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ABSTRACT

2. PAYLOAD OVERVIEW

The Orbiting Carbon Observatory – 3 (OCO-3) is a NASA Earthmonitoring payload, designed and built by the Jet Propulsion
Laboratory (JPL) to perform space-based observation of variations
of global carbon dioxide (CO2) by sampling its emission sources
and gradients from the unique vantage point of the International
Space Station (ISS). This paper describes the development and
results of the end-to-end verification, validation and calibration
activities that were performed to meet OCO-3's science
measurement, functional and performance requirements prior to
launch. The pre-launch activities encompassed a suite of tests and
analyses that were performed after payload integration and during
launch vehicle integration that helped the OCO-3 project
demonstrate its launch and mission readiness in terms of ISS
compatibility, ground-based instrument calibrations, flight
dynamics and environmental integrity and pointing knowledge and
accuracy.
Index Terms— OCO-3, Spectrometer, Verification,
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OCO-3 is a complete stand-alone payload built around the spare
OCO-2 flight instrument. It incorporates three near-infrared
spectrometers designed to measure reflected sunlight in CO2 and
molecular oxygen (O2) absorption bands. Soundings, consisting of
coincident CO2 and O2 spectra, are analyzed with a remote sensing
retrieval algorithm to yield spatially-resolved estimates of column
averaged XCO2. The spectrometer optical design, spectral range,
and resolving power were selected to optimize measurement
precision and minimize bias. Spectra collected at wavelengths near
1.61 microns are most sensitive to variations in the CO2
concentration near the surface. Coincident measurements from the
0.76 micron O2 A-band and the CO2 band near 2.06 microns
minimize XCO2 errors associated with pointing uncertainties and
scattering by thin clouds and aerosols. Each band contains 1016
spectral samples x 8 spatial footprints, and acquires 3 frames per
second [2].
The OCO-3 payload consists of Payload Bus Subsystems that
were developed to accommodate installation and operation of the
instrument on the ISS JEM-EF. These subsystems include a central
electronics unit that enables command, power, and data interface to
the ISS, polarization nulling entrance optics, and a Pointing Control
System (PCS) composed of a star tracker, Global Positioning
System (GPS) receiver. The OCO-3 payload includes two context
cameras. The internal context camera (ICC) is used as a proxy for
the instrument for the geolocation process during IOC to reduce the
time required to complete the process. The other is the external
context camera (ECC) that can be used to collect images
simultaneously with the instrument for co-registration purposes. To
eliminate energy from other sources that would generate
measurement errors, the light detectors for each camera must remain
very cold. To ensure that the detectors remain sufficiently cold, the
OCO-3 instrument design includes a cryocooler, which is a
refrigeration device. The cryocooler keeps the detector temperature
at or near -120° C (-184° F). These subsystems are mounted on a
structural enclosure and adapters that interfaces to the ISS. OCO-3
payload has been installed on the JEM-EF Exposed Facility Unit #3
to enable nadir pointing of the science package and for near azimuth
viewing by the star tracker. The Payload Bus was designed to be
activated via the ISS command and data handling system right after
JEM-EF installation. The payload uses 1553-communication
protocol, medium-rate data link (MDRL/Ethernet), and
housekeeping data of the fluid coolant loop, which interfaces with
the JEM-EF.
The instrument functions in three modes in flight: Nadir viewing
(straight down), glint (reflected) and a pointing mode for target sites.
Unlike OCO-2, which performs complex maneuvers of the entire
satellite bus to observe ground targets, the OCO-3 instrument has
been fitted with an agile 2-D pointing mechanism, i.e., a Pointing
Mirror Assembly (PMA) that allows for rapid transitions between
nadir and glint mode (less than 1 minute) [3]. The PMA provides the

1. MISSION OVERVIEW
The OCO-3 project is an element of the Earth System Science
Pathfinder (ESSP) Program within the National Aeronautics and
Space Administration (NASA) Science Mission Directorate (SMD)
[1]. OCO-3’s mission concept is to advance carbon cycle science
and builds on the capability to determine regional sources and sinks,
retrieve CO2 data over low latitudes, explore the detection limits and
the value of resolving the diurnal cycle in chlorophyll fluorescence
(SIF) and CO2 to better constrain the carbon cycle flux in tropical
forests, and detect and quantify the variability associated with
human activities in rapidly developing urban centers. OCO-3 was
transported to ISS on May 4th, 2019 via the SpaceX Dragon on a
Falcon 9 Launch Vehicle (LV) and then robotically installed on
ISS's Japanese Experiment Module’s Exposed Facility (JEM-EF)
two days later.
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Figure 1: OCO-3 Mission Architecture
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ability to scan large contiguous areas (order 80 km by 80 km), such
as cities and forests, on a single overpass. This mode is known as
‘snapshot’ mode and allows fine scale spatial sampling of CO2 and
SIF variations unlike what can be done with any current satellite
system.

the available testbeds, with cost and schedule constraints in mind. A
summary of objectives, key events and results obtained from these
activities have been described in the next section.

3. PRE-LAUNCH V&V AND PAYLOAD
INTEGRATION AND TEST (I&T) CAMPAIGN

The main objective behind performing verification over OCO-3 was
to ensure that the hardware/software is in compliance with the
qualified design and requirements, is free of defects or deviations
(or are known, assessed, and workarounds identified), and is
acceptable for use.
The OCO-3 Verification process began by identifying and
reviewing the project requirements from which the system will be
designed and determining the verification method and activities.
Requirements written at higher levels (i.e., mission objectives,
science and environment requirements documents, Interface Control
Documents (ICDs), and safety and mission assurance requirements)
were flown down to documents at the same level or lower. These
requirements were arranged in a leveled architecture with level 1
being program, level 2 being project (mission assurance, system
safety, project science, environmental requirements), level 3 being
system (payload bus, instrument, calibration, science algorithms,
SDOS, MOS) and level 4 being subsystem requirements (payload
bus subsystems, SDOS, MOS) [4]. As an ISS mission, OCO-3 had
to also comply with all ISS requirements. This process was unique
in that requirements were dictated by the ISS (NASA/JSC) program
and not the payload. OCO-3 ISS engineer & Project systems
engineer (PSE) decided to compile all of the ISS and JAXA
requirements at level 2 and to flow those requirements down to the
cognizant engineers in each subsystem on the project via a level 4
requirement to comply with the ISS and JAXA ICDs. All NASA and
JAXA requirements were then organized by ICD numbers as well
as applicable subsystems (determined by the OCO-3 ISS engineer)
and maintained routinely to ensure requirements changes are
reflected and communicated to the cognizant engineers.
At all levels of the project, verification was accomplished using
one or more of the following methods: test, analysis, demonstration,
and inspection. Some of the key instrument and payload level
activities that helped in shaping a coherent OCO-3 verification story
have been described below.

The OCO-3 project followed JPL Flight Project Practices (FPPs)
and Design, Verification, Validation, and Operations Principles
(DPs). The philosophy of ‘Test-As-You-Fly, Fly-As-You-Test’
(TAYF-FAYT) that requires that tests and simulations should
accurately reflect their corresponding in-flight situations during the
planned mission. Likewise, when the mission is finally in flight, it
should be flown with the products that were tested, in the way that
they were tested.
At project level, the V&V team provided these guidelines through
a formal V&V plan. This plan also described the processes and
methods for confirming the compliance of hardware, software,
teams, and procedures with functional, performance, environmental,
design, and interface requirements, and that the aggregate is capable
of satisfying mission objectives, level 1 (program level)
requirements, and accomplishing operational scenarios. The
Payload I&T team was responsible for assembling and testing the
OCO-3 payload while providing the appropriate test venues and
system engineering needs in order to verify all the payload
calibration, functional and performance requirements. The project
V&V and the I&T team together monitored the non-compliances
with FPPs and DPs that occurred on OCO-3. Any violations to the
TAYE-FAYT principles, that occurred before and during the testing
periods of mission development, were managed in a ‘TAYF
Exceptions’ List that also captured the mitigations planned to reduce
the related risks and concerns to these exceptions. With several
months of planning and preparations, the V&V and I&T campaign
for OCO-3 officially kicked off during Phase C of the project.

3.1. Instrument Calibration, V&V and Payload I&T flow
During the design phase (Phase A and B) of the project, the V&V
activity planning and process development was done in parallel with
requirements development. The implementation of the OCO-3 V&V
process began with the instrument and subsystem hardware
deliveries to I&T team at JPL. After completing the V&V activities
at instrument and subsystem levels, OCO-3 entered into the Payload
I&T phase (Phase C and D) of project lifecycle. Once integration
was completed, the payload was subjected to Payload level
functional, performance and environmental testing that were
conducted in concert with the MOS (Mission Operations
Subsystem), SDOS (Science Data Operations Subsystem),
Algorithm and Validation subsystems in order to verify the payload.
In addition to the set of standard V&V requirements, the OCO-3
project also had to test and demonstrate that it is compatible with the
LV mechanical interfaces and ISS robotic/electrical interfaces. ISS
robotic/electrical interfaces and simulators were furnished from
NASA Johnson Space Center (JSC) and integrated with the Payload
early. LV mechanical interfaces were integrated at NASA Kennedy
Space Center (KSC). In order to fully corroborate that the OCO-3
mission will be successful, the payload went through a series of
validation tests that were used to ensure that all the processes, people
and procedures are prepared to operate OCO-3 in flight [4].
The OCO-3 V&V team actively managed the prioritization of the
desired test cases, planned to be run during payload testing and on

3.2. Verification Activities

3.2.2. Instrument Calibration
Characterization Tests

and

Performance

As a remote sensing payload, Instrument Calibration is a critical step
for OCO-3. Calibration ensures that the data received from the
OCO-3 on the ISS can be accurately converted into meaningful and
reliable information that can be used for science applications.
Accurate radiance measures are crucial to retrieve XCO2, or the
amount of CO2 in the measured space, with the precision needed to
determine the geographic distribution of CO2 sources and sinks.
This aspect of the OCO-3 mission is vital as CO2 sources and sinks
must be inferred from small (<2%) spatial variations in XCO2.
OCO-3 will have a precision of <0.2.5% (1 ppm), allowing for the
quantification of CO2 sources and sinks [2].
Radiometric calibration is the process that collects and applies the
parameters needed to convert the instrument output into physical
measures. The radiance measure generated by the calibration
process are the critical component of the OCO-3 Level 1B Product.
OCO-3 is mounted nadir-looking on the ISS without the ability to
collect solar data. OCO-3 therefore relies on frequent measurements
of its onboard lamps to track relative changes and requires
measurements of multiple external reference sources to distinguish

changes in the instrument from changes in the calibration lamps [1].
The OCO-3 Calibration team maintains the radiometric calibration
process for the entire mission by maintaining the algorithms and
updating the parameters required to generate accurate radiances. In
addition to radiometric calibration that requires variable intensity
light source, other ground-based calibration tests that used variable
wavelength laser source (spectral), movable light sources
(geometric) and rotated polarizer (polarimetric) were performed at
JPL prior to launch.

collect calibration data, and thermal balance verification of the fully
integrated OCO-3 payload. This TVac cycle was used to confirm
that there are no significant changes from TVac 1 testing and verify
all level 3 Instrument and Calibration test performance
requirements. Heliostat data was collected to acquire solar spectra
(figure 2) and support closure of level 2 performance and level 3
algorithm requirements. Data obtained from this test served to form
the basis for comparison with spectra obtained from ISS.
Unfortunately, during TVac 2, it was discovered that during onboard
calibration, the calibration lamps were saturating the detectors on
the Weak (partially) and Strong CO2 channels (completely)
resulting in some unverified Calibration requirements. The
saturation required an attenuator mesh to be installed in Calibrator
and TVac 3 was performed to verify the modifications worked
successfully, hence establishing an optimal confidence in instrument
performance before shipping it for launch.

3.2.3. Environmental Tests

Figure 2: Example Spectra obtained from TVac test [2]
The OCO-3 test campaign consisted of set of critical Thermal
Vacuum (TVac) tests during which the instrument calibration and
performance characterization were performed. The instrument’s
Focal Plane Assembly (FPA) base temperature was varied from nonoperational survival temperatures, through decontamination
temperatures, and to operational temperatures while a variety of
mechanical and optical settings, alignments and calibrations were
performed. The wider field of view of OCO-3, required to match
OCO-2’s footprint size (from the lower orbit of the ISS),
necessitated several modifications to the optical ground support
equipment that had been used for OCO-2. In particular, the
collimator used to illuminate the instrument for spectral, geometric,
and polarimetric calibration needed to be modified with a new offaxis parabola, a new slit, and remounted closer to the window of the
thermal vacuum chamber. Other optical ground support equipment
included an integrating sphere and heliostat. The heliostat allowed
for spectra of reflected sunlight to be collected by the instrument
while operating in the thermal vacuum chamber [1].
The first test, TVac 0 was performed early in the OCO-3 project
to verify the post-storage performance of the OCO-2 flight-spare.
All OCO-2 level 3 Instrument and Calibration requirements were reverified to establish a baseline for comparison during TVac 1 testing
when the Instrument was integrated into a partially integrated OCO3 payload. During TVac 0, images of dark-subtracted flat-fields
showed a faint ‘crazing’ pattern in the weak carbon dioxide (CO2)
and strong CO2 bands. The main objective of TVac 1 was to verify
that the spectrometer meets performance requirements following the
addition of the OCO-3 entrance optics and aperture stop (prior to
final payload integration). The crazing patterns were observed and a
performance baseline was established prior to Vibration and
EMI/EMC testing. The Thermal, PCS, PMA, and electronics and
Flight Software functionality were also confirmed during this test.
The objective of TVac 2 was to verify and validate the performance,

The OCO-3 payload design ensured that the flight hardware is
compatible with all anticipated environments. The OCO-3
Environmental Requirements Document (ERD) specified design
and test margins for environmental tests tailored from JPL
institutional requirements and standards. The following
environmental tests were performed over OCO-3 that complied with
the specifications given in the ERD:
i) EMI/EMC Testing: Electromagnetic compatibility (EMC) testing
ensures that the generation, propagation and reception of unwanted
electromagnetic energy (Electromagnetic Interference, or EMI) is at
acceptably low levels. OCO-3 EMI/EMC tests, such as electrical
grounding, isolation and bonding, DC magnetics, electric field
radiated emissions, AC magnetics fields. radiated electric field
susceptibility, and self-compatibility, were conducted under
ambient temperature and pressure in a shielded room located in the
Environmental Test Laboratory at JPL and results were well within
nominal levels.
ii) Dynamics Testing: OCO-3 Dynamics tests included a Random
Vibration (RV) test and Acoustics test per the ERD. The RV testing
in the launch configuration demonstrates that the payload design can
tolerate launch environments. The qualification of the structure for
quasi-static loads are also considered for this test. The OCO-3
payload configuration during RV was an assembly of the Instrument
enclosure mass simulator mounted to the LVIS (Launch Vehicle
Isolation System). A LVIS is needed between the launch vehicle and
the payload in order to ensure that the instrument is not exposed to
high levels of vibration in the LV. The payload was successfully
exposed to the proto-flight levels and random vibe environment in
the X and Y lateral test axes with no anomalies. The pre and postperformance and functionality analyses revealed that no damages or
changes occurred to the payload. The Z axis RV test was not
performed for payload level testing in order to prevent exceeding the
vibration table’s overturning moment limit. Z axis load compliance
was shown by combination of lower-level tests and payload-level
analysis. Acoustics testing was performed at proto-flight levels on
OCO-3 to qualify and accept the payload for flight acoustic
environment and validate workmanship for mechanical
environments and alignment of optical elements before and after the
applied acoustic tests. Pre and post -15dB level data from these tests
indicated that no damage or changes occurred to the payload and the
post-acoustic functional tests indicated no anomalies as a result of
the acoustic exposure. Acoustic testing covered workmanship at the
frequencies not covered by random vibration (80-2000 Hz where
random ends at 250 Hz).

3.2.4. Other Critical Tests
PMA deployment tests were performed to verify that the system
deploys the pointing mechanism (PMA) as expected. The End-toEnd Pointing tests verified the alignment and overall pointing
accuracy following vibration testing. The final run of this test helped
in setting up the baseline for on-orbit calibration.
Mass Properties were performed to measure and verify the total
allowable mass and CG of the OCO-3 payload as required by the
ISS program, JAXA (for robotic arm constraint checks) and LV
provider (for launch constraint checks).
The TVac tests were also performed to verify fault detection of
the payload. Science data packages were collected during each
major mode for SDOS and a ‘Day in the Life’ test was conducted to
validate proper operation of the payload and instrument software in
a flight like time scenario.

3.3. Validation Activities
Validation activities were performed on OCO-3 requirements,
models and the payload to confirm its overall integrity and
performance for nominal and off-nominal operations. The V&V
team assisted in a performing validation on level 2 and 3
requirement sets to ensure that the requirements are correct,
complete, traceable to one another and most importantly, verifiable.
OCO-3 used models and simulation in a dedicated testbed to verify
and validate procedures, sequences, and scripts, a subset of
requirements and functions that couldn’t be directly tested on the
payload hardware, investigating anomalies and Flight Software
testing in the event that a modification is required. The testbed went
through a thorough certification process to understand the
similarities and differences between flight and testbed systems.
Early validation testing on subsystem level hardware and software
gave confidence to the project that the subsystems will work as
expected when integrated into the OCO-3 Payload.
System validation was implemented through a series of flight-like
Project System Tests to validate the end-to-end flight-ground system
by covering mission-enabling scenarios (e.g., launch operations,
orbit checkout, science operations) exercising all elements of the
project relevant to the test (Instrument, Payload, MOS and SDOS).
Operational scenarios and off-nominal scenarios were used to test
fidelity of mission system. The testbed was used to perform Mission
Scenario Tests, Operational Readiness Tests (ORTs), and Mission
Operations Training (MSTs).
Thread tests were conducted as the first tests of operations
processes for uplink and downlink. These tests verified that a
specific function can work without necessarily involving the whole
system and were a building block to larger MSTs, EEISTs, and
ORTs that exercised the integration of all the components. MSTs
were performed using flight software and flight hardware
(breadboards, engineering models, simulations, or flight spare
hardware), with sequences and on-board blocks generated by the
SDOS, and with telemetry processed by the SDOS. The ORTs were
conducted to ensure that OCO-3’s MOS can execute the mission
under a realistic operational environment. These tests demonstrated
that all elements of the MOS (software, hardware, people, processes
and procedures) can work together to accomplish the mission plan.
The OCO-3 End to End Information Systems (EEIS) refers to the
hardware and software that transports information between all the
integral elements, including the flight system, MOS and SDOS.
EEIS compatibility and data flow tests were executed prior to
payload shipment to the launch site using the operational ground
system, operational support teams, and Mission Support Area
(MSA) in the operations configuration. The EEIS testing tested

mission planning, observation scheduling, command and telemetry
processing through ISS simulated interfaces and validated science
data product generation. These tests were performed incrementally
in distinct phases of development and integration (engineering
model and flight spare Test at NASA JSC and Final Flight Test at
launch site).

4. LAUNCH AND OPERATIONS READINESS
CAMPAIGN
All test and analysis results from V&V activities conducted during
the I&T program and requirements closure status were tracked and
reviewed by the institutional Certificate of Flight Readiness (CoFR)
process. The residual risks from the set of waived tests and TAYF
Exceptions for OCO-3 were marked as consistent with a Class C
mission and acceptable for flight. Approximately 4 months before
launch, a Limited Functional Test (LFT) was performed to verify
the state of the payload before it was shipped to NASA KSC in
preparation for launch. Upon reaching KSC, the payload was
unpacked and a safe arrival test and EEIS tests were performed
before payload began with its launch site processing activities. The
final Launch System integration and testing (such as verifying that
the survival heater functions properly under Dragon power) on
OCO-3 were performed at KSC and at the Space-X facility where it
was mated to the Dragon capsule for launch.

5. SUMMARY
A well-orchestrated V&V and I&T campaign and a successful CoFR
confirmed the confidence levels in OCO-3’s readiness for launch
and operations on ISS. The test and analysis results obtained from
pre-launch activities also enabled the project to perform efficient inorbit checkout, functional tests and in-flight calibration activities,
post OCO-3's berth on the ISS, that eventually allowed its onboard
science data collection.
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