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ABSTRACT

We present Panopticon, a revolutionary electro-optical wide-field-of-view (WFoV) staring sensor designed to enhance
space domain awareness (SDA) through persistent monitoring of the low Earth orbit (LEO) regime. This low-size,
weight, power, and cost (low-SWaPC) sensor features a 60° x 40° field of view (FoV) and enables continuous obser-
vation of a broad sky area. Its ease of deployment, autonomous operation, and minimal maintenance make it ideal for
addressing SDA coverage gaps.

Unlike traditional systems, Panopticon does not require prior knowledge of satellite trajectories to detect and track ob-
jects. Real-time edge-processing algorithms enable it to monitor and track multiple objects simultaneously, delivering
rapid state and characterization data to SDA decision-makers. The WFoV coverage also allows Panopticon to identify
uncorrelated targets (UCTs), enhancing awareness of unknown or previously undetected objects.

Prototype sensors have been deployed globally in locations such as Korea, Romania, Alaska, and Patagonia, proving
the system’s robustness in extreme conditions. These deployments highlight its capability to autonomously provide
reliable data for SDA efforts both domestically and internationally.

In this paper we present technical details of the sensor, performance results, summaries of current deployments, and
overall contribution to the SDA community. By addressing persistent monitoring challenges and providing timely
data, Panopticon represents a critical advancement in SDA technology, poised to improve situational awareness and
decision-making in an increasingly contested space domain.

1. INTRODUCTION

The number of manmade objects orbiting the Earth is rapidly increasing, presenting a challenge to the SDA community
to keep up. The European Space Agency’s (ESA) annual space environment report shows accelerating growth over the
past few years with a significant portion of that growth seen in the LEO regime as shown in Figure 1 [2]. This growth
in LEO can largely be attributed to commercial launch traffic as shown in Figure 2, which includes satellite mega-
constellations like Starlink and cube sats making space missions accessible and affordable for more organizations.
Debris is another large contributing factor to space object count in LEO [4].

As the number of satellites in LEO continues to grow, current capabilities for SDA struggle to keep up. LEO is the
largest congestion threat to space activity. The JCO is seeking solutions from industry (including small businesses)
which may serve as risk reduction, pathfinders, or prototype capabilities to cost-effectively close coverage gaps in
LEO; maintain custody on high revisit rate (HRR) objects; rapidly detect transient events such as maneuvers, sub-
satellite deployments, and breakups; and perform low-latency state estimation with sparse data.

Current USSPACECOM surveillance architectures have difficulty maintaining track and custody of today’s Starlink
constellation despite SpaceX’s cooperative, diligent self-reporting. The USSF’s 15 SPSS, 18 SDS, and 19 SDS will
therefore likely be challenged as foreign entities like China begin to deploy their own potentially uncooperative mega
constellations; recent public reports from China include a new 12,000+ satellite communications constellation that
has already begun launching into orbit. Even more troubling is unpredictable, irresponsible, and ultimately dangerous
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Fig. 1: Evolution of space object count by orbit regime over time. (Image credit ESA [2])
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Fig. 2: Evolution of launches by sector over time. (Image credit ESA [2])

behavior of some nations, such as Russia’s recent anti-satellite (ASAT) test that catastrophically created thousands of
pieces of debris (see Figure 3) that will put satellites and space missions at risk for decades to come.

The LEO space surveillance problem is not unlike team sports, where man-on-man coverage is bolstered by zone
defense. The problem is not just seeing all the satellites; it’s seeing all the satellites at all times. To keep pace with
ever-increasing space activity, we posit that a cognitive ground-based space surveillance system is only feasible with
low-cost, mass-produced, easily deployable/upgradable, and globally proliferable sensor packages.

The remainder of this paper is arranged as follows. Section 2 discusses previous work in SDA sensing with an emphasis
on LEO objects. Section 3 details Cloudstone’s Panopticon WFoV SDA sensor and its use in addressing coverage gaps



Fig. 3: The Russian ASAT test destroying Cosmos 1408 drew comparisons to a 2007 Chinese ASAT test that created
thousands of pieces of debris still being tracked today. (Image credit: AGI [3])

in LEO. Section 4 discusses future development directions for Panopticon that seek to extend the system’s utility to
partner organizations and the community at large, as well as improve performance. Section 5 concludes the paper.

2. PREVIOUS WORK

Historically, electro-optical (EO) sensor development for SDA has focused on pristine “soda straw” telescopes that
provide very precise measurements on a single target by staring at and tracking that target as it moves across the sky.
The US space surveillance network (SSN) largely uses narrow field of view (NFoV) EO sensors like the ground-based
electro-optical deep space surveillance (GEODSS) system to track deep space objects. These pristine EO sensors
typically have excellent accuracy and can see very dim targets, but are large and expensive installations and often
struggle to track fast-moving LEO objects [10, 9].

Tracking these fast-moving LEO objects is accomplished by the SSN via large radar fence installations strategically
located to provide coverage of key orbital lanes. These sensors are very capable, but are monolithic, expensive, and
lack redundancy in the event of a failure. Figure 4 shows current and planned SSN sensors as of 2019 [13]. Note
that each of the sites shown in Figure 4 represents a monolithic installation costing millions of dollars and years of
planning and construction to bring online.

In recent years, amateur and public industry sensor operators have begun providing insight in to the SDA picture for
LEO and beyond. Slingshot Aerospace’s Horus staring sensor array provides persistent coverage of LEO objects over
several sights around the world, while their global sensor network allows for queued follow-up on targets of interest
from LEO to xGEO. LeoLabs has several radar installations around the world for monitoring all orbit regimes. The
Pine Park Observatory began life as a personal project and is now a trusted data provider to space domain operators
using gimballed telescopes to collect on priority targets from LEO to GEO. ExoAnalytic Solutions has a global sensor
network providing coverage of more distant orbit regimes from MEO to xGEO, but does not focus on LEO collections.
In all of these examples, the sensor systems are installations requiring significant expense to proliferate and run.

WFoV sensors—Ilike the Panopticon telescope-in-a-box built by Cloudstone Innovations, Inc.—geographically dis-
persed around the globe help to close a vital gap in EO coverage of LEO objects. These low-SWaPC sensors provide
an alternative to very expensive radar fences and other installations for monitoring LEO traffic and can be easily dis-
persed across the globe to close coverage gaps. Furthermore, the low cost of the sensors allows for redundancy in
deployment strategies, while the portability and ease of deployment allows for rapid response to emergent situations
such as launches, convergences, and collisions.
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Fig. 4: SSN sensor deployment and future sites as of 2019. (Image credit [13])

3. PANOPTICON

The Panopticon WFoV SDA sensor is an EO sensor-in-a-box developed by Cloudstone Innovations, Inc. for addressing
coverage gaps with a focus on LEO objects. The sensors is designed from the ground up to be low-SWaPC, durable,
and easily deployable within 24 hours almost anywhere in the world. Currently Panopticon represents a global network
of sensors monitoring wide swathes of the sky over five continents. Current sites and their sky coverage are illustrated
in Figure 5. The existing network detects and tracks hundreds of unique LEO satellites every day as illustrated in
Figure 6.

Fig. 5: Current Panopticon deployment map with sky coverage indicated.

Panopticon utilizes commercial off the shelf (COTS) products and custom software. Legacy systems have used
QHYS5III174M monochromatic cameras, with updated systems using the QHY268M monochromatic camera with
improved resolution, bit depth, and active cooling. The most recent systems are using ATIK Apx26 monochromatic
cameras with similar performance to the upgraded QHY camera. Lenses are chosen such that the FoV of the system is
approximately 60° x 40°per camera. This enables wide area coverage from a single unit at the cost of limiting visual
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Fig. 6: Count of unique satellites observed by the Panopticon network by day over a 31-day period.

magnitude and accuracy. Figure 7 shows the visual magnitude of 2300 detected objects on a sample of images from
one sensor in the network.
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Fig. 7: Histogram of visual magnitudes of 2300 objects detected by one unit (dubbed “P006”") over a test period.

It is the design ethos of the Panopticon system that maintaining “good enough” coverage on the bulk of LEO traffic
is an important contribution to the SDA picture and frees up more pristine sensors to interrogate objects of specific
interest. Ongoing development efforts include improved state estimation and filtering to buy down some of the intrinsic
uncertainty introduced through these design choices, as well as improved detection of dim targets to push the limiting
magnitude of the sensor further.

Panopticon is designed to be weather resistant with a fully enclosed main compartment housing compute, power,
and communications hardware, and a weather-hardened sensor housings for 24-hour deployment. Dew heaters are
included in the enclosed sensor housings to combat moisture and hoods can be attached to protect from rain and snow.
The main compartment can optionally include vents and fans for active cooling. An example of the unit is shown in
Figure 8. Units have been deployed and are operating in myriad conditions including arctic cold, sand-blasted desert,
and tropical islands illustrating the efficacy of the housing design. Typical example images showcasing different use
cases are shown in Figure 9.

Computation is performed on an Intel NUC and includes algorithms for self-calibration, space object detection, initial
orbit determination (IOD), tracking, photometric analysis, and more. Image chips around detected objects are used to
perform a number of operations including filtering out false positive detections using a machine learning (ML) model
and fine-tuning position fit and visual magnitude calibration using stars around the object. Visual magnitudes of known
stars around a detected object are used to find the magnitude of the detected object as illustrated in Figure 10.

Integration times are typically 1-2 seconds depending on camera settings. High-rate photometric information can be






