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craft to another as shown in the leftmost diagram. Moreover,
most RF links really only send data point-to-point, simulat-
ing multi-way links by sending packets sequentially using
time slots to create the illusion of concurrent connections.
Radio modems, Bluetooth and WiFi 802.11 in ad-hoc mode
are examples of point-to-point networks. The blue links in
the diagram correspond to the S-G or S-S links respectively.
Addressing is also point to point, where the ground station
specifies the MAC address of the spacecraft it wants to
communicate with.

A good example of the star configuration is WiFi oper-
ating in infrastructure mode, with the access point acting as
the central point or hub of the star. All wireless access is
mediated and coordinated by the access point. All client
nodes must see the access point in order to participate in the
subnet. In the middle diagram, either the ground station or
a selected spacecraft functions as the hub of the star net-
work. The orange links would allow communication with
multiple spacecraft (within the beamwidth of the antenna)
with the ground station as the hub. The green links represent
the case where a given satellite is the hub, able to commu-
nicate with all other satellites within range. Star networks
often support handover from one hub to another, called
roaming, implemented in WiFi and 3G. Cell phone networks
have a similar topology, with the cell phone tower as the
central node. Due to the complexity of the cell phone hub,
it is likely only to be resident on the ground station.

Finally, the tree network configuration is very similar to
wired Ethernet with multiple subnets connected to a router.
It forms a network from a “root” node and creates a tree with
many branches forming from each node. The root node
forms the network and often provides the gateway to other
networks like the Internet. The intermediate nodes often
support routing functions to the end-point nodes, which act
as the leaves of the tree. Tree networks often incorporate
mesh routing to enhance data delivery reliability and extend
the overall range of the network through routers acting as
repeaters. The rightmost diagram shows the approach with
either the ground station or a selected satellite acting as the
root and each configuration looks the same as represented by
the yellow links.

The best network topology depends upon the desired
mission configuration, the number of satellites and ground
stations, the separation between the spacecraft and the
amount of data throughput needed. Point to point is the only
solution for most simple missions where there are simply not
enough nodes to create any other type of network. Star
topology would be best for networks where a central node,
often the ground station, desires to communicate with mul-
tiple spacecraft located in close proximity, like a closely
coupled cluster of satellites. The tree topology is best for
complex missions, as it supports both ad-hoc network for-
mation and automatic routing of data.

C. Standards Comparison Three standards, a wireless
general purpose network based on the IEEE 802.11 stan-
dards, a wireless sensor network based on IEEE 802.15.4
and ZigBee and a cell phone network based on the ITU 3G
WCDMA standard are compared below.

The WiFi family of standards consists of the IEEE 802.11,
802.11b, 802.11g and 802.11n methods, each using either
Frequency Hopping Spread Spectrum (FHSS) or Discrete
Sequence Spread Spectrum (DSSS) modulation for co-
existence with other WiFi networks. They all use the 2.4
GHz ISM band and just vary in the exact type of modulation,
the amount of frequency spectrum utilized and their resul-
tant data rates. The 802.11b standard uses CCK and QPSK
modulation, while the 802.11g standard uses Orthogonal
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Frequency Division Multiplexing (OFDM). 802.11n is just
802.11g using a wider range of the ISM band and Multiple-
In-Multiple-Out (MIMO) antenna technology to deliver up
to 300 Mbps of raw data rate. The FCC limits these devices
to an Effective Isotropic Radiated Power of 1 W.

WiFi uses the SSID parameter to identify the network and
devices with the same SSID either connect to an Access
Point for Internet access (infrastructure mode) or can use
ad-hoc mode to setup direct connections with each other.
The MAC layer works by using Carrier-Sense Multi-Access
(CSMA) for arbitrating access to the wireless medium, in
effect juggling multiple connections at the packet level. A
beacon packet is used for coordinating the network, peri-
odically determining network membership and assigning
time slots for better utilization of the medium. All data
transfers are direct from source to sink, with the access point
only coordinating the transfers. It is essential that all the
nodes of the network receive and respond to the beacons
from the access point. Ad-hoc mode uses the exact same
methods of media access, but does so only on a point-to-
point basis. Even the beacons are point-to-point, as are the
means of establishing a connection. Ad-hoc mode is more
flexible, but is less effective at managing overall network
throughput. These networks create data packets that
resemble Ethernet and usually use TCP/IP or UDP protocols
for user data transfer.

Management of the SSID names can help configure
dynamic networks with multiple members. The MAC sup-
ports secure authentication and link encryption by exchang-
ing keys upon association. For infrastructure mode, the
device requests association using a given SSID, the access
point allows association if the SSID matches its own SSID,
and then can proceed to authentication, where passwords
and encryption keys are exchanged and checked.

The resulting topologies are either a star network or a
collection of point-to-point links. WiFi can support space-
to-space links using ad-hoc mode. If the ground station is an
access point in infrastructure mode, the ground station is the
central node of the star and can actually support connections
to multiple satellites simultaneously, which could improve
overall mission throughput considerably.

For longer distances, the MAC timing has to be adjusted
to account for the much longer latencies produced by light
speed delays. Several papers have been written about how to
accomplish this. Basically, the interpacket and interframe
spacing needs to be increased for longer distances.

Only 802.11b running at the lowest data rate of 1 MHz is
evaluated. This represents the best case in terms of range
performance, with the other variants providing significantly
higher data rates, but with significantly shorter range.

The IEEE 802.15.4 standard for Personal Area Networks
(PAN) was created to support low-power sensor networks.
The ad-hoc protocols for network formation produce trees
consisting of full-function devices (FFD) capable of routing
data and reduced function devices (RFD) generally produc-
ing the data from sensors. The root node is called the
coordinator, and is necessary to initiate network formation.
Once a network is formed, the coordinator can then act as the
network gateway to terrestrial wired networks. Routers can
also act as gateways, but RFDs cannot.

The ZigBee protocol, running above the 802.15.4 layer
uses Ad-hoc On-demand Distance Vector (AODV) routing
to support mesh networks where intermediate routers sup-
port dynamic network configurations and route data through
the network despite changes in the physical layout. Superior
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TABLE 19-continued

Spread Spectrum Characteristics.

PARAMETER WiFi WCDMA ZigBee
Maximum Bit Error Rate 1.00E-03 1.00E-03 1.00E-03
(BER)

Required Eb/No (dB) 5 5 5
Effective Noise Floor (dBm) -113.98 -133.19 -120.00
Theoretical Receiver -108.98 -128.19 -115.00
Sensitivity (dBm)

Allowable Noise Factor 28.98 7.19 30.00
Specified Recv. Sens. (dBm) -80.00 -121.00 -85.00
Typical Recv. Sens. (dBm) -95.00 -117.00 -98.00

The main figure of merit is the theoretical receiver sen-
sitivity, which determines the ultimate limit for link perfor-
mance using the specified standard. However, the specified
receiver sensitivity and the typical receiver sensitivity are
equally relevant since they are the best indicators of actual
performance. The Specified Receiver Sensitivity is the mini-
mum sensitivity that complies with the standard. The Typi-
cal Receiver Sensitivity is the sensitivity of representative
products that conform to the standard. The most relevant
parameter for actual performance is the Typical value. The
Theoretical value can be used to determine how much
improvement is possible using low-noise preamplifiers.

One exception is that WCDMA specifies two different
values for sensitivity, one for the base station in the cell
tower and the less sensitive one for mobile handsets. The
mobile handset number is used for the Typical value, since
it is representative of the spacecraft transceiver. The cell
tower transceiver value would be used for the ground
station.

The interference rejection is provided by the spreading
function, so wider spreading produces better interference
performance. The numbers show that WiFi and ZigBee are
fairly equal in interference rejection with WCDMA provid-
ing just about one quarter the interference rejection. High
interference rejection provides the capability of either run-
ning in high noise environments, or having many wireless
subnets running simultaneously. Since WCDMA access is
moderated by the code division access protocol, it does not
need as much interference rejection in the PHY layer as
CSMA access protocols.

Using the table above, the best choice for long range is
WCDMA, followed by 802.15.4 (ZigBee) with WiFi taking
up the rear. The difference between ZigBee and WiFi is
about a factor of two. These results are consistent with
known and measured link performance and will be used in
the link margin calculations to produce the representative
FOMs for range.

E. Physical Layer Link Margin

One must be able to receive the RF energy and interpret
its information content. This requires the received signal to
be demodulated properly after traveling through space (free
space loss) and in the presence of noise (noise floor). Only
when the signal strength is greater than the receiver sensi-
tivity can the information be decoded. There is a direct
relationship between received signal strength and bit error
rate (BERR) or packet error rate (PER). Generally a margin
of +5 dB results in an acceptable BERR of 10E-5 or 1 error
in 10ES bits of data. Note that this is a high error rate, so
even greater margins are needed for robust links.

The effect of data rate is that for each doubling of data
rate, there is a concurrent loss of 3 dB of link margin because
the signal required for providing a given error rate needs to
also double. The parameters required for link margin cal-
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culations are generally not available from the chipset manu-
facturers. Instead, the manufacturers specify the resultant
receiver sensitivity for each of the modes supported by the
chips. The link margin tables summarize this data as the
Typical Receiver Sensitivity value culled from numerous
communications chip providers.

The table below outlines the anticipate performance of
each standard using a 3 m dish (35 dBi gain) for the ground
station and a wide-angle patch antenna (5 dBi gain) for the
spacecraft. Polarization, rain and pointing losses are typical
for DSN operation. Both the maximum range and the typical
range calculations are shown.

TABLE 20

Typical Space to Ground Link Margin.

PARAMETER WiFi WCDMA ZigBee
Frequency (MHz) 2450 2100 2450
Data Rate (Mbps) 1 0.012 0.25
Gnd Transmit Power (Watts) 1 1 1
Gnd Transmit Power (dBms) 30.00 30.00 30.00
Gnd Antenna Gain (dBi) 35 35 35
Gnd EIRP (dBm) 65.00 65.00 65.00
Gnd pointing loss (dB) -0.02 -0.02 -0.02
Range @ Elevation Angle (km) 750 18,000 2,400
Free Space Loss (dB) -157.73 -184.00 -167.84
Atmospheric Loss (dB) -0.1 -0.1 -0.1
RIP @ Spacecraft Antenna (dBm) -92.85 -119.12 -102.96
Spacecraft Antenna Gain (dBi) 5 5 5
Spacecraft Receiver -95 -121 -105
Sensitivity (dBm)

Basic Link Margin 7.15 6.88 7.04
Polarization Loss (dB max.) -1.26 -1.26 -1.26

Pointing Loss (dB) -1
R1, Rain Loss (dB) 0 0 0

Modulation Loss (dB) 0.00 0.00 0.00
Implementation Loss (dB) -2 -2 -2

Total Loss (dB) -4.26 -4.26 -4.26
Resultant Link Margin (dB) 2.89 2.62 2.78

The table confirms that the links with the greatest receiver
sensitivity also have the longest range. What is most inter-
esting is the spread between the theoretical range and the
typical range for each standard. Better engineering of
receiver front-ends or the use of low-noise preamplifiers can
improve the performance by moving the range from the
typical toward the maximum values. So the spread repre-
sents the level of improvement that is available for increas-
ing range. The primary FOM is the range values and
WCDMA is at the top, followed by 802.15.4 and finally
802.11b. The goal is to support 1200 Km links, which can
be achieved at low data rates using ZigBee or WCDMA, but
not WiFi. Only WiFi engineered to improve receiver input
sensitivity could meet this goal.

The Space-to-Space link margin calculations are the same
as the Space-to-Ground case, but with a much lower gain
antenna combination using the 5 dBi patch to 5 dBi patch
antennas. The range is reduced to only a few dozen kilo-
meters. Again, the results as shown in the table below
conform to the earlier results, with WCDMA being the best.
The most representative FOM is the Typical Range avail-
able, but the table lists the Maximum Range and the Speci-
fied Range for completeness. Only WCDMA and ZigBee
can meet the range objective.
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sleep once a network is formed, waking for only the time
needed to send a data packet. This results in extremely low
duty cycles for transmission, which lowers power consump-
tion significantly and is another major factor favoring Zig-
Bee. The other two standards require connection manage-
ment (create or re-initiate a connection) prior to sending a
data packet. This connection management can actually con-
sume quite a number of cycles and packets and could
actually cost more power than the actual data transmission.
Both WCDMA and WiFi protocols assume the node is
always powered up and able to respond to beacons. While
WiFi and cell phones can sleep, they actually have to
reconnect to the network after waking.

Interference rejection is important for concurrent use of
communications links or operation in noisy environments.
All three standards do well in this regard due to the use of
spread-spectrum modulation, with WiFi having the best
rejection. Spectrum management is another FOM. The use
of ISM bands allows Universities to operate ground stations
without a license, but different rules apply for different
operators. For example, the carrier frequency for ISM stan-
dards can be shifted to a licensed S-band supporting a
broader range of missions such as those operated by the US
Government. For certain chipsets, this might be as easy as
shifting the basic clock frequency. WCDMA uses the 1.9 and
2.1 GHz licensed spectrum set aside for cell phone use.
Therefore this standard would require the use of licensed
spectrum, and this is probably owned by an entity with
terrestrial interests, not necessarily interested in allocating a
portion to HSN. In fact, potential interference with cell
phone networks is probably a significant issue.

The availability of components and software often drives
cost. The lowest cost solutions are also the most commonly
used but have the lowest overall performance. The WCDMA
hardware could be affordable if one uses a cell phone tower
development environment to adapt the system to HSN use.
Most solutions are very low SWAP, consisting of a couple of
chips and the antenna.

G. Conclusion

The analysis was consistent in terms of expected perfor-
mance and resultant FOMs provided by each standard. The
standards were chosen to fit broad anticipated mission
needs, so any of the standards could be applied to actual
mission designs, but the analysis shows that certain stan-
dards work best for specific types of missions. For example,
if a mission needs longer range, but requires relatively low
data rates, then WCDMA is the best choice. For closely
coupled clusters of satellites requiring significant informa-
tion exchange, the use of WiFi networks would be best. The
respective trade-offs are also important, with the WCDMA
solution requiring the most development and the WiFi
solution requiring the most on-board power.

The PHY Layers of each standard are similar with
WCDMA providing the best performance in terms of range,
mostly due to low data rate and limited spreading. WiFi
provides the best performance for high data rates. ZigBee
fits very well into small sat missions with many spacecraft
where mesh routing can improve range significantly. The
most intriguing result was the consistency of the PHY layer
analysis. For a given data rate, the range would be similar,
due to the similarity of the spread spectrum techniques.

The MAC Layers differ significantly, with WiFi support-
ing both star and P2P topologies. The persistent network
connections offered by WiFi is useful for closely coupled
clusters where high data rate contributes to overall perfor-
mance. WCDMA only supports star configurations due to its
dependence upon a central node and this limits it to S-G use.
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Zigbee networks support ad-hoc dynamic tree configura-
tions and this is considered a key advantage for complex
missions consisting of many spacecraft. The ZigBee proto-
col supports very low duty cycles, which makes it the ideal
choice for sending small amounts of data at periodic inter-
vals from very small spacecraft.

In the short term, WiFi can work for small constellations
with the appropriate adjustments to PHY and MAC layer. In
the longer term, self-configuring networks will provide
significant advantages. The use of cell phone technology for
implementing the S-G link is particularly attractive due to its
high performance and the potential of using switched sector
antennas to implement an automatic ground station requiring
very little human intervention, a key attribute for HSN.

All references cited herein are expressly incorporated by
reference in their entirety. It will be appreciated by persons
skilled in the art that the present invention is not limited to
what has been particularly shown and described herein
above. A variety of modifications and variations are possible
in light of the above teachings without departing from the
scope and spirit of the invention, which is limited only by the
following claims.

What is claimed is:

1. A heterogeneous spacecraft network comprising:

first and second space segments each having a commu-
nication system, the communication systems of the
space segments being incompatible with each other, the
incompatible communication systems of the space seg-
ments do not permit communication between the space
segments;

first and second operations centers each having a com-
munication system, the communication system of the
first operations center being compatible with the com-
munication system of the first space segment, the
communication system of the second operations center
being compatible with the communication system of
the second space segment, the communication systems
of the first and second operations centers being incom-
patible with each other;

a plurality of data user communities;

a network management architecture to facilitate commu-
nication between the first and second operations centers
and the plurality of data user communities.

2. The network of claim 1 wherein the network manage-
ment architecture includes a standardized communication
system capable of facilitating communication between the
first and second operations centers.

3. The network of claim 2 wherein at least one of the first
and second space segment includes a spacecraft, a constel-
lation of spacecraft, a formation flight of spacecraft, or a
swarm of spacecraft.

4. The network of claim 3 wherein the standardized
communication system of the network management archi-
tecture is capable of facilitating communication between the
first and second space segments via the first and second
operations centers.

5. The network of claim 4 wherein the standardized
communication system uses WiFi based on the IEEE 802
family of network standards.

6. The network of claim 5 wherein at least one of the first
and second space segments includes a WiFi transceiver.

7. The network of claim 6 wherein the first and second
operations centers include a mission operations center and a
science operations center.

8. The network of claim 7 wherein the standardized
communication system of the network management archi-
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the one established on Earth through the advent of the
Internet. Heading towards internet-working between space-
craft through the incremental development of new techno-
logical solutions will almost certainly increase the effective-
ness of operations in space. It should be noted that the
present invention is not limited to the use of any given
standard, such as 802.11. Other publicly available solutions
such as ZigBee, or modifications thereof, may very well be
the preferred option in the long run. The optimal commu-
nications solutions may change from application to appli-
cation. Beyond LEO, Delay Tolerant Networking (DTN)
capabilities may be needed.

II. Performance Analysis for Low-Cost Earth Observation
Missions

Heterogeneous Spacecraft Networks (HSNs) are network
environments in which spacecraft from different missions
and institutions can communicate with each other at low cost
and with low impact on overall system resources. The
Mission Design Center (MDC) at NASA Ames Research
Center has been studying solutions for low cost multi-
spacecraft systems for a number of years. One may now
build on the idea to interconnect clusters of spacecraft with
each other to have them act as mobile nodes belonging to the
same collaborative mission. Recent progress in small satel-
lite technology is significant, and one of the advantages of
small satellites lies precisely in the large quantity of space-
craft that can be produced at accessible costs. It follows
naturally that small satellites are an interesting candidate
platform for development and demonstration of the HSN
concept. The general concept of operations for HSNs in
LEO and a number of future applications are described
above, while enabling technology such as devices and lower
layer protocols are discussed farther below.

The following description is the scenario of a low-cost
and multi-institutional network of Earth Observation (EO)
missions in LEO and conduct network performance analysis
using the AGI System Tool Kit (S§TK) and the open-source
Network Simulator (NS-3). A multi-spacecraft network con-
solidates the individual capabilities of each spacecraft from
different institutions by combining benefits of both frequent
revisit and concentrated observation. Complementary and
correlated data could be collected simultaneously from a
large set of distributed spacecraft utilizing HSN capability.
In this specific configuration, communication distance
between spacecraft, related delays and error rate are the
major factors in network performance. Also, average dura-
tion of communication opportunities between spacecraft is
usually very limited. Thus, it is important to simulate orbital
dynamics, link margins, and protocols simultaneously to
analyze network performances. Below, existing protocols
are compared to obtain a measure for the practical perfor-
mance of the candidate network. The focus is on best-effort
data delivery, an approach necessitated by the severe con-
straints on communications resulting from low-cost and low
system resource small spacecraft. In the application layer, it
is shown that packet size and data rate of a source node also
affect overall performance of the network.

From the early days of space age, ideas of inter-satellite
link to build a network in space have been proposed and
discussed over and over again. Some of these were imple-
mented as real projects, and some were not. However, most
of these actual missions were designed and developed for a
specific objective such as commercial communication ser-
vices and military use. Today’s network is an infrastructure
for various kinds of different services. Especially the Inter-
net is a backbone of almost all of communications.
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This kind of infrastructure has not already been developed
in space primarily because of cost. Due to the long range and
high reliability requirements of space communication,
space-specific protocols and transceivers were developed
and used in past missions. These space specific features
drove space missions to be higher-cost. What is described
herein is to build a low-cost network in space, which utilizes
ground-based open standard technologies. Anyone and any
institutions can join these space networks called Heteroge-
neous Spacecraft Networks (HSNs). This is a very straight-
forward approach, and is a counterpoint to the complex
growth of ground network infrastructure. The IEEE 802.11
Wi-Fi standard is used as a basis of HSNs. Actually, using
Wi-Fi is not as efficient and reliable compared with using
space-specific protocols and devices. However, Wi-Fi
devices are very low cost in commercial markets, and they
have thus small impact on project budget. Maintaining low
cost is crucial to engaging the small satellite community and
building a worldwide space network.

It is shown how long-range Wi-Fi is feasible for space-
to-space links of hundreds of kilometers and even for
space-to-ground links of thousands of kilometers, and what
the limitations are. In the past, researchers have revealed that
parameters in the Wi-Fi media access control (MAC) layer
must be modified to enable long-range Wi-Fi. In those
studies, their envisioned communication range was a few
tens of kilometers. Some researchers have studied using
Wi-Fi for inter-satellite link with 2000 km range, however
the cross relationship between bit error rate in the physical
(PHY) layer and packet size in the application layer was not
considered because they used Network Simulator-2 (NS-2),
which does not support wireless communication natively, in
the simulation. The present invention uses NS-3, the newer
version of open-source network simulator, which was devel-
oped for wireless communications. Other researchers have
implemented hardware-in-the-loop network simulator for
their cubesat project using Wi-Fi. However their maximum
communication range was 15 km. It is believed no one has
so far used Wi-Fi for space-to-ground link. In addition, a
special technique is used to solve antenna pattern modeling
problems for space-to-ground link in NS-3.

A. Architecture of HSNs

The Mission Design Center (MDC) at NASA Ames
Research Center has studied solutions for low cost multi-
spacecraft systems for a number of years. An example of this
is the Edison Demonstration of Smallsat Networks (EDSN)
mission. The goal of EDSN is to demonstrate a swarm of
small, inexpensive satellites with novel in-orbit communi-
cations capabilities and their suitability to act as a future
platform for distributed space weather measurements.

As the next step, MDC investigated if spacecraft that are
procured, built, launched and operated by different multi-
institutional players can be integrated into a single network
for various mission objectives. The idea is to have each
institution procure one or several spacecraft in the conven-
tional way but with the hardware necessary to become an
ad-hoc member of a large in-orbit cloud of multi-institu-
tional spacecraft. Each spacecraft may be different in design
and may or may not have a dedicated primary mission.
However, all of them have the possibility to join and leave
the cloud whenever desired and work towards a common
objective with the other spacecraft defining the network.
This common objective can be aligned with the primary
missions of all or some of the nodes or none at all. As such,
one may speak of a network of spacecraft that is truly
heterogeneous in nature since both the origin of the nodes
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TABLE 15-continued

Time occupied by round trip messages
and derived maximum throughput.

Items S-G S-S P-S
Time (2-way)
RTS/CTS + 99.64 msec 31.64 msec 18.44 msec
Data/ACK
(4-way)
Maximum throughput 275.9 kbps 505.7 kbps  867.7 kbps

FIG. 11 shows an example of time slot allocation within
one second for conventional S-G, Wi-Fi S-G, and Wi-Fi S-S
link. Each box in the Wi-Fi link indicates a 2-way (message+
ACK) timeslot. In the conventional S-G link, time is fully
occupied by command or telemetry data with lower Phy-
Rate. In the Wi-Fi link, although PhyRate is higher than
conventional S-G link, time must be shared with a number
of messages. For example in the Wi-Fi S-G link, considering
time slot allocation for uplink commands, lower layer mes-
sages and other management packets, actual maximum
downlink throughput will decrease. In the Wi-Fi S-S and P-S
links, a number of S/C share the same time frame. Thus,
maximum throughputs must be divided by the number of
S/C within communication range to obtain actual effective
maximum throughputs per a single S/C.

C. Simulation Model and Method

To show the performance of proposed HSNs, an envis-
aged example EO mission using a HSN is proposed here.
The mission is an EO virtual platform comprised from three
different types of missions: a swarm, a constellation, and a
standalone spacecraft. While each mission is procured, built,
launched and operated by a different institution, the HSN
will augment the capability with higher throughputs, and
simultaneous complementary and correlated data collection
from a large set of distributed spacecraft, and gives an
additional value to the original missions.

One example of such scientific usage is earthquake pre-
cursor event monitoring. Plenty of signs that seem to be
related to earthquakes were reported in past large disasters,
but hypothetical earthquake precursor events are not yet
proven to be useful to forecast earthquakes. Because the
concept is as yet theoretical, and also because of the cost to
investigate at the required scale, monitoring these signals
from space has not been done systematically. One researcher
has shown from a solid state physics perspective that when
rocks are stressed prior to large earthquakes, the Earth sends
out transient signals. These signals may consist of local
magnetic field variations, electromagnetic emissions over a
wide range of frequencies, a variety of atmospheric and
ionospheric phenomena. To prove and make use of this
theory to understand actual pre-earthquake events, many
different types of observed data must be correlated and
analyzed statistically. In the past, there were a few satellite
missions whose data is considered beneficial for earthquake
precursor event study. However, none of these data were
correlated with each other. Using the capability of a HSN,
these data can be correlated in space, and complementary
data simultaneously and intensively with increased through-
put can be collected.

Table 16 and FIG. 12 show the envisaged example
mission configuration. A swarm mission has six S/C within
range of 30 km. One of the S/C is a gateway S/C, and others
are probe S/C. A constellation mission has two orbit planes
with different local time (LT) of ascending node (AN) in sun
synchronous orbit (SSO). In each orbit plane, five S/C are
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arranged in equal distance of 1000 km. These S/C in mission
A and B can be launched separately. The capability of HSN's
will connect them to each other. Finally, a standalone S/C is
arranged in similar orbit to the first orbit plane of the
constellation mission but at different altitude.

These orbits are selected to see the effect of ISL among
different missions. For example, as shown in FIG. 13A, the
S/C within a constellation in lower altitude are passing the
standalone S/C in higher altitude slowly. The S/C in another
orbit plane are also communicating with the other constel-
lation. In FIG. 13B, the swarm S/C are encountering con-
stellations while they are talking to each other within the
swarm. Ground stations are selected for each mission to be
dispersed around the world.

TABLE 16

Example mission of a HSN: Each mission has
its primary mission objective, while the HSN
augments the value as a whole system of systems.

Mission B Mission C
Items Mission A Swarm  Constellation Standalone
Primary Tonosphere GPS radio Imaging
mission monitoring occultation
HSN Earthquake precursor event monitoring
mission
Orbit LEO SSO LT of AN = SSO LT of
Inclination = 51 deg 10:30, 00:00 AN = 10:30
Altitude 550 km 600 km 650 km
# of S/C 1 gateway S/C 5 gateway S/C x 1 gateway
5 probe S/C 2 orbit planes S/C
S/C Scattered within 1000 km in-plane —
Separation 30 km
CBR of 32 kbps 64 kbps 128 kbps
each S/C
# and name 3 6 3
of G/Ss Santa Clara Cape Redu Alaska Kiruna
Canaveral Hawaii ~ Maspalomas Kourou  Katsuura
Singapore Svalbard Santiago

It is important to simulate orbital dynamics, link margins,
and network performance simultaneously. With STK, orbital
dynamics are modeled and a CSV-formatted file is generated
as an output of simulation results. The output data includes
time, position and velocity of each spacecraft. The file is
directly loaded and processed by NS-3. Because orbital
dynamics are not calculated within NS-3, motion of each
spacecraft is treated as a constant velocity model between
the last and next position and velocity update. The update
interval used in simulation is 30 seconds. The maximum
absolute position error during the interval is less than 8 km,
and that can be considered to have enough accuracy for a
network simulation. NS-3 then simulates packet data traffic.
To conduct more accurate position based simulation, STK
and the network simulator must be integrated at the PHY
layer within the same simulation flow. Some researchers
developed a unified simulator called “GEMINI” ([NASA]
Glenn’s Environment for Modeling Integrated Network
Infrastructure) that integrates a network simulator called
QualNet and STK. Recently, researchers have developed a
STK plug-in called ASTROLINK that can connect STK and
NS-3.

NS-3 is an open-source discrete-event network simulator
for Internet systems. The software is free and licensed under
the GNU GPLv2 license. Compared with the former version
of network simulator, NS-2, NS-3 was developed especially
for wireless communications and natively supports Wi-Fi
protocols, devices and channels. For example, NS-2 cannot
calculate RF interferences, but NS-3 can. NS-3 inherits fully
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