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ABSTRACT

This paper describes the scientific and developmental aspects behind the QUAsi-Stationary Absolute Radiance
(QUASAR) mission study. The scientific motivation on which the mission is built is established, including the
absolute flux calibration of standard and exoplanet host stars, supernova cosmology, and interferometry. Fur-
thermore, we present a science traceability matrix that determines the requirements for the mission through the
scientific objectives. Additionally, we provide the mission configuration. This includes the spacecraft structure,
its payload, and the component architecture. Finally, we describe how components within the payload provide
efficiency and redundancy within the mission.

1. INTRODUCTION

The QUAsi-Stationary Absolute Radiance (QUASAR) mission is a 6U CubeSat mission making significant leaps
in reducing, for exoplanets and stars, the uncertainties regarding various properties of these objects. Using
QUASAR, uncertainties for stellar flux and Habitable Zone (HZ) location are decreased by factors of >2-10,
uncertainties for radii are decreased by factors of >1.4-3, and uncertainties for stellar age and many other
properties are lowered. Additionally, QUASAR allows for dark energy parameters’ uncertainties to be reduced
by a factor of >1.6. These achievements are accomplished by greatly improving the accuracy of visible (VIS)
and near-infrared (NIR) absolute zero flux points, which currently are the limiting error budget term in the
characterization of stars. The need to reach this goal was identified by the Astrophysics 2020 Decadal Survey as
one of its three key scientific themes of “Worlds and Suns in Context.” Furthermore, the accuracy of the ratio
of the VIS/NIR absolute flux calibration zero point is the limiting error budget term in the Supernovae (SNe)
Ia cosmological constraints on dark energy.

QUASAR enables a new “ground truth” for VIS/NIR astrophysics by placing into orbit a National Institute
of Standards and Technology (NIST) characterized “artificial star” payload. A 6U Geostationary Transfer Orbit
Satellite (GTOSat) mission will be used to place into orbit the payload. We will use a rideshare to a Medium
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Earth Orbit (MEO) / Geosynchronous Transfer Orbit (GTO) to achieve an elliptical orbit around the Earth,1,2

with an apogee that will be quasi-stationary in the night sky as viewed from the multiple ground telescope
stations used by the project.3–5

The payload consists of two VIS and two NIR laser diodes, each illuminating an integrating sphere and
collimated single mode fibers (SMFs), thereby creating an artificial star for which the photon output and spatial
beam profile is known to a required flux precision of <0.5%. By modulating the lasers on and off, recording
the emitted flux via onboard photodiodes, monitoring the power and temperature of the lasers, and with 10”
precision pointing knowledge from a star-tracker, the knowledge of the absolute flux of the artificial star will be
able to be reconstructed. During passes of the spacecraft within the ground-based telescope field of view (FoV)
of nearby targets of interest, we will be able to precisely calibrate the absolute flux of these celestial targets to
a level never before achieved.

In this paper, we describe the scientific principles fueling the project’s development in section 2, discuss the
positioning requirements and technical components we will use to reach the project’s goals in section 3.1, and
present the structure of the spacecraft that will be used in the implementation of QUASAR in section 3.2.

2. SCIENCE

In 1976, VIS/NIR absolute flux calibration accuracy leapt down to ∼1%6 (Fig. 1) with the mounting of the
first CCD on a telescope. Starting in the 1990s, computational advances have advanced relative flux precision
from ∼1% to 150 ppm from the ground7 and 10 ppm from space.8 In comparison, absolute flux accuracy
has stagnated as reliance on atmospheric models lacks a “ground truth” knowledge of the absolute flux rates.
However, QUASAR is an orbiting calibration star where the “ground truth” is known to high precision and
accuracy to calibrate the flux of celestial observations, opening new scientific vistas.

Figure 1. QUASAR will substantially close the knowledge gap between the absolute flux accuracy (purple) and relative
flux precision (brown) measurements of celestial objects.

2.1 Absolute Flux Calibration of Standard and Exoplanet Host Stars

Measurements of stellar flux are combined with distance and atmosphere models to estimate a star’s radius,
temperature, mass, luminosity, and age. These can then be used for stellar science and evolution, galactic
archaeology, or in resolved populations of galaxies. In addition, they can be combined with the properties of
planets, which are measured relative to their host stars, to infer fundamental irradiance masses, radii, densities,
and compositions of exoplanets.

Unfortunately, it does not hold true that the fundamental properties of stars are characterized accurately,
and stellar models do not agree on the conversion from observable to fundamental parameters. With QUASAR,



we will be able to directly determine stellar fluxes to <0.5% and radii to <1% (flux α R*2). This also translates
into an improvement in the estimated ages of stars by up to a factor of 4 (<10%, Fig. 2). To understand the
detailed evolution of our galaxy’s chemistry and kinematics, large numbers of stars with precise ages enabled by
QUASAR (<20%) are required to improve stellar interior models.9

Figure 2. QUASAR will substantially reduce the uncertainties in stellar luminosity, allowing precise stellar age measure-
ments. Left : Discrepancies in the estimated bolometric fluxes of exoplanet host stars can vary by 2-4% depending on the
method used to estimate the flux (spectral energy distribution fits, SED, versus bolometric corrections, BC, are shown
here), which sets a fundamental limit on the uncertainty of the derived luminosity.9 Right : Luminosity (dependent on
flux and distance) uncertainties translate to significant (∼10%) uncertainties in the implied stellar age.9 Assuming an
optimistic 2.4% luminosity uncertainty (dashed box) at the chosen temperature, and composition (5760 K and solar), the
age is 5.775±0.525 Gyrs. With a 0.5% uncertainty (solid box) the age is 5.84±0.11 Gyrs - a factor of 4 smaller.

Figure 3. The best achievable model independent accuracy for the planet mass and radius (Mp and Rp, labeled dot-dashed
lines) depends directly on the uncertainties of the stellar flux and effective temperature. Current uncertainties (dashed
red vertical lines) limit planet mass and radius uncertainties to the 5-7% level. QUASAR will improve the uncertainties
in flux and effective temperature to <1% and 1% (green vertical lines), respectively, so that <5% planet masses and <1%
planet radii become possible.10

With the discovery of thousands of exoplanetary systems, we are transitioning from the discovery era to the
characterization era of this field with the James Webb Space Telescope (JWST ) and the Nancy Grace Roman
Space Telescope (Roman), which includes the quintessential search for a planet with properties similar to Earth.
For exoplanets, uncertainty in stellar flux impacts our ability to accurately determine the HZ location (goes as√
luminosity11–13), stellar age, and transiting planet radii. With QUASAR, stellar fluxes will be determined to

<0.5%, which from Fig. 3 results in planetary radii measured to <2%.10 QUASAR will make possible robust
inferences of more detailed planetary composition.

2.2 Supernova Cosmology

The accelerating expansion of the Universe was discovered using Type Ia SNe, by observing that they were
progressively fainter than expected with increasing redshift. Flux calibration accuracy must be uniform with
wavelength because differing redshifts result in differing wavelengths for the same rest-frame SN spectral region.
The current fundamental flux calibration reference system used for cosmology based onWD atmospheric models14



(Fig. 4) has an insufficient accuracy level for Stage-IV cosmology experiments since an error in flux calibration
translates to an error 2-3x larger. These experiments require wavelength-relative flux references accurate to
<0.5% to compare fluxes in the rest-frame wavelengths between science targets at high and low redshifts.

Figure 4. QUASAR will obtain an absolute flux measurement, removing reliance on WD models. Left shows the worrisome
change in the broadband slope for the flux calibration based on WD atmospheric models.14 The band shows our ±0.5%
requirement. Right shows the significant improvement of 1.6x on the relative dark energy figure of merit using SNe Ia
with QUASAR and Roman. The behavior is close to quadratic, indicating that the figure of merit can improve quickly as
the calibration improves. Most of the improvement is along the direction of wa, which constrains how much dark energy
may vary over the history of the universe, of primary interest to cosmologists. Thus, even if QUASAR merely confirms
the current calibration but with smaller uncertainties, that will be quite valuable.

2.3 Interferometry

One particularly unique technological capability of QUASAR is to phase ground-based long baseline VIS/NIR
interferometers (LBOI). Current United States ground-based LBOI operational facilities are the Center for High
Angular Resolution Array (CHARA), and the Navy Precision Optical Interferometer (NPOI) facility. Individual
apertures in a LBOI benefit from adaptive optics – both natural and laser guide star (LGS) – but unfortunately,
the equivalent of a laser guide star does not exist for LBOIs: the 10-100 micron pathlength variations in the
Earth’s atmosphere that corrupt signal coherence (at the 10nm level) in such a system are not sampled by an LGS
or any similar ground-based system. A QUASAR beacon within the on-sky coherence angle (∼1-2 arcseconds) of
a target of interest could be used to phase an LBOI array. As a result, the coherence time could be extended from
the atmospheric limit of milliseconds, to many tens of seconds or longer, dramatically improving the sensitivity
of these high-angular resolution systems. Imaging young stellar objects with LBOI would provide the necessary
angular resolution for probing terrestrial planet formation.15 QUASAR will demonstrate the feasibility of phasing
LBOIs from space.

2.4 Impact and Relevance

QUASAR will revolutionize the accuracy of celestial flux measurements in the VIS/NIR. Because absolute
flux calibration of accuracy is so fundamental to observational astrophysics, QUASAR uniquely cuts across
all three science themes of the National Academies 2020 Astrophysics Decadal Survey16 as detailed in section
3.1.1: ”Worlds and Suns in Context” through QUASAR’s characterization of exoplanet host stars, ”Cosmic
Ecosystems” through QUASAR’s characterization of standard stars, and ”New Messengers and New Physics”
through QUASAR’s enabling constraints on dark energy.

QUASAR will enable Roman to meet and potentially exceed its absolute flux calibration requirement in the
VIS/NIR (Fig. 4), establish a new model-independent ”ground truth” of photon flux rates to calibrate a new set



of standard stars to greater accuracy than is possible otherwise, aid Roman’s goal in constraining the Universe’s
dark energy content, and benefit the Vera C. Rubin Observatory with three laser wavelengths overlapping with its
bandpasses (including Y-band). In addition, QUASAR will enhance the science return of JWST and the future
of NASA’s NIR/VIS/UV (ultraviolet) mission, anchoring stellar models and VIS/NIR ancillary measurements
and improving our knowledge of the stellar host and exoplanet parameters which will potentially find atmospheric
signs of life. Not to mention, the entire Gaia flux catalog could be redone with QUASAR’s correction to its flux
zero points, as two of our VIS laser wavelengths overlap with the two Gaia bands. Finally, QUASAR offers a
technological pathway to phase interferometric arrays on the ground or in space in a way never possible before.

QUASAR can’t be done within Earth’s atmosphere or with space telescopes alone and requires a space-
based calibrated radiator above all of Earth’s atmosphere. QUASAR builds upon the payload heritage of the
2U ORCASat launching in 2022, and this will be the second in a succession of additional missions to explore
absolute flux calibration across the electromagnetic spectrum.17 We envision a larger follow-up mission to fly
with a higher apogee of 200,000 km for a lower angular drift rate, with more power, λ coverage, and a continuum
source for spectroscopy.

Figure 5. Qualitative precision-accuracy “target plot” showing how QUASAR will enable the next leap in the calibration
of flux measurements. We currently can measure VIS/NIR fluxes to great precision but not comparable accuracy (see
Fig. 1).

2.5 Science Traceability

QUASAR will advance the precision of the absolute flux calibration of celestial objects over the duration of its
one-year primary mission. We present how the scientific requirements of the mission are implemented in Table
1.

3. MISSION IMPLEMENTATION

3.1 Science Implementation Plan

The QUASAR design is driven by the scientific principles presented in section 2.

3.1.1 Mission Orbit

The QUASAR design requires the joint measurement of celestial targets as well as the payload flux of the
spacecraft, where it is possible that the spacecraft and the target could both be present within the FoV of the
telescope ground station imager. Therefore, a geosynchronous transfer orbit (GTO) was decided to be essential
in ensuring this is possible. A GTO allows for long duration data collection and adjustments, as well as the
observation of multiple targets as the orbit progresses without the need for the implementation of a propulsion



Table 1. Science traceability matrix for QUASAR.

Science Case 2020 Decadal
Themes Addressed

Science Objective Observable Mission Require-
ments

Constrain the hab-
itability of exoplan-
ets through preci-
sion determination
of their stellar and
exoplanet radii and
irradiance to <1%

Worlds and Suns
in Context →
Pathways to Hab-
itable Worlds, the
top space priority
recommendation;
Exploring Alien
Worlds (2.1.2); The
Star-Planet Con-
nection (2.1.2.4);

Absolute Flux
Calibration of exo-
planet host stars

Simultaneous flux
measurement of
target star and
QUASAR by tele-
scope

<0.5% absolute
flux precision;
>4x104 photoelec-
trons in exposure
times of seconds
up to 2 minutes;
NIR and/or VIS λs
overlapping with
Gaia bands; >20
exoplanet host
stars, >20 photo-
metric nights

Improve the mea-
sured ages of stars
and improve the
radii determination
to <1% to improve
our knowledge of
stellar evolution
and theoretical
isochrones across
a range of spec-
tral types, ages,
rotation and incli-
nations

Cosmic Ecosys-
tems → Stellar
and Black Hole
Feedback (2.3.2);
Worlds and Suns
in Context → Stel-
lar Demographics
(2.1.1)

Absolute Flux Cali-
bration of standard
stars

Simultaneous flux
measurement of
target star and
QUASAR by tele-
scope

<0.5% absolute
flux precision;
>4x104 photoelec-
trons in exposure
times of seconds up
to 2 minutes; NIR
and/or VIS λs with
Gaia/Rubin bands;
>20 standard stars;
>20 photometric
nights

Constrain the cos-
mological parame-
ters for dark energy

New Messengers
and New Physics
→ Cosmology and
the Dark Sector
(2.2.1)

Address systematic
errors on dark en-
ergy measurements
due to flux calibra-
tion uncertainties

Flux measurement
of QUASAR by
telescopes in NIR
and Visible wave-
lengths

<0.5% flux ratio
precision between
all λ pairings;
>4x104 photoelec-
trons in typical
exposure time of
seconds up to 2
minutes; NIR and
VIS λs overlapping
Roman and Rubin
bands; >20 stan-
dard stars; >20
photometric nights

Demonstrate opti-
cal interferometry
performance of ce-
lestial objects

Worlds and Suns
in Context → Stel-
lar Demographics
(2.1.1)

Interferometric
Array Phasing
Demonstration

Interferometric
imaging of
QUASAR

>2.5x105 photons
second ,

V band >6000 km
altitude for at-
mospheric column
co-sampling for all
array telescopes;
coherent light
source; NIR and
VIS λs; >5 nights,
not photometric



system for the spacecraft. Additionally, the orbit ensures that the spacecraft will be quasi-stationary in azimuth
at its apogee. Although other orbits could also ensure these measurements could be collected simultaneously,
the GTO is ultimately ideal and most efficient for this purpose. Fig. 6 demonstrates the usage of the spacecraft
in a geosynchronous transfer orbit.

The feasibility of this orbit has been confirmed by GSFC’s CubeSat Launch Initiative (CSLI) representative,
and two NASA launch opportunities for the spacecraft have been identified.

Figure 6. A GTO will create a quasi-stationary artificial star.18,19 Left : The spacecraft at two different points in space
in GTO (red), pointing its flux calibrator (green) towards Earth. Right : A single imaging sequence duration showing the
QUASAR track through the typical ground station 0.5 degree FoV, as viewed from Mauna Kea.20–22

3.1.2 Mission Payload

The QUASAR payload is composed of two light sources, including a Fiber Optics Instrument (FOI) and an
Integrating Sphere Instrument (ISI). During flux calibration experiments, they will be activated by a satellite
bus On-Board Computer (OBC) one at a time. Both sources will take <2U space in the satellite structure and
require power levels of <1W, well below the spacecraft payload power of 3W. The design is composed of two
light sources, rather than just one, to increase system and measurement reliability and redundancy.

3.1.3 Payload Architecture

The QUASAR payload’s top-level block diagram is shown in Fig. 7. Lasers of four different wavelengths—532nm,
775nm, 1064nm, and 1550nm—are fed to the FOI and ISI via single mode fibers (SMFs). For the FOI, these
SMFs are connected to a collimator mounted on a post which holds a 45 degree beam sampler. Alternatively,
for the ISI, each SMF is connected to the integrating sphere, delivering a uniform but divergent light beam
to ground stations. The power state of these lasers will be toggled in a pre-determined sequence, where each
laser is given power from anywhere between seconds and minutes. The output from each laser will be measured
by the Hamamatsu Silicon and InGaAs photodiodes connected to the beam sampler, where these parts work
independently from each other. During the course of a mission, the Control Unit (CU) will be activated as well.
These instruments will be connected to the OBC via an RS-422 serial link for commands and telemetry, and
interrupt/control (INT/CTRL) lines for diagnostics and other backdoor actions. When the SMFs degrade as
expected due to ionizing radiation,23 the redundancy built into the mission will aid in accounting for this and
help prolong the mission’s lifetime.



Figure 7. The payload system’s architecture is mature with built-in redundancies.

3.1.4 Flight Electronics and Software

Each laser module has a DC/DC power conversion and stabilization unit. Power provided to the lasers and the
optical power generated will be recorded over time by voltage, current, temperature, and light intensity sensors.
The data produced by this analysis will help assess the impact of the spacecraft’s environment on its state, and
will aid in analysis of spacecraft degradation for the full lifetime of the mission.

The TI MSP430FR MicroController Unit (MCU) with Ferromagnetic Random Access Memory (FRAM)
was selected for QUASAR, as there is no need for high-speed data processing or a large memory requirement.
Each CU in the redundant Twin-MCU will have an additional external FRAM storing SP backups, SW config
management data, and key system parameters.

3.1.5 NIST Payload Characterization

Critical to the success of QUASAR will be linking the spacecraft FOI and ISI payload illumination sources to
NIST standards.

Laboratory measurements can access the far-field of the source beams, but the beam will still be large
compared to common beam profiling techniques. Therefore, several techniques for profiling and characterization
of the beam must be considered. First, at short propagation distances, a CCD camera will be used to directly
profile the beam where the beam reasonably fits in the area defined by the CCD. Second, at larger propagation
distances, three options are considered:

1. Raster scan the beam using a small area silicon photodiode;

2. Raster scan the beam using a small area CCD;

3. Illuminate a large target, such as a sheet of polytetrafluoroethylene (PTFE), with the source beam and
image the target using the CCD camera equipped with an appropriate lens.

In all of these profiling techniques, the beam profile measurements will be done over a range of distances to
determine divergence and stability of the profile with beam propagation. Measurements at short propagation
distances can be done using an optical rail system or an automated z-axis stage up to several meters, whereas



Figure 8. The Twin-MCU architecture allows for redundant SW control. Tasks performed by SW will be triggered by
the OBC. Software radiation hardening will be implemented by periodic memory scrubbing. This organization will be
supported by FRAM partitioning for in-flight SW updates.

larger propagation distances ranging from 10 meters to around 100 meters can be done utilizing the NIST
telescope calibration facility.24 The various assessment methods will be evaluated, assessed for uncertainty, and
compared to theoretical models and the best method will be used to measure the properties of the actual source
payload.

3.2 QUASAR Spacecraft

Figure 9. QUASAR spacecraft.

3.2.1 Spacecraft Architecture

The 6U CubeSat includes 3 axis-stabilized pointing control based on sun sensors, a magnetometer, star tracker,
IMU, magnetorquers, and three reaction wheels. The telecommunication system will be S-band with patch
antennas. The power system includes regulation, switching, lithium-ion batteries, and deployable gimbaled solar
panels to minimize solar reflectance to Earth during science operations. The overall size of the spacecraft is
36.6cm x 23.9cm x 11.6cm, conformant to the Planetary Systems Corporation (PSC) 6U canister standard.
Initial layouts of the components inside the bus leave nearly 2U of space for the science instrument. Should the



instrument footprint need to be modified, the component locations are easily manipulated in the bus thanks
to modular design. Fig. 10 depicts the specific locations of the various components. The design allows for a
streamlined build process of the bus and instrument separately so that work can begin immediately.

Figure 10. The QUASAR spacecraft layout is modular with ∼2U payload volume.

3.2.2 Structure

The structure is designed and manufactured by NASA GSFC and meets the PSC Canisterized Satellite Dispenser
(CSD) Payload Specification 2002367 and the CalPoly CubeSat Design Specification, which states that it can
accommodate 12 kg. The primary structure is an aluminum skeleton structure with closeout panels and a
lid. The skeletonized baseplate serves as the mechanical interface with the deployer, and contains two tabs to
constrain and guide the satellite during launch and ejection. The tabs and load points are separate mechanical
pieces. As such, these pieces are easily replaced in the event that they are out of deployer specifications. Closeout
panels mounted directly to the skeleton structure can be removed to access component connectors and remove
components if needed. Most internal hardware and subassemblies will be mounted directly to the skeletonized
baseplate, which will serve as the primary load/thermal path. This internal hardware is mounted from the
underside of the structure to ensure bolts can be accessed at all times during integration and testing.

Fine sun sensors and magnetorquers, included on the spacecraft, consist of custom radiation-hardened fine
sun sensors and torquer coils that mount directly to the closeout panels, baseplate, and lid, reducing mass and
easing integration.

3.2.3 Attitude Determination and Control System

The Attitude Determination and Control System (ADCS) includes coarse and fine sun sensors, a Global Position-
ing System (GPS), Inertial Measurement Unit (IMU), magnetometer, a star tracker, ferrous core magnetorquer
coils, and three 0.010 Nms reaction wheels. The torquers will be used to manage momentum during perigee,
when the magnetic field is stronger. The solar arrays will be gimbaled into a low drag configuration during
the low perigee to prevent large disturbance momentum buildup. ADCS simulations completed show that while



the momentum build-up during the low perigee exceeds the capability of the reaction wheels, the momentum
generated from the torquers can compensate for the build-up and reaction wheels can be used after perigee and
throughout apogee accordingly.

3.2.4 Electrical Power Systems

The power system will contain a power management and switching card, four 45 watt-hour (Wh) battery packs
(180 Wh total), and two gimbaled deployable solar arrays. During scientific orbits, the satellite will have the
instruments and patch antennas pointed toward the nadir direction. During charging orbits and safe mode, the
satellite will point the solar arrays directly at the Sun, as the solar panels generate 51 W when in full sun. The
EPS will perform all power switching and battery charging while receiving commands and sending telemetry to
the OBC.

3.2.5 Thermal Design

The spacecraft utilizes a passive thermal design approach, where the skeletonized structure acts as the main
radiator. The thermal design includes a series of coatings, materials, and battery heaters to achieve a balanced
system. The heat loads consist of the spacecraft and instrument electronics, direct sun, Earth infrared, and
albedo. The power generated by electronics was represented in a multi-node source that couples to the skele-
tonized structure. A transient analysis demonstrates an operational temperature range of 14-34°C for the science
instruments and -5-38°C for the spacecraft throughout the orbit. These temperatures meet the operational range
of the FOI, ISI, and spacecraft bus.

3.2.6 Communication Budget, Command and Data Handling, and Flight Software

Spacecraft communication includes semi-real-time S-band for data downlink of I,V,T, data uplink of the schedule
of lasers switching on and off, and spacecraft pointing to ground stations. The communication system consists
of the Vulcan NSR radio operating in the S-band with patch antennas. The Mission Operations Center (MOC)
located at GSFC has a secure remote connection to the Near Earth Network (NEN) ground station to transmit
and receive data. Alaska and Wallops Flight Facility stations are also planned for use in the mission. These
NEN connections will have a 1 Megabit per second (Mbps) real-time link.

The Processor Board is equipped with a Microsemi RTG4 Field Programmable Gate Array (FPGA) that
is designed to withstand harsh radiation environments. It contains a soft-core processor and the Flight SW
(FSW) code for the QUASAR Avionics, and allows the integration of Command and Data Handling (C&DH),
an attitude control system (ACS), front end communications, and housekeeping interface functionality into a
single device.

The Flash device stores all science data captured, spacecraft housekeeping data, and copies of the FSW code.
It can store a large enough amount of data to store this information over multiple orbits. The processor board
carries I2C and SPI interfaces for communications with other systems, with an adapter board that contains the
analog circuitry to convert temperature, voltage, and current data collected from multiple points to a digital
format that can be processed, stored, and downlinked.
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