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Source: J. McDowell, 2018. 
Note: the Y axes for the figures are different 

Figure 2-1. Number of Objects in LEO and GEO, by Object Type 
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Source: European Space Agency. 2017  

Figure 2-2. Count Evolution by Object Orbit 
 

 
Source: Global Trends in Small Satellites, Lal et al. 2017. 

Figure 2-3. Number of Unique Owners per Year 
 



 

13 

 
Source: McDowell, 2018 
Note: Blue=US, Lime=Soviet Union/Russia, Coral=China 

Figure 2-4. Number of Satellites Launched Each Decade, by Country 
 

There is also growing participation in space by the private sector. It is important to note, 
however, that private space, especially in the near- and mid-term, is primarily a U.S. phenomenon. 
For most other countries, space is still a strategically-oriented government-run activity. Of the 44 
companies that plan to launch constellations between 2017 and 2025, 20 are in the United States 
(Lal et al. 2017). Of the almost 10,000 satellites that are expected to launch as part of 
constellations, over 80 percent are from companies in the United States (Euroconsult 2016). More 
generally, of the 1,700 space companies listed by NewSpace Ventures, about half are 
headquartered in the United States;9 the remaining half were distributed around the rest of the 
world (see Figure 2-5). 

The increased number of owners and operators requires more coordination and governance 
in space, given that a standardization system to coordinate on-orbit behaviors across operators 
(other than spectrum, which is coordinated by the ITU) does not currently exist. Each private entity 
(e.g., universities, research institutes, non-profits, commercial companies) is governed by its 
licensing nation, potentially resulting in a varied set of behaviors in space. This issue could be 
exacerbated as the number of nations launching government assets as well as licensing private 
entities continues to increase. 

                                                 
9 “NewSpace Ventures Analytics.” https://mission-control.space/. 
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3. Changing Space Activities and Architectures 
The current U.S. military SSA system relies heavily on sensors originally created for missile 

warning and works relatively well for tracking satellites in simple orbits around Earth. However, 
emerging architectures will change the way objects will need to be tracked Emerging applications, 
including missions related to rendezvous and proximity operations, such as satellite servicing and 
refueling, inspection, space RF mapping, and space-based spacecraft assembly and manufacturing, 
will require SSA services that would be qualitatively different than the current system.  

For example, formation flying—the ability for satellites to act as single units while they 
maintain similar orbits and operate within close proximity to one another—poses challenges to 
current DoD SSA systems, as these systems are not optimized to differentiate objects that are 
closer together; the space of uncertainty around each object is compromised by each object’s 
closeness to other satellites in the constellation. Additionally, tracking and predicting the orbits of 
constellations containing hundreds of small satellites may challenge existing systems due to the 
number and size of objects involved. Going forward, the number of satellites in such systems is 
expected to increase. Figure 2-6 shows 60 companies that have plans to launch constellations. 
While only a fraction of these plans are likely to pan out, it is an important driver of changes 
required in the SSA system. Beyond constellations, further changes in the space sector include  
growing activity in several other areas beyond remote sensing and communication.10  

 

                                                 
10 One example of a new activity is the removal of space debris – the goal being to decrease the number of objects 

in space and thus reduce collision risk. Beyond the technical and regulatory challenges (e.g., restrictions on the 
ability to move an object even if it is no longer in use), any debris removal action will require more and more 
accurate SSA.  
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Source: NewSpace Ventures, 2018 

Figure 2-5. Total Number of New Space Companies, by Country  
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Source: http://www.newspace.im/, n.d. 

Figure 2-6. Number of Satellites Per Constellation (n=60)  
 

Countries are operating satellites across orbits with varied capabilities, further complicating 
orbital prediction as the nature of any object in space becomes further unpredictable. Satellite 
operations automation, the continuous thrust allowed by electric propulsion, and other non-
Keplerian activities for which the DoD system is not optimized make tracking difficult as the 
satellites’ orbits can change any time, compromising the effectiveness of orbit prediction.  

The popularity of electric propulsion on satellites has grown since the 1990s and 
implementation has increased sharply in the last decade; many of the proposed large LEO 
constellations require electric propulsion (Lev et al. 2017) and many GEO satellites now use 
electric propulsion as well. Unlike chemical thrusters, which impart thrust at one time, electric 
propulsion systems can impart thrust over the course of many months. This increases the number 
of observations needed to understand the satellite’s new orbit. It also creates challenges for 
astrodynamics algorithms that model maneuvers as instantaneous, as well as catalog maintenance 
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routines that only update orbits every several hours (such as that of the 18 SPCS). This capability 
can also be used to change a satellite’s orbit mid-life, further complicating tracking. Although 
many small satellites do not have an on-board propulsion system, some small satellites in low 
Earth orbit can change their orbit by orienting themselves in such a way to increase atmospheric 
drag, again affecting projections of the satellites trajectories. Impulsive maneuvers through 
chemical propulsion bring their own set of challenges, given that a spacecraft moving with electric 
propulsion can be reflected in the surveillance data (e.g., through a negative drag coefficient) as 
long as the thrust is constant. Additionally, impulsive maneuvers can be challenging to account for 
with existing U.S. military satellite surveillance capabilities; thus, the image from a surveillance 
system is not reliable, given that more impulsive maneuvers may occur. An accurate prediction of 
such an object requires operator-level data that details whether a maneuver is taking place. This 
operator data is often not openly shared with providers; the necessity of this information suggests 
that cooperation for SSA is inevitable. An example of this is the actions of Space Data Association 
(SDA) in GEO, and a similar effort is likely in LEO, especially in response to the large satellite 
constellations that have been proposed (Schrogel, 2018).  

Materials and specifics of satellites—e.g., size (smaller satellites and components), 
composition, and antenna technology both hardware and software (e.g., software defined radio)—
can make the satellites more difficult to detect, especially given the limitations imposed by the 
rotation speeds of telescopes, which minimize the opportunities to sight and track objects. More 
efficient and smaller space electronics mean that power requirements of systems are shrinking, 
which in turn reduces the need for large solar panels. This not only reduces the satellite cross 
section, but may also reduce the reflectivity of satellites.  

New technologies and smaller satellite components have enabled satellite operators to 
increase the capabilities of satellites in ever-smaller form factors. New materials used in satellite 
composition affect tracking attributes such as reflectivity. Cubesats and chipsats have smaller 
cross-sections and are thus more difficult to observe. These cross-sections are reduced even further 
by the improved technologies that allow for smaller antennas and solar panels. The cubesat 
standard is a satellite architecture based on 10 cm-wide units. This standard has led to an increase 
in commercial availability of small standardized parts, which in turn has led to a decrease in the 
price of components for such satellites, which can now be mass produced rather than built 
individually and/or by hand. Additionally, major providers of launch services have designed 
satellite deployment units for the cubesat standard, further increasing the number of entities that 
will use this standard when designing satellites. Chipsats are standalone satellites built onto 
computer chips approximately the size of a credit card. Because of their size, many of these 
satellites do not have propulsion units, making predictions of their orbits easier once they are 
detected. However, due to their small form factors, initial and follow-up detection is difficult 
without higher resolution telescopes. One reason FCC turned down the Swarm Technologies’ 
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license application was that there was concern that their satellites were too small to be reliably 
tracked by DoD.11 

Future space activities that allow and often require close proximity of space objects (e.g., 
rendezvous and docking, on-orbit servicing or assembly) will require even more precise orbital 
estimations and predictions to avoid collisions. Companies engaged in such activities would need 
to supplement DoD information with on-board or space-based sensors to more precisely assess 
their location with regard to other objects in close proximity.12  

B. Growing Concerns about Increasing Collisions 
Although relatively few catastrophic collisions have occurred thus far in space,13 the 

likelihood of a collision is predicted to increase in the near future, given the expected growing 
number of objects in both LEO and GEO and limited ability to track objects’ orbits, which will 
make it difficult for operators to adequately avoid threats. This problem may be exacerbated if any 
of the proposed constellations of small satellites in LEO (shown in Figure 2-6 above) are launched, 
as they will dramatically increase the number of objects that require tracking, thus increasing the 
tracking and computational requirements for SSA in general and conjunction warnings in 
particular. Some industry representatives interviewed for the project noted that the emergence of 
constellations is driving the need for higher precision knowledge and services to mitigate the risk 
of collision: if numerous small satellites are deployed at once, tracking can be difficult, as 
resolution may not be great enough to distinguish multiple satellites.  

NASA projects nearly one collision per year in the next 200 years if there is no debris 
mitigation. Independently, insurance companies have predicted a total exposure of $1.3 billion in 
LEO and $18 billion in GEO (Lal et al. 2015).  

To estimate the number of collisions resulting from the increasing number of small satellites, 
several simulations of expected collisions per year for a number of large satellite constellations in 
LEO over 200 years have been conducted (Muelhaupt 2017). One such exercise evaluated the 
effect of adding two large constellations—those of SpaceX and OneWeb—to the current 
constellations in LEO (Iridium, Orbcomm, and Globalstar). The simulations found that within its 

                                                 
11 Federal Communications Commission, Experiential Licensing Branch. 2017. “Dismissed without Prejudice 

Notice of December 12, 2017.” https://apps.fcc.gov/els/GetAtt.html?id=203152&x= 
https://spectrum.ieee.org/tech-talk/aerospace/satellites/fcc-accuses-stealthy-startup-of-launching-rogue-satellites 

12  Note that although better (more precise, more detailed) SSA data would enable slightly easier rendezvous 
operations, the nature of these activities generally requires on-board sensing for ease of operations, somewhat 
independent of the data quality. 

13 Graziani and Albrecht,. “since we first started placing objects into space there have been 11 known low Earth 
orbit collisions, and three known collisions at geostationary orbit. Think of it: 135 space shuttle flights, all of the 
Apollo, Gemini and Mercury flights, hundreds of telecommunications satellites, 1,300 functioning satellites on 
orbit today, half a million total objects in space larger than a marble, and fewer than 15 known collisions.” 
http://spacenews.com/op-ed-congested-space-is-a-serious-problem-solved-by-hard-work-not-hysteria/ 

https://apps.fcc.gov/els/GetAtt.html?id=203152&x
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first 20 years in orbit, the first constellation is expected to cause one collision annually; this number 
would grow to approximately 8 per year at its peak collision rate, which occurs about 190 years 
after launch (see Figure 2-7). Although the majority of the collisions in the simulation were due to 
satellites that failed to be deorbited following end-of-life protocol, satellites that did attempt to be 
deorbited still accounted for approximately 40 percent of the total collisions. 

Given that the systems developed to track space objects were developed at a time there were 
fewer objects in space, the accuracy of prediction is low. Oftentimes, a DoD conjunction warning 
message has an error ellipse of 100 km or more; the rate of false positives is high as well. Because 
of these two factors, as traffic in space grows, both the number of conjunction warning messages 
as well as the rates of both false positives—and false negatives— are likely to increase. For 
example, one study estimated that upon launch of its proposed constellation, SpaceX would receive 
7.2 million conjunction warnings per year, and Iridium would receive about 384,000 per year. 
Some operators, aware of the increasing risk of collision, will be more likely to pay heed to 
notifications. This could result in increased maneuvers as operators attempt to avoid collision, even 
if the warning is not sound. These maneuvers—even if they are reported to the providers of SSA 
(e.g., the DoD, or commercial vendors), which may often not be the case—will still contribute to 
uncertainty regarding objects’ paths, thus compromising the resulting predictions. Other operators, 
especially those with low-value assets, are likely to continue to ignore warnings as they currently 
do, which is equally problematic as they will collide with debris or put the onus to maneuver fully 
on the operator of the asset it threatens.  

To avoid a significant increase in notifications, operators will increasingly look for higher 
quality SSA information. This could put further pressure on emerging systems to improve their 
predictions. 

C. Changing National Level Motivations 
Space is increasingly recognized as a sector of strategic importance with applications for 

security, capacity building, and social benefit. The increasing number of countries seeking to use 
space for science, safety, national security, and commercial purposes means increased threats (both 
accidental and nefarious) of collision and harm to assets (e.g., through radiofrequency 
interference).14  

                                                 
14 While governments want to protect their assets (both for the investment as well as the in-space application), 

private companies are also in SSA both from an operator perspective (protecting their investments) and as a 
vendor of SSA services (financial opportunity). Involvement of commercial operators is discussed in section 2E, 
and involvement of SSA providers is discussed in section 2F.  
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1. Growing Recognition of the Need for Timely and Actionable SSA Services and 
Products 
As space capabilities become integral to more applications (e.g., earth observation, 

communications, global positioning), a growing number of countries are recognizing the security 
and economic value of space and increasing their spending in space. The number of countries 
involved in space continues to increase: a decade ago, fewer than 50 countries were investing in 
space; today, there are 70. In the coming decade, that number is expected to increase to more than 
80 countries, and the annual government space expenditure globally is expected to double, from 
about $40 billion in 2006 to $80 billion in 2026 (Euroconsult 2017b, c). This increased value (both 
mission-specific and financial) has led many nations to treat safety of such assets as higher priority, 
leading to growing efforts to develop norms and guidelines for behavior in space. Additionally, 
many countries (e.g., Brazil, China, France, Japan, and South Africa) want to be (and be viewed 
as) responsible stewards of space, and thus support these efforts.  

In our dataset of 18 countries, most of those actively pursuing SSA focus on protecting their 
assets from satellite collisions—due to both the increasing number of assets and the increasing 
amount of space debris on orbit. Some countries (e.g., Japan, Canada) generally pursue protection 
of their space assets and interests—either for the sake of those assets specifically, or for the role 
they play in national security broadly. Some countries are more interested in the application of 
SSA (e.g., the data products) while others (e.g., Japan) value the collection and analysis side as 
well. SSA can also help with safe operation and control of assets. Though most are concerned with 
on-orbit collision warnings, some, such as India, use SSA only to avoid collision on launch.  

Interviewees from some nations, such as Germany, noted that SSA can be useful in protecting 
what has been achieved in space thus far and avoiding major incidents. ESA’s SSA program is 
interested in developing a hazard warning system by federating existing European assets and 
developing new sensor technology, with the goal of securing Europe’s access to space, protecting 
the involved economies, and strengthening European industry. 

Some countries prioritize detection of risks to their territory, and thus seek to detect either 
threats on reentry such as rogue space assets (e.g., France) or natural threats such as space weather 
and asteroids (e.g., South Africa). Some are specifically interested in protecting their satellites 
used for Earth observation; for example, representatives of Brazil note the importance of using 
space to protect its borders given significant issues with drug trafficking. This increasing reliance 
on space assets for security necessitates greater interest in and efforts toward SSA. For some (e.g., 
UK), SSA is seen as underpinning all other space roles in that it details the hazards, risks, and 
threats to the domain. 

Our discussions with stakeholders demonstrated some countries’ concerns that if they do not 
participate in global discussions (e.g., long term sustainability [LTS] guidelines), their national 
interests will not be appropriately reflected in the rules, and they will miss out on critical 
opportunities. This involvement suggests that more countries are becoming concerned with safe 
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and sustainable operations in space—keeping space open to activities in the future and preventing 
problems (e.g., proliferating debris) from adversely impacting or precluding space activities. It is 
important to note that smaller and less powerful countries benefit greatly from these international 
discussions, as they are given a voice in the proceedings. More powerful and established nations 
may not always agree, as these deliberations have to include more players and typically take longer 
to conclude negotiations. This is specifically true for European countries; stakeholders noted that 
Europe can only have a voice in future regulations regarding the creation of global space traffic 
regulation if the EU and ESA work together. They noted that for European industry to become 
involved in challenging projects and thus be competitive on a global scale, the involved nations 
need to organize at the European level.  

2. Lack of Confidence in DoD-Provided Data 
Many stakeholders indicated that they need to have trust and confidence in the data being 

shared for collision warnings and other SSA products; many acknowledged the usefulness of 
verifying the information that is part of any database. There are many concerns with the current 
systems for provision of SSA. Some operators question the accuracy and especially the 
completeness of the information provided to them by the DoD. For example, some South Korean 
government officials estimate that their country receives data on only about 40 percent of the 
objects tracked by the DoD, due to sensitivity of U.S. assets.  

This distrust is further complicated by the lack of transparency related to computing outcomes 
such as probabilities of collision. Owners and operators believe they require more information of 
high enough quality to make well-informed decisions about maneuvering. But because they do not 
know the process by which U.S.-provided information on an object’s location is processed into a 
collision assessment or warning, they often do not feel confident maneuvering based on that 
warning. Skepticism regarding the reliability of the shared information is exacerbated by the 
nonstandard and nontransparent methods of calculation (often referred to by stakeholders in our 
discussions as “black box processing”). Beyond the distrust, some users perceive the U.S. DoD 
systems as limited, given that they are not well-suited to the emerging space environment; 
additionally, given the separation of the provision of SSA from the DoD’s core mission, it is also 
perceived as overworked and understaffed, leading to further dissatisfaction. There is also some 
concern that going forward, the United States will either not share data or will charge for it. This 
last concern has heightened the sense of urgency in some countries to set up parallel SSA systems.  

3. National Security Considerations 
Many of the 18 countries are interested in developing or strengthening their strategic early 

warning capacities, specifically regarding space-based intelligence, surveillance, and 
reconnaissance (e.g., South Korean awareness of potential North Korean targeting, France’s goal 
of detecting objects presenting a risk to its territory). Often the national security goal is two-
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pronged: entities are interested in protecting their own assets while building knowledge of the 
location and intention of adversary assets.  

Beyond threats, some of these countries’ concerns have been driven by recent space events—
natural and accidental, such as the February 2013 meteor explosion over Chelyabinsk, Russia, and 
the de-orbiting of Tiangong-1 in April 2018. China, for example, desires increasing information 
from improved national SSA and strategic early warning capacity.  

Some representatives noted interest in strategic early warning capacity. For example, Japan 
is particularly aware of threats (e.g., ASAT, cyberattacks, jamming), and South Korea is interested 
in ISR for military due to threats from North Korea. Such precautions can help with safe operation 
and control as well. Space defense and countering orbiting systems require improved SSA in order 
to ensure the user can identify the correct targets and engage successfully. Analysts note that for 
some countries (e.g., China), improved SSA capabilities may be pursued in efforts to support space 
defense and counter-orbiting systems, as these capabilities ensure the user can identify the correct 
targets and engage successfully (Cheng 2015). 

4. Desire for Self-Reliance 
Given their dependence on space for critical national needs and societally critical endeavors, 

SSA is becoming important enough that some of the countries in our set of case studies want to 
establish SSA systems that are more independent, with the specific mission of tracking objects in 
space. Some countries are motivated to develop their own systems to be self-reliant. Others desire 
an independent system so they can be sure of the data collected and the processing applied, 
knowing that the information is not affected by another entity’s bias, either intentional due to 
national security reasons, or accidental due to poor data collection and processing technology and  
methods.  

Very few representatives articulated an aversion to using private SSA capabilities to buttress 
national systems, though most specified that utilization of private providers would supplement 
rather than replace government efforts. In fact, individuals from quite a few countries (e.g., 
Australia, South Korea) noted the great economic opportunity that involvement in SSA would 
offer domestic industry, citing this advantage as a reason for preferring domestic over international 
private providers. A representative from Australia specified that the country is unlikely to use a 
domestic commercial provider without approval from the U.S., given the importance of that 
relationship. A commercial representative from Canada specifically noted that government might 
find it useful for the private sector to build some of the infrastructure for SSA in a given country. 

Some nations are looking to decrease their dependence on the U.S. SSA system due to 
concerns that it might be the target of an adversary attack. Other stakeholders felt such an attack 
is unlikely, given the global nature of SSA and the (at least current) widespread reliance on the 
U.S. system. Some (e.g., France) seek to be self-sufficient for reasons of national pride and 
sovereignty. Others see it as a means by which to provide leadership in the domain and collaborate 
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with other nations. Many countries that are pursuing their own SSA systems explicitly intend to 
keep their systems interoperable with others internationally (e.g., Australia, Canada, , Japan, 
United Kingdom). 

Information on whether a country is developing a fully autonomous system, why (e.g., 
national pride, distrust of U.S. system, dissatisfaction with U.S. system), and how (e.g., 
international collaboration, global placement of assets, purchasing and integration of commercial 
services) can guide efforts to both improve the U.S. system and foster collaboration. 

5. A Means for International Cooperation/Collaboration 
Some countries are pursuing SSA as a means to enable greater international cooperation and 

collaboration. They recognize that continued participation in the global space governance system 
may necessitate increased responsibility and have thus begun to contribute space data and assets 
(e.g., telescopes and radars formerly used for purposes other than SSA). For example, officials 
from both Poland and South Korea prioritize increased technical capabilities to allow for more 
data sharing opportunities with other friendly space powers; they note that having something to 
offer is integral to achieving strong relationships. Others (e.g., Chile, South Africa) see SSA as a 
way to contribute to international collaborations, using their strategic locations and capabilities as 
tools for cooperation in space, and on SSA specifically.  

SSA can play a role in improving even established partnerships. For instance, Germany seeks 
technical prowess to better contribute, no longer interested in being a junior partner in the U.S. 
SSA enterprise. Others want to contribute to regional efforts such as the EU SST and the ESA SSA 
programs. Some nations see it as an opportunity to improve their relationships with the United 
States specifically (such as Canada and Australia); for them, interoperability of any capabilities 
and systems in itself is an important SSA goal. It is also an opportunity to contribute to defense 
relationships. Interviewees from some countries, including Canada and Australia, believe that their 
countries need to do more to contribute to the global SSA regime, specifically in support of the 
U.S. They see increased domestic technical capabilities as an opportunity for burden-sharing. 
Japan wants to create a system to quickly share images and other data with the U.S. and intends to 
strengthen SSA capabilities by improving existing partnerships and collaborating with other 
friendly nations. 

Interestingly, official Chinese documents state that SSA is an opportunity to foster 
international collaborations, and growing their leadership in the domain. For example, the Beijing 
Institute of Tracking and Telecommunications Technology (BITTT) noted that cooperation in 
outer space safety is a common interest China shares with the U.S., and suggests that such efforts 
could enhance mutual trust and support space cooperation (BITTT 2017). Beyond strengthening 
communication and coordination with the U.S., the Institute also indicates Chinese interest in 
providing collision warning services for other countries that may need it. Although it is not 
emphasized in the open information from China, there is likely a national security motivation for 
Chinese SSA activities. Table 2-1 provides an overview of the rationales for doing SSA.  
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Table 2-1. Rationale for Engaging in SSA Activities 

D. Changing Commercial Motivations 
It is not just governments whose interest in securing their space assets is growing. The private 

sector has large equities in space: Space Services is a $127.7 billion sector, according to Satellite 
Industry Association 2017. As a result, private sector satellite operators have been involved in 
SSA, largely motivated by their business cases: lost space assets means lost revenue. Many private 
operators also want to be more responsible stewards of the space environment to ensure access to 
space in the future. There is now a growing presence of commercial providers of SSA services 
globally. In discussions, commercial providers specifically noted the need for SSA services that 
track more objects more accurately, with transparency of orbital information to protect both the 
SSA systems and the orbital environment in which they are tracking.  

Additionally, operators and providers are becoming involved in conversations regarding 
standards of behavior and best practices in space; some commercial entities have suggested that 
industry groups are interested in working together to outline these guidelines in the sustained 
absence of government leadership on the issue. This could be partially due to concern that if they 
fail to help shape these discussions, they will be subject to the ensuing regulations without having 
had the opportunity to contribute and articulate the needs and concerns of industry. Some operators 
note that the international treaties governing space were developed over three decades ago, prior 
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to the types of space assets (e.g., constellations) and uses that are currently expected, and thus 
emphasize the importance of updating those guidelines.  

Although more operators are pursuing SSA services, both free through the DoD and paid 
through commercial providers (often, insurance companies require an operator to subscribe to 
some SSA service in order to receive coverage, though multiple interviewees asserted that 
insurance companies do not favor one provider over another), there may be a limit to this market 
from a provider’s perspective. Currently, many operators of large and expensive GEO assets are 
willing to pay a premium for SSA services. However, as inexpensive small satellites and large 
constellations become increasingly common, the value of any individual asset decreases. For 
example, in many large constellations, the operators plan to replace a few of the satellites over the 
lifespan of the constellation. Thus, operators may be less willing to pay to track a less expensive, 
more easily replaceable satellite, limiting the potential customers of SSA products. 

E. Growing Functional Modularization of the SSA System 
The current dominant SSA “system” (comprising data collection, processing, and creation of 

products) is vertically integrated, in which the provider of SSA services, DoD, collects data, 
processes information, creates relevant SSA products, and communicates the information to users. 
Increasingly, however, technology developments, especially in IT, have enabled the system to be 
segmented in a way such that the functions can be handled in a more segmented or modularized 
way. As a result, different organizations can service each part. In other words, organizations 
collecting data do not need to process it; organizations processing the data into a catalog do not 
need to collect it; and organizations developing value-added SSA products do not need to collect 
the data or develop a catalog. Each of these steps can be serviced by different organizations, 
between which the information can be sold and purchased. This trend—that of a “functional 
modularization” of large complex systems that were previously integrated—has occurred in other 
sectors (e.g., computing, Earth Observation15), and is diffusing into the space sector (Lal et al. 
2015). 

With each segment in this functionally modularized system broken up and relatively 
independent, each step is also less expensive. This has allowed the private sector, including 
investors, to step in and fund each segment independently. This also allows for specialization: an 
organization, especially a commercial provider, can develop exquisite capabilities at just one step 
in the value chain and purchase from or collaborate with other groups that have complementary 
capabilities. This specialization can also help the quality of the overall system improve, as the 
lower cost reduces barriers to entry, allowing increased competition at each stage of the value 
chain. The decreased cost and the opportunity for focus at one step of the system has allowed for 

                                                 
15 This sort of segmentation mirrors that which has occurred in the Earth Observation sector, where the companies 

collecting satellite-based data (Planet, BlackSky) are not the ones doing the data analytics (Orbital Insight, 
SpaceKnow). 
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increasing involvement from academia at individual steps—in both research and development—
as well.  

F. Implications 
The current SSA system was designed at a time when a few assets managed by a limited 

number of operators were performing set activities using known technology. In the future, 
emerging changes in the space environment (e.g., growing number of objects, operators, and 
activities) as well as the increasing number of players, both from global governments and the 
private sector, necessitate changes in the way SSA will be conducted. The range of uncertainty 
around each object makes tracking more difficult in the DoD system, as satellite composition and 
structure change and new architectures require assets to remain closer together. As a result of 
growing global interest in participating in SSA, there is and will continue to be growing investment 
both in the private sector and globally to supplement and supplant U.S. Government data and 
services.  

Countries are motivated to pursue SSA for a number of reasons—primarily national security 
and protection of space assets. However, many noted the opportunity to collaborate and share data 
with other nations, meaning future SSA systems will likely be more international and 
interoperable. Emerging international and commercial systems are generally more agile than the 
current DoD system, which is limited in the number of assets from which it can ingest information. 
Emerging SSA systems therefore will need to consider increased processing, more sensors, and 
higher quality tracking assets.  

A greater number of stakeholders in the SSA system (increasing as a result of lower cost to 
entry), and especially the presence of the private sector, can create more innovation in the 
individual segments. It may also require more coordination and interoperability across segments 
of the system. Because of functional modularization, satellite owners and operators (especially 
governments) can subscribe to services that meet their specific needs.  
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several examples of countries and companies installing optical sensors around the world. The 
increased geographic distribution of sensors is improving the global coverage of the SSA system 
and enabling greater persistence. 

The Russia-based International Scientific Optical Network (ISON) for near-Earth space 
monitoring, coordinated by Keldysh Institute of Applied Mathematics (KIAM) of the Russian 
Academy of Sciences, has doubled the number of observation facilities, and has increased the 
number of instruments by 3.5 fold across the world since it started in 2008 (see Figure 3-1). ISON 
may have the second largest network of ground-based optical sensors after ExoAnalytics. This has 
grown two-fold in the last decade (Figure 3-2) and the number of measurements has grown over 
200 times (Figure 3-3). Russia also operates additional electro-optical sensors through its Russian 
Space Surveillance System (RSSS), separate from ISON.18 Additionally, Russia plans on 
expanding their sensor network.19  

 

 
Source: UNCOPUOS 2017 Technical Presentation 

Figure 3-1. Number of Countries, Observatories and Optical Instruments within the ISON Network 
over Time. 

                                                 
18 “Russian Space Surveillance System (RSSS).” nd. Global Security. 

https://www.globalsecurity.org/space/world/russia/space-surveillance.htm 
19 Sputnik. 2016. “Russia to Deploy New Space Surveillance System Elements in Four Regions.” 

DEFENCETALK, November 30, 2016. https://www.defencetalk.com/russia-to-deploy-new-space-surveillance-
system-elements-in-four-regions-68624/ 
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Source: UNCOPUOS 2017 Technical Presentation 

Figure 3-2. ISON optical measurements over time, 2003 to 2016 
 

Less is known about China’s sensor networks, but its Purple Mountain Observatory is 
operating telescopes in at least four locations, is associated with their space debris tracking efforts, 
and has tracking ships that can deploy to support specific missions such as new satellite launches 
(Weeden et al, 2010). China is also beginning to collaborate with countries around the world. They 
are using data from sensors both within China as well as in New Zealand and Spain. Additionally, 
they are working on building or planning on using optical sensors in Mexico, South Africa, and 
Chile (Section E below discusses China’s APOSOS network).  

Other countries such as Japan and Poland are beginning to consider optical sensors used for 
scientific and other purposes. Polish entities, for example, own almost 20 optical telescopes 
(mostly tracking, with 4 surveillance-capable) that form a world-wide network which can add an 
important information and thus – a value to the satellite securing activities. 

The most interesting developments have been in the private sector. U.S.-based company, 
ExoAnalytics, with a global customer base, is distributing their network geographically, 
particularly in the southern hemisphere where there has traditionally been a dearth of sensors. By 
July 2017, ExoAnalytics had installed 169 optical ground based sensors at 23 different sites around 
the globe. The network has been growing rapidly. In Feb 2018, they had more than 200 telescopes 
at 24 sites. Their plans are to continue leasing sites and placing commercial off-the-shelf (COTS) 
telescopes in different parts of the world. Private companies in other countries have made progress 
as well. France-based ArianeGroup has installed (without support from the French government) 
GEOTracker, a network of six optical stations (two in France, two in Australia, one in Spain and 
one in Chile), which has coverage of the entire geostationary arc, and can detect objects in GEO 
down to one meter in size.  
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ISON map of observations, 2010 

 

ISON map of observations, 2017 

Source: UNCOPUOS 2010 and 2017 Technical Presentations 

Figure 3-3. Map of Observatories that Send Data to KIAM, 2010 and 2017 
 

Growth in SSA optical sensors is driven principally by the cost of optical telescopes and 
cameras with similar capability, which has decreased over time due to savings realized through 
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COTS telescopes (that are more strongly driven by Moore’s Law) and optical sensor parts, 
particularly for optical sensors that have adequate capability, but are not exquisite. This cost 
savings enables governments and the private sector to purchase more optical sensors for the 
purpose of SSA.20 Growth is also driven by need—better global coverage is needed to better view 
and track objects in GEO. An interesting recent development has been the repurposing of existing 
sensors previously used for astronomy and other scientific research. This proliferation of sensors 
is building resiliency, persistence, and redundancy in data collection in all orbit categories. 

b. Space-Based Optical 
Space-based optical systems have a few advantages over ground-based optical data collection 

in that challenges with time of day lighting are somewhat mitigated, and weather/atmospheric 
conditions are not an issue. Sensors in space are also more sensitive, and allow for the detection 
of dimmer objects including space debris. Space-based SSA assets are typically a single satellite 
or a constellation of satellites conducting SSA on space objects using optical sensors. Only a 
handful of government-owned and operated dedicated space-based SSA assets exist today, 
including the United States’ Space-Based Space Surveillance (SBSS) and Canada’s Sapphire 
satellite, which was launched in 2013. Going forward, several governments are planning on having 
their own space-based SSA capabilities. In our discussions, for example, we learned that Thailand 
is aiming to start a program to develop a satellite for LEO that would be used for SSA. If approved, 
the program would be funded at $30 million. Additionally, China has a strong desire to improve 
their SSA and strategic early missile warning capacity; by some indications they intend to use 
space-based sensors for SSA in addition to early missile warning.21  

The private sector is actively looking into building networks of space-based sensors or adding 
SSA sensors to planned constellations. Several companies that have plans for space-based 
operations expect to leverage their capabilities to collect SSA data. An example is U.S.-based 
remote sensing provider Planet. The scale of Planet (200+ satellites) requires automation of 
operations for scheduling satellite and ground-station activities, imaging, and fault detection. Only 
a small team of operators spend their time monitoring these automated operations, running 
experiments, or troubleshooting new issues.22 With future Planet Doves including onboard SSA 
sensors, Planet (and other companies such as SpaceX/LEO and Chandah Space 
Technologies/GEO) could emerge as the next generation of SSA vendors. Other companies that 

                                                 
20 Stahl et. al. has developed a parametric cost model for ground and space based telescopes and estimates cost of 

telescopes are reduced by 50 percent every 20 years mainly due to improvements in the technology and 
manufacturing processes (Stahl et al, 2016). Furthermore, he estimates that space telescopes cost 50 to 100 times 
more than ground based telescopes. 

21 Dean Cheng, Testimony before U.S.–China Economic and Security Review Commission on February 18, 2015, 
https://www.heritage.org/testimony/the-plas-interest-space-dominance  

22 Nicolls, M. 2017. “Conjunction Assessment For Commercial Satellite Constellations Using Commercial Radar 
Data Sources.” LeoLabs and Planet Labs. 
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plan to remove debris would include onboard sensors, and can likely collect SSA data if needed. 
These companies include Effective Solutions/Israel, D-Orbit/Italy, and Astroscale/Japan. As these 
plans come to fruition, the amount of data and accuracy of data collected from space-based sensors 
will increase. 

2. Radar Sensors 

a. Ground-based Radar 
The advantage of radar systems for SSA is that they can actively measure the distance, the 

speed of a target, and are not adversely affected by weather. 23 In some cases, radars can be very 
good at tracking several objects at one time. Radar is best suited for object tracking in LEO, but 
some very high powered radars are capable of tracking objects beyond LEO. 

While the United States has the most extensive radar network in the world, other governments 
are increasing their investment in radar systems for SSA, and also expanding the use of existing 
radar systems developed for other purposes such as scientific research and missile defense.  

Though dedicated radar systems for SSA are costly, especially when recurring operating costs 
are included, and their costs do not appear to be decreasing, some governments are nonetheless 
increasing their investments in radar. Several governments have announced new or repurposed 
radars for SSA. For example, Japan’s Aerospace Exploration Agency (JAXA) announced in 
January 2018 that it was developing a radar capable of detecting space micro-debris of about 10 
centimeters (3.9 inches).24 Its current system is only capable of detecting debris of over 150 
centimeters. Japan’s Defense Ministry is also preparing to construct another radar capable of 
detecting the space debris in GEO. Grande Reseau Adapte à la Veille Spatiale (GRAVES) radar, 
owned by the French military, and the German Tracking and Imaging Radar (TIRA) system are 
examples of government-owned radar used for space surveillance tracking and orbital debris. 
Other countries, like India, recently constructed a Multi-Object Tracking Radar (MOTR) for use 
in both missile defense and space debris tracking. India also relies on MOTR for conjunction 
assessments during their launches—an important aspect of India’s space program. India also has 
a long-range tracking radar that is part of their Ballistic Missile Defense capability and has 
potential to be used for SSA (Schroegl 2018). 

Governments are also leveraging existing radar already built for other purposes such as 
science or missile defense for SSA use. Russia uses its extensive radar system put in place during 

                                                 
23 A radar system transmits electromagnetic waves and analyzes energy reflected back to it by a target. A receiver 

measures the waves and is able to locate the target relative to the location of the radar. Phased array radars scan 
large areas very quickly tracking multiple objects at once as the radar energy is steered electronically, not 
mechanically. Conventional radars have tracking antennas that move and can follow a satellite’s location. 

24 “New Japanese Radar to Spot Small Space Debris.” 2018. The Japan News, January 8. 2018. 
https://www.lmtonline.com/news/article/New-Japanese-radar-to-spot-small-space-debris-12481300.php 
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the Cold War for missile warning and missile defense to track objects in LEO. The UK and Norway 
operate radar systems that are part of the U.S. Space Surveillance Network (SSN).  

Radar facilities developed for scientific purposes are increasingly being considered for SSA. 
For example, European Incoherent Scatter Scientific Association (EISCAT) is an international 
organization funded and operated by research councils from Norway, Sweden, Finland, Japan, 
China and the UK. It was established in 1975 “to conduct research on the lower, middle and upper 
atmosphere and ionosphere using the incoherent scatter radar technique” and has radars located in 
Finland, Sweden and Norway.25 The system is being upgraded with new radar technology, called 
EISCAT 3D, and will contribute to atmospheric monitoring, polar aircraft communications, 
meteor trail decay and space debris tracking. 26  

Given the high construction and operations and maintenance costs of radar systems, there are 
few commercial vendors offering radar, unlike the ground-based optical sensors. One U.S.-based 
company, LeoLabs, plans to build a network of private radars. At present they have two radar 
systems: repurposed science radar in Alaska and a new radar system in Texas. LeoLabs is not 
focusing on building exquisite capability for all orbit regimes—they focus solely on LEO. Instead, 
their approach is to use existing technology, expand their network, and use advanced software to 
process the data. They plan to install four more radars near the Poles and the Equator by the end 
of 2019.27 The new radars will be aiming to track smaller debris—down to 2cm in LEO. The cost 
of LeoLabs technology has been said to be orders of magnitude lower than traditional radar system. 
One reason for this cost reduction is that they are dedicated SSA systems intended to be provide 
adequate detection, and not meant for other purposes such as missile defense or missile warning. 
Because the quality of information and coverage of orbits increases with the increase in the number 
of locations of radar facilities, their goal is to get as much data from as many locations as possible.  

Commercial capabilities are already demonstrating value. For example, in March 2018, a 
U.S. company was denied a spectrum license because of concerns that they could not be tracked 
by DoD sensors due to their small size (about the fourth of a cubesat), and were therefore a 
collision risk. However, the satellites were acquired by LeoLab sensors “almost immediately after 
launch” and are being spotted once or twice a day—a frequency sufficient to plot their orbits for 
collision avoidance.28  

                                                 
25 EISCAT Scientific Association. 2018. “About EISCAT.” Accessed April 1, 2018. https://www.eiscat.se/about/ 
26 Vollertsen, Arne. 2016. “EISCAT 3D—the Biggest Nordic Capacity Challenge Yet.” NORDUnet, June 24, 

2016. https://www.nordu.net/article/eiscat-3d-%E2%80%93-biggest-nordic-capacity-challenge-yet 
27 Nicholls,M. 2017. Conjunction Assessment for Commercial Satellite Constellations Using Commercial Radar 

Data Sources, Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS), Sept 2017. 
28 Harris, Mark. 2018. “FCC Accuses Stealthy Startup of Launching Rogue Satellites.” IEEE Spectrum, March 9, 

2018. https://spectrum.ieee.org/tech-talk/aerospace/satellites/fcc-accuses-stealthy-startup-of-launching-rogue-
satellites 
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b. Space-based radar 
At present, there is little to no focus on using space-based radar for SSA. However, space-

based radar capabilities exist for other purposes, and in the future could be used for SSA purposes. 
Outside of the United States, countries such as China, Russia, and Germany have active military 
radar satellites, and other countries, such as Italy, have Earth observation radar satellites that could 
be used for SSA. On the commercial front, the U.S.-based company XpressSAR is looking to use 
a synthetic aperture radar (SAR) satellite in an equatorial orbit in LEO, and would be able to collect 
SSA data (including imaging space-based objects). They have indicated that foreign governments 
such as Israel, the UK, France, Germany, and Australia have expressed interest in their services. 
Thus far, the company has raised $360 million in private funding.  

3. RF Sensors 
RF Sensors can track satellites transmitting signals, but cannot identify or track objects that 

do not transmit a signal such as debris, dead systems, and passive cubesats without signals. Unlike 
optical sensors, and like radar, RF sensors are weather-independent. However, they work only with 
cooperative systems (i.e., active satellites) that emit RF waves. There is growing interest and 
associated activity in using existing ground-based RF sensors and radars, as well as new space-
based SSA sensors for SSA observation and tracking. Historically, RF has not been widely used 
or established for SSA, however, going forward as the need for higher quality SSA increases, RF 
capabilities might be pressed into service.  

a. Ground-Based RF 
Traditionally used for telemetry, tracking and command (TTC), ground-based RF systems 

are being repurposed for alternative uses, in particular SSA. For example, Italy, Sweden, South 
Africa, and Australia have vast arrays of RF sensors, and are looking to take advantage for SSA 
tracking. China also has a TTC system that operates in the S band, relying on three Chinese ground 
stations and ground stations in Namibia, Pakistan and a fleet of maritime satellite tracking and 
control stations (Schroegl 2018). In the university and non-profit sector, there has also been some 
exploration of using upcoming Square Kilometre Array (SKA) in Australia, New Zealand and 
South Africa for SSA. SKA has 10 member countries—Australia, Canada, China, India, Italy, New 
Zealand, South Africa, Sweden, the Netherlands and the United Kingdom (the United States is not 
an institutional member).29 The main purpose of the Murchinson Widefield Array (part of SKA) 
in Australia is astrophysics and space weather; however in 2015, a research group was said to be 
exploring the option to also use it for passive RF detection.30 

                                                 
29 Square Kilometre Array. 2018. “Participating Countries.” https://www.skatelescope.org/participating-countries/ 
30 Bessell, T. Australian Space Situational Awareness Capability Demonstrations. 2017, Amos Conference. 
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There is growth in the commercial sector as well. Expecting demand for international and 
commercial SSA, RF companies are planning to expand their footprint to include provision of SSA 
services. For example, in 2016, U.S.-based Kratos began expanding their existing RF 
infrastructure, adding seven new worldwide monitoring sites that would host more than 60 
antennas.31 By 2018, they have 13 sites with 80 sensors worldwide. By taking advantage of their 
existing global network, Kratos is repurposing their existing RF sensors, adding more RF sensors 
and building analytical capacity to provide SSA monitoring for active satellites.32 In Europe, 
companies such as Zodiac GmbH and Siemens AG are similarly looking to use their RF networks 
for SSA tracking. 

b. Space-Based RF 
Outside the U.S. Government, few countries have space-based RF systems, but in the future, 

this could be an area of growth, especially if smallsat constellations become a reality. With space-
based RF, commercial companies are beginning to take a lead, and looking for international 
customers. U.S-based HawkEye 360 and Chandah Space Technologies are planning on placing 
RF sensors onboard their constellations. HawkEye 360 is a developing a network for global 
intelligence based on RF signals. They seek to operate their own smallsat constellation and in May 
2017, signed a Memorandum of Understanding with Kratos to link their space-based and ground-
based RF capabilities. Orbital ATK, with support from the U.S. Air Force, developed a project 
using GSSAP satellites in sub-GEO orbits that contained RF sensors to characterize GEO orbits 
using radio emissions from satellites. While these space-based SSA services are still being 
realized, it is a feasible that coming years may provide a stronger commercial business case to do 
so.  

4. Laser Ranging 
Satellite Laser Ranging (SLR) is an emerging technology in managing and mitigating orbital 

debris, and is an area of R&D for SSA. Laser sensors use light reflection on LEO satellites to 
compute their distance and speed. It was initially used to measure Earth’s gravity through orbiting 
reflectors, but the technique has been applied to determining the range and speed of orbiting objects 
in LEO. Germany’s space agency DLR, has an R&D effort underway to develop lasers for 
detecting orbital debris. ESA’s Space Debris Office, along with other partners, is also exploring 

                                                 
31 Kratos Defense and Security Solutions, Inc. 2016. “Kratos Awarded $6.2 Million Contract Modification to 

Expand Global Satellite RF Interference Monitoring for U.S. DoD.” https://globenewswire.com/news-
release/2016/10/24/881974/0/en/Kratos-Awarded-6-2-Million-Contract-Modification-to-Expand-Global-
Satellite-RF-Interference-Monitoring-For-U-S-Department-of-Defense.html 

32 Another US-based company Rincon owns exquisite RF capabilities and can improve the standard conventional 
capability as Geostationary Orbit maneuver determination occurs in a matter of minutes as opposed to hours to 
days. With the RRC current site, the company claims that can get an accuracy of 10 meters within one day of 
tracking a satellite. However it is unclear if Rincon would be providing its services globally.  
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laser ranging initiatives by combining optical sensor data with laser ranging observations to form 
hybrid observations.33 Their research goal is to demonstrate that laser ranging techniques can 
contribute to observing and tracking space debris in LEO.  

On the commercial side, Electro Optic Systems (EOS), an Australian defense contractor, is 
developing and testing a ground-based laser to track and alter the orbits of space debris to avoid 
collisions.34 The work is still in the R&D phase, and they plan to start with tracking and then 
increase the laser’s power to nudge debris.35 Though laser ranging for SSA appears to be nascent, 
there appears to be growing interest in adopting and exploiting the capabilities to track and remove 
space debris. 

B. Growing Capabilities in Data Collection: Increasingly More Capable 
Sensors 
It is not just the number of sensors that is increasing. The sensors are increasingly more 

capable—at comparable costs—and R&D is underway to make them more versatile and useful 
(e.g., optical sensors to track assets in LEO). Our discussions also found that the quality of SSA 
would improve not only because of improved technology in sensors, but also because of an 
evolving philosophy.  

1. Sensors Becoming Increasingly More Capable 
With the right sensor hardware and data processing capabilities, optical sensors are already 

able to achieve an accuracy of about 1 arcsecond (Torres J., 2017).36 Capability in the commercial 
sector is notable. ExoAnalytics, for example, indicated they have optical sensors with that can 
achieve an accuracy of about 0.1 to 0.25 arcseconds in GEO. As compared with the U.S. Ground 
Based Electro-Optical Deep Space Surveillance (GEODSS), the accuracy of the ExoAnalytics 
sensors are 4–10 times greater for tracking objects in GEO.37 Additionally, ExoAnalytics has eight 
times as many sites at GEODSS and 20–30 times more telescopes. LeoLabs has indicated that its 
radars can currently track 10 cm sized debris in LEO, and that their next generation of radars will 

                                                 
33 Jilete, B., et al. 2015. "Laser ranging initiatives at ESA in support of operational needs and space surveillance 

and tracking." Laser 3 (2015): 001. 
https://cddis.nasa.gov/2015_Technical_Workshop/docs/papers/3.1_Flohrer_paper.pdf 

34 Lackey, Brett. 2018. “Australian Military Defence Contractor Develops Laser Powerful Enough to Take Out 
Space Junk Hurtling Towards Earth.” Daily Mail Australia, March 21, 2018. 
http://www.dailymail.co.uk/news/article-5527033/Australian-scientists-plan-use-lasers-shoot-space-junk.html 

35 Grimm, Nick. 2018. “Scientists Plan to Use High Powered Lasers to Track and Shoot Away Space Junk.” ABC 
News Australia, March 22, 2018. http://mobile.abc.net.au/news/2018-03-21/scientists-plan-to-shoot-down-space-
junk-with-a-laser/9573066?pfmredir=sm 

36 1 arcsecond accuracy translates to about 170m accuracy in Geosynchronous Orbit 
37 For comparable capability of latency and sensitivity, Exo described that their cost per observation is nearly 100 

($21.92/$0.20) to 500 ($24.32/$0.05) times less expensive than observations by the US government. 
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