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Abstract—Mobility management is required to ensure the
session continuity for multiple IP-enabled devices onboard a
satellite that hands off between ground stations. Network Mobility (NEMO) can efficiently manage the mobility of multiple
IP-enabled devices that are connected as a mobile network.
However, existing mobility management solutions for satellite
networks are unable to route through intermediate satellites
links when a direct connection with a ground station is lost.
We propose an architecture of NEMO in satellite networks with
the routing through multiple satellite links using nesting where
a mobile network connects to another mobile network. However,
NEMO Basic Support Protocol (BSP) can be inefficient in satellite
networks due to poor nesting formation leading to the routing
loop, inefficient routes and overloaded links. We extend NEMO
BSP for the efficient use in satellite networks by augmenting it
with a decision criteria for the nesting. Results verify that the
extended protocol ensures loop-free and continuous connection
despite the loss of direct connection to the ground, and provides
an insight on how to form the nested NEMO to avoid overloading.
The architecture and the extended NEMO protocol can be used
for the efficient and continuous transfer of data from satellite
networks to the ground.

I. I NTRODUCTION
Satellite networks consist of different types of satellites,
connected to the ground using space links. One of the most
important use of satellites is to collect Earth observing data
that are used to monitor flood, wildfire, volcanoes and other
cryosphere events [1]. To monitor the commercial aircrafts’
safety, the transfer of real-time data from aircrafts can be
another significant job of satellites in future [2]. To transfer
such data to the end-users through the Internet [3] or to the
Internet Protocol (IP)-enabled end users, future satellites will
contain multiple IP-enabled devices. At present, IP is being
used to transfer imaging data, collected by satellites in the
Disaster Monitoring Constellation, to the ground to aid in
disaster area relief operations [4].
Low latency and better coverage of the Earth make Low
Earth Orbit (LEO) satellites preferable to geostationary satellites for the Earth observation. LEO satellites connect to
different ground stations as they rotate around the Earth
The research reported in this paper was funded by NASA Grant
NNX06AE44G.

resulting in the mobility of onboard devices that are connected to the Internet. To ensure the reachability and session
continuity, host mobility solutions, such as Mobile IP (MIP)
[5], Mobile IPv6 (MIPv6) [6] can handle the mobility. The
use of mobility protocols to handle the mobility of satellites
has been demonstrated in [7], [8]. However, host mobility
protocols are inefficient for handling the mobility of multiple
IP-enabled devices onboard satellites due to the increased
signaling, power consumption and difficulty in manageability.
Moreover, another routing protocol is required along with the
mobility management protocols to transfer data to the ground
when the satellite is not in direct contact with a ground station.
To efficiently handle the mobility of multiple IP-enabled
devices, Internet Engineering Task Force has standardized
Network Mobility (NEMO) [9]. In NEMO, devices that move
together, and a mobile router which manages the mobility
of the devices are connected as a network called the mobile
network. A mobile network can connect to another one to form
a nested mobile network. NEMO can be used to efficiently
handle the mobility of multiple devices onboard satellites.
Leung et al. [10] present the use of IPv4-based mobile
network within a single satellite. But it does not consider a
satellite constellation where satellites are inter-connected. Shi
et al. [11] propose a NEMO-like architecture for the satellite
constellation. The architecture proposed in [11] focuses on
handoff, and does not use NEMO for routing through multiple
space links. Our objective in this paper is to use NEMO to
handle the mobility of IP-enabled devices onboard satellites in
a satellite constellation network. The difference of our work
with the previous works is the use of nesting in NEMO for
routing through multiple space links when a satellite is not in
direct contact with the ground station.
In NEMO Basic Support Protocol (BSP), communication
with the mobile network is performed through a bidirectional
tunnel [12]. In [13], we demonstrated how NEMO BSP can
be used to manage the mobility of multiple devices onboard
satellites. We showed NEMO BSP providing continuous connectivity by using the nesting when a satellite is not in direct
contact with a ground station. The nesting handles the routing
through multiple space links. However, in a satellite constellation network there are multiple mobile networks available
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for nesting, and NEMO BSP does not provide any method
to choose a mobile network for nesting. Choosing a mobile
network in random will lead to a poor performance due to
the routing loop and overloaded links, and due to the ending
up at a nesting level higher than what would be possible by
making a rational choice. We aim to extend NEMO BSP with
the decision making capability to choose a mobile network for
the nesting while avoiding the causes of the poor performance.
In addition, the overhead resulting from the signaling and
tunneling in the nested NEMO warrant evaluation of NEMO
BSP in a satellite constellation network. We evaluate the
overhead of the extended NEMO BSP, and compare with an
optimal algorithm.
Our contributions in this paper are – a NEMO architecture
and extensions of NEMO BSP for satellite constellation networks, and the evaluation of the extended protocol to show its
effectiveness to transfer data from satellites to the ground. The
proposed architecture and the extension of the NEMO BSP
protocol can ensure continuous transfer of data to the Internet
despite movements of satellites along with the management
of the mobility of multiple onboard devices. The key feature
of the architecture and the protocol is the use of the IPbased protocol to handle both the mobility of multiple onboard
devices and the routing through inter-connected satellites.
This paper is organized as follows. Sec. II presents the
works related to the routing and the application of mobility
protocols in satellite networks. Secs. III and IV give a brief
description of NEMO architecture and the BSP, and of the
satellite constellation networks, respectively. Architecture of
NEMO in satellite networks and the extension of NEMO BSP
are presented in Sec. V. Evaluations of our work is presented
in Sec. VI followed by concluding remarks in Sec. VII.
II. L ITERATURE REVIEW
The transfer of data from IP-enabled devices in satellites to
the Internet requires the following:
• The routing of packets from the device to a ground station
requiring the handling of dynamic topology of satellite
networks due to handoffs of space links.
• The routing of packets from the ground station to the Internet host. The Internet routing can handle this provided
appropriate integration is performed.
There have been a number of research efforts to route packets
from one satellite to another through multiple intermediate
satellites. Korcak et al. [14] presented a priority metric based
on the amount of packets successfully sent, drop count and
queue size, to choose a route from multiple available routes
between a source and a destination. Routes are assumed to be
found using dynamic virtual topology routing [15]. The later
routing protocol relies on satellites predictable movement to
statically determine multiple topologies valid for various time
duration at various points of the orbiting time. A set of routes
are chosen from those topologies. However, a large amount of
memory is required to store all those routes.
Based on fixed logical positions of satellites, Ekici et al. [16]
proposed a control overhead free routing in satellite networks.
The logical position is determined based on the position of a

satellite with respect to its neighboring satellites, and is used
to uniquely identify the satellite. Extension of [16] is proposed
by Papapetrou et al. [17] for inclinations other than 90 degrees
and nonzero phase shift along with the load balancing. Routing
decisions are made per packet basis at each satellite. Mapping
of IP addresses to logical positions will be required to route
packets using the IP. Donner et al. [18] proposed the use
of Multi Path Label Switching [19] where ground stations
are label edge routers and request label-switched paths when
handoffs occur. Chen et al. [20] proposed a routing scheme for
IP over SATATM network with the focus on QoS parameters.
It takes the advantage of the predictability in the movements
of the satellites to achieve the QoS.
For a better integration with the Internet, satellite networks
could be considered as a mobile network with respect to the
Internet, and IP-based mobility management protocols can be
used to manage the mobility of IP-enabled devices onboard
satellites. There have been a few works on the use of IP
and IP-based mobility protocols in satellite networks. National
Aeronautics and Space Administration (NASA) has been experimenting with the use of IP in the satellite networks [7]. An
application of the MIP to satellite networks has been proposed
by Israel et al. [8] where an onboard device is considered as
a mobile host with mobility management agents residing in
terrestrial networks.
Leung et al. [10] presented the application of the IPv4based mobile network within a single satellite. In the IPv4based mobile network, a router is used inside a satellite to
route packets sent from multiple devices onboard the satellite.
Based on concepts similar to NEMO, Shi et al. [11] proposed
a satellite constellation network architecture that allows the
communication of satellite-hosts with hosts in the Internet
through satellite mobile routers while the relative movement
of satellites are transparent to the Internet. However, Shi et al.
focused on the fast handoff, and their proposed architecture
has to rely on the routing schemes, mentioned in the first two
paragraphs of this section, to transfer data from the satellite
to the Internet when a satellite is not in direct contact with a
ground station. In this paper, we propose NEMO architecture
in the satellite constellation network and extensions of NEMO
BSP to handle the mobility of multiple IP-enabled devices
onboard satellites. The proposed architecture and the extended
protocol will enable continuous transfer of data from satellites
to the Internet without relying on any other protocol.
III. NEMO
In this section, we present the NEMO architecture and
BSP [9]. This will help readers to understand the adaptation
of NEMO to satellite networks presented in Sec. V.
A. NEMO Architecture
Fig. 1 shows the architecture of NEMO. To manage the
mobility of nodes in a network collectively, one or more
Mobile Routers (MRs) act as gateways for the nodes which
could be of different types. A Local fixed Node (LFN)
does not move with respect to the mobile network. A Local
Mobile Node (LMN) can move to another network whereas
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a Visiting Mobile Node (VMN), which belongs to another
network, can get attached to the mobile network. A node
in the mobile network can even be an MR with an entire
mobile network behind it to form a nested NEMO i.e. a mobile
network connected to another mobile network. Top Level MRs
(TLMRs) are directly connected to the Internet through Access
Routers (ARs). During the movement of a mobile network,
MRs perform handoff and keep the movement transparent to
nodes in the mobile network. The network to which a mobile
network is usually connected is called the home network of the
mobile network. A Home Agent (HA) in the home network
keeps track of the location of the mobile network.
In Fig. 1, the mobile network under the TLMR is seen as
a single mobile network from AR’s viewpoint. However, the
mobile network under the TLMR also contains another mobile
network which is under MR1. Thus, the mobile network,
consisting of LFN2 and LFN3, under MR1 is nested under
the mobile network of the TLMR. The mobile network under
MR1 may leave the TLMR’s network. However, the movement
of a mobile network means the movement of the MR with all
nodes under it. An MR is like a fixed node as LFNs with
respect to the mobile network under it.
Addr - A::1
HA_TLMR
CN

the prefixes of the TLMR and MR1 can be aggregated with
their HAs prefixes – A :: and B ::, respectively.
When the mobile network moves out of its home network
to a foreign network, the MR obtains a new address, called
the Care-of-Address (CoA), from the foreign network. For
example, the TLMR obtains a CoA C :: 2 from the foreign
network represented by the AR having an address C :: 1.
Similarly, MR1 obtains a CoA A : B :: 4 from the prefix of
the TLMR when it joins the mobile network under the TLMR.
VMNs also obtain CoAs from the respective MR whereas
LFNs obtain addresses from their respective home network
prefixes.
An MR, after obtaining a CoA, sends a Binding Update
(BU) to its HA informing the CoA. The HA creates a binding
cache entry that maps the HoA and prefixes of the MR to
the CoA of the MR and sends a binding acknowledgement
to indicate that the forwarding to the MR is set. Once the
binding process is completed, a bi-directional tunnel [12] is
established between the HA and the MR, and the HA tunnels
all subsequent packets for the mobile network to the MR.
Fig. 2 shows the routing of packets for LFN1. When a node,
called the Correspondent Node (CN), sends a packet to a node
in the mobile network, the packet is routed towards the HA.
The packet is then encapsulated and tunnelled by the HA to
the MR which receives, decapsulates and forwards the packet
to the destination node. Packets in the reverse direction follow
the same path in the reverse order.
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Fig. 1.

Architecture of NEMO [9].

B. NEMO Basic Support Protocol
An MR registers with its HA and acquires a Home Address
(HoA) through which it is reachable in the home network. In
Fig. 1, the HoAs for the TLMR and MR1 are A : B :: 1 and
B : B :: 1, respectively. MRs are also delegated one or more
address prefixes to use inside its network. Prefixes delegated
to an MR are aggregated in the prefix advertised by the HA
in the home network of the MR. Such prefixes for the TLMR
and MR1 are A : B :: and B : B ::, respectively. Note that

Fig. 2.

Routing for LFN using bi-directional tunnel.

Fig. 3 shows packets going from the CN to LFN2 through
multiple tunnels in a nested mobile network. Since LFN2
obtains its address from the MR1’s prefix (which is obtained
from the MR1’s home network), the packets are intercepted
by HA MR1 which encapsulates and tunnels the packets to
MR1. Since the MR1’s CoA is obtained from the TLMR’s
prefix, the packets are intercepted by HA TLMR which again
encapsulates and tunnels them to the TLMR, resulting in
multiple encapsulations. Encapsulated packets on reaching the
TLMR are decapsulated and forwarded to MR1, which again
decapsulates the packets and forwards them to LFN2. Thus,
two encapsulations are required for a single level of nesting;
in general, the number of encapsulations increases with the
nesting level and is one more than the nesting level.
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HA_MR1

HA_TLMR

CN

Internet

TLMR
LFN1
MR1
LFN2
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Fig. 3.

Multiple tunneling in nested mobile network.

IV. S ATELLITE NETWORKS
A satellite network is a network of satellites and stations
on the ground. Satellites connect to each other through Inter
Satellite Links (ISLs), and to ground stations through Ground
to Satellite Links (GSLs). Depending on the relative movement
with respect to the Earth and on the orbital distance, satellites
can be of several types - Geo Stationary Satellites (GEO),
Low Earth Orbit Satellite (LEO) and Medium Earth Orbit
Satellites (MEO). A network of satellites can involve all types
of satellites. Examples of networks involving LEO satellites
are constellations of LEO satellites, such as Iridium [21],
Globalstar [22] etc.
Satellites in a constellation are uniformly placed in several
hypothetical orbital planes that are dispersed at equal distance
and concentric with the surface of the Earth. A satellite is
connected to neighboring satellites through ISLs to form a
grid like connectivity. Usually, satellites on neighboring planes
orbit in the same direction except at the seam position of
the constellation where satellites in two neighboring planes
(first and last planes) orbit in opposite directions. One of the
characteristics of satellite networks is the handoff of satellites
with respect to ground stations and neighboring satellites in
different planes because of the movement and the limitation
of ISLs’ connectivity over polar regions. That characteristic
and efforts to integrate satellite networks with the Internet
demand the use of IP-based mobility management and routing
protocols for satellite networks.

Fig. 4 shows the architecture for NEMO in satellite networks. Each satellite contains a mobile network connecting
the onboard IP-enabled devices, such as LFN1 and LFN2, to
an MR onboard. An MR may form a nested mobile network
by connecting to another MR through the ISL. TLMRs are
directly connected to ARs through GSLs. ARs (e.g. AR1
and AR2) are co-located with ground stations. Thus, multiple
isolated nested mobile networks overlay the physical network
of satellites. The HAs for the mobile networks reside in the
Internet.
The architecture can be extended to support the connectivity
for the remote hosts and mobile networks on the ground. In the
extended case, a remote host or multiple remote hosts on the
ground can become a VMN or a nested mobile network under
the mobile network onboard a satellite. When the satellite
containing the mobile network moves out of the reach of the
remote host or hosts, they can become a VMN or a nested
mobile network under another mobile network to maintain a
continuous connectivity. Similarly, mobile networks onboard
aeroplanes can be considered nested mobile networks under a
mobile network onboard a satellite within the range.
Mobile nework
inside an aeroplane

Inside a satellite

LFN1
LFN2

MR

VMN
AR1

Internet

CN

AR2
HA

Mobile network onboard a satellite

ISL

Mobile network with acting TLMR

GSL

Connectivity for nesting
Fig. 4.

Architecture for NEMO in satellite networks.

B. Limitations of NEMO BSP for NEMO in satellite networks
V. NEMO

FOR SATELLITE NETWORKS

NEMO can be used to efficiently manage the mobility of
the IP-enabled devices onboard satellites, and thus, can provide continuous connectivity to the Internet. In the following
subsections, we present the architecture for NEMO in satellite
networks, problems of using NEMO BSP, and its extensions
for the proposed architecture.

In the architecture presented in Sec. V-A, an MR has physical connections to multiple neighboring MRs. Since no method
for selecting an MR is specified, NEMO BSP described in Sec.
III-B will encounter the following problems:
•

Inefficient route: Randomly choosing an MR for nesting
might lead to a route having more number of ISLs than
other routes that could be used by choosing other MRs.
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•

•

Such a route will be inefficient in terms of the end-to-end
delay and the tunneling overhead.
Overloaded TLMR: Routes through different TLMRs
will be available for an MR. Randomly choosing an
MR for the nesting might have some TLMRs overloaded
while leaving the others underloaded.
Routing loop: Since an MR might be connected to
another MR through multiple routes, a routing loop might
be created if care is not taken while choosing an upper
level MR for the nesting.

Therefore, NEMO BSP can be inefficient for satellite networks, and requires extension.

C. Extened NEMO BSP for satellite networks
We propose extensions for NEMO BSP to make it efficient
for satellite networks. The extensions are presented in the
following subsections.
1) Basic principles: We use the following basic principles
for the extensions of NEMO BSP for satellite networks:
1) Achieve minimum nesting level: Since increasing the
number of wireless hops (in this case ISLs), degrades
the performance [23], the highest preference is given
to achieve the minimum nesting level. In addition, the
minimum level keeps the tunneling overhead and the
delay due to the tunneling at the minimum.
2) Balance load of TLMRs when levels are equal: This
principle is for balancing the load among TLMRs by
choosing an MR for the nesting from the neighboring
MRs that yield the same level. We use the data rate
through a TLMR as its load. This principle reduces the
load of a TLMR when an alternative TLMR, which
yields the same level, is available. Note that our load
balancing is not based on distribution of traffic through
multiple upper level MRs. Rather, it is based on selecting
a single upper level MR to send all traffic.
3) Relaxation of the minimum level constraint when
TLMRs get overloaded: Overloading a TLMR will
cause queueing delay and drops. Therefore, an MR is
allowed to switch from an overloaded TLMR to an
underloaded one if the level of the MR does not exceed
the minimum achievable level by a threshold value. We
consider overloading of a TLMR because all data from
a mobile network exit through it.
4) Avoid handing off to MRs leading to the current
TLMR: This principle is used to avoid unnecessary
handoffs of MRs. If a handoff yields a route that goes
through an MR’s current TLMR, the handoff does not
reduce that TLMR’s load.
In the extended NEMO BSP, the principles are achieved by
having an MR making the decision to handoff to a suitable
upper level MR or AR. The changes, which are made to
NEMO BSP to execute such an handoff, are presented next.
2) Information required for handoff decision making:
Information that are required to select a suitable upper level
MR for handoff, are described below.

a) Level: The nesting level of the potential upper level
MR is required to achieve the minimum level while choosing
an MR for the handoff. TLMRs find their level as zero when
they attach to an AR which identifies itself to MRs. Other MRs
find their level by adding one to the level of their respective
upper level MRs.
b) Load of TLMRs: The load of TLMRs of neighboring
MRs are required for load balancing. Following can be used
as the metric for the load:
• Data rate through the TLMR: An MR, connected to a
TLMR having the minimum data rate through it, can be
chosen as the upper level MR. Data rate can be measured
at TLMRs by monitoring the incoming packets.
• Number of MRs connected through a TLMR: An MR,
connected to a TLMR with the minimum number of MRs,
can be chosen as the upper level MR. It is not possible
for a TLMR to find the number of connected MRs by just
looking at the packets going through it. Explicit messages
are required for this requiring additional resources, such
as the processing power and bandwidth. Moreover, the
time required to update all MRs about any change of the
value of this metric is more than that required for the
other metric.
Considering the advantages and the disadvantages of using
the two metrics discussed above, we prefer to use the first
metric i.e. the data rate through TLMRs. Moreover, the
data rate will provide better load information when sending
rates of MRs are not uniform.
c) Downlink bandwidth of TLMRs: Downlink bandwidth
of a TLMR is required to determine whether it is overloaded
or not. In this paper, we assume that each TLMR knows its
downlink bandwidth.
d) Current TLMR’s ID: Updated information, used to a
make handoff decision, may not reach an MR from neighboring MRs, which are under the same TLMR, at the same time
instant resulting in inconsistent information. Such information
will trigger a handoff in an effort to achieve a level lower
than the current one, or to balance the load leading to another
upper level MR under the same TLMR and with no change in
the level or load of the TLMR. Such a handoff is unnecessary,
and can be prevented by checking the TLMR’s ID. TLMR’s
IP address can be used for this purpose.
3) Handoff decision making: To select an upper level
MR/AR for the handoff according to the principles presented
in Sec. V-C1, an MR needs to receive, update and evaluate the
information discussed in Sec. V-C2. Sending, updating and
evaluating those information are discussed in the following
paragraphs.
a) Sending information to MRs: In NEMO, MRs/ARs
express their availability and prefixes to neighboring MRs
through periodic router advertisements. We propose the use
of router advertisements to disseminate the information mentioned above. An MR includes its level and TLMR’s load and
IP address with the router advertisements. If the MR is acting
as a TLMR, it includes its own load. Otherwise, the TLMR’s
load is included.
b) Updating information: Each MR keeps track of its
level and load, and the TLMR’s IP address and load. Each
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MR also maintains a list of neighboring MRs along with
their levels, TLMRs’ load and IP addresses, and downlink
bandwidth. These information are updated whenever a router
advertisement is received.
c) Evaluating information to avoid loops and no connectivity to the Internet: If the MR receiving router advertisements is the upper level MR for MRs sending advertisements,
advertisements are ignored to avoid loops. Such loops can
occur when the receiving MR loses connectivity with its
upper level AR or MR. Also, advertisements announcing no
connectivity to the Internet are ignored.
d) Evaluating information to achieve the minimum level:
An MR performs such an evaluation when its level increases or
it finds another MR’s level decreasing below its current level.
While handing off to an MR yielding a level lower than the
current level, a check is performed not to overload the TLMR
if the relaxation of the lowest level constraint is allowed. Also,
the load balancing at the new level is considered.
e) Evaluating information to relieve an overloaded
TLMR: When a router advertisement is received from a
neighboring MR, following conditions are checked before
handing off to the MR:
• Current TLMR is overloaded
• Handing off to the advertising MR will not overload its
TLMR
• Handoff will yield a level less or equal to the minimum
level plus the threshold
• Current TLMR and the TLMR of the advertising MR are
different
If all conditions are met, a handoff can be executed. However,
handing off immediately after the reception of the router
advertisement might result in oscillations (i.e handing off back
and forth between the two upper level MRs).
The oscillation happens when two or more MRs hand off
simultaneously to the same advertising MR. Each MR finds
the TLMR of the advertising MR underloaded after adding its
own load, and therefore, decides to handoff. However, the MRs
are unaware of the load that is going to be added to the load
of the TLMR due to the handoff of other MRs. Thus, handoffs
of all the MRs might overload the TLMR. Similarly, the MRs
might again handoff to get under their previous TLMRs in an
effort to handoff to an underloaded TLMR. Thus, the check
performed not to overload a potential TLMR can not prevent
oscillations because of the propagation delay of the updated
information to reach the MRs.
To prevent oscillations while selecting a gateway (a TLMR
in NEMO) for load balancing in ad hoc networks, several
techniques have been proposed in the literature. Jungmin et
al. [24] propose nodes to wait a specified amount of time
before switching to a gateway. Hoffman et al. [25] suggest
switching to a gateway only if it has been used for a specified
period of time, and after switching, its load have to be less
than the current gateway load by a threshold. However, these
techniques fail because similar situation leading to oscillations
will occur after the specified period of time.
To prevent oscillations, the synchronous handoffs of MRs
need to be prevented. We use the traditional technique of
reducing the probability of synchronous actions. When an

MR finds that a handoff can relieve its TLMR, it waits for
a random time period before executing the handoff. After the
waiting period, the handoff is executed if the conditions are
met. Thus, some MRs handing off late might have enough
time to receive the updated load information of the potential
TLMR, and decide against the handoff.
f) Evaluating information for the load balancing: When
a router advertisement is received from a neighboring MR,
following conditions are checked before handing off to the
MR:
•
•

•

•

Whether the level after the handoff will remain the same
Whether the load of the current TLMR is larger than the
TLMR of the advertising MR by a threshold amount
After handoff, whether the load of the TLMR of the
advertising MR will be smaller than the load of current
TLMR by the threshold amount
Whether the current TLMR and the TLMR of the advertising MR are different

If all conditions are met, a handoff can be executed following
the procedure described in Sec. V-C3.
VI. P ERFORMANCE

EVALUATION

We evaluate the performance of the extended NEMO BSP
in satellite networks using simulation in ns-2 [26]. We also
compare the extended NEMO BSP with an optimal algorithm.
The simulation environment and the results are presented in
this section.
A. Simulation environment
Fig. 5 and Table I present the topology and the parameter
values used for our simulation. We use an iridium constellation
where each mobile network onboard a satellite has a different
HA on the ground. Nine ground stations and co-located ARs
are placed on the ground with 120 degrees separation from
each other according to their latitudinal and longitudinal positions. Downlink/uplink capacities are set to 8.134/0.0384Mbps
as is currently being used or expected to be used for UK-DMC
satellites [4]. ARs, HAs and the CN are connected to a router,
R, through wired links. Considering HAs will be located close
to the core Internet, we set the R-HA link delays to 1ms. LFNs
and the MR are connected by Ethernet (IEEE 802.3 standard)
to form a mobile network onboard. LFNs onboard satellites
send data to the CN on the ground using a space-friendly
transfer protocol called Saratoga [27]. Rationale behind the
use of Saratoga was described in our previous work [28]. All
Saratoga sources (one in each LFN) send data at the same
rate. We refer to the sum of the sending rate of all sources as
the aggregate load.
B. Results
To evaluate the performance, we measured the throughput
as a function of the time, the incoming data rate at TLMRs,
the end-to-end delay, drops at TLMR’s queue and overheads.
Results are presented in the following subsections.
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TABLE I
VALUES OF PARAMETERS USED IN THE SIMULATION .
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Fig. 6. Throughput measured from the data received at the CN from all
LFNs when aggregate load is 35Mbps.
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GSL’s downlink BW
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R-AR and R-CN wired delay
R-HA wired delay
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Number of LFNs per satellite
Router advertisement interval
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1) Throughput as a function of the time: Throughput is
measured, at one second interval, as the amount of data
received at the CN. The objective is to show the continuity
of connections at the upper layer despite the movement of
the satellites. Fig. 6 shows the throughput, measured from the
data received from all LFNs, as a function of the time. The
fall of throughput occurs due to the handoff resulting from the
loss of physical links with an AR, or an MR at polar regions.
The throughput does not fall to zero because all MRs do not
lose connectivity with the CN, simultaneously. Note that the
thick line of throughput results from oscillations (variation) of
per second throughput because of the variation in the number
of packets sent by each LFN in each second to maintain the
average data rate. This happens because we specify the rate
in mega bits per second which is converted to packets per
second.
To better observe the continuity of connections, we present
the throughput measured from data received from a single
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1500
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2500

Fig. 7. Throughput measured from the data received at the CN from one
LFN when aggregate load is 35Mbps.

2) Standard deviation of load on TLMRs from the uniform
load: The load on a TLMR indicates the amount of incoming
data which is to be forwarded to the attached AR. To find the
effectiveness of the load balancing, we measure the standard
deviation of the load on TLMRs from the uniform load as a
function of the aggregate applied load. The average load on
TLMRs is measured for each GSL which connects TLMRs
to an AR, and expressed as the percentage of the aggregate
applied load. The standard deviation of the percentage load
from the uniform percentage load (i.e. aggregate load divided
equally among the TLMRs) is shown in Fig. 8.
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When the aggregate applied load is 5Mbps or 35Mbps
which is much smaller than the total capacity (just over
72Mbps) of GSLs connecting TLMRs to ARs, no load balancing is performed. This is because all TLMRs’ load are within
the threshold limit, and the differences of the load between
pairs of potential TLMRs do not exceed the threshold limit.
Both threshold limits have to be exceeded to trigger the load
balancing event. Therefore, the standard deviation remains the
same for various threshold values of the relaxation of the level
constraint.
When the aggregate applied load is close to the capacity of GSLs, the increase of the relaxation threshold value
reduces the standard deviation of the load. Since at this
applied load, some TLMRs get overloaded, relaxing the level
constraint allows MRs to switch from overloaded TLMRs,
yielding the minimum level, to the underloaded ones yielding
higher levels. Thus, the load of TLMRs becomes similar to
reduce the standard deviation. An increase of the relaxation
threshold allows an increase of the number of TLMRs that
switch to underloaded TLMRs, and therefore, decreases the
nonuniformity of the load among TLMRs. However, as the
aggregate load increases (e.g. 72Mbps in Fig. 8), the number
of overloaded TLMRs increases. Therefore, the number of
underloaded TLMRs yielding levels within the reach of small
threshold values (e.g. 1) decreases, and so does the scope
to reduce the standard deviation. The average load, as the
percentage of the aggregate load, on TLMRs for each AR
can be found in Table II for various aggregate load and level
relaxation threshold. It shows that the number of overloaded
(when load > 11.3%) TLMRs at load 72Mbps is larger than
that of overloaded (when load > 12.5%) TLMRs at load
65Mbps.

TLMRs. Relaxing the level constraint reduces the end-to-end
delay when the load (65Mbps) is below the total capacity of
the GSLs because the decrease in the queuing delay is more
than the increase in the delay due to the increased tunneling
and hops. At a load (72Mbps) almost equal to the capacity,
relaxing the level constraint increases the end-to-end delay
due to the insufficient or no decrease of the queuing delay
compared to the increase of tunneling and hop delay. And, this
happens because almost all TLMRs are overloaded leaving a
little room for reducing the queuing delay. However, changes
in the end-to-end delay resulting from the level relaxation are
very insignificant.

Fig. 9.

Fig. 10.

Fig. 8.

Standard deviation of load on TLMRs from the uniform load.

3) End-to-end delay: To find the effects of achieving the
minimum level and relaxing the level constraint, we measure
the end-to-end delay as the difference between the time of
receiving a packet at the CN and the time of sending the
packet from the LFN. We compute the average of the endto-end delays for all packets for which feedback-packets are
received. The results are shown in Fig. 9. The end-to-end delay
increases with the load due to the queuing delay in overloaded

Average end-to-end delay from LFNs to the CN.

Receive ratio for data packets at the CN.

4) Receive-ratio and drops at TLMR’s queue: The receiveratio is measured as the ratio of the number of bytes received
at the CN to that of bytes sent from LFNs, and is shown in Fig.
10. The objective of the measurement is to observe the effects
of relaxing level constraints. The receive-ratio decreases with
the increase of the load due to the increase of the drop at
the queue of overloaded TLMRs. Drops, as the percentage of
the number of incoming packets at TLMR’s queue, are shown
in Fig. 11. Relaxing the level constraints reduces drops by
transferring the load from overloaded TLMRs to underloaded
ones, and thus, increases the receive ratio. As explained for
the previous results, at high load (e.g. 72Mbps), the increase
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TABLE II
AVERAGE LOAD , AS PERCENTAGE OF AGGREGATE LOAD , ON TLMR S CONNECTED TO A PARTICULAR AR.
Aggregate load

AR # = 1
=2
=3
=4
=5
=6
=7
=8
=9

5Mbps
Threshold = 0
=1
(%)
(%)
12.8
12.7
14.8
14.7
15.8
15.5
13.3
13.2
12.3
12.4
9.4
9.2
9.1
9.3
9.4
9.5
10.3
10.6

=2
(%)
12.8
14.6
15.5
13.1
12.4
9.2
9.0
10.0
10.5

=0
(%)
13.1
14.8
15.3
13.0
12.1
9.5
9.4
9.3
10.5

35Mbps
=1
(%)
13.0
14.4
15.6
12.6
12.3
9.6
9.6
9.6
10.4

=2
(%)
13.0
14.4
15.6
12.6
12.3
9.6
9.6
9.6
10.4

=0
(%)
13.9
14.3
15.5
12.2
12.1
9.1
9.4
10.1
10.4

65Mbps
=1
(%)
13.0
13.8
14.5
12.7
12.7
10.0
9.5
10.4
10.6

=2
(%)
12.0
12.7
13.1
12.0
13.0
11.1
11.2
11.5
11.3

=0
(%)
13.0
14.8
15.4
12.8
12.2
9.8
9.4
9.4
10.4

72Mbps
=1
(%)
12.8
14.6
15.5
13.1
12.4
9.2
9.0
10.0
10.5

=2
(%)
13.5
13.6
13.4
11.7
11.9
11.7
10.5
10.8
10.6

in the number of overloaded TLMRs causes the small level
relaxation threshold values (e.g. 1) to fail to increase the
receive ratio (or decrease drops).

Fig. 12.

Overhead due to router advertisements.

Fig. 13.

Overhead due to BUs.

Fig. 11. Drops at TLMR’s queue as a percentage of the number of packets
sent. Drops at 5Mbps and 35Mbps aggregate loads are 0 and not shown.

5) Overhead: For the extended NEMO BSP presented in
Sec. V, there could be following two types of overhead:
• Signaling overhead - This overhead results from periodic
router advertisements and BUs (ignoring the small overhead due to solicitations sent by MRs).
• Tunneling overhead - This is the overhead due to the
transmission of additional bytes of the tunnel header, and
varies with the load i.e. data sending rate for a fixed
packet size.
We measure signaling overheads as the number of mega
bits transmitted per second, and express as the percentage of
the aggregate load. Figs. 12 and 13 show the overhead for
the router advertisements and BUs, respectively. The overhead
due to router advertisements is higher than that due to BUs
because router advertisements are sent every 3 seconds while
BUs are sent every 10 seconds (the first five BUs is sent
every 1 second). However, the router advertisements consume
less bandwidth because it lives only one hop. Finally, both
overheads are very insignificant if the aggregate load is high.
We measure the tunneling overhead as the average additional bytes transmitted for the tunnel header per second per
hop, and present in Fig. 14. To measure, we add the amount
of tunnel headers at each hop traveled by a packet, and divide

it by the number of hops to get the average amount of tunnel
headers per hop. We sum up the average for all packets and
then divide by the time to get the per second overhead due to
the tunnel header. At load 65Mbps and 72Mbps, the overhead
increases with the increase of the level relaxation threshold
because of the increase of the average level of MRs. The
average level increases because some MRs move to levels
higher than they would be in at lower threshold values, to
relieve overloaded TLMRs. The increase of the level increases
the number of tunnels used to deliver packets. At 5Mbps and
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Fig. 14.

Overhead due to the tunneling.

C. Comparison with an optimal algorithm
In this section, we compare the extended NEMO BSP with
an optimal algorithm. For the comparison, we consider only
the routing within a satellite constellation including ground
stations. Therefore, we compare the extended NEMO BSP
with the distributed Bellmanford’s algorithm which finds the
optimal route within a constellation. If the relaxation threshold
is zero, the extended NEMO BSP also uses the optimal route
within the constellation.
1) Computational effort when a GSL’s connectivity
changes: We measure the computational effort to maintain
routes despite the changes in links’ connectivity. The distributed Bellmanford’s algorithm finds an optimal route between any two satellites (or ground stations) without balancing
the load. Therefore, for a fair comparison, we consider the
computational effort required by the extended NEMO BSP to
find routes only. Also, both algorithms can do computations
to re-compute routes when triggered by the lower layer.
Therefore, we compute the computational effort required when
a link goes on or off. In particular, we consider a GSL’s
connectivity because the number of MRs/routers (onboard
satellites), which are required to do computations due to a
change in a GSL’s connectivity, will be much more than that
are required due to a change in an ISL’s connectivity. Also,
GSLs’ connectivity changes more frequently than ISLs’.
a) Maximum number of times the router advertisements
are processed or the algorithm is run when a GSL’s connectivity changes: We assume that ground stations are placed in
such a way that on the average, an equal number satellites are
using the GSL connected to each ground station. Let,
Nsat = the number of satellites in the constellation,
Ng = the number of ground stations,
Na = the maximum number of MRs that are routing
through each GSL,
Nn = the number of neighbors of an MR or router onboard
a satellite,

nrap =the maximum number of router advertisement processing required when a GSL’s connectivity changes.
Then, Na = ⌈Nsat /Ng ⌉. In fact in the proposed architecture,
Na is the number of MRs in a nested mobile network under
a TLMR connected to an AR through a GSL. Thus, the
maximum number of MRs whose route is going to be changed
due to the change in the GSL’s connectivity is Na . In the
extended NEMO BSP, the MRs that have to process router
advertisements are those Na MRs and their neighbors. The
TLMR and its Nn neighbors process the router advertisements.
After that (Nn −1) neighbors of each of the remaining MRs of
Na MRs will process the router advertisements. Thus, nrap is
Na (Nn −1)+2. On the otherhand, the number of execution of
the Bellmanford’s algorithm is Nsat ∗ Nn . All routers onboard
all satellites have to update their minimum distance to the
ground station, and their neighbors have to run the algorithm
when a vector indicting the change in the distance to the
ground station is received.
b) Proportionality constant for the number of computations performed: In the extended NEMO BSP, the number
of computations, performed by the algorithm that processes
the router advertisement, is proportional to Nn . Therefore,
the proportionality constant for the number of computations
performed in the extended NEMO BSP, Cnemo = nrap ∗ Nn .
On the otherhand, the number of computations performed by
the Bellmanford’s algorithm is (Nsat + Ng ) ∗ Nn which is the
dimension of the distance table used in the algorithm. Thus,
the proportionality constant for the number of computations
performed if the distributed Bellmanford’s algorithm is used,
Cbell = Nsat ∗ Nn ∗ (Nsat + Ng ) ∗ Nn .
5

2.5

x 10

NEMO BSP, N = 5
g

Proportionality constant for
the number of computations

35Mbps, no TLMR is overloaded, and therefore, no increase
of the tunneling overhead as a function of the level relaxation
threshold.
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Fig. 15.
The proportionality constant for the number of computations
performed when a GSL’s connectivity changes.

Fig. 15 shows the proportionality constant for the number
of computations required when a GSL’s connectivity changes.
The number of computations required in Bellmanford’s is
much more than that required in the extended NEMO BSP
because of the additional computations required to maintain
the distance table in Bellmanford’s algorithm.
2) Computational effort when an ISL’s connectivity
changes: It is difficult to analytically approximate the number
of computations required when an ISL’s connectivity changes.
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However, we can comment on the relative measure of the
number. In the extended NEMO BSP, MRs that are affected
by the change are expected to be at lower levels of the
nested mobile networks. Therefore, the number of MRs, whose
distance from the TLMR is changed, will be very small, and so
is the number of computations. The number of computations in
Bellmaford’s will be more than that in the extended NEMO
BSP. Because every router keeps the record of the distance
from every other router, and the distance metric for some of the
routers will change due to the change in an ISL’s connectivity.
3) Delay in rerouting packets: The smaller computational
effort of extended NEMO BSP than that of the Bellmanford’s
comes at the price of additional delay in rerouting packets.
When a GSL’s connectivity changes, an MR in the mobile
network under a TLMR can start sending packets along a
new route when the registration with the HA is complete.
Therefore, the rerouting-delay for an MR is the sum of the
time to propagate the router advertisement from the ground
station to the MR and the time to perform the registration
with the HA. For the distributed Bellmanford’s, the reroutingdelay consists of the propagation delay only. Therefore, the
rerouting-delay will be more in the extended NEMO BSP
than in the Bellmanford’s algorithm by an amount equal to
the registration-time which can be twice as much as the endto-end delay shown in Fig. 9.
4) End-to-end delay: End-to-end delay will also be larger
in the extended NEMO BSP than in the Bellmanford’s algorithm because of the additional delay incurred for packets’
traversing through HAs. However, the magnitude of the additional delay will be very small compared to the value of the
end-to-end delay which involves large delays in ISLs.
VII. CONCLUSION
In this paper, we have presented a Network Mobility
(NEMO) architecture and an extension of NEMO Basic Support Protocol (BSP) for satellite networks to transfer data from
multiple IP-enabled devices onboard satellites to the Internet.
In the extended NEMO BSP, a Mobile Router (MR) choose
an MR from multiple available MRs while forming a nested
mobile network. The choice of an MR tries to achieve the
minimum nesting level along with relaxing the level constraint
by some threshold when Top Level MRs are overloaded. The
proposed NEMO architecture and the extended NEMO BSP
can ensure an efficient and continuous transfer of data from
satellites to the Internet despite movements of satellites.
The architecture and the protocol enable the satellite network to become an integrated part of the Internet without the
use of any other protocol. Results show that when the Top
Level MRs (TLMRs) become overloaded, the relaxation of
the minimum level constraint can improve the performance in
terms of the receive ratio of packets and drops, at the cost of
increased tunneling overhead. Therefore, TLMR can deploy
the relaxation with a maximum limit on the threshold.
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