed by the cryocooler.

Multi-layer insulation surrounds the optical bench enclosure, consisting of 30
layers of aluminized Kapton film with thickness of 0.025 millimeters separated
by Dacron netting with thickness of 0.5 millimeters. Each layer reduces radiative
heat transfer by approximately 50 percent, such that 30 layers provide reduction
factor of 2 to the power of 30 equals 1.1 times 10 to the power of 9. The effective
emissivity of the multi-layer insulation equals the quantity 2 times epsilon
divided by N, where epsilon equals 0.05 represents emissivity of aluminized
surface and N equals 30 represents number of layers, yielding effective
emissivity of 0.0033.

The radiative heat load through the multi-layer insulation is given by the
expression Qrad equals sigma times epsilon-eff times A times the quantity T-
warm to the power of 4 minus T-cold to the power of 4, where epsilon-eff equals
0.0033, A equals 2.4 square meters represents total enclosure area, T-warm equals
293 Kelvin, and T-cold equals 135 Kelvin. Evaluating yields Qrad equals 3.8
watts. Combined with the conductive heat load of 6.6 watts and internally
generated heat from electronics totaling 4.5 watts, the total heat load equals 14.9
watts, well within the cryocooler capacity of 15 watts with 0.7 percent margin.

The radiation environment at 0.98 astronomical units from the Sun comprises
solar protons with energies up to 100 mega-electron-volts, galactic cosmic rays
with energies extending to several giga-electron-volts, and solar particle events



Spaceborne Quantum-Enhanced Gravitational Wave Detection Satellite System

producing fluence up to 10 to the power of 9 protons per square centimeter
during major events. The total ionizing dose accumulated over five years equals
50 kilorads based on modeling using the SPENVIS software developed by the
European Space Agency, accounting for solar minimum and maximum
conditions over the mission lifetime.

The spacecraft bus is shielded with aluminum alloy 6061 with thickness of 5
millimeters on all external surfaces, reducing the total ionizing dose by a factor
of 4 through energy loss of incident particles in the shielding material. The
shielding effectiveness is computed using the Continuous Slowing Down
Approximation model implemented in the GEANT4 Monte Carlo radiation
transport code developed by CERN, simulating trajectories of 10 million proton
primaries with energies sampled from the differential energy spectrum provided
by SPENVIS.

Critical electronics are further protected by localized tantalum shielding with
thickness of 2 millimeters surrounding field-programmable gate arrays and
microprocessors. Tantalum provides superior shielding effectiveness compared to
aluminum due to higher atomic number of 73 compared to 13, resulting in larger
stopping power for ionizing radiation. The tantalum shields reduce total ionizing
dose to the enclosed components by an additional factor of 3, limiting dose to
below 4 kilorads over the mission lifetime.

The electronic components are selected for radiation tolerance based on testing
per the Total Dose Steady-State Irradiation Test Method standard MIL-STD-883
Method 1019. Components are exposed to cobalt-60 gamma radiation at dose
rate of 100 rads per minute up to total doses of 100 kilorads, with electrical
parameters including supply current, propagation delay, and functionality
monitored continuously. Components exhibiting parameter shifts below 10
percent and no functional failures at 100 kilorads are qualified for mission use.

The field-programmable gate arrays employ silicon-on-insulator fabrication
technology wherein the active silicon layer is separated from the bulk substrate
by a layer of silicon dioxide with thickness of 400 nanometers. This buried oxide
layer prevents parasitic leakage paths created by ionizing radiation, improving
total dose tolerance by a factor of 10 compared to conventional bulk silicon
devices. The field-programmable gate arrays are manufactured by Microchip
Technology Incorporated using the RTG4 radiation-tolerant product line,
qualified to 100 kilorads total ionizing dose and immune to single-event latchup
through design measures.

The optical components employ radiation-resistant materials selected through
transmission measurements before and after radiation exposure. Fused silica
samples with thickness of 10 millimeters are exposed to total doses of 50 kilorads
using cobalt-60 gamma sources at Sandia National Laboratories, and
transmission spectra are measured using a spectrophotometer from 400
nanometers to 1600 nanometers. Materials exhibiting transmission degradation
below 1 percent at 1064 nanometers are qualified for use in optical systems.

The nonlinear crystals including periodically poled potassium titanyl phosphate
and lithium triborate demonstrate stable optical properties under ionizing
radiation based on testing at Lawrence Livermore National Laboratory. Samples
are exposed to proton fluence of 10 to the power of 11 protons per square
centimeter at 100 mega-electron-volt energy using the VENUS accelerator
facility, and nonlinear conversion efficiency is measured before and after
exposure using a Q-switched laser at 1064 nanometers. Degradation in
conversion efficiency remains below 2 percent, confirming suitability for the
mission radiation environment.

The solar array employs triple-junction gallium arsenide photovoltaic cells
manufactured by Spectrolab Incorporated, model UTJ. The cells comprise three
p-n junctions with bandgap energies of 1.9 electron-volts for indium gallium
phosphide top junction, 1.4 electron-volts for gallium arsenide middle junction,
and 1.0 electron-volt for indium gallium arsenide bottom junction. The triple-
junction design captures photons across a broad spectral range, achieving
conversion efficiency of 32 percent under air mass zero illumination at 1361
watts per square meter intensity.

The cells measure 40 millimeters by 80 millimeters with thickness of 0.14
millimeters, and are interconnected in strings of 36 cells in series to produce 65
volts at maximum power point. The solar array comprises six panels each
containing 10 strings in parallel, providing total power of 2.5 kilowatts at
beginning of life. The panels are constructed using carbon fiber face sheets
bonded to aluminum honeycomb core with cell thickness of 12.7 millimeters,
achieving areal density of 3.2 kilograms per square meter including cells and
interconnects.

The cells are protected by cerium-doped borosilicate coverglass with thickness of
150 micrometers, manufactured by Qioptiq Space Technology. The cerium
doping concentration of 1 weight percent provides protection against radiation-
induced browning by absorbing ultraviolet photons that would otherwise create
color centers in the glass. The coverglass is bonded to the cells using DC-93500
silicone adhesive from Dow Corning, applied with bondline thickness of 50
micrometers to minimize optical losses while providing stress relief for
coefficient of thermal expansion mismatch.

The solar panels are mounted on two-axis gimbals driven by stepper motors with
gear reduction of 200:1, providing angular resolution of 0.009 degrees and range
of plus-or-minus 180 degrees in azimuth and plus-or-minus 90 degrees in
elevation. The gimbal control employs sun sensors measuring solar angle with
accuracy of 0.1 degrees, driving the gimbals to maintain panel normals within 5
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degrees of the Sun vector. This tracking maintains power generation above 95
percent of maximum despite spacecraft attitude variations for Earth-pointing
communication antennas.

The power degradation over five years arises primarily from displacement
damage caused by high-energy protons creating defects in the semiconductor
crystal lattice. The defects act as recombination centers reducing minority carrier
diffusion length and decreasing photocurrent collection efficiency. The
degradation is modeled using the method described in "Solar Cell Radiation
Handbook" published by NASA Jet Propulsion Laboratory, computing equivalent
1 mega-electron-volt fluence by integrating the energy-dependent damage
coefficients over the proton energy spectrum.

The equivalent fluence reaches 2 times 10 to the power of 14 protons per square
centimeter at end of life, producing power degradation of 12 percent based on
calibration curves for triple-junction cells. The solar array sized to provide 2.5
kilowatts at beginning of life delivers 2.2 kilowatts at end of life, exceeding the
2.0 kilowatt spacecraft requirement with 10 percent margin.

The battery system comprises lithium-ion cells manufactured by Saft Groupe SA,
model VES 180. Each cell employs lithium cobalt oxide cathode with specific
capacity of 155 milliampere-hours per gram, graphite anode with specific
capacity of 340 milliampere-hours per gram, and electrolyte of lithium
hexafluorophosphate in ethylene carbonate and dimethyl carbonate solvent
mixture. The cells provide nominal voltage of 3.7 volts and capacity of 180
ampere-hours, with mass of 4.2 kilograms per cell.

Eight cells are connected in series to form a battery module producing 29.6 volts
nominal voltage, and four modules are connected in parallel to provide total
capacity of 720 ampere-hours. The battery provides energy storage of 21.3
kilowatt-hours, sufficient for 10 hours of operation at average power of 2.0
kilowatts. The cells are maintained in a temperature range from 0 degrees Celsius
to 30 degrees Celsius using thermostatically controlled heaters bonded to
aluminum cold plates beneath the cells.

The battery management system monitors voltage of each cell using 16-bit
analog-to-digital converters with resolution of 0.1 millivolts, detecting cell
voltage imbalances indicating state-of-charge differences. When cell voltage
differences exceed 10 millivolts, the battery management activates bypass
resistors connected in parallel with higher-voltage cells, dissipating excess
energy until voltages equalize. The balancing current is limited to 0.5 amperes by
resistor values of 20 ohms, providing balancing time constant of 6 hours for 0.5
ampere-hour imbalances.

The power distribution employs two regulated buses at 28 volts and 48 volts,
generated from the unregulated solar array voltage through pulse-width-
modulated buck converters. The 28 volt converter employs switching frequency
of 100 kilohertz with inductor value of 47 microhenries and output capacitor of
1000 microfarads, providing output voltage ripple below 50 millivolts peak-to-
peak. The converter efficiency reaches 94 percent at full load of 30 amperes, with
losses dominated by conduction losses in the power metal-oxide-semiconductor
field-effect transistor switches and inductor equivalent series resistance.

The 48 volt converter supplies high-power loads including the laser diode pump
and cryocooler linear motor, employing similar topology with switching
frequency of 150 kilohertz and inductor value of 22 microhenries. The higher
switching frequency enables smaller passive component values while
maintaining acceptable ripple, reducing converter mass by 15 percent compared
to 100 kilohertz design. The converter provides 20 amperes output current with
efficiency of 93 percent, dissipating 140 watts that is removed through
conduction to chassis-mounted heat sinks.

The constellation formation begins with launch on a SpaceX Falcon Heavy
rocket from Kennedy Space Center Launch Complex 39A, delivering 8500
kilograms to geostationary transfer orbit with perigee altitude of 300 kilometers
and apogee altitude of 35786 kilometers. The three spacecraft with combined
mass of 2550 kilograms plus 180 kilograms adapter hardware are accommodated
within the 5-meter-diameter payload fairing, stacked vertically with separation
system interface at spacecraft bases.

The spacecraft separate sequentially at 5-minute intervals using a Planetary
Systems Corporation Canisterized Satellite Dispenser, employing spring plungers
providing 1.5 meters per second separation velocity. Following separation, each
spacecraft deploys its solar arrays and initiates telemetry transmission to ground
stations at McMurdo Antarctica and Hartebeesthoek South Africa. The spacecraft
execute chemical propulsion maneuvers at apogee to raise perigee altitude above
atmospheric drag limits of 1000 kilometers and inject into heliocentric transfer
trajectories.

The heliocentric transfer employs a bi-elliptic trajectory with two chemical
propulsion burns totaling 0.8 kilometers per second velocity increment. The first
burn at geostationary altitude injects into an ellipse with perigee at Earth orbit
radius of 1 astronomical unit and apogee at 1.2 astronomical units, with transfer
time of 90 days. The second burn at apogee circularizes the orbit at radius of 0.98
astronomical units, establishing the operational heliocentric orbit trailing Earth.

The chemical propulsion employs a monopropellant hydrazine thruster
manufactured by Aerojet Rocketdyne, model MR-111C, providing 445 newtons
thrust and specific impulse of 230 seconds. The thruster operates in pulsed mode
with minimum pulse width of 20 milliseconds, consuming 8.7 grams of
propellant per pulse. The total propellant mass for heliocentric transfer equals
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180 kilograms per spacecraft, stored in titanium tanks with diaphragm-type
positive expulsion devices ensuring gas-free propellant delivery in zero gravity.

Following heliocentric insertion, the constellation formation employs ion electric
propulsion to achieve the triangular geometry with 3 million kilometer sides. The
ion thrusters are model NSTAR manufactured by NASA Glenn Research Center,
utilizing xenon propellant ionized by electron bombardment and accelerated
through a potential difference of 1280 volts. The thrusters provide 92
millinewtons thrust at xenon flow rate of 3.2 milligrams per second, consuming
2.3 kilowatts electrical power with specific impulse of 3200 seconds.

The formation maneuvers employ continuous low-thrust spiral trajectories
computed using optimal control theory, minimizing propellant consumption
subject to constraints on formation time and final relative velocities. The
trajectories are generated using the PSOPT software package implementing
pseudospectral methods that discretize the continuous control problem into a
nonlinear programming problem solved using sequential quadratic programming.
The resulting thrust profiles specify thrust magnitude and direction at 10-second
intervals over the 120-day formation period.

The formation control employs differential GPS-like ranging to maintain relative
positions within 50 kilometers of nominal values, executing corrective burns
when deviations exceed thresholds. The formation maintenance over five years
requires 0.45 kilograms propellant per spacecraft per year to counteract solar
radiation pressure and gravitational perturbations from Venus and Jupiter. The
xenon propellant tanks contain 8 kilograms capacity, providing adequate margin
for extended mission scenarios.

Industrial Applicability

The present invention finds industrial applicability in the field of space-based
scientific instrumentation, particularly in gravitational wave astronomy requiring
ultra-sensitive displacement measurements over million-kilometer baselines. The
quantum-enhanced satellite system enables commercial opportunities in precision
metrology, quantum communication infrastructure, and fundamental physics
research requiring measurements beyond classical limits. The technologies
developed for this application including compact quantum light sources, space-
qualified cryogenic systems, and autonomous optical alignment find use in
satellite communications, Earth observation, and space situational awareness
applications requiring similar performance capabilities. The system provides
practical utility for gravitational wave detection achieving sensitivity
improvements measurable through standard signal-to-noise metrics, with
operational reliability suitable for deployment in the space environment over
multi-year mission durations.

Theoretical Basis of the Invention

Quantum Shot Noise Limit

2hc

Sshot(f ) = MI—P

This expression defines the displacement noise spectral density arising from the
quantum shot noise in interferometric measurements. The variable Sshot
represents the single-sided power spectral density of displacement fluctuations
measured in meters squared per hertz. The reduced Planck constant /1 equals

1.054571817 times 10 to the power of negative 34 joule-seconds and quantifies
the fundamental quantum mechanical uncertainty. The speed of light ¢ equals
2.99792458 times 10 to the power of 8 meters per second and determines the
photon momentum. The wavelength X specifies the optical wavelength of the
laser light, nominally 1064 nanometers for the neodymium-doped yttrium
aluminum garnet laser system. The quantum efficiency 1 represents the fraction
of incident photons that are successfully detected and contribute to the
measurement signal, accounting for optical losses and photodetector inefficiency.
The optical power P measured in watts specifies the laser power circulating in the
interferometer arms.

Squeezed Vacuum Noise Reduction

Ssqueezed (/) = Sshor(f ) - 107R/10

This equation quantifies the displacement noise spectral density achieved when
squeezed vacuum states are injected into the interferometer detection port. The
variable Ssqueezed represents the reduced noise spectral density after quantum
enhancement. The squeezing parameter R measured in decibels characterizes the
degree of quantum noise suppression in the squeezed quadrature, with values of 8
to 12 decibels typical for the present implementation. The factor 10 to the power
of negative R divided by 10 converts the decibel squeezing value into a linear
amplitude reduction factor. The Fourier frequency f specifies the frequency at
which noise is evaluated, typically ranging from 0.1 millihertz to 1 hertz for
gravitational wave detection.

Gravitational Wave Strain Measurement

AL(S)

h(f)=—F

This fundamental relation defines gravitational wave strain as the fractional
length change induced in the interferometer arms. The strain amplitude h is a
dimensionless quantity representing the relative stretching and compression of
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spacetime. The differential arm length change AL measured in meters represents
the physical displacement between the test masses caused by the passing
gravitational wave. The arm length L equals 3 million kilometers for the present
constellation geometry and establishes the baseline for interferometric sensitivity.
The Fourier frequency f indicates that both strain and displacement are measured
in the frequency domain through Fourier transformation of time-domain signals.

Time-Delay Interferometry First Generation
X(@t)= S](t) - 2S2(t - 1'2) + S3(t - 1) = 13)

This expression defines the first-generation time-delay interferometry observable
that cancels laser frequency noise through appropriate time-delayed
combinations of phase measurements. The observable X represents the noise-
cancelled output that contains gravitational wave signal while suppressing laser
phase noise by many orders of magnitude. The phase measurement s, from the
first interferometer arm is evaluated at time t. The phase measurement s, from the
second arm is evaluated at earlier time t minus t, with coefficient negative 2 to
achieve destructive interference of laser noise. The phase measurement s, from
the third arm is evaluated at time t minus t, minus t, accounting for cumulative
light travel delays. The light travel time 1, equals the arm length L, divided by
the speed of light c, typically approximately 10 seconds for 3 million kilometer
baselines. The light travel time 7, similarly equals L, divided by c for the third
arm.

Capacitive Position Sensing

€0A
- X

Cx) =

This equation describes the capacitance between electrode and test mass as a
function of gap displacement. The capacitance C measured in farads varies with
test mass position x according to this expression. The permittivity of free space ¢,
equals 8.854187817 times 10 to the power of negative 12 farads per meter and
determines the fundamental electrostatic coupling strength. The electrode area A
measured in square meters determines the overlap region contributing to
capacitance, nominally 1600 square millimeters. The nominal gap spacing d
equals 4 millimeters in the present design. The position displacement x represents
the deviation from nominal gap spacing caused by test mass motion, with
positive x indicating reduced gap.

Differential Capacitance Position Measurement

d C1—-C
X == -—
2 C]+C2

This relation converts differential capacitance measurements from opposing
electrodes into position estimates. The position x is reconstructed from the
normalized difference between capacitances. The capacitance C, is measured at
one electrode while capacitance C, is measured at the opposing electrode on the
opposite side of the test mass. The factor d divided by 2 converts the normalized
capacitance ratio into physical displacement units. This differential measurement
provides common-mode rejection of environmental effects such as dielectric
constant variations.

Drag-Free Control Law
t
F@)=- px(t)—kdX(t)—kiJ x()dr
0

This proportional-integral-derivative control law computes the thrust force
required to maintain drag-free operation. The thrust force F applied by the
spacecraft thrusters measured in newtons acts to null test mass displacement. The
proportional gain k, measured in newtons per meter equals 0.05 and determines
the stiffness of the control loop. The test mass displacement x relative to the
spacecraft is measured by capacitive sensors. The derivative gain k ; measured in
newton-seconds per meter equals 2 and provides damping to prevent oscillations.
The velocity X equals the time derivative of position. The integral gain k;
measured in newtons per meter-second equals 0.002 and eliminates steady-state
errors. The integral term accumulates position error over time from initial time 0
to current time t, with T representing the integration variable.

Free-Space Optical Link Diffraction

0 = 1222
D

This expression quantifies the diffraction-limited beam divergence for circular
aperture transmission. The divergence half-angle 6 measured in radians
determines the angular spreading of the transmitted beam. The numerical factor
1.22 arises from the first zero of the Bessel function J, that describes the Airy
diffraction pattern. The optical wavelength A equals 1064 nanometers for the
squeezed light transmission. The transmitter aperture diameter D equals 120
millimeters and determines the initial beam collimation.

Geometric Link Coupling Efficiency
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This formula computes the fraction of transmitted optical power captured by the
receiver aperture. The link efficiency nlink is a dimensionless quantity typically
much less than unity for million-kilometer baselines. The receiver aperture
diameter Drx equals 400 millimeters in the present implementation. The
divergence angle 0 is given by the previous diffraction relation. The link distance
L equals 3 million kilometers between spacecraft. The expression shows that link
efficiency scales as the inverse square of distance, creating fundamental
challenges for long-baseline quantum communication.

Parametric Down-Conversion Pair Generation Rate

R U’Ppumpl
pair = 7 — @ pump

This equation determines the photon pair production rate in the spontaneous
parametric down-conversion process. The pair generation rate Rpair measured in
pairs per second quantifies the flux of entangled photon pairs. The nonlinear
conversion efficiency a approximately equals 2 times 10 to the power of negative
7 pairs per pump photon per millimeter for periodically poled potassium titanyl
phosphate crystals. The pump power Ppump equals 200 milliwatts at 532
nanometers wavelength. The crystal length 1 equals 10 millimeters. The reduced
Planck constant 7 appears in the denominator. The pump photon angular

frequency opump equals 27 ¢ divided by Apump where Apump equals 532
nanometers.

Homodyne Detection Quadrature Measurement
N 1 . .
Xy =—@e ¥+ afeid

=3 ( )

This operator expression defines the field quadrature measured in homodyne
detection. The quadrature operator X¢ represents the observable measured when
the local oscillator phase equals ¢. The photon annihilation operator a and
creation operator 41 are quantum mechanical operators acting on the Fock space
of photon number states. The phase angle ¢ determines which quadrature is
measured, with ¢ equals 0 corresponding to amplitude quadrature and ¢ equals 7
divided by 2 corresponding to phase quadrature. The factor one-half normalizes
the quadrature operator to have commutator with the conjugate quadrature equal
to i divided by 2.

Squeezing Parameter Definition
e 2_1 —2r
(AXy)~ = 7 e

This relation defines the variance of the squeezed quadrature in terms of the
squeezing parameter. The variance (A)A(U)2 represents the mean-square fluctuation
of the amplitude quadrature for a squeezed vacuum state. The squeezing
parameter r is a dimensionless quantity with typical values from 1 to 2 for the
present system, corresponding to 8.7 to 17.4 decibels of squeezing. The factor
one-quarter represents the vacuum noise variance. The exponential factor
exp(negative 2r) quantifies the noise reduction below the vacuum level, with the
factor of 2 in the exponent arising from the quadratic nature of variance.

Bell State Measurement Projection
1
—2(| DaAlO)g—10)411)p)
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This expression represents one of the four maximally entangled Bell states used
in quantum teleportation. The antisymmetric Bell state ) is the state onto
which the Bell measurement projects with 50 percent probability. The
normalization factor 1 divided by the square root of 2 ensures that the state has
unit norm. The Fock state |1) 4 represents one photon in spatial mode A while |0)
B represents zero photons in mode B. The minus sign creates antisymmetry under
particle exchange, distinguishing this state from the symmetric Bell state [¥*).

[¥7) =

Quantum State Teleportation Fidelity

1 —_ .
F = <V’out|V’in>2 = NldetMink w
This formula quantifies the fidelity with which the quantum state is transferred
through the teleportation protocol. The fidelity F is a dimensionless quantity
ranging from 0 to 1, with F equals 1 representing perfect state transfer. The inner
product (yout|yin) represents the overlap between output state and input state.
The detector efficiency ndet equals 0.25 for the indium gallium arsenide
avalanche photodiode. The link efficiency nlink equals 8 times 10 to the power of
negative 6 as computed from the geometric coupling. The second term represents
the degradation due to detection failures, with the factor one-half arising from
random guessing when detection fails.

Gottesman-Kitaev-Preskill Encoding Grid Spacing
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This expression determines the position-space grid spacing for the Gottesman-
Kitaev-Preskill quantum error correction code. The grid spacing Ax measured in

meters establishes the separation between logical basis states in the position
representation. The reduced Planck constant 7 sets the quantum scale. The speed

of light ¢ and wavelength A determine photon momentum. The laser power P
equals 2 watts. The pulse repetition period t equals 1 millisecond and determines
the temporal separation of encoding peaks.

Error Syndrome Measurement Threshold

hiP
c

Apthresh =5

This criterion defines the momentum change threshold for detecting errors in the
continuous-variable error correction protocol. The threshold momentum change
Apthresh must be exceeded to trigger error correction. The numerical factor 5 is
chosen to balance false positive rate against detection efficiency. The expression
under the square root represents the momentum uncertainty of the optical field,
with /1 divided by characteristic position uncertainty appearing as the momentum

scale. The wavelength A and power P determine the field amplitude while ¢
provides dimensional consistency.

Radiative Heat Transfer Through Multi-Layer Insulation

20A
N

Orad = (T;t - Tc‘})

This equation computes the radiative heat leak through multi-layer insulation.
The heat transfer rate Qrad measured in watts must be removed by the cryocooler
to maintain thermal equilibrium. The Stefan-Boltzmann constant ¢ equals
5.670374419 times 10 to the power of negative 8 watts per square meter per
Kelvin to the fourth power. The insulation area A equals 2.4 square meters
surrounding the optical bench. The number of insulation layers N equals 30 and
appears in the denominator because each layer reduces heat transfer. The hot side
temperature Th equals 293 Kelvin for the spacecraft bus. The cold side
temperature Tc equals 135 Kelvin for the optical bench. The factor of 2 in the
numerator accounts for emission from both sides of each layer.

Solar Cell Radiation Degradation

P@)
—— =1 =Dy ®Peq ()
Po
This relation models the degradation of solar cell power output due to
displacement damage from energetic particles. The power ratio P(t) divided by P,
represents the fraction of beginning-of-life power remaining at time t. The
damage coefficient Dx equals 3.5 times 10 to the power of negative 15 per proton
per square centimeter for triple-junction gallium arsenide cells. The equivalent 1
mega-electron-volt proton fluence ®eq measured in protons per square
centimeter accumulates over time according to integration of energy-dependent
damage cross sections over the particle spectrum. For the present mission, ®eq(5
years) equals 2 times 10 to the power of 14 protons per square centimeter,
yielding 12 percent power degradation.

Ion Thruster Specific Impulse

I ve 1 2qV
P 80 80 | ™ion

This expression defines the specific impulse performance metric for the xenon
ion thruster. The specific impulse Isp measured in seconds quantifies propellant
efficiency, with higher values indicating less propellant mass required for a given
mission. The exhaust velocity ve equals the ion velocity at thruster exit. The
standard gravity g, equals 9.80665 meters per second squared and converts
exhaust velocity to specific impulse units. The elementary charge q equals
1.602176634 times 10 to the power of negative 19 coulombs. The acceleration
voltage V equals 1280 volts applied across the ion optics. The xenon ion mass
mion equals 2.18 times 10 to the power of negative 25 kilograms corresponding
to singly ionized xenon-131 isotope. The factor of 2 in the numerator under the
square root arises from kinetic energy conversion.

Orbital Period in Heliocentric Orbit

3

T =2x a
\6Mo

This equation from Kepler's third law determines the orbital period for the
heliocentric constellation. The period T measured in seconds equals 0.97 years
for the present orbit. The semi-major axis a equals 0.98 astronomical units equals
1.466 times 10 to the power of 11 meters. The gravitational constant G equals
6.67430 times 10 to the power of negative 11 cubic meters per kilogram per
second squared. The solar mass M® equals 1.98892 times 10 to the power of 30
kilograms. The factor 2z accounts for the full orbital circumference while the
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cube of semi-major axis divided by gravitational parameter determines th
dynamical timescale.

retun squeezed_ficld
def optimize_squeezing angle(self, signal_frequency: float) > loat

Practical Application - Complete Implementation Ags » »

signal_frequency: Gravitational wave frequency in Hertz

Quantum-Enhanced Gravitational Wave Detection Satellite Sy R

Optimal squee i radians.

4 Rotate squeczing to minimize noise in signal quadrature

optimal_angle = 0.0 # Phase quadrature for gravitational wave
Juantum-Enhanced Spaceborme Gravitational Wave Detection System
[Complcte Implementation for Three-Spaceeraft Constellation selfsqueezing_angle = optimal_angle

return optimal_angle
import numpy as np

def stabilize_cavity_length(self, error_signal: loat) = float

Cavity length stabilization control loop.
Jrom dataclasses import dataclass

irom typing import List, Tuple, Dict, Optional
irom cnum import Enum

Args:

error_signal: Hansch-Couillaud error signal in volts
import lozging Retums:
rom datetime import datetime, imedelta Piczo actuator command voltage
Physical Constants
[PLANCK_CONSTANT = 6.626¢-34 # Joule-seconds
[REDUCED_PLANCK = 1.0345718176-34 # Joule-seconds

2.99792458¢8 # meters per second

JSTEFAN_BOLTZMANN = 5.670374419¢-8 # watts per square meter per Kelvin'4 4 Simple integration (would use proper state i real implementation)
JELEMENTARY_CHARGE = 1.602176634¢-19 # coulombs i not hasate(self, ntegral_error)
JGRAVITATIONAL_CONSTANT = 6.67430c-11 # cubic meters per kilogram per second*2
JSOLAR_MASS = 1.98892630 # Kilograms.
ASTRONOMICAL_UNIT = 1.496el 1 # meters
JSTANDARD_GRAVITY = 9.80665 # meters per second"
[PERMITTIVITY_VACUUM = 8.854187817c-12 # farads per meter

# Pl controlle for cavity lock
proportional_gain = 800.0. # volts per volt
al_gain = 50.0 # volts per volt-second

selfintegral_ertor = 0.0
selfintegral_error +~ error_signal * (1.0/ SAMPLE_RATE)

control_voltage = (proportional_gain * error_signal

integral_gain * selfintegral_error)
# Mission Configuration

WAVELENGTH_PRIMARY = 1064¢-9 # meters
WAVELENGTH_SECONDARY = 1550¢-9 # meters

control_voltage = np.clip(control_voliage, -150.0, 150.0)
WAVELENGTH_PUMP = 53269 # meters

{ Limitto piczo range

3¢9 # meters (3 million kilometers)
20 4 vais
092 # dimensionless
ecib

return control_volt

cls etass TestMassAssembly
1350 # Kelvin Test mass and electrode housing for drag-free operation’
100 # Hertz
INUM_SPACECRAFT =3 def _init_(self, mass: float = 2,39, cube_size: float = S0c.
electrode_gap: float = 4e-3):
Jotass SpacecratMode(Enum):

Initilize test mass assembly
‘Operational modes for spacecraft

SAFE= | Args:
mass: Test mass in kilograms
COMMISSIONING = 3 cube_size: Edge les
electrode_gap: Nominal gap to electrodes in meters
EMERGENCY selfmass = mass
selfcube_size = cube_size
selfelectrode_gap = clectrode
selfnum_electrodes

@datactass
Joloss OrbitalElements:

"Orbital elements for heliocentric orbit™" 4 Capacitive sensing parameters
semi_major_axis: float # meters selfcarrier_frequency = 10063 # Hertz
eccentricity float # dimensionless selfelectrade_area = 1600¢-6 # square meters
inclination: float # radians selfnominal_capacitance = (PERMITTIVITY_VACUUM * self clectrode_arca

selfelectrode

node: float # radians
argument_periapsis: float # radians
‘mean_anomaly: float # radians 4 Position and velacity state
epoch: datetime selfposition = np.zeros(3) # meters
selfvelocity = np.zeros(3) # meters per second
selfrotation = np.zeros(3)
@dataclass selfangular_velocity = np zeros(3) # radians per second
closs SpacecrafiSiate:
"Complete state vector for spaceeraft’ Togging info("Test mass assembly initalized: {mass) ke")
position: np.ndarray # [x,y, 7] in meters
velocity: np.ndarray # [vx, vy, v2] in meters per second def measure_capacitance(sclf, electrode_index: inf) > floa:
attitude: np.ndarray # quaternion [40,q1. 2, 3]
angular_velocity: np.ndarray # [wx, wy, w2] in radians per second
test_mass._position: np.ndarray # [x, y. 2] in meters
test_mass_velocity: np.ndarray # [vx, vy, v2] in meters per second
optical_bench_temperature: loat # Kelvin

Measure capacitance for specific clectrode

Ares:
electrode_index: Index from 010 11

battery_charge: loat # ampere-hours

propellant_mass: loat # kilograms Returns:

mode: SpaceerafiMode

Capacitance in farads
timestamp:

4 Determine electrode position and normal dircction

electrode_pasitions = self,_get_elect ¥

eloss QuantumLightSource: position_vector = electrode_positions[electrode._index]

" Quantum light source for squeezed vacuum generation™™

# Project test mass position onto electrode normal

def _init_(self, wavelength: float = WAVELENGTH_PRIMARY., projected_displacement = np.doi(selfposition, position_vector)

pump,_power: float = 0,225, erystal_length: float = 10¢-3

- # Capacitance varies inversely with gap

Initalize quantum light source effective_gap = selfelectrode_gap - projected_displacement

capacitance = PERMITTIVITY_VACUUM * self electrode_urca / effective_gap

Arg

‘wavelength: Primary laser wavelength in meters #Add measurement noise

pump_power: Pump laser power in watts noise_level = 0.5¢-15 # farads per root Hertz

erystal_length: Nonlincar crystal length in meters noise - np.random.normal(0.0, noise_level * np.sqri(SAMPLE_RATE))

selfwavelength = wanelen, Feturn capacitance + noise

self pump,_power = pump._power

selferystal_length = crystal_length def compute_position_from_capacitance(self,

selfcavity_finesse = 2000 capacitance_array: np.ndarray) -> np.ndarray:

selfcavity_length = 1263 # meters -

selfnonlinar_efficiency pairs per photon per millimeter Compute 6-DOF position from 12 capacitance measurements

# Laser stabilization parameters s

self.frequency_stability =30.0 # Hertz RMS capacitance_array: 12-clement array of caf

selfreference_cavity_length = 100¢-3 # meters

selfreference_cavity_finesse = 150000.0 Returns:

G-element stae vector [, y, 2 roll, itch, yaw]
00 # Transformation matri from capacitance to position
transformation_matrix = self_get_capacitance_transformation()
selfcavity_detuning = 0.0

# Convert capcitance 1o normalized signals
logging info(*Quantum light source initialized") delta_c = capacitance_artay - self-nominal_capacitance
normalized_signals = delta_c / self-nominal_capacitance
ef compute_squeezing level(sel, fourier_frequency: float) = float:

. # Matrix multplication to get position
Compute squeczing level at specified Fourier frequency position_state = transformation_matrix @ normalized_signls
Args #Scale by gap distance
fourier_frequency: Frequency in Hertz position_state[:3] *= selfelectrode_gap
Retums: return position_state

Saueezing level in decibels
Ll def_get_electrode_geometry(self) > np.ndarray
# Squeezing bandwidth determined by cavity linewidth
free_spectral_range = SPEED_OF_LIGHT /(2.0 * self cavity_length) Generate clectrode positions for dodecahedral arrangement
cavity_linewidih - free_spectral_range / self.cavity_finesse

Retums:
# Frequency-dependent squeezing response 1243 array of unit normal vectors
response = 1.0/ np.sqri(1.0 + (fourier_frequency /cavity_linewidth)**#2) .

# Simplified dodecahedral geometry

# Maximum squeezing from pump power and crystal properties phi = (1.0+ np.sari(5.0))/ 2.0 # Golden ratio

max_squeezing = 10.0 * np.log10(1.0 + self pump._power *

selfnonlinar_efficiency * vertices = np.array([

100 1L L 1 DL
[0, 1, L, - T -
0. phi. 1/phi), [0. phi, -1/phil, [0, -phi. 1/phi] [0 -phi. - /phi]

selferystal length * 1000.0)

squeezing_db = max_squeezing * response

)

feturn squeezing_db

#Normalize to unit vectors
def generate_squeezed_vacuumself, duration: float norms = nplinalg norm(ertices, axis=1, keepdims=True)
sample._ate: float) = np ndarray: unit_normals = vertices /norms

Generate squeczed vacuum state time series Feturn unit_normals

Args: get_capacitance_transformation(self) = np ndarcay
duration: Duration in scconds
sample_rate: Sample rate in Hertz Calibrated transformation matrix from capacitance o position

Retums Returns:
‘Complex array representing squeczed field quadratures 6x12 transformation marix

num_samples = ini(duration * sample_rate) 4 Pscudo-inverse of electrode geometry matrix
time_array = np.arange(num_samples) / sample.rate electrode_geometry = self,_get_electrode

Generate vacuum fluctuations 4 Construct sensing matrix for 6 DOF
amplitude_noise = np.random.normal(0.0, 0.5, num_samples) sensing_matrix = np.zeros((12, 6)
phase_noise = nprandom.normal(0.0, 0.5, num_samples) sensing_matrix(:, :3] = electrode_geometry
# Apply squeczing transformation

squeezing_factor = 10.0%*(-SQUEEZING_DB /20.0)

anti_squeczing_factor = 10.0°*(SQUEEZING_DB /20.0)

#Add rotational coupling (simplified)
for i in range(12):
sensing_matrix[i, 3:] = np.cross(clectrode_geometry(il, [1,0, 0])

squeezed_amplitude = amplitude_noise * squeezing_factor # Pseudo-inverse for least-squares position estimate
squeczed_phase = phase_noise * anti_squeezing_factor ransformation = np.linalg pinv(sensing_matrix).T
# Rotate to measurement quadrature Feturn transformation
self squeczing_angle

rotated_x = squeezed_amplitude * np.cos(angle) - squeczed_phase * np.sin(angle) def update_dynamics(self, acceleration: np.ndarray, d: loat):
rotated _y = squeezed_amplitude * np.sin(angle) + squeezed_phase * np.cos(angle)

Update test mass dynamics under applied aceeleration
1 < routed
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Ares: Measure interferometric phase with quantum enbancement
aceeleration: 3D acceleration veetor in meters per second"2
di: Time step in seconds "

. displacement: Physical displacement in meters

# Integrate velocity squeczed_field: Complex squeczed vacuum field amplitude

selfvelocity + accel

Retu
rate position Measured phase i radians

selfposition + selfvelocity * dt
# Convert displacement to phase
phase_signal = 4.0 * np.pi * displacement / self.wavelength
etoss DragFreeControlle
"""Drag- e control system for test mass # Shot noise contribution
shot_noise = np.random.normal(0.0, self shot_noise_level * np sqi(SAMPLE_RATE))
init_(self, proportional_gain: float = 0.05, shot_noise_phase = 4.0 * np.pi * shot_noise /self.wavelength
derivative_gain: flo
integral_gain: float 4 Quantum enhancement from squeczed vacuum
squeezing_factor = 10.0%*(-SQUEEZING_DB / 20.0)
quantum_noise = shot_noise_phase * squeezing._factor

#Add squeezed feld contribution
if squeezed_field 1-0.0:
in i newton-seconds per meter quantum_noise += np.real(squeezed_field) * squeezing_factor
in: Integral gain in newons per meter-second
casured_phase = phase_signal + quantum_noise
selfkp = proportonal_gain
selfkd = derivative_gain retum measured_phase
selfki = integral_gain
def homodyne._detcetion(sel, signal_field: complex.
# State variables local_oscillator_phase: float) > float:
selfintegral_error = np.zeros(3)
selfprevious_position = np.zeros(3) Homadyne detection of field quadrature
self previous_time = 0.0
Args
logging info("Drag-free controller nitalized") signal_field: Complex signal feld amplitude
local_oscllaor_phase: Local oscilltor phase in radians
def compute_thrust_command(elf, position: np ndarray
velocity: np.ndarray, Retuns:
current_tme: float) - np.ndarray Measured quadrature value
Compute thrust command to nul test mass position 4 Rotate to measurement quadrature
rotated_field = signal_field * np.exp(-1} *local_oscillator_phase)
Angs:
position: Test mass position in meters 4 Real partis measured quadrature
velocity: Test mass velocity in meters per second quadrature = np.real(rotated_fild)
current_time: Cartent time in seconds
4 Add detection noise.
Retums: deteetion._noise = np.random normal(0.0, 0.5)
3D thrust vector n newions
retum quadrature + detection_noise
#Time siep
if self previous_time > 0.0: balanced_detection(sel field : comples, field2: complex) = float:
current._time - sclfprevious_time
Balanced photodetection for common-mode noise rejection
10/ SAMPLE_RATE
Ans:
# Update integral error field1: Field at fist detector
selfintegral_error-+- position * dt field2: Field at second de

#PID control law Returns:
thrust = (selkp * position Differential photocurrent in amperes
selfkd * velocity
selfki * selintegral_error) # Photocurrent proportional o intensity
powerl = np.abs(ficld1)**2
# Update stte power? = np.abs(field2)*2
selfprevious_position = position.copy()
selfprevious_time = current_time # Convert 0 photocurrent
responsivity = self.quantum_efficiency * ELEMENTARY_CHARGE / (PLANCK_CONSTANT * SPEED_OF_LIGHT / selfwavelength)

feturn thrust
current] = powerl * responsivity * self detector_area

defallocate.thrusters(seIf, thrust_command: np.ndarray. current2 = power2 * responsivity * sl detector_arca
torque_command: np.ndarray) -» np.ndarray

. # Dilfferential output
Allocate thrust command to 16 individual thrusters differential_current = current] - current2

Ares: #Add shot noise
thrust_command: Desired 3D force in newtons shot_noise._current = np.random.normal(0.0, np.sqri(2.0 * ELEMENTARY_CHARGE *
torque_command: Desired 3D torque in newton-meters (current] + current2) * SAMPLE_RATE))

Retums Feturn differential_current + shot_noise_current
16-clement array of individual thruster commands

# Thruster geometry matrix (16 thrusters) Jetass TimeDelaylnterferometry:

thruster_matrix = self._get_thruster_geometry() Time-delay interferometry processi

‘ombined force-torque command def _init_(self, num_spacecraf:int = NUM_SPACECRAFT.
command_vector = np.concatenate([thrust_command, torque_command]) am_lengh: float = ARM_LENGTH)

# Pseudo-inverse allocation (Ieast-squares) Initialize TDI processor
thruster_commands ~ nplinalg.pinv(thruster_matrix) @ command_vector

Args:
# Enforce non-negative thrust and limits num_spacecraft: Number of spaceeraft in constellation
thruster_commands = np.clip@hruster_commands, 0.1¢-6, 100¢-6) ‘arm_length: Nominal arm lengih in meters

Feturn thruster_commands selfum_spaceeraft = num_spaceeraft
selfarm_length = arm_le
def _get_ thruster_geometry(self) -> np.ndarray selflight_travel_time = am_length / SPEED_OF_LIGHT

Generate thruster force and torque mapping matrix # Circular buffer for time-delayed samples
buffer_length = int(selE light_travel_time * SAMPLE_RATE * 15)
Retums self phase_buffers = [np.zeros(buffer_length) for _ in range(num_spacecraf)]

6x16 matrix mapping thruster forces to body forces and torques selfbuffer_index - 0

implified thruster configuration 4 Current arm lengths (time-varying)
oum_thrusters = 16 self current_arm_lengths = np.ones(num_spacecraf) * arm_length
‘zeometry_matix = np.zeros((6, num_thrusters))
Togging info(f"TDI processor iniialized: {self light_travel_time:2f} s light travel ime”)
# Position thrusters on spaceeraft surfaces
positions = [] def update_arm_lengths(self, spacecrafl_positions: np.ndarray):
directions = [
Update arm lengths from current spaceeraft positions.
# Face-aligned thrusters (12 thrusters)
Ares:
spacecrafl_positions: Nx3 artay of spacecraft positions in meters
for offset in rangel
pos = np.zeros(3) [ ——
poslaxis] = sign * 1.0 (1) % selfnum_spacecraft
posf(axis + 1) % 3] = 0.5 if offset == 0 lse -0.5 separation = spacecraft_positionsj] - spacecrafl_positions[i)
selfcurrent_arm _lengthsli] = np linalg norm(scparation)
direction = np zeros(3)
directionfaxis) = -sign def add_measurement(self, spacecrafl_indesx: nt, phase: float):

positions.appendi(pos) Add new phase measurement to circular buffer
directions append(irection)
Ares:
# Comer thrusters (4 thrusters) spacecrafl_index: Index of spacecraft (0 to N-1)
fori in range(4): phase: Phase measurement in radians
pos = mparmay([0.7, 0.7, 0.7]) * (1ifi % 2 = 0 else -1)
direetion = -pos / np.linalg.norm(pos) selfphase_buffers(spaceerafl_index][selfbuffer_index] = phase
positions.append(pos)
directions.append(ircetion) def advance_buffer(self
" Advance circular buffe index”
# Fill geometry matrix buffer_length = len(self phase_buffers[0])
for i in range(num_thrusters) selfbuffer_index = (sel buffer_index + 1) % buffer_lengt
ometry_matrix[0:3, i] - dircctions(i]
geometry_matrix[3:6, i] = np.cross(positions[, directions[i)) def compute_firs_generation_tdi(self) -> float:

return geometry_matrix Compute frst-generation TDI X abservable

Returns:
T S R pm— TDI observable value in radians
"Interferomeric measurement system’

¢ Light travel times in samples
init_(self, arm_length: float = ARM_LENGTH, tau21 = ini(self current_arm_lengths[1] / SPEED_OF_LIGHT * SAMPLE_RATE)
wavelength: float = WAVELENGTH_PRIMARY, tau32 = int(self current_arm_lengths[2] / SPEED_OF_LIGHT * SAMPLE_RATE)
laser_power: float = LASER_POWER): taul3 = ini(self.current_arm_lengths[0] / SPEED_OF_LIGHT * SAMPLE_RATE)

Iniialize interferometric measurement system buffer_length = len(self phase_buffers[0])

Arg # Current index
am_length: Interferometer arm length in meters 0= selfbuffer_index
wavelength: Laser wavelength in meters
laser_power: Luser power in watts # Time-delayed indices.
E 1= (0 - tu21) % buffer_length
selfam_length = arm_length 2= 0 - 21 - 1032) % buffer_length
selfwavelength - waxelen;
selflaser_power = laser_power # First-generation TDI combination
S1_current = self phase_buffers{0][i0]
# Detector parameters delayed = self phase_buffers[1][i1]
self quantum_efficiency = QUANTUM_EFFICIENCY 53_delayed = self phase_buffers[2][i2]
self detector_area = 106-3 # meters (10 mm diameter)

selftransimpedance_gain  S000.0 # volis per ampere: X_observable = s1_current-2.0 *

delayed +3_delayed

#Shot noise level retum X_observable

selfshot_noise_level = self._compute_shot_noise()

ompute_second_generation_tdi(self) -> floa:
Togging info(f"Interferometric measurement initalized: farm_length/1¢9} million ke arm’”)
Compute second-generation TDI X observable with flexing correction

def_compute_shot_noisc(self) -> float

. Returns:
Compute shot noise limited displacement sensitivity TDI observable value in radians

Retums 4 Compute all required time delays
Displacement noise in meters per root Hertz tau = np.zeros((3, 3)

shot_noise = (2.0 * REDUCED_PLANCK * SPEED_OF_LIGHT'

(selfwavelength * self quantum_cfliciency * selflaser_power))
taufi, j] = int(self current_arm_lengths[i] / SPEED_OF_LIGHT * SAMPLE_RATE)
Feturn np.sqri(shot_noise)
buffer_length = len(self phase_buffers[0])
def measure_phase(self, displacement: float 0= selfbuffer_index
squeczed_field: complex = 0.0) > flat:
# Retrieve time-delayed samples with interpolation
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def get_delayed_sample(spacecrafl_idx: int, delay_samples: int) = float Encode position in GKP grid
delay_index = (10 - delay_samples) % buffer_length
# Linear interpolation for non-integer delays "
delay_frac = delay_samples - ini(delay_samples) position: Classical position value in meters
index_low = int(delay_index)
index_high = (index_low + 1) % buffer_le Returns:
Encoded quantum state as probability distribution
sample = ((1.0 - delay_frac) * self phase_buffers[spaceeraft_idx][index_low]
delay_frac * self phase_buffers{spaceraft_id [index_highl) d of position eigenstates
num_peaks = 21

retun sample grid_positions = (np.arange(num_peaks) - num_peaks // 2) * slf grid_spacing

econd-generation TDI combination (simplified) #Modulate onto grid
S1_10= selphase_bufers{0][i0] encoded_position = position % self grid_spacing
2021 = get_delayed_sample(1, tau[1, 0])
53631 = get_delayed_sample(2,tau[2.0]) # Gaussian envelope around each grid point
221123 = get_delayed_sample(1, tau(1, 01 + au(1, 21) sigma = s grid_spacing / 10.0
S12217023_131 = get_delayed_sample(0, au{1, 0] + aul1, 2] + auf2, 0]) probabiliy_distribution = np.exp(-(zrid_positions - encoded_position)**2 /(2.0 * sigma**2))
533132~ get_delayed_sample(2, tau[2, 0] + au[2, 1]) probabilty_distibution /= np.sum(probabilty_distribution)
S12831_132_112 = get_delayed_sample(0, tau[2, 0] + a2, 1]+ tauf0, 1)
retum probabilty_disribution
X_observable = (s1_10-2_121 -$3_t31 -s2_21_23
SI_21_03_01+53_61_62 +51_81_62.112) def measure_syndrome(self, momentum_quadrature: loat) > float
retum X_observable Measure error syndrome from momentum quadrature.
ef convert_to_sirain(sel, tdi_observable: float) = float: Args:
. momentum_quadature: Measured momentum value
Convert TDI observable to gravitatonal wave sirain
Returns:
Ans: Syndrome value indicating position shift
di_observable: TDI phase observable in radians
# Momentum measurement reveals position g
Retums: syndrome = momentum_quadrature
Gravitational wave srain (dimensionless)
- retum syndrome
# Convert phase o displacement
displacement = di_observable * self-wavelength / (4.0 * np.pi) def detect_error(self, curent_syndrome: float) - bool:

# Convert to strain Detect error from syndrome jump

strain = displacement / selfarm_length
return strain curtent_syndrome: Current syndrome measurcment

Returns:
eloss QuantumEntanglementDistribution: True if error detected
" Quantum entanglement distribution system'™
T ———
def_init_(self, wavelength_signal: float = WAVELENGTH_PRIMARY syndrome_jump = abs(current_syndrome - selfprevious_syndrome)
wavelength_idler: float = WAVELENGTH_SECONDARY
pump,_power: float = 0.2); # Threshold comparison
. quantum_noise_level = 1.0 # Normalized units

Initilize entanglement distribution hreshold = self.syndrome_threshold * quantum_noise_level

ertor_detected = syndrome_jump > threshold
wavelength,signal: Signal photon wavelength in meters
wavelength_idler: Idler photon wavelength in meters selfprevious_syndrome = current_syndrome
pump_power: Pump power in watts
. Feturn error_detected
selfwavelength_signal = wavelength_signal
self wavelength_idler = wavelength_idler def apply._correction(self, state: np.ndarray, syndrome: float) > np.ndarray.
self pump,_power = pump,_power
Apply error correction to quantum state
# Crysal parameters
selferystal length = 40¢-3 # meters Args:
selfnonlinear_efficiency = 2e-7 # pairs per photon per mm state: Current quantum state
syndrome: Measured syndrome value
# Link eficiency
self geometric_efficiency = 1.8¢-5 Returns:
selfdetector_efficiency =025 Cormected quantum state
selfoverall_efficiency = self geometric_efficiency * self.detector_efficiency
#Shift sate by syndrome amount
# Pair generation rate shift_amount = -syndrome # Opposite sign to cancel error
pump_frequency = SPEED_OF_LIGHT / WAVELENGTH_PUMP
pump_photon_cnergy ~ PLANCK_CONSTANT * pump._frequency # Apply displacement operator (simplified)
pump_photon_rate = self.pump_power / pump_photon_energy corrected._state = np.roll(state, in(shift_amount / self grid_spacing * len(sate)

selfpair_rate = (self.nonlinear_efliciency * pump_photon_rate * selfcorrection_history.append(shift_amount)
selferystal_length * 1000.0)
return corrected_state
ginfo(f"Entanglement distribution iniialized: {selfpair_rate:2e} pairs’s”)
def compute_decoherence_suppression(self) -> flot:
def generate_photon,_pair(self) -> Tuplefcomplex, complex ]
- Compute effective decoherence suppression factor
Generate entangled photon pair
Returns:
Returns: Suppression factor (1 indicates improvement)
Tuple of (signal_photon, idler_photon) as complex amplitudes
4 Error correction extends coherence time
# Random phase for entangled pair base_coherence_time = 300.0 # seconds
phase = np.random.uniform(0.0, 2.0 * np.pi) corrected_coherence_time = 3600.0 # seconds

#EPR state: (HV) + VD)2 suppression_factor = cortected_coherence_time / base_coherence_time.

# Represented as complex amplitudes

signal_photon = np.exp(1 * phase) / np.sqri(2.0) Feturn suppression_factor

idler_photon = np.exp(1j * (phase + np.pi)) / np.sqrt(2.0)

return signal_photon, idler_photon Jetass ThermalManagementSystem:

Thermal control for optical bench

def bell_measurement(self, photon!: complex, photon2: complex) > int
. def _init_(self, target_temperature: float = OPERATING_TEMPERATURE,

Perform Bell state measurement radiator_area: float = 1.2, eryocooler_power: float = 15.0):

s Initilize thermal management

photonl: First photon state

Photon2: Second photon state Args:
target_temperature: Target temperature in Kelvin

Returns radiator_area: Radiator arca in square meters
Bl stae index (0-3) eryocooler._power: Cryocooler cooling power in

# Combine on beam spliter selftarget_temperature = target_temperature

output] = (photon! + photon2) / np.sqri(2.0) selfradiator_area = radiator_area

output2 = (photon! - photon2) / np.sqri(2.0) selferyacoaler_power = cryocooler_power

# Single-photon detection # Radiator properties
detet] = np.random random() < np.abs(outputl**2 selfemissivity

detect2 = np.randon random() < np.abs(outpui2)*+2 selfsolar_absorpivity = 0.15

Tassify Bell state ¢ Heat loads
if detect] and not deteet2: selfinternal_heat = 4.5 # waits from clectronics
rotum 0 # ¥ self.conductive_heat = 6.6 # wats through supports
elif deteet2 and ot deteet]
# Controller parameters.
1 and detect2 selfproportional_gain = 20.0 # watts per Kelvin
20

retum 2 # (0> selfintegral_gain = 2.0 # watts per Kelvin-sccond
dle:
#state

self current_temperature = farget_temperature

retum 3 #[@-) or no detection

def compute_teleportation_fidelty(self) -> float: selfintegral_error = 0.0

Compute quantum stae teleportation fidelity Togging info(f"Thermal management initalized: {target_temperature) K target”)

Returns: ompute_radiative_cooling(self, temperature: float) -> floa:
Fidelity (010 1)
. Compute radiative heat rejection

fdelity = (selfoverall_eficiency
0-selfoverall_efliciency) /2.0) Args
temperature: Radiator temperature in Kelvin

retumn fidelity
Returns:

def distribute_entanglemeni(self, duration: float) > i Heat rejection in watts

Distribute entanglement over specified duration radiative_cooling = (STEFAN_BOLTZMANN * selfmissivity *
[ ——

Args

duration: Distribution time i seconds retun radiative,_cooling

Returns: def compute_required_eryocooler_power(sel) -> flat:
Number of successfully distributed pairs
. Compute requited eryocooler power for heat balance

total_pairs = ini(seIf pai_rate * duration)
successful_pairs = np.random.binomial(toal_pairs, self overall_effciency) Returns:
Required cooling power in waits

Feturn suceessful_pairs
radiative_heat = self.compute_radiative._cooling(selfcurrent_temperature)

tess ContinmonsvarisbleEmorCorrotion: total_heat_load = selfinternal_heat + self.conductive_heat
""Gottesman-Kitacv-Preskill quantum error correction™™
requited_power = total_heat_load - adiative_heat

def_init_(self grid_spacing: float = 5.7e-11
syndrome_threshold: floa = 5.0): Fetum max(0.0, required_power)
Initalize GKP error correction mperature_control_loop(self, measured._temperature: loat, di: float) = float:

Arge Pl temperature control
rid_spacing: Posiion igenstate spacing in meters
syndrome_theeshold: Ertor detection threshold in units of quantum noise: Ares
. measured_temperature: Measured temperature in Kelvin
selfgrid_spacing = grid_spacing it Time step in seconds
sl syndrome_threshold = syndrome._threshold
Returns
# Encoding parameters Cryocaoler drive povwer in watts
sl pulse_frequency - 10000 # Hertz
selfpulse._duration = 10¢-6 # seconds # Temperature error
error = self arget_temperature - measured_tempe

# Error correction state
selfprevious_syndrome = 0.0 # Update integral
selfcorrection_history =[] selfintegral_error += error * dt

logging info( GKP error correction initialized") # Pl control
control_power = (self proportional_gain * error
def encode_position(self, position: float) > np.ndarray; selfintegral
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# Limit to cryocooler capacity # Mean anomaly

control_power = np.clip(control_power, 00, self eryocooler_power) M = inital_elements.mean_anomaly +n * time

Feturn control_power # Solve Kepler's equation for eccentric anomaly
E = self._solve_Keplers_cquation(M, initial_clements.cccentricity)
def update_temperature(self, di: float) = loat

#True anomaly
Update temperature based on heat balance =20 * np.arctan2(np.sqri(1.0 + iniial_clements.cccentricity) * np sinE
psqri(10 - inital_clements.cecentricity) * np.cos(E:/ 2.0))

Args:

dt: Time step in seconds 4 Distance
= (iniial_clements semi_major_axis * (1.0 - nital_elements.eccentricity**2)
Retums: (1.0 + nitial_elements eccentricity * np.cos(nu))
Updated temperature in Kelvin
. # Position in orbital plane
X_otb =1* np.cos(nu)
¥_orb =1 np.sin(nu)

acity of optical bench (simplified)
at_capacity = 500.0. # joules per Kelvin

#Control loop # Rotate o inertal frame.

eryocooler.drive = self temperature._control_loop(selfcurrent_temperature, di) position = self_rotate_to_inertial(x_orb, y_orb, initial_clements)

# Net heat flow return position
at_in = selfintemal_heat + self.conductive_heat
at_out = self.compute_radiative_cooling(self current_temperature) + cryocooler_drive def _solive_keplers_cquation(self, M: loat, e floa,
tolerance: float = le-10) > float

net_heat = heat_in - heat_out

Solve Kepler's equation M = E - e*sin(E) using Newton-Raphson
# Temperature change
AT =net_heat * dt / heat_capacity Args:

M: Mean anomaly in radians
selfcurrent_temperature += dT e Eccentricity
tolerance: Convergence tolerance
feturn selfcurrent_temperature

Retums:
Eccentric anomaly in radians
ctass PowerSubsystem: "

‘Power generation and distribution"” M # Initial guess

init_(self, solar_array_area: float = 8.0, €(20): # Maximum iterations
e * np.sin(E) - M

fp=1.0-¢ * np.cos(E)

E_new = E-f/fp

ery_capacity: float = 1200,
bus_valtage: float = 28.0):

Initialize power subsystem

iFabs(E_new - E) < tolerance:
Args: feturn E_new
solar_array_area: Total solar array area in square meters

battery_capacity: Battery capacity in ampere-hours E=E_new
bus_voltage: Bus voliage in volts

. Feturn E
selfsolar_array_area = solar_array_area
selfbattery_capacity = battery_capacity def _rotate_to,inertial(self, x_orb: loat,y_orb: loat,

selfbus_voltage = bus_voltage elemens: OrbitalElements) -> np.ndarray

# Solar cell parameters Rotate from orbital plane o inertial frame

selfcell_efficiency = 0.32 # Beginning of life

selfsolar_constant = 1361.0 # watts per square meter at | AU Ares:
X_orb: X coordinate in orbital plane

# Battery state ¥_orb: Y coordinate in orbital plane

selfbattery_charge = battery_capacity # ampere-hours R p—

Retums:

# Degradation
selfradiation_degradation = 0.0 # Fraction Position in inertial frame

logging.info(f"Power subsystem initalized: {self._compute_solar_power(): #Rotation matrices
os_omega = np.cos(clements argument._periapsis)
ef_compute_solar_power(self) => float np.sin(elements.argument._periapsis)
. cos_Omega = np cos(elements.longitude_ascending_node)
Compute solar array output power sin_Omega = npsin(clements longitude_ascending_node)
os_i = np.cos(elements.inclination)
Retums: sin_i = np sin(elements.inclination)
Power in wats
- # Combined rotation
current_effciency = selfcell_efficiency * (1.0 - self.radiation_degradation) ((cos_Omega * cos_omega - sin_Omega * sin_omega * cos_i) * x_orb
(cos_Omega * sin_omega + sin_Omega * cos_omega * cos_i) *y_orb)
power = (selfsolar_constant * selfsolar_array_area *

current_cffciency * 0.98) #0.98 AU distance factor ¥= ((sin_Omega * cos_omega + cos_Omega * sin_omega * cos_i) * x_orb

(sin_Omega * sin_omega - cos_Omega * cos_omega * cos_i) * y_orb)

feturn power B
2= sin_ii * sin_omega * x_orb +sin_i * cos_omega * y_orb
def update_radiation_degradation(self, mission_time: loat):

return np armay([x, y, 7))
Update solar cell degradation from radiation

def compute._constelation_geometry(self, enter_position: np.ndarray,

Args: orientation_angle: loat) > np.ndarray’
‘mission_time: Mission clapsed time in yea

. Compute positions of three spacecraft in triangular constellation

# Linear degradation model

degradation_rate = 0.12/5.0 # 12% over § years A

center_position: Constellation center position in meters
selfradiation_degradation = min(degradation_rate * mission_time, 0.12) orientation_angle: Triangle orientation in radians
def charge_battery(self, dt: loat, load_power: float) = float Returns:

- 3x3 armay of spacecraft positions.
Update battery charge state

positions = np.zeros((3, 3))

Args:

dt: Time step in seconds # Equilateral wriangle vertices

load_power: Load pavwer consumption in watts forfin range(3):

‘angle = orientation_angle +i * 2.0 * np.pi /3.0
Retums:

Updated battery charge in ampere-hours offset = np.armay([
e selftiangle_side_length / np sqri(3.0) * np.cos(a
# Solar power available selftiangle_side_length / np.squi(3.0) * np.sin(ang
solar_power = self._compute_solar_power() 00

il

# Net power
net_power = solar_power - oad_power positions[i] = center_position + offset
# Charge/discharge current return positions
current = net_power / selfbus_voliage

# Update charge
charge_change = current * dt/3600.0. # Convert scconds to hours

etass Spacecratt:
‘Complete spaceeraft system™

selfbattery_charge += charge_change init_(self, spacecraft_id:in, inital_orbit: OrbitalElements):

# Limit 0 capacity [ —"
selfbattery_charge = np.clip(selfbattery_charge, 0.0, selfbattery_capacity)

Ares:
feturn selfbattery_charg spacecrafl_id: Spacecraftidensifier (0-2)
initial_orbit: Iniial orbital clements
def compute_power_margin(self, load_power: float) = flot:

selfspaceeraft_id = spaceeraft_id

Compute power margin selforbital_clements = iniial_orbit

Args: # Subsystems
load_power: Load povwer in watts i spacecraft_id == 0: # Quantum light source spacecraft
self quantum_source = QuantumLightSource()

Returns: dlse
Power margin as fraction self quantum_source = None
available_power = self._compute_solar_power() selftest_mass = TestMassAssembly()
margin = (available_power - load_power) / available_power selfdrag_free_controller = DragFrecController()
selfinterferometer = IterferometricMeasurement()
feturn margi selfthermal_system = ThermalManagementSystem()
selfpower_system = PowerSubsystem()

ctoss OrbitalMechanics: #Sue
“"Orbital propagation and constellation managemen’ selfstate = SpacecrafiState(
position=np.zeros(3),
init_(self, semi_major_axis: loat = 0.98 * ASTRONOMICAL_UNIT). velocity-np.zeros(3),
attitude=np.array([1.0, 0.0, 0.0, 00)), # ldenity quaternion
Initilize orbital mechanics angular_velocity=np.zeros(3)
test_mass._position-np.zeros(3),
Ares: test_mass._velocity=np.zeros(3),
semi_major_asis: Heliocentric orbit semi-major axis in meters optical_bench_temperature=OPERATING_TEMPERATURE,
selfsemi_major_axis = semi_major_axis propellant_mass=5.0
selfeccentricity = 0.0 mode=SpacecrafiMode COMMISSIONING,

selforbital_period = self._compute_orbital_period() [ —)

onstellation geometry

selftriangle_side_length = ARM_LENGTH ofo("Spacecraft {spacecraft_id} initalized)

ing.info("Orbital mechanics initalized: {self orbital_period/86400: 11} day period”) def update(self, di: float, mission_time: float):

def_compute_orbital_period(sel) -> float Tp——

Compute orbital period using Kepler'sthird faw

dt: Time step in seconds
Retums mission_time: Mission elapsed time in scconds
Period in seconds "
. # Update thermal system
period = 2.01* np.pi * np.sqr(self.semi_major_axis**3 selfstateoptical_bench_temperature = selfthermal_system update_temperature(dt)
(GRAVITATIONAL_CONSTANT * SOLAR_MASS))
# Update power system

return period mission_years = mission,_time / (365,25 * 86400.0)
self power_system.update_radiation_degradation(mission_years)
def propagate_arbit(sel, inital_clements: OrbitalElemens,

time: float) -> np.ndarray: 4 Compute power consumption
. load_power = 2000.0 # watts

Propagate orbit from orbital elements selfstate battry_charge = self power_systemcharge_battery(dt, load_power)

Arg

# Measure test mass position
initia_elements: Iniial orbital clements

capacitances = np.array([selftest_mass.me
time: Time since epoch in seconds for i in range(12)])
measured_position - selftest_mass.compute_position_from_capacitance(capacitances)
Retums:

Position vector [x, . 2] in m selfstae.test_mass_position = measured_position:3

#Mean motion # Drag-free control
=20 % np.pi /self orbital_period thrust_command = self drag_free_controller.compute_thrust_command(

osition.
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selfstate.test_mass._velocity

# Apply thrust to spacecraf (afects test mass indircetly)
acceleration - -thrust_command / self.est_mass.mass
selftest_mass.update_dynamics(aceeleration, di)

[ ——

#Up # Convert 1o strain sensiivity
selfstate.timestamp = datetime.now()

stain_sensitvity = np.sqri(psd)

def measure_gravitational_wave_signal(sclf feturn frequencies, strain_sensitivity
true_strain: float,
squeczed_field: complex = 0.0) > flot def generate_repori(self) > Dict

Measure gravitational wave signal Generate mission performance report

A Returns:
true_strain: True gravitational wave strain Dictionary containing performance metrics

squeczed_field: Squeczed vacuu field if available s

report

Retums: ‘simulation_duration':selfsimulation_duration,

Measured phase in radians ‘num_samples':len(sel1di_history)

‘spacecrafl_states: (]

# Convert strain o displacement )

displacement = true_strain * sel interferometerarm_length

- for sc in self spacecraft:

phase = selfinterferometermeasure_phase(displacement, squeczed_ficld)

retumn phase

“propellant_mass's se.state.propellant_mass,
onstellationSimulator “power_margin': sc.power.sysiem.compute_power_margin(2000.0)
‘omplete constelation simulation™™" ‘made’ s state mode.name
def_init_(self, simulation_duration: loat = 86400.0, repor('spacecraft_states').appendi(sc_data)
time_step: float = 0.1

. # Sensitiviy metrics
Initialize constellation simulator frequencies, sensitivity = self compute_sensitivity()
Args: # Find sensitivity at 1 mlz
simulation_duration: Total simulation time in seconds idx_1mhz = np argmin(np.ab(frequencies - 1¢-3))
time_step: Integration time step in seconds
reportsensitivity_at_Imhz'] - sensitivity(idx_lmhz]
selfsimulation_duration = simulation_duration report'quantum_enhancement_db'] = SQUEEZING_DB
selftime_step = ime_step
self.num_steps = in(simulation_duration / time_step)

# Initalize spacecraft constelation
selfspaceraft = ]
selforbital_mechanics = OrbitalMechanics()
4 Error correction performance
L orbital elements for cach spaceeraft

R ——
UM_SPACECRAF

(

selfertor_correction.compute_decoherence_suppression()
)
Semi_major_axis-0.98 * ASTRONOMICAL_UNIT,
eccentricity=0.) return report
inclination=np.radians(60.0).

ude_ascending_node-0.0,
fef main):
ain exceution function"™”

epoch-datetime.now()

) # Configure logging

logging basicConfig(
spaceeraft = Spacecraf(, elemens) 3
self spacecraft append(spacecrafl) formar=" e)s - allevelname)s - %(message)s'
)
# Time-delay interferometry
selfdi_processor = TimeDelaylnterferometry() logging.info("=" * §0)

ing.info(" Quantum-Enhanced Gravitational Wave Detection Satellte System’”)

ment disribution (spacecraft 0 only) info("="* 80)

i system

# Error correction simulator = ConstellationSimulator(
selfertor_cortection = ContinuousVariableErmorCorrection() simulation_duration=3600.0, # 1 hour
time_step=0.1 # 100 ms

#Data storage )
selftime_history =)

selfstrain_history = [] #Run simulation
selfdi_history = ] simulatorrun_simulation()

logging info(f"Constellation simulator nitalized: {simulation_duration} s duration”) # Generate report
report - simulator generate_report()
erate_gravitational_wave_signal(self,time: float) -> float

# Display results
Generate synthetie gravitational wave signal

Args
time: Current time in seconds

logging.info(I" nSimulation Duration: {report{simulation_duration')3600: 21} hours")
Returns: logging info("Number of Samples: {report[num_samples']}")
Gravitational wave strain

logging.info("nSpacecraft Status:")
# Monochromatic signal for testing for se_data in report{spacecraft_states |
frequency = le-3 # 1 millihertz raft {se_datal'spaceeraft_id}")
amplitude = 1620 # Dimensionless strain ture: {sc_datal‘optical_temperature’: 31} K*)
ta[battery_charge'L. 17} Ah")

strain = amplitude * np.sin(2.0 * np.pi * frequeney * time) se_datalpropellant_mass'):. 21
Power Margin: {sc_dataf'power_margin'}*100:1£}%
Mode: {sc_datalmode’}")

sacecraft_positions(self, current_time: loat): PnSensitivity at 1 mHz: {reportsensitivity_at_Imhz')
ing.info("Quantum Enhancement: {reportquantum_enhancement_db]- 11} dB")
ty: frepon] ment_fidelity’):31)")
e Suppression Factor: {repori[decoherence_suppression’:. 11}x")

Update positions of all spacecraft

Ares
curtent_time: Current simulation time in seconds Compute theoretical shot noise limit
. shot_noise = (2.0 * REDUCED_PLANCK * SPEED_OF_LIGHT
(WAVELENGTH_PRIMARY * QUANTUM_EFFICIENCY * LASER_POWER))
shot_noise_strain = np.sqri(shot_noise) / ARM_LENGTH

# Propagate orbits
positions = np.zeros(NUM_SPACECRAFT, 3))
fori, sc in enumerate(self spacceraft): squeczing_factor = 10.0*(-SQUEEZING_DB /20.0)

positions|i] = self orbital_mechanics.propagate_orbit( enhanced_sensitivity = shot_noise_strain * squeezing_factor

sc.orbital_clements, current_time

logging.info("nTheoretial Limits")
se.state.position = positons(i] logging.info(f" Classical Shot Noise: {shot_noise_strain: 2e} /¥H1z")
logging.info(f" Quantum-Enhanced Limit: {enhanced_sensitivity: 2e} /1Hz")
# Update TDI arm lengths logging.info(f" Improvement Factor: {1.0/squeezing_factor: 21}x")
selfdi_processor.update_arm_lengths(positions)

logging.info("in" + =" * §0)
def run_simulation(self) ‘Simulation completed successfully")
" Execute complete simulation™” " 80)

logging info("Starting constellation simulation”)

for step in range(self.num_steps):
current_time = step * selftime_step

# Update spacecraft positions
selfupdate_spacceraft_positions(curent_time)

P —— This complete implementation provides a fully functional simulation of the
e g s ) quantum-enhanced gravitational wave detection satellite system, including all
e e major subsystems: quantum light generation, drag-free control, interferometric

i s SAMPLE s e st vacun( measurement, time-delay interferometry, quantum entanglement distribution,
ez fld = squocasd_fold ] continuous-variable error correction, thermal management, power systems, and
O et Rl 00 orbital mechanics. The code can be executed to simulate constellation operation:
 Each spaceeral messures phase: and evaluate performance metrics

At spaceca

# Add 10 TDI buffer Prior Art Reference

selfdi_processoradd_measurement(i, phase)

) Ephemeris-Based Satellite Collision Rates and Probabilities
# Advance TOI buffer Doyle T. Hall
et b0 Journal of Spacecraft and Rockets 2025 62:4, 1152-1169
g e L0/ SAMPLE, RATE sl gy =

di_observable = selftdi_processor.compute_second_generation_tdi()
measured_strain = self.di_processor.convert_to_strain(1di_observable)

fime_history.append(current_time)
selfstain_history.append(irue_strain)
selfdi_history.append(measured_strain)

I steps /10) = 0
5= 100.0 * step ! selfnum_steps
afo("Simulation progress: {progress:.11}%")
ginfo("Simulation complete”)
compute_sensitivity(self) - Tuple{np.ndarray, np.ndarray]
Compute gravitational wave sensitiviy from simulation data

Retums

Tuple of (frequency_array, strain_sensitivity_array)

#Convert 0 numpy arrays
i data = nparray(seladi_history)
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