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Space-based Internet of Things (S-IoT) utilizes the characteristics of satellite network coverage, strong antidestructiveness, and
full-time work to realize large-scale sensing and interconnection of everything in the sky, land, sea, and air. The user capacity
of S-IoT satellites is mainly determined by beam design, communication schemes, satellite-to-earth links, and communication
protocols, which directly affect the system capacity and operational capabilities of S-IoT. This paper proposes an S-IoT satellite
user capacity analysis model with multibeam and spread spectrum technology. Taking into account the randomness of user
distribution, the difference in transmit power, and different spreading sequences, the user capacity of S-IoT satellites was
simulated and compared in different scenarios. Based on these results, this article analyzes the key factors affecting user
capacity, which will provide a valuable reference for S-IoT design, link optimization, and power selection.

1. Introduction

With the increase in demand for Internet of Things applica-
tions worldwide and the expansion of the scale of the indus-
try, the service capabilities of the Internet of Things are
limited by the small coverage, poor adaptability, and fragility
of terrestrial communication networks. As a result, the prob-
lem of the mismatch between the service capabilities of the
terrestrial Internet of Things and the demand has become
increasingly prominent. Compared with terrestrial commu-
nication networks, satellite communication networks have
the advantages of wide coverage, strong antidestructiveness,
and full-time work, which can realize large-scale perception
and interconnection of all things in the sky, air, sea, and
earth [1].

Attracted by the huge market for the Internet of Things,
there is a global trend to develop satellite communication net-
works, making space-based Internet of Things (S-IoT) services
possible to bridge the gap between the above capabilities and
needs, such as Iridium and Globalstar. In addition, dedicated

S-IoT solutions such as Orbcomm, ARGOS, and Tianqi sys-
tems have also been released one after another [2–5].

S-IoT user access to the wireless network is a typical
multiuser communication system, which mainly realizes
data collection, monitoring, and control of sensors and other
equipment deployed in space, air, ground, and sea. Due to
the characteristics of the Internet of Things business, the
wireless access network pays more attention to user capacity
rather than data rate. Moreover, considering the wide-area
coverage characteristics of space-based systems, the cover-
age of an S-IoT node is more than a dozen terrestrial nodes.
On the other hand, frequency resources have become one of
the main constraints restricting the construction and
deployment of satellite communication systems, and the
limited spectrum resources have been continuously occu-
pied with the continuous growth of satellite communication
system planning. Therefore, achieving user capacity under
limited bandwidth and power constraints is one of the key
factors for S-IoT to ensure service capabilities and market
share [6–8].
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This paper proposes an S-IoT communication system
model with space division multiplexing (SDM), frequency
division multiplexing (FDM), and code division multiple
access (CDMA). Based on this model, the multiple access
scheme and communication protocol corresponding to the
S-IoT uplink user link communication system are analyzed.
Taking into account the randomness of user distribution, the
difference in transmit power, and different spreading
sequences, the user capacity of S-IoT satellites was simulated
and compared in different scenarios. Based on these results,
this article analyzes the key factors affecting user capacity
and provides valuable references for the design and optimi-
zation of S-IoT systems.

2. Multi-beam Multi-user S-IoT System Model

S-IoT is a comprehensive information system that is based
on the space-based information network and provides inter-
actions between things and things, people and things, and
people and people. It mainly provides data transmission ser-
vices for nodes in areas that are difficult to cover by terres-
trial networks, such as forests, oceans, and deserts, as well
as nodes in special areas, such as disaster areas and battle-
fields [9].

As shown in Figure 1, S-IoT consists of two parts: a
space segment and a ground segment. The space segment
is composed of low earth orbit satellites (LEO)/geostationary
orbit satellites (GEO), which provide services for the ground
segment through various link transmissions. The ground
segment is composed of various IoT terminals, through
which sensors are used for information interaction [10,
11]. Taking into account the limited spectrum resources,
changing communication conditions, and higher user capac-
ity requirements, the satellite multibeam uplink communica-
tion system considered in this article uses CDMA. Users
access the same satellite with the same spreading sequence
while they are multiple accessed by different phases of the
spreading sequence resulting from random transmitting
time and different transmitting delay in the space-based
receiver. Therefore, the relative characteristics of the spread
spectrum sequence used will affect the performance of the
S-IoT communication system. On the other hand, in view
of the wide coverage of S-IoT satellites, the high gain of
the receiving antenna, and the increase of user capacity,
fixed multibeam antenna technology is adopted. In order
to reduce interference and increase user capacity, adjacent
beams can use different carrier frequencies.

In this paper, the signal to interference plus noise ratio
(SINR) of the received signal at the receiver of the satellite
is analyzed to evaluate the user capacity of the S-IoT system
in different communication scenarios. The SINR of user k
can be calculated as follows:

SINR kð Þ = Eb

I0 +N0
=
EIRP kð Þ − L kð Þ

f − L kð Þ
0 +G θk, φkð Þ − Lm

I0 +N0ð ÞRb
,

ð1Þ

where EIRPðkÞ is the equivalent isotropically radiated

power which is determined by the transmission power, the
antenna transmission gain, and the terminal transmission

loss of user k. LðkÞf is the free space transmission loss which
is determined by the frequency of carrier and the distance

between the user terminal and the satellite. LðkÞ0 is the other
loss including polarization loss and rain attenuation. Gðθk,
φkÞ is the receiving antenna gain which is determined by
the azimuth and pitch angles between the user terminal
and the satellite. Lm is the demodulation loss of the receiver.
I0 is the power spectral density of noise, and Rb is the bit
rate. I0 is the power spectral density of interference which
is mainly affected by the multiuser interference (MUI)
resulted from poor correlation property of the spreading
code employed by the S-IoT.

The following article will analyze the user capacity of the
above system under different communication scenarios
through theoretical derivation and simulation. In the multi-
beam satellite communication system, all terminal devices in
the multibeam area use the reverse link to transmit the
requested data to the multibeam satellite through the trans-
mitting antenna. The multibeam satellite receives and
amplifies the signal, forwards it to the gateway through the
reverse link, and transmits it to the ground network for pro-
cessing. After the processing is completed, the reply data is
transmitted to the gateway station, and the reply data is sent
to the multibeam satellite using the forward link, and it is
also amplified and transferred to the multibeam area, thus
completing the data request and receiving process [12, 13].

3. User Capacity Analysis

3.1. The Spreading Sequences. In a S-IoT based on the spec-
trum spreading technique, the chip rate is generally constant
since the authorized bandwidth is limited and fixed. There-
fore, different data rates will result in those different lengths
of the spreading sequences should be employed, which will
bring different effects on user capacity [14–17].

In classical spread spectrum systems, two kinds of
spreading schemes can be employed: scheme 1—short
spreading sequence scheme—and scheme 2—long spreading
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Figure 1: System model of S-IoT.
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sequence scheme. As shown in Figure 2, each bit of data of
each user uses the same spreading code in scheme 1. There-
fore, MUI is determined by different phases of the spreading
sequence caused by random transmitting time and different
transmitting delay in the space-based receiver. Due to the
limited length of the spreading sequence, the probability of
collision (data arrived at the same chip phase) is very high
which becomes the main factor affecting the user capacity.
In order to reduce the collision probability, the long spread-
ing sequence scheme can be employed, as shown in Figure 3,
where different bits of each user are successively spread by a
long spreading sequence. In this situation, the correlation
properties of the chips within different bits will be various,
since only a short part of the spreading sequence is used to
realize code division multiple access. The MUI of scheme 2
will be more random and difficult to quantify. According
to the above analysis, the following article will focus on ana-
lyzing the collision probability of the system with short
spreading sequence and on analyzing the MUI of the system
with long spreading sequence.

3.2. Collision Probability of the System with Short Spreading
Sequence. In a CDMA system using short spreading
sequence communication, if multiple users are located at
similar address codes, interference between multiple users
can not be avoided, which will affect the quality of informa-
tion transmission of the entire system [18, 20].

Suppose the number of users is k, and the users interact
with each other in the multibeam satellite communication
system. Random transmitting time and different transmit-
ting delay will result in different arrived chip delay of each
user τ ∈ f1, 2,⋯, Ng, where N is the length of the spreading
code. The definition of collision is as follows: if the chip
delay between 2 or more users is less than 4, it will be
counted as a collision. In addition, since there is cyclicality
in the definition, when τ1 = 1 and τ2 =N , it is also counted
as collisions.

According to the principle of probability statistics, the
collision probability P can be obtained.

P = 1 − N − 3k − 1ð Þ!
Nk−1 N − 4kð Þ! : ð2Þ

The access probability in the case of collision is defined
as the ratio of the number of users which can communicate
to the total user number. This paper uses the Monte Carlo
random method to simulate the collision access probability.

First, a k ∗ 1 matrix is randomly generated, and the ele-
ments in the matrix are randomly selected from 1 to N ,

and then, the average collision access probability of the user
is calculated in ten thousand times random experiments.
The angle mark is the corresponding spreading gain. The
results are as follows, where spreading gain is assumed to
be 512, 256, 128, and 64, respectively.

As is shown in Figure 4, the collision access probability
decreases with the increase of the number of users with the
same spreading gain, and it decreases with the increase of
spreading gain with the same number of users.

3.3. MUI of the System with Long Spreading Sequence. Differ-
ent from the scenario with short spreading sequence where
the user capacity is mainly determined by the probability
of collision, MUI becomes the main factor affecting the user
capacity in the scenario with long spreading sequence [21,
22]. In such scene, the access probability refers to the prob-
ability that the user’s SINR is greater than the threshold
under the statistics of users at different information rates
and different terminal powers [23, 24].

The calculation method of SINR is as follows:

(1) Calculate the entrance level Pr of each user according
to the transmit power, position, and beam gain of
each terminal (beam gain is imported from simula-
tion results of antenna gain pattern, and the terminal
position is random)

(2) Calculate N0 based on receiver thermal noise
shown as

N0 = −228:6 + 10 log 10 1000 Ta + Trð Þ½ �f g, ð3Þ

where Ta is the antenna noise temperature and Tr is the
receiver equivalent noise temperature

(3) Calculate the SINR of each user, and the MUI power
density I0 is

I0 = 〠
K

k=1,k≠g
Pr ∗

I
Rb

ð4Þ

Pr is the transmit power, I is the correlation value, and
Rb is the bandwidth before spreading. As mentioned above,
the correlation properties of different bits are various since
only a short different part of the spreading sequence is used
to realize code division multiple access. We calculate corre-
lation values in all possible chip delays of the employed

c1 c2 c3 c4 c1 c2 c3 c4 c1 c2 c3 …

Short spreading sequence 

User 1

User 2

b1

c1 c2 c3 c4 c1 c2 c3 c4 c1 c2 c3 …

c1 c2 c3 c4 c1 c2 c3 c4 c1 c2 c3 …User 3

b2

Figure 2: Scheme 1—short spreading sequence, taking spreading gain = 4 as an example.
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sequence and take the average correlation value as I in equa-
tion (4) to simplify the evaluation [25].

4. User Capacity Simulation Results
and Analysis

In this paper, the user capacity of a S-IoT satellite is evalu-
ated under the assumption: (1) the satellite is equipped with
7 fixed receiving beams—one central beam evenly around

with 6 edge beams; (2) the adjacent beams are assigned dif-
ferent carrier frequency to reduce interference; (3) the satel-
lite is equipped with 50 receiving channels due to its limited
bearing capacity.

In the simulation, the user position is randomly obtained
according to the beam allocation, the spreading gain is
assumed to be 64, 128, 256, and 512, respectively, and the
transmit power of the user terminal have three levels: P0, 2
∗ P0, and 6 ∗ P0.

4.1. Capacity Analysis in the Average Scene. The average
scene refers to an ideal average scene where the central beam
is connected to 8 users and each edge beam is connected to 7
users. Finally, statistics are made on the probability that the
user’s SINR is greater than the threshold for 50 users at dif-
ferent rates and different terminal powers.

Tables 1 and 2 show the access probability in an average
scene of 50 users when power control is not added.

From the comparison of Tables 1 and 2, it can be seen
that the access probability of the short spreading sequence
is higher than that of the long spreading sequence. Although
short spreading sequences need to consider the impact of
collisions on user capacity, the autocorrelation characteris-
tics of short spreading sequences are better than long
spreading sequences. Therefore, under the condition of
higher spreading gain, the access probability of short spread-
ing sequences is higher.

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 …

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 …

Long spreading sequence 

User 1 

User 2 

b1 b2

Figure 3: Scheme 2—long spreading sequence, taking spreading gain = 4 as an example.
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Figure 4: Collision access probability result graph.

Table 1: Long spreading sequence access probability in the average
scene (SINR > threshold).

Power 512 256 128 64

P0 0.8288 0.8288 8:0000e − 05 0

2 ∗ P0 0.8473 0.8473 1:6000e − 04 0

6 ∗ P0 0.8643 0.8643 2:8000e − 04 0

Table 2: Short spreading sequence access probability in the average
scene (SINR > threshold).

Power 512 256 128 64

P0 1 1 1 0.9738

2 ∗ P0 1 1 1 0.9996

6 ∗ P0 1 1 1 1
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(a) Main beam
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(b) Edge beam [50 : 0]
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(c) Edge beam [40 : 10]

Figure 5: Continued.
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4.2. Single Beam Capacity Analysis

4.2.1. Beam Distribution. This section examines the capacity
of a single beam. According to the beam and frequency allo-
cation methods, if the impact of subchannel overlap is not
considered, only interference exists between users of the
same frequency channel. In the system design, the beam
design will be completed based on the principle of equal flux
coverage to ensure the beam gain within the satellite cover-
age. The simulation scenes in this section are divided into
two types:

(1) Multiusers are accessed by the central main beam,
and the user position is random

(2) Multiusers are accessed by edge beams with the same
frequency. In the simulation, 50 users set different
allocation ratios in the two selected edge beams,
which are beam A and beam B. When the users are
distributed in two beams, only the SINR of users in
beam 1 are examined ([40 : 10] means that users 1,
2, 3, and 4 are distributed in beam A, user 5 is dis-
tributed in beam B, and so on)

4.2.2. Access Probability of Long Spreading Sequence. Since
the frequency points of the main beam and the edge beam
are different, the 6 edge beams are symmetrically equivalent
and the same. Therefore, the capacity of the system under
different user beam allocations can be obtained through
the following single-beam capacity simulation results which
are shown in Figure 5: terminal transmit power is P0,
Figure 6: terminal transmit power is 2 ∗ P0, and Figure 7:
terminal transmit power is 6 ∗ P0 (The angle mark is the
corresponding spreading gain).

According to the simulation results, in the case of the
same terminal transmitting power and in the same beam,
user capacity increases as the spreading gain decreases. Only

when 6 users access with a gain of 512 can the access prob-
ability of 90% be guaranteed. With a low gain of 64, only two
users can be accessed while guaranteeing a 90% access prob-
ability. This is due to stronger multiple access interference in
high-rate scenarios.

In the case of different terminal transmitting power
when the gain is the same, user capacity increases with
the increase of terminal transmission power. According
to formula (2), the greater the terminal transmit power,
the greater the interference power density, therefore, the
greater the probability that the user is above the threshold.
Increasing the power from P0 to 6 ∗ P0 ensures high access
probability and can provide the capacity of 1 user (in the
same beam).

4.2.3. Access Probability of Short Spreading Sequence. The
simulation conditions in this chapter are consistent with
the long spreading sequence.

According to the simulation results which are shown in
Figure 8: terminal transmit power is P0, Figure 9: terminal
transmit power is 2 ∗ P0, and Figure 10: terminal transmit
power is 6 ∗ P0, under the same power condition, the access
probability of the main beam and the subbeam has different
changing rates. It can be seen from Figure 8 that the cover-
age shape of the beam and the distance of the subsatellite
point are different. Due to the near-far effect, the access
probability of the word beams with the same shape and the
same distance between the subsatellite points decreases
slowly, while the main beam decreases at a faster rate. But
while maintaining a high access probability (greater than
80%), the user capacity of the main beam is larger.

Consistent with the long spreading sequence, under the
condition of the same beam and the same spreading gain,
the user capacity increases with the increase of power. When
the power is from P0 to 6 ∗ P0, 5 more users can be accessed
when the access probability is above 90%. And in the same

0 105 15 25 35 45 5020 30 40

User number

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Ac
ce

ss
 p

ro
ba

bi
lit

y

(d) Edge beam [25 : 25]
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(e) Edge beam [10 : 40]

Figure 5: Terminal transmit power is P0.

6 Wireless Communications and Mobile Computing



0 10 5020 30 40

User number

0

0.2

0.4

0.6

0.8

1

Ac
ce

ss
 p

ro
ba

bi
lit

y

(a) Main beam
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(b) Edge beam [50 : 0]
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(c) Edge beam [40 : 10]
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(d) Edge beam [25 : 25]
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(e) Edge beam [10 : 40]

Figure 6: Terminal transmit power is 2 ∗ P0.
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(a) Main beam
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(b) Edge beam [50 : 0]
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(c) Edge beam [40 : 10]
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(d) Edge beam [25 : 25]

0 105 15 25 35 45 5020 30 40

User number

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Ac
ce

ss
 p

ro
ba

bi
lit

y

Gain = 512
Gain = 256

Gain = 128
Gain = 64

(e) Edge beam [10 : 40]

Figure 7: Terminal transmit power is 6 ∗ P0.
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(a) Main beam
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(b) Edge beam [50 : 0]
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(c) Edge beam [40 : 10]
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(d) Edge beam [25 : 25]
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Figure 8: Terminal transmit power is P0.
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(a) Main beam
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(b) Edge beam [50 : 0]
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(c) Edge beam [40 : 10]
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(d) Edge beam [25 : 25]

0 105 15 25 35 45 5020 30 40

User number

0.85

0.9

0.95

1

Ac
ce

ss
 p

ro
ba

bi
lit

y

Gain = 512
Gain = 256

Gain = 128
Gain = 64

(e) Edge beam [10 : 40]

Figure 9: Terminal transmit power is 2 ∗ P0.
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(a) Main beam
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(b) Edge beam [50 : 0]
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(c) Edge beam [40 : 10]
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(d) Edge beam [25 : 25]
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Figure 10: Terminal transmit power is 6 ∗ P0.
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beam with the same power, the user capacity increases as the
gain increases. For example, under 6 ∗ P0 power, the user
capacity can be increased by about 20 under the same beam
with different gains.

Finally, comparing the two sets of simulation results of
the long spreading sequence and the short spreading
sequence, it is not difficult to conclude that the use of the
short spreading sequence can increase the user capacity.
Taking P0 power as an example, under the condition of
maintaining a high access probability of 90%, the short code
can access 7-8 more users than the long code. Although the
short spreading sequence needs to consider the impact of
collision on user access, the use of the short spreading
sequence has better correlation characteristics than the long
spreading sequence, which makes the user capacity of the
short spreading sequence higher than that of the long
spreading sequence.

5. Conclusion

This paper builds a multibeam satellite communication sys-
tem model using CDMA. Since the user communication link
of the multibeam satellite communication system is narrow-
band communication, the user capacity requirements are
relatively high. In order to allocate user resources reason-
ably, the article simulates and analyzes capacity from colli-
sion probability and scene access probability. The results
show that in the case of small spreading gain, the access
probability of multiple users is generally low due to severe
multiple access interference, while the probability of multi-
user access is higher in the case of high gain. Due to the
near-far effect, the user capacity of different beams is also
different. The choice of long spreading sequence and short
spreading sequence will also affect user capacity. The effect
of sidelobe suppression and digital sampling on the MUI
has not been considered in this paper, which will be dis-
cussed and studied as the follow-up work.
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