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ABSTRACT 

The Near-Earth Object Surveillance Satellite (NEOSSat) is a space-based optical sensor initially intended as a high 
Earth orbit space surveillance sensor, but has shown recent capabilities to track objects in the LEO environment. 
Launched in 2013 to a highly congested 785 km sun-synchronous orbit, NEOSSat undergoes numerous conjunctions 
with nearby space debris, typically with several conjunctions within 5 km daily. The microsatellite payload is a 
15cm aperture Maksutov-Cassegrain optical telescope, which serves as a dual use scientific instrument and star 
tracker. With this sensor NEOSSat is able to image conjuncting objects in-situ, both as objects close in near the 
Time of Closest Approach (TCA), and if the geometry is favorable, over several orbits just ahead of the TCA. Close 
proximity of conjuncting debris allows for unique characterization of LEO debris not normally visible to optical 
sensors.  

The opportunities for general LEO to LEO optical imaging are scarce due to the high relative angular rates of any 
two LEO objects. This is not case just ahead of a TCA, where an approaching object is within a constant bearing and 
decreasing range viewing geometry in the minutes before conjunction. Small observing windows of low relative 
angular rates (< 200 arc-seconds/s) also exist in the few orbits ahead of the TCA for most conjunction geometries.  

In this paper we seek to answer the question that if enough observations of a conjuncting object are taken ahead of 
the TCA, could a satellite autonomously estimate the risk of collision in order to independently decide if action 
needs to be taken.  

Results of several imaging campaigns of conjuncting objects are presented, from a variety of relative velocities and 
approach angles. The photometric characterizations of conjuncting debris are analyzed and the impact on orbit 
determination and covariance improvement from angles-only data near the TCA is also presented. 

1 INTRODUCTION 

The present Low Earth Orbit (LEO) environment poses operational risk for any spacecraft operator. The prevalence 
of both space debris and a rapidly increasing amount of active satellites necessitates the need for collision avoidance 
considerations for most future satellite missions. A variety of organizations (such as US Air Force’s 18th Space 
Control Squadron ) compute whole catalog conjunctions risk assessments of primary and secondary objects, and 
disseminate the risk assessments to primary operators to determine if any collision avoidance measure is warranted. 
In this paper, we examine the technical viability of observing space objects prior to the time of closest approach in 
order to determine their observability and determine if the prospect of autonomous conjunction assessment is viable. 

1.1 NEOSSat overview 

The Near-Earth Object Surveillance Satellite (NEOSSat) is a dual mission microsatellite jointly operated between 
the Canadian Space Agency (CSA) and Defence Research & Development Canada (DRDC). After its launch 2013, 
the CSA utilized the spacecraft for inner solar system asteroid surveys while DRDC conducted an assessment of the 
microsatellite platform for high Earth orbit space surveillance. The satellite suffered from two sub-system failures 
that prevented both fine guidance and momentum desaturation in 2015. This suspended NEOSSat science for over a 
year but after extensive re-engineering of flight software [1] NEOSSat’s pointing abilities were recovered. Since 
then NEOSSat’s astronomy mission has evolved, to include near-Earth object surveillance and science, as well as 
precision photometric observations of variable stars and exoplanet systems [2].  

6141.pdfFirst Int'l. Orbital Debris Conf. (2019)



Furthermore, DRDC has been utilizing NEOSSat in a variety of Space Domain Awareness (SDA) applications. 
Improvements in NEOSSat’s fine guidance attitude control software has enabled NEOSSat to take metric and 
photometric observations of Resident Space Objects (RSOs) down to the LEO orbit regime. 

1.2 Mission profile 

NEOSSat resides in a near dawn-dusk sun-synchronous orbit, launched by an Indian Space Research Polar Satellite 
Launch Vehicle (Flight C-20) with six other payloads, including the Canadian military’s dedicated space 
surveillance satellite Sapphire (Fig. 1 right). The sun-synchronous environment at 785 km is one of the most 
congested orbit regimes that exists, as it has long been populated by Earth observation satellites, communication 
satellite constellations and long lived debris from breakup events.  

 

 
Fig. 1. NEOSSat during integration testing (left). NEOSSat & Sapphire launch configuration (right).  

 

1.3 Satellite design and space surveillance capabilities 

NEOSSat's primary payload is a 15-cm aperture Maksutov optical telescope with a 0.84 x 0.84 degree field of view, 
featuring two E2V 1024x1024 back illuminated charge-coupled devices (CCD), providing a resolution of 3 arc-
seconds/pixel with a point spread function of approximately 6 arc-seconds full width – half maximum. Of the two 
co-located CCDs, one is used for scientific imaging while the second operates as a specialized narrow-field star 
tracker sharing the optical boresight. This custom star tracker enables high-precision fine pointing (< 1 arc-second 
stability) at celestial targets and precise tracking of fast moving objects.   

NEOSSat’s original space surveillance mission focuses on space-based characterization of deep space Resident 
Space Objects (RSOs) in geosynchronous (GEO) orbit from an observer orbiting in Low Earth Orbit (LEO). A LEO 
based space surveillance platform provides unique advantages for Canadian Space Domain Awareness (SDA) 
operations. These include the ability to observe uninterrupted by the day-night cycle, in absence of terrestrial 
weather or atmospheric extinction and daily visibility to the entire geosynchronous belt, outside of Canadian 
geographic longitudes.   

NEOSSat’s large baffle allows the telescope to make observations near the Sun, down to 45 degrees solar 
elongation, a region difficult to image with ground-based telescopes. During eclipse season (currently October 
through March), when the satellite’s orbital plane is aligned such that the Earth obscures the Sun during a portion of 
the orbit, imaging at  much smaller solar elongations is possible by using Earth as an occulting mask. This enables 
NEOSSat to collect experimental dayside observations of GEO satellites at very high phase angles. 

SDA imagery is acquired in Track-Rate Mode (TRM) using NEOSSat’s highly accurate fine slewing capabilities to 
image RSOs while NEOSSat is slewed to match their apparent angular motion. TRM imagery results in streaked 
stars and a point source RSOs. NEOSSat’s design requirements called for arc-second level stability at slew rates up 
to 60 arc-seconds/s. This requirement was chosen as the apparent angular rate of a GEO object observed from a sun-
synchronous polar orbit are all below this value. Recent improvements to flight software have improved fine slewing 
rate capabilities to up to 220 arc-seconds/s. At this tracking rate, objects in the same orbit as NEOSSat, can be 
tracked using the same open-loop tracking approach used for GEO objects. 
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TRM imagery has the chief advantage that it maximizes the signal-to noise ratio of RSO signatures on the detector, 
but requires a-priori trajectory information of the target object. From imaging campaigns of high Earth orbit 
calibration satellites NEOSSat’s root mean squared angles-only metric accuracy is 2.76 arc-seconds at the 1-sigma 
level, and can detect RSOs down to a visual magnitude of 16 [2]. 

2 DEVELOPMENT OF LEO IMAGING OPERATIONS 

Improved TRM fine slewing performance enabled NEOSSat to track LEO objects for brief periods while ranges 
were relatively large keeping angular rates below 220 arc-seconds/s. The frequency of these windows depends on 
the separation in Right-Ascension of Ascending Node (RAAN) of the two objects. Windows are rare when the orbits 
are normal to each other and more frequent when near parallel.  

2.1 Brief access windows to LEOs 

Typically NEOSSat can only take one brief track during any arbitrary LEO observing window as its attitude control 
system is limited to tracking space objects moving at constant angular rates during the fine slew mode of acquisition, 
The access windows for LEOs is generally concluded before a second track can be achieved. Such an example is 
shown in Fig. 2 where the signature of a LEO satellite (Alouette-1) where one track was acquired and  four images 
taken at distance of approximately 3900 km. The point spread function of the PSF begins to elongate at the end of 
the track as the actual angular rates of Alouette-1 and the constant slew angular rate of NEOSSat differs. These 
images were taken at a cadence of 20 seconds with an angular slew rate of 130 arc-seconds/s. By the last image the 
angular rate mismatch was 15 arc-seconds/s which led to a broadened, fainter RSO signature. 

 
Fig. 2. TRM signature of a Alouette-1 at 3900 km slant range  

 

Infrequent and brief observing windows to a LEO object are not ideal for persistent tracking and cataloging of space 
objects, so additional applications of NEOSSat’s LEO imaging capabilities were sought. 

2.2 Shared orbit monitoring 

The RSOs in LEO those are visible to NEOSSat for the longest periods of time with relative angular rate less than 
220 arc-seconds/s are those that closely share NEOSSat’s orbit. The best candidates are the six objects were 
launched with NEOSSat in 2013. Five have no on-board propulsion (like NEOSSat) and their orbits have varied 
only slightly over the last six years mostly due to small differences in orbital drag. When one of these objects is 
within line of sight of NEOSSat the relative angular rates are very close to 215 arc-seconds/s for weeks on end. This 
is essentially the angular rate needed to perform one full rotation every orbit period. As Sapphire  is a high value 
asset to the Canadian Forces a campaign to image it persistently was undertaken. Persistent tracking of Sapphire was 
initiated in June of 2018, starting at a range of 3000 km, and slowly decreasing over several weeks.  

For the day that the object was in closest vicinity of NEOSSat many tracks were obtained at slant ranges down to 50 
km, and the SAPPHIRE saturated NEOSSat’s detector. Figure 3 shows two such images at 0.5 s exposure and slant 
ranges of 50 km (left and 47 km (right). 
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Fig. 3. Close proximity images of SAPPHIRE on 12 June 2018. 

The metric observations from this close encounter were used for orbit determination on Sapphire. Bernard [3] noted 
good improvements in covariance, with 1-sigma orbit uncertainties of only 2 m in the radial component and 3 and 7 
m in the in-track and cross-track components respectively. Bernard noted cases where the covariance information 
did not improve during co-orbital tracking on Sapphire.   

2.3 Instantaneous conjunction imaging 

The CSA’s Conjunction Risk Analysis System [4] alerted DRDC to conjunctions that Sapphire was undergoing 
while in view of NEOSSat. On 6 July 2019 Sapphire underwent conjunctions with two different Orbcomm satellites. 
Given the different trajectories of Sapphire and its conjuncting objects NEOSSat could not image both 
simultaneously in TRM – only the satellite whose rate was tracked would produce a visible signal, so each 
conjunction was imaged in star-star mode (Fig. 4) at a one second exposure centered on the time of TCA with the 
satellites streaked through each image, intersecting in one case. 

 
Fig. 4. Conjunction images at the TCA of SAPPHIRE (longer streak) with Orbcomm 35 (left) and 34 (right).  

Data exploitation from these instantaneous events is limited. From such images one can confirm the miss distance in 
the plane of the image, but no range information is inferable. The desire improve conjunction assessments for 
Sapphire with NEOSSat data proved limited given the infrequent observing windows involved and the difficulty of 
tracking small pieces of debris in these configurations.  

3 IMAGING SELF-CONJUNCTING OBJECTS 

Objects conjuncting with NEOSSat offer a unique space-based observing geometry in which to track their approach. 
While conjunctions are generally at high speed, the access windows from NEOSSat to debris objects are generally 
long during the terminal phase of a conjunction. The relative angular relative angular rates are near zero making 
tracks on these space objects easier to compose. The first self conjuncting tracks NEOSSat took were collected in 
June 2018. The SOCRATES conjunction prediction web service [5] was used to identify objects that were 
undergoing close approaches within 5 km of NEOSSat. For the first such attempts NEOSSat was pointed in star-
stare mode (inertial pointing) in the incoming direction of a conjuncting object and then imaged at cadence of 1 
image every 20 seconds. Fig 5 shows a stacked image of a conjunction on 29 Jun 2018 of Iridium-17 as it rapidly 
approaches NEOSSat.  
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Fig. 5. Composite stack of 11 frames on Iridium-17 on 29 June 2018. 

These images were taken during the last period of visibility when a conjuncting object rises over the horizon and 
makes its closest approach to NEOSSat’s orbit. The combination of both low relative angular rates and low slant 
ranges means that imaged objects have a much higher signal to noise ratio than when imaged at more distant parts of 
their orbit. It has been found that during imaging medium and large objects (18th SPCS categorizes objects by 
estimating radar cross section as Large (> 10m2), Medium (1-10 m2) and Small (< 0.1 m2)) undergoing conjunction 
results in saturation so a focus on imaging smaller debris objects not usually visible to NEOSSat began. 

3.1 The conjunction environment around NEOSSat 

A history of NEOSSat conjunction warnings since its launch was made available by the CSA. The top 40 most 
frequent conjuncting objects with NEOSSat are shown in Fig. 6, grouped by object name. As could be expected in 
NEOSSat’s orbit regime, debris from FengYun 1C is the most common conjunctor, followed by debris from the 
COSMOS 2251 and Iridium 33 collision. Also prevalent are a large number of uncatalogued objects (named 
UNKNOWN), these are generally unattributed debris objects, often quite small and poorly tracked with 
corresponding very large position covariances when a conjunction data message is transmitted on them from 18th 
SPCS. 

 
Fig. 6. Top 40 objects frequently conjuncting with NEOSSat (grouped by name) [6]. 
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3.2 Self-conjunction imaging campaign 

Since the summer of 2018 NEOSSat has imaged many objects undergoing self-conjunction  . These range in size 
from debris fragments to full sized satellites. During this campaign NEOSSat was able to detect debris objects 
during the terminal phase down to its sensitivity limit of magnitude 16.  

Table 1. Self conjuncting objects observed by NEOSSat.  

 
 

Figure 7 shows the magnitudes of conjuncting objects as a function of slant range with respect to NEOSSat, 
separated into payloads (larger, brighter satellites) and debris fragments. 

 
Fig. 7. Detected magnitudes of conjuncting payloads (left) and debris (right). Image credit Reference [6]. 

With the constant bearing nature of these observations and near constant solar phase angle geometry during each 
conjunction, one would expect for a uniform object a classic 1/r2 change in brightness pattern as range decreases. 
Most payloads and a few debris objects mimicked this pattern, while some had drastic changes in brightness 
suggesting a rotating non-uniform composition. Among payloads Iridium-17 was the only object to exhibit 
noticeable rotating behavior during the brief encounter. The encounter with SARAL was at very low speed in 
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contrast with the other conjunctions and was imaged more densely. This object was not imaged during its closest 
approach with NEOSSat but was acquired to show the photometric characteristics of an object during a conjunction 
where their orbital relative velocity vectors are nearly coplanar. 

4 IMAGING IN OJECTS THE ORBITS AHEAD OF THE TCA 

The most practical application of imaging conjuncting objects would be to acquire imagery long enough ahead of 
TCA to inform decision making on the need to perform an avoidance maneuver. The nature of LEO-LEO 
conjunction geometry is such that in the several orbits (and often half orbits) before the TCA there exists favorable 
combinations of low range and low relative rates to enable detection of conjuncting debris objects.  

One such encounter was on 26 July 2019, where a piece of debris from an H-2A rocket body (SSN# 43069) was 
visible not only in the terminal phase, but was detected during the full orbit and half orbit encounters up to 350 
minutes before the TCA. Figure 8 shows the magnitudes of detections for this object in the orbits leading to TCA. 
The number of detections during each brief access window full and half orbits ahead of the TCA is small due to the 
short duration of the observable windows, typically about 200 seconds long from slant ranges of 700 to 3700 km. 

 

 
Fig. 8.Detected magnitudes H-2A DEB prior to TCA. 

During the lead-up to TCA the object was tracked in TRM to produce these observations, with some expected 
mismatch in angular rates. This lead to the expected elongation in the object’s signature (Fig. 9), which in this case 
showed a rapidly spinning debris object. Care was needed to correctly centroid the signal from the few images in 
Fig. 9 but most of the observations were obtained from point-source apparitions of the debris object. 

 

 
Fig. 9. Streaking signature of H-2A DEB showing rotation in orbits prior to TCA. 
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4.1 Orbit determination prior to the TCA 

The metric observations from the encounters above were used to improve estimates of H2-A DEB’s covariance in 
the time leading up to TCA. This was done using AGI’s Orbit Determination ToolKit’s extended Kalman filter [7]. 
The object’s state vector was seeded with an ephemeris obtained from 18 SPCS generated on 25 July 2019, at an 
epoch representative of the last available conjunction assessment time an operator might have before TCA. 

 No covariance information was available for this object ahead of the conjunction so the covariance was initialized 
to that of a well-tracked object of this size typically seen in CDM message (P = diag [100, 50,50 m]). NEOSSat’s 
measurement white noise statistics was set to 5 arc-seconds, consistent with NEOSSat’s metric performance in 2x2 
binning mode of the camera [8] . The residuals from NEOSSat observations to the Kalman filtered orbit of the 
debris object can be seen in Fig. 10, with the last set of observations at the terminal phase, seconds before the TCA.  

 
Fig. 10. Residual ratio values after Kalman filtering of observations on H2-A DEB. 

 

The four tracks of observations were accepted by the filter in the orbits ahead of TCA. Their impact on orbital 
position uncertainty is shown in Fig. 11, where it can be seen that with each window of observations there is a 
substantial reduction in in-track uncertainty (the dominant axis contributing to covariance size in LEO). 
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Fig. 11. Position uncertainty updates from H2-A DEB observations leading up to TCA. 

 

The magnitude of covariance reduction from the observations leading up to terminal phase of this conjunction is 
significant enough to suggest that these observations would be beneficial to any maneuver decision making ahead of 
the TCA. The in-track uncertainty of a debris object is usually the largest component of a LEO covariance, and 
needs the most reduction ahead of TCA. The cross-track component uncertainty, while usually well determined, 
benefits little from these style of observations [6]. 

5 CONCLUSION 

We have shown that it is possible to image conjuncting debris objects with a modestly sized optical detector in LEO. 
Both during the terminal approach phase of a conjuncting object, when relative rates are minimal, and in the few 
orbits leading up to the TCA. Using the NEOSSat microsatellite space telescope, we demonstrate how secondary 
objects can be tracked prior to TCA to obtain astrometric measurements.  

We have presented the case for how a primary LEO satellite with an optical sensor can obtain metric quality 
observations in the last few orbits leading up to the TCA, giving it a chance to self-inform maneuver decision 
making as late possible before taking action. As time to receive such data, plan a maneuver, and deliver commands 
is considerable application of these results is likely to be of use to only satellites with the capacity to image, process 
metric data, and plan avoidance maneuvers autonomously. 

Using the observing strategy presented here it is feasible that a satellite could inform its own action criteria with in-
situ observations in the few orbits before the TCA.  
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