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Summary

Constellations consisting of tens, hundreds, and even thousands of satellites in non-
geostationary orbits (NGSO), sometimes referred to as mega-constellations, are now being
proposed and developed to bring affordable broadband Internet and other satellite services
to the world. Hundreds of launches may be required to deploy and maintain these satellites.

Even after successfully navigating through rounds of investor funding and regulatory
approvals, launch capacity and delays pose a significant risk to constellations, their
stakeholders, and policymakers because the constellations must be deployed within a
defined period, and failure to do so has onerous consequences. This paper defines the
magnitude of the NGSO constellation challenge in terms of number of satellites proposed,
regulatory deployment requirements, the uncertainty in future launch demand, and the
inevitability of launch delays. Sources and consequences of launch delays are identified,
and risk management and simulation tools are described.

Introduction

The possibility of a high launch demand and the
cumulative effects of launch delay risks could result
in far-reaching consequences for U.S. launch
service providers, constellation developers, and
other stakeholders. The evolutionary stages of the
proposal, approval, deployment, and sustainment of
NGSO constellations should be followed closely to
discern launch demand and delay risks for
individual constellations and at a macro-level for the
launch service and NGSO constellation markets.
Quantitative assessments can shed light on the
probability of satellite services availability and the
potential for future market imbalances such as
shortages of launch vehicles and spaceport capacity
limitations. Stakeholders, armed with launch

demand and risk assessments, will be better
positioned to adjust business strategies, capture
needed investments, adjust government budgets,
and effect changes in regulatory policies. It is both
prudent and practical for stakeholders and investors
to forecast launch demand and manage delay risks
that threaten mission success and investment
returns.

The Constellations

Private industry has proposed approximately
20,000 satellites for deployment into non-
geostationary orbits, as shown in Table 1, with
approximately 13,000 having been approved by the
Federal Communications Commission (FCC) thus
far.” Three companies—OneWeb, SpaceX, and

*While there might be other constellations in addition to those listed below, the table represents U.S. license

requests.



Table 1: NGSO Satellites—FCC Filings (2016 to Present)

Satellite Orbital

Proposed | Design Life | Inclinations | Application Approval |Approved
Proposer Satellites [ (Years) (Deg.) FCC Filing Number Satellites
720 7 88 4/28/2016  SAT-LOI-20160428-00041 | 6/22/2017 720
OneWeb LEO 1,260 7 88 3/19/2018  Additional request due to
deploy ment rules change.
1,280 10 45 3/1/2017  SAT-LOI-20170301-00031
OneWeb MEO Additional t due
1,280 10 45 114/2018 rional fequest e
deployment rules change.
SpaceX LEO 3,200 o7 53, 54 11/15/2016 = SAT-LOA-20161115-00118 | 3/29/2018 3,200
1,225 517 70, 74, 81 1,225
SpaceX VLEO 7,518 5107 42, 48, 53 3/1/2017 | SAT-LOA-20170301-00027 | 11/15/2018 7,518
Boeing LEO 1,948 10 %, % 6/22/12016 SAT-LOA-20160622-00058
1,008 10 88
Boeing MEO 60 15 63 11/15/2016 = SAT-LOA-20161115-00109
Boeing LEO 132 10 54 312017 | SAT-LOA-20170301-00028
MEO 15 10 63
SpaceNorway 2 15 63 11/15/2016 | SAT-PDR-20161115-00111 | 11/3/2017 2
Telesat % 10 37 11/15/2016 = SAT-PDR-20161115-00108 = 11/3/2017 %
72 10 99 72
LeoSat 84 10 99 11/15/2016 = SAT-PDR-20161115-00112 | 11/5/2018 78
Viasat 24 20 87 11/15/2016 = SAT-PDR-20161115-00120
Karousel 12 15 63 11/15/2016 | SAT-LOA-20161115-00113
32 15 0 SAT-AMD-20161115-00116 32
03b o = - 11/15/2016 Y~ 6/4/2018 =
Audacy 3 12 25 11/15/2016 | SAT-LOA-20161115-00117 | 6/7/2018 3
Kepler 140 10 90 11/15/2016 = SAT-PDR-20161115-00114 | 11/15/2018| 140
Theia Holdings A 120 12 98, 99 11/15/2016 = SAT-LOA-20161115-00121
Astro Digital U.S. 30 15 98 5/8/2017 | SAT-LOA-20170508-00071
Total 20,220 13,045

Boeing—are proposing constellations comprising  Regulatory Fielding Requirements

thousands of satellites to provide global broadband ~ The FCC oversees spectrum use by commercial
Internet access, and other companies are proposing  satellites and has put in place regulations to prevent
smaller constellations. “warehousing” of spectrum and orbital slots.



Warehousing occurs when a developer with
exclusive rights is unwilling or unable to deploy its
satellites and thus hinders the availability of
commercial space services to the public that
competitors might be able to provide.! Time is of the
essence for constellation developers, as the FCC
requires that they deploy 50 percent of their
satellites within six years of license approval and
100 percent within nine years.”? Satellites must be
operational to be considered part of the count.
Failure to meet either of these milestones results in
the constellation being limited to the number of
satellites already in operation on the milestone date.
For example, a constellation planned for
100 satellites that has only 40 satellites in operation
at the six-year milestone would have its FCC
authorization reduced to 40 satellites. The licensee
would need to request a license modification to
deploy and operate additional satellites above that
new limit, and FCC approval would not be
guaranteed.

Future Launch Demand

Future launch demand is driven by government and
commercial plans to deploy satellites. The FCC,
through its regulatory function of reviewing and
approving NGSO constellations along with the
attendant 6-year and 9-year deployment
requirements, acts as a gatekeeper for launch
demand. The U.S. government utilizes multiple
launch opportunities per year to meet various
defense and civil missions. The burgeoning
commercial Earth observation satellite industry is
another source for future launch needs, with
potential quantities in the thousands.> Commercial
communications satellites destined for
geosynchronous orbits will also continue to be
launched each year.* Government decisionmakers
need reliable aggregate launch forecasts to make
timely and informed decisions.

Deployment Launches

Clearly, a large increase in launch rates would be
required to deploy 20,000 satellites. Whether such
an increase is even possible remains to be
determined. “Some also question whether there are
sufficient launch capabilities to get all of these
[NGSOQ] satellites into orbit in time to meet the [six-
year and nine-year deployment milestones],”
according to FCC commissioner Michael O’Rielly.’
Additionally, some financial and technology
challenges remain to be overcome. Consequently,
between unforeseen technology setbacks, potential
mergers, acquisitions, bankruptcies, and market
withdrawals, the number of satellites needing to be
launched might be much less.

The number of launches required will be directly
correlated to the number of satellites actually
needing to be launched. To demonstrate the range of
launches that might be needed, we considered
multiple scenarios for the number of satellites
needing to be deployed. These were 25, 50, 75, and
100 percent.

Trying to estimate the total number of launches
required to deploy the proposed satellites is
problematic because the FCC does not require
license applicants to provide its launch plans. To
develop reasonably accurate estimates, information
on satellite mass and volume, anticipated failure
rates, on-orbit spares plans, planned deployment
schedules, planned launch vehicles, planned launch
sites, and number of satellites that can be launched
by any single launch vehicle is needed.

Aerospace developed a rough estimate for the total
number of launches required for the deployment
scenarios by taking into account publicly available
information and making a few simple assumptions.
For example, at least one launch is required to

"The rules in place prior to 2017 required the entire constellation to be deployed within six years of being granted a
license. Failing such, the grantees’ entire authorization was voided.



populate an orbital plane. Fewer satellites can be
launched when the intended orbit is highly inclined
or is above low Earth orbit (LEO). We also
considered historical information regarding the
number of Iridium NEXT satellites (10) that are
launched by a single Falcon 9 and OneWeb’s stated
plans to launch as many as 36 satellites at a time on
a Soyuz rocket. We then assumed that the
constellations are approved at the end of 2018 and
that launches occur in time to meet the FCC
deployment milestones with at least one year of
margin. We further assumed that deployment launch
rates will ramp up over the first few years such that
the peak annual flight rate will not occur until
approximately 2023. The resulting estimates for
total launches required and peak annual launch rates
are shown in Table 2.

Table 2: Total Launch Demand and Peak
Annual Launch Rate Estimates

Total
Launches
Required

Peak Annual
Launch Rate £2 e e ze

Sustainment Launches—Design Life

In addition to planned launches to deploy the
constellations, future launch rates also depend upon
satellite design life. A useful satellite lifetime is the
most significant factor in determining the required
number of launches and frequency to sustain a
constellation. As shown in Table 1, SpaceX

indicated that the design on-orbit satellite lifetime
will be five to seven years.” Likewise, OneWeb has
indicated a  seven-year  design lifetime.
Consequently, both SpaceX and OneWeb may need
to begin launching replacement satellites prior to the
FCC’s nine-year milestone.

Using the information from Table 1 regarding
number of satellites and design life, and assuming a
six-year design life for SpaceX satellites, the
estimated number of sustainment launches shown in
Table 3.

Table 3: Annual Estimates for
Sustainment Launches

Annual
Launch Rate

51 77 102

26

Achieved satellite lifetimes may be longer than
planned lifetimes. For example, a study of military
and civil satellites having various orbits
(geostationary Earth orbit [GEO], highly elliptical
orbit [HEO], medium Earth orbit [MEQO] and LEO)
found that the average mission’s actual life exceeds
its design life by 2.6 to 4.9 years.® Such uncertainty
has enormous implications for future launch
demand. It is also worth noting that the 125 LEO
satellites in that study had an average design lifetime
of less than three years. Satellites in LEO typically
require additional propellant for orbit maintenance
compared to satellites operating in higher orbits.
The very low Earth orbit (VLEO) satellites will
likely require even more fuel. Design tradeoffs

’The Schedule S documents of both SAT-LOA-20161115-00118 and SAT-LOA-20170301-00027 state 5-year
estimated lifetime of satellites from date of launch, but the verbiage in their respective Attachment A documents
(technical information to supplement Schedule S) state, “Each satellite in the SpaceX System is designed for a

useful lifetime of five to seven years.”



between satellite launch mass and volume versus
lifetime will have implications for both the number
of deployment launches required and subsequent
sustainment launches.

We assume that constellation satellite replacement
cycles will be accomplished using medium to large
launch vehicles capable of deploying multiple
satellites at a time similar to the initial deployment
approach. For example, Iridium upgraded its
constellation to Iridium NEXT by launching up to
10 satellites at a time on Falcon 9s. This was planned
well in advance and provided Iridium with a cost-
effective way to deploy 75 satellites.

Sustainment Launches—Random Failures
Each satellite in a constellation has the potential for
a random failure causing complete or partial loss of
utility. While these types of failures can occur at any
time during a satellite’s useful life, commercial
satellites have a higher failure rate during the first
year on orbit, ranging from three to five percent,
after which the likelihood of failure drops to less
than one percent.”® On-orbit failure risk can be
addressed by having a small number of on-orbit
spares in each orbital plane. However, a higher-
than-anticipated failure rate would require more
launches to complete deployment, and the
deployment completion date could be delayed. Note
that studies indicating a three-to-five percent first-
year failure rate followed by a failure rate of less
than one percent per year were based largely on
satellites that were produced in low volumes and
underwent rigorous testing. Consequently, these
failure estimates may not be predictive for mass-
produced satellites that do not undergo similar
testing rigor. The satellite mortality rate for each
constellation will likely be an area of considerable
uncertainty until that constellation has been fully
deployed and operated for several years.

There is a wide range of estimates for the potential
number of failed satellites needing to be replaced on
an annual basis; again, depending upon the number

of satellites actually deployed, the number of spares
put on orbit during the initial deployment, and the
actual failure rate. Table 4 provides projections for
future annual small launcher demand, discounting
availability of on-orbit spares, and assuming failed
satellites are replaced on an individual basis.

Table 4: Annual Launch Demand

Estimates for Small Launchers
0 10

5

1% Annual

Failure Rate 0 L 2l

3% Annual

Failure Rate 151 301 452 602

5% Annual
Failure Rate

251 502 753 1,004

Satellite failure rates and the potential need to
replace individual failed satellites on short notice
could create an ideal market for small launchers,
including existing systems like the European Vega,
as well as several under development or now
entering service like Rocket Lab’s Electron and
Firefly’s Alpha rocket. Air launched vehicles such
as Northrop Grumman’s Pegasus and Virgin Orbit’s
LauncherOne may be particularly well suited for
individual satellite replacements, as they are able to
launch satellites into a wide range of orbital
inclinations due to their launch location flexibility,
assuming that FAA’s licensing facilitates such
flexibility.” OneWeb has already put in place a
contract arrangement with Virgin Orbit for
39 LauncherOne missions. !°

Potential Launch Capacity Shortfall

The number of satellites in the proposed
constellations and the FCC deployment milestones,
creates the potential for a launch availability



shortfall. To quantify the magnitude of the potential
shortfall during the deployment era only, we first
estimated the present launch capacity for all
medium and heavy launch vehicles likely to be used
for the initial deployment of the NGSO satellites.
We then considered how many non-NGSO launches
are typically required on an annual basis.

The United States conducted 31 orbital launches in
fiscal year 2018 using SpaceX, United Launch
Alliance (ULA), and Northrop Grumman (NG)
medium- to heavy-lift launch vehicles of the type
that will be needed to perform constellation
deployments. SpaceX conducted 21 launches in
fiscal year 2018 (FY18), which is a new record for
them. In FY'17, they launched 13. ULA conducted
nine launches in FY 18. In prior years, they launched
as many as 12. NG conducted one orbital launch in
FY'18 and demonstrated up to 2 launches of Antares
in prior fiscal years. Thus, the currently
demonstrated combined SpaceX—ULA-NG orbital
launch capacity is 35 launches per year.

Existing international launch vehicles such as
Ariane 5, H-IIA, Proton, and Soyuz are also likely
candidates for deploying the constellations. The
peak historical flight rates for these vehicles have
been 7 for Ariane 5, 6 for H-2, 12 for Proton, and 22
for Soyuz, for a total annual capability of
approximately 45 launches. Launch vehicles from
China and India might also be considered, but they
remain constrained by U.S. restrictions on export of
satellites containing U.S. technology.

Combining the present U.S. capability with the
capabilities of the international launch vehicles cited
above suggests a present capability of
approximately 80 medium-to-heavy class launches
per year. However, much of this capacity over the
next 10 years may already be tasked. The Federal
Aviation Administration (FAA) estimates that the
next 10 years will average 18 launches per year for
large commercial geosynchronous satellites.!! A
total of 32 U.S. and foreign government launches

were conducted during FY18 on a combination of
Antares, Atlas 5, Delta II, Delta IV, Falcon 9, Soyuz,
Proton, H-II, and Ariane 5.'> Consequently, on the
order of 50 launches per year seems a reasonable
estimate for future launch demand before addressing
the new constellations. Given a capacity for
80 launches per year and an existing need for
50 launches means that there are approximately
30 launches per year available for NGSO
deployments.

Given an existing availability of 30 launches for
NGSO constellation deployment, the potential
capacity shortfall ranges from small to large as
shown in Table 5. The results suggest that even if
only a quarter of the NGSO plans come to fruition,
current launch service providers will be tasked at
maximum proven capacity.

Table 5: NGSO Constellation
Deployment Launch Capacity
Shortfall Estimates

Peak Annual
NGSO
Launch Rate

Estimated
Current
Availability

Potential
Launch Capacity (2)
Shortfall

(34) (66) (98)

If the percentage of NGSO satellites needing to be
deployed exceeds 25 percent, then the projected
shortfalls indicated could become problematic (see
Table 5). Such a market imbalance could lead to
price increases, which could incentivize existing



launch service providers to increase capacity and
entice new launch service entrants. Ramping up
launch rates of existing vehicles will take time and
considerable investment. For example, it took
SpaceX eight years to increase its flight rate from 1
to 21 per year. It is worth noting that the past couple
of years have seen a sharp increase, and the advent
of the highly reusable Falcon 9 Block 5 may enable
higher launch rates. However, recent comments
from SpaceX suggest that FY19’s launch rate will
be on par with FY18 due to decreased launch
demand." ULA took 12 years to increase its flight
rate up to 12 per year.

New medium-heavy lift rockets are in various
stages of development. U.S. vehicles include
SpaceX’s BFR, ULA’s Vulcan Centaur, Blue
Origin’s New Glenn, and Northrop Grumman’s
OmegA the latter three of which were recently
awarded development contracts from the U.S. Air
Force. Internationally, the European Space Agency
(ESA) is developing Ariane 6 as a replacement for
Ariane 5 and the Japanese Aecrospace Exploration
Agency (JAXA) is developing the H3 to replace the
H-II. All are expected to have initial launch
capability in the early 2020s. Given the historical
record of how long it has taken to ramp up flight
rates, these new vehicles cannot be counted upon to
erase a potential 100-launch shortfall in 2023.

The fact that the shortfall is a projection with
considerable uncertainty is particularly problematic
for launch service providers developing new
capabilities. This is because it is vitally important
for providers to match their production capacity to
launch demand to ensure profitability. See “Launch
Diseconomies of Scale” on the next page.

Consequences of Launch Delays

When the FCC approves a proposed constellation,
the race is on to meet the six-year and nine-year
deployment milestones. Since proposers generally
wish to have the FCC license in hand before too
much investment is committed, the design of the

constellation components—including the satellites
and ground infrastructure—generally are not
complete. Thus, the race includes design,
development, securing capital funding,
constellation deployment, and sustainment. As
such, all delays during the time frame from license
approval through the nine-year 100-percent
deployment milestone are of interest since they lead
to launch delays. Because constellation performance
and viability depend heavily on the number of
operational satellites in orbit, significant launch
delays can be devastating.

Revenue and Profitability Impacts

Commercial constellation business plans should
address the possibility that revenue will be delayed,
potentially by years, and additional rounds of
financing may be needed, as was the case with the
Iridium NEXT constellation.'* Depending on
deployment schedule margins and the extent of
launch delays, profitability may be significantly
reduced or never achieved, particularly in light of
the federal regulations cited above.

Opportunities and Threats for Customers
and Stakeholders

The advent of NGSO constellations creates new
opportunities for customers and stakeholders alike.
Corporations, government agencies, health
providers, academic institutions, and members of
the public are keenly interested in taking advantage
of the new services that the constellations will be
offering. However, they will need to continue using
their existing services until these new constellations
come online. Some examples of opportunities and
risks for stakeholders and other interested parties are
described below.

Hosted Payloads

Even before the advent of large constellations,
private industry advocated hosted payloads. “We
see hosted payloads as one of those inventive ways
that the government can get dedicated capability in



Launch Diseconomies of Scale

The microeconomic principle of economies of scale refers to reduced costs per unit that arise from
increased total output of a product. For instance, a launch provider could provide an increased quantity
of launches and spread launch site infrastructure costs and general technical and operational support
costs across all launches; thus, reducing the costs per individual launch.

Diseconomies of scale might occur after output quantity exceeds an optimal design point. It remains
to be seen where such a diseconomy will occur for the launch industry as no historical precedent
exists. There are, however, potential scenarios where diseconomy might occur for an unprecedented
level of space launches. Why is this significant? Marginal cost increases could increase launch prices
over time, dampening future launch demand.

NOTIONAL CHART ILLUSTRATING DISECONOMIES OF SCALE

Average Marginal costs decrease
Cost with rising launch output
A \ Marginal costs increase with
rising launch output
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Diseconomies of scale may result from several factors such as:

» Increasing launches may pose a challenge to the current channels of communication between
constellation operators, regulatory authorities, and launch providers. Beyond a certain threshold, it
is possible that further investment and staffing will be required to meet increased launch demand.

» Launch providers may not be prepared to be responsive beyond a certain threshold. enhancing a
launch provider’s ability may incur demand for additional staff.

» Launch sites may need additional capital improvements to stage and launch frequent launches.

Diseconomies may extend further up the space value chain to satellite manufacturers. Northern Sky
Research noted that while LEO constellations theoretically benefit from economies of scale, the
satellite industry is quite modest in size, compared to other industries that clearly benefit from mass
production economies of scale (e.g., the automotive industry).’® OneWeb plans to produce
15 satellites per week from its Florida-based facility.’® If OneWeb and other LEO satellite
manufacturers manage to produce as expected, they must still rely upon the launch industry to place
their satellites in orbit. The key questions are:

» At what satellite manufacturing volume level would satellite manufacturers reach the optimal design
point?

» At what launch volume level would a launch provider reach the optimal design point?

» If diseconomies occur, how long would this scenario last before the industry adjusts supply capacity
to meet these new unprecedented levels for satellites and launch services?

All market participants and regulators should watch closely to observe any adverse trends.



space without having to go and buy their own free-
flying satellites,” stated Intelsat president, Kay
Sears.!” The Defense Advanced Research Projects
Agency (DARPA) is now funding an “on-orbit
demonstration of a military missile warning
constellation embedded within a commercial LEO
mega-constellation.”'® Government agencies and
commercial entities planning to host payloads on
constellation satellites may need backup plans to
prevent capability gaps or insurance to mitigate
revenue delays. For instance, Aireon, a company
that has hosted payloads on the Iridium NEXT
constellation, suffered from deferred revenue
streams due to delays in the deployment of the host
constellation. "

Launch Service Providers

Launch service providers will need to be able to
launch the new NGSO constellations while
continuing to launch critically important satellites
for government agencies. They should be cautious,
however, in preparing for a potential future increase
in launch rates. The increase may not happen as
soon as planned and the overall level of increase
may be less than anticipated. Should a constellation
developer fail to meet an FCC milestone or
otherwise suddenly cease launch operations, an
immediate and precipitous decline in future launch
demand could result. The reality of this concern was
amply illustrated in the late 1990s to early 2000s
when the business failures of the Iridium,
Globalstar, and Teledesic constellations caused a
dramatic drop in projected launch service demand
and prices, with corresponding financial challenges
for launch providers.?

SpaceX is the only vertically integrated large
constellation provider. SpaceX will build its own
satellites and will use its own rockets to launch its

broadband constellation. If there is a dearth of
launch providers serving the NGSO market, access
to launch capabilities through vertical integration
could be a significant strategic advantage.

Spaceports and Launch Ranges

There are 11 commercial spaceports licensed by the
FAA in the states of Alaska, California, Colorado,
Florida, Oklahoma, New Mexico, and Virginia.$?!
The Eastern and Western launch ranges, located at
Cape Canaveral Air Force Station and Vandenberg
Air Force Base, respectively, are managed by the
United States Air Force and operated with the
assistance of a fixed-price contract that has specified
limits on the annual number of launches. An
increase in launches above this level may require a
commensurate increase in funding along with the
hiring and training of new workers. Government
officials advocating for new spaceports or managing
existing spaceports and launch ranges will need to
consider the long-term launch market outlook and
whether they can “close the business case” for
additional spaceport investments.

Geostationary Satellites

Orders for large geostationary satellites are down,
with just eight orders placed in 2017.%* This decline
is largely attributed to satellite operators redirecting
investment from traditional GEO satellite
communications to NGSO constellations and the
increased capacity offered by existing and planned
high-throughput satellite (HTS) GEOs. If significant
delays to the new constellations occur, or if their
viability seems at risk, there could be a resurgence
of orders for large geostationary satellites. The
multi-year time frame from satellite order to
availability of that satellite could also result in a
service gap.

SThree of the eleven spaceports are colocated at government facilities: Spaceport Florida is colocated at Kennedy
Space Center/Cape Canaveral Air Force Station; California Spaceport is colocated at Vandenberg Air Force Base;
and Mid-Atlantic Regional Spaceport is colocated at NASA’s Wallops Flight Facility in Virginia.



Orbital Debris Removal Services

A recent SpaceNews article addressing the need for
orbital debris removal in the era of large
constellations points out, “The megaconstellations
promising global broadband service are heightening
concern about orbital debris and creating demand
for space-based trash collection,” and cited several
companies looking to provide active debris removal
services.”?* Constellation deployment delays will
postpone demand for such services. While delays
provide additional time for removal capabilities to
be proven, they also postpone the removal service
providers’ revenue streams and likewise threaten
their viability. It is noteworthy that orbital debris
service providers may become a source of future
launch demand.

Launch Delay Risk Management

Risk management begins with gaining an
understanding of potential launch delays and how
they can impact constellation deployment
milestones. Historical data is analyzed to develop
probabilities for individual launch delays and the
duration of the delays. Simulation modeling is used
to determine the cumulative effects of launch
delays. If the potential impact is deemed to be
problematic, then mitigation steps can be taken.

The proposed new constellations are not likely to
impact launch availability for U.S. government
programs with appropriate mitigation measures in
place. These could include service level agreements
with the launch providers and evoking government
purpose priorities to mitigate launch delay risks
stemming from the potential increased launch
demand. Nonetheless, all launches are subject to
delay risk.

Frequency and Sources of Delays

Launch delays remain a common theme across the
space launch industry; “launch delays are largely
regarded as a condition of being in the launch
industry.”?* During the three-year period of calendar
years 2015-2017, 66 out of 71 U.S. launches were
delayed according to Spaceflight Now’s launch
history log. 2 This database only captures delays
that occur within approximately six months of the
planned launch date, which is when Spaceflight Now
typically starts tracking a launch. However, delays
relative to a company’s business plan can occur
prior to that point. Delays range from a single day to
years. Causes of delays vary, and we have grouped
them into three categories: sourcing delays, launch
site delays, and flight anomalies, as shown in
Figure 1. Additional details on each subcategory can
be found in the appendix.

Sourcing Delays
Satellite Availability
Ground System Availability
Launch Vehicle Availability

Transportation

Launch Vehicle and
Satellite Processing

Range Availability

Regulatory Launch Scrubs

Launch Site Delays

Launch Provider Capacity

Flight Anomalies Cumulative

Launch Failures Impact

» »

Satellite Failures

Figure 1. Launch delay risks.
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Slip Charts

Causes of launch delays need to be accurately
documented. Peter Drucker’s famous saying, “If
you can’t measure it, you can’t improve it,” aptly
applies. Slip charts provide an excellent method for
documenting launch delay history. They portray the
time when a delay occurs relative to the planned
launch date and the magnitude of the delay, as
shown in Figure 2. The planned launch date displays
as a horizontal line so long as the launch date holds.
A slip is displayed as a vertical step corresponding
to the date the slip occurred and the magnitude of
the slip, with a note describing the cause of the
delay.

Analyzing the rich data in a collection of slip charts
allows development of estimates for the likelihood
of future delays, when and where they typically
occur, and the potential magnitude of the delays.?®
Launch service customers are well advised to
request historical slip data from launch service
providers to assess launch delay risk.

The proposed future launch rates working group
could lead a study of delay risks across the launch
industry. Such an effort could start by capturing and
maintaining slip charts on all launch campaigns.
Launch service providers, satellite manufacturers,
and launch range officials could be encouraged to
share launch delay historical data to firmly ground
analyses and aid in the search for common causes
and best mitigation practices.

Slip charts could also be used by the FCC to make
better informed decisions when determining
whether or not to grant waivers if and when
deployment milestones are not achieved. If the
collection of slip charts indicates that the
preponderance of the delay reasons was beyond the
reasonable control of the licensee, the granting of a
waiver would likely be warranted. It is also
important to establish up front how best to address
when it is appropriate for the FCC to grant waivers
in order to ensure a level playing field.
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Slip 1: 60-day slipto July 30, 2019 due to upper stage
manufacturing problems. The slip occured on April 1, 2018
Slip 2: 77-day slipto October 15, 2019 due to spacecraft
manufacturing delay. The slip occured on December7, 2018.
Slip 3: 14-day slip to October 29th realizedin October due to
unavailability of launch pad. Predessorlaunch suffered
multiple launch scrubs.
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Actual launch date of October 30, 2019.

12/01/18
01/01/19
02/01/19
03/01/19
04/01/19
05/01/19
06/01/19
07/01/19
08/01/19
09/01/19
10/01/19
11/01/19
12/01/19
01/01/20

Publication Dates

Figure 2. Example launch date slip chart.
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Simulation Modeling

Simulation modeling is widely used in operations
research and for analyzing almost any system or
operation, including manufacturing systems,
transportation systems, and supply chains. Discrete
event simulation, similar to Monte Carlo analysis,
models a system as it evolves over time and where
system state variables change at discrete points in

time.?” It is ideally suited for modeling a
constellation’s lifecycle from design,
manufacturing, deployment, and sustainment.

Entities within the simulation can include individual
satellites and launch vehicles. Examples of state
variable changes within the simulation would be the
acts of completing a satellite’s manufacturing,
transporting it, and launching it into orbit. The
occurrence of any launch delay risk (shown in
Figure 1) would also be “discrete events,” which
contribute to whether any one constellation will
meet its prescribed milestones.

Constellation stakeholders can refer to constellation
simulations and the completion quantity distribution
functions they provide, which show the number of
spacecraft in operation as a function of time and,
most importantly, how many satellites will be
operational at the FCC’s six- and nine-year
milestones. Figure 3 shows a notional constellation
of 200 satellites with an FCC approval date of
January 2018. The green line represents the planned
number of satellites on orbit with the total
constellation being deployed in five years per that
plan. However, the simulation results with the
model being run with either optimistic or
pessimistic assumptions suggest otherwise. This
notional analysis indicates that the satellite operator
is at significant risk for not meeting FCC milestones
despite a deployment plan that offers considerable
schedule margin. The simulation would then be used
to explore mitigation strategies that would improve
the expected outcome.
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Figure 3. Notional 200 satellite constellation deployment analysis.
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Launch service providers, constellation operators,
and regulators should examine supply and demand
models to better plan and predict launch availability
or supply, launch demand, and resultant launch
costs or pricing. A launch simulation output metric
could be the expected number of launches, which
launch service providers and launch ranges can use
to better understand the possible number of launches
required in the future. While a constellation
developer would likely desire a simulation focused
solely on a specific constellation, other stakeholders
might be more interested in a model that considers
all constellations along with other planned launches.
These launch models could also be used to predict
future launch pricing by applying both launch
supply and demand forecasts. Depending on the
demand elasticity (price sensitivity) of certain
NGSOs, such pricing models could be used to help
forecast future business model changes or even
failures. Launch cost is an important component of
the overall satellite constellation. A study on the
overall price elasticity of NGSO providers could
shed light upon the market dynamics of NGSOs.

Simulations are most effective when they are based
on historical data and in-depth knowledge of launch
service providers, the launch operations
infrastructure, satellite manufactures, current launch
schedules, launch operations, launch ranges,
satellite operations, and governing regulations.
Included in such simulations are risk factors for
delays throughout launch campaigns—from
completion of satellite and launch vehicle
manufacturing through each of their respective
launches, as well as launch anomalies, satellite
anomalies, and the uncertainty associated with
satellite useful life.?® For example, a set of space
shuttle launch date slip charts, coupled with
simulation-based  analysis, enabled accurate
predictions for assembly of the International Space
Station (ISS) after the space shuttle Columbia
accident. ?° Launch delay data on multiple launch
vehicles and corresponding models of the Eastern
range launch infrastructure and workforce enabled
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accurate predictions for launch rates in 2016 and
provided the Air Force millions of dollars in savings
and cost avoidances.*’

Policy Implications: The Government’s
Role as a Facilitator

Recent Policy Drivers
Governments are often the major drivers of space
capability  establishment and  growth—for

diversifying their economies as well as building
strategic national capabilities. To this end, the
United States’ Space Policy Directive-2 (SPD-2),
“Streamlining Regulations on Commercial Use of
Space,” issued on May 24, 2018, encourages
American leadership in space commerce and
establishes space policy to promote economic
growth and minimize uncertainty for both taxpayers
and investors.

The directive calls for a review of regulations
adopted by the U.S. Department of Transportation
and consideration of:3!

+ A single license for all types of commercial

space flight launch and reentry operations.

Replacement of “prescriptive requirements” in
the commercial space flight launch and re-entry
licensing process with “performance based
criteria.”

A review of export licensing reviews.

As mentioned previously, the U.S. government
could charter a working group to improve launch
demand situational awareness for the benefit of all
U.S. space launch stakeholders. Beyond
streamlining regulations and establishing greater
situational awareness of the launch market, the
government may also want to consider other ways
to nurture the domestic launch industry. The U.S.
government has already established a protectionist
policy for the domestic launch industry by requiring
that U.S. government payloads use U.S. launch



vehicles. Going one step further (and not without
controversy) the U.S. government could consider
the circumstances where it would provide additional
assistance to the NGSO constellations. If the U.S.
government deems that assistance to NGSO
constellations is in the national interest, it would
need to determine what types of assistance are
appropriate, potentially including regulatory relief,
financial assistance, and even technical assistance.

For example, various government agencies and
federally funded research and development centers
could offer technical assistance. If some
constellations are important to national interests, the
U.S. government may want to consider a partnership
whereby government funding is provided to the
commercial sector for future services. The National
Space Policy of 2010 encourages the use of public-
private partnerships to meet the government’s
objective to promote a robust and competitive
commercial space sector. By establishing a
partnership, incentives are aligned for industry and
government to share risk and work together. Both
the Obama and Trump administrations have
emphasized the importance of private investment
when considering how to provide a public good such
as critical infrastructure—an emphasis that extends
to space.’?

Facilitating Launch Demand Situational
Awareness

Improving future launch demand situational
awareness would be beneficial to multiple U.S.
government entities and other spacefaring nations.
The Eastern and Western ranges, as well as other
domestic launch sites, can use projections in
preparing to meet future launch demand. The FCC
can use launch demand estimates, along with launch
capacity assessments, to better understand the
likelihood of constellation license applicants being
able to meet the FCC’s six-year and nine-year
deployment requirements. The Air Force can use the
information to inform future acquisition strategies
for their launch needs. Understanding the expected
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number of future launches is critical to making
accurate predictions of future orbital debris risk. The
Department of Commerce could apply launch
demand projections as they work to ensure that the
U.S. captures a sizable percentage of the launch
market and to consider how to streamline
regulations.

An inter-agency working group is recommended to
bring together future launch demand information
from the FAA, the Department of Defense, NASA,
the FCC, and private industry sources. With a
charter to develop and maintain present and future
launch demand situational awareness, this working
group could develop an understanding of the U.S.
launch market and worldwide launch demand.

The working group could develop estimates for
planned future launch rates based on integrating
information from a variety of existing products and
sources, including:

¢ Current Launch Schedule (CLS). The Air
Force produces a product called the that extends
approximately three years into the future and
includes government and commercial launches
from the Eastern and Western launch ranges.
The CLS is the authoritative product for near
term launch schedules.

¢ National Mission Model. The Air Force
addresses government launches that extend
another seven years beyond the CLS.

¢ Annual Compendium. The FAA provides
information  about  commercial  space
transportation,  including for
commercial launches over the next 10 years.

estimates

¢ International Space Station (ISS) Flight
Plan. NASA maintains a flight plan showing
U.S. and partner nation launches to the ISS.

¢ Commercial Sources. Several commercial
sources could provide information on future



launch demand such as SeraData’s SpaceTrak,
the Teal Group’s World Wide Mission Model,
and Northern Sky Research.

¢ Launch Service Provider Information.
Information from launch service providers
would be of value to the working group.

The existing products, described above, do not
currently identify the launches required to deploy
the proposed constellations. Consequently, the
working group would need to develop estimates for
the number of additional launches required and
when they are likely to be planned. The FCC license
applications provide valuable information, but
making future launch estimates requires additional
information such as satellite launch mass and
volume, anticipated failure rates, planned numbers
of satellites per launch, intended launch vehicles,
and launch schedules.

While one product of the working group would
present the planned number of future launches as
described above, a second product would be an
analysis of the expected number of launches that
will occur on an annual basis. This analysis could be
accomplished through simulation based tool to
account for launch range capacity, launch service
provider capabilities, and launch delay risks.
Understanding launch delay risks in particular is
likely to be important to many stakeholders.

Facilitating NGSO Success Via Regulatory
Relief and Rule Changes

Regulatory relief may ultimately prove to be
necessary to ensure the success of the proposed
NGSO constellations. Indeed, regulatory relaxation
has already occurred. The previous FCC rules
required a constellation licensee to deploy the entire
constellation within six years of being granted a
license. Failure to do so would have rendered the
entire authorization void. ¥
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The FCC, anticipating unprecedented concepts for
constellations of thousands of satellites, proposed
alternative rules and sought public comment in
2015. The FCC proposed relaxing the constellation
deployment time requirement and reducing the
penalty for not meeting the deployment
requirement. Only 75 percent of the constellation
would have to be completed within six years, with
the remainder needing to be deployed within nine
years. Failure to meet the milestones would result in
the constellation being limited to the number of
satellites operating at the time of the milestone. 3

Many companies provided comments to the FCC.
OneWeb, having already been granted a license to
deploy 720 satellites, urged the commission to retain
the 100-percent completion milestone to deter
speculation. Boeing proposed that the full
deployment milestone be increased to 12 years.
SpaceX suggested that there be no set time
requirement for deployment. 3

When the FCC announced the rule change, each
commissioner provided a statement for the record.
Commissioner O’Rielly’s statement may prove to
be particularly prophetic:

Ultimately, we may need to see how these
systems develop and how many come to
fruition and, based on the actual systems
deployed, rule tweaks may be necessary. I think
we all know that twelve NGSO systems — and
this does not include the V-band constellations
—are unlikely. For the time being, we have done
our best to provide the necessary framework
and environment for investment. 3

Rule changes can have significant consequences.
For example, after the FCC announced the change
in 2017, OneWeb petitioned the FCC on March 19,
2018, to be allowed to increase the size of its
constellation from 720 to 1,260. In a nod to
constellation deployment delay risks, OneWeb



stated that they had based the 720 number “on the
basis of a milestone regime that required launch and
operation of the entire constellation within a six-
year time frame.” They went on to state, “If the
current milestone regime [50 percent in 6 years, 100
percent in 9 years] had been in effect when OneWeb
began planning its constellation and network
architecture, OneWeb would have proposed a much
more expansive LEO Constellation.”>’

Changing a rule, granting a waiver, or approving a
license modification may be perceived as unfairly
assisting a licensee to the detriment of competitors.
Rather than waiting several years, the FCC and
other regulatory parties, working closely with the
satellite industry, could start meeting on a regular
basis to develop ground rules to allow for greater
future regulatory flexibility while maintaining
fairness among the competing parties. This might
serve to reduce both regulatory burden and industry
angst. Such actions would be consistent with the
administration’s efforts to make space regulations
less burdensome and to encourage U.S. space
industry growth and competitiveness.

Conclusions

Large NGSO satellite constellations will play a
strong role in closing the digital divide,
demonstrating U.S. commercial leadership in space,
and providing unique satellite service opportunities
for government and private sector customers. Yet
there is no guarantee that these constellations will
make it from the drawing board to reality. Their
arrival depends upon many factors, including
technical viability, availability of financing,
ramping up U.S. launch capacity, and the herculean
efforts required to produce, launch, and maintain
unprecedented numbers of satellites. Launch delay
risks will be pervasive throughout, and the
cumulative impact of launch delays to large
constellations will likely be measured in years.
Some risks may be mitigated via the addition of
launch  processing infrastructure, increased
workforces, judicious use of overtime, ample
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schedule margin, and potentially regulatory relief.
However, even with such mitigations in place, a
significant level of delay risk will remain. That risk
should be thoroughly analyzed, constantly
monitored, and communicated to the NGSO
stakeholders as well as the government agencies that
rely upon timely satellite launches to meet their
mission needs.



Appendix: Causes of Launch Delays

Sourcing Delays

Satellite Availability

The design, development, manufacture, and test
timeline of a satellite is a complex endeavor,
typically requiring years and often taking longer
(sometimes much longer) than planned. The first
new satellites for constellations are exposed to such
delay risks. Once design and production processes
mature, delay risks typically diminish but are not
eliminated. Delays are quite possible, given that
providing satellite-based global Internet services is
a relatively new technology. For example, on
May 1, 2018, OneWeb announced that its first
10 operational satellites, previously planned for
launch that month, had slipped to the end of the
year.3®

Ground System Availability

The ground system required for the orbiting satellite
constellation is also a source of delay risk. A recent
example is the delay to deployment of GPS III
satellites due to delays in completing the GPS III
ground system. %40

Launch Vehicle Availability

Like satellites, the development and production of
launch vehicles can also lead to delays. The
likelihood of a delay and the magnitude of the delay
are both typically greatest for the maiden launch.
Launch vehicle production can be impacted by
natural disasters near or at the production facilities.
Metrics on annual flight rates by launch service
providers, both domestic and international, for the
past several years show that any given provider has
a relatively stable flight rate to meet its existing
demand. These providers’ production lines are
based upon the expected launch rate and will take
time to ramp up.

The addition of hundreds of launches to propel
thousands of satellites into orbit over the next
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several years seems likely to intensify delays due to
a potential lack of launch vehicle availability. It is
also possible that the price of launch services will
increase if demand significantly exceeds supply.

Transportation

Accidents and delays happen in all modes of
transportation. During the space shuttle era, a train
carrying solid rocket motor segments from Utah to
Florida derailed and an external tank being barged
from New Orleans to Cape Canaveral was nearly
lost at sea during a tropical storm.*! The Delta
Mariner, a ship designed for carrying rockets from
Alabama to Florida, collided with a bridge while
proceeding in the wrong river channel at night.
Satellites are also at risk. For example, damage
during shipment of Superbird 8/DNS 1 to its launch
site caused a nearly two-year delay.*

Regulatory

The licensing process for launch vehicles and
satellites can result in launch delays. The Secretary
of Commerce has stated that the current process for
gaining regulatory approvals can take longer than
the design-to-launch process. The National Space
Council and the U.S. Department of Commerce are
working to streamline the regulatory process to
mitigate future delay risk. 43

Launching on foreign soil does not free U.S. satellite
operators from U.S. regulatory oversight and the
delays that might result from such oversight and
review. After a satellite is separated from their
launch vehicle, satellite operators must adhere to the
policies of their country of origin or registration, not
the country from which they are launched.*

Launch Site Delays

Launch Vehicle and Satellite Processing
Activities during launch processing campaigns for
both the launch vehicle and spacecraft can be



delayed for any number of reasons. Individual tasks
may take longer than planned. Problems or
accidents during processing may occur. An issue
with flight hardware may be discovered prompting
a recall.* Delays can occur when transferring flight
hardware elements from one processing site to
another (e.g., from an integration facility to a launch
pad) due to weather or other causes. Labor disputes
may result in the processing workforce going on
strike or social unrest in the local area may cause a
halt in operations.*47

Launch Provider Capacity

The limited capacity of launch site processing
infrastructure contributes to delay risk. Integration
facilities may only be able to handle serial
processing of one rocket at a time. The facilities’
processing capacity limitations consequently
become production bottlenecks to higher launch
rates and limit a launch service provider’s ability to
catch up after a delay. Likewise, all launch pads can
handle only one rocket at a time and require several
days after a launch for refurbishment before they
can accommodate the next launch.

A related launch provider capacity limitation stems
from environmental concerns. Providers are
required by the National Environmental Policy Act
(NEPA) of 1969, 42 United States Code (U.S.C.)
§§4321-4347 (as amended) to  conduct
environmental assessments to determine potential
harm to the environment and public from their
launch operations. These assessments are based in
part on a maximum number of launches per year
specified by the proposing launch service provider.
The SpaceX environmental assessment for SLC-40
at Cape Canaveral Air Force Station (CCAFS)
specifies 12 flights per year.*® Kennedy Space
Center’s LC-39 consists of two launch pads (39A
for SpaceX Falcon launches and 39B for NASA’s
SLS) allowing up to two launches per month and up
to 24 launches per year, but these numbers include
non-SpaceX launches as well.** At Vandenberg Air
Force Base (VAFB) in California, the SpaceX
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assessment for SLC-4E cites 10 launches per year.>
The yet-to-be-built SpaceX launch complex in
Texas cites 12launches per year.’! The
environmental assessment for Blue Origin’s New
Glenn rocket allows 12 launches per year at
CCAFS.” The limits specified in these assessments
may become a source of delay to constellation
deployment. However, the government enforcement
mechanism for these cited maximum launch rates is
unclear. NEPA is subject to a citizen suit provision,
meaning anyone can bring a lawsuit against the
responsible federal agency for alleged NEPA
violations.>?

Current U.S. environmental assessments for rocket
launch operations do not require consideration of
atmospheric effects of rocket exhaust emissions
above 3,000 feet. However, concerns regarding such
emissions coupled with a large increase in launch
rate could prompt new regulations and specify
additional limits on launch frequency, further
delaying constellation deployments. Scientists are
beginning to explore this concern and the United
Nations 2018 Quadrennial Global Ozone
Assessment will include a section focused on rocket
emissions.>  “The relatively  unconstrained
atmospheric flight operations enjoyed by space
launch providers since the beginning of the space
age cannot be taken for granted as a permanent
condition.”>’

Range Availability

Launch ranges have limitations in their ability to
conduct large numbers of launches. The Eastern and
Western ranges can conduct only one launch on any
given day and require a day or two between
launches to reset. As ranges become congested with
multiple launches, delays can accumulate. A launch
service provider is typically allowed a couple of
launch attempts before having to yield the range to
another waiting user, with the delayed launch
moving to the next available time slot on the range.
After being scrubbed for weather three days in a
row, the STS-101 mission was delayed nearly three



weeks because Atlas and Delta launches were
scheduled for the next two weeks.

The advent of autonomous flight safety systems
(AFSS), capable of terminating flight if a rocket
malfunctions, is changing this constraint. While
only SpaceX is flying such a system today, the Air
Force is pressing all U.S. launch service providers
to implement AFSS. However, conducting same-
day launches may still be problematic because
rockets with AFSS use GPS signals, which become
disrupted by rocket exhaust plumes.’®>’ The
separation in time between launches from the same
site. will need to be sufficient to allow GPS
distortions to dissipate, which is analogous to
spacing aircraft far enough apart to avoid accidents
from shedding vortices. Other considerations
include proximity to adjacent launch pads that
preclude same-day launch operations or hazardous
operations such as static fire testing.

Other factors can hinder the conduct of launch
operations on ranges, including workforce
limitations and natural disasters. The range
operations workforce for CCAFS and VAFB is
sized for the expected number of launches and
resizing this workforce for a significant increase in
launches takes time. Hurricanes, wildfires, and
earthquakes may also disrupt operations. A large
wildfire in California, for instance, scrubbed an
Atlas V launch countdown and caused major
damage to the range infrastructure. Launches were
halted for seven weeks.

Launch Scrubs

Because launch pads can accommodate only one
launch vehicle at a time, launch scrubs contribute to
limiting the overall launch throughput. Launch
scrubs are exceedingly common and occur for a
variety of reasons. The probability of a launch scrub
varies somewhat between providers based upon
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vehicle design, launch commit criteria, and local
weather. The time to the next launch attempt after a
launch scrub depends on the reason for the scrub. In
the case of scrubs for weather, the next attempt can
occur on the following day. However, launch scrubs
due to flight hardware problems often require a
longer time to resolve.’®%

Flight Anomalies

Launch Failures

When rockets fail to place their payload correctly
into orbit, a subsequent extensive failure
investigation determines the root cause, and
corrective action is then taken to prevent a
reoccurrence. During the investigation and
corrective action period, which may be weeks,
months, or years, the entire launch vehicle family is
usually grounded. While rare, ascent anomalies can
occur on or very near the ground, and the resulting
damage to the launch pad can be extensive.
Therefore, the availability of that site for future
launches depends on the amount of time needed for
repairs. The probability of a launch anomaly
resulting in a grounding varies among launch
vehicles, with some vehicles being perhaps more
reliable than others based on their flight history.
However, it is unreasonable to assume that any
launch vehicle is immune to ascent anomalies.

Satellite Failures
If satellites being deployed fail on orbit,
constellation developers may elect to halt

deployment until the underlying problem can be
determined and corrected. For example, Europe’s
initial batch of Galileo satellites experienced
problems with their onboard atomic clocks after
being placed in orbit. The Galileo managers elected
to reschedule an August 2017 launch to December
of that year and resolve the problem. ¢ ¢!
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