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Introduction
CubeSats are a versatile and cost-effective solution for
space applications. Commercial off-the-shelf components
have been used to design CubeSat constellations, including
for GNSS-RO. The use of GNSS signals is routinely used for
orbit determination of LEO CubeSats and has been enabled
the detection of the low-degree harmonics of Earth’s
gravity field, e.g., Baur, O. (2013). This poster presents
precise orbit determination for a satellite of the Spire
CubeSat constellation.

Attitude Information
The Spire leoAtt files contain the attitude of the satellites
(i.e., as quaternions representing the rotation from satellite
body frame to the local orbit frame). These quaternions
should be used along with processing the simulated star
camera measurements. It is crucial to apply them correctly
to obtain reasonable estimates of the kinematic orbits and
ACVs, considering that the satellite undergoes multiple yaw
flips in a single day.

Method
GNSS kinematic orbit determination for small satellites can
be hindered by various issues such as noise, data gaps, and
poor geometry. Our research addresses these challenges
through two different approaches: GNSS network
processing of GPS and Galileo constellations and kinematic
orbit determination for Spire CubeSats with a GNSS-RO
payload. We adopt the raw observation approach
developed by Mayer-Gürr et al. (2021), which uses raw
GNSS code and phase observations on all frequencies and
solves phase ambiguity to enhance the accuracy of orbit
determination (Figure 6).

GNSS Network Processing
The first part of our research involves determining precise
orbits, clocks, and signal biases for GPS and Galileo
satellites using the strategy proposed by Strasser et al.
(2019). To match the Spire dataset provided, we processed
GPS and Galileo products for August 2021, using
approximately 650 IGS Repro3 stations with a 30s sampling
rate. The 3D RMS values derived for GPS and Galileo
constellations in August 2021 are shown in Figure 1.
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Fig 5. ACVs for Spire FM099 satellite by analyzing one month of data for phase L1/L2 (left), code P1 and P2
observations (middle and right). The estimated patterns show a significant difference from the ground
calibrations for the code observations (both P1 and P2). The variation for phase measurements and code
measurements are in the range of ±4 mm and ±10 cm, respectively.

Fig 4. Ground based ACV patterns for Spire for L1/L2 (left), P1 (middle), and P2 (right) observables.
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Fig 8. Introduced azimuth and elevation dependent weighting scheme used in processing for P1 observables,
including accuracy (left), antenna mean (middle), and redundancy (right) in which, the accumulated antenna
redundancy of the computed pattern grid is shown.

Fig 7. Accuracy (left), antenna mean (middle), and redundancy (right). A nearly zero mean indicates that
appropriate antenna center variations (ACVs) patterns were used during processing.
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Satellite Info
• FM099 , Johan Loran

• Satellite bus version: LEMUR 2-3.4

• Antenna type: LEMUR 3.1.0

• Orbit: SSO (09:30 LTAN)

• Altitude: 505 km

• Maximum attitude: 82.60°

• 1 Hz dual frequency

• GPS data from POD antenna

• L1A satellite orbits (a priori)

• LeoAtt Attitude quaternions

• Simulated quaternions

• L1B official orbits

Fig 1. 3D RMS of comparison of in-house processed GNSS orbits and final Repro3 orbits processed at CODE
for GPS constellation (left) and Galileo (right) in August 2021.

Fig 9. Example for Spire satellite attitude (roll, pitch, and yaw angle) in one day.

Fig 2. Example of code (left) and phase (right) residuals for both frequencies (L1 and L2). Due to the regular
gaps in the Spire satellite data, the resulting kinematic orbits also contain gaps, as is evident in the derived
residuals. Over the course of a day-long comparison, the residuals varied between -5 m to 5 m for code
residuals and -10 mm to 10 mm for phase residuals.

Fig 3. RMS of orbit
comparison between the
derived kinematic orbits
for FM099 (with the
processing settings: 1s
sampling rate, fixed phase
ambiguities, in-house
processed GNSS orbit,
clock and signal bias
products , 0° elevation cut-
off angle) and Spire official
L1B orbits for August 2021,
presented in the along-
track , cross-track, radial
components and 3D RMS.

Summary and Future Work
We developed an initial architecture for processing
kinematic orbits of the Spire GNSS-RO CubeSats and
discussed the validations and limitations of the method.
Our analysis demonstrated good agreement between the
UL and CODE GNSS orbit products. Kinematic orbits were
derived for FM099 using the raw observation approach
and compared to L1B products. Despite the lower quality
and continuity of Spire CubSats GPS data, the results of the
initial kinematic orbits are promising. Future work will
involve processing other Spire FMs, comparing kinematic
with reduced-dynamic orbits, and applying processed
kinematic orbits for scientific applications such as Earth's
gravity field measurements.
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Fig 6. Process flow for LEO kinematic orbit processing.
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