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Abstract

Satellite systems are designed as a backup system to the
existing land based wireless systems. Because of the global
coverage of the system it becomes more economic for the rural
areas where there is no wired infrastructure of communication.
Besides being more economic to the rural areas the satellite
networks are not affected by the natural disasters and continue
to give the service in such situations. In this research a routing
method in a routing set concept is investigated. The system tries
to minimize the maximum flow over a given set of shortest paths
from the source to destination and aims to leave additional
capacity over the inter-satellite links to be able to utilize better
the limited capacity and, also, to avoid the congestion.

1. Introduction

The operators of new satellite systems give more importance
over communication satellite networks than broadcasting
systems since, they believe that on the average 50% of the world
population will be living in rural areas in 21st century [1]. Along
with the population need it will be preferred for the services that
could be given on satellite networks such as health care,
education, crisis management, environmental monitoring,
electronic commerce and Internet [2, 3]. Also, the satellite
networks are thought as a backup communication system where
land based communication networks exist, because the satellite
systems do not suffer from natural disasters (earthquake, flood,
etc) and continue to give service globally.

The system is convenient for various QoS requirements for
different communication needs as bulk transfers, video
broadcasts, video conferencing, interactive computing, voice
calls, distance learning, etc. [4, 5] and is intended to augment the
existing terrestrial and cellular networks [6].

This paper will introduce a new packet routing mechanism
over interconnected satellite networks that will be based on
Routing Set (RS) concept and will give simulation results of
some scenarios. It is known that the continents where
communication can occur are located around the equator,
namely, below the 60 latitude. This means the communication
path distances between the satellites (inter satellite links) over
the communicating regions are approximately equal. This last
brings the result that a communication’s propagation delay is
related to the number of satellite nodes (hops) it passes. The RS
method proves that all of the alternative shortest paths between
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source and destination pairs have the same length. This means
the propagation delay is the same for all path alternatives of the
communication pairs. Our path finding algorithm tries to
minimize the maximum flow over the RS. This method implies
knowledge of the flows over the RS (not all of the network). The
resulting network is a better-utilized and balanced flow network.
This last reduces at the same time the processing delay and
minimizes the buffer requirements of the switching nodes.

The second section categorizes and describes the satellite
networks. Section 3, introduces the Routing Set concept. Section
4 will deal with Min Flow Max Residual (MFMR) routing
algorithm. Section 5 will describe the test network, the related
scenarios that will be simulated over the network using the RS
and MFMR and will give the performance evaluation. Section 6
will conclude the paper.

2. Satellite networks

The satellite network suffers from the propagation delay. It is
known that in an interactive communication the delays above
400 msec become “annoying” [1]. The delay is related to
various factors. The most important is the propagation delay.
Since the propagation path is long compared with land based
systems the satellite networks are inherently slower than other
networks. The altitude of the satellite constellation affects the
delay. Due to Van Allen Radiation Belts the satellite networks
can be at 3 different range of altitudes (orbits): Low Earth Orbit
(LEO) satellite networks, below the first belt (500-1500 km);
Medium Earth Orbit (MEO) satellite networks, between the first
and second belt (5000-12000 km); and Geosynchronous Earth
Orbit (GEO) above the second belt (20000-...km). The resulting
end-to-end propagation delays from ground to ground are 20-
25msec for a LEO, 110-130msec for MEO and 250-280msec for
GEO systems [1, 7].

Thus, satellite systems can be categorized according to their
orbits. The Geosynchronous orbit satellites are located over the
equator and have the same angular speed as the earth. This
means that a geosynchronous satellite keeps its place at the same
point in the sky for a reference point on the earth. Its service
area is constant and is called a footprint. The MEO and LEO
orbits being closer to the earth in order to keep their satellites at
the same altitude have to do a bigger angular motion compared
to earth. This results in a motion of a satellite seen from a
reference point over earth. That’s why the service area of a LEO
or MEO satellite changes during a tour. In order to give a



continuous service with a LEO or MEO satellite the system has
more than one satellite nodes and they are moving on the same
orbit with the same direction and angular speed. In such
constellations the system can have two types of network
architectures. In the first architecture bent pipe satellites are used
and the system sends the messages to a ground switching center
and the center routes the message over wired networks and
broadcasts the packet at the destination satellite which, in its
turn broadcasts the message to its footprint area and the
destination terminal receives the packet. In the second type of
architecture the satellites have switching capabilities and inter-
satellite links and can route the packets in the air. The routing
information can be static or dynamic. In static routing all of the
route information are decided and uploaded to the satellite
nodes. In dynamic routing the paths are rediscovered every time
a new call (in circuit switching) or packet arrives (in datagram
routing). The routing information can be discovered by a ground
switching center or by the satellite itself. In both cases the
satellites have to forward the packets along their inter-satellite
links. The satellites in the same orbit do not change their
position relative to the others in the orbit. Thus, they keep the
same inter-satellite links (ISL) with their neighbors. These links
are called intra-orbital links. They may have other links to the
neighboring orbits. These links are called inter-orbital links [8].
The number of required satellite to cover the intended service
area, ISL and required channels are described in [9]. The orbits
used by these satellites are given in [10].

Besides the satellite networks, high-altitude aeronautical
platforms also are being designed in order to give metropolitan
area coverage with low-delay communication [11].

The satellite network architecture looks like a Twisted
Manbhattan network given in [12]. In fact, the real network has
small differences that affect the optimal routing in this mesh
architecture. The real architecture is given in Figure 1. The
satellite network has two seams. Each seam is presented with a
different shading on the figure. The upper right and the down
left sides of the network are neighbors, However, since they
move in opposite directions, they continuously break their inter-
orbital links and reconnect with the next arriving satellite.

In Figure 1, the ground relative positions can be thought as
fixed and the routing can be done accordingly. This means that
the routing can be done according to source-destination pair
positions on earth. If we consider an instant and think the
network as static, the routing can be done easily. In our
assumption, we associate the routing information with the
current coordinates of the node it is found. The coordinate of the
satellite is given by (s, 0) where s it them position of satellite in
the orbit counting from North Pole and o is the orbit number.
For the next instant of time where a new satellite comes to the
position, the recent satellite can forward the routing and active
connection information over the ISL. Polar orbit satellite
networks are special case topologies. All of the satellite nodes
pass through the poles. In such a topology we can specify the
network with the number of orbits and the number of satellites
per orbit. Because of the spherical shape of the network, there
exist more than one path to the destination node. The discovery
of the shortest path depends on the direction where the
destination is searched. In order to find the direction, a virtual
network is introduced in the next section.

The performance of the system is a key issue in networks. As
the satellites are moving faster than mobile nodes on earth the

transmitter and receiver will do handover very often. New nodes
and also the whole network should guarantee the QoS especially
to multimedia service users. Critical QoS parameters are given
in [13, 14]. Besides the QoS, the communication protocols such
as TCP/IP [15] or medium access control protocols [16] should
be redesigned or modified in order to be used over satellite
networks.
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Figure 1. The satellite network topology

3. Routing Set

Since the satellites cover smaller areas in LEO systems, the
traffic requirements become unbalanced [17] due to high
population in cities and low at rural areas. The communication
requirements between high population areas are larger. This
problem can be resolved by distributing the flow in a balanced
way over all possible ISLs between the communicating nodes.
Recent research includes Dogleg, Parallel Highway and Polar
Hop routing methods [18]. In Dogleg routing, the path is first
horizontal and vertical or the reverse, but never both at the same
time. In Parallel Highway routing, the flow is routed over a
parallel path to the shortest paths. This is used to distribute the
high flow outside of the crowded regions. The last one is the
Polar Hop. In this method, all of the connections are routed over
the path that pass through the polar region.

The footprints of satellites move faster than any terminal on
earth. This causes to frequent handovers of terminals from a
satellite to the other. This is called satellite-fixed cell system.
The alternative of this is the earth-fixed cell system [19]. In this
method the cell on earth is fixed and the satellite’s antenna
beams are steered so as to point toward this fixed cell during
some interval of time. In either way the source-destination pair
and the path between them are transferred to new satellites
coming to the positions where the path was passing through. In a
network where the intermediate nodes are changing all the time
in a constant way the path handover becomes important.
However, if the orbit period is divided into convenient small
time intervals, the network can be thought as fixed during these
intervals. The routing can be done according to this static
network, since the newly arriving satellite will take the place of
its ancestor. In some recent work, this network is considered as
having finite states (Finite State Automation FSA) and all the
routing decisions are pre-calculated for all states (static routing)
in [20] it is shown that static routing gives better results than
dynamic routing. In some work, it is believed that the FSA
assumption is not realistic and the path has to do handover in
every moment where the underlying network architecture
changes due to the satellite motion and the routing must be done
according to the probabilistic model that chooses the least



probable handover ISLs as the most convenient path. This is
called the Probabilistic Routing Protocol (PRP) [21]. But this
method assumes that the link cost is a function of the time and
location homogeneous traffic load [22]. Whereas this
assumption is not realistic since the traffic is not time-
homogeneous. New traffic can easily congest the PRP path and
leave the other paths underutilized. The maximal resource
requirement of a path is determined by the hop count and by
using a minimum hop count path will reduce the maximum
resource consumption [23]. In our work we will use this
assumption. If we consider the network in Figure 1, we can see
that there exists more than one shortest path from the source to
the destination. We call all the nodes in the rectangle, where the
source is a corner and the destination is the other on the
diagonal, a Routing Set (RS). All the directions toward the
destination are located on a shortest path from the source to
destination.

In Figure 2, all possible paths are shown. It can be proven
that all of the paths using any one of the links with the specified
directions are equal and are shortest paths. It can also be proven
that the paths using these directions are loop-free. Thus, the
routing problem for a satellite system becomes the “shortest
path” discovery problem. However, since the network is
spherical and there exist many RS between the source and
destination and most of them pass through the polar region or
through the horizontal plane a virtual network has to be
considered while finding the right RS.
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Figure 2. Paths from the source s to destination d.

We assume N orbits and S satellites per orbit. Because of the
spherical shape of the earth, the first and the N™ orbits are
neighbors in both sides. The nodes between the borders of these
orbits are called seams. The border orbit satellites of different
seems that are neighbors are counter-rotating. The satellite
network will look like the topology shown in Figure 1, if we
ignore the spherical shape of the earth. The real satellite network
a virtual routing model of the whole network is presented in
Figure 3.

In this model, all the real source and destination pairs are
located in the center rectangle, namely in Net 1 and/or Net 2.
The routes will be calculated on this virtual network and
mapped back to the real connections. Suppose we have the
source in Net 1 and the destination in Net 2. The destination
node will be placed, according to a mapping function, virtually
in all Net 2 and Net 2. All the routing sets will be formed
according to single source and multiple virtual destinations
pairs. The minimum number of hop RS will be selected as
primary RS since it includes the shortest path candidate. In this
virtual network the maximum hop count for routing sets Lg can
be calculated by the following formula:

Net 11 Net 2 Net 1
((-S/2, -N),(-1,-1)) ((-S/2, 0),(-1, N-1)) ((-S/2,N),(-1,2N-1))
Net 21 Net 1 Net 2%

((0,~N), (S/2-1,-1))

((0,0), (S/2-1,N-1))

((ON), (S/2-1,2N-1))

Net 11 Net 2 Net 1
((8/2,-N),(5-1,-1)) ((S/2, 0),(5-1, N-1))

Net 21 Net 1 Net 2%
((5,-N),(35/2-1,-1)) ((5,0), (35/2-1,N-1))

Figure 3. Virtual routing model.
Lr=[Xa-Xs|+[ya-Ysl|

We assume that satellite positions are given by the pair (X, y)
where x represents the axis and y the ordinate on the coordinate
plane. All the routing are calculated based on this node
positions. For the shortest path the RS with the minimum length
is chosen and the path is found in this RS. In this network, the
direction of the RS is calculated by evaluation of formula (1) for
six RS candidates (namely six addition operations). The path is
selected within this RS and mapped back to the real nodes. The
shortest path in our network is chosen by a flow distribution
mechanism that will be described in the next section.

4. Minimum flow maximum residual
(MFMR) path

We have chosen the boundaries of the communication path
up to now. Every alternative path has the same length. During
this step a routing algorithm has to be chosen. The algorithm has
to [24]:

*  Be of an average complexity,

* Do loop-free routing,

. Converge,

*  Have minimum computational overhead,
*  Have storage overhead.

In [8], the minimum propagation delay is taken as basis for
routing and the number of hops is not considered. In the same
work, the length of ISLs near the pole are assumed as shorter
than those near the equator. Moreover, routing over the polar
ISLs seems to have less propagation delay. However6, in this
method the polar ISLs will suffer from congestion. Also, the
population percentage is higher close to the equator than to the
Polar Regions. Which means that most of the ISLs within a RS
have approximately the same length and choosing the least
propagation delay path will congest the link whereas the other
links will remain unused. This method will minimize at the same
time the call blocking probability that is one of the main
constraints in [20]. In our method, it is assumed that all the ISLs
have the same length in order to give the same priority to all the
paths.

In [22], the satellite network topology is considered as
changing during time because of the constant motion of
satellites. However, as the number of satellites grow (e.g. 66 for
Iridium and 288 for Teledesic, etc.) with the FSA assumption, at
a given instant, all of the satellites have their four ISLs

((S/2.N),(5-1,2N-1))

((S:N),(35/2-1,2N-1))




connected to their neighbors and the topology can be considered
as described in the previous section. The routing that best uses
all the paths within the RS becomes the minimization of the
maximum flows on all links.

If we formulate the offline max flow routing we get;

4.1. Given
C : link capacity
T mn, pq .
: traffic requirement from (m,n) to (p,q)
O : Number of orbits
S

: Number of satellites per orbit

X m-p : available links matrix from (m,n) to (p,q)

[y mn, pg mn, pq
X 00,00 X 00,10

mn, pq
X 10,00

X mnPA =

mn, pq
05,05 |

X imqu = {0,1} :1 if link from node (i,j) to node (k,1) is

included in the rectangle from source node
(m,n) to destination (p,q)
0 otherwise.

(m,n) : coordinates of source

(p,q) : coordinates of destination

4.2. Unknown

fi - flow from node (i,j) to (k1)

ijn,nkr},pq : flow from node (i,j) to (k1) due to source

(m,n) to destination (p,q)

4.3. Offline problem P becomes

Minimize the maximum flow on any link

> S
ij .kl
Min z = Max{i(m’")(p’g }

4.4.  Subject to:

mn,pq
fij,kl < C‘Xij,kl

0(m, ), (p, ), (i, ), (k.1
—T "™ if 0. ) =(m.n)
TG D) =(p.a)

0 otherwise

mn.pq _ mn,pq —
z fkl,ii Z fii,kl -
Kl kI

xiiﬂ[pq = {0’1} D(ma n)a(pa q)a(la J)a(kal)
fnP=0

ij.kl D(ma n)a(paq)a(la J)a(kal)

But our problem is an online problem and we solved the
routing problem by using a modified Dijkstra’s algorithm for
shortest path [25]. In this algorithm the ISL capacities can be
different considering that the topology can be formed by using
different satellite nodes and different operators. The algorithm
takes the current flow on link as the path’s cost and chooses the
least cost path having the most residual capacity.

5. Performance evaluation

5.1. Test sets

During our simulations we worked on 6 orbits and 12
satellites on each orbit. All the population is assumed to live in
continents, so the transmitting and receiving nodes are placed
over the continents or close to continent and not over sea. The
satellite locations and coordinates can be seen on Figure 4.
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These sets of satellites are chosen as compatible with the
work in [18].

Since there is no operational satellite network yet, the traffic
parameters are taken to be as generic as possible. The flows are
non-bifurcated, that means the calls are circuit switched and the
routing is done at the call initiation and circuit switching time.
Important parameters here are the call holding time and the load
of the call as in [22]. The nodes generate calls that inter-arrival
times are exponentially distributed. Also, the loads of the calls
are also exponentially distributed according to three load level
that are specified for every scenario: light, normal, heavy. In
some work the distributions are taken as uniform or non-uniform
which are not realistic for such a communication (though it is
specified as unrealistic in the same paper [6].) The exponential
inter arrival time results in Poisson distribution. The scenarios
are described in Table 1. For detailed scenarios refer to 26

Table 1. Scenario descriptions.

Scenario | Description
1 Comm. within continent, no inter-continental calls
2 Disaster in a country (2,2)hot spot, short calls, light load

The scenarios and the traffic parameters are given in the
following tables. The first scenario, tests the system for intra-
continental traffic with various traffic flow requirements. The
second scenario assumes a natural disaster at Middle East and
all the rest of the world tries to make a voice connection with the
lowest possible flow rate (hot-spot).




Table 2. Parameters for Scenario 1.

Grp Transmit Rceving Call (sec) Load (10°pk/sec)
1 0,2), (1,1), | (0,2), (1,1), 40 H. flow: 10
@n, 1,2), | @D, (1.2,
(2,2) (2,2)
2 (1,2), 2,2), | (1,2), (2,2), 40 L. flow: 4
(1,3), (2,4) (1,3), (2,4)
3 4,0, 3,2), | 41, (3,2), 40 N. flow: 7
“4,2) “4,2)
4 0,9), (5,3), | (0,9), (5,3), 40 H. flow 10
54 54
5 (3,10), (3,10), (3,9), 40 L. flow: 4
(3.9, (4.9), | (4.9, (5.8),
(5,8), (5,7) 5,7
Table 3. Parameters for Scenario 2.
Grp | Transmit Reving | Call (sec) | Load (10°pk/sec)
1 (3,10), (3,9), 4,9), | (2,2) 40 L.flow: 5
(5,7), (5.8), (0,2),
(L1, 2,1, (1,2),
(3.2), (1,3), 24,
4.1), (4.2), (0,9,
(5,4), (5,3)
5.2. Result of the simulations

Since there is no operational satellite network yet, the routing
is evaluated on a simulator, Opnet Modeler 7.0.B. As the
objective of the routing was to minimize the maximum flows on
the links, the scenarios are evaluated for their link flows. The
maximum flow of the network is represented by the link with
the maximum flow during the overall simulation time. The
simulation durations are chosen as 1000 sec for the first scenario
and 2000 sec for the second and the third scenarios. Each
scenario is run 10 times and the maximum of the result is
chosen. In the first scenario, besides the max flow, the end-to-
end delay for various number of hops are evaluated. In the
second scenario, the surrounding nodes of the hot-spot are
evaluated for their max flow and buffer requirements. In the
third simulation, the max flows of critical links around the intra-
continental hot-spot are evaluated.

Scenario | Max Flow

~ 60 50
8 40
S 40 30 O MFMR
> 21 20 20 -
i:; 20 | 16 19 m Exhaustive
(0]

O Fow Reg.
8 oM el] ol | [ | 0 [ 9

Group Group Group Group Group
1 2 3 4 5

Groups

Figure 5. Comparison of the maximum flows

The maximum flows in each group are close or equal to the
ideal case. The ideal case is evaluated by using exhaustive
search. The flow requirement of the group is the sum of
individual flows of the nodes in the group. The MFMR is below
the total flow requirement of the network. This last means that

the flows are distributed over the RS and no additional flow
from the other groups is routed over the specified RS. In Figure
6, it can be seen that even for the worst case (5 hop) the end-to-
end delay from ground to ground is below 400msec.

Max delay vs number of hops

©
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Figure 6. Effect of number of hops to the end-to-end delay.
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Figure 7. The max flows around the global hot-spot.

In the second scenario, the max buffer sizes of the
surrounding satellite nodes are recorded. It is seen that, during
the simulation, all the surrounding nodes had at most 3000
packets in their buffer at the same time. This results in that for
the case studied distributing the flow over the RS reduces the
processor utilization on the satellites. The resulting max flows
around the hot-spot is given in Figure 7.

In the global hot-spot case the flows are evenly distributed
around the satellite node. However, it should be noted that the
hot-spot is chosen right in the upper middle of the
communicating nodes. This position is a place where the nodes
are distributed evenly in both directions (to the left and right.)
The maximum flow of the overall network is 30,000 pk/sec.

The route calculation algorithm does not reserve channels
before the connection establishment and while the path is chosen
as most promising for a source, some others may be chosen the
path and sent the channel reservation message. In this case, the
system waits until one of the connections finishes, but the
maximum value is captured by the probes and represented as a
bad case on the graph.

The RS routing method gives better results when the RS is
bigger. In the global communication case, the system can chose
as a RS all satellites, which results in better distribution of the
total flow. As the flows are distributed over the RS, the satellite
nodes are less utilized and the buffer size requirements are
limited to 3000 packets for the studied case. The RS algorithm
intends to distribute the flows over all the available shortest path
routes in order to reduce the link utilization and prevent the
congestion. The algorithm tries to use the underlying network
better than the dogleg, parallel highway and polar hop since it
uses the shortest path route and the minimum flow link as the
most convenient link.

@
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6. Conclusion

The satellite networks are designed to give global coverage
and communication services. The system, being far from the
mobile terminals located on earth suffers from the high delay
compared to land based wired networks. The satellite system is a
backup network to the land based systems. Moreover, the
network is not affected by the natural disasters and is more
economical to reach the rural areas where land based
communication systems become expensive. Since the system
globally covers the earth, the potential number of subscribers is
much more than land based wireless systems. This number of
potential subscribers causes high network flow on the satellite
system. Some research assumes that the link propagation delays
are the bottleneck of the satellite systems and route accordingly.
In this work, the Routing Set concept and the minimization of
the maximum flow for satellite systems are designed and
simulated. The system assumes that most of the population lives
below the 60™ latitude on earth. This assumption gives the right
to have all the inter satellite links between the neighboring orbits
equal. This results in the fact that choosing the minimum hop
path between the source and the destination pair will reduce the
processing delay and, the most important will distribute the
maximum flow over underutilized links. This method will keep
additional capacity on the links and on the satellite processors.

Three scenarios are implemented and simulated on Opnet.
The scenarios are designed for representing the normal
operation (Scenario 1) and the natural disaster case where all of
the nodes try to reach the hot-spot area with the simplest service
(Scenario II). In the last scenario (Scenario III), the network
simulates the continental hot-spot case. For the studied cases, it
is seen that the system tries to minimize the maximum flow and
reduces the buffer sizes at the satellite nodes and also keeps the
end-to-end delay from ground to ground under the upper
boundary of interactive communication (400 msec).
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