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ABSTRACT The geographic information-based subnet partitioning scheme provides the basis for satellite-
ground integrated addressing. Meanwhile, this scheme will inevitably cause addressing abnormal users
(AAUs), i.e., the satellite which has address convergence relationship with users’ co-subnet and the satellite
which users actual access to may be different. This problem will decrease the network communication
efficiency. With the aim of quantifying the statistical variation pattern of AAUs to reduce the impact, this
paper constructs a statistical model of AAUs under the general closed geographic partition shape. Further,
considering the orbit characteristics and the uniform rotation of Earth, this paper derives an analytic formula
for the average addressing abnormal user rate (AAUR) under circle and polygon geographic partition.
Meanwhile, by simulating a specific LEO satellite constellation, this paper obtains the temporal average
of AAUR in spherical trapezoidal partition during one orbital period, which is sufficiently approximated to
the result of analytic formula, verifying the validity of this model. The model shows that the average of the
AAUR decreases gradually as the ratio of satellite coverage area to geographic partition area increases.When
the ratio is greater than 1.6, the average AAUR is less than 5%. The research work in this thesis quantifies
the relationship between the average of the AAUR and satellite to earth communication range, geographic
subnet range, geographic subnet shape, which can provide a reference for the matching design of geographic
partitioning under any constellation configuration.

INDEX TERMS Addressing scheme, IP/LEO network, mobility management, subnet division.

I. INTRODUCTION
With the continuous development of communication technol-
ogy and the growing demand for communication worldwide,
LEO satellite constellations, as communication systems capa-
ble of providing global coverage, have become a central
issue today. Among the many LEO satellite constellation sys-
tems, Iridium II [1] has completed its network construction,
Oneweb [2] has hundreds of operational satellites in orbit,
Starlink [3] has launched thousands of satellites, and the
Kuiper system [4] and Lightspeed system [5] are under con-
struction. In order to provide global long-distance end-to-end
communication services and avoid the limitation of ground
station construction, the LEO satellite communication system
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adopts amulti-hop forwardingmode combining inter-satellite
link and satellite-ground link, which makes the whole system
constitute an IP switching network, thus realizing the inter-
connection of nodes in the whole network.

Considering that the LEO satellite constellation network
has the characteristic of fast traversal switching between
satellites and ground users, for purpose of guaranteeing the
effectiveness and reliability of the LEO satellite communica-
tion system with inter-satellite links, it is necessary to solve
the problem of integrated IP addressing including satellite
nodes and ground end users.

As the most widely used networking protocol worldwide,
the IP protocol is the cornerstone of applying Internet to the
world. The core idea is the unified data-independent packet
switching method. By querying the routing table including
all destination nodes in the whole network, we can obtain
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FIGURE 1. End-to-end packet communication network based on LEO
satellite constellation.

next-hop forwarding addresses, and forward packets to the
destination nodes hop by hop. Considering the large scale
of nodes within the whole network, in order to reduce the
table lookup overhead, the IP protocol adopts a subnet mask-
based address aggregationmechanism,which divides all node
addresses of the whole network into several hierarchical net-
works. On this basis, the higher-level routing table only needs
to record the subnet mask of the next level, so that it can
be retrieved level by level during route lookup. Thus, the
address aggregation mechanism makes the IP protocol well
scalable. However, the fast-relative velocity of LEO satellites
to the Earth’s surface causes rapid traversal switching of
star-ground connections in LEO satellite networks, creating
a serious obstacle to the popularization of IP protocols to
LEO satellite constellations. Specifically, the speed of the
LEO satellites relative to the Earth is close to the first cosmic
velocity, at the same time, considering the limited ground
coverage of the satellites, it is preliminarily estimated that
after about 10 minutes [6], all satellite-ground links will have
switched. Therefore, it is difficult to establish a continuous
and stable access between users and satellites to meet the
address aggregation condition, resulting in unacceptable rout-
ing table lookup overhead and signaling interaction overhead
for satellite-ground switching.

To build address convergence relationships in the fre-
quent switching scenarios of LEO satellite constellations,
Tsunoda et al. proposed an idea of subnetting based on geo-
graphic information [7]. The key point is to divide the earth’s
surface into several geographic zones that are separated from
each other. Each geographic zone corresponds to a subnet,
so that the users located in that geographic zone are the
subnet users. On this basis, different network segments are
assigned to different subnets, and IP addresses belonging to
that network segment are assigned to users within that subnet,
independent of the satellite to which users are connected.
In addition, when the subsatellite point is located within
a geographic zone, the address of the satellite to ground
port is set as the first address of the geographic zone’s cor-
responding subnet, thus building the address convergence

relationship between the satellite node and the geographic
partition subnet. Based on this, patent [8] proposes a method
for constructing a geographically partitioned subnet under a
specific Walker constellation configuration, including geo-
graphic area shape, IP address segmentation, etc. However,
this method is difficult to avoid the problem of addressing
abnormalities. This is because satellites are always in motion
relative to the Earth’s surface and it is difficult to establish
a stable coverage relationship with geographic partitions.
As shown in Fig.2, the blue square indicates the geograph-
ically partitioned subnet, and the red circle indicates the
satellite coverage. The user U1 located in the shaded area
cannot directly establish a connection with the satellite Sat
that has the address convergence relationship with the subnet,
and this user U1 is the addressing abnormal user.

FIGURE 2. Diagram of addressing abnormal users.

A mobile management scheme based on satellite mobile
mode is proposed in [9]. The database located in the ground
server is used to maintain the data accessibility relationship
between ground nodes and satellites, and the information
of ground users with unreachable data (some of them are
addressing abnormal users) is stored in the central server for
inquiry and forwarding. Because the mobility management
scheme needs to use ground servers to store a large number
of node data, it is too dependent on ground facilities, and
the independence of satellite network is poor. Research [10]
proposed a virtual connection point scheme based on geo-
graphical location. The scheme makes full use of the geo-
graphic location information of endpoints to determine the
virtual connection points of ground users. The service scope
of the virtual connection point is a geographical area, and
the satellite bounding to the virtual connection point can
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provide available and stable communication services in this
geographical area at any time. The implementation is sim-
pler when the satellite communication service area covers
the entire virtual connection point service range. Otherwise,
binding updates occur frequently. However, the influence
of satellite communication service range on binding update
cost is not analyzed in [10]. Research [11] proposed a user-
centered switching scheme for ultra-dense low orbit satellite
network. The basic idea is to use the storage capacity of
satellites to improve the communication quality of users.
By caching the user’s downlink data in multiple satellites
simultaneously, the ground user can seamlessly switch and
always access the satellite with the best link quality. The
mobility management architecture based on location and
identity separation and convergent switching mechanism of
satellite network are proposed in [12] and [13]. According to
the distribution of the ground gateway, the coverage area of
the satellite constellation can be divided into several areas.
Each gateway implements localized location management
for terminals in its own area and realizes global location
management through synchronization between all gateways,
avoiding sub-optimal routing and improving efficiency. Con-
sidering the regularity of passive motion caused by satel-
lite mobility, the convergent switching mechanism performs
pre-switching for users under the same satellite.

The literature above does not discuss the number of users
outside the boundary of satellite coverage (called address-
ing abnormal users) in geographic information addressing
schemes in depth. If we can reduce the number of such
users when designing the geographic subnet division scheme,
we can reduce the subsequent stress on mobile management.
To reduce the impact of abnormal users in the geographic
information addressing scheme, a statistical model of the
number of addressing abnormal users including the geo-
graphical partition parameters (mainly considering the shape
and size of the geographic subnet) is constructed, and a
scenario simulation is carried out to verify the correctness of
the model in this paper.

In view of the advantages of multi-beam antenna technol-
ogy, such as seamless coverage, high gain and large capacity,
multi-beam antenna is usually used in LEO satellite mobile
communication system to expand the number of users. On the
one hand, users always want to access the satellite with a short
distance, which has a relatively light signal attenuation and
can obtain a relatively large SNR. On the other hand, when
users access satellites belonging to the same subnet, they can
easily obtain IP address aggregation and facilitate message
transmission. Combined with the above analysis, with the
high-speed motion of the satellite, there will be frequent user
and beam switching, as well as user and satellite switching.
In this paper, based on the studies of literature [14] and [18],
the coverage area of satellite to earth is modeled as a circle,
and the switching between different satellites of ground users
is focused on.

For the addressing anomaly problem, Xiao et al. proposed
a time-ratio model for addressing abnormal users [14], [15].

FIGURE 3. Diagram of beam coverage and satellite coverage.

The model shows that the geographic partitioning scheme
affects the number of addressing abnormal users through the
time ratio of logical coverage to full coverage. The number
of addressing abnormal users and local routing cost decrease
when the full coverage to logical coverage time ratio increases
as the geographic subnet range becomes smaller. The number
of addressing abnormal users decreases at a slower rate as the
ground subnet range becomes smaller, with amore significant
increase in mobility management cost and on-star routing
table entries. However, the time-ratio model only considers
the case when the subsatellite point trajectory completely
crosses the geographic subnetwork and does not consider the
case when the satellite briefly accesses the subnetwork at the
edge of the geographic partition subnet. So that it cannot com-
pletely describe all the relative position relationships between
the satellite coverage area and the geographic subnetwork
area. Moreover, when simplifying the model, the paper does
not consider the diversity of geographic area shapes, thus
limiting the applicability of the model in real scenarios.

In this paper, we propose a model of the average
rate of addressing abnormal users caused by geographic
information-based subnetwork addressing in LEO satellite
constellations, model the effect of satellite coverage and geo-
graphic subnetwork range on the average addressing abnor-
mal user rate, and verify the applicability of themodel under a
polygonal geographic subnetwork partitioning scheme. It has
been shown that since the ratio of the period of rotation of
LEO satellites around the Earth to the period of rotation of the
Earth is irrational, the subsatellite points can be considered
to be uniformly distributed on the ground [14]. As a result,
in the spatial dimension, the mean of probability distribu-
tion of addressing abnormal user rate is computed when
the subsatellite points are at different locations within the
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geographic subnetwork. Considering the effect of the Earth’s
rotation, the trajectory of the subsatellite point is different
each time it crosses the subnet, resulting difference in the
addressing anomaly region. On this basis, in the temporal
dimension, the addressing abnormal user rate of a near-polar
orbit constellation varying with time is simulated and average
calculated in this paper. The temporal simulation result is very
similar to the spatial theoretical deduction. Thus, the validity
of the theoretical model is verified.

For geographically partitioned subnet schemes, it is first
necessary to design the shape of the partition. Considering
factors such as government control, it is usually necessary
to delineate the boundary of the subnetwork according to
administrative boundaries of countries and regions. Related
information shows that the Iridium system uses a country-
and region-wide partitioning approach when subnetting [16].

FIGURE 4. Iridium system subnetting.

For simplicity, an outer joined polygon as close as pos-
sible to the administrative area is used in this paper for the
approximation of the geographical partition. On this basis,
the design of subnet size needs to be matched, regarding the
difference in accessible range of single satellite in different
constellations. In this paper, the ratio of satellite coverage to
geographic subnet area is used for analysis and evaluation.
Further, for the geographic partitioning scheme with arbitrary
positive polygons, a low-complexity equivalent solution for
addressing anomalous user rates under this scheme is given.

The specific algorithm steps are as follows. First, consid-
ering that a positive polygon with infinite number of sides
approximates a circle, a model of the average rate of the
addressing abnormal users under a circular geographic par-
tition is given. After that, the difference of average address-
ing abnormal user rates between positive polygon subnets
with different number of edges and the circular subnet is
calculated numerically, then the difference is fitted using

second-order Fourier formula to obtain six sets of fitting
parameters. Finally, with the number of positive polygon
sides as the independent variable, the six sets of parameters
are fitted and calculated, then the correction formula for the
average addressing anomaly user rate of a positive polygon
geographic subnet compared to a circular subnet is obtained.
At the same time, this paper also carries out the simulation
analysis on the temporal traversal of addressing anomaly user
rate in specific constellation, and the temporal simulation
results are sufficiently close to the results of spatial traversal,
verifying the effectiveness of the algorithm proposed in this
paper.

The content of the follow-up article is as follows. Chapter
II describes the geographic subnet partitioning scheme under
the LEO satellite constellation and the addressing anomalies
introduced by this scheme. Chapter III gives the analysis and
optimization of the addressing anomaly problem, including
the preconditions and basic assumptions of the model for the
average addressing abnormal user rate, the calculation, sim-
plification and analysis of the results of the model. Chapter
IV provides a simulation analysis of the applicability of the
model; Chapter V concludes this thesis.

The abbreviations are defined as following Table.1.

TABLE 1. Abbreviations and the expansions.

II. DESCRIPTION OF THE ADDRESSING ABNORMAL USER
IN THE LEO SATELLITE CONSTELLATION NETWORK
A. LEO SATELLITE CONSTELLATION SYSTEM
For LEO satellite constellations, this paper focuses on the
high-speed switching between LEO satellite networks and
ground users. Consider a LEO satellite constellation based
on the Walker Constellation [17], which satisfies that each
orbital plane has the same inclination, the difference of the
right ascension of ascending node between adjacent orbits
is same, and the satellites in each orbital plane are uni-
formly distributed. In the LEO satellite constellation, the
satellite’s rotation speed around the Earth is sufficiently close
to the first cosmic speed (7.9km/s). In addition, due to the
influence of the Earth’s rotation, which causes high-speed
traversal switching between the satellite and the ground user,
the connection between a single satellite and a single user
can last only about ten minutes [6]. As shown in Fig.5,
the blue quadrilateral indicates the geographic subnet area
and the red circle indicates the satellite coverage area. Ter-
restrial user User1 establishes a satellite-ground connection
with satellite Sat1 at moment t1. As the satellite moves, the
subsatellite point of Sat1 moves out of the user’s co-subnet
and the subsatellite point of Sat2 moves into the subnet.
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FIGURE 5. Satellite-ground connection switching diagram.

Then, at moment t2, the satellite-ground connection of ter-
restrial user User1 switches to the connection with satellite
Sat2.

B. GEOGRAPHIC INFORMATION-BASED SUBNET
PARTITIONING SCHEME
For the mobility management in LEO satellite communi-
cation systems and the problem of satellite-ground inte-
grated addressing, Tsunoda et al. proposed a geographic
information-based subnet partitioning scheme [7]. The key of
the scheme is to decouple node addressing from node mobil-
ity using geographic information. First, the earth’s surface is
divided into different geographic location area based on geo-
graphic location information, and each geographic location
area corresponds to a subnet. The IP addresses of nodes are
only related to the geographic location area in which they
are located. When the subsatellite point is in a geographic
region, the on-satellite router’s ground port is assigned the
first address of the subnet of that region. The satellite is
responsible for the communication of user nodes in the subnet
until the satellite moves out of the subnet and the next satellite
enters the subnet, then the routing port setting of the next
satellite is updated. If a satellite needs to send message to an
end-user node, it can route the message to the satellite that
meets the address aggregation relationship with the subnet
including the terminal node. Routing to users across the
network can be achieved by keeping only the routing table
entries of each subnet segment on the satellite router. Based
on the above design, on one hand, the number of geographic
regions determines the number of subnets. Greater number of
geographic regions results in larger on-star routing table size
and hence adds the table lookup overhead. On the other hand,
the smaller the number of geographic partitions, the larger the
range of individual partitions, the more frequently handoff
of ground nodes between subnets, which results in a larger
mobility management overhead.

C. ADDRESSING ABNORMAL USERS
Based on the above geographically partitioned addressing
method, the routing lookup overhead no longer increases
with the number of terminals, and the signaling interaction
overhead caused by the frequent switching between satellites
and ground users is effectively reduced, which is conducive

FIGURE 6. Subnet address segmentation diagram for geographic
partitioning.

FIGURE 7. AAU multi-hop forwarding.

to the expansion of terminals and services in the LEO satellite
constellation network. However, this method suffers from
AAUs, as described below.

Under the geographically partitioned addressing scheme,
the terminal establishes address aggregation relationships
with satellites belonging to the same geographical partition
subnet to ensure route reachability towards that terminal
node. However, addressing anomalies inevitably occur when
the actual accessible satellite of the terminal is not in the geo-
graphical partition in which the terminal is located. As shown
in the Fig.7, the subnet where terminal U1 is located satisfies
the address aggregation relationship with satellite Sat1, but at
this time terminal U1 is actually connected to satellite Sat2,
then the data packets sent to terminal U1 by any source node
will first be routed to satellite Sat1, and then by satellite Sat1,
forwarded to satellite Sat2 and then forwarded to terminal U1.
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The addressing anomaly introduces additional forwarding
delay on the one hand and takes up additional inter-satellite
link bandwidth on the other hand, thus affecting the transmis-
sion performance of the LEO satellite constellation network.
Definition 1: An addressing abnormal user is a user in a

geographic subnet area that cannot be covered by the com-
munication range of a satellite Sat that satisfies the address
aggregation relationship with that geographic subnet at a
certain time t.

It has been shown in research [18] that in a satellite-
ground communication scenario, the satellite’s actual acces-
sible range on the Earth’s surface can be modeled as a circle
with the sub-satellite point as the center. The communication
capability of the satellite determines the radius R of this
circle. The red circle represents the accessible range of the
satellite, the blue square indicates the geographical subnet
area, and the user located in the blue shaded area is the AAU.
Fig.8 respectively illustrates the satellite Sat just accessing
the subnet, fully covering the subnet, and about to leave
the subnet. It can be seen that the satellite-ground coverage
relationship changes as the subsatellite point changes in the
subnet area, and at the same time, the uncovering area by the
satellite and the AAU also change.

FIGURE 8. Different coverage relationships between satellites and
subnets.

III. ANALYSIS AND OPTIMIZATION OF ADDRESSING
ANOMALY PROBLEM
As mentioned above, in the geographic information parti-
tioned subnet scheme, end users that cannot be covered by
satellites that satisfy the address aggregation relationshipwith
the subnet are AAUs. These users have an impact on the
routing and mobility management of LEO satellite communi-
cation systems, deteriorating IP addressing performance and
leading to increased packet loss in the network. Therefore,
how to reduce the number of AAUs in the system is a key
issue for the design of geographic information partitioning
scheme.

For simplicity, this paper uses convex polygons to construct
geographic partitions, and then assigns corresponding subnet
addresses to each geographic partition. The subsequent work
in this paper is based on the following assumptions. Consid-
ering the near-polar Walker Constellation [17], all satellites
have an approximate circular coverage of the ground. The
scope of the geo-partitioned subnet does not exceed the satel-
lite coverage, i.e. the longest diagonal of the geo-partitioned
subnet does not exceed the diameter of the satellite coverage.

Then, for a certain geographic subnet area, there always exists
a certain location in the area that the satellite achieves com-
plete coverage of the subnet area when the subsatellite point
is at that location. Finally, assuming a uniform distribution of
terrestrial users in a certain geographic subnet area, i.e., the
user density θ is constant.

A. ANALYSIS OF THE STATISTICAL MODEL FOR THE
NUMBER OF ADDRESSING ABNORMAL USERS
Suppose a certain geographic subnetting scheme divides the
earth’s surface into N geographic subnet regions according
to the rule ϕ (x, y), and the i-th (i = 1, 2, . . . ,N) subnet is
represented by the following point set (1)

Wi = {(x, y) |ϕ (x, y)} (1)

where (x, y) denotes the position coordinates of each point
in the subnet Wi. Let the area of subnet i be Si and let Li be
the maximum value of the distance between any two points
in subnet Wi. The density function of user terminals in this
region is θi (x, y), and in general, the density of user terminals
varies with different coordinates of points.

Let the satellite Sat j’s subsatellite point M (X ,Y ) ∈ Wi at
moment t. If satellite Sat j is connected to the subnet Wi, use
the point set (2)

Sat j =
{
(x, y) | (x − X)2 + (y− Y )2 ≤ R2j

}
(2)

to indicate the coverage area of the satellite, where Rj is the
communication radius of the satellite Sat j, according to above
assumptions, 2Rj ≥ Li.
Definition 2: The uncovering range Ui is the range in a

geographic subnet Wi that is not covered by the satellite Sat j
responsible for the communication of this subnet, then the
uncovering range Ui can be represented by the difference set
of the above two point sets (1) and (2).

Ui (x, y) =
{
Wi − Sat j | (x, y) ∈ Wi

}
(3)

Then the number of AAUs UNi in the subnetWi at moment t
is defined as (4)

UNi =

∫∫
Ui(x,y)

θi (x, y)d (x, y) (4)

According to the assumption that the density of user terminals
in the subnet is constant, then we get (5)

UNi = θ

∫∫
Ui(x,y)

d (x, y) (5)

Equation (5) expresses the number of AAUs as the product
of the user density constant θ and the uncovering area. The
uncovering area is related to the subnet division scheme and
the location of the subsatellite point M (X ,Y ). For the entire
satellite constellation, the number of AAUs at moment t is
as (6)

Num =
N∑
i

UN i (6)
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Due to the dynamic nature of satellites, when a satellite
accesses to a subnet, the uncovering area in that subnet varies
with the location of the subsatellite point. To calculate the
uncovering area, it is necessary to study the motion pat-
tern of the subsatellite point. According to the literature [14],
with the periodic rotation of the satellite around the Earth and
the rotation of the Earth, the subsatellite point M (X ,Y ) is
uniformly distributed on the Earth’s surface for both time and
space, i.e., for a region, the probability that the subsatellite
point is located at any point in the region at moment t, is the
same. Then the mean of probability distribution of the AAU
for a certain division scheme is as (7)

E (Num) =
N∑
i

E(UN i) (7)

For a geographical subnet Wi with area Si, the probability
density function of the uniform distribution of a subsatellite
point in the subnetWi is as (8)

f (X ,Y ) =
1
Si

(8)

The uncovering area Ui (x, y) is a function of the subsatellite
point’s position (X ,Y ), and as the assumption in (9)

Ui (x, y) = g (X ,Y ) (9)

Let the probability density function of the uncovering area Ui
be h (Ui), and according to page 41 to 42 in [19], there is the
formula (10) as follows

E (Ui) =
∫
Ui × h (Ui) dUi

=

∫
g (X ,Y )× f (X ,Y ) d (X ,Y ) (10)

Calculate the average of (5), we have

E (UN i) = E(θ
∫∫

Ui(x,y)

d (x, y)) = θ × E (Ui) (11)

Considering (10) (11) and (7) together, there are

E (Num) = θ ×
N∑
i

E (Ui)

= θ ×

N∑
i

∫
g (X ,Y )× f (X ,Y ) d (X ,Y ) (12)

Equation (12) expresses the mean of probability distribu-
tion of the AAUs as a function of several variables. These
variables are the user density constant θ , the relationship
function between the uncovering area and the location of
the subsatellite point g (X ,Y ), the probability density func-
tion f (X ,Y ) for the uniform distribution of the subsatellite
point in the subnet, and the subsatellite point location (X ,Y ).
Among them, only the relationship function g (X ,Y ) between
the uncovering area and the location of the subsatellite point
is unknown, then only the relationship function g (X ,Y ) need
to be studied.

B. MODEL OF THE AVERAGE RATE OF ADDRESSING
ABNORMAL USERS IN CIRCULAR GEOGRAPHIC SUBNET
The above study has simplified the problem of AAUs to the
study of the function between the uncovering area and the
location of the subsatellite point. For the division of geo-
graphic subnets, theoretically, under the premise of achieving
global coverage and no overlap between two subnets, geo-
graphic subnets can be any shape, such as convex polygons,
concave polygons, irregular boundary polygons, etc. For the
convenience of engineering implementation, geographic sub-
nets are generally designed as convex polygons with regular
boundaries. Considered in terms of limits, any convex equi-
lateral N-sided polygon tends to be circular as N tends to
infinity. We firstly normalize the size of different geographic
subnets by using the ratio of the satellite coverage to the
geographical subnet scope. Secondly, based on the formula
of average AAUR in circular geographic subnet, a model
of average AAUR in different polygonal geographic subnet
regions is given by adding a correction function with polygon
side number N as independent variable. Thus, this model does
not require that all geographic subnets have the same shape.

In this paper, we firstly consider the circular geographic
subnet and derive the theoretical formula for the relationship
function between the uncovering area and the location of
subsatellite points. For a circular geographic subnet region,
when the subsatellite point moves into the geographic subnet
region, the position of the subsatellite point can be expressed
as the distance between the subsatellite point and the circle
center of the circular subnet. For different points in a circular
geographic subnet, when they have the same distance from
the circle center of the geographic subnet, they form a cir-
cular boundary. When the subsatellite points are at different
positions in this circular boundary, the uncovering areas are
the same.

As shown in Fig.9,

FIGURE 9. Coverage relationship between satellite communication range
and circular geographic subnetwork (a).
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FIGURE 10. Coverage relationship between satellite communication
range and circular geographic subnetwork (b).

Establish a rectangular coordinate system with the center
O of the circle of the satellite coverage area (red) as the
coordinate origin, and let the radius of the satellite acces-
sible range be R. The equation of the satellite coverage
area is (13)

x2 + y2 ≤ R2 (13)

Let the radius of the circular geographic subnet (blue) be r
and the coordinates of the geographic subnet circle center M
be (0, b), then the equation of the geographic subnet region
is (14)

x2 + (y− b)2 ≤ r2 (14)

According to the hypothesis, the parameters satisfy the rela-
tionship in (15) {

r ≤ R < 2r
R− r ≤ b ≤ r

(15)

When b < R − r , the satellite achieves full coverage
of the geographic subnet and there is no uncovering area.
When 2r ≤ R, as long as the subsatellite point is in the
geographic subnet, full coverage is achieved and there is
no uncovering area. The two circular formulas (13) (14)
are combined to find the intersection point of the two
circles, where the abscissa of the right intersection point
is (16)

x1 =

√[
(R+ b)2 − r2

] [
r2 − (R− b)2

]
2b

(16)

FIGURE 11. Circular geographic subnet.

When b ≤
√
R2 − r2, the uncovering area (shaded area) in

the circular subnet region is (17)

U1 (b) = 2×
∫ x1

0

[√
r2 − x2 + b−

√
R2 − x2

]
dx (17)

When b >
√
R2 − r2, as in Fig.10.

At this situation the uncovering area in the circular geo-
graphic subnet region is (18)

U2 (b) = π × r2

− 2×
∫ x1

0

[√
R2 − x2 − b+

√
r2 − x2

]
dx (18)

According to the idea of limit, it can be considered that the
circular geographic subnet is composed of an infinite number
of concentric rings whose width tends to be close to zero.
When the subsatellite point is located at different points in
the same ring, the uncovering area in the circular geographic
subnet is the same. It is only needed to calculate the uncover-
ing area when the subsatellite point is located at a point in the
ring, then calculate the proportion of the area of this ring to the
area of the circular geographic subnet, and multiply the two
together, finally sum over all the products to obtain the prob-
ability mean of the uncovering area for this subnet. As shown
in Fig.11.

According to the idea of limit, let the width of the annulus
1 → 0, the inner radius of the annulus is b and the outer
radius of the annulus is b + 1, then the area of the annulus
is (19)

π (b+1)2 − πb2 (19)

Then the probability function of the distance b between the
subsatellite point and the circle center of
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the subnet is (20)

f (b) = lim
1→0

π (b+1)2 − πb2

πr2
= lim
1→0

2b1+12

r2
(20)

For the above equations, we have the relationship as (21){
b = αr
2R = β ∗ 2r

(21)

and according to (15), there is (22){
1 ≤ β < 2
β − 1 ≤ α ≤ 1

(22)

According to the formula of indefinite integral, when
a2 > x2, there is (23)∫ √

a2 − x2dx =
1
2
x
√
a2 − x2 +

a2

2
arcsin

x
a
+ C (23)

In where C is a constant term. Since in the integral of area,
there are R2 > x2 and r2 > x2

Then, simplifying (17) and (18), we get (24) and (25)

U1 (α, β) =
r2

2

√[
(β + α)2 − 1

] [
1− (β − α)2

]
+ r2arcsin

√[
(β + α)2 − 1

] [
1− (β − α)2

]
2α

−β2r2arcsin

√[
(β + α)2 − 1

] [
1− (β − α)2

]
2αβ

(24)

U2 (α, β) = πr2 +
r2

2

√[
(β + α)2 − 1

] [
1− (β − α)2

]
− r2arcsin

√[
(β + α)2 − 1

] [
1− (β − α)2

]
2α

−β2r2arcsin

√[
(β + α)2 − 1

] [
1− (β − α)2

]
2αβ

(25)

Let

1 =
r
n

(26)

In (26), as n tends to infinity, 1 tends to zero.
Then according to (20) and (26), we have (27)

f (α) = lim
n→∞

2αn+ 1
n2

(27)

Definition 3: The uncovering rate is the uncovering area as
a percentage of the subnet area, as shown in (28)

W (α, β) =


U1 (α, β)

πr2
× 100%, β − 1 ≤ α ≤

√
β2 − 1

U2 (α, β)

πr2
× 100%,

√
β2 − 1 < α ≤ 1

(28)

FIGURE 12. Average AAUR curve for circular geographic subnets.

Finally, this paper obtains the equation of the average uncov-
ering rate of circular geographic subnet as (29)

EW (β) =
∫ 1

β−1
W (α, β)× f (α) dα (29)

In (29), β denotes the ratio of the satellite coverage diameter
to the diameter of the circular geographic subnet, α denotes
the position of the subsatellite point (i.e., the ratio of the
distance between the subsatellite point and the geographic
subnet circle center to the geographic subnet radius), W
denotes the uncovering rate, i.e., the uncovering area as a
percentage of the subnet area, see (28), and f (α) denotes
the probability when the subsatellite point position takes the
value α, see (27).

As in (29), after integrating with respect to α, the only
unknown in the equation is β. It can be seen that when the
geographic subnet is circular, the average uncovering rate EW
is only related to the ratio β of the satellite coverage radius to
the geographic subnet radius.

For the relationship between the uncovering rate and the
abnormal user rate, there is the following derivation.

uncovering rate

=
uncovering area
subnet area

=
user density constant × uncovering area
user density constant × subnet area

=
number of abnormal users

total number of users in the subnet
= abnormal user rate

By computing the probability mean for the above equa-
tion, it can be concluded that the model for the average
AAUR is the same as the model for the average uncovering
rate.

According to (22), there is 1 ≤ β < 2. Bringing
1 ≤ β < 2 into (29), the result is shown in Fig.12.
The abscissa in the above figure is β, which is the ratio

of the satellite coverage diameter to the geographic subnet
diameter, and the ordinate is the average rate of AAUs in
the circular geographic subnet. As can be seen from the
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FIGURE 13. Average rates of the AAU in equilateral N-sided polygon and
circular geographic subnet.

FIGURE 14. Difference curves of average anomalous user rate between
circular and polygonal geographic subnetworks.

Fig.12, the average rate of AAUs becomes smaller and the
average rate of AAUs decreases more slowly as the ratio β
of satellite coverage diameter to geographic subnet diameter
gradually increases. Further, when β = 1, the average AAUR
is 41.3%, which is the same conclusion as in the paper [14].
Moreover, when β = 2, the average AAUR is 0, i.e., no AAU
appears when the diameter of the designed geographic sub-
network is less than or equal to half of the satellite coverage
diameter.

C. CORRECTIONG FUNCTION FOR THE AVERAGE
ADDRESSING ABNORMAL USER RATE OF POLYGONAL
GEOGRAPHIC SUBNETS
The foregoing describes the core of the statistical model
of AAUs as a function of the average uncovering rate
with respect to the location of subsatellite points. And the
theoretical formula is derived, where the average AAUR
of the circular geographic subnet is only related to the
ratio of the satellite coverage diameter to the geographic
subnet diameter. Considering that in engineering applica-
tions, for the feasibility and convenience, geographic sub-
nets are usually regular convex polygons. Therefore, this
section proposes a correction function for (29) so that
(29) is applicable to the circularly-interconnected equilat-
eral N-sided polygon geographic subnetwork region after the
correction.

TABLE 2. Parameters for the second-order Fourier fitting of the
difference curves in Fig.14.

1) NUMERICALLY CALCULATION
Let the longest diagonal of the equilateral N-sided polygon
be the same as the diameter of the circular geographic subnet.
Firstly, the average rates of the AAU in the square, hexagonal,
octagonal and decagonal geographic subnet are simulated
numerically, and the results are plotted as Fig.13.

Considering that this paper normalizes the size of different
geographic subnets by using the ratio of the satellite coverage
to the geographical subnet scope. When this ratio is the same,
the more sides there are, the more area there is, and the more
uncovering area there is with the same satellite coverage area.
In addition, the more sides there are in the regular polygon,
the closer it is to the circle, so the curve of the regular decagon
is closer to the circle curve in Fig.13.

2) CALCULATE DIFFERENCE
Respectively subtract the average abnormal user rate in the
equilateral N-sided polygon geographic subnet from the aver-
age abnormal user rate in the circular geographic subnet, and
the difference is plotted as Fig.14.

It can be seen that the trends of these difference curves are
roughly similar to the trend of the trigonometric curve.

3) FOURIER FITTING
A second-order Fourier fitting is performed on the four curves
in Fig.14, and the second-order Fourier equation is as follows.

DE (β) = A0+ A1cos(βW)+ B1sin(βW)

+A2cos(2βW)+ B2sin(2βW)

For different number of sides N, the imitative effect
(R-square) and fitting parameters are different, as shown in
the following Table.2.

4) FITTING THE PARAMETERS IN TABLE 2
Further, the six coefficients in Table 2 were fitted with the
independent variable N to obtain the following (30) to (35).

A0 (N) = 0.2909 ∗ e−0.3254N − 3.273 ∗ 10−16 ∗ e2.647N

(30)

A1 (N) = 0.0009696 ∗ N 3
− 0.02491 ∗ N 2

+0.208 ∗ N − 0.571 (31)

B1 (N) = 14.6 ∗ e−1.104N − 1.289 ∗ e−0.5243N (32)

A2 (N) = −0.001283 ∗ sin (N− π)

VOLUME 10, 2022 2541



M. Sun et al.: Model of AAUs in IP/LEO Satellite Communication System Based on Geographical Information Subnet

+ 0.0002659 ∗ (N − 10)2 − 0.0001415 (33)

B2 (N) = −0.0001024 ∗ N 3
+ 0.002766 ∗ N 2

− 0.02438 ∗ N + 0.06938 (34)

W (N) = 0.01777 ∗ N 3
− 0.4682 ∗ N 2

+ 3.82 ∗ N − 5.988 (35)

The imitative effect (R-square) are as Table.3.

TABLE 3. R-square of the fitting to the six sets of parameters in Table 2.

5) CORRECTION FORMULA
For the circle-interconnected equilateral N-sided polygon
geographic subnetwork, the correction formula for the aver-
age AAUR is as (36)

C (N, β) = A0 (N)+ A1 (N) ∗ cos (β ∗W (N))+ B1 (N)

∗ sin (β ∗W (N))+ A2 (N)

∗ cos (2β ∗W (N))+B2 (N) ∗ sin (2β ∗W (N))

(36)

The statistical model of the average AAUR in the circle-
internal equilateral N-sided polygon subnet is as (37)

EW (β) =
∫ 1

β−1
W (α, β)× f (α) dα − C (N , β) (37)

6) VERIFY THE CORRECTNESS OF (37)
Let N= 12 and bring it into (30) to (35) to obtain the formula
for the correction function of the equilateral dodecagon.

C (12, β) = −0.014551+ 0.0134288 ∗ cos (β ∗ 3.13776)

− 0.002361 ∗ sin (β ∗ 3.13776)+ 2.3368

∗ 10−4 ∗ cos (2β ∗ 3.13776)− 0.0018232

∗ sin (2β ∗ 3.13776) (38)

Then the formula for the average AAUR in the circle-
interconnected equilateral dodecagon subnet is (39).

EW (β) =
∫ 1

β−1
W (α, β)× f (α) dα − C (12, β) (39)

First, numerical calculation of the average AAUR in the equi-
lateral dodecagon subnet is performed directly using Matlab.
After that, make 1 ≤ β < 2, and bring β into (39) to calculate
EW (β), the two sets of results are compared to make the
following graph.

FIGURE 15. Numerical and theoretical calculation curves of the average
AAUR in the equilateral dodecagon subnet.

As can be seen from the Fig.15, the difference between
the two sets of results is very small, proving that (37) is also
applicable for the equilateral dodecagon.

D. SUMMARY OF CHAPTER III
This chapter firstly proposes a statistical model of the aver-
age AAUR in the LEO satellite constellation system. The
key to the model is the average uncovering area rate in the
geographic subnet as a function of the subsatellite point’s
position. The model shows that the average AAUR in a
LEO satellite constellation system is related to the density
distribution of end users over different regions of the Earth,
the shape and size of the geographically partitioned subnet,
and the size of the satellite’s coverage. Secondly, a model of
the average AAUR in the circular geographically partitioned
subnetwork is derived under the assumption that the density
of end users is the same constant in different regions of the
Earth. The model shows that for a circular geographically
partitioned subnet, the average AAUR will be exclusively
determined by the ratio β of the satellite coverage diameter
to the diameter of that subnet. Finally, the above average
AAUR model is further extended to an equilateral N-sided-
polygon geographically partitioned subnet by calculating the
corresponding correction function. The results show that the
average rate of the AAU is determined by the ratio β of
the satellite coverage diameter to the longest diagonal of the
subnet, and the number of sides, N, for an equilateral N-sided-
polygon geographically partitioned subnet.

IV. LEO SATELLITE SYSTEM SCENARIO SIMULATION
ANALYSIS
This chapter gives the scenario simulation analysis of the
average AAUR in the LEO satellite system. By counting the
number of users who are not covered by satellites that satisfy
the address convergence relationship with the subnet (i.e.,
AAUs) during one orbital period, the abnormal user rate is
given for different ratio of satellite coverage diameter to the
longest diagonal of the subnet and compared with the pre-
vious theoretical derivation results. The specific simulation
parameters and simulation results are as follows.
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A. SIMULATION PARAMETERS
1) LEO SATELLITE CONSTELLATION PARAMETERS
The near-polar orbit satellite constellation is adopted, with an
orbital inclination of 87 degrees, 12 satellites in each orbit,
a total of 6 orbits, and a 15-degree difference between the
adjacent orbits’ right ascension of ascending node.

2) GEOGRAPHIC SUBNETTING
The Earth’s surface is divided into 72 geographic subnet areas
and the geographic subnets are numbered. Each geographic
subnet area spans 30 degrees of longitude and latitude. The
specific division scheme and geographic subnet numbering
are shown in Fig.16.

FIGURE 16. Diagram of geographic subnet partitioning in the simulation
scenario.

This simulation counts the data of cells 0 to 11. For cells
0 to 11, the shape is a spherical isosceles trapezoid, that can
be approximated as a two-dimensional square, i.e., N = 4.
Based on the previous assumptions, 60,000 terrestrial users
are uniformly distributed in cells 0 to 11, with 5,000 terrestrial
users in each cell.

3) OTHER SIMULATION PARAMETERS
In the scenario simulation, the ratio β is defined as the value
of the diameter of the satellite coverage divided by the longest
diagonal of the geographic subnetwork. Combined with the
orbit altitude range (700km to 1500 km) of the LEO satellite
constellation [20], the value of this ratio β in this simulation
ranges from 1.06 to 1.73. The simulation gives the average
AAUR corresponding to 21 different ratios in this range.
We counted the probability average of the ratio of the AAUs
to the total users for cells 0 to 11. The specific statistical
method is as follows. For simulation scenarios with different
ratios, the orbital period, T, is calculated. Let the unit length
of the simulation time be T/600. Finally, calculate the average
of AAURs after 600 units of simulation time.

B. ANALYSIS OF SCENARIO SIMULATION RESULTS
1) SIMULATION ANALYSIS OF ADDRESSING ABNORMAL
USER RATES OVER TIME
Fig.17 shows the scatter plot of the AAUR varying with
simulation time for three different randomly-selected satellite
coverage to geographic subnetwork range ratios. In order

FIGURE 17. Variation of AAUR with time for different ratios β.

to investigate the variation law of the AAUR with time for
different ratios β and whether the law is affected by the ratio
β, the ratios in the Fig.17 are randomly selected as 1.32,
1.46 and 1.58, respectively. For simulation scenarios with
different ratios, let the orbital period be T. The horizontal
coordinate in the above figure is the time t in T/600, and
the vertical coordinate is the AAUR at a certain moment.
Fig.17 illustrates that, during the scenario simulation, the
AAUR for different ratios β show periodic changes as time
progresses. The mean squared errors are 0.0309(β = 1.32),
0.0198(β = 1.46), 0.0062(β = 1.58). And we can see that
the larger the beta, the more stable the data, i.e., the closer the
number of abnormal users is at different times.

FIGURE 18. Simulation and theoretical calculation results of the average
abnormal user rate in subnet partitioned according to Fig.16.

2) COMPARATIVE ANALYSIS OF SCENARIO SIMULATION
RESULTS AND THEORETICAL CALCULATION RESULTS
The abscissa in the Fig.18 is β, which is the ratio of the
satellite coverage diameter to the longest diagonal of the
geographic subnet, and the ordinate is the average rate of
AAU. Considering the subnetting scheme in the scenario
simulation, there is an edge number N = 4. The red curve
is the theoretical calculation result of EW (β) obtained by
bringing N = 4 into (37), and the blue dotted trace is the
scenario simulation result.

As can be seen from the Fig.18, the average abnormal
user rate in the LEO satellite constellation decreases as the
ratio of satellite coverage to geographic subnetwork range
increases, and the result of the scenario simulation are similar
to the result of the equation derived theoretically in this study
(as shown in (37)). In addition, when the ratio of satellite
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coverage to geographic subnetwork range is greater than 1.5,
its corresponding average AAUR will be close to 0, i.e., the
number of AAUs in the system is very small at this time.

Considering the geographic information-based subnetting
scheme needs to ensure each geographic subnet always
has a satellite access, the number of geographic subnets is
determined by the number of satellites in the constellation.
Therefore, for a certain LEO satellite constellation, when the
satellite’s coverage range to the ground is certain, we can
obtain different numbers of subnets by adjusting the number
of satellites in the constellation, and then adjust the size of
the subnet range, so as to obtain different ratios of satellite
coverage to geographical subnet range. For the quadrilateral
subnet, when the ratio is greater than 1.5, the AAUs have
little impact on the LEO satellite constellation system with
the geographic information subnet partitioning scheme.

We mainly consider the management overhead caused by
the dynamic switch between ground users and satellite ports
to earth. The simulation scenario is described in section A.
In the satellite-fixed subnet solution, the ground ports of
each satellite are assigned different subnet start addresses.
When ground users switch to different satellites, IP addresses
belonging to the satellite-fixed subnet address segment are
assigned to the ground users, and all users must be informed
of the switchover. In the geographic information subnet
scheme, when a satellite moves out or into a different geo-
graphic subnet, the satellite’s ground port switches to the first
address of the geographic subnet, and the user’s IP address
remains unchanged, and the switch only needs to be notified
to all other satellites.

FIGURE 19. The mobility management cost in different subnet
partitioning scheme.

As can be seen from Fig.19, the mobility management
cost of the geographic subnet scheme is about five orders of
magnitude less than that of the satellite-fixed subnet scheme,
and the ratio of satellite coverage to geographic subnet scope
has little influence on the mobility management cost. The
simulation results in literature [7] also show that when the
satellite coverage is constant, the size of different geograph-
ical subnet regions (that is, the different ratio of satellite
coverage to geographic subnet range) has little influence on
the mobility management overhead.

V. CONCLUSION
This thesis first introduces the IP/LEO addressing scheme
based on geographic information and the problems of the
scheme. Inevitably, there will be AAUs when adopting this
scheme. After giving the definition of AAUs, a statistical
model of AAUs based on the geographic information sub-
network partitioning scheme is derived. The model describes
the relationship between the average AAUR and the ratio
of satellite coverage to geographic subnetwork range. The
average AAUR decreases as the ratio of satellite coverage
to geographic subnetwork range increases, and the rate of
decrease reduces as the ratio increases. For the constella-
tion design, according to the relationship between satellite
coverage, geographic subnetwork range, and average AAUR,
quantified in this paper, we can adjust the number of satellites
in the constellation, so as to obtain different satellite coverage
to geographic subnetwork range ratios, and thus achieve a
smaller AAUR and ultimately meet the specific performance
requirements.

For a N-sided equilateral polygon geographic subnet, the
average AAUR is determined by the number of sides N of
the geographic subnet, and the ratio of the satellite coverage
diameter to the longest diagonal of the geographic subnet.
When this ratio is greater than 1.6, the average AAUR drops
to about 5%. Further, for the quadrilateral geographic subnet,
the average AAUR decreases from 25.1% to 0 when the ratio
of the satellite coverage diameter to the longest diagonal of
the geographic subnet increases from 1 to 2. The scenario
simulation results show that the average AAUR decreases
with the increase of the ratio of the satellite coverage area
to the geographic subnet area in the near-polar LEO satellite
constellation and that the mobility management cost of the
geographic subnet scheme is about five orders of magnitude
less than that of the satellite-fixed subnet scheme, and the
ratio of satellite coverage to geographic subnet scope has little
influence on the mobility management cost. The scenario
simulation results are similar to the results of the theoretical
derivation, which verifies the correctness of the theoretical
derivation.
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