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Abstract
To test and mature new space technologies, technology developers aim for a cost-effective spacecraft. As a
result, innovative spacecraft (specifically, small satellites) have been developed and used as a platform for this
purpose. Due to their shorter development times, reduced masses, and reduced costs (related to launch and development), small satellites have been popular alternatives to traditional monolithic satellites. In recent years, the
number of CubeSat-class satellites launched to low Earth orbit (LEO) has significantly increased. Their popularity
may be attributed to lower cost and shorter development time with the use of “off-the-shelf” components. However, lack of flight heritage of these components imposes new challenges, from a reliability perspective. While
engineering activities may differ depending on the origin of the spacecraft and its regulating agencies, an understanding of the different engineering activities performed to ensure mission success is needed. A survey was
developed and disseminated to the small satellite community (i.e., academia, industry, and space and government
agencies, both domestic and international) to assess the community’s engineering practices throughout the spacecraft’s life-cycle. This paper presents and discusses the results from the survey.

Introduction
As of July 23, 2015, a total of 40,742 space objects
have been cataloged in the satellite catalog (SATCAT)
since 1957 (Celestrak, 2015), including space objects
that are currently in orbit, as well as those that have
de-orbited and have re-entered the Earth’s atmosphere.
Figure 1 showcases the history of the cataloged objects.
Over 85% of these objects are in low Earth orbit
(LEO, less than 2000 km), which can be attributed to
ease of access due to its proximity to Earth. Currently,
three quarters of the objects in LEO are cataloged as

space debris, while less than one fifth of them are operational and non-operational spacecraft (Figure 2).
Figure 2 also shows the distribution of current objects
in LEO, per SATCAT.
LEO has been very popular for technology developers to mature advanced technologies. Typically,
these new technologies are launched and tested on
cost-effective spacecraft (specifically small satellite
platforms). In recent years, the interest in small satellites, CubeSat-class satellites in particular, has surged
worldwide. While initial CubeSat-class satellites had
limited capabilities because of their specifications and
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Figure 1. History of cataloged space objects.

deployment containers, new specifications and advanced deployment containers have improved capabilities. As a result, increase in launch demands led to increase in launch opportunities, and CubeSat-class satellites began to be launched in swarms (i.e., multiple
spacecraft in a single launch). Due to the evolution of
deployment containers and swarm launches, the number of CubeSat-class satellites launched to LEO has
significantly increased. However, there is a perception
that these satellites are contributing to debris, due to
their smaller size, shorter mission lifetime, and being
launched in swarms compared to traditional monolithic satellites. In addition, Swartwout (Swartwout,
2013) conducted a study showing that CubeSat-class

satellites have a high failure rate (around 50%), which
adds another factor to the perception. However, fewer
than 400 CubeSat-class satellites have been launched
since 2002, compared to over 7,000 non-CubeSatclass satellites that have been launched since 1957.
Additionally, there have been no public reports of CubeSat collisions in orbit leading to debris generation.
Therefore, as of the time of this publication, there is
insufficient data to support a conclusion that CubeSatclass satellites contribute to the amount of debris in
LEO.
Since failure (i.e., mission success) criteria are
unique, and differs depending on the developer, it is

Figure 2. Current distribution of space objects in LEO.
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critical to understand the engineering activities performed by the small satellite community throughout
their spacecraft project life-cycle. These engineering
activities are critical and significant to mission success. To identify these engineering activities, a survey
was designed and disseminated to the small satellite
community (i.e., academia, industry, and space and
government agencies, both domestic and international). The results from this survey are discussed in
this paper.
Survey
To consider the CubeSat-class satellites that are
delivered to orbit through the use of deployment containers as containerized satellites, Figure 3 shows the
history of containerized satellites launched since the
first CubeSat launch in 2002. Each block in the figure
represents a single launch, and the colors represent the
countries of the launch providers. In addition, the
launches are shown in chronological order. For this research, containerized satellites are defined as:
“A containerized satellite is any satellite that is enclosed in a container that interfaces the satellite to the
launch vehicle. Such a container (e.g., P-POD (PuigSuari, 2001), X-POD (X-POD, 2014), ISIPOD
(ISIPOD, 2015), etc.) may contain one or more satel-

lites and is designed to prevent harm to the launch vehicle (and other satellites), as well as deploy the containerized satellite(s) into orbit.”
Since 2002, 373 containerized satellites have been
launched (as of July 23, 2015), with over 75% of those
in the last three calendar years. In the earlier years,
most containerized satellites were launched outside of
the United States; however, since 2009, the majority
are launched from the United States. This figure differs from those of Janson (Janson, 2011) and Swartwout (Swartwout, 2013), since it considered all containerized satellites with masses less than 30 kg, including those that experienced launch failure. In addition, small satellites of less than 1U size (i.e., femtosatellites (less than 0.1 kg) or “satellites-on-a-chip”) were
not considered.
The survey inquired regarding containerized satellites and aimed for a response per organization (ranging from a small team to an entire division or company), to prevent redundant responses. The survey was
organized into five sections: i) past and future
launches; ii) the “25-Year Rule”; iii) systems engineering activities; iv) commercial-off-the-shelf
(COTS) and in-house components; and v) optional
questions. A survey research process was used, to design, disseminate, and analyze the survey results
(Kasunic, 2005). The process was broken into seven
stages: 1) identify the research objectives; 2) identify

Figure 3. History of containerized satellite launches (from various sources, including websites).
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and characterize the target audience; 3) design the
sampling plan; 4) design and write the questionnaire;
5) pilot test the questionnaire; 6) distribute the questionnaire; and 7) analyze the results and write the resulting report based on the findings. The survey’s flow
chart and questions are detailed in Appendix A.
Section 1 of the survey asked questions regarding
basic satellite characteristics (i.e., size, mass, status,
etc.) of past and future launches. Section 2 inquired regarding the “25-Year Rule” and tasks to satisfy the
guideline. The “25-Year Rule” is a debris mitigation
guideline that states that spacecraft and upper stages in
LEO must be disposed of within 25 years after com
pletion of the mission (U.S. Government, 1997). However, this guideline is not enforced internationally;
therefore, enforcement of the guideline is left to each
nation and its governing agency(ies). Section 3 was
designed to identify participant’s various engineering
activities throughout the spacecraft mission life-cycle.
Section 4 compared the usage of COTS and in-house
built components in the development of the spacecraft.
The questions in Section 5 were optional and inquired
about the mission objectives, organization affiliation,
and project cost. The survey was disseminated to the
small satellite community through mailing lists (e.g.,
CubeSat, AMSAT, and working groups of INCOSE
and IAA) and personal contacts, starting in January
2015 and continuing for three months.

Survey Results
A total of 200 survey links were opened; however,
not all participants responded. In addition, within the
surveys, the number of responses decreased as the survey progressed: 121 responses for Section 1; 104 responses for Section 2; 95 responses for Section 3; 88
responses for Section 4; and 73 responses for Section
5. The survey was anonymous, unless the participants
decided to disclose their identity information within
the survey. The average duration of the survey was 35
minutes; however, there were several responses that
were timed at over four hours, which indicated that
some responses were not answered in one sitting. Furthermore, the survey was designed to only ask nonproprietary information. It should also be noted that
the survey results included responses regarding femtoclass satellites.
3.1. Section 1 Results
The questions in the first section were used to
study the basic satellite characteristics of past and future launches. The first question in the survey asked if
the participant/organization is a designer, developer,
or manufacturer of containerized satellites (Figure 4).
There were 70 organizations that designed, developed,
and/or manufactured containerized satellites. About
80% of the participating organizations stated that they
were designers of containerized satellites, while only

Figure 4. Organization categorization.
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half of the organizations specified that they manufactured these containerized satellites. Thirty-three of the
70 organizations stated that their containerized satellites were launched as of the first quarter of 2015 (Figure 5a), and 51 organizations are planning to have containerized satellites launched before the first quarter of
2017 (Figure 5b).
3.1.1. Launched Containerized Satellites
Figure 6 shows the different containers used to deploy the containerized satellites. Over 50% of the organizations used the Poly-Picosatellite Orbital Deployer (P-POD) developed by the California Polytechnic State University (Cal Poly). The next two most
common containers were ISIPOD, with 21% of the organizations using them, and QuadPack (QuadPack,

Figure 5a. Organizations with past launches (left).

2014) with 12%, both operated by the Innovative Solutions In Space (ISIS). Other containers that the respondents listed were included, the eXperimental Push
Out Deployer (X-POD), the Japanese Experiment
Module (JEM) – Small Satellite Orbital Deployer (JSSOD, 2013), the JAXA Picosatellite Deployer (JPOD, 2003), the Nanosatellite Launch Adapter System (NLAS, 2013), the NanoRacks CubeSat Deployer
(NRCSD, 2013), the Canisterized Satellite Dispenser
(CSD, 2015), the Tokyo Picosatellite Orbital Deployer
(T-POD, 2005), the Planted Elementary Platform for
Picosatellite Orbital Deployer (PEPPOD, 2015), and
the Morehead-Roma FemtoSat Orbital Deployer
(MRFOD, 2015). The MRFOD are dispensers specifically designed for the femto-class satellites. It should
be noted that Figure 6 shows the distribution of organizations that used these containers, but does not reflect

Figure 5b. Organizations with future launches (right).

Figure 6. Distribution of containers for launched containerized satellites.
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the number of containerized satellites launched using
each container.
The definitions of small satellites differ between
organizations and agencies. The mass classification
used in this study was based on the International Academy of Astronautics (IAA), where they define picosatellites as satellites with less than 1 kg, nano-satellites as less than 10 kg, and micro-satellites as less than
100 kg. However, for the purposes of this study, the
classification of micro-satellite was further divided
into 10 kg to 50kg and 50 kg to 100 kg, to add another
level of granularity, as was done in Sandau (Sandau,
2006). The masses and sizes for the launched containerized satellites from the survey are shown in Figures
7 and 8, respectively. Most responses are from organizations that have worked with CubeSat-class satellites

(less than 10 kg); however, few show that their containerized satellites have higher mass (greater than 10
kg). This result is also evident in Figure 8, which
shows the sizes for the launched containerized satellites. Another key observation from these figures is
that most containerized satellites fall in the CubeSat
form factors (i.e., mass and size), but there were several that were of a non-CubeSat form factor. The containerized satellites with non-CubeSat form factors
have unique dimensions (e.g., 30 cm3 to 10 x 15 x 20
cm3), as shown in Figure 8. To note, the satellite
counts shown in the figures throughout this article refers to the the number of satellites per respondent; for
example, if a respondent has three satellites with mass
less than 1 kg, then it is recorded as one response to
“satellite count = 3” and “mass ≤ 1 kg.”

Figure 7. Mass ranges for launched containerized satellites.

Figure 8. Size distribution for launched containerized satellites.
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Figure 9 shows a distribution of deployable appendages on the containerized satellites that have been
launched. Over 90% of these containerized satellites
have deployable antennas, and fewer than half have
deployable solar panels. Only a few organizations
have launched containerized satellites with deployable
gravity gradient booms (9%). Other deployable appendages include magnetic booms, extensible optical
systems, and tethers.
The perigee altitudes of the launched containerized
satellites are shown in Figure 10. A majority of the
containerized satellites have perigee altitudes of less
than 650 km, and most perigee altitudes are between
450 km and 650 km.
Next, the survey inquired about the frequency with
which the organizations monitored their containerized
satellites. The results (shown in Figure 11) show that
all but one organization knew the status of their

launched satellites. All organizations regularly monitor their satellites, and the majority of them monitor on
a daily basis.
With regard to conjunction notifications, only 64%
of the organizations had received the conjunction
event notifications. All notifications came from the
United States Joint Space Operations Center (JSpOC).
As expected, most reported having received over 20
conjunction notifications (shown in Figure 12).
Investigating further, the organizations that had received conjunction notifications were asked if they
have any procedure(s) in place when a notification is
received. Responses are shown in Figure 13.
The results from Figure 13 are not surprising, since
most CubeSat-class satellites are not equipped with active control systems for orbit and attitude maneuvers
due to the size, weight, and power (SWaP) constraints.

Figure 9. Distribution of deployable appendages from launched containerized satellites.

Figure 10. Perigee altitudes of the launched containerized satellites.
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Figure 11. Status and the frequency with which the organizations monitor their launched containerized satellites.

Figure 12. Conjunction notifications.
Further assess conjunction. If less than 200m, monitor remotely at next
ground station on track.
Monitor spacecraft health.
Assess distance and monitor operations closely afterwards.
Prioritize data downlink. Run a contact immediately before/after conjunction
(or as "immediate" as the ground track will allow).
Essentially communication of notification to stakeholders, e.g. Department of
Science and Technology, SANSA, and close observation of satellite before
and after conjunction. This could take place through 3rd party ground stations.
We do not have orbital maneuver capabilities, but if possible, we observe
with our telescopes the possible conjunction.
Ignore it.
We evaluate the severity, and if deemed necessary, we perform an attitude
maneuver to minimize the area facing the potential conjunction.
The notification will be known to all of members in my Lab.

Figure 13. Procedures after conjunction notifications.

Monitoring the health of the spacecraft post notification was the common option.
3.1.2. Future Launches
The survey also inquired about near future
launches (i.e., before the first quarter of calendar year
2017) of the containerized satellites. The purpose of
limiting to near future launches was to limit responses
to organizations that currently have spacecraft designs

Copyright © A. Deepak Publishing. All rights reserved.

in progress, specifically, post-feasibility assessments.
As shown in Figure 5b, 51 organizations stated that
their containerized satellites were scheduled to be
launched within the next two years. Similar to the past
launches portion of the survey, information about the
basic characteristics of their future satellite(s) was solicited. The mass range and size distribution for the respondents’ future launches are shown in Figures 14
and 15, respectively.
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Figure 14. Mass ranges for future containerized satellites.
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Figure 15. Size distribution of future launches

The responses summarized in Figures 14 and 15
show that the organizations are in the process of developing various CubeSats along with newer specifications (i.e., 12U and 27U). Furthermore, there is a
strong interest in developing more 3U CubeSats than
other form factors. This may be attributed to the fact
that to perform innovative and advanced missions on
a CubeSat platform, increases in SWaP (i.e., bigger
CubeSats) are necessary. In addition, these results imply that the number of CubeSat-class satellites
launched may increase significantly within the next
two years.
The survey further inquired about deployable appendages on the respondent’s planned future containerized satellites, with results shown in Figure 16.
Comparing deployable appendages from past and future launches (Figures 9 and 16), it appears that more
organizations are developing containerized satellites

Copyright © A. Deepak Publishing. All rights reserved.

with deployable solar panels (with increases from 42%
to 67%). This may be attributed to the need for increased power generation to achieve mission objectives. However, deployable antennas and gravity gradient boom percentages are similar for both the past
and future launches. While deorbiting devices have received increased interest from the space community,
only one response stated that the deorbiting device was
going to be used.
Figure 17 shows the intended altitudes for the future containerized satellites. Comparing these to the
launched altitudes (see Figure 10) shows that organizations are planning to launch into lower altitudes (i.e.,
less than 650 km). However, since most containerized
satellites are launched as secondary payloads, the organizations do not have choices in the altitude and inclination (which are dictated by the primary payload).
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Figure 16. Deployable appendages for future launches.

Figure 17. Intended altitudes of future launches.

Therefore, actual launched altitudes may differ from
results shown in Figure 17.
3.1.3. Comparison to the Preliminary Study
Prior to disseminating the survey, a preliminary
study was conducted to assess various characteristics
(e.g., mass, size, orbit, launch date, launch site, country of origin, and deployment container) of launched
containerized satellites. In the preliminary study, there
were 19 different containers that were identified to deliver the containerized satellites into orbit. However,
only 11 containers were identified in the survey, and
while it is not conclusive, it is possible that there were
no responses from organizations that used the remaining containers.
Table 1 shows the comparison of the preliminary
study and the survey.

Copyright © A. Deepak Publishing. All rights reserved.

Figure 18 shows the number and the sizes of the
launched containerized satellites from the preliminary
study. As of July 2015, the two most launched containerized satellites were 3U (47%) and 1U (38%) CubeSats. It should be noted that the non-CubeSats that
were deployed through containers are denoted as
“Other” in Figure 18. Comparing Figure 18 to the results from the survey (Figure 8), the results are somewhat complementary. For example, there have been
two 6U CubeSats launched as of July 2015 (Figure
18), and the same result is seen in Figure 8. Additionally, the two most common responses from Figure 8
are the 3U and the 1U sizes, which is also seen in Figure 18.
Out of the 373 containerized satellites launched as
of July 2015, 317 achieved orbit, and the remaining 56
satellites experienced launch failures. Of the 317 containerized satellites in orbit, 83 (26%) were deployed
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Table 1. List of Containers
Container Name
Poly-Picosatellite Orbital Deployer
NanoRacks CubeSat Deployer
ISIS Payload Orbital Dispenser
QuadPack
eXperimental Push Out Deployer
Nanosatellite Launch Adapter System
Naval Postgraduate School CubeSat
Launcher
Space Shuttle Picosat Launcher
Japanese Experiment Module (JEM) – Small Satellite
Orbital Deployer
JAXA Picosatellite Deployer
Tokyo Picosatellite Orbital Deployer
Single Picosatellite Launcher
Planted Elementary Platform for Picosatellite Orbital
Deployer
CUTE Separation System
FlyMate
Canisterized Satellite Dispenser
Dragon

Abbreviation
P-POD
NRCSD
ISIPOD
QuadPack
X-POD
NLAS

Manufacturer
Cal Poly
NanoRacks
ISIS
ISIS
University of Toronto
NASA Ames

NPSCuL

Naval Post Graduate School

USA

No

SSPL

The Aerospace Corporation

USA

No

J-SSOD

JAXA

Japan

Yes

J-POD
T-POD
SPL
PEPPOD
CSS
FlyMate
CSD
Dragon

Own Dispenser

Country
USA
USA
Netherlands
Netherlands
Canada
USA

JAXA
Japan
University of Tokyo
Japan
Astro und Feinwerktechnik AdlerGermany
shof GmbH (AFW)
Group of Astrodynamics for the
Italy
Use of Space Systems (GAUSS)
Tokyo Institute of Technology
Japan
NovaNano, Inc.
France
Planetary Systems Corporation
USA
Space Research Centre of Polish
Poland
Academy of Sciences
1) StudSat (India), 2) Jugnu (India), 3) VELOX1 (Singapore)

Hand Deployment from ISS during spacewalk

In Survey?
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
No
Yes
No
No
Yes
No
No
No

The Naval Postgraduate School CubeSat Launcher (NPSCuL, Stein 2012), the Space Shuttle Picosat Launcher (SSPL, Ballard, et. al, 2007), the Single Picosatellite Launcher (SPL, 2015), the CUTE Separation System (CSS, 2006), the Flymate (Flymate, 2015), and Dragon (Dobrowolski, et. al, 2014).

Figure 18. Size and count of containerized satellites from preliminary study.

from the ISS (shown in Figure 19). As was shown for
the survey in Figure 10, the majority of the launched
containerized satellites have perigee altitudes of less
than 650 km. This choice of altitudes maybe motivated
by the fact that 3U and smaller CubeSats typically

Copyright © A. Deepak Publishing. All rights reserved.

have orbital lifetimes of less than 25 years, thus inherently satisfying the “25-Year Rule,” when mission
lifetime is also included.
Overall, in comparing the outcomes of the preliminary study to the survey results, it is fair to state that
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Figure 19. Perigee altitudes from the preliminary study.

the preliminary study outcomes and survey results are
somewhat complementary. There is evidence that
shows some similarities between the preliminary study
and the survey results. There were two 6U CubeSats
launched as of July 2015, and the survey responses
showed the same. Furthermore, the majority of the
containerized satellites were launched to perigee altitudes less than 650 km, and this was also seen from the
survey responses. Additionally, all the containers
listed in the survey were also identified by the study.
However, due to the limited number of the complete
survey responses, the current study can only conclude
that the two studies are somewhat complementary. It
is worth noting that more detailed results may have
been possible from the survey, if the survey had stated
that the responses would be kept in confidence, rather
than stating that the responses were anonymous. However, this premise of receiving more detail is based on
the assumption that respondents would be willing to
share more details if they felt their information would

be held in confidence, and there is no proof of the validity of this assumption. Therefore, the only true conclusion is that a followup survey is required in the near
future.
3.2. Section 2 Results
The second section of the survey inquired about
the respondent’s knowledge of and procedures for the
debris mitigation guideline (i.e., the “25-Year Rule”).
Out of 104 responses, 91 respondents were familiar
with the debris mitigation guideline (shown in Figure
20). Figure 20 also shows the selected procedures to
satisfy the “25 Year Rule” reported by the 91 respondents that were familiar with the rule.
Over half of the respondents stated that they have
procedures in place to satisfy the “25 Year Rule.” The
majority of the procedure responses showed that orbital simulations and analyses were conducted to evaluate the orbit lifetime. In addition, reports and documentation from these simulations and analyses were

Figure 20. Knowledge and selected procedures to satisfy the “25-Year Rule”.
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submitted to respective governing agencies for approval. Several respondents listed active deorbit devices, such as deploying large membrane (drag) devices and thrusters. Passive deorbit devices included
non-propulsive devices, and some mentioned increasing drag surface area by the use of deployable solar
panels in their design. A few respondents stated that as
secondary passengers, there is no choice of orbit, and
it is difficult for respondents to specify an orbit. Therefore, these respondents either purchased launches with
low perigee altitudes, or have requested launch providers for lower perigee altitudes.
Next, the survey asked the participants if the 25year post-mission period should be changed, with results shown in Figure 21. Roughly one-third of the respondents stated that the 25-year post-mission period
should be changed. One response stated that the 25year post-operational period should be increased, two
responses stated that they were not sure of the change,

and the rest of the responses wanted to reduce the 25year post-mission period. Other notable responses suggested to vary the period, depending on the altitude
and commensurate with the mission. These results indicate that the community is aware of the rule and is
concerned about its implications. Issues associated
with modification and/or enforcement of the rule were
beyond the scope of this study.
3.3. Section 3 Results
To ensure mission success, various engineering activities must be performed throughout the spacecraft
mission life-cycle. To understand the small satellite
community’s engineering practices, the survey asked
the participants to identify and briefly describe their
engineering activities. Figure 22 shows the various engineering activities the respondents have performed on
their containerized satellites throughout the life-cycle.

Figure 21. Responses to change to “25-Year Rule”.

Figure 22. Distribution of engineering activities.
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Additionally, Table 2 lists the descriptions for the different engineering activities that the respondents have
performed.
Figure 22 shows the percentages of respondents
performing each engineering activity; for example,
64% of the respondents stated that they perform simulation and analysis, and 63% of the respondents reported that they perform hardware verification and
validation (V&V) for their satellites. While simulations and analysis received the highest percentages, it
was only 64%; therefore, a significant portion of the
respondents are not performing these engineering activities. In fact, some respondents stated that no engineering activities were performed throughout the
spacecraft life-cycle (captured in “Other” in Figure 22
and in Table 2). While simulations and analyses and
hardware V&V were most common engineering activities, performing reliability analyses were the least
common activity for the respondents. Selected responses for each engineering activity are shown in Table 2.
Table 2 shows answers directly from the respondents. Based on the responses, it is apparent that some
respondents were not clear on the categorization of the
engineering activities. For example, one response was
an anechoic chamber verification, which is applicable,
but not as reliability analysis. The respondents listed
specific tools and programs they use in their simulations and analyses, as well as their requirements verification and traceability activities. For documentation
control and management, common responses included
using a server system, as well as review board processing. Responses in hardware V&V include numerous environmental tests, vibration and thermal vacuum
to radiation and shock tests, as well. For software verification and validation, respondents listed testing with
hardware as well as using software simulations. The
responses of internal and external review include multiple reviews throughout the spacecraft’s life-cycle
and reviews with subject matter experts. In the “Others” category, most of the respondents stated that they
perform no engineering activities. It is hard to believe
that the satellite developers perform no engineering
activities to ensure mission success throughout the
spacecraft’s life-cycle. One definitive outcome of this
section is that some members of the community are in

Copyright © A. Deepak Publishing. All rights reserved.

need of a better understanding of the different engineering activities.
3.4. Section 4 Results
The next section addressed the use of commercialoff-the-shelf (COTS) components and/or components
manufactured in-house. Of 88 respondents, 74% used
COTS components in their containerized satellites.
The respondents that do were further asked if they had
method(s) in place to verify the COTS components.
The results are shown in Figure 23.
As shown in Figure 23, a little over half of the respondents verified the COTS components when they
were procured. Methods include metrology (i.e., observation and inspection), as well as component characterizations against product reference documents.
These characterization tasks vary by respondent, most
having their own procedures. The survey next inquired
what percentage (by component quantity) of the containerized satellites are COTS components (see Figure
24). As can be seen in Figure 24, the majority of containerized satellites are composed of COTS components. Many respondents state that their containerized
satellites are composed of more than 75% COTS components. Yet from Figure 23, it appears that only half
of the respondents verify the COTS components, once
acquired.
To compare with the percentages of the COTS
components, the survey asked regarding manufactured
in-house components. Figure 25 shows the distribution
of respondents that manufacture components in-house,
and selected manufactured in-house components.
Over half of the respondents specified that they
manufacture in-house components. Common manufactured components were structures and frames, as
well as printed circuit boards (PCBs). PCBs included
avionic/subsystem boards to interface boards. One respondent stated that they manufactured the entire satellite, except batteries. In addition to this question, respondents were asked the percentage of the containerized satellite’s components were manufactured inhouse (by component quantity). The result is shown in
Figure 26.
In contrast to COTS components, the percentage
use of manufactured components in the containerized
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Table 2. Descriptions of Engineering Activities
Engineering Activity
Selected Responses
• Orbital simulations (NASA DAS, STELA, STK)
• Analysis of optimal orbits based on requirements (mission, attitude, & comms)
Simulations and Analyses
• Structural and thermal analyses (FEA, THERMICA)
• Antenna modeling
• System simulations
• Fault Tree Analysis (FTA)
• Anechoic chamber verification
Reliability Analysis
• Using component data
• Duration testing
• Part of systems engineering process
• Using software (e.g., RMTrak)
• Subject to review board (requirements document/review)
Requirements Verification and
• AES9100 Quality Assurance
Traceability
• Working groups to develop ICD and spacecraft target specification
• Product assurance plan
• Achieve the requirement and correction
• ESA standards
• Versioning and server system
• Using software and server (e.g., SVN, Git)
• Subject to review board and change board to manage changes
Documentation Control and
• AES9100 quality assurance
Management
• Contracts management
• Internal with clients
• Documentation and configuration management plan
• Custom procedure
• Based on manufacturer data
• Environmental test facilities
• Vibration
• Thermal vacuum
• Vacuum
Hardware Verification and Validation • Thermal bake-out
• Verification plan procedures
(including environmental tests)
• Functional testing
• Test to qualification level on EM and acceptance level on FM
• Radiation
• Shock
• Hardware and software-in-the-loop
• End-to-end test
• With hardware
• Using software simulator (e.g., ptran, marc, solid-works, Nastran)
Software Verification and Validation
• Hardware and software-in-the-loop
• Emulator and real time but limited use, build it test it, code/recode test
• NEVER allow last minute small changes
• Multiple design reviews
• Professors
Internal (peer) and/or External (subject • Internal
matter expert) Reviews
• Working groups
• External reviews (French and ESA experts)
• PDR, CDR, MTR, FRR
Sometimes non-software expert found bugs than software team
NASA GSFC team review
None
Launch
Others
None – Regulate LVs and not payloads yet
None – we are government regulators; thus, mission success is not regulated
Not sure
Work in progress
In orbit experience
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Figure 23. Methods to verify COTS components.

Figure 24. Percentage of COTS components (by component quantity).

Figure 25. Percentage and description of components manufactured in-house.

Copyright © A. Deepak Publishing. All rights reserved.

JoSS, Vol. 6, No. 2, p. 624

A Study of the Small Satellite Community’s Life-Cycle Activities

Figure 26. Percentage of manufactured in-house components (by component quantity).

satellites was distributed more evenly. This result
shows that while many COTS satellite components are
available, each satellite has a unique mission and requires different combinations that may not be available only through COTS components. Therefore, the
satellite developers manufacture custom components
to satisfy specific needs.
3.5. Section 5 Results
The questions in the last section of the survey were
optional, and inquired about the respondent’s affiliation, mission objective(s), and project cost. Figure 27
shows the distribution of the respondents’ affiliations.
Half of the respondents were from academia and the
other half were composed of government (19%), industry (13%), joint government and industry (3%), and

private organizations (11%); those that were not affiliated with the afore-mentioned categories were denoted as “Other" (3%).
The survey then asked the respondents to provide
some information regarding their missions; their responses are summarized in Table 3.
The last two questions related to project cost. The
first of these was to gauge the community’s thoughts
on satellite costing for different mass ranges, and the
second was to assess the factors that contributed to the
project cost. The costs reported are shown in Figure
28, and the associated factors are shown in Figure 29.
As shown in Figure 28, the respondents thought
the costs range between less than $100K and over
$1M. These results show some correlation between
size and cost with satellites in the lower mass ranges

Figure 27. Respondent affiliations.
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Table 3. Missions for Containerized Satellites
Education and outreach
Remote sensing and Earth observation
Civilian

Space weather and science experiment
Technology demonstration (payloads, subsystems, components, and
launch platform)
Deep space exploration (moon surface exploration, Mars exploration,
other planetary bodies, and solar study)

Proximity operations (space debris observation and detection)

Figure 28. Cost for each mass range.

Figure 29. Factors in the project cost.
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typically in the lower cost range and the larger satellites in the higher cost range. For satellites with masses
of 1 kg and less, all respondents thought the costs
should be less than $500k with the majority (> 67%)
stating less than $100k. For satellites with masses between 1 kg and 10 kg, the respondents thought the
costs span the entire range shown in Figure 28; however, over half of the respondents stated the cost
should be between $100k and $500k. For satellites in
the 10 kg to 50 kg mass range, the majority of the respondents stated the satellites cost should be between
$100k and $1M. For satellites in the 50 kg to 100 kg
mass range, over 70% of the respondents stated the
cost should be $1M or more; for satellites with masses
in excess of 100 kg mass, all respondents stated the
cost of the satellites should be $1M and more.
Figure 29 shows the reported factors that contribute to the project cost. Material and components were
considered by 98% of the respondents; the 2% discrepancy could be attributed to donated materials and components (one respondent stated that they were a “Nonpurchaser”). Over 90% of the respondents specified
that assembly, integration, and testing (AI&T) were
part of the overall cost. Ground equipment and operations were considered in the overall cost for over 70%
of the respondents, and labor and overhead were considered for 60% of the respondents. Launch costs were
considered in less than half of the respondents, which
is consistent with Figures 26 and 27, showing that
most respondents were from academia. Academia has
a limited budget compared to industries and government agencies; therefore, academics typically use various programs such as the NASA’s CubeSat Launch
Initiative and Educational Launch of Nanosatellites to
provide “piggyback” rides at very little or no cost. For
respondents that purchase launches for their containerized satellites, their overall cost estimates will be
higher. For example, the launch cost of a 6U CubeSat
to LEO is $545K, according to Spaceflight Industries,
Inc. (Spaceflight, 2015). Other factors that respondents considered in their overall costs were permits,
registrations, insurance, design and development, and
educational supervision.
The results from Figures 28 and 29 appear to be
highly optimistic. These optimistic responses are re-
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flective of opportunities provided at times, which include donated materials, donated components, and
launch opportunities that organizations leverage to
overcome funding constraints. Additionally, as shown
in Figure 27, over half of the respondents are from academia, and typically labor is not accurately reflected
in the project cost. Furthermore, the new entrants to
the space community and academia may use different
labor and overhead cost structure as compared to government and industry organizations; therefore, the true
cost associated with each project is difficult to evaluate. While the results from Figures 28 and 29 show the
community’s assessment of the project costs, it may be
necessary to develop with a cost structure that allows
comparison between different organizations.
3.6. Discussion
The survey results were analyzed to identify relationships, if any, between the operational status(es) of
the containerized satellite(s) launched by each respondent and their engineering activities, their affiliation, and/or their use of COTS and in-house components. First, the survey results were sorted to retain the
responses that included the operational status of the
launched containerized satellites. Next, these results
were further sorted into responses that included respondent’s affiliation, engineering activities, and use
of COTS and in-house components. As a result of this
sorting, 28 responses were identified; 18 of them were
from academia, four were government respondents,
four respondents from industry, and two were private
respondents. Inspecting the status and the respondent’s
affiliation, each affiliation had similar proportion of
containerized satellites that were operational, nonoperational, and deorbited; thus, there were no clear affiliation relationships that could be identified. In this
study, non-operational spacecraft referred to those that
are not functional and do not communicate. Following
this analysis, the engineering activities were examined
along with the affiliations. All but one of the 28 responses had performed hardware verification and validation, while only eight had performed reliability
analyses. The rest of the engineering activities (i.e.,
simulation and analysis, requirements verification and
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traceability, document control and management, software V&V, and internal/external reviews) had similar
Affiliation

Operational Status and
Count
O

N

D

U

Mission Assurance Activities and Count

SIM REL REQ DOC

Industry

>3

Industry

>3

Private

>3

Academia

3

Academia

3

Academia

3

Academia

2

Academia

2

Industry

2

x

Academia

1

x

Academia

1

Academia

1

Government

1

Private

1

Academia

1

1

x

Academia

1

3

x

Academia

1

>3

Government

1

3

Industry

1

3

COTS and In-house Components

COTS
H/W S/W
COTS
REV Other Count verification
V&V V&V
percentage
procedure

In-house
percentage

x

x

x

x

x

x

6

Y

> 75%

> 75%

>3

x

x

x

x

x

x

6

Y

> 75%

< 25%

2

1

x

x

x

x

x

6

Y

> 75%

None

1

1

x

x

x

x

x

x

6

N

25–50%

< 25%

x

x

x

x

x

5

Y

> 75%

50–75%

x

x

x

x

x

7

Y

50–75%

25–50%

x

x

x

x

x

6

N

25–50%

None

x

x

x

x

x

7

Y

> 75%

> 75%

x

x

x

x

x

6

Y

25–50%

50–75%

x

x

3

N

25–50%

50–75%

x

x

x

x

6

N

25–50%

> 75%

x

x

x

x

6

N

N/A

50–75%

x

x

2

N

< 25 %

None

x

x

x

4

N

< 25 %

> 75 %

x

x

6

Y

50–75%

25–50 %

x

6

Y

< 25%

> 75%

x
1

x

x

x
1

x

1

x
1

x

x

x

x

x

Academia

1

Academia

1

Academia

1

3

1

Academia

1

Academia

1

Academia
1

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

6

Y

> 75%

50–75%

x

x

x

x

7

Y

25–50%

25–50%

x

x

x

x

7

Y

50–75%

50–75%

0

N

> 75%

< 25%

3

N

> 75%

50–75%

x

3

N

> 75%

> 75%

x

6

N

> 75%

None

x

2

Y

25–50%

25–50%

x
x

x

x
1

Academia

x

x

1

Government

Government

responses; 21 to 23 respondents for each engineering
activity. This result is shown in Figure 30.

x

x
x

x

x

x

x

x
x

x

x

x

x

5

Y

25–50%

25–50%

x

x

x

x

x

x

6

Y

< 25%

> 75%

1

x

x

x

x

x

x

6

Y

50–75%

> 75%

>3

x

x

x

x

x

x

6

Y

> 75%

> 75%

O – Operational; N – Non-operational; D – Deorbited; U – Unknown;
SIM – Simulation & analyses; REL – Reliability analyses; REQ – Requirements verification and traceability; DOC –
Documentation and control management; H/W V&V – Hardware verification and validation; S/W V&V – Software verification and validation; REV – Internal
and/or external reviews

Figure 30. Analysis of survey questions.
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Examining further, the respondents that have performed all the listed engineering activities (i.e., seven
activities excluding “Others”) in the survey have at
least one operational containerized satellite currently
in orbit. Another observation seen from this analysis is
that as more engineering activities are performed,
there are more operational containerized satellites regardless of affiliation. However, similar results were
seen for non-operational satellites (see Figure 31).
While there were instances where only a couple of
engineering activities were performed and more than
one containerized satellites were operational, the more
engineering activities are performed, the higher the
probability that the containerized satellites will be operational in orbit. However, many respondents listed
more than one non-operational containerized satellite
regardless of performing numerous engineering activities. To further analyze this, the Section 4 responses,
which identified the usage of COTS and in-house
components in percentage by component quantity and
COTS verification procedures, were included in the
analysis. For those respondents that had performed all
and/or six engineering activities and have non-operational containerized satellites, the authors examined if
those respondents use COTS components and if they

had verification procedures in place. All 28 respondents stated they used COTS components in their containerized satellites; however, not all stated they had
procedures in place to verify them. Over half of the
respondents that did not have procedures in place to
verify COTS components had at least one non-operational containerized satellite in orbit. Moreover, those
respondents had over 25%, by component quantity, of
COTS components in their containerized satellites.
For those respondents with at least one non-operational containerized satellite and have performed six
or more engineering activities and have COTS verification procedures in place, five out of seven respondents had over 50%, by component quantity, of manufactured in-house components. For respondents with
at least one non-operational containerized satellite and
which had performed all listed engineering activities,
no common correlations were observed (see Figure
30).
3.7. Limitations of the Study
As the survey results were being examined, several
limitations were noted. One of the major limitations
observed was the lack of survey responses. While the

Figure 31. Engineering activities vs. containerized satellite status.
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survey collected valuable responses, the number of responses was insufficient for the authors to identify
clear relationships to the operational status of the containerized satellites. Other limitations were the anonymity and the lack of detailed responses. The survey
was designed such that non-proprietary information
was asked; however, by doing so, the results lacked
details in some of the responses. In addition, due to the
anonymity, when the authors had questions regarding
some of the responses, there was no way to get in contact with the respondents unless their contact information was provided.
Concluding Remarks
The study survey was designed and disseminated
to better understand the small satellite community’s
standard engineering practices throughout the spacecraft’s life-cycle. The survey responses were collected
for three months, and the results were presented
herein. Results from the past and future launches show
a healthy continuous growth of containerized satellites
including newer specifications (i.e., 6U, 12U, and
27U). Furthermore, respondents acknowledge the debris issue and either have methods in place or are developing methods to be in compliance with the “25Year Rule.” The containerized satellite status varies
depending on engineering activities and by affiliation.
A significant number of respondents have performed
hardware and software verification and validation;
however, more reliability analyses must be performed.

Other engineering activities, such as requirements verification and traceability, documentation control and
management, and reviews, were performed by most
respondents. It appears that as more engineering activities are performed, there is a higher probability that
the containerized satellites will be operational on orbit.
While respondents who have performed number of engineering activities still experienced non-operational
satellites, most have operational satellites in orbit
when more engineering activities are conducted.
Another survey should be disseminated in the next
five to ten years, for comparison of those results to the
ones presented in this article. In the new survey, additional questions could be included to get more in-depth
responses. Furthermore, more detailed results may be
possible, if the respondents are kept in confidence rather than in anonymity.
Appendix A – Survey Questions
The flow of the survey is shown in Figure 32. Additionally, Table A shows all the questions from the
survey.
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Table A. List of Survey Questions
Number

Question

Number

Question

1

Is your organization a designer, developer, or manufacturer
of containerized satellites?

1.1

Have any of your organization's containerized satellites been
launched?

1.1.1

What container(s) have you deployed your satellite(s)
from? Select all that apply.

1.1.2

1.1.3
1.1.5
1.1.7
1.1.9
1.1.9.2

1.2

1.2.2
1.2.4

Please indicate the number of satellite(s) that fall within the
1.1.4
mass ranges below.
Does your containerized satellite(s) have any deployable
1.1.6
appendages?
Please identify the status of each of your launched contain1.1.8
erized satellite(s).
Has your organization ever received a conjunction
1.1.9.1
notification?
How many conjunction notifications have your organization received in total?
Is your organization planning to have containerized satellite(s) launched within the next two years (e.g., before the
first quarter of the 2017 calendar year).
Please indicate the form-factor(s)/size of your satellite(s).
Use Other box(es) to define nonCubeSat based satellite(s)
What are the intended perigee altitude(s) of your containerized satellite(s)?

2

The “25-Year Rule” requests that satellites in
LEO should de-orbit within 25 years of the completion of
their experiment or mission. Is your organization familiar
with this rule?

2.2

In your opinion, should the 25-year post-operational period
be changed for containerized satellites? If Yes, how long
should it be changed to?

Please note the month and year of the first and the most recent
launches of your organization's satellite(s). If there was only one
launch, please note either row.
Please indicate the form-factor(s)/size(s) of your satellite(s). Use
Other box(es) to define non-CubeSat-based satellite(s).
What are the perigee altitude(s) of your launched containerized
satellite(s)?
On average, how frequently does your organization actively
track its own satellite(s)?
From whom?

1.1.9.3

Does your organization have procedure(s) in the event that a
conjunction notification is received?
If Yes, please briefly describe the procedure(s).

1.2.1

Please indicate the number of satellite(s) planned for launch that
fall within the mass ranges below.

1.2.3

Will any of those containerized satellite(s) have any deployable
appendages?

2.1

Does your organization have a procedure in place to be in compliance with the "25-Year Rule"? If
Yes, please describe the procedure.

3

Please select the system engineering processes that your organization has conducted to assure mission success. Select all that apply, and
briefly describe the details. If None, please select Other and enter None.

4

Does your organization use Commercial Off-the-Shelf
(COTS) components in its satellite(s)?
COTS refers to items that are available in the commercial
market, which may or may not be designed for space usage.

4.1.1

4.2.1
5.1
5.3
5.5

What percentage (by component quantity) of your organization's satellite(s) (launched or otherwise)
are COTS components? Please note the number of satellite(s) that fall within each of the ranges provided.
What percentage (by component quantity) of your organization's satellites (launched or otherwise) components are
manufactured in-house? Please note the number of satellites
that fall within each of the ranges provided.
What is your organization's affiliation?
How much does your organization assess that its satellites
cost for each mass range?

4.1

Does your organization have procedure(s) in place to verify
COTS components for quality assurance (i.e. metrology)? If
Yes, please briefly describe the procedure(s).

4.2

Did your organization manufacture any components in-house
(e.g., PCBs, machining, etc)? If Yes, please briefly describe.

5.2

What mission(s) are your satellite(s) designed for?

5.4

Which of the following factors are included in the overall cost?

Please enter your contact information (if applicable)

Copyright © A. Deepak Publishing. All rights reserved.

JoSS, Vol. 6, No. 2, p. 631

Shiotani, B. et al.

neither endorses nor rejects the findings of this research. The presentation of this information is in the
interest of invoking technical community comment on
the results and conclusions of the research.
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