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Abstract

Nanosatellites become more and more attractive for future space missions because of high cost effectiveness and
flexibility. These high integrated satellites with a mass up to 10 kg gain more importance for space missions such as
messaging services, disaster monitoring and earth observation. Distributed satellite systems with inter-satellite links
provide enhanced system capabilities with respect to time-delay, system redundancy and availability. An interaction
among the satellites requires an adapted network architecture. Therefore, to satisfy the required system constraints
in diverse missions a concept for a satellite network architecture is proposed. The main focus is laid on nanosatellite
network topologies with short and medium distances up to some 100km applying one single (radio frequency)
working channel. Potentially applicable multiple access techniques like CDMA, FDMA and TDMA are discussed
and evaluated. The results show, that time division duplex scheme with session-oriented point-to-point protocols in
data link layer is more suitable for selected missions and strong resource limitations in nano spacecraft platforms.

Furthermore, an applicable layer model is defined and a possible protocol implementation is outlined.
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1. INTRODUCTION

Nanosatellites are frequently associated basically with
the university-class small satellites for hands-on edu-
cation of students. Nonetheless, they can also be
used for on-orbit verification of novel space technolo-
gies by reason of their short design times, low de-
velopment and launch costs. Today’s trend towards
miniaturisation of satellites and use of commercial off-
the-shelf components (COTS) with reduced power con-
sumption, has already led to remarkable progress in mi-
crosatellite technology. Advances in microelectronics
and micro-mechanical systems make one confident, that
the nanosatellites can easily match the capabilities of the
microsatellites over the next decade. New dimensions in
miniaturisation lead to a higher realiability of nano space-
craft through high amount of redundancy. The success
of this approach has been already demonstrated in or-
bit [4], novel miniaturized satellite components are de-
signed [12], e.g. a data transmitter in S-band for pi-
cosatellites [6]. Nonetheless, pico- and nanosatellites
are still viewed by many as primitive, if not even as
"space debris”. Though, mostly having no capability for
an active de-orbiting manoeuvre, they could be ejected
into the self-decaying orbits according to the IADC’s
Space Debris Mitigation Guidelines [3].

Both, the increasing of autonomy on system level and
the today’s slide to multi-satellite systems lead to a
necessity for an inter-satellite communication. The
crosslinks become essential in a large number of appli-
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cations, especially where robotic aspects are predom-
inated. Apertures for earth observation or for astro-
nomical purposes can be assembled or reconfigured on-
orbit from a number of smaller satellites, each of them
equipped with a terminal for inter-satellite communica-
tion. Satellite swarms are also a new application field,
where a bi-directional inter-satellite links (ISL) is neces-
sary. The techniques for control and self-organisation
of a nanosatellite network are a essential in realising of
a distributed satellite system (DSS) and one of the big
technical challenges.

This paper proposes a network architecture for au-
tonomous nano spacecrafts. The rest of this paper is
organized as follows; section 2 gives an overview of the
actual nanosatellite platforms, applications and the state
of the art in terms of inter-satellite communications. Fur-
ther, section 3 describes a formal model for analysing
mobile small satellite networks and presents some ma-
jor challenges which a designer of distributed control
alorithm has to deal with. Section 4 points out the net-
work topology and in section 5 the routing algorithms are
introduced. Finally, we discuss the concept of proposed
media access scheme data link and network layers.

2. NANOSATELLITE PLATTFORMS AND APPLICA-
TIONS

In this section, some potential target nanosatellite ap-
plications and platforms are analysed. System level
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requirements on nanosatellite network are determined
through the available mass, volume, onboard electrical
energy ressources and geometrical interrelationship in
DSS. A major impact on the functional organisation and
operational principles of the network is given by the nom-
inal operating mode forced by the application. In gen-
eral, the robotic aspects of future satellite constellations
such as demonstration of autonomous orbital manoeu-
vres and formation flying can be verified with nanosatel-
lites. In addition, one should not forget the pure commu-
nication missions. Small- and medium-bandwidth "clas-
sic” store-and-forward messaging applications like Orb-
comm or more sophisticated, also microsatellite-based,
but equipped with crosslink terminals, COMMStellation
can be mentioned here. Low-cost satellite control with-
out ground segment, only via Internet and a store-and-
forward satellite network in low earth orbit (LEO) was
already demonstrated, even though not in real time [5].
The quality of service (QoS) for applications like this
could be improved if crosslinks were available.

According to the generally applicable defintion for
nanosatellites, their mass ranges between 1 and 10kg.
In this paper, we lay the focus on the nanosatellites with
the average mass about 10 kg as most promising class
in near future. A typical nanosatellite is SNAP-1, devel-
oped by Surrey Satellite Technology Ltd and launched
in 2002 [14, 15]. The mass of the SNAP platform can
vary in a wide range from 6 to 12kg depending on the
payload. The dimension is approx. 30x30x30cm?, and
the unregulated bus voltage is 7...9V. Other advanced
nanosatellites have comparable parameters, e.g. CanX,
measuring 20x20x20cm? and 7.5kg [11]. The aver-
age power in a low earth orbit can be approximated with
5...10 W if the state-of-the-art multi-junction GaAs solar
cells are used. Today’s nanosatellites have no capabil-
ity for permanent attitude and orbit control, no large di-
rectional antennas find enough place on S/C’s structure,
hence omni-directional antenna patterns are usual.

Mainly because of the above mensioned constraints the
state of the art in nanosatellite communication technol-
ogy is characterised by use of the UHF/VHF frequen-
cies and a maximum data rate of 38.4 kbps for downlink.
Some systems use S band for downlink (cp. SNAP-1
uses 38.4 kbps, CanX uses a link with nominal 32 kbps,
up to maximal 2 Mbps). As for ISLs, the spectrum ranges
from the UHF frequencies and distances up to some
kilometers (SNAP) to ultra-wide-band (UWB) techniques
and very short distances of some ten meters [9]. It is no-
table, that the SNAP-1/Tsingua-1 remains the only con-
stellation, where an point-to-point (P-to-P) inter-satellite
link was verifyed on-orbit, no multi-satellite networking
with small satellites was demonstrated yet. As for data
rates, the most advanced of the planned nano constel-
lations like CanX4/CanX5 operate with the bitrates of
10kbps [10] at max. 1000 m up to 5km and two com-
munication terminals only.

In this paper we propose a network architecture for
nanosatellites, flexible enough to be used in a large num-
ber of applications, which can be easily implemented on
state of the art communication hardware and integrated
into a state of the art nanosatellite bus.
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3. FORMAL NETWORK MODEL

We define a satellite network as a set of nodes that are
able to communicate over wireless links. Nodes are
characterised through their high mobility’. This means
that, in general, the availability of the link between par-
ticular set of two nodes can change with time. How-
ever, this availability in satellite networks can be shown
as highly predictable. In the graph theory the links are
called edges and are represented by the communication
graph G(V, E), consisting of nodes V" and edges E. Fur-
ther, the terms vertice and node are used interchange-
able.

We assume that all nanosatellites in a network are tech-
nically identical and have the same ressources onboard,
most notably, the same electrical energy. Hence, it is not
advantageous to distinguish between the routers and the
user terminals, each node is equal and has the function-
ality of a router. In common case, a satellite network
is a meshed network (see Section 4), that needs to be
controlled by a distributed algorithm. This chapter gives
a small and in some aspects incomplete introduction to
the basic challenges facing a designer of distributed con-
trol algorithms for meshed satellite networks. As a big
amount of related work is gathered through the ad hoc
sensor network research, a comparison with the classic
ad hoc concepts will be given in this chapter and can be
used for further investigations.

Differences compared to the ad hoc networking have a
reliable impact in several aspects. First of all, in ad hoc
or sensor wireless networks one of the most determi-
nant conditions is the unavailability of the position infor-
mations in a set of wireless nodes and a high and un-
predictable mobility of the nodes. The above mentioned
basic properties of an ad hoc wireless network remains
the most challenging issues. E.g. it causes the necessity
of highly dynamic collection of routing information. This
decreases the data throughput inevitably. In contrast, a
meshed nanosatellite network can be characterised as
follows.

- Positions of all nodes at each moment are known;
indeed, prediction into the future is possible.

- Significantly greather distances up to 100 km and
more; consequently, propagation times need to be
taken into account and make a big impact on the
timing scheme and media access control.

- Clearly more ressources onboard the spacecraft
compared to a node from a sensor ad hoc network.

- Line-of-sight (LOS) wave propagation is charac-
terised through no shadowing and almost no reflec-
tion, scattering or diffraction, so the channel can
be well approximated with the AWGN mathematical
model.

"Not only fixed satellite constellations but also autonomous orbital
maneuvres, reconfiguration or swarm behaviour must be taken into
account.
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- In general case, considering that the polar sun syn-
chronous orbits are the first choice for small satel-
lites, the satellite formation will be "stretched” over
equatorial regions and will be more compact above
the north and south pole; regular changes in edge
number and weight are axpected.

The position of each node is determined by the orbital
dynamics and is highly predictable. An exception oc-
curs when orbital maneuvres are performed, which lead
to significant and quick changes in the physical net-
work topology. However, they are slow compared to
the changes in signal quality and connection matrix of
terrestrical wireless networks, where not only alone the
movement of the nodes, but also the wave propaga-
tion effects such unpredictable shadowing and reflection.
Moreover, the most concepts for sensor networks are
limited by use of simple controllers (8 bit, few kilobytes
of RAM) and only primary battery cells.

4. NETWORK TOPOLOGY

The network topology is determined on i) orbital config-
uration, ii) DSS operating mode and desired QoS and
iii) possible ressource differences between the satellites.
In Section 2 some multi-satellite applications were pro-
posed. The orbital configuration is the most heavily
weighted factor affecting the basical network topologies.
The most easy consists of only very few S/Cs, placed
into the same orbital plane with short inter-satellite dis-
tances, as in case of precise formation flying (PFF). The
communicaion graph is fully-connected. This case can
be approximated with a fully connected mesh or, if one
satellite is used as a base station?, with centralised star
topology (see Figure 1a and 1b). Since each pair of
nodes can be interconnected directly or via a base sta-
tion, no advanced routing techniques are necessary. In
case of the star topology, the channel syncronisation can
be organised by the base. By fully connected scheme ei-
ther a satellite with master function is choosen (arbitrary
or via ground station) or a random access protocol, e.g.
pure ALOHA, could be used. Another common case oc-
curs when the satellites are placed into the same orbital
plane with separation distances approximately equal to
the maximal possible communication range (/ine topol-
ogy see Figure 1c). The most common case is the
meshed topology (see Figure 1d). The graph represen-
tation of the network can change with time. The con-
trol algorithm of this topology is relatively difficult, be-
cause a multi-hoping and no centralised controller is re-
quired. However, such algorithm has an important fea-
ture; it can be used to control each of the other above
mentioned topologies, albeit not always with the desired
performance.

The basic concept of the meshed topology can be ex-
tended as follows. In Ssection 3 was already mentioned
that the density of the satellite swarms in LEOs with high

2sometimes called master
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Figure 1. Probable network topologies for distributed
nanosatellites. (a) Star topology with a single commu-
nication master as can be used for PFF. (b) Fully con-
nected topology can also be used for PFF. (c) Line topol-
ogy as can be used for communication missions in LEQ.
(d) Mesh topology, the most common case, frequently
associated with a satellite swarm.

Figure 2. A possible graph representation of a meshed
satellite network in two polar orbital planes. Dashed
edges represent temporary available links above the ge-
ographical poles.

inclinations show regular changes above the pole re-
gions compared to equatorial areas. Figure 2 shows two
subsets of nodes which are interconnected twice each
orbital period. This is a significant special case in our
analysis. If the distributed routing algorithm could per-
form well in interconnected subsets of nodes and fall
back to a store and forward scheme in situation that
no interconnection is possible, better QoS can be ex-
pected. In Section 5 we assume a suitable algorithm for
this case.

Assumption, that can make the theoretical much more
easier, is that the graph, that represents a satellite net-
work, is not directional.
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5. ROUTING

As already discussed in Section 4 in some nanosatel-
lite applications no routing is required. This is the case
if the maximal dimension of the constellation is smaller
than the maximal possible communication range (see
Figure 1b). In such cases, only the channel access tech-
niques should be taken into consideration and require a
major effort in optimizing the latencies. One should think
about the PFF missions, where the communication links
are a part of the algorithm for formation control.

In other cases, where a multi-hop communication is nec-
essary to connect particular node to each other, flooding
techniques could be used as for unicast connections, as
well as for broadcasting. As flooding algorithms in most
cases perform worse compared to routing ones, particu-
larly at large distances, they are not analysed here.

The routing protocol is called proactive, when the rout-
ing information is stored in the memory and no neces-
sity for building new routing table exists. Otherwise, a
new routing information will be identified each time if a
new message has to be transmitted (reactive protocol).
The proactive routing is frequently associated with net-
works with fixed topologies. Reactive routing requires
large overhead. As the mobility in satellite networks is
predictable, on one hand, no overhead typical for reac-
tive routing is required. On the other hand, the topol-
ogy changes must be identified and the routing table
has to be dynamically updated. In this paper we as-
sume a memoryless distributed algorithm to control mo-
bile meshed satellite networks. No control informations,
e.g. no routing tables, must be exchanged between
nodes and no central controller is required.

Definition (Unicast Geographic Routing in Meshed
Satellite Networks) Let G = (V, E) be an Euclidean
3D graph consisting of a finite number of vertices n. The
task of a geographic unicast routing algorithm A is to find
an (optimal) way from any source s to any defined des-
tination ¢ while complying with the following conditions:

- All nodes v € V know their own geographic po-
sitions and geographic position of all other nodes
w e V\v.

- There is no control information which needs to be
stored in the node, memoryless algorithm.

- The node is not allowed to change any information
addressed to an other node.

- The node is not allowed to maintain any information
addressed to an other node except for the tempo-
rary storage before forwarding.

The Dijkstra’s algorithmus fulfils these requirenments [7].
Besides, Dijkstra delivers an optimal solution and has
a finite running time and was therefore identified as a
suitable algorithm for meshed satellite networks and per-
forms well in all discussed network topology with con-
nected graph representation (see Figure 1).
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In the improbable case of a lost of position informations
or in satellite swarms shortly after their deployment in
orbit the initial position informations can be commanded
by the ground station. If this is not possible, use of al-
gorithms for 3D routing is unavoidable. After finding the
neighbors through transmitting broadcast messages, an
3D routing algorithm can be used [8]. Such algorithms
theoretically cannot provide optimal results. How such
routing will perform in an orbital network is not known
yet. In some cases a 3D geometry of a satellite constel-
lation can be approximated by a plane Euclidean graph.
Well known routing algorithms are Face Routing, Adap-
tive Face Routing or GOAFR+.

In a second special case, not interconnected subsets of
nodes (see Figure 2) may arise as a result of a disad-
vantageous orbital dynamics. The communications per-
formance and QoS can be badly affected by this con-
stellation. A possible approach to avoid data loss and to
increase QoS is to combine a routing with a store and
forward technique by using an algorithm, that performs
Dijkstra if the source vertice and the destination vertice
can be connected directly or via hops. If the source and
the destination are in different subnetworks, which will be
connected later, the procedures described in Algorithm 1
and in Algorithm 2 could be used. The basic idea is to
build a new graph, where the edge costs for a particular
pair of vertices (s,d) are the times to the first possible
contact. A shortest path tree for each node in the new
graph G’(V', E’) can be searched with Dijkstra’s algo-
rithm, whereby one important condition has to be fulfiled:
the costs of each path have to be in ascending order. For
the cases where no contact between source and desti-
nation is possible, an ground station is used as a hop.

6. FREQUENCY ALLOCATION

The Space Frequency Coordination Group (SFCG) has
adopted several resolutions and recommendations re-
lated to the operation of inter-satellite links. According
to these in [1] all frequencies suitable for implementing
in multiple spacecraft systems were analysed and a se-
lection of five preferred frequency bands was proposed
(S, Ku, Ka bands).

- 2025 - 2110 MHz, SPACE OPERATION, EARTH
EXPLORATION SAT., SPACE RESEARCH

- 2200 - 2290MHz, SPACE OPERATION,EARTH
EXPLORATION SAT.,SPACE RESEARCH

- 145 - 15.35GHz, Space Research (The 14.5-
15.35GHz band is on the agenda of WRC-03 for
possible upgrade to primary status)

- 22.55 - 23.55GHz, INTER-SATELLITE
- 25.25 - 27.5GHz, INTER-SATELLITE
The nanosatellites are considered to be ultra low-cost

spacecraft for space research and technology verifica-
tion. Hence, the design-to-cost approach is applied even



Deutscher Luft- und Raumfahrtkongress 2011

Algorithm 1 Store and Forward with Interconnected
Satellites
1: procedure
ward(G(V, E), source, E — RT)
distances, e € E
if G is connected then
perform Dijkstra’s algorithm
return
end if
G'(V',E"),k(V'") = n,k(E') = n — 1, com-
plete graph, G = G'\g, whereby ¢ - additional ver-
tice, such that all edges e(g,v),v € G have at
least one cost factor 0 < c¢(e,t) < oo for t =
0... finiteinterval
7. d(e)+ ocoforeache € E'

StoreAndFor-
> c(e) are e.g.

Qg R Wb

8: t+ 0 > time
9: while ¢ < interval do

10: increase time ¢

11: for each edge e(v, w) = oo do

12: if c(e,t) < oo then > link possible
13: de)«t

14: end if

15: end for

16: end while

17: perform Dijkstra for G'(V, E’), source so that the
edge costs are ascending.

18:  store messages according to ¢/(e)

19: forward messages, if edge costs are co then for-
ward to ¢

20: end procedure

for the communication system of nanosatellites and de-
termines the frequency selection. S band is preferred
for use in nanosatellite networks. In particular, the good
availability of miniaturised commercial components pro-
viding high power efficiency and the easy antenna de-
sign are the decision criteria. However, it must be men-
tioned that currently the S band frequency allocation is
strongly occupied due to telemetry and telecommand
services. Therefore only relatively small spectral band-
width can be claimed.

7. MEDIUM ACCESS AND CHANNEL CODING

A suitable channel access method for satellite networks
depends on several criteria. Technical feasibility of a
hardware realisation, application requirements, network
topology and the number of terminals are some of the
most important of them. In this section we give a short
analysis of the time, frequency, code und space division
techniques in terms of their suitability for nanosatellite
networking. Additionally, for packet switched channels a
short analysis of random access and token passing pro-
cedures is provided. Space division is not analysed due
to large and complex antennas needed to be integrated
into a nano spacecraft and high requirements to the atti-
tude determination and control.

FDMA and CDMA have an advantage that multiple
crosslinks can occure simultaneously. In case of FDMA
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Algorithm 2 Dijkstra’s Algorithm for Ascending Costs

1: procedure Dijkstra+(G(V, E), sources,)

2. readyls] = true

3 ready[v] = false for each v € V\s

4 dist[s] =0

5. dist[v] = oo foreach v € V\s

6: p_queue @

7 for each edge outcoming e = (s, v) from s do

8: previous[v] = s

9: dist[v] = c(e)

10: Q.Insert(v, dist[v])

11 end for

12: while @ is not empty do

13: v = .DeleteMin()

14: readylv] = true

15: for each outcoming edge e = (v;w) from v
do

16: if w € Q and dist[v] + c(e) < distw] and
c(e) > c(previous[v]; v) then

17: previous[w] = v

18: dist|w] = dist[v] + c(e)

19: Q.DecreasePriority(w, dist[w]);

20: elsew ¢ @ and ready|w] = false

21: previous[w] = v

22: dist|w] = dist[v] + c(e)

23: Q.Insert(w, dist[w]);

24: end if

25: end for

26: end while
27: end procedure

the most problematic issue is that the more terminals
are participated in communication the greather is the
frequency band allocation required for the mission. In
Section 6 has been already mensioned that today S
band frequencies are used extensively for telemetry and
telecommand services in a great number of missions.
Furthermore, use of FDMA leads to major complexity in
design through a necessity of an extensive band-pass
filtering and adds to communication system costs.

CDMA requires quick and precise RF power control and
a complex signal processing. FDMA and ecpecially
CDMA would be a good choice for precise formation fly-
ing missions with a little number of spacecraft and very
hard time latency requirements as it proposed in [13].
In this paper we propose a network architecture which
must be suitable for most nanosatellite missions today
and in near future, although with different restrictions. In
a network where short links as well as large ones can
occur simultaneously and only simple antennas can be
used (both assumptions are valid for nanosatellite net-
works) the signal strength in a decoder can vary within a
large range. A safe signal separation is difficult.

In general, time division duplex (TDD) seems to be a
good choise for nanosatellites. Fore small formations
synchronous time-division multiplexing can be used
(classic TDMA). All S/Cs need to be synchronous in
time which is not easy to guarantee. A central controller
has to be used in this case for time synchronisation and
control of the network. This asymmetrical functional or-
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ganisation leads to a higher ressource consumption in
the communication master. Additionally, data exchange
over large or variable distances lead to a necessaty of
bigger guard distances. An other disadvantage is a fixed
bandwidth allocation for each S/C, a fixed time slot is re-
served for each S/C whether or not the data need to be
send.

In this paper we propose two channel access methods
for nanosatellite networks, both based on asynchronous
time-division rules for packet switching: foken passing
and random access (RA). In both cases P-to-P proto-
cols are used, only one P-to-P connection is possible at
each time. A bi-directional P-to-P data transfer is time-
duplexed and organised in relatively short sessions with
variable lengths. Each session consists of a number of
TDD frames (see Section 8). In this context, a suitable
channel coding is very important.

There are two basical principles of channel coding. If
the errors are corrected at the decoder it is called for-
ward error correction (FEC). This approach is better if
the channel is bad, but not too bad. The reliability de-
pends on channel quality while the data throughput re-
mains constant. FEC seems to be a better choice for
simplex channels, e.g. for payload data downlinks. Er-
ror correction is especially recommended for pico- and
nanosatellites satellites, where not much power onboard
the S/C is available [6]. Some bit errors in payload data
can be tolerated if the decoder can detect error blocks in
the data stream. The second principle is based on auto-
matic repeat request (ARQ). In contrast to FEC, here the
reliability is constant and the data throughput can vary
depending on the channel quality.

A hybrid scheme is defined as the best approach for
nanosatellite networks because of two reasons. First of
all, the communication distances in a nanosatellite net-
work, as these defined herein, ranges from some hun-
dred meters to hundred kilometers or even more. Huge
distances and low ressources make a reliable communi-
cation with nanosatellites very challening. In addition, no
directional antennas can be used in nanosatellites and
an omni-directional antenna with a truly isotropic power
pattern is not possible. An additional coding gain is a
good choise to meet the requirenments, but cannot en-
sure a loss-free data exchange in an autonomous dis-
tributed satellite system. On the other hand, when a
bi-directional data transfer is required, ARQs can make
the transmision reliable at very low signal-to-noise ratios
(SNR).

A token passing scheme (see Figure 3) is collision-free,
easy to implement and proposed to be a good choice for
formations with a small number of nodes. In this case
no routing is needed. In case of a line network topology
(Figure 1c) the token is passed from one end of the for-
mation to the other and back again. For fully-connected
topologies (Figure 1b) a token ring organisation is pre-
ferred. The data throughput is disadvantageous as in
this case multi-hop connections are used although each
particular pair of nodes can be interconnected directly.

More advanced concept is the random access (see Fig-
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S/C no.1 I:I:I:I:I:II

[
Il

S/C no.2 : [I:I]
S/C no.3 I:I:I:I:I:I:I:l 5 .
mm

S/C no.5 I:I:I:I:I:I:l

Figure 3. Token passing (ring). Boxes indicate short bi-
directional sessions with flexible or fixed lengths. Dotted
lines stand for token passing.

ure 4). RA is preferred fo meshed topologies where
multi-hoping is unavoidable and there is a great num-
ber of nodes. Through a natural space separation even
simultaneous links on the same channel are possible.
Bacause each session consists of several TDD frames
(see Section 8), in case of an collision not the whole data
is lost but collided frames only. This scheme can be ex-
tended through a collision avoidance rule and/or a power
control technique.

S/C no.1 mm]]]] Um

S/C no.2 m]]][m]

S/C no.3 1 1
S/C no.4 1 ]

SIC no.5 I

Figure 4. Simplified diagramm for random channel ac-
cess. Boxes indicate short bi-directional sessions with
flexible or fixed lengths. Shadowed boxes indicate ses-
sion frames which have collided.

8. DATA LINK LAYER

A data link layer must incorporate rules or procedures
for link establishment, for lossless data transfer and
for terminating communication. A P-to-P protocol and
time-division duplexing seems to be a best solution for
nanosatellite networks and performs well especially in a
meshed topology where multi-hoping is unavoidable and
no central controller is beneficial.

Two ends of a link are called caller and responder. A
caller satellite is the initiator of a session establishment
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process. A responder satellite receives session estab-
lishment parameters from a caller. A session is a contin-
uous dialog between caller and responder. It consists
of three distinct phases: session establishment, data
services and session termination. The point-to-point bi-
directional TDD data stream is divided into frames with
constant length tyy (see Figure 5). Each frame contains
two subframes: one caller frame (Xmt) and one respon-
der frame (Rcv). The data transfer is asymmetrical, Xmts
are longer as Rcvs which typical consist only of an ARQ
or control informations. Each Xmt consists of a pream-
bel (Pr) for one-shot packet frame synchronisation, one
or two headers and one data block. Rcvs have a sim-
ilar structure. It can be easily shown that the time t;
(Figure 5) is equivalent to the two-way propagation de-
lay 2t,. To keep the frame length constant, ¢; + ¢ is
selected to be slightly more than the time needed for the
maximal distance between two satellites.

tw
Xmt Rcv
NN NN ZZZE
Pr LO L1 Pkt Pr LO L1
(a)
Xmt Rcv
NN S NN
Pr LO Pkt Pr LO Pkt

(b)

Figure 5. TDD frame structure. (a) Link establishment
and adjustment phase. (b) Data transfer phase (with
ARQ possible in one direction only).

The so called zero layer header (L0) contains 12 BPSK
modulated and convolutional coded data bits with the
code rate r= 1/2. A frame counter for the ARQ pro-
cedure and data direction informations are provided by
LO. The modulation and coding scheme can be changed
quickly during the session depending on the channel
condition by L1. L1 is used for i) session establishment
and ii) adaption of the modulation and coding scheme
during data transfer. Parameters like S/C caller and re-
sponder IDs, modulation and coding options are also
provided by L1. L1 includes 31 bits, the modulation and
coding are the same as in case of L0 to guaranty a low
bit-error probability in bad channels.

Once a session is established and the channel is sta-
ble, no L1 header is necessary anymore, so more band-
width can be provided for data packets. The responder
answers during data transfer phase with L0, wich is de-
tected by caller as an acknowledge (ack). If no ack can
be correctly decoded by the caller within the time 1 + ¢
(negative acknowledge, nak), Pkt will be retransmitted in
a new Xmt frame. The ARQ protocol follows the clas-
sic stop-and-wait procedure. A terminating rule is imple-
mented for the case that only naks are detected and the
SNR is not good enough to guarantee an orderly data
transfer on lowest modulation/FEC combination.
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As for data packets (Pkt), an adaptive coding and mod-
ulation (ACM) scheme is used, the parameters are as
follows.

- BPSK, convolutional coding with r = 1/2
- BPSK, convolutional coding with r = 3/4
- QPSK, convolutional coding with » = 1/2
- QPSK, convolutional coding with r = 3/4
- 16-QAM, convolutional coding with r = 1/2
- 16-QAM, convolutional coding with r = 3/4

The modulation and coding scheme can be quickly
changed within few TDD frames depending on the cur-
rent SNR. A SNR detected by the responder is trans-
mitted in each Rcv frame. After receiving of few Rcv
frames and building an average SNR value (wich can
take some ten milliseconds), the caller makes a decision
about the necessity of a changing the modulation and
coding scheme based on responders and his own SNR.
An adoption occurs then by caller that sends a L1 header
within the next TDD frame.

The optimal Pkt size n (netto) depends on error prob-
abilities, which are different for Pr, LO and Pkt, pp,,
paqar and ppy; respectively (we consider the data trans-
fer phase from Figure 5b). prq- and ppi: are given
through BERs p,, for Pkt and header (py,,,,. and py.,,)-
The average time ¢y for a correct transmission to be re-
ceived in an AWGN channel is given by

ty =tw/(1 —p) (1)
1 —pP= (1 - pPT)(l - prd'r)n/(l - pbPkt)n (2)

where tyy is the length of the whole frame, n’ = 12 is the
bit number for LO and n is the bit number of the packet
to be defined. n’ and n are given without FEC bits. The
maximum throughput \,,.., in frames/second, is then
just reciprocal of ty,. The average data rate D, in bits/
sec delivered in responder, is then, D = A\4.n. The
frame time ¢y can be derived from the symbol rate C'in
baud and from the number of all symbols in a frame ny
inclusive a symbol equivalent nypp for the time t1 + ¢5:
nrpp = C(t1 +t2). Assuming that the symbol rate C'is
80 kbaud, for normalised data rate D/C,

tw =nw/C @)

1
tw :5(2711% +2nr0/rHdr+

0.5n/rprt +nrpp + N1 /THAr)

tw = (0.5n/TPkt +nrpp + 174)/C (5)

TL(]. - pPT)(l - prdT)n/<1 _pbpkt,)n (6)
(O.SH/TPk)t +nrpp + 174)

D/C =
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OPTIMUM PACKET SIZE
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Figure 6. Optimum packet size for QPSK with symbol
rate fs = 80 k and convolutional coding with coding rate
r=3/4andk =29.

Computer simulations have shown that n,,; depends rel-
atively little on pgq4- and pp,.,, for given frame structure.
For ACM there is an additional difficulty in connection
with n,,; since it depends on the modulation and coding
scheme. The example which is given here is for the nom-
inal case of QPSK with convolutional code rate r = 3/4
and k= 9. If the bit-error probability is choosen to be
Popr, = 1074, one should be able to calculate the op-
timum packet length n,,; from Equation 5. In Figure 6
optimum packet sizes for different bit-error probabilities
are shown. Three different nypp values for 1, 10 and
1000 km are processed. nrpp should be changed for
each mission independently based on the maximum the-
oretical communication distance. 100 km are proposed
to be a good approximation for nanosatellite networks.
Nopt 1S then approximately 1120 symbols. The maxi-
mal theoretical channel bitrate with QPSK and code rate
r = 3/4is then 99.7 kbps and the average bitrate at BER
Popr, = 1074 is 84.2 kbps respectively.

9. FUNCTIONAL ORGANISATION

The network layers above the data link layer are pro-
posed to be impelented on a S/C controller. As
nanosatellites have very limited ressources onboard, it
is mostly probable that no separate network controller
can be used in practice, and therefore the S/C onboard
computer (OBC) must be used for network control. In
this section a brief overview of the functional relation-
ships between the ISL communication terminal and the
OBC is given.

In Section 5 a routing algorithm was proposed. A routing
function is provided by the network layer. According to
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the proposed memoryless routing rule the network layer
must be able to calculate the current geometrical rela-
tions inside the whole nanosatellite network. It can take
place via an orbit propagator. As the orbital elements
changes relatively slowly compared to the speed of the
distributed network algorithm, there is no need to handle
these changes by the network layer itself. This function
can be provided by higher layers and the realization can
be different for each mission.

The functional corellations between the date link layer
and the network layer is related to the Proximity-1 proto-
col proposed by CCSDS for planetary missions where
autonomous communication terminals are used [2].
Here we give only a short overview of the protocol. Vari-
able length frames are used for data exchange between
the S/C controller and the ISL terminal. There are two
kinds of data units. One data unit is for unspecified data
provided by a data service and the other unit for user and
control informations, typically generated by the network
layer (see Figure 7).

CALLER RESPONDER

S/C Controller & Data Service User
LI | 1 N A
LI 1 JAY 7AY

Vv L2

Data & I/O Services

S/C Controller & Data Service User

yAvAY 74
1 I |
e/ _ . 1
—> User Data Flow [ userPlane
— > ARQFlow
—m> Init Session |:| Control Plane

o Set Working Channel Params,
Follow Cntrl, Session Termination

..... P ACM Directives/Reports

Figure 7. Flow of data and messages.

10. CONCLUSION AND OUTLOOK

A network architecture for distributed nano satellites was
proposed within this paper. A concrete routing algorithm
for dynamical satellite networks was identified and de-
scribed. Also a time-division based data protocol for the
data link layer was specified with an analysis of the op-
timal packet size which depends on error probabilities.
The functional seperation of network layer and data link
layer enables easy adaption of the ISL terminal into other
missions.

The proposed routing algorithm and data link protocol
will be implemented and tested in a dedicated suitcase
test with five communication nodes. The results will be
presented in following publications.

Overall, the small satellites can benefit from changing
the focus from one-of-a-kind large spacecraft towards
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a group of smaller satellites, and a large number of
applications require a crosslink capability between au-
tonomous spacecraft.
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SYMBOLS AND ABBREVIATIONS

(V, E) Communication graph
Set of vertices (nodes)
Set of edges

Coderate

Data rate

Symbol rate

Probability of a bit-error
Constraint length

ack Acknowledge

TFQUITEEQ

ACM Adaptive Coding and Modulation

ALOHA  ALOHA net, ALOHA protocol

ARQ Automatic Repeat Request (Query)

AWGN  Additive White Gaussian Noise

BER Bit Error Rate

BPSK Binary Phase Shift Keying

CCSDS The Consultative Committee for Space Data
Systems

CDMA Code Division Multiple Access

COTS Commercial On-The-Shelf

DSS Distributed Satellite System

FDMA Frequency Division Multiple Access

FEC Forward Error Correction

IADC Inter-Agency Space Debris Coordination
Comittee

ID Identifier

ISL Inter Satellite Link

LEO Low Earth Orbit; niedrige Erdumlaufbahn

LOS Line-of-sight

nak Negative Acknowledge

OBC Onboard Computer

P-to-P Point-to-point

QAM Quadrature Amplitude Modulation

QoS Qualities of Service
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QPSK Quadrature Phase Shift Keying

PFF Precise Formation Flying

RA Random Access

RAM Random Access Memory

RF Radio Frequency

S/C Spacecraft

SFCG Space Frequency Coordination Group

SNR Signal-to-Noise Ratio

TDD Time Division Duplex

TDMA Time Division Multiple Access

UHF Ultra High Frequency

uwB Ultra Wideband

VHF Very High Frequency

Pr Preambel, synchronisation field

LO LO frame header

L1 L1 frame header

Pkt Data packet, information field from network
layer

Xmt Caller frame

Rcv Responder frame
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