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ABSTRACT The emergence of Internet of Things (IoT) and high throughput satellite communication
networks enables the capability of anytime, anywhere environment monitoring and sensing. A key challenge
of satellite-based IoT is to enhance spectrum and energy efficiency so as to meet the ever-increasing
demand for satellite bandwidth and dynamic access of a massive number of IoT terminals. In this paper,
we propose a novel power control algorithm for IoT terminals being deployed in satellite-based IoT systems
where some terrestrial base station is available to acquire IoT devices’ information as well as to perform
resource management. We adopted the Poisson point process (PPP) theory to formulate the model for this
power optimization problem. The PPP theory is applied to evaluate the distance distribution of random
IoT devices in this satellite-based networks. Optimal power control scheme can be obtained by taking
into consideration user distribution and signal interference plus noise ratio (SINR) demand for various IoT
terminals. In addition, due to the complexity of the objective function of power control deduced by the PPP
theory, we utilize the pattern search method to identify an optimal solution in global area. Furthermore,
we provide numerical results from various perspectives including user rates and energy efficiency to testify

the performances of our power proposal.

INDEX TERMS Internet of Things, power control, pattern search method, satellite networks.

I. INTRODUCTION

With the rapid development of low cost electronics and wire-
less communications, Internet of Things (IoT) has received
extensive attention of the research community and enabled
many cyber-physical applications [1]-[3]. IoT based on
terrestrial network techniques has become more mature,
yet it is still a challenge to meet the growing bandwidth
demands of wireless communications for application sce-
narios where sensing and actuation functions in remote and
isolated geographic areas are required. For instance, in the
field environment of off-shore marine monitoring, large scale
and real-time maritime information gathering will not be pos-
sible without the involvement of satellite networks. Besides,
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when IoT devices are being deployed to mission-critical sys-
tem, cybersecurity and privacy preservation mechanisms will
be needed, which almost invariably lead to data expansion,
hence putting on pressure on bandwidth demand.

Satellite-based IoT has real world demand and wide appli-
cation potential [4], [5]. However, as current IoT standards,
technology and references are mainly based on the cel-
lular communication networks in terrestrial circumstances,
research in satellite-based or space-based IoT is in its early
stage. The convergence of traditional satellite and space tech-
nology with IoT communications, and by integrating cloud
and big data analytics, researchers are expecting the emer-
gency of an era of Internet of Everything supported by next-
generation networks.

Satellite communications play a critical role in the three-
layer framework of IoT systems: sensing layer, network
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layer and application layer. In [6], the authors analyzed the
importance and feasibility of combining satellite communi-
cation and industry IoT, and characteristics of space-based
IoT applications. In [7], the authors concluded the current
status and trend of IoT, and proposed a multibeam modulation
technique for M2M communications in space-based IoT.

To realize the full potential of satellite communications
in IoT systems, wireless communication techniques such as
MIMO, beaming, cognitive radio, edging computing, artifi-
cial intelligent and big-data analysis have been extensively
investigated. Especially, as a key part of 6G communications,
the closely coupled interoperation of satellite technology and
other terrestrial networks has become a trend in recent years.
In this connection, a key issue is to address the growing
demand on spectrum resource and energy efficiency with the
anticipated number of IoT terminals that require dynamic
access to satellite-based communications. This issue has
attracted more and more research interest from the industry
and academia [8]—-[11]. In [8], from the perspective of ensur-
ing the communication quality of authorized satellite users,
the paper analyzed the location range of ground cognitive
users, and studied the influence of the location information
of ground base station, the fading degree of ground inter-
ference link and the antenna mode of satellite users on the
performance of authorized satellite network. In [9], for the
uplink communication link of cognitive satellite network,
a resource allocation scheme combining power and carrier
was proposed to maximize the system capacity of cognitive
network. For the downlink communication link of cognitive
satellite network, a joint beamforming and carrier allocation
method was proposed. In [10], In the millimeter wave com-
munication scenario, the authors analyzed the distribution of
the non geostationary satellite and the ground network with
single and multiple antennas as the protection area of the cog-
nitive network that can access the authorization system of the
geostationary satellite to ensure the interruption performance
of the authorization network. In [11], the joint allocation of
power and carrier was discussed. Compared with the tradi-
tional satellite resource allocation technology, the simulation
showed that the power gain, spectral efficiency, throughput
and other indicators are significantly improved, but the inter-
ference level will also rise. In [12], the authors constructed
a novel mathematical model to find the best trade-off for
power resource allocation in satellite-based IoT equipped
with multi-beam technique. In addition, as cognitive radio
has been widely investigated in satellite networks for the
enhancement of energy efficiency [13], [14], related promis-
ing techniques can be referenced for the satellite-based IoT.
Other useful novel methods proposed in recent years also
provides references [15]-[20].

In this article, we investigate the power optimization
scheme for IoT terminals in the environment of satellite-
based IoT networks. When satellite communications are inte-
grated with terrestrial IoT networks, the network model is
different from that of traditional IoT. In our proposed model,
we formulate the optimal power control by introducing the
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mathematical tool of Poisson point process (PPP) which is
suitable for describing random user distribution. For a spe-
cific IoT topology characteristics, the optimization objective
of power control can be attained by taking into account the
users’ distances to terrestrial center and the setting of signal
interference plus noise ratio (SINR). Also, we introduce the
intelligent optimization algorithm—pattern search method to
find the global optimal solution.

The main contributions of this paper can be highlighted as
following:

« A novel power optimization algorithm is devised to meet

the needs of satellite-based IoT.

« A Poisson point process is introduced to model the
stochastic node distribution in satellite-based IoT to
achieve the statistic probability of nodes’ distances to
IoT centers.

« Pattern search method is adopted to ascertain the glob-
ally optimal solution for the power optimization.

For the reminder of this article, in Section II, the basic net-
work model of this satellite-based IoT is given. In Section III,
we identify the optimal function of node’s power allocation in
various wireless channels and solve it through applying intel-
ligent optimization algorithm. Then, we provide the numer-
ical results in Section IV to show the performances of our
proposal. At last, the paper is concluded in Section V.

Il. SYSTEM MODEL

In this article, we consider the system model for satellite-
based IoT as shown in Fig. 1, where terrestrial IoT is deployed
in remote areas without the coverage of cellar networks.
Thus, satellite networks are needed to assist the IoTs relaying
sensing data to core networks. In this scenario, a terrestrial
IoT base station is essential to fulfill the integration and
interoperation of IoT and satellite networks. Furthermore,
we suppose that the terrestrial base station will collect all
the information then forward to the satellite. This is because
normal terrestrial terminals cannot communicate with the
satellite directly. The proposed power optimization algorithm
will be performed in the terrestrial base station, and power
allocation instructions will be sent by the base station. Then,
we formulate the power control optimization in this scenario
for uplink transmission.

In the network model as shown in Fig. 1, we assume that the
IoT cell number is M and terminal number is N in the given
areas. We further assume that the distributions of terrestrial
IoT center and terminals complying with PPP distribution
@y and @y, and the corresponding PDF should be A¢ and
A4. Then, the mathematical sets for terrestrial IoT center and
devices can be given as &y = {fP1, fP2, ..., fPy} along with
oy, ={Dy1, Do, ..., Uy}.

In this case, the effects of fading channels are considered
in this uplink communications. For a given IoT terminal
D, € ®p, under the condition of large-scale fading channels,
we use r; * to express the path loss in which r; means the
distance from user D; to the IoT center, and « is the fading
parameter. In addition, the background noise power is set to
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FIGURE 1. Network model for satellite-based loT.

be o2. The SINR for the uplink transmission case can be
expressed as
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IlIl. OPTIMAL POWER CONTROL IN SATELLITE-BASED loT
In this article, our goal is to devise an optimal power control
method for the satellite-based IoT environment for maximiz-
ing network capacity. Since the internet interference along
with power optimization have obvious relation with users’
distribution and terrestrial center’s position, we require to
investigate the topology characteristics of the satellite-based
IoT then identify the power optimization objective function.

In this scenario, stochastic geometry theory is used to for-
mulate the user distribution of IoT terminals in the satellite-
based IoT. During the course, the specific network scenario
is modeled to be a PPP. Generally, point process theory is
a kind of statistics tool to describe the target objects’ space
distribution characteristics. In this case, we use PPP method
to formulate the stochastic IoT terminals’ positions.

AAYM
n;!

k
P{®AD=ny, ..., @(Ak)znk}zl_[(e*A(Ai)

i=1

) @

where k = 1,2,...,A;,i = 1,2,...,k, and A is the
measuring density of PPP ®. k denotes the IoT user and n
is a given value. Furthermore, there are two basic properties
as following

(1) The distribution of point number is subject to Poisson
distribution: In point process @, the point number contained
in bounded set B complies with Poisson distribution with
average value Avy(B) wherein A is constant. We have

m

P(®(B) = m) = % exp(—p), m=0,1,2,... (3)

where u = Avg(B).
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FIGURE 2. Stochastic lIoT node distribution.

(i) Independent scattering property: For any given k,
in point process ®, the point number of k disjoint Borel set
will form k independent stochastic variables.

Thus, it should be noted that the position distribution is
random while various Poisson points are independent in this
case. To simulate the actual IoT network topology, the space
distribution of terrestrial base station and other devices should
be assumed to be stochastic. In addition, to specifically for-
mulate the situation, more detailed information of many IoT
points should be given. Therefore, we use a classic PDF of
Palm distribution probability to model the position distribu-
tion. Then, we have the following expression

P(® C Qx)=P(® C Qlx € D) “4)

As shown in Fig. 2, we suppose the scheme of spectrum
reuse in the cells are adopted to improve spectrum usage.
In this case, proper power control is required to balance
inter-cell interference and enhance network capacity. Then,
we have the optimization objective function for terminal’s
power control as

N M

=2

n=1m=

R(n, m)
1

N
st. ) |Y(np,n,m)*P(n,m) + 0*(np, m) < Iyar  (5)

n=1

where I, is the maximal interference threshold, Y is the
parameter of channel fading, N denotes the device number in
IoT, M is the sub-carrier number in the given OFDM mode.
In addition, the PDF of IoT devices can be given as

(—Avg(B))
x!

P(N(B) = x) = (Av4(B))" exp Q)

where N (B) denotes the terminal number complying to PPP
distribution in average value of Av (B)(A > 0). A denotes the
average number of IoT devices in unit area. ¥ denotes the
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FIGURE 3. Oblique projector in satellite communications.

internet interference expressed as

N
Yrs =Y rrisiHTs Ors Xtisj N

j=1
where X7;g; is the interference suffering from cell S to ter-
minal i in cell T. rT_lg; is the path loss between user i to
user j, in which rz;s; denotes the distance from user i to
user j. Furthermore, m denotes the loss coefficient. Then,

H7s = ,/2/mR;j describes the Rayleigh fading, where we

have
Ry =,/G] + G}, ®)

where Gy, Gp ~ N(0, 1), Oys = exp(vG;j) ~ LN(0, v2). Itis
assumed that all the transmission signals in the given satellite-
based IoT environment are independent, then we have

XTiSj = Bcos 9j +}B sin 9] O]

where B is the signal envelope. Besides, 6; denotes the
stochastic phase in the region [0, 27 ].

As shown in Fig. 3, we take into account the effects of
oblique projector of satellite communications. Then, for the
uplink transmission, the receiving power at satellite can be
expressed as

_ pucguelau)Gu (0,
(47TdUc/)‘)2fUc(aUc)
where py. means the transmit power of IoT terminal c at cell
U. ay. denotes the elevation angle from device c at cell U to
the satellite. gy (ay.) denotes the antenna gain for device ¢ in
the direction of o y,. ch represents the derivation angle from
device c to the central line at cell U. Besides, fy.(ay.) denotes
channel fading for user ¢ and A denotes the wavelength.
Furthermore, the inter-cell interference can be given as

(10)

= Zk: pMngMn(aMn)GM(ej{l/[/In) U (11)

UMn
£ G dyn [0 ) M

VOLUME 8, 2020

Then, the network capacity can be obtained to be
Y.C
R=WI1 14+ ——- 12
02 +I+Wn0) (12

where ng represents the background noise. Replacing R by
equation (12), we have

max = ZN: f: Wlogy(1 + —<C )
Pom) = e~ 25T T+ Wao

N
st. ) [Y(p.n,m)*P(n,m) + 0*(np. m) < Iyar  (13)
n=1
Then, based on Jesesen inequality, we further achieve
R; = E[In(1 + SINR;)]
> E[In(SINR);]
> In(pihir, ) — I(ET] + 0% — pihir;®)  (14)
Then, in light of PPP distribution function, we have
Fo1m. o) = e R Q@AY oy (15)

Based on the stochastic geometry theory, the expectation
value of [ is
k

El) = Z E ( Z Pyhyr, ™)

=1 BT S

EC Y, Peri®)

! Ujedy

K
K
Z/ .. / Pkrl_af(rl, e, rN)dry .. dry (16)

k=1""N 1

Since the optimization function for power control in this
proposed method is relatively complex as shown in (13)
where the complexity will rise with increasing N, we can-
not solve the problem by using general convex optimization
method. In this case, we use pattern search method — one
of the intelligent algorithm to identify the proposed power
solution. The searching pattern of the search method is given
in Fig. 4. Also, the diagram of the pattern search method is
given in Fig. 5.

The basic steps of pattern search method are as follows.

(1) Given initial point X; € R", n coordinate point
e1, ez, - -+, ey. Setthe initial step length o, acceleration factor
o > 1, reduction rate S € (0, 1), tolerance BER ¢ > 0. Set
ir=X1,k=1,j=1.

(2) If the fitness function f(Y; + oej) < f(¥)), let Yj11 =
Y; + oej and go to Step (4); Otherwise, carry out Step (3).

BV Iff(Y; —oe) < f(Y)),let Yjy1 = Y; — oej and go to
Step (4); Otherwise, let Yj 1 = Y}, carry out Step (4).

(4)Ifj < n,setj:=j+ 1, then go to Step (2); Otherwise,
carry out Step (5);

G) IF LYY < F(Xp), go to Step (6); Otherwise, carry
out Step (7);

(6) Set Xir1 = Y1 and Y1 = Xpy1 + @(Xp1 — Xp). Let
k =k +1,j=1, then go to Step (2);

110911



IEEE Access

F. Li et al.: Resource Allocation in Satellite-Based loT Using Pattern Search Method

@ .
A

< >
< >

X,+[-S 0] X X,+[S 0]

b\ 4

X;+[0 -S]

FIGURE 4. Searching pattern of pattern search method.
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FIGURE 5. Diagram of pattern search method.

(7) If o < e, stop iteration. Otherwise, let ¢ = Poa,
Y1 = Xk, Xp41 = Xk. Let k k+1,j = 1, go to
Step (2).

IV. NUMERICAL RESULTS

In Fig. 2, the IoT terminals’ distribution is given. Related
parameters are ¥ = 8, fye = 0.1, fun = 0.2, and
P; € [0,1000](mW) for IoT device’s power, N = 20 for
device number. The initial parameter values of pattern search
method are set as: initial step length 8y = 1073, contraction
factor 8 = 0.1 and the minimal step length y = 107",

The stop criteria for the pattern search method are as:
1) The threshold of constantly successful search d = 0.01;
2) Minimal distance of two constant objective function
Dyin = 0.001; 3) The threshold of computation time 107;
4) The threshold of iteration times 10°.

In Fig. 6, IoT terminals’ optimal power allocations have
been given. In this case, IoT terminals’ transmit powers are
subject to P; € [0, 1000](mW). We can obtain from the
figure that the terminals’ transmit power can converge after
various iterations. As the iteration times are relatively few,
the complexity of our proposal is low and suitably to be
performed in distributed manner. In Fig. 6, various power
levels mean the IoT terminals can make different power
choices. When the power control is conducted more specific,
the optimal power is lower.
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In Fig. 7, IoT terminal’s average rates have been shown
with various power classification. Similar to Fig. 6, more
detailed power classification will lead to apparent difference
for transmit power and corresponding user rates. Besides,
in Fig. 8, the energy efficiency of this proposal is given in
which we can obtain that the energy efficiency is also affected
by power classification.

Furthermore, in Fig. 9, the sum of IoT users’ rates has
been given. We can get from Fig. 9 that the network capacity
will generally decrease with the rising of IoT user’ number.
In addition, the overall network capacity will rise to the top
when the number of IoT devices reaches about 50, which
means excessive network load can decrease network perfor-
mances.

At last, as shown in Fig. 10, we give the performances of
the change of user’s transmit power with various background
noise changing from 0 to 3 x 10~"'mW. The three solid
lines represent the performances of our solution which varies
from user number 10 to 30. With the increase of network
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load, the average transmit power for a given user has to
be raised to battle the background noise. The change of
transmit power is relatively linear. In addition, we give the

VOLUME 8, 2020

performance comparison of our proposal with that of the
SINR (Signal Interference plus Noise Ratio) balanced power
control method which can be given as
k+1 P(-k)
P =y (17)
Vi
As given in (17), the renown SINR balanced power control
solution is an iterative method which can converge within
very few iterations and is suitable to be applied in distributed
network scenario such as IoT environment. By given a fixed
SINR threshold as y'", the transmit power can reach a min-
imal level merely satisfying the SINR demand. As shown
in Fig. 10, the dotted line marked BL1 presents the perfor-
mance in condition of user number 10. Another dotted line
marked BL2 shows the performance in user number 40. Thus,
from Fig. 10, we can achieve that the performance of our
solution approaches that of the SINR balanced method. Since
the optimal solution identified by pattern search method has
little vibration, the outcomes from the intelligent algorithm
will has certain biases. Yet, with proper parameter settings for
the optimization theory, the optimal power control solution
returned by our proposal is relatively accurate.

V. CONCLUSION

In this article, we proposed a power control method in
satellite-based IoT environment where PPP mathematical
model has been introduced to formulate stochastic IoT users’
distribution. The main contribution of this paper is that we
devised a novel power control method for IoT scenarios
where the [oT networks need satellite systems to relay their
signal in remote and isolated geographic areas. When using
the PPP model to describe user distribution in satellite-based
IoT, we can acquire basic information of the IoT users at
terrestrial base station. Then, users’ power optimization and
internet interference control will be performed to improve
network capacity and energy efficiency. Comparison analysis
tests were also given to evaluate the overall performances of
our proposal and that of traditional power control method of
SINR balanced algorithm. The results showed that the perfor-
mances of our proposal can closely approach the optimization
solution.
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