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Abstract— We demonstrate the use of over 5000 commercial-
off-the-shelf (COTS) complementary metal–oxide–semiconductor
(CMOS) image sensors and simple total ionizing dose (TID)
circuits from the Starlink satellite constellation to measure
ionizing radiation effects in a low Earth orbit (LEO) environment
with high spatial and temporal resolution. The constellation’s
main operating environment was modeled, ground tests were
performed on the CMOS image sensor (CIS) and TID circuit,
and on-orbit data were collected and analyzed from nearly
3000 satellites in the primary 53◦ inclination shell. The estimated
TID and bright spot counts are compared to model predictions
and known LEO phenomena, respectively. The constellation of
TID circuits provides high confidence in design margin against
cumulative dose risk. Data on single-event effects (SEEs) in CIS
are collected and shown to be capable of mapping high radiation
regions of the orbit, such as the South Atlantic Anomaly (SAA).
In total, this study demonstrates that thousands of low cost
and readily available sensors hosted on mega-constellations can
potentially inform future models by supplementing external data
as a source of near real-time measurements of the radiation
environment in LEO.

Index Terms— Commercial-off-the-shelf (COTS), complemen-
tary metal–oxide–semiconductor (CMOS), CMOS image sensor
(CIS), device under test (DUT), low Earth orbit (LEO), single-
event effects (SEEs), solar particle event (SPE), South Atlantic
Anomaly (SAA), total ionizing dose (TID).

I. INTRODUCTION

OVER the last decade, a number of satellite mega-
constellation designs have been proposed for low Earth

orbit (LEO) [1], [2]. A primary concern for building these
systems lies in creating performant, reliable, and low-cost
spacecraft while maintaining space safety. To achieve this,
designers and operators must be acutely aware of the risks
of space radiation effects in their orbital environment. This
becomes particularly challenging for manufacturing spacecraft
at a scale when price per component is a key design constraint.
Engineers must frequently opt for cheap commercial-off-the-
shelf (COTS) components, which can be purchased at a
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fraction of the cost of radiation-hardened alternatives [3]. This
approach requires a critical understanding of the operational
environment and the associated radiation risk to spacecraft
avionics. Similarly, the aforementioned component-, system-,
and environment-level knowledge is crucial to inform potential
mitigations for increased solar activity and for understanding
anomalies [4].

The desire to understand the radiation environment has
motivated previous similar studies. The Responsive Environ-
mental Assessment Commercially Hosted (REACH) payload
project, the Active Magnetospheric and Planetary Electrody-
namics Response Experiment (AMPERE), and the Project for
OnBoard Autonomy-Vegetation (PROBA-V) are three exam-
ples of efforts to collect near-real-time data on the space
environment [5], [6], [7]. These projects have utilized either
custom-designed sensors (operating as a hosted payload) or
existing sensors designed into constellation spacecraft that can
characterize magnetic field strength or particle flux over a
range of energies. However, studies of this kind are often
limited to no more than a few dozen spacecraft resulting in
constrained revisit rates for any given geophysical location.

In contrast, the primary benefit of the Starlink constel-
lation sensor implementations resides in the spatiotemporal
data resolution enabled by its unprecedented scale. Starlink
constellation sensors considered for this study collected over
20 device-years of data every day with a revisit rate of
less than 5 min for any point along the orbital path. This
method of data collection is complementary to environment
data collected with higher fidelity sensors. Furthermore, the
quantity of samples gathered is statistically significant enough
to bound environment data with higher confidence.

The purpose of this work is to discuss how Starlink—
designed, manufactured, and launched by SpaceX—is able
to use simple onboard sensors to capture near real-time data
on the space radiation environment and how those effects are
modeled in the constellation’s primary orbital shell. A model
of a Starlink satellite is shown in Fig. 1 for reference. Starlink
currently has over 4000 satellites in operation, with the major-
ity operating at an altitude of approximately 550 km and an
inclination of 53◦ [1]. Specifically, this work presents on-orbit
data from approximately 8000 active radiation sensors in the
Starlink constellation. The sensors used in Starlink satellites
consist of both a custom total ionizing dose (TID) sensor
and a complementary metal–oxide–semiconductor (CMOS)
image sensor, which are installed onboard every vehicle. Each
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Fig. 1. Starlink satellite model.

satellite has four identical copies of the TID sensor and two
identical copies of the CMOS image sensor (CIS).

In this article, TID sensor data are compared to cumulative
dose predictions generated with an environment and shielding
model. Single-event effects (SEEs) detected in the image
sensor are compared against known environmental effects.
First, the modeling of Starlink’s main operational environment
and analysis used to inform mission performance is discussed.
Second, the relevant sensor details and the ground test char-
acterization of their radiation response are briefly discussed.
Finally, the captured on-orbit data from TID sensors are
compared against the environmental model and the captured
CIS data are compared against known dependencies in location
and measurements from other spacecraft over time.

II. DESIGN AND ANALYSIS DETAILS

A. Starlink Environment Modeling

To inform radiation environment design risk for Starlink
satellites, the trapped proton and electron radiation envi-
ronments were modeled using the International Radiation
Environment Near Earth (IRENE) AE9/AP9 (v1.50.001),
a space radiation environment modeling tool available from
the Air Force Research Laboratory [8]. Specifically, the model
was used to derive mean trapped belt protons and electrons,
shown in Fig. 2, for Starlink satellites operating at an incli-
nation of 53◦ in a 550-km circular orbit. The mean trapped
proton belt flux in the mission environment was then used
to get a baseline expectation for flux readings during quiet
solar conditions. It was assumed that the trapped environment
mean AP9/AE9 mission fluences could be sufficiently scaled
for repeated ground tracks using the modeled spectra. The
Space Environment Information System (SPENVIS) program
was leveraged to generate a solar proton flux model for the
Starlink orbit using a mean composition of the flux at the
spacecraft from the 24 October 1989 portion of the Xapsos
model [9], [10]. This model was derived using the “Størmer
with eccentric dipole method,” as described by Størmer [11],
to account for geomagnetic shielding. The geomagnetically
shielded exterior solar proton flux used for the analysis is also
included in Fig. 2.

The SEE risk from galactic cosmic rays (GCRs), Van Allen
belt protons, and solar proton spectra were transported through
shielding provided by the satellite structure as part of the anal-
ysis for system-level SEE rate predictions. However, the SEE

Fig. 2. IRENE-AE9/AP9 (v1.50.001) integral particle spectra and solar
particle flux for Starlink satellites in a 550-km circular orbit at 53◦ inclination.

impacts on the CISs due to GCRs were negligible compared
to the contribution from trapped belt protons. Nonetheless, the
GCR model implemented for the system-level SEE analysis
was the Cosmic Ray Effects on Micro-Electronics (CREME)
96 heavy-ion model, also using the Størmer magnetic cut-
off, under quiet conditions for ions from atomic number
(Z ) equal to 1 to Z equal to 92 in Outil de Modélisation
de l’Environnement Radiatif Externe (OMERE) [12], [13].
The geomagnetic cutoff informs the threshold particle energy
needed to penetrate the magnetosphere and reach the 550-km
mission altitude and an assumed spherical shielding thickness
of 1 g/cm2 was used for the environment linear energy transfer
(LET) spectrum generation.

The FASTRAD radiation transport software from TRAD
was used to calculate the cumulative dose for the TID sensors
and to derive a transported proton spectrum for CISs for
their respective physical locations within the vehicle [14].
A FASTRAD reverse Monte Carlo (RMC) TID analysis was
performed for the four TID sensor locations onboard the
satellite using the particle spectra shown in Fig. 2. The
predicted average TID sensor dose rates ranged from 0.33 and
0.74 rad(SiO2)/day, depending on location. A shielding distri-
bution for the CIS was generated with a ray-trace calculation,
as shown in Fig. 3. The shielding thicknesses in the histogram
below were cross-referenced to the Planetary Science and
Technology from Analog Research (PSTAR) program lookup
tables for aluminum [15]. The results indicate that the typical
threshold energy necessary for a proton to reach the image
sensor is approximately 55 MeV based on the shielding
distribution with a minimum of approximately 35 MeV.

B. TID Sensor

The TID sensor is a low-voltage, low-power draw
(200 mW), small form factor device, which provides
temperature-compensated output voltage that linearly scales
with dose from 0 to 2 krad(SiO2). The upper range on the
sensor was selected based on environment modeling, which
showed that no sensor should receive more than 2 krad(SiO2)
over a five-year span. Internally, dose sensors were calibrated
against gamma sources at multiple dose rates and proton ener-
gies. Gamma test results are reported. A total of four design
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Fig. 3. Fractional distribution of proton penetration thresholds for the Starlink
CMOS imager.

Fig. 4. Test card used for calibration of dose sensor readings.

samples were irradiated and characterized using terrestrial
gamma-ray sources with two samples tested at a low dose
rate of 0.2 rad(SiO2)/s and two samples tested at a high dose
rate of 2 rad(SiO2)/s. An example test card render is shown in
Fig. 4. Results from testing show that the TID sensor increases
1 mV in output voltage for every 0.387 rad(SiO2) of total
dose. Annealing up to temperatures of 100 ◦C has a negligible
impact on output voltage with less than 1% variance before
and after exposure. While the specific components used for
the dose sensor design are proprietary to SpaceX, a similar
approach to recreate these results is achievable by purchasing,
flying, and monitoring commercially available radiation dose
sensors such as the Teledyne µDOS-001 [16]. However, the
use of a similarly high-accuracy sensor introduces greater
challenges with respect to cost and availability. Consequently,
a decision to use a custom SpaceX dosimeter made with
readily available COTS components was pursued to comply
with cost, production, and schedule needs while providing
useful information for constellation planning and operations.

C. CMOS Image Sensor

CIS radiation effects have been extensively studied [17],
[18], [19], [20], [21]. Therefore, the key tests for the CIS
onboard Starlink were performed to ensure that it was capable
of meeting availability and total lifetime requirements. Tests
were performed to observe SEEs in response to energetic
protons and to characterize the response to TID.

Fig. 5. CMOS imager under high proton flux irradiation.

1) Single-Event Effects: Incident particles may deposit high
charge in a small group of pixels or in a track and show up
in captured images as “bright spots” when viewed against a
dark frame [18]. In many cases, the bright spots are clear as
the pixels are read, but in some cases, bright spots persisting
across frames (stuck pixels) may occur, which require a
power cycle of the device or may not anneal in a reasonable
time. Controller errors, including full rows of bright pixels,
were expected and could be resolved with a power cycle of
the CIS.

The CIS was characterized and tested at multiple proton
beam facilities, incidence angles, exposure time, and energy
levels of 30, 50, 75, and 200 MeV, respectively. The results
shown in this study utilize data available from a 200-MeV
proton test where the unit was taken to a total fluence of
1.06 × 1010. The test setup utilized an evaluation board for
the device under test (DUT) with shielding for the circuitry
surrounding the active pixel sensor (APS), a power supply for
the DUT evaluation board, and a laptop with vendor-supplied
software to communicate to the DUT and capture images (with
22-ms exposure time) during irradiation. The DUT was also
covered so that nominal image captures were dark, and any
stray light in the beam room would not affect the results. The
DUT was tested in a series of proton exposure periods using
a commercial evaluation board and custom software. Fig. 5
shows an image capture during irradiation.

In agreement with other studies of CISs [18], bright spot
accumulation was observed at a rate proportional to the proton
flux of the beam, and the total number of unclearable stuck
pixels correlated with the total DUT fluence. These trends are
shown in Figs. 6 and 7 with the line being fit using the least
squares method. Potential outliers were removed from the fit
of data on bright pixels versus flux. From the least squares
fit to data representing bright pixels versus flux, there was an
increase of approximately 2.68 × 10−5 bright pixels per unit
increase in flux (particle per square centimeter per second)
with a baseline of approximately 1.6 bright pixels at zero
flux. The baseline of 1.6 bright pixels is unexpected but may
be due to any combination of sensor noise, outliers in the
data, or insufficient samples at each level of flux. Future tests
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Fig. 6. Bright pixels versus 200-MeV proton beam flux.

Fig. 7. Stuck pixels versus total DUT 200-MeV proton fluence.

should attempt to calibrate for any potential noise by including
a measurement prior to irradiation and capture more data at
each level of flux. The least squares fit to data representing
stuck pixels versus fluence indicates that there was an increase
of approximately 9.24 × 10−9 stuck pixels per unit increase
in fluence (particles per square centimeter) with a baseline of
1.1 stuck pixels at zero fluence.

2) Total Ionizing Dose: In addition to the SEEs observed
on CIS, TID can affect imager performance. The image
sensor was tested in a Cobalt-60 source facility to characterize
imager changes as a function of dose. The test recorded the
current drawn by the imager and frames from the imager to
understand the dark current increase as a function of dose.
The test was performed at a dose rate of 2.49 rad(SiO2)/s with
measurements taken at 5, 10, and 20 krad(SiO2). At each step,
characterization was performed across temperature at 0 ◦C,
15 ◦C, 30 ◦C, 45 ◦C, 60 ◦C, and 70 ◦C with 30 light frames
and 30 dark frames each. Exposure and gain settings were
held constant throughout the test.

For Starlink, environment analysis has indicated that the
TID expected for the CISs is approximately 0.5 krad(SiO2) for
the mission duration of five years. Furthermore, to correct for

Fig. 8. Mean pixel value versus temperature.

longer term effects in the imager and reduce noise in captured
frames, a filter was developed to subtract the fixed pattern
noise (FPN) of the imager. If necessary, operators can also
take action to increase the temperature of the CIS in order to
more quickly reverse defects and restore the performance of
imagers [22].

As desired, TID results indicated little shift in the mean
value of pixels at a cumulative dose of 5 krad(SiO2) at the
expected operational temperatures. This is shown in Fig. 8
where the difference between the mean pixel value of the dark
frames captured pre-irradiation and following 5-krad(SiO2)
total dose exposure is not significantly different up to a tem-
perature limit of 50 ◦C. TID was not considered a significant
factor in measurement error with regard to bright spots, based
on the expected mission dose and minimal shift in mean pixel
value below 5 krad(SiO2).

III. ON-ORBIT RESULTS

A. TID Sensor

Data were analyzed across Starlink satellites from
28 January 2022 to 28 January 2023 to compare one year
of measured on-orbit dose against environment modeling pre-
dictions. Data were collected from up to four TID sensors
per satellite with 2526 sensors in total. Of note, the one-year
change in dose was utilized (as opposed to total reported
dose) in order to account for the differences in time spent
at operational altitudes. In order to be considered valid for
the dataset, the satellite was required to be at an operational
altitude of 525 km or greater for the entire time span. The
data for each sensor location is summarized in Table I.

The estimated dose and altitude of a satellite were also
calculated to verify the dependence of dose rate on spacecraft
altitude in LEO. Results show that the average one-year
cumulative dose for all valid sensors was 90 rad(SiO2) with
a standard deviation of 5.1 rad(SiO2). To first order, each
TID sensor on the Starlink satellite accumulates approximately
0.25 rad(SiO2)/day. Some difference in average dose rate is
expected due to TID sensor location. Fig. 9 shows the results
for a single TID sensor on a satellite with a delayed orbit
raise alongside the predicted dose after the satellite reaches
the operational altitude. Note the change in dose rate as
the satellite raises. This satellite accumulated approximately
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Fig. 9. Measurements from a TID sensor (black) and altitude (gray) from
a Starlink satellite alongside on-station dose rate estimates for the high dose
rate sensor location (blue) and the low dose rate sensor location (red).

TABLE I
ONE-YEAR MEAN AND STANDARD DEVIATION OF

TID SENSORS ON STARLINK

0.1 rad(SiO2)/day before orbit raise and 0.27 rad(SiO2)/day
after orbit raise.

A FASTRAD reverse Monte Carlo shielding analysis was
performed for the four TID sensor locations on the satellite
[14]. The satellite mass model was derived from an exported
CAD model and accounted for 92% of the dry mass of
the satellite. The predicted dose rate for the TID sensors
ranged from 0.33 rad(SiO2)/day to 0.74 rad(SiO2)/day. This
is a factor of 1.3–3 higher than the observed dose rates
in the TID sensors. The TID analysis used the AP9 mean
environment, which is known to over predict LEO dose [23].
The empirical measurements coupled with characterization
data for the TID sensor provide high confidence in the on-orbit
TID rate. Further analysis using a higher fidelity vehicle mass
model could be performed to investigate differences between
predicted and observed dose rates. This analysis remains an
item for future work.

B. CMOS Image Sensor

For this experiment, data were collected from 1 December
2022 to 15 January 2023 across all Starlink satellites that were
in the main operational shell of approximately 53◦ inclination
and 550-km altitude. In total, data were collected from the two
CIS onboard 2914 Starlink satellites for a total of 5828 CISs.
Data were filtered to exclude satellites with CIS faults causing
out-of-family measurements during the time period.

An algorithm to detect bright spots was developed for
the CIS and data were stored onboard each respective Star-
link satellite. This algorithm is similar to others previously
demonstrated using clustering of pixels to detect single-event
effects and ionizing radiation impacts to CIS [17]. On Starlink,

Fig. 10. On orbit data: CIS bright pixel telemetry from a single Starlink
satellite (blue and orange) with a flag (green) to indicate satellite was passing
through the SAA.

an algorithm was written to estimate the number of transient
bright spots based on frame subtraction. The algorithm esti-
mated the number of bright spots per second, and this value
was collected once a minute from all possible CIS across
Starlink satellites. Earth-centered Earth-fixed (ECEF) position
data were also captured for each satellite and able to be
converted to latitude, longitude, and altitude (LLA) for ease
of plotting data onto 2-D maps. Data were filtered to exclude
several factors: temporary CIS faults, presence of stray light
sources such as the Sun and moon in the image, measurements
taken in vehicle maneuver states, and measurements taken
outside the operational altitude. In order to filter out such
cases, a simple heuristic was derived such that the error
between the two sensors on a satellite was less than 100%
(relative to the lowest sensor).

A sample of the bright spot data collected from both sensors
on a single satellite is shown in Fig. 10 alongside a Boolean
flag to indicate when the satellite passed through the South
Atlantic Anomaly (SAA) (where the Boolean indicates the
satellite was within 3500 km of −29◦ latitude and −40◦

longitude at the operational altitude). The repeated and varying
duration of the Boolean is explained by the orbit control of the
satellite. At the on-station altitude, a single satellite completes
one rotation around Earth in approximately 90 min. The
ground track (2-D projected latitude/longitude) for a single
satellite shifts by a small amount such that it does not cover the
exact same latitude–longitude cell due to the relative rotation
of Earth.

To visualize behavior across the whole constellation, data
were converted to standard deviations from the mean over
the total 48-h period. Fig. 11 shows a heatmap of all the
data collected over 10 min with intensity corresponding to
the standard deviation value. By plotting the top 5% of points
in the 10-min window and the overall 48-h window in Fig. 12,
we find that the changes in bright pixels occur predominantly,
while satellites are over the SAA, as expected in LEO. When
compared to the shorter 10-min window of data, the data
representing the full 48 h distinctly define the region of interest
and the intensity of the environment when compared to other
regions of the Starlink orbit.
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Fig. 11. On orbit data: CIS bright pixel measurements from 10 min starting
12 January 2023 (UTC) colored by standard deviation.

Fig. 12. On orbit data: top 5% of CIS bright pixel measurements from
10 min (top) and 48 h (bottom) starting 12 January 2023 (UTC) colored by
standard deviation.

The data from 1 December 2022 to 18 December 2022
(inclusive) were plotted in Fig. 13. Note the clear separation
between the SAA and the rest of the 53◦ inclination data.
After filtering down values, each latitude and longitude cell
had averaged data from least 136 satellites (272 CISs), and
higher latitudes where satellites spend more time had up to
1275 satellites per cell (2550 CISs).

The encompassing dataset was plotted as hourly aggregates
after excluding a 10◦

× 10◦ box around the approximate
center of SAA at −25◦ latitude and −55◦ longitude. The
data were then plotted against external data from the Geo-
stationary Operational Environmental Satellite (GOES) and
Polar Operational Environmental Satellite (POES) spacecraft
to determine whether there are any obvious correlations.
Fig. 14 shows the data from GOES satellites (GOES-16,
GOES-17, and GOES-18) overlaid upon the Starlink CIS data.
Fig. 14(a) plots flares reported by any GOES satellite (with

Fig. 13. Contours indicating latitude and longitude cells with data greater
than 0, 3, and 9 standard deviations from global mean.

Fig. 14. Average global CIS bright spot counts from Starlink versus data
from GOES satellites. (a) Starlink CIS data versus flares detected. (b) Starlink
CIS data versus approximate ≥10- and ≥50-MeV integral proton flux.

the flare class scaled to the approximate X-ray flux). While
the absolute variation in the Starlink CIS data over this time
is not extreme, there does appear to be local maxima in the CIS
data after the flares that occur around 15 December 2022 and
9 January 2023. Fig. 14(b) plots the approximate ≥10 MeV
and ≥50 integral proton fluxes. This is an approximation using



SHAH et al.: GLOBAL IONIZING RADIATION ENVIRONMENT MAPPING 605

Fig. 15. Average global CIS bright spot counts from Starlink versus data from
NOAA19 POES satellite. (a) Starlink CIS Data versus POES omnidirectional
proton measurements. (b) Starlink CIS data versus POES >30-MeV electron
data.

a power-law fit to the available differential proton effective
energy and downsampled to the maximum value within a
30-min span from GOES-16, GOES-17, or GOES-18. There
is not a strong correlation observed until some rise in CIS
bright spot counts 10 January 2023, seemingly coincident with
a rise in proton flux from GOES data. There is a similar
increase on 13 January 2023. Fig. 15 similarly shows data
from the National Oceanic and Atmospheric Administration
(NOAA) 19 polar orbiting satellite alongside Starlink CIS
data. Fig. 15(a) shows data from some of the omnidirectional
proton sensors. While there is a step change in the 16–70-MeV
proton outer belt index shortly after 26 December 2022, there
is not a corresponding change in the 35–70-MeV outer belt
index, indicating that there was not a significant change in the
≥35-MeV protons that would be expected to impact the CIS
based on previous shielding analysis. Of interest, as shown
in Fig. 15(b), there appeared to be some small variation
coincident with changes in the >30-keV electron outer belt
index.

The comparison to external data, notably to reported flares
as well as the >30-keV electron outer belt index, provides
some small indications that the Starlink CIS data could be
used in a near real-time monitoring system of the LEO
environment. However, future study is strongly suggested to

better characterize the sensor and the expected response both
via ground testing and comparison against more external data
sources over longer time horizons that include multiple solar
particle events (SPEs). Such work could enable the use of
Starlink CIS to estimate particle flux rather than provide a
relative measurement of the environment.

Overall, the observations from CISs indicate that they can be
utilized to identify periods and locations of increased ionizing
radiation. On-orbit data show that the imager sensor registers
higher rates of bright spots when passing over the SAA. Five
minutes of data from the constellation is sufficient to outline
the shape of the SAA enabling studies of the LEO environment
on much shorter time scales than before. In addition, it is
shown that even with periods as short as a day, high spatial
resolution can be achieved.

IV. CONCLUSION

Sensors onboard the Starlink constellation have proven
capable of providing high spatiotemporal resolution of the
LEO environment. The CISs provide near real-time data
during nominal and stormy solar conditions demonstrating
potential for use as an environment monitoring system. Data
accumulated with the TID sensors demonstrate the inherent
conservatism of the dose calculations.

It is evident from this study that high quantities of
COTS-based sensors can be leveraged to improve knowledge
about the space environment. With improved characterization
of existing sensors or added instrumentation to delineate
sensor spot data by energy and ion species, high-resolution
mapping and real-time observation of the space environment
could be further improved. Several additional follow-on stud-
ies could be applied to the dataset reported herein.
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