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ABSTRACT 

Modeling and understanding signatures and developing the corresponding signature analytics can lead to knowledge 
generation about non-resolved space objects (NRSO) that can be translated into information exploitation algorithms 
to infer, classify, predict and diagnose the health of an NRSO for improved space domain awareness (SDA) beyond 
what is currently possible with light curves.  Ground-based observations (new and archived), laboratory 
measurements, and physics-based simulation models can be used to extract and generate signatures (multi-optical, 
multi-temporal, and geographically diverse) of measured and modeled behaviors for NRSO. Integrating physics-based 
models enables controlled experimentation with a broader sense of operational scenarios beyond what may have been 
captured by ground-based observations. Measured and simulated signatures can be used to build libraries for training 
of machine learning algorithms or other inference engines as well as mined to translate signatures (or their features) 
to information.  
 
This paper presents preliminary results of two simulation studies being conducted using the Digital Imaging and 
Remote Sensing Image Generation (DIRSIG™) to simulate ground-based multi-spectral observations using Johnson-
Cousins photometric filters (B, V, R) of resolved and non-resolved space objects. In the first study, we illustrate the 
integration of laboratory data in a simulation model to study the state of a space asset. Spectral data collected by team 
members of typical materials used in spacecrafts under pristine and simulated space weather conditions as input to 
DIRSIGTM to simulate observations of a simple satellite. The changes in the observed simulated ground-based radiance 
are studied.   The purpose is to study the observability of these changes in measured radiance.  The second simulation 
study involves using the DIRSIGTM model to replicate actual ground-based observations of the DirecTV-10 (DTV10, 
satellite number 31,862) collected between 04:00-08:00 UTC on 23 February 2021 using the US Air Force Academy 
(USAFA) Falcon Telescope Network (FTN) USAFA-16 telescope. Details on building the simulation model for this 
satellite are provided. Simulation results show that the simulation model is capable of capturing the shape of the 
photometric observations which are due to glint produced by the solar panels. However, the resulting simulated model 
was dimmer than the actual observations.  
 
The results are encouraging but also point to needed additional work before this simulation approach can be utilized 
as a complement to real observations to understand signatures of NRSO and be used in design, development and 
validation of algorithms for signature analytics. 

1. INTRODUCTION 

United States is dependent economically and militarily on space assets [1, 2]. Orbiting satellites provide a multitude 
of services, which are critical for America’s military dominance and economic wealth. Space domain awareness 
(SDA) is needed to have a clear picture of the environment surrounding US and allied space assets to detect any 
changes or potential threats.  Remote sensing data for SDA is primarily composed of imagery from radar and optical 
systems [3]. Current ground-based space telescope technology cannot spatially resolve objects in space that are distant 
(e.g., GEO or XGEO) or that are small (e.g., CubeSats, Parasite Satellites). Furthermore, the low cost of small aperture 
commercial off-the-shelf (COTS) telescopes is motivating their use for SDA with high spatial diversity even though 
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they cannot spatially resolve RSO [4, 5, 6, 7]. Radar ground assets are primarily used for observing targets in LEO 
while optical ground assets are used to assess the environment at higher orbits.  
 
Light curves show the brightness of an non-resolved space object (NRSO) over time observed in a specific viewing 
geometry. Its temporal variability is due to the superposition of shape, attitude, motion, and material composition of 
an object under a specific viewing and illumination geometry [8]. Multispectral observations with defined standard 
sets of passbands, such as Johnson-Cousins photometric filters (B, V, R), provide light curve observations used for 
multispectral analysis [9], which provides a coarse spectro-temporal signature of the non-resolved space object to be 
translated by exploitation algorithms into intelligence. Standard astronomical measurements such as photometry, 
spectroscopy, and polarimetry have been used since the beginning of the space age to characterize a satellite’s optical 
signature [10, 11, 12, 13]. As sensor and computing technology have improved, real-world and simulated data (mostly 
light curves) allowed researchers to characterize specific satellite attributes such as color classification [14, 15], 
attitudes and solar panel offsets [16, 17, 18], surface composition and materials [13, 19, 20, 21], shape [18, 22], and 
the relationship between optical brightness with radar cross section [23].  
 
Remote sensing assets such as hyperspectral and polarization imaging systems are becoming available [24, 25] and 
the geographical spatial diversity provided by assets such as the US Air Force Academy (USAFA) Falcon Telescope 
Network (FTN) [7] are bringing enormous amounts of multi-optical data that can provide further insights into aspects 
of NRSO that were inaccessible with previous remote sensing technologies for SDA. Accurate interpretation of these 
signatures may allow us to perceive, predict, comprehend, and react appropriately to changing situations in the space 
environment.  
 
Modeling and understanding signatures and developing the corresponding signature analytics can lead to knowledge 
generation about NRSO that can be translated into information exploitation algorithms to infer, classify, predict and 
diagnose the state of a NRSO for improved SDA beyond what is currently possible with light curves.  Ground-based 
observations (new and archived), laboratory measurements, and physics-based simulation models can be used to 
extract and generate signatures (multi-optical, multi-temporal, and geographically diverse) of measured and modeled 
behaviors for NRSO. Integrating physics-based models enables controlled computational experimentation with a 
broader sense of operational scenarios beyond what may have been captured by ground-based observations. Measured 
and simulated signatures can be used to build spectral libraries that can be used, for instance, for training of machine 
learning algorithms or other inference engines as well as mined to translate signatures (or their features) to information.  
 
The Digital Imaging and Remote Sensing Image Generation (DIRSIG™) model has been used to model SDA 
applications. Capabilities of the DIRSIGTM model for SDA applications are described in [26]. This paper presents 
preliminary results on how a simulation model like this can be used to understand the effects of space weathering on 
measured radiance and how observed signature of a GEO satellite (DirecTV10) collected with USAFA FTN USAFA-
16 telescope at different times correlate with simulated spectro-temporal signatures.   

2. DIRSIGTM SIMULATION MODEL 

Access to NRSO remote sensing data that provides a rich collection of scenarios is a challenge. Physics-based 
simulation tools can generate rich data sets complementing observations or laboratory measurements.  Rochester 
Institute of Technology (RIT) has developed and maintains a state-of-the-art image simulation software tool called 
Digital Imaging and Remote Sensing Image Generation (DIRSIG™), which is a physics-driven synthetic image 
generation model [27] developed by the RIT Digital Imaging and Remote Sensing Laboratory over the course of 30 
years. The model can produce passive multidimensional optical imagery (single-band, multi-spectral, polarimetric, or 
hyperspectral) from the visible through the thermal infrared region of the electromagnetic spectrum. The tool has the 
capability to simulate images of a wide variety of resolved and non-resolved space objects across the electromagnetic 
spectrum, ranging from UV to thermal infrared. DIRSIG™ can incorporate material bidirectional reflectance 
distribution function (BRDF) and emissivity from laboratory measurements, existing materials databases (such as the 
AFRL Satellite Assessment Center (SatAC) and Non-Conventional Exploitation Factors (NEF) databases), or based 
on first-principles for simple materials. Additionally, DIRSIG™ is capable of describing space object motion and 
articulation from either an externally generated lookup table of values (i.e., generated using Systems ToolKit (STK) 
[28]) or via a two-line element (TLE) set [29]. Due to the hierarchical nature of the geometry descriptions, the user 
can specify a time varying articulation of specific space object components such as solar panels that track the sun. 
With this flexibility, it is straightforward to accurately model the signatures of complex object articulations that 
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describe things such as rotating solar panels for maximum power transfer, a tumbling rocket body or the deployment 
of the payload fairing shells during a launch sequence. Capabilities of the DIRSIG for SDA are described in [26, 30]. 

3. SIMULATING SPACE WEATHERING EFFECTS 

Team members from the GTRI and UTEP in collaboration with the SCICL at Kirtland AFRL have collected spectral 
signatures of typical surface spacecraft materials from polyimide (PI, including different flavors of Kapton©) and 
polyethylene terephthalate (PET, Mylar© and Melinex©) families, thermal control paints, and solar array coverglasses 
(CMG, CMX, fused silica) exposed to the different fluences of high-energy (100 keV) electrons mimicking the space 
environment of GEO orbit. Whereas material degradation in the space environment proceeds as a function of several 
simultaneous damage mechanisms each driven by a specific type of irradiation, the high-energy electrons is the most 
damaging species in terms of energy deposition in the GEO environment [31], causing changes in optical, structural, 
mechanical, charge transport, and chemical properties of spacecraft surface materials [32, 33, 34, 35, 36]. 
 
Since each material has a unique spectral fingerprint, changes of its reflectance signature can be used as proxy 
measurement for other, less convenient measurements. Further, tracking objects in GEO using Earth-based optical 
observations often consists of the collection of unresolved images of the GEO objects. Brightness of the image is 
dependent on spacecraft geometry and surface composition. Thus, the composition of the surface and the environment-
dependent chemical state of the surface materials may be inferred from the spectral content of an unresolved image, 
enabling remote diagnosis of spacecraft health. 
 
Directional hemispherical reflectance (DHR) measurements were performed at regular time intervals during the 
electron irradiation process, for the purpose of dynamic analysis of their optical behavioral changes throughout 
irradiation.  Details of electron irradiation and DHR measurement procedure are reported elsewhere [37, 38].  The 
DHR spectra of pristine and space-weathered materials can be used as an input to DIRSIGTM software to generate 
simulated ground-based observations showing the effects of different levels of material weathering at different stages. 
This simulation experiment will serve to illustrate how laboratory measurements can be integrated with physics-based 
modeling to understand changes in ground-based observations. This type of analysis can help assess the health of a 
space asset like DirecTV 10 (DTV-10). Simulation results using DIRSIGTM are presented for the materials shown in 
Figure 1. 
 

 
(a) 

 
(b) 

Figure 1: Pristine and weathered spectra used in simulations: (a) Kapton MT and (b) Kapton HN. Color strips show 
the location and passband for the Johnson-Cousins photometric filters (B, V, R). 

3.1 Simulation Parameters 

A simple satellite structure was simulated. The structure consists of solar panel attached to a cube as shown in Figure 
2. The cube is covered with a single material in the simulation. The object is stabilized (not rotating) and an image is 
collected every 100 seconds. The simulation is run first with the pristine material spectral signature and then with the 
irradiated signature. 
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Figure 2: Simple satellite model used for weathering simulations. 

 

 

 
(a) 

 
(b) 

Figure 3: Simulated ground-based radiance for pristine and irradiated materials: (a) Kapton HN and (b) Kapton MT. 

 
Table 1: Statistics for the difference between the simulated ground-based  

radiance for pristine and irradiated Kapton HN in 𝑊𝑊𝑚𝑚−2𝑠𝑠𝑟𝑟−1. 

 Mean  RMS Max Min 
Band 0.44 1.7071E-04 2.2219E-04 4.0700E-04 2.0000E-06 
Band 0.53 1.9671E-04 2.5930E-04 4.7800E-04 -4.0000E-06 
Band 0.60 1.8986E-04 2.5281E-04 4.6800E-04 -8.0000E-06 

 

Table 2: Statistics for the difference between the simulated ground-based  
radiance for pristine and irradiated Kapton MT in 𝑊𝑊𝑚𝑚−2𝑠𝑠𝑟𝑟−1. 

 Mean  RMS Max Min 
Band 0.44 1.2271E-04 3.0053E-04 7.2800E-04 -2.4000E-04 
Band 0.53 1.3986E-04 3.5573E-04 8.6100E-04 -2.9200E-04 
Band 0.60 1.3400E-04 3.5021E-04 8.4700E-04 -2.9300E-04 
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Simulated multispectral observations using approximations to the Johnson-Cousins photometric filters (B, V, R) are 
done and the object is fully resolved. The spectral responses for the three filters are approximated using a Gaussian 
function with centers at 440 nm (B-filter), 530 nm (V-filter), and 600 nm (R-filter) and a full-width at half max 
(FWHM) of 50 nm. Ground-based observed radiance is simulated for each case and changes in the measured ground-
based radiance due to weathering are evaluated.  

3.2 Simulation Results 

Simulated results for Kapton HN and Kapton MT are shown in Figure 3. The figures show the ground-based radiance 
for the Gaussian spectral filters described previously all centered at the center wavelength of the Johnson-Cousins 
photometric filters (B, V, R). There is a reduction in ground-based radiance from pristine to irradiated as can be 
expected due to the reduction in reflectance. Statistics on the difference between the simulated ground-based radiance 
for pristine and irradiated materials are shown in Table 1 and Table 2. 

4. MATCHING DIRSIGTM SIMULATION RESULTS TO USAFA-16 OBSERVATIONS 

DirecTV-10 (DTV-10, satellite number 31862) is an operational communication GEO satellite, it comprises Kapton© 
HN, Mylar© M021, and black Kapton© among other surface materials. Ground-based observations of this satellite 
were collected between 04:00-08:00 UTC on 23 February 2021 using the USAFA-16 telescope. The ground-based 
optical data includes photometric measurements (Johnson-Cousins B, V, R), slitless spectroscopy (100-lines-per-
millimeter transmission grating), and linear polarization signatures (Stokes parameters S0, S1, S2) recently collected 
over the past couple of years.  The simulation results aim at reproducing the collected photometric images.  Details of 
the collection are described in [39]. 

4.1 Simulation Parameters 

To simulate the acquired photometric images, we needed to model the telescope system PSF for each of the Johnson-
Cousins photometric filters (B, V, R), and the corresponding filter spectral transmissivity function. As well as a full 
3D CAD model for the satellite. This information is input to DIRSIGTM to create the simulated imagery.  
 
The point spread function (PSF) for the USAFA-16 telescope was determined experimentally from photometric 
images collected with the telescope. To improve SNR on photometric images, five consecutive USAFA-16 images 
were stacked, and sources are extracted from those images using Photutils, an Astropy package for detection and 
photometry of astronomical sources [40]. The source radius of aperture set to 1.5 FWHM, inner annulus set to 2.5 
FWHM, outer annulus set to √1.52 + 2.52.  A 2D Gaussian was fitted to the extracted source to estimate the PSF. The 
resulting PSF for the R channel is shown in Figure 4. The parameters for the three fitted Gaussian PSF are given in 
Table 3. The spectral transmissivity for the Johnson-Cousins photometric filters (B, V, R) accounting for the Quantum 
Efficiency (QE) of the camera simulated in DIRSIGTM are shown in Figure 5(a). Spectral reflectance of Si solar panels 
is shown for reference in Figure 5. A CAD-model of DTV-10 was provided by the AFRL Satellite Assessment Center 
(SatAC), along with a comprehensive list of materials, which consists of over 100 materials with reflectance values 
and Phong and Ward BRDFs. DIRSIG does not support the Phong BRDF, so the Ward BRDF model was used. Pristine 
spectral signatures were used. Figure 6 shows the CAD model for DTV-10.  
 
 

Table 3: Parameters for the three fitted 2D Gaussian PSF. 

Band 𝜎𝜎𝑥𝑥2 
 

𝜎𝜎𝑦𝑦2 
 

𝜃𝜃 
rotation angle (radians) 

Amplitude 

R 3.8217 4.5735 -3.9288 1.0026 
B 4.5140 5.0683 -0.60198 0.98694 
V 4.1513 4.9067 -0.59923 0.96549 
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Figure 4: Generated PSFs for the R band. 

 

  
(a) (b)  

Figure 5: (a) B V y R filter transmissivity, (b) Si solar cell reflectance values. 

 

 
Figure 6: CAD model of DirecTV-10 provided by SatAC. 

4.2 Simulation Results 

The DIRSIGTM simulations presented here are aimed at reproducing the observations presented in [39]. A mid-latitude 
winter (MLW) atmospheric model was used in the simulations as it closely matches the atmospheric conditions at the 
time of the acquisition. The focal length of the simulated telescope is set to be equal to focal length of the USAFA-16 
telescope, 3300 mm. 
 
A Python script was written to run the executable file of DIRSIGTM for different satellite poses, i.e., when solar panels 
are not visible by the camera and when they are, to try to model the same orientation, inclination, and position of the 
solar panels at that time. The latitude and longitude of the simulated telescope is located at the same coordinates as 
USAFA-16. The pixel size of the simulated camera matches the pixel size of the actual camera as well, and the size 
of the simulated images shown here are only 64×64 pixels to reduce simulation time. Two samples of the satellite 
simulation are shown in Figure 7. Figure 7(a)-(b) show Flux images of the satellite with solar panels configured in 
such a way that they are not reflecting solar energy towards the sensor. Figure 7(c)-(d) show image of the satellite 
with solar panels reflecting solar energy towards the sensor.  
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(a) (b) 

 

 

 

 

(c) (d) 

Figure 7: Simulated satellite image without PSF effects (left column) and with PSF effects (right column): (a) and (b) 
when solar panels are not reflecting solar light in the telescope direction; (c), (d) when solar panels are reflecting light 
towards the telescope. 

 
The simulated calibrated magnitude value for bands B, V and R for the date of interest are shown in Figure 8. Figure 
9 shows the corresponding photometric data measured by USAFA-16 from 04:00-08:00UTC on 23 February 2021. It 
is notable that the simulation captures the peak in the data related to the satellite glint. This feature was obtained by 
moving the solar panels, which corroborates what the researchers observed during the glint season in the imagery 
acquired on February 23, 2021. However, because of the offset in the calibrated magnitude, the simulated calibrated 
magnitude values seem to be dimmer than those from real measurements. This points to further work in adjusting the 
simulation parameters to better match the measurement conditions.  
 

5. DISCUSSION AND CONCLUSIONS 

Preliminary results presented in this paper show the potential of using a physics-based simulation tool such as 
DIRSIGTM to generate simulated ground-based observations that could potentially be used to understand signatures 
of NRSO and use as inputs for the development, testing and validation of information extraction algorithms from 
remote sensing observations. Clearly challenges remain to properly tune these models to closely reproduce 
observations and to their eventual use to extrapolate to cases not included in the observational data.  
 
Reflectance changes due to simulated space weathering are reflected in changes in the simulated ground-based 
observations, thus changes are observable within the simulated conditions. This can be used as input to assess the 
health of a space asset. The simulations were under conditions where the resident space object was fully resolved. We 
need to develop further understanding on how observable changes are in the case of an NRSO where the measured 
spectro-temporal signature is a mixture of all materials in the field of view of the sensor. We also need to test this idea 
with actual observations of satellites that have been in operation for a long time.  
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Figure 8: Simulated apparent magnitude values of Johnson-Cousins photometric filters (B, V, R) during the glint 
season.  

 

 
Figure 9: Calibrated magnitude of DTV-10 versus time collected by USAFA-16 using the Johnson-Cousins B filter 
(blue data points), V filter (green data points) and R filter (red data points).  
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For the simulation of DTV-10 observations using the USAFA-16 telescope, many improvements are needed to obtain 
a closer match between the calibrated magnitude values from the simulations and the measurements. In this study only 
atmospheric conditions, focal length, pixel size, frame size, location of the telescope, TLE of the satellite, filter 
transmissivity, and quantum efficiency of the camera were adjusted trying to match actual system conditions. Some 
simulations parameters were found by trial-and-error, which is time consuming and inefficient. Therefore, future work 
requires further tuning of the simulation parameters and develop approaches for automated tuning the simulation for 
a broader set of potential cases.  
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