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INTERPLANETARY NETWORKS FOR SPACE INTERNET
AND SPACE POSITIONING

CROSS REFERENCE TO RELATED APPLICATIONS

[01] The present application claims priority to U.S. Provisional Patent Application No.
63/163,689 filed on March 19, 2021 incorporated herein by reference in its entirety. The present
application is also related to U.S. Pat. Pub. No. 2021/0306071 A1, published on September 30,
2021, titled “Optical Ground Terminal”, to U.S. Patent No. 10,581,525 B2, issued on March 3,
2020, titled “Method and Apparatus for Omnidirectional Optical Communication”, and to U.S.
Patent No. 10,707,966 B2, issued on July 7, 2020, titled “Ultrafast Omnidirectional Wireless Data

Transfer Apparatus”, all of which are incorporated herein by reference in their entirety.
STATEMENT OF GOVERNMENT GRANT

[02] This invention was made with government support under Grant No.

8ONMO0018D0004 awarded by NASA (JPL). The government has certain rights in the invention.
FIELD

[03] The present disclosure is related to interplanetary networks (IPN), and more

particularly to IPN’s for space internet and space positioning.
BACKGROUND

[04] Typical space missions involve single flagship spacecraft furnished with a suite of
sensors and communications system that cost up to $1B [1-2]. The science data generated by these
missions is typically downlinked directly from the spacecraft to ground stations in the Deep Space
Network [3] via X-band or Ka-band links. These flagship missions tend to be seasonal and include
large communications systems to transmit their data back to Earth. The general issue with such

approach is an overall prohibitive cost of deployment.
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SUMMARY

[05] According to a first aspect of the present disclosure, an interplanetary satellite network
(IPN) deployed across a plurality of planets of a solar system is provided, the IPN comprising a
plurality of miniaturized satellite swarms, each swarm forming a node of the IPN, the node being
located at a Lagrange point of a corresponding planet with reference to the Sun, and wherein: the
plurality of planets comprises Earth, Mercury, Venus, Mars, Jupiter, Saturn, Uranus, Neptune and
Pluto, and each miniaturized satellite is configured to optically communicate with miniaturized

satellites of a same swarm and miniaturized satellites of other swarms of the IPN.

[06] Further aspects of the disclosure are provided in the description, drawings and claims

of the present application.
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DESCRIPTION OF THE DRAWINGS

[07] Fig. 1A shows an exemplary interplanetary network according to an embodiment of the
present disclosure.

[08] Fig. 1B shows Lagrange points between the Sun and a planet.

[09] Fig. 2 shows subnets of an interplanetary network.

[010] Fig. 3 shows an exemplary implementation of the cislunar inter planetary network

according to an embodiment of the present disclosure.

[011] Fig. 4A shows an exemplary implementation of the cislunar inter planetary network

according to an embodiment of the present disclosure.

[012] Fig. 4B shows an optical ground station.

[013] Fig. 4C shows a phase array RF station.

[014] Fig. 5 shows a miniaturized satellite (“smallsat”).

[015] Fig. 6A shows an image of the planets’ location along the solar system.

[016] Fig. 6B shows possible data rates between the node of an interplanetary network nodes

and the associated latency.

[017] Fig. 7 shows a spacecraft swarm.
[018] Fig. 8A shows an exemplary interplanetary network arrangement.
[019] Fig. 8B shows transmit and receive spacecraft swarms.
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DETAILED DESCRIPTION

[020] Throughout the disclosure, the term “interplanetary network™ refers to a large sensor
and communication platform implemented across the solar system. The term “spacecraft swarm”
refers to a plurality of spacecrafts, e.g. tens, hundreds or thousands of spacecrafts. The terms
“Lunar Gateway”, or “Gateway”, refer to a planned small space station in lunar orbit intended to
serve as a solar-powered communication hub, science laboratory, short-term habitation module for
government-agency astronauts, as well as a holding area for rovers and other robots. The term
“smallsat” refers to miniaturized satellites, i.e. satellites of low mass and size, usually under 1,200

kg.

[021] According to the teachings of the present disclosure, space missions can also be carried
out deploying interplanetary networks (IPNs) that involve the implementation of a spaceborne
platform including, e.g. hundreds to thousands, of small spacecrafts placed along the solar system.
According to such distributed approach, the IPN includes a plurality of nodes, wherein each node
comprises spacecraft swarms used as building blocks of the IPN. In an embodiment, such
spacecraft swarms are systematically placed on planetary Lagrange points to gradually form the

interplanetary network.

[022] Fig. 1A shows an exemplary IPN (100) implemented across the solar system according
to an embodiment of the present disclosure. IPN (100) comprises nodes (101), each including a
spacecraft swarm (not shown). Spacecraft swarms may be disposed along planetary Lagrange
points (Sun-planet L1-L5). This is illustrated in Fig. 1B, wherein the five Lagrange points (L1-L5)
between the Sun and a planet are shown. Lagrange points are points of equilibrium for small-mass
objects under the influence of two massive orbiting bodies (in this case Sun and a respective
planet). They are well known as such to the person skilled in the art and will not be discussed here

in detail.

[023] In the IPN (100) of Fig. 1A, at least one swarm per Lagrange point (5 swarms per
planet) is placed along Earth, Mercury, Venus, Mars, Jupiter, Saturn, Uranus, Neptune and the
dwarf planet Pluto. The deployment of a swarm on Lagrange point Earth-Moon L2 may also be
envisaged. In another embodiment, 5 spacecraft swarms around dwarf planet Ceres Lagrange

points may be placed (Sun-Ceres L1-L5). This makes for a total of 51 IPN swarms. According to
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the teachings of the present disclosure, IPN (100) can be divided into various subnetworks
(hereafter referred to as subnets). As shown in Fig. 2, in an embodiment, the IPN (100) comprises
3 main subnets: cislunar IPN, inner solar system IPN, and outer solar system IPN. All the sub-
networks may be fully networked and connected to Earth. In what follows, some mode details

about the implementation of cislunar IPN will be given.

[024] Fig. 3 shows an exemplary implementation of the cislunar IPN (300) according to an
embodiment of the present disclosure. Cislunar IPN (300) comprises a subnet in geostationary
(GEO) orbit, called GEO-IPN (301) including a set of, for example, 8 swarms (302) equally spaced
along the GEO orbit. NASA’s current strategy includes the implementation of the lunar gateway
orbiter (shown in Fig. 3) and lunar ground assets, such as astronauts, rovers and other instruments,
as a stepping stone towards manned Mars missions. Also shown in Fig. 3, as part of cislunar IPN
(300), in addition to the Gateway, the placement of a lunar radio telescope around L2 (Earth-Moon
Lagrange point) [4] and a constellation of lunar orbiting smallsats (e.g. LunaNet [5]) for fast
communications between the lunar gateway and surface assets may also be envisaged. In an
embodiment, the Gateway may be used as the main communication relay between lunar assets and

Earth ground stations.

[025] With continued reference to Fig. 3, LunaNet is a lunar communications and navigation
architecture that will bring networking, positioning, navigation and timing (PNT) and science
services to the Moon [5]. Once the LunaNet architecture 1s in place, robotic landers, rovers and
astronauts on the Moon will have network access similar to networks on Earth via the IPN. Rovers
analyzing samples can send their data to relays orbiting the Moon, which can then transmit that
data back to Earth. Astronauts on the lunar surface will be able to receive real-time alerts generated
from space weather instruments of incoming solar flares, giving them ample time to seek cover
and protect relevant instrumentation. Each communications link will be a connection to the larger
IPN (100) of Fig. 1A, allowing fast data transfers between any assets on the network. LunaNet
will also support PNT services and allow for more precise surface operations and science than ever
before. Among the science instruments that would benefit from LunaNet's PNT is the lunar radio

telescope [3] as shown in Fig. 3.



WO 2022/197843 PCT/US2022/020611

[026] With further reference to Fig. 3, the GEO-IPN (301) has the main purpose of acting as
a connectivity backbone for IPN ships. More specifically, it acts as a relay for IPN smallsats
located not only 1n cislunar space but also in the inner and outer solar system. It also allows for
redirecting signals along its 8 nodes in order to find an available ground station, in case of bad
weather or unavailability of a given station. For instance, the GEO-IPN is able to transmit to and

receive optical signals from the lunar gateway, LunaNet and the lunar CADRE radio telescope |3,

4].

[027] Fig. 4A shows an exemplary Cis-lunar IPN (400) according to an embodiment of the
present disclosure. Cis-lunar IPN (400) comprises (IGN) interplanetary ground network (410)
including, for example, ground complexes (420). As an example, IPN ground network (410) may
include up to 8 ground complexes spaced approximately 45 degrees apart in longitude. Such
ground complexes may be disposed, for example, in Goldstone, California; Stafford, Virginia;
Recife Brazil; Madrid, Spain; Mogadishu, Somalia; Singapore, Singapore; Canberra, Australia;
and Hawaii. In an embodiment, Cislunar IPN (400) architecture includes nodes around GEO (430)
as well as Earth-moon L1 and L2, as shown in Fig. 4A. Each complex of IGN (420) may host at
least one optical ground station (as shown in Fig. 4B) and one phase array RF station (as shown in
Fig. 4C). Each IGN complex will be dedicated for full-duplex connectivity with its corresponding
GEO-IPN node.

[028] With reference to Figs. 3, 4A-4C, the ground terminals are configured to have large
optical apertures, for example, 5—8-meter diameter. The IPN (300) of Fig. 3 may also deploy secure
browser-based interfaces to users so they can have easy access (o their science and commercial
data. According to the teachings of the present disclosure, the data rates from deep space missions
to increase approximately one order of magnitude per decade for the next 50 years. The first order
of magnitude improvement will come from existing plans for radio frequency (RF)
communications including enhancements to both spacecraft and Deep Space Network (DSN)
facilities. The next two orders of magnitude are predicted to come from the introduction of deep

space optical communications.

[029] According to embodiments of the present disclosure, regarding the optical transmission

and reception among smallsats, optical receive apertures of between 8§ m to12 m may be provided.
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In another embodiment, antennas can be implemented to include an 8 m segmented aperture. By
utilizing a low-cost segmented spherical mirror optical design, and by exploiting the already
existing extremely stable large radio aperture structures, both of these cost drivers for
implementing large optical communications ground terminals can be minimized. For example, two
collocated optical antennas could be arrayed to synthesize the performance of, for example, an
11.3 m receive aperture to support more capable or more distant space missions or used separately

to communicate with two optical spacecraft simultaneously.

[030] According to a preferred embodiment, optical connectivity is used across the IPN,
although RF stations should still be considered in an auxiliary role. The phase array antennas of
Fig. 4C, may have relatively large (several meters) diameters, providing graceful degradation and
high gain. The phase array antennas of Fig. 4C may operate alone or arrayed together depending
on the connectivity need. The IPN ground complexes may be fully interconnected via high-speed
fiber optic networks. The optical telescopes deployed in ground terminals are designed be fast and
large enough to provide, for example, tens of gigabits. connectivity with spacecraft operating in

cislunar and Martian space.

[031] As disclosed above, a building block for the IPN is the use of distributed systems in the
form of spacecraft swarms, a cluster of smallsats that are autonomous and carry miniature
instruments. By using autonomous and miniaturized systems, the IPN distributed systems should

offer lower operational, manufacturing, and mission costs. As an example, each spacecraft may be

a 6U or 12U smallsat.

[032] Fig. 5 shows an exemplary smallsat (500) including an (ISOC), inter-spacecraft optical
communicator (501), an (LROC) long range optical communicator (502), solar panel (503), and a
housing module (504) including electronic devices, instruments, and sensors. More details about
functionalities and structure of ISOCs and LROCs can be found in the above-mentioned US Patent
No. 10,707,966 B2 and US Patent No. 10,581,525 B2 respectively, both of which are incorporated

herein by reference in their entirety.

[033] Implementation of IPNs involves large orbital maneuvering vehicles (OMVs), each
containing, for example, 50-100 smallsats, to deploy swarms from low-Earth orbit (LEO) or

geosynchronous transfer orbit (GTO) to their final destination. OMVs may be about 5 meters in
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diameter and can be launched into space using conventional launching rockets. Once the OMV
reaches its target location within the solar system, it will deploy the spacecraft swarm for

subsequent insertion into their final orbital destination.

[034] The optical communications systems to be carried by the IPN ships will provide fast
connectivity along the solar system. According to the teachings of the present disclosure, pulse
position modulation may be employed as the default IPN modulation. Such modulation has been
analyzed by the inventor and various capacity equations based on Poisson channel models have
been evaluated. Analysis of optical data rate (capacity) as a function of received power showed
three modes of operations for the optical terminal, namely: bandwidth-limited, quantum-limited
and noise limited. Performance is greatly improved in terms of capacity by using large spacecraft
swarms. Families of capacity plots have been developed as a function of range for various PPM
conditions. These preliminary results show that near gigabit connectivity could be achieved in the
cislunar and inner solar system IPN subnets, whereas multi-megabit communications can be

achieved along the outer solar system planets.

[035] Fig. 6A shows an image of the planets’ location along the solar system for February
2022 when Saturn is in conjunction with and farthest away from Earth. Also shown is a potential
connectivity path between Saturn and Earth via several IPN nodes. Fig. 6B shows possible data
rates between IPN nodes and the associated latency for the same Saturn- Earth data link. For the
sake of simplicity only 3 nodes (swarms) per planet are shown. Due to the longer distance in play,
connectivity between Saturn and Jupiter L5 node is the slowest (about 40 Mbps). The link latency
1s 98 minutes as shown. When uninterrupted connectivity is required among IPN nodes, the

maximum data rate of the entire link would be dictated by the slowest link (i.e., about 40 Mbps).

[036] The spacecraft swarms deployed as part of an IPN may be small (e.g. CubeSats®),
affordable and could include integrated propulsion, telecommunications and sensor payloads. The
disclosed IPN spacecraft swarms can be configured to relay information from assets orbiting
planets (or located on planetary surfaces) to Earth. In addition, the IPN swarms can be furnished
with suitable sensors to form a large science platform for observation, visitation, and an increase

in knowledge and understanding of the solar system.
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[037] Fig. 7 shows an exemplary spacecraft swarm (700) including a leader spacecraft (701)
disposed in the middle of the swarm (700) and one or more follower spacecrafts (702) surrounding
the leader spacecraft (700). Each of the spacecraft (701, 702) implement an ISOC which uses an
array of optical detectors distributed along its spherically shaped body to continuously determine
the angle-of-arrival (AOA) of the laser beams produced by the other spacecraft. The AOA
algorithm allows for calculation of the azimuth and elevation of each incoming optical beam.
These angles can be calculated with millidegree accuracy. Range between spacecraft can be
calculated with additional processing. The ISOCs, in addition to providing super-fast
communications, provide means for measuring the position (r, phi, theta) of the surrounding ships.
The leader spacecraft (701) is able to collect the positional information of the other spacecraft
within the swarm using its respective ISOC. Position information is to be gathered continuously
(e.g. several times per second) so that information about the location of each spacecraft within the
swarm (700) 1s known at all times. In other words, the ISOC allows for continuous metrology
(calculation of (r,¢,®)) among spacecraft forming a swarm. This is further described in what

follows.

[038] With continued reference to Fig. 7, according to an embodiment of the present
disclosure, the follower spacecrafts (702) turn on their lasers intermittently (every few
milliseconds) in the direction of the leader spacecraft (701). The leader spacecraft ISOC, every
time it detects a laser beam, calculates azimuth, elevation and range of the follower spacecraft
generator of that beam, hence obtaining (r,9,0) coordinates of that ship. Because ISOC uses a fast
FPGA processor, 1,9, and © could be updated every microsecond - however, ISOC updates are
typically obtained every millisecond. The metrology protocol runs continuously on the leader so

that position information of the entire swarm is updated hundreds of times per second.

[039] In addition to playing a role of network communication nodes, the swarms as disclosed,
will also operate as a distributed science instrument. In an embodiment, each IPN spacecraft will
carry a suite of miniaturized instruments to perform unique science by unique collecting spatio-

temporal measurements.

[040] Spacecraft formation flying is poised to improve the design of future space missions

by reducing cost and enhancing capabilities simultaneously. According to the teachings of the
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present disclosure, formation flying is a concept of distributing the functionality of large spacecraft
among several smaller, less expensive, cooperative smallsats. In a spacecraft swarm, multiple
spacecrafts can work together in a group to accomplish the objective of one larger, usually more
expensive, satellite. Coordinating smaller spacecrafts has many benefits over single larger
spacecraft including simpler designs, faster build times, cheaper replacement creating higher
redundancy, unprecedented high resolution, and the ability to view research targets from multiple
angles or at multiple times. These qualities make them suitable for astronomy, communications,

meteorology, and environmental uses.

[041] As previously disclosed, each IPN swarm includes a large number of smallsats, for
example, in the range of 50 to 100 spacecrafts per swarm. In various embodiments, each smallsat
may be 6U or 12U and weigh between 10 to 20 kilograms. The smaller swarms may be made of
12U smallsats whereas the larger ones may be formed by 6U ships. This means that the largest

swarms may have a total mass of about 1000 kg.

[042] According to embodiments of the present disclosure, the spacecraft swarms may be
deployed to orbit a target planet itself or to orbit its Lagrange points. In an exemplary swarm

arrangement for orbiting planetary bodies is described in mode details.

[043] According to the teachings of the present disclosure, each swarm acts as a network
node. In an embodiment, a smallsat similar to smallsat (500) of Fig. 5 may be implemented. Each
smallsat uses an ISOC for intranet connectivity and a long-range optical communicator (LROC)
for long-range internet connectivity. In order to use relay nodes along the solar system, IPN
smallsats may use optical apertures with large diameters (e.g., diameters in the 0.5 to 2m range) or
use large amount of transmit power. This would be challenging to achieve with a single terminal

like LROC.

[044] Fig. 8A shows an exemplary IPN swarm (800) arrangement where each spacecraft is
furnished with both ISOC and LROC optical terminals. For the sake of example and not of
limitation, all terminals are assumed to have identical performance and are pointing in the same
direction. It is also assumed that there are vn rows and vn columns of spacecraft in the swarm
which yields a total of n terminals. Under these assumptions, the total transmitted power by the

swarm, P7, is given by,

10
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P :nth?Pti (1)

where Py; is the power transmitted by the i*" terminal and Nee 18 the power combining efficiency

of the transmit swarm. If all terminals transmit the same amount of power (i.e., P, = Py, =

Ptn) then,

PtS =1ee NPy (2)

The combining efficiency 1., < 1 accounts for any mismatch and misalignment within the array.

[045] It should be noted that the power combining discussed above does not need to be
coherent at the optical level. There just is a need to synchronize the modulating optical pulses
produced by each transmit terminal. In this case, the duration of the optical pulses could range
from tens of picoseconds to nanoseconds. In order for each spacecraft to emit an optical pulse at
the same time, there should be a way to synchronize the emission of these pulses. In an
embodiment, in order to synchronize the transmit pulses the ISOCs are used as means to send a
trigger signal from the swarm leader to the followers. In another embodiment, this is performed
by using very accurate clocks on each spacecraft. If the clocks are very accurate, they can emit
pulses at preset times. Also, each smallsat may have knowledge of its distance (range) to the leader

so that it can apply the appropriate delay before it emits its optical pulse.

[046] With further reference to Fig. 8A, on the receiver swarm, the power received by a total

of m terminals is now given by
B =1 Z?lpri (3)

where B, is the power received by the i*h terminal and 7., is the combining efficiency of the

receive swarm. Similar to the transmit side, assuming all terminals capture the same amount of

power (i.e., B, = B, =+ = B ), the total power received by the receive swarm, Ps;, is given

2:
by

PrS =1 MP, 4)

11
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[047] On the receive swarm, each of the smallsats will receive an amount of power F,.. The
information about the power level measured by each smallsat would need to be shared with the
leader (either via analog or digital signals) so it can be power-combined by the leader in order to
determine the total amount of power received by the swarm. The noise in the detection system of
each smallsat may play a bit role on the measurement of the detected power. Care must be taken

in order to minimize or reduce optical noise on each receiver.

[048] Fig. 8B illustrates graphically what was disclosed above in terms of synchronizing the
transmit and receive swarms. When all the smallsats are synchronized to transmit or receive optical
signals, the connectivity performance of the IPN node is substantially improved. On transmit, the
total transmitted power could be increase by a factor of n. On receive, the received power could
also be increased by a factor of m (where n and m are the number of smallsats in the transmit and
receive swarm, respectively). The synchronized swarms allow the IPN nodes to connect at

distances of several astronomical units.

[049] The IPNs as disclosed, may also be used as a space positioning system (SPS), wherein
larger spacecrafts and smallsats roaming the solar system will use an ISOC to communicate with
the IPN nodes. In such system, both larger spacecrafts and smallsats, using their ISOCs, could
receive beams from one or several IPN nodes to determine their position within the solar system.
The position of each IPN node will be known based on standard position information obtained

from terrestrial stations such as NASA's Deep Space Network (DSN).

[050] In other embodiments, the disclosed IPNs may be used as part of a space bistatic radar
deploying a large transmitter on the ground. The IPN nodes are used as receivers for detecting
asteroids and space assets. Each smallsat forming the IPN node may have a receiver that works at
the same frequency as the transmitter. Such radar can be used for planetary defense and debris

monitoring.

[051] All of the references in the present application, shown in the reference list below, are

incorporated herein by reference in their entirety.
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CLAIMS

1. An interplanetary satellite network (IPN) deployed across a plurality of planets of a solar system,
the IPN comprising a plurality of miniaturized satellite swarms, each swarm forming a node of the
IPN, the node being located at a Lagrange point of a corresponding planet with reference to the
Sun, and wherein:

the plurality of planets comprises Earth, Mercury, Venus, Mars, Jupiter, Saturn, Uranus,
Neptune and Pluto, and

cach miniaturized satellite is configured to optically communicate with miniaturized

satellites of a same swarm and miniaturized satellites of other swarms of the IPN.

2. The IPN of claim 1, comprising a first subnetwork deployed across an inner solar system, a

second subnetwork deployed across an outer solar system, and a cislunar subnetwork.

3. The IPN of claim 2, wherein the cislunar subnetwork comprises a geostationary orbit
subnetwork including a set of miniaturized satellite swarms equally spaced along a geostationary

orbit.

4. The IPN of claim 3, wherein the cislunar subnetwork comprises a gateway, a lunar radio
telescope disposed at a second Earth-Moon Lagrange point, lunar ground assets including robots

and rovers, and Earth ground stations.

5. The IPN of claim 4, wherein the miniaturized satellite swarms of the cislunar subnetwork are

configured for connection to the lunar ground assets.

6. The IPN of claim 4, wherein the gateway is configured to establish communications between

the lunar ground assets and Earth ground stations.
7. The IPN of any one of claims 1-6, wherein each miniaturized satellite swarm comprises:

an inter-spacecraft optical communicator configured to establish optical communication

among miniaturized satellites within the same swarm; and

14
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a long range optical communicator configured to establish optical communications among

miniaturized satellites of different swarms.

8. The IPN of claim 7, further comprising solar panels.

9. The IPN of any one of claims 1-6, wherein transmission and reception of signals by the

miniaturized satellites are synchronized to produce a desired optical synthetic aperture.

10. The IPN of claim 3, further comprising a ground network comprising eight ground complexes

arranged 45-degrees apart in longitude.

11. The IPN of claim 10, wherein each ground complex comprises optical stations configured to

provide a duplex connectivity with the swarms of the geostationary orbit IPN.

12. The IPN of claim 11, wherein each ground complex further comprises an auxiliar phased-array

antenna station.

13. The IPN of any one of claims (-6, implemented as a space positioning system, the IPN further
comprising one or more additional spacecrafts, and wherein:

each miniaturized satellite and the one or more additional spacecrafts are configured to
receive optical beams from one or more nodes of the IPN to determine a position of the
miniaturized satellite and the one or more additional spacecrafts in the solar system, and

position of each of the IPN nodes is obtained based on a standard position information

obtained from terrestrial stations including NASA’s deep space network.

14. The IPN of any one of claims 1-6, implemented as a bistatic radar comprising:
a transmit radar on Earth ground, the transmit radar having a transmit frequency,
wherein each miniaturized satellite comprises a receiver tunable at a same frequency as the

transmit frequency.
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