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Abstract

Advances in satellite technology are enabling the
deployment of large constellations of Low-Earth-
Orbiting (LEO) satellites. In this paper, we describe
the design and capabilities of a simulation tool that
we hope will enable further research on networking
over LEO systems. The tool, which has been inte-
grated as part of the freely distributed ns simulator,
enables detailed packet-level simulations of multiple
access protocols, unicast and multicast routing, trans-
port protocols such as TCP, and application perfor-
mance over future broadband LEO networks (and also
GEO networks as a special case). We describe the de-
sign of this tool, and discuss how we modeled certain
critical parameters and system attributes, including
link hando�s between ground terminals and satellites
and between satellites themselves. We next illustrate
some fundamental delay performance results of LEO
systems, obtained by studying simulation models of
both a broadband version of the Iridium network and a
system based on the proposed Teledesic constellation.
We obtain lower bounds on the delay performance that
can be achieved in these constellations. Finally, we
quantify the performance degradation incurred by us-
ing hop counts rather than propagation delays as the
cost metrics used by shortest-path routing algorithms.
We �nd that, on average, there is little di�erence in
the routes obtained by the two approaches, although
in the higher latitudes the di�erences can occasionally
be substantial.

Introduction
Satellite constellations composed of low-earth-

orbiting (LEO) satellites have recently become a real-
ity. Although there are clearly some signi�cant eco-
nomic hurdles along the road to deployment, there
is little doubt that in the near future some commu-
nications satellites systems o�ering broadband data
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Copyright c1999 by Thomas R. Henderson. Published by the
American Institute of Aeronautics and Astronautics, Inc. with
permission.

services will be deployed at orbital altitudes lower than
that of a geostationary (GEO) orbit. At least two such
systems (Skybridge, Teledesic) have already received
signi�cant levels of funding and are under develop-
ment.
The analytical study of the performance of data

communications protocols and applications in a LEO
satellite network is often made very diÆcult by the
complexity and time-varying nature of the network
topology. Therefore, it is helpful to study simulation
models of such systems. In this paper, we describe
the design of a packet-level simulation tool useful for
studying both LEO and GEO networks. The strength
of this simulation tool is that it is integrated with a
freely-available networking research tool, known as ns,
already in wide use in the research community. After
�rst providing a high-level overview of those charac-
teristics of LEO networks that are relevant to network
simulation, we describe the simulation environment
that we constructed and justify our choices for the
various simulation parameters we needed to con�g-
ure. Our simulation models revealed some interesting
fundamental delay performance characteristics of LEO
networks, which we subsequently illustrate. We con-
clude by demonstrating how the simulator can be used
to study packet routing in LEO networks by explor-
ing the performance degradation incurred by using hop
counts rather than propagation delays as shortest-path
routing metrics.

LEO Network Characteristics
Constellation Design

Most commercially-proposed LEO constellation de-
signs place the satellites in a number of near-circular
orbital planes, in which the satellites are uniformly dis-
tributed around the orbit. Polar orbit constellations,
such as the Iridium and proposed Teledesic systems,
are those in which the orbital planes have inclina-
tions close to 90o, while inclined orbit constellations
(otherwise known as \Walker" constellations), such
as used by the Globalstar system, use an orbital in-
clination angle less than 90o so as to obtain a more
uniform global coverage.1 In this paper, we focus on
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Overlap of coverage at the poles
Cross-plane intersatellite
links (ISLs) are turned off

causes rapid ISL handoff
Counter-rotating seam

Satellites have ISLs
within their orbital plane
and between planes 

Fig. 1 Example of a polar-orbiting satellite con-
stellation. The �gure was generated using the SaVi
software developed by the Geometry Center at the
University of Minnesota.

polar orbit constellations, such as is illustrated in Fig-
ure 1, although other constellation patterns could be
designed in our simulator by altering the orbits accord-
ingly. The closer the orbital inclination tends towards
a purely polar orbit, the more diÆcult it is to launch
the satellites. Although this constellation design has
a concentration of coverage at the poles, it has been
found to be a superior design for total Earth coverage
with a modest number of satellites,2 and it has the
advantage that most of the intersatellite communica-
tions links are not rapidly time-varying. In general, a
user anywhere on the Earth's surface should be able
to view (above a certain elevation mask�) at least one
satellite at any time. We assume that, in general,
more than one satellite may be above the elevation
mask. Each satellite is equipped with an antenna sys-
tem capable of directed coverage of portions of the
Earth's surface. To obtain higher system capacity,
the antenna system incorporates frequency reuse via
decomposition of the coverage area into a number of
smaller spot beams (i.e., cells). At an altitude on the
order of one thousand kilometers, the satellites orbit
the Earth roughly every two hours, so that continu-
ous coverage requires link hando� between terminals
and satellites. The footprint track of the satellites also
has an east-west component as well as the north-south
component, since as the satellites orbit in their �xed
plane, the Earth rotates beneath them.
The fact that there are multiple satellites above a

given terminal's elevation mask does not necessarily
imply that the terminal can communicate with more
than one satellite. To communicate with a satellite, a
terminal must also lie within the radiation pattern of

�The elevation mask is the minimum elevation angle of the
satellite (with respect to the tangent to the Earth's surface at the
terminal's location) above which communications are considered
to be possible.
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Fig. 2 Satellite-�xed (nadir-pointing) vs. Earth-
�xed footprints.

that satellite's directional antenna. Since power man-
agement is a concern in LEO systems, especially on the
dark side of the Earth, satellite systems such as Irid-
ium deactivate redundant antenna beams to reduce
power.3, 4 However, by providing coverage to an area
from more than one satellite, the system availability
can be increased in several ways. First, the system can
compensate for shadowing by terrain and buildings by
o�ering alternative satellites. Second, during daylight
hours, if the satellite is located along the same line of
sight as the sun, communication will be impossible for
a period of time even if the satellite is high in the sky.
This is known as a sun outage and occurs also in C-
band GEO systems, although only for a few minutes
each day around the spring and fall equinoxes when
the sun crosses the Earth's equatorial plane. Third,
increased bandwidth can be provided to a particular
geographic area (for example, an area with a lot of
users) by using spot beams from neighboring satellites.
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Intersatellite Links

In LEO systems that provide complete global cov-
erage, the satellites are connected via a network of
intersatellite links (ISLs). Typically, a given satellite
will have ISLs to between four and eight of its near-
est neighbors{ payload constraints will likely prohibit
the use of more than eight ISLs. ISLs are projected
to be high-capacity HF or optical links{ therefore, in
this type of system, the bottleneck links will be the
ground-to-satellite links (GSLs), due to the limited
RF spectrum available for such links. There are three
types of ISLs. Intraplane ISLs, which connect a satel-
lite to two or four of its nearest neigbors within the
same plane, can be treated as �xed links in the topol-
ogy. Interplane ISLs, which connect a satellite to its
nearest neighbors in adjacent, co-rotating planes, are
time-varying links for a number of reasons. First, the
distance between satellite planes changes as a function
of latitude. Second, phasing may not be maintained
between the planes, causing the satellites of di�erent
planes to slowly drift with respect to one another.
Third, the interplane ISLs are switched o� in the vicin-
ity of the poles because the antenna pointing mecha-
nism cannot track the rapidly changing angle between
the satellites fast enough.4, 5 Finally, note that in a
polar constellation (Figure 1), there are two regions in
which the planes are counter-rotating, thereby forming
a \seam" in the topology. Cross-seam ISLs are a spe-
cial case of interplane ISLs. Cross-seam ISLs, if they
exist, are rapidly handed o� to the next satellite. If
cross-seam ISLs do not exist, communication between
two locations on opposite sides of the seam must be
routed over a pole. The Iridium system does not sup-
port cross-seam ISLs, while Teledesic plans to support
them. Keller and Salzwedel have analyzed the problem
of cross-seam ISLs in the Iridium system and have con-
cluded that no special antenna steering requirements
are necessary,6 although link acquisition may be chal-
lenging. Teledesic plans to use two interplane ISLs per
satellite, but at the seam, only one ISL will be active;
the other will be used to acquire the next (cross-seam)
satellite.7

Hando�s

In LEO systems, each satellite covers a portion of
the earth's surface with a radiation pattern, or foot-
print. Each satellite's footprint is typically divided
into a number of equal-sized cells, and a phased array
antenna on-board the satellite periodically illuminates
each cell and then \hops" to another one, creating
a \hopping beam" (or scanning beam) schedule over
time. The purpose of small cells and electronically-
steered hopping beams is threefold. First, if the radi-
ated power is concentrated on a small area, the link
budget improves and terminals can use smaller anten-
nas or power. Second, as in cellular systems, system
capacity can be increased via frequency reuse. Fi-

nally, by varying the hopping dwell intervals, varying
amounts of capacity can be allocated to the di�erent
cells.

Since the satellites move with respect to the Earth's
surface, connections between a terminal and a satellite
must be handed over to another satellite when the cur-
rent satellite drops too low above the horizon. For ex-
ample, the view time for an Iridium satellite is roughly
ten minutes. Therefore, each system must have a
technique for controlling hando�s of active commu-
nications sessions. There are two general techniques
available, depending on the capabilities of the satellite
antenna system. The �rst technique, asynchronous
hando�, is appropriate for satellite antenna systems
that have a nadiry pointing footprint. As the satel-
lite moves across the sky, its footprint sweeps across
the surface with a constant velocity (on the order of
5-10 km/s), as shown in Figure 2a. When a terminal
reaches the edge of the current (leading) footprint, it is
handed o� to a new satellite whose (trailing) footprint
is entering the area. This is the technique used in the
Iridium system, and the hando� process is managed
by a central control station that monitors each termi-
nal to detect when it nears a coverage boundary.3 At
any point in time, some fraction of the terminals will
be near a coverage boundary, so the system must be
continually involved in handing o� terminals.

An alternative hando� approach has been proposed
by Restrepo and Maral.8 If the satellite system is
capable of electronically steering its beam so that it
compensates for its motion, the satellite footprint can
be �xed for a small interval. As shown in Figure 2b,
this leads to \Earth-�xed cells" on the ground. After
some time, all of the satellites will be moving away
from their respective footprints; the system can then
periodically reassign each satellite to a new �xed foot-
print on the ground. With this approach, the hando�s
are synchronous since all hando�s occur when the net-
work reorganizes, and the topology will remain static
for on the order of tens of seconds to a few minutes.
Note that if the system period, which is de�ned as the
least common multiple of the satellite orbital period
and the Earth's rotation period, is small, the con-
stellation con�guration can be thought of as evolving
through a small set of discrete states. Although some
authors9, 10 emphasize the importance of a small sys-
tem period, we assume that the network connectivity
between the ground terminals and the satellite net-
work will never be cyclic, so its inuence on routing is
less signi�cant.z

yThe nadir point is the point on the Earth's surface that is
intersected by a line between the satellite and the center of the
Earth. It is also sometimes referred to as the subsatellite point.

zThe Teledesic and Iridium systems do not have a small sys-
tem period due to their choice of altitude.
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Iridium Teledesic

Altitude 780 km 1375 km

Planes 6 12

Satellites per plane 11 24

Orbit inclination (deg) 86.4 84.7

Interplane separation (deg) 31.6 15

Seam separation (deg) 22 15

Elevation mask (deg) 8.2 40

Max. ISLs per satellite 4 8

Cross-seam ISLs no yes

Table 1 Parameters for the Iridium and (proposed
288 satellite) Teledesic systems. Both systems are
examples of polar orbiting constellations.

Summary of Constellation Parameters

Table 1 summarizes key properties of the (proposed)
Teledesic11, 12 and Iridium1 constellations. Of these
values, we will show later in the paper that the seam
separation, the elevation mask, and the presence of
cross-seam ISLs have important implications on the
delay performance of the system.

The ns Simulator and Our Extensions
We constructed our satellite simulation tool by

building on the UCB/LBNL network simulator known
as ns, now under development as part of the VINT
project.13 ns is a event-driven simulator originally
derived from the REAL network simulator.14 The
simulator has an object-oriented architecture, and
simulation objects are typically implemented as split
objects: partly in C++, and partly in an object-
oriented extension of the Tcl scripting language known
as OTcl.15 Simulation objects exist simultaneously
in both language realms, and functionality can typ-
ically be added in either language (generally, func-
tionality that requires per-packet processing is best
implemented in C++, while more infrequently pro-
cessed code is more exibly implemented in OTcl).
The state between the split implementation is made
consistent through the use of bound instance variables,
in which any changes to such variables in one lan-
guage domain are immediately visible in the other.
ns is a particularly strong choice for TCP research,
since many TCP variants (Tahoe, Reno, NewReno,
Vegas, etc.) are standard parts of the simulator.
ns has also been used extensively for multicast rout-
ing and transport protocol research. Until recently,
ns did not focus on providing detailed simulations
of the link and physical layers, but UCB's BAR-
WAN and CMU's Monarch research groups have con-
tributed support for Local Area Networks (LANs),
wireless channel error models, and wireless ad-hoc
routing protocols.16, 17 ns is freely available at
http://www-mash.cs.berkeley.edu/ns/. However,
ns was not initially designed to support terminal mo-
bility or dynamic topologies. Consequently, we were

LINK

object

Routing
agent

Handoff
monitor

NODE

classifier_

port dmux_

Agent Agent

queue_ Variable
delay object

Position

Fig. 3 Extensions to the ns simulator (new ele-
ments listed in bold type).

forced to introduce several new components into the
simulator to more faithfully model LEO networks.
Along the way, we attempted to make sure that our
extensions were compatible with other aspects of the
simulator. Finally, we must emphasize that our simu-
lator is most suitable for simulations of protocols above
the physical layer in the ISO model. Orbital motion
modeling is basic (e.g., no nodal precession) and the
physical channel does not model detailed channel con-
ditions. We chose to abstract out the precise details of
physical motion and channel modeling since we were
most interested in routing and transport protocol re-
search.

ns Extensions

Figure 3 illustrates the major additions to the sim-
ulator.x We �rst introduced a spherical coordinate
system, and added a position object to each network
node. This position object can be given an initial
coordinate and an equation which describes its tra-
jectory through the coordinate system as a function
of time. We centered the spherical coordinate system
at the Earth's center, with the z-axis aligned with the
Earth's rotation axis. This alignment simpli�ed the
description of polar orbits and trajectories for Earth
terminals. The link delay object, which previously
returned a �xed propagation delay, was changed to
return a value based on the instantaneous positions of
the two nodes at the end of the link.
We next built more sophisticated link models than

are generally used in ns, based on the wireless network-
ing implementations contributed by the BARWAN and
Monarch research groups.16, 17 Figure 4 illustrates the
main components of a network interface stack. Link
layer and medium-access (MAC) protocols can be im-
plemented, and the size and type of the interface queue
can be con�gured. Outgoing packets are copied to
and incoming packets are copied from di�erent chan-
nel objects, thereby enabling the modeling of separate
uplinks and downlinks. In addition, received packets
can be passed to a propagation model object, where
they can be errored according to random probability

xSince ns evolution is on-going, the exact structure of these
enhancements embedded in the publicly available simulator is
subject to change.
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Fig. 4 Elements of the satellite network interface.

distributions (which may be a function of the distance
between the sender and the receiver).

Our use of the simulator focused on LEO packet
routing, and in the remainder we describe in more de-
tail implementation aspects related to routing. The
largest piece of coding involved link hando�s, because
ns previously did not permit links to be dynamically
detached and reattached to di�erent nodes. Further-
more, we needed to introduce hando� agents to govern
the hando�s. These agents are responsible for moni-
toring for opportunities to take down, bring up, or
hando� links. Various policies for performing the
hando�s can be implemented with this structure. Fi-
nally, we enabled the construction of dynamic, dis-
tributed routing agents for experimentation with dis-
tributed routing.

The default routing code in ns uses an all-pairs
shortest path algorithm to compute new routes for
each node in the simulator whenever the topology
changes. This algorithm is useful to populate rout-
ing tables initially for static topologies, but is very
computationally expensive when applied to dynami-
cally changing topologies because it has complexity of
roughly O(n3). To speed up our simulations, we im-
plemented single-source shortest path algorithms and
con�gured the simulator to optionally compute routes
on demand (whenever a packet needed to be sent),
which yielded a run-time performance improvement of
up to two orders of magnitude.

In summary, by composing simulations with existing
networking modules and protocols (such as TCP or
UDP), ns enables packet-level simulations of protocols

at the MAC, link, network, transport, and application
levels of the OSI reference model. Interested readers
can �nd more information on our implementation in
the ns documentation.{ In the remaining sections, we
illustrate some fundamental delay performance results
obtained by using the simulator to study the Iridium
and proposed Teledesic constellations.

Basic Delay Performance Results

Our primary research focus has been on LEO packet
routing performance for polar orbiting constellations.
In this section, we illustrate some of the capabilities
of our simulation tool by describing some fundamen-
tal delay (latency) performance results inherent in the
topology of such constellations.
In the remainder of this paper, we make frequent

reference to the Iridium18 and Teledesic19 satellite con-
stellations; in particular, to a broadband version of
the Iridium system that performs packet, not circuit,
switching, and the 288-satellite polar orbiting (pro-
posed) Teledesic constellation. Rather than explore
the entire design space of possible satellite constel-
lations, we have chosen to focus on the Iridium and
Teledesic constellation topologies as examples of fea-
sible LEO systems because they represent two designs
that have been considered commercially viable from a
frequency management (interference), orbital deploy-
ment, and economic perspective. As of this writing,
the Teledesic constellation design is subject to change.

Parameter Selection

Beyond the key simulation attributes described
above, the following additional details help to more
fully describe our models. With respect to the constel-
lation con�guration, we made the following two minor
simpli�cations. First, we did not model the minimal
orbital eccentricity found in the topologies; our orbits
were purely circular. Second, we did not model any
drifts in nominal satellite position with respect to the
original constellation design, assuming instead that,
where possible, the placement of satellites in adjacent
orbits will be staggered so as to maximize ground cov-
erage (i.e., in Teledesic, where satellites are nominally
spaced at intervals of 15 degrees in each orbit, we
o�set the position of satellites in adjacent planes by
7.5 degrees). While such a staggering is optimal, it
is unclear whether satellite operators will expend the
fuel necessary to maintain this phasing (both Iridium
and Teledesic plan to hold constant the relative posi-
tions of satellites within a particular orbit, but in the
Teledesic system there are no guarantees of maintain-
ing any phasing between satellites in di�erent planes).
Iridium satellites are connected to their four near-

est neighbors: two satellites in the same orbital plane,
and one each in the adjacent planes. Satellites along
the counter-rotating seam only have three active ISLs

{Available at http://www-mash.cs.berkeley.edu/ns/
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Fig. 5 Snapshot of the Iridium constellation, illustrating active ISLs.

if cross-seam ISLs are turned o� (in our simulator,
we could also selectively enable cross-seam ISLs for
the Iridium topology but generally experimented with-
out them). It is only the cross-seam ISLs that require
satellite hando�s, since the intraplane ISLs are static
links, and the interplane ISLs only need to be deac-
tivated and reactivated near the poles. The Teledesic
system connects to eight nearest neighbors: the four
closest satellites within the same plane, one satellite
each in the two adjacent planes, and one satellite each
two planes away. At the counter-rotating seam, only
one ISL is active across the seam and the other is used
to acquire the next satellite to be handed o� to. We
con�gured the GSLs to be full duplex links at 1.5 Mb/s
(i.e., we considered a broadband version of the Iridium
system), and the ISLs to be 155 Mb/s for Teledesic
and 25 Mb/s for Iridium. The particular values of
these bandwidths were not important since we were
only considering a minimal amount of traÆc. Figures
5 and 6 illustrate snapshots of satellite positions and
active intersatellite links for Iridium and Teledesic, re-
spectively. The plots were generated by outputting
satellite and link position information and then super-
imposing the data on a rectangular map projection
obtained from the Xerox PARC Map Viewer. Note in
the Iridium topology the lack of cross-seam ISLs and
the absence of interplane ISLs in the high latitudes.

Various policies for performing hando�s between
network nodes are possible{ the exact choice of hand-
o� mechanism is sensitive to the satellite hardware
capabilities, and Iridium and Teledesic have not pub-
licly revealed their techniques. We implemented both
asynchronous and synchronous hando�s as described
above. Asynchronous hando�s between ground ter-
minals and satellites work as follows. Each terminal
periodically checks whether the satellite that is serving

it has dropped below the elevation mask for the termi-
nal. In our simulations, we performed this check every
ten seconds, on average (we added a random dither
to the timeout interval so that it would vary between
�ve and �fteen seconds); we did not regard the ex-
act value of this timeout parameter as being critical,
although too small of a choice leads to slower simu-
lations. Upon checking, if the terminal discovers that
the current satellite has dropped below the elevation
mask, the terminal searches for another satellite that
is above the mask and connects to the �rst such one
found. The technique of synchronous hando�s assumes
that topology changes occur only at certain times{ our
simulator can also be con�gured such that all nodes
perform a topology check synchronously.

We next describe two simulation parameters that
are highly dependent on the antenna steering capabil-
ities. Interplane ISLs are deactivated whenever one
or both satellites are above a given latitude thresh-
old. We typically set this threshold to 70 degrees,
since analysis by Werner indicates that Iridium should
be able to maintain ISLs between 60 degrees north
and south latitude,5 and a Motorola patent by Rah-
nema claims that an Iridium-like constellation is able
to keep these links active up to 68 degrees latitude.20

Although we conjecture that the denser Teledesic con-
stellation may be able to steer these beams beyond
a 70 degree latitude, we have no evidence to support
this. Hando� agents on board the satellites monitor for
this occurrence as well (again, we check every ten sec-
onds on average). Finally, cross-seam ISLs cannot be
maintained near the points where the counter-rotating
planes intersect; in our simulations, we deactivated
these ISLs whenever the satellites were within eight
degrees of longitude of one another. More information
in the public domain about the antenna steering ca-
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Fig. 6 Snapshot of the Teledesic constellation, illustrating active ISLs.

pabilities of ISLs is needed to make these parameter
guesses more accurate. In general, we found that our
results were not highly sensitive to these two parame-
ters.

Since our studies were focused on fundamental rout-
ing and propagation delay performance measurements,
we simpli�ed our simulations (and dramatically im-
proved simulation runtime) by not modeling additional
delays due to multiple access contention, framing, and
link layer protocols, nor did we consider queueing de-
lays in the network due to heavily loaded links. We
also did not model or experiment with link outages or
errors due to terrain or sun outages, propagation im-
pairments, or thermal noise. Our rationale for these
simpli�cations was that, while investigating the po-
tential for network load balancing through routing is a
good candidate for future research, our simulations on
the fundamental routing properties of LEO networks
did not require the level of detail that would have
resulted from modeling all of the parameters listed
above. Nevertheless, the simulator allows for such ad-
ditional models to be inserted for future research.

Simulation Results

The basic packet delay performance of LEO satellite
constellations has never been thoroughly described in
the literature. In this section, we quantify typical de-
lay pro�les that might be seen by users of future LEO
networks.

One of the advantages of LEO systems over GEO
satellites is the reduction in propagation delay between
the Earth and satellite. Although the end-to-end la-
tency can often be reduced from a quarter of a second
to tens of milliseconds by using a LEO system, the de-
lay in a LEO system is inherently variable. Our �rst
experiments with our LEO network simulator were de-

signed to study this delay variability.

Figure 7 is a scatter plot of the end-to-end delay ex-
perienced by 10,000 di�erent single packet exchanges
(\pings") using the Teledesic system. This simulation
was designed to illustrate the range of end-to-end de-
lays that users of these systems might experience. In
the simulation, which ran for 20,000 seconds of simu-
lation time, we repeated the following steps every two
seconds. We �rst selected two points at random on the
Earth's surface, and instantiated a link between each
terminal and the �rst eligible satellite found (a satellite
was considered \eligible" if it was above the terminal's
elevation mask). We then con�gured one of the termi-
nals to send a packet to the other, and measured the
one-way delay. The LEO system used a centralized
shortest-path routing algorithm based on minimiza-
tion of the current propagation delay of each link{ the
routes were centrally computed and instantaneously
loaded into each node in the simulator. Although this
method of routing violates the speed of light limita-
tion, it represents an upper bound on the achievable
performance of a routing algorithm designed to obtain
shortest paths. The distance plotted is the great circle
distance between the two terminals. The �gure illus-
trates that the end-to-end propagation delay in the
Teledesic system is usually below 100 ms if shortest
path routes can be found (fewer than 1% of our data
points exceeded 100 ms). Also, independent of the dis-
tance between the two terminals, a user may encounter
an end-to-end delay that can di�er by roughly 30 ms,
depending on the particular con�guration of the satel-
lite constellation. This performance represents a lower
bound on the achievable delay and delay variability
that can be provided by a LEO satellite network.

Figure 8 illustrates a similar delay scatter plot for
the Iridium constellation, were it to include cross-seam
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Fig. 7 Scatter plot of the one-way delay expe-
rienced by 10,000 di�erent pings between random
locations on the Earth's surface, when global min-
delay shortest path routing is used (Teledesic con-
stellation).

ISLs (we have included them here for comparison pur-
poses). The delay performance of this constellation
is similar to that of Teledesic (Figure 7) in terms of
the lower bound, but the Iridium constellation exhibits
higher variability due to the sparser satellite coverage.
Another way to observe the delay variability is to

examine plots of a single session over a long period of
time. Figure 9 plots end-to-end delay performance be-
tween a terminal located in New York and one in San
Francisco over the course of one day. The data points
are the delay experienced by a packet sent every 60
seconds. The end-to-end delay varies over a range of
roughly 23-60 ms. Over an 11,000 second timespan
beginning at time 57,600, the delay is noticeably in-
creased. Even though the Teledesic constellation that
we have considered uses cross-seam ISLs, there are cer-
tain instances in the mid-latitudes where they cannot
be easily maintained due to counter-rotating planes
intersecting at mid latitudes. At a smaller timescale
(Figure 10), it can be seen that the delay changes
slowly as the satellites move with respect to one an-
other, while hando�s somewhere along the route cause
a step change in the delay of up to 8 ms. Such changes
may cause packet reordering within the network. Al-
though we did not experiment with the performance
of TCP connections over such paths, �rst-order calcu-
lations suggest that the amount of packet reordering
due to these delay changes should not trigger false fast
TCP retransmissions for low to modest transmission
rates.k

A similar plot between the same two terminals for
the Iridium constellation is more interesting (Figure
11). Since Iridium does not employ cross-seam ISLs,
whenever the seam lies between the two endpoints
(which happens twice daily), the packets must be
routed over the poles, causing a large increase in de-

kFor a 1 Mb/s session with 500 byte packets, a 8 ms delay
decrease could cause at most 2 packets to be reordered.
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Fig. 8 Scatter plot of the delay experienced
by 10,000 di�erent pings, when global min-delay
shortest path routing is used (Iridium constella-
tion).

lay. Moreover, if a session is active across this seam
at the critical hando�, the step increase or decrease in
latency will be around 60 ms, which can cause a large
amount of packet reordering. This kind of delay vari-
ability is inherent in a constellation that does not use
cross-seam ISLs, and in the case of Iridium, the step
change can be as large as 90 ms. Even without the in-
creased delay at the counter-rotating seam (presuming
that cross-seam ISLs are possible in such a constel-
lation), Iridium exhibits much more delay variability
than Teledesic, with the delay varying from 20 to 75
ms in much larger discrete steps. This is a direct con-
sequence of having fewer satellites in the constellation,
since every routing change that results in a di�erent
number of satellite hops also changes the path length
by a more signi�cant amount. For example, in Fig-
ure 11, the cluster of points around 20 ms is due to
the path only traversing two satellite hops, while the
cluster of points around 80 ms results from certain in-
stances in time when �ve satellite hops are required.

Routing Cost Metrics

In global shortest path computations, delay and hop
count are two commonly minimized metrics. In the
satellite mesh, a minimization of hop count, while po-
tentially easier to compute, is suboptimal because the
links have di�erent propagation delays (shorter near
the poles). To study the degradation incurred by using
hop counts instead of delay as the cost metric, we ran
simulations for two identical sets of source-destination
pairs (again, 10,000 pings with the endpoints selected
at random), with the simulator con�gured to compute
global shortest paths based on link propagation delays
(min-delay) on one hand, and hop counts (min-hop)
on the other. We then calculated the di�erence in de-
lay experienced for each ping. Figure 12 plots, as a
function of the number of satellite hops, the average
and maximum delay degradation from using min-hop
instead of min-delay routing for a Teledesic-like con-
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Fig. 9 Delay variation between New York and
San Francisco over the course of one day, for the
Teledesic constellation.
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Fig. 10 A view of the previous plot at a smaller
timescale. End-to-end delays are characterized by
slow variations over tens of seconds punctuated by
step increases and decreases in the delay of gener-
ally no more than 8 ms.

stellation. The error bars around the average values
represent one standard deviation.
Although on average the penalty for using hop count

as the routing metric is generally below 10 ms, the
maximum di�erence can be quite high. These outliers
were due to particular con�gurations in the constella-
tion where there were a multiplicity of minimum hop
paths through the mesh, some of which used more
(short delay) links in the low latitudes, and some of
which used more (longer delay) links in the high lati-
tudes. In these outlier cases, the minimum hop path
that was found �rst was one that included a lot of low
latitude satellites. Figure 13 illustrates an example
(using the Teledesic constellation) of how two routes
with the same number of hops can have very di�erent
end-to-end delays. Another interesting feature of the
data is that the maximum and average delay di�erence
decreases for the very largest distances. Furthermore,
the di�erence between min-hop and min-delay paths
in the Iridium system are not as large, because there
are fewer satellites and hence, fewer candidate paths
to choose from.
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Fig. 11 Delay variation between New York and
San Francisco over the course of one day, for the
Iridium constellation without cross-seam ISLs.
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Fig. 12 Average and maximum delay di�er-
ence between min-hop and min-delay shortest path
routing, as a function of the great-circle distance
between terminals (Teledesic constellation).

Related Work
In this section, we identify other works that are rel-

evant to the modeling and simulation of LEO satellite
systems. Although several other researchers have used
simulation in their study of LEO systems, we are aware
of only one other publicly available simulation tool for
research on LEO systems: the LEONART (Low Earth
Orbit Analysis and Research Tools), developed as part
of the European ACTS project.21

Overviews of LEO satellite networks in general can
be found in two recently published books and a tu-
torial paper on LEO communication systems. Pattan
describes orbital mechanics, constellation design, mul-
tiple access, frequency issues, and antenna subsystems
in.1 Jamalipour focuses on two key issues: the im-
plications of the projected non-uniform traÆc density
around the globe, and an analysis of spread spectrum
multiple access.22 Finally, Maral's tutorial paper on
LEO satellite systems is a very good overview of the
state of the art circa 1990.23 The paper discusses
orbital con�gurations, basic routing issues, multiple
access, and link analyses.
Regarding the modeling of LEO systems, Wood's
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than that of min-delay routing. Both routes contain eight satellite hops, but one route uses hops in the
higher latitudes which incur much less propagation delay.

thesis is one of the most comprehensive discussions of
LEO graph topology issues and tradeo�s in constella-
tion design.24 Gavish and Kalvenes have studied the
relationship between satellite altitude and LEO delay
performance, system capacity, and power system de-
sign.4 They �nd that the altitude of satellites can be
a critical design parameter depending on the various
constraints of the systems. Finally, Werner describes
LEO topology design issues, constraints on intersatel-
lite links, and capacity and traÆc engineering aspects,
and presents a formal model for the analysis of network
connectivity requirements.5

Aside from the references listed immediately above,
a number of papers focus primarily on constellation de-
sign. The work by Adams and Rider is often credited
as the basis for the Iridium constellation.25 The paper
by Beste analyzes the design of satellite constellations
to provide di�erent levels of continuous, redundant
coverage.2 One of the earliest simulation models of
LEO networks, used to evaluate di�erent constellation
designs, is described in the paper by Clare, Wang, and
Atkinson.26

Detailed research literature on proposed commer-
cial LEO systems is diÆcult to �nd. There have
been a number of high-level papers on the Iridium
system{ the papers by Grubb and Brunt are prob-
ably the most accessible and representative of the
group.27, 28 Hubbel contrasts the Iridium and (cel-
lular) AMPS systems with respect to signaling and
hando�s, providing useful details about how Iridium
hando�s work.3 Fossa has studied the performance
of Iridium in the event of the loss of several satel-
lites.29 The Teledesic system is an outgrowth of an
original system proposal called Calling,30 which was

developed independently and concurrently with Irid-
ium in the late 1980s. Although Calling was oriented
towards telephony services, Teledesic has evolved into
a broadband system based on packet switching. There
is very little publicly available literature on Teledesic's
current designs. The paper by Sturza describes var-
ious system design issues, while the presentation of
Braun describes Teledesic in the context of extending
the reach of the Internet through the system.11, 19

The �rst author's dissertation31 provides further ref-
erences and additional results on LEO satellite simu-
lations.

Summary
We have described the design and construction of a

satellite network simulator, based on the freely avail-
able ns simulator, suitable for packet-level simulations
of the MAC, link, network, transport, and application
layers. This simulator revealed some interesting funda-
mental delay performance properties of LEO networks,
especially pertaining to the e�ects of whether or not
cross-seam ISLs are present in polar-orbiting constel-
lations. We obtained lower bounds of typical delay
pro�les that users of future broadband LEO systems
may encounter. We also quanti�ed the performance
degradation incurred by using hop counts instead of
propagation delays as the metrics in shortest-path
routing algorithms. Our ns extensions for simulat-
ing satellite networks have been incorporated into the
main ns distribution and are freely available to the
research community.
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