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Abstract: In the traditional satellite networks, network resources are mainly allocated among all the
satellites based on the same allocation algorithm. This kind of symmetry model limits the increase
of throughput. In this paper, we study an asymmetry resource allocation method in a satellite—
terrestrial network and propose a Lotka—Volterra based predator—prey model to achieve optimal
resource allocation among different satellites. In the proposed satellite—terrestrial network, we divide
all the satellites into two groups, and we try to achieve load stability between these two satellites
groups. Using the predator—prey model, one group is the prey-satellites, which can obtain service
requirements from mobile users. The other group is considered as predator-satellites, which can only
obtain the loads from the group of the prey-satellites. Once the satellites are divided into two groups
using the Lotka—Volterra model, the resource allocation problem among these satellites in two groups
would be asymmetry resource. We prove the existence of solutions to the proposed model. Numerical
simulation results are given to show the correctness and effectiveness of the proposed model.
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With the development of Internet technology and the vigorous development of logis-
tics and transportation, material exploration, and digital city, higher data communication
requirements and more accurate location information have become the main characteristics
of the next generation information age [1]. Relying only on a ground mobile network
cannot bear the huge impact of data volume. Considering the rapid change of ground
terminal facilities and satellite networking in recent years, with the rapid development of
technology, satellite network has greater advantages in round-trip delay and coverage per-
formance, which can provide a wide range of coverage area and remote communication [2].
Therefore, the joint construction of satellite ground deep integration networks by ground
mobile communication networks with large transmission capacity is an efficient solution
for this scenario, and it is an important direction for the development of 6G communication
in the future. Through the increasingly perfect ground network and wide coverage area of
a space-based network, the idea of a 6G ubiquitous connection and holographic link can be
effectively realized [3].

However, the integration of a cellular mobile network and satellite communication
network is facing serious challenges. As for a ground cellular network, with the coverage of
a 5G network and the improvement of mobile terminal mobility, there is a serious imbalance
conditions of the Creative Commons  Of Tesource allocations in small-scale cellular networks [4]. In the satellite communication
Attribution (CC BY) license (https://  etwork scenario, a complex deep space environment and satellite network topology will
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communication demand and the service allocation problem, there is an uneven distribution
of satellite network traffic [5]. These factors will lead to network congestion in local areas
of the satellite network, while the network resource in some areas are idle.

For the above problems, the traditional communication network routing algorithm
is no longer applicable, and we need to consider reducing the number of congested links
through a load balancing algorithm to achieve effective network load balancing [6]. In the
communication network, load balancing technology is used to transfer the overloaded node
services to the underloaded node when the network congestion occurs in order to realize
the balanced distribution of services. The traditional load balancing routing algorithm
is a reactive trigger, i.e., load balancing is carried out only when congestion occurs to
save processing resources. However, in the face of current huge data communication
and efficient business processing needs, it cannot provide effective services support. This
paper constructs a new resource allocation model to achieve load balancing based on the
predator—prey model for a 6G communication scenario, where the relationships among
the satellites are asymmetry relations. The load balancing algorithm will keep working to
stabilize the whole network service, which means that the proposed algorithm will be more
practical in data processing efficiency and data transmission rates. The main contributions
are as follows:

e  We divide the satellites in a 6G communication scenario into two groups, and we
formulate the relations between these two group satellites as a predator-prey model.

e  We use the Lotka—Volterra-based predator-prey model to analyze the problem among
these two groups, which is an asymmetry resource allocation problem.

e  We prove the correctness and effectiveness of the proposed model.

The remainder of the paper is organized as follows. Section 2 discusses the related
works on load balancing in a satellite network. Section 3 introduces the system model
and problem formulation. Section 4 provides the analysis for the proposed predator—prey
model for load balancing. Numerical simulations are given in Section 5. Finally, the
conclusion is provided in Section 6.

2. Related Works

The existing research on load balancing in the communication network mainly in-
volves two aspects: terrestrial cellular network and satellite communication network. In the
terrestrial cellular network, considering the inter-cell interference problem, the authors pro-
posed a mobile load balancing algorithm compatible with ICIC method in reference [7], and
the spectrum utilization is significantly improved. Considering the quality of service and
resource consumption, the authors proposed a distributed algorithm in reference [8], which
considers the neighborhood unit and non-neighborhood unit to achieve optimization. In
reference [9], based on the traditional MLB (mobility load balancing), the authors proposed
a load allocation strategy and a target selection strategy, which realized the matching by
judging the priority level, and handed over the users of the overloaded cells to the adjacent
service cells. In reference [10], the authors proposed a mobile load balancing algorithm
based on utility and the concept of load balancing efficiency factor, which improves the
sorting efficiency and load balancing efficiency of overload cells in MLB algorithm. For the
failure of load balancing algorithm caused by the large difference of traffic distribution in
cells, the authors proposed a multi-service load balancing algorithm in reference [11], which
is proven to be an effective dynamic switch algorithm for load balancing. In reference [12],
in the research of an adaptive algorithm for mobile load balancing in a cellular network,
based on the network load, the overload cells are determined by an adaptive threshold to
achieve load balancing. Based on the limitations in reference [12], the authors proposed
a load balancing strategy in a heterogeneous network based on clusters in reference [13],
which realized the load balancing optimization within the cluster and effectively improved
the load balancing efficiency and throughput. In our opinion, most of the above algorithms
only start the load balancing algorithm when congestion occurs, which is a static process
and is not timely enough to solve the load unbalancing problem.
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Considering the satellite network in reference [14], the authors proposed a dynamic
adaptive strategy, which considered data transmission delay and link weight to achieve
dynamic routing selection and load balancing. In reference [15], the authors proposed an
adaptive load balancing algorithm based on the response requirements of burst hot traffic,
which achieves load balancing by updating network load periodically based on congestion
matrix. In reference [16], the concept of on-demand routing based on satellite topology
was introduced for the first time, and a location-based on-demand routing protocol was
proposed to realize load balancing. In reference [17], the authors proposed a distributed
routing scheme, which combined the communication cost of inter satellite link and the delay
of information transmission queue to realize the dynamic update of routing and effectively
reduce the end-to-end delay and packet loss rate. Based on this scheme, the authors
considered multiple factors to optimize the agent-based routing strategy in reference [18],
which is based on the on-demand allocation and priority policy of the implementation of
QoS routing. In reference [19], the authors proposed a distributed load balancing strategy
based on the concept of virtual node routing, which realizes dynamic mapping through
logical address. In reference [20], the authors considered the congestion problem caused
by local deviation in LEO satellite network, and proposed the resource allocation between
neighboring satellites, that is, to realize the flow of redundant bandwidth resources and
realize the balance of traffic resources in the domain. In reference [21], the authors proposed
that nodes in satellite networks store congestion information of global nodes, to realize task
allocation among nodes, and to reduce the task load of high load nodes. Based on the above
considerations, in reference [22], the authors considered the link congestion problem caused
by satellite density and proposed an explicit load balancing algorithm, that is, adjacent
satellites display and exchange their congestion states to avoid congestion and improve
the data transmission rate and throughput. In reference [23], the authors proposed a load
routing aware protocol, which can better achieve low latency load balancing by limiting
the state synchronization range, reducing the discovery path time and controlling the
overhead. In reference [24], the authors proposed a load balancing algorithm based on the
idea of intelligent optimization algorithm and linear programming and found the optimal
solution through dynamic alternation of two algorithms. In reference [25], the authors
considered the satellite network in a polar orbit scenario and proposed that a mobile agent
combined with a fixed agent to collect routing information and data transmission cost to
dynamically update routing terms in the case of queuing delay and transmission delay
can achieve efficient complex equalization. In reference [26], the authors proposed an
adaptive distributed load balancing mechanism based on historical information, which
made routing selection by jointly analyzing the current and historical status of inter satellite
links. In reference [27], the authors proposed a hybrid load balancing algorithm for
cascading congestion. Based on the existing dis-tributed mechanism and prior geographic
information, a long-distance traffic bypass strategy was designed in which a long-distance
traffic bypass mechanism was designed to achieve more efficient traffic load balancing.
In reference [28], the authors considered the congestion state of local nodes and relay
nodes and updated the routing items by combining offline calculation and online dynamic
adjustment strategy, as to provide load balancing efficiency.

However, most of the existing studies in satellite communication only consider load
balancing based on the on-board routing strategy, which does not consider the power allo-
cation of the satellite—terrestrial transceivers [29-31] and cannot satisfy the development
trends and business requirements of 6G mobile communication. Furthermore, by consider-
ing the ground communication and on-board communication to build a load balancing
model, how to realize efficient data flow and business processing is still a problem that
needs to be solved. In this paper, we use the Lotka—Volterra based predator—prey model
to analyze the load balancing problem among these satellites in two groups, which is a
dynamic control process to realize efficient data flow and business processing.
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3. System Model

In this section, we mainly discuss the asymmetry resource allocation problem in
satellite—terrestrial network for 6G mobile communication. In the traditional satellite—
terrestrial network, the network resources are mainly allocated among all the satellites
based on the symmetry model, where the resources are allocated by the same optimal
allocation model to achieve matching. This kind of symmetry model limits the increase of
throughput. The researched satellite—terrestrial network is composed of multiple satellites
and multiple mobile users, as shown in Figure 1. The mobile users can request and obtain
the 6G mobile communication services from the satellites. The satellites can provide 6G
mobile communication services to mobile users. With the development of the satellite—
terrestrial network, increased satellites are utilized to provide access services to mobile
users. As the communication and computation capacities of different satellites are different,
they would have different services loads from the mobile users. Then, how to balance the
services loads among the satellites is the key problem to be solved in this paper.

---------- Inter-satellite

— — — — Satellite-terrestrial

Figure 1. System mode.

In order to describe the load balancing problem of the proposed satellite network,
we model the relationships between the satellites using the predator-prey model. Under
the predator—prey model, we assume the satellites can be divided into two groups. The
first group is the set of satellites with higher communication and computation capacities.
This kind of satellite is always geosynchronous, with high orbits, and the transmission
latency would also be high. Then, we assume that this kind of satellite cannot directly
provide access services to mobile users due to high transmission latency. The second group
is the set of satellites with limited communication and computation capacities. They are
always the low-earth orbit satellites, and they can provide access services to mobile users
with lower transmission latency. However, with limited communication and computation
abilities, they should offload the service requirements of the mobile users to the satellites
with higher communication and computation capacities because they cannot satisfy the
increasing requirements of the mobile users, due to their limited capacities. Based on the
above assumptions, the second satellites group should offload the services loads to the
first satellites group. We will try to balance the services loads between these two kinds of
satellite group.

We use the predator—prey model to model the load balancing problem among different
satellites. The satellite nodes with limited capacities are the prey-satellites denoted by
s1, and the satellite nodes with higher capacities are considered as the predator—satellites
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denoted by s;. Assuming that, only the prey—satellites s; can directly serve the mobile
users. The predator—satellites s, can only obtain the services loads offloaded from the
prey-satellites s1. At time ¢, assuming the services loads in the prey-satellites s1 is x7(t).
If the services load in the prey—satellites s; are not offloaded to the predator-satellites s,
the dynamic variation of the services loads in the prey—satellites s; can be described as

follows [32],
dx;lt(t) = [ay(t) + equp (£)]x1 (t) W

where a1 (t) is the variation rate of the services loads in the prey—satellites s1. 11 (t) is the
action of the prey—satellites s; to attract the mobile users to access to the satellite network,
and ¢, is the related weighted parameter to denote the conversion percent of the action.

At time f, assuming the services loads in the predator-satellites s, is x5 (). If the
services loads in the prey—satellites s; are not offloaded to the predator—satellites s, the
dynamic variation of services loads in the predator—satellites s, can be described as fol-
lows [32],

de(t)
dt

where —a;(t) is the variation rate of the services loads in the predator-satellites s,. 15 (t) is
the action of the predator—satellites s, to attract the mobile users to access to the satellite
network, and ¢; is the related weighted parameter to denote the conversion percent of
the action.

Assuming the computation abilities of the predator—satellites, s, is lower than the
services loads offloading rate of the prey-satellites s1, and then the services loads in the
predator—satellites s; is increased with the offloading process of the services loads from
the prey—satellites s1, and the services loads in the prey—satellites s; is decreased with the
offloading process of the services loads to the predator—satellites s,. Then, we have the
following functions to denote the dynamic variation of services loads in the prey—satellites
s1 and the predator—satellites s, based on the Volterra model, respectively,

= [—aa(t) + e2uz(t)]x2(t), 2)

P ()l (1)~ () + e (0], ©
P20 o (0) () + baxr (1) +eama(t)], @

where b; is the proportion of services loads offloaded from the prey-satellites s; to the
predator—satellites s;, and b, is the growth rate of services loads due to the offloading
process from the prey—satellites s; to the predator—satellites s,.

As increased satellites are utilized to compose a hyper dense satellite network, the
density of the satellite nodes in each satellite group is the influence factor need to be
considered. Then the dynamic variation of the services loads in the prey-satellites s; and
the predator—satellites s, should consider the effect within the satellite groups, and the
dynamic variation of services loads in the prey—satellites s; and the predator—satellites s,
can be re-formulated based on Lotka—Volterra model as follows,

P — O ()~ bixat) i () + e (8], ©
dx;t(t) = xa(t)[—a2(t) + bax1 () — caxa(t) + e2ua(t)], (©)

where c; and c; are the influence factors within the satellite group. In the satellite networks,
due to the impact of the communication environments, the loads in each satellite group
will be inevitably interfered by external stochastic factors, such as cosmic radiation, solar
spot, rain attenuation, etc. Then, the stochastic disturbances need to be added to the
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dynamic variation of the services loads in the prey—satellites s; and the predator-satellites
s» as follows,

dx1(t) = xl(t) {11(1’) — b1XZ<t) — clxl(t) + 81M1(t)}dt @)
—Hfl(t)xl t dBl(t) !

de(t) = xz(t)[ a ( ) + ble( ) — C2X2(t) + Szuz(t)]dt ®)
+02()x2(t)dBo (1) '

4. Analysis and Algorithms

In this section, let us consider the solution of the proposed model and also prove the
existence and uniqueness of this solution.

Definition 1 (Asymmetry Model). The relationships between the prey—satellites and the predator—
satellites are asymmetry relations, where the predator-satellites can offload the services from the
prey—satellites, and the prey—satellites cannot obtain the load from the predator—satellites.

Under the predator-prey model, the mobile satellites can be divided two groups. The
first group is the set of satellites denoted by predator—satellites. We assume that this kind
of satellite cannot directly provide the access services to the mobile users. The second
group is the set of satellites noted by prey—satellites. They can provide the access services
to the mobile users with lower transmission latency. The predator—satellites can obtain the
services from the prey—satellites, where the prey—satellites cannot obtain the services from
the predator-satellites.

Theorem 1 (Existing and Unique). For any initial value (x1(0),x2(0)) € R2, the solution of
model (8) exists and is unique.

Proof. According to the theory of stochastic differential equations, when the coefficients of
Model (7) and (8) satisfy the local Lipschitz condition and the linear growth condition, the
solutions of Model (7) and (8) satisfying the initial value condition are global existence and
uniqueness. The coefficients of Model (7) and (8) satisfy the local Lipschitz condition, but
do not satisfy the linear growth condition. Therefore, the solutions of Model (7) and (8)
tend to be infinity in a finite time.

Since the coefficients of Model (7) and (8) satisfy the local Lipschitz condition, Model
(7) and (8) would have unique local solutions in the time interval [0, 7, ) for the given initial
conditions (x1(0),x2(0)) € R, where T, is the explosion time. We only need to prove that
the solutions of Model (7) and (8) are global when 7, = 4oc0. Note that in the form of Model
(7) and (8), we can find the explicit solution in the interval solution [0, 7.) as follows,

exp{fo a1(s) + e1uq(s) — 0.5171(5)]vls—blf(;E x2(s ds—i—fo 01(s)dB (s )}

X1 (t) = 1 s (9)
x1(0)"" + c1f0 exp{fo [a1(T) + e1u1(s) — 0.507 (T)]dT — blfo x2(T)dT + fo o1(t)dBy (T )}d
" exp{ fo[—a2(s) + e2ua(s) — 0.505(s)lds + by [y x1(s)ds + [ o2(s)dlBas) | w0
X = ’
2 %(0) 4o f exp{ fo (T) + eaia(s) — 0501 (T)]dT — by [ x1(T)dT + [} 02(T)dBy (T )}ds

where x1(f) > 0 and x(t) > 0. In order to prove the boundedness, we construct the
following comparison equation,

= = X1 (t)[ar(t) +equg(t) — 1% (t)]
+f71 (t)fl( )dBl( ) (11)
P20 = 3y (1)~ an(f) + e2ua(t) + b () — c2%a()]
+0(4)%2(t)dBo(t)
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where the initial conditions are x1(0) = ¥71(0) and x,(0) = X(0). Similarly, we can obtain
the explicit solution of Model (11) as follows,

- exp{ fylar(s) +erur(s) — 0.501(s))ds + Jj o3 (s)dBa(s) | W
X = ,
' X (O)_1 + clfot exp{foS [a1(T) + €qu1(s) — 0.509 (7)]dT + fot o1(T)dB1(7T) }ds

Xo(t) =
exp{ fy [—a2(s)+e2102(5) ~0.503 (s)|ds-+bz [y %1 (s)ds+ [y 2 (5)Ba (5) | , (13)
%(0) o fy exp{ 5 [~aa(1) +eaua(s) ~0.501 (1)]dT—by fy %1 (T)dT+ ) 02 (T)dBa (T) s

From the comparison theorem of stochastic differential equation, we can know
x1(t) < %1 (t) and x(t) < X2(f). Because Model (11) is a constant function or a bounded
function, X1 (t) and X, (¢) do not tend to infinity in finite time. Furthermore, x4 (t) and x(t)
do not tend to infinity in finite time, 7, = +oo.

5. Numerical Simulations

In this section, to verify the effectiveness of the load balancing model proposed in this
paper, we use MATLAB to perform numerical simulations on the model. The hardware
environment is Intel(R) Core(TM) i7-8550U CPU @ 1.80 GHz with 16.0 GB ram. The number
of satellites in the simulation is two, which includes one prey—satellite and one predator
satellite. The other simulation parameter settings are set in Table 1 as follows,

Table 1. Parameters for simulations.

Parameters Values
ai(t) 0.1 + 0.2 x sin(pi x k/15)
ay (1) 0.05 + 0.2 x sin(pi x k/15)
by 0.1
by 0.18
€1 0.4
cr 0.05

The load states of a prey—satellite and predator—satellite without external stochastic
factors are shown in Figure 2. Figure 2 shows a comparison between the prey—satellite and
predator—satellite. The load state of the prey-satellite decreases quickly at the beginning of
the load balancing process due to the load balancing action between the prey-satellite and
the predator-satellite. The load state of the predator—satellite increases at the beginning
of the load balancing process because the load of the prey—satellite is offloaded to the
predator—satellite. With the increase of time, the load state of the prey—satellite tends to be
stable. The load state of the predator—satellite decreases due to the decrease of the load in
the prey-satellite. It can be seen that, for both the prey-satellite and predator-satellite, the
models both changed rapidly based on the proposed predator-prey model from the initial
moment and reached a stable state in the observation time duration.

The load state with external stochastic factors for prey—satellites and predator satellites
are given in Figure 3. Under the stochastic model, for both pre-satellite and predator—
satellite, the models both reach a stable state in the observation time duration, which
means that the proposed model can also achieve the same behaviors under the stochastic
mode compared to the static mode in Figure 2. Under the external stochastic factors, the
communication environments for mobile users would be different. Compared to the load
state without external stochastic factors, the variation of load state with external stochastic
factors are completely different. The load of the prey—satellite increases to a high value at
the beginning of the time duration, then decreases to a convergence value due to the load
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balancing process. The load of the predator-satellite also increases at the beginning of the
time duration, due to the high value of the prey-satellite. It would also converge to a stable
value. In Figures 2 and 3, it is assumed there are no actions of the satellites to attract mobile
users to access to the satellite network.

0.65 T T
Prey-satellite
0.6 Predator-satellite | |
0.55 9
0.5 )
0.45 - ]

Load State
o
S

0.35 9

0.3

0.25 - q

0.2 4

0.15 ! !
0 500 1000 1500

lteration

Figure 2. Load state without external stochastic factors.

3 T T
Prey-satellite
Predator-satellite
25 b
2 - -

Load State
on

1000 1500
Iteration

Figure 3. Load state with external stochastic factors.

The load state of different satellites under stochastic control actions are given in
Figure 4. Under the stochastic control actions, the prey—satellite and the predator-satellite
decrease their load, and the load would converge to a stable value more quickly than the
load without stochastic control actions. It can be concluded that both the prey—satellite and
the predator-satellite can achieve sustainability under the stochastic control actions.
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0.7

Prey-satellite
Predator-satellite

Load State

0 500 1000 1500
Iteration

Figure 4. Load state with stochastic control action 11 and u5.

6. Conclusions

This paper proposes a predator—prey-based resource allocation model in satellite—
terrestrial networks, where the satellites are divided into two groups. One kind of satellite
is the prey—satellite, which can obtain mobile services from users and can offload the
mobile services to the other kind. The other kind of satellite is the predator—satellite. They
can obtain mobile services from the prey—-satellites and serve mobile users. Based on the
simulations, we find that our model can achieve load balancing between prey—satellites and
the predator satellites. We note that all the simulations of the paper are the numerical results
under the associated parameter settings. Hence, we did not carry out the comparison with
other results. In future works, we will design a simulator or a platform written in Java to
evaluate our proposed schemes.
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