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ABSTRACT Low earth orbit mobile satellite system (LEO-MSS) is the major system to provide communi-

cation support for the regions beyond the coverage of terrestrial network systems. However, passive handover

happens frequently caused by the quick movement of LEO satellites in LEO-MSS. It not only causes the

waste of radio resource, but also makes it hard to guarantee the quality of service (QoS), especially for user

groups in hot-spot regions. To tackle this problem, we propose an extensible multi-layer network architecture

to reduce the handover rate, especially group handover rate by introducing high-altitude platforms (HAPs)

and terrestrial relays (TRs) to this system. We then propose a multi-layer handover management framework

and also design different handover procedures based on handover forecast for different kinds of handovers

according to the proposed architecture and framework to reduce handover delay and signalling cost.

Furthermore, we propose a dynamic handover optimization to reduce the dropping probability and guarantee

the QoS of mobile terminals. Numerical results show that the proposed architecture reduces group handovers

significantly. The proposed handover procedures also provide better performance on delay and signalling

cost compared with traditional handover protocols. With the proposed dynamic handover optimization,

the proposed handover procedures provide better performance on dropping probability and throughput.

The proposed dynamic handover optimization has an excellent performance on dropping probability while

guaranteeing the QoS of mobile terminals.

INDEX TERMS LEO-MSS, multi-layer architecture, handover rate, handover management, handover

procedure, handover optimization.

I. INTRODUCTION

A. MOTIVATION

Compared with terrestrial 5G networks, low earth orbit

mobile satellite system (LEO-MSS) have a prominent superi-

ority in global coverage [1] and play a critical role in remote

and non-land regions [2] and emergency communications [3].

However, due to the large coverage radius and quick move-

ment of LEO satellites, there are still many challenges in

LEO-MSS. One of the most serious challenges is the frequent

passive handover caused by quick movement of LEO satel-

lites. According to the Iridium system, handovers between

satellites happen every 10 minutes and handovers between

beams with 3dB radius of 200 km happen within 1 minute

for all the mobile terminals (MTs). This frequent passive

handover problem leads to a large dropping probability
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especially for user groups in hot-spot regions. Also, it causes

the waste of precious radio resource because the resource

can not be used until handovers finish. The larger handover

delay is, the more resource will be wasted. Besides, frequent

passive handovers happen together in hot-spot regions with

groups of users. There have not been handover strategies

and schemes to manage these group handovers efficiently,

which makes it difficult to guarantee the quality of service

(QoS). However, these problems in LEO satellite systems

have not attracted enough attention of researchers. In this

paper, we focus on the problem caused by frequent passive

handovers in LEO satellite systems to reduce handover rate,

dropping probability, handover delay and signalling cost.

B. RELATED WORK

Most existing works focusing on the handover problems in

satellite systems devoted themselves to analyze handover

models and propose handover strategies [4]–[6]. The work
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in [4] analyzed the blocking probability using a Markov

model and a service time distribution model. However, they

did not analyze the throughput and dropping probability or

propose efficient handover optimization to improve the per-

formance. The work in [5] proposed a seamless handover

mechanism based on the proposed software-defined satellite

networking architecture. It also simulated the performance of

handover latency, throughput and user quality of experience.

But the work did not consider the multi-beam coverage and

the handovers between beams in the same satellite. In [6],

a graph-based framework supporting a variety of handover

strategies in LEO satellite system was proposed. Based on

the proposed framework, the handover rates of the Iridium

system and Globalstar system were evaluated using three

handover strategies. Nevertheless, the strategies it used were

conventional and QoS of users was ignored. The work in [7]

designed a provably secure and efficient access protocol and

handover mechanism for Internet of Things (IoT) in space

information network. But the work focused on the security

properties of access and handover while we are focusing on

improving the dropping probability and throughput.

These works did not solve the frequent passive group

handover problem in LEO-MSS. Targeted handover protocols

and efficient strategies were also lacking.

C. CONTRIBUTIONS

In this paper, we focus on solving the problem caused by

frequent passive handovers in LEO satellite systems. We aim

at reducing handover rate, dropping probability, handover

delay and signalling cost. The contributions of this paper are

summarized as follows.

• Via introducing high-altitude platforms (HAPs) and ter-

restrial relays (TRs) to cover hot-spot regions, we pro-

pose an extensible multi-layer network architecture to

solve the group handover problems and reduce the han-

dover rate. We analyze handover rate improvement com-

pared with traditional LEO-MSS.

• We propose a multi-layer handover management frame-

work according to the architecture to achieve central-

ized handover management efficiently. According to

the framework, we also design 6 handover procedures

for 6 kinds of handovers in the proposed architecture

to reduce handover delay and signalling cost. Average

delay and signalling cost of the designed handover pro-

cedures are analyzed and evaluated.

• We design utility functions to describe the priority of

MTs and propose a dynamic handover optimization

to reduce the dropping probability according to the

designed utility function. Also, we propose a power opti-

mization method to increase the system throughput and

reduce dropping probability while guaranteeing the QoS

of mobile terminals. To solve the problem, Lagrange

dual method, Karush-Kuhn-Tucker (KKT) condition

and a gradient descent algorithm are used.

• Simulations are carried out to evaluate handover rate

of the proposed architecture, delay and signalling cost

of the designed handover procedures, dropping proba-

bility of the proposed dynamic handover optimization

and power optimizationmethod. Numerical results show

that the proposed architecture has a much lower average

handover rate after introducing HAPs and TRs. The

designed handover procedures provide lower delay and

signalling cost than terrestrial network protocols. With

the proposed dynamic handover optimization, the

proposed handover procedures also provide better per-

formance on dropping probability and throughput.

In addition, the proposed dynamic handover optimiza-

tion and power optimization method reduce dropping

probability significantly while guaranteeing the QoS of

mobile terminals.

The remainder of this paper is structured as follows. The

extensible multi-layer architecture based on LEO-MSS is

proposed in Section II. In Section III, forecast based handover

management framework is proposed and handover proce-

dures are designed and analyzed. In Section IV, handover

optimization is proposed. In Section V, solution techniques

and algorithms are introduced. In Section VI numerical

results are presented and discussed. Finally, we draw the

conclusions and future directions in Section VII.

II. EXTENSIBLE MULTI-LAYER LEO-MSS ARCHITECTURE

AND PERFORMANCE ANALYSIS

In this section, Amulti-layer architecture is proposed to solve

group handover problem and the handover rate improvement

will be given. We introduce the architecture in terms of node

types and functions, node deployment scheme, access and

mobility management mechanism, link selection scheme and

frequency spectrum planning.

A typical LEO-MSS of Walker constellation (e.g.,

the Globalstar and Iridium) consists of 48-80 LEO satellites

with multi-beam to cover the ground, one data control cen-

ter (DCC) and several earth stations (ES). On this basis, HAPs

and TRs are further introduced into the proposed architecture

to cover hot-spot regions. Geostationary earth orbit (GEO)

satellites are also introduced for relay. Typical HAPs include

big unmanned aerial vehicles (UAV) [8] and airships located

between 10 km and 100 km high in the air [9], [10]. HAPs

can move to the destination gently according to the demands.

TRs are full duplex relays with an extra directional antenna

pointing to the satellites. The deployment of TRs is flexible,

unlimited and low-cost because no more wired network facil-

ities are needed. Fig. 1 and Fig. 2 show the multi-beam access

scenario and the proposed extensible multi-layer architecture.

Compared with the current LEO-MSS system, we sum-

marize the advantages of the proposed extensible multi-layer

architecture as follows.

• By introducing TRs and HAPs the proposed architecture

can provide communication support to small MTs with-

out power to connect with LEO satellites directly.

• HAPs increase the system flexibility significantly

because they can move purposefully.
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FIGURE 1. Multi-beam access scenarios.

FIGURE 2. The proposed extensible multi-layer architecture.

• The capacity in the hot-spot regions can be greatly

increased via HAPs and TRs.

• Via HAPs and TRs, the handover rate of the hot-spot

regions can be reduced significantly. The handover sig-

naling cost and difficulty of radio resource management

can also be reduced.

• GEO satellites act as the relay to reduce the complexity

of LEO routing significantly.

Note that the proposed architecture mainly focuses on

the regions beyond the coverage of terrestrial 5G net-

works. This is different from the framework in [11], [12],

addressing node identification, routing and other chal-

lenges in the future space-air-ground integrated networks,

where GEO and LEO satellite networks are considered

jointly with the terrestrial 5G networks. The proposed

multi-layer architecture is much simpler than the space-air-

ground integrated framework, and is feasible for practical

implementations.

A. NODE DEPLOYMENT

In the proposed architecture, GEO satellites are uniformly

deployed above the equator. Although 3 GEO satellites are

able to cover the whole earth, 4 GEO satellites are deployed

for more robustness. LEO satellites are deployed accord-

ing to the Walker constellation [13]. TRs and HAPs are

deployed according to the spatial distributions of MTs. Satel-

lite positioning technology [14], [15] can be used for MTs

to get their geographical positions. Then according to the

mobility management protocols [16], their position infor-

mation is reported to the system periodically. Afterwards,

DCC performs the fitting of the reported position informa-

tion and obtain the spatial distribution law of MTs. Finally,

according to the spatial distribution law, TRs and HAPs are

deployed [17]–[19].

HAP and TR are two different types of nodes introduced

to cover hot-spot regions beyond the coverage of terrestrial

networks. The differences are as follows. Firstly, the cov-

erage regions of HAP are larger than those of TR. Thus,

HAP is deployed preferentially over broad hot-spot regions,

e.g. disaster regions, while TR is deployed preferentially on

small hot-spot regions, e.g. big ships. Secondly, the flexibility

of HAP is better than TR because HAP can reach almost

everywhere on the earth while TR can only reach land regions

or be equipped on the vehicles. Thirdly, the deployment cost

of HAPs is larger than that of TRs. Finally, the available

spectrum of HAPs and TRs to serve MTs is assumed to

be different in this paper. TRs are deployed on the regions

without enough terrestrial network facilities, so they can use

the C band without considering the interference with terres-

trial base stations. LEO satellites and HAPs provide much

wider coverage, and hence better for them to use the Ka band

to avoid the interference with terrestrial networks. For one

hot-spot region, only one HAP or TR is needed. Whether

to deploy HAP or TR depends on the specific application

scenario.

B. ACCESS MANAGEMENT MECHANISM

The proposed architecture can provide communication ser-

vice for spacecrafts, aircrafts, ships, vehicles and all kinds of

hand-held terminals. The access nodes are selected accord-

ing to the types of application scenarios, mobile terminals,

services and position information. Specifically, only special

MTs such as spacecrafts can be permitted to access to GEO

satellites while ordinary MTs are not permitted to access to

GEO satellites directly because the high energy consumption

is beyond the scope of ordinaryMTs.MTs in hot-spot regions

and some specific scenarios preferentially access to HAPs

and TRs while ordinaryMTs in remote regions access to LEO

satellites. There are two kinds of hot-spot regions. The broad

hot-spot regions, including disaster regions, military bases

and archipelagoes, are served by HAPs. The small hot-spot

regions, including big ships, airplanes and small islands, are

served by TRs. All of these access nodes are equipped with

admission controller to manage the access of MTs, includ-

ing authentication, load control and channel reservation.
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Authentication is used to ensure the validity of MTs. Load

control is to reject or postpone the access of new services and

the allocation of resource for on-going services whenmeeting

with the traffic congestion. Dedicated resources are reserved

for special MTs and services to guarantee the access of high

priority MTs and services.

C. MOBILITY MANAGEMENT

Mobility management is used to track, update and manage

the position information. In the proposed architecture, LEO

satellites and MTs have a larger range of movement than

MTs in terrestrial networks, making mobility management

more important. The position information of LEO satellites is

updated andmanaged according to the orbits and time. HAPs,

TRs and MTs get their own locations by satellite positioning

techniques and report them to satellites periodically. The

system manages and updates a table of position information

of all nodes and MTs. The position information are divided

into 4 levels, i.e., the GEO satellite, LEO satellite, LEO beam

that cover them and the specific location information. Once

registered into this system, MTs can be paged efficiently.

D. LINK SELECTION

In this architecture, links are divided into access links and

routing links. The former links consists of LEO-MT links,

HAP-MT links and TR-MT links, while the rest links are

routing links. HAP-MT links and TR-MT links are prioritized

for the MTs in hot-spot regions. LEO-MT links are selected

for MTs in sparse regions. To form an integrated network, all

the nodes should be connected together by routing links.

GEO satellites serve as the relay nodes in the proposed

architecture.1 The aim is to replace the complicated routing

among LEO satellites, especially when the two sides of the

communication are far from each other (e.g. one on the east

coast of China and the other on the Atlantic). GEO satellites

can connect with LEO satellites, HAPs and TRs. If the two

sides of the communication are not far from each other, LEO

satellites are selected as the routing nodes to avoid the large

propagation delay. If the two sides of the communication are

far from each other, GEO satellites are selected as the relay

nodes to avoid LEO routing over a large number of hops.

E. SPECTRUM PLANNING

To provide global coverage, Ka (17.3−20.2 GHz and 26.5−
40 GHz) [20], [21] band is used in satellite-ground links and

HAP-ground links to avoid co-channel interference (CCI)

with C (4 − 8 GHz) band in terrestrial cellular networks due

to its higher frequency and wider spectrum. TRs are usually

deployed in the regions where terrestrial cellular networks

are underdeveloped, thus TR-MT links use C band to avoid

CCI with satellite-ground links. Satellite-HAP links and

inter-satellite links are free-space links without atmosphere

fading, where extremely high frequency (EHF, 40−300GHz)

1GEO satellites can also be used for other applications, e.g. the global
positioning, meteorology, etc, to cover the increased operational cost.

TABLE 1. Spectrum in different links.

[22], [23] and laser [24] are used. Specifically, GEO-LEO

links, GEO-HAP links, LEO-HAP links, LEO inter-orbit

links, and HAP-HAP links use EHF while GEO-GEO links

and LEO intra-orbit links use the laser. Detailed spectrums in

different links are shown in Table 1.

HAP-ground links share the same Ka spectrum with

LEO-ground links. We introduce frequency reuse schemes

among LEO-ground links and HAP-ground links. Letting

Btotal and N be the total available bandwidth of LEO-ground

links and the frequency reuse factor of LEO beams, respec-

tively, n be the total reuse frequency used by the LEO beams

adjacent to an HAP, the bandwidth available for the HAP is

BHAP =
N − n

N
Btotal. (1)

F. HANDOVER RATE

The coverage of LEO-MSS is divided into non-land regions,

remote regions and emergency regions. The target regions are

fully covered by multi-beam LEO satellites in the proposed

architecture, which requires seamless handovers among dif-

ferent beams and different satellites. In this paper, the cov-

erage regions are divided into a whole sparse region with

low-density of users and separate hot-spot regions with

high-density of users. It is justified to assume that the users

in hot-spot regions follow high-density uniform distributions

and the users in the sparse region follow a low-density uni-

form distribution. Thus, the compound user distribution is

expressed as

f (x, y) = ω0 f0(x, y) +
I
∑

i=1

ωifi(x, y), (2)

where

I
∑

i=0

ωi = 1. (3)

I is the total number of hot-spot regions, ω0 is the percentage

of MTs in the sparse region with the user distribution of
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f0(x, y), and ωi is the percentage of MTs in the ith hot-spot

region with the user distribution of fi(x, y).

We now determine the handover rate, which is defined as

the percentage of MTs switching from one beam to another

in unit time (1 minute in the simulation) [25]. For instance,

if handover happens on half of the users every minute, han-

dover rate is 0.5/minute. The defined handover rate can be

expressed as the integral of the user distribution over the

altered coverage area in unit time, given by

RH =
∫

1S

f (x, y)dxdy, (4)

where 1S is the altered coverage area in unit time.

For the orbit at the altitude of 1500 km, the velocity of

LEO satellite is about 25,000 km/h. It is more than 100 times

larger than the velocity of most MTs. Therefore, we ignore

the velocity of MTs served by LEO satellites. The velocity

of MTs served by HAPs or TRs cannot be ignored. After

GEO satellite is introduced for relay, handover rate is reduced

via GEO-HAP-MT links and GEO-TR-MT links. 1S is

approximatively given by the subtraction of two circular sec-

tor regions and one prismatic region under the coverage of

LEO satellites.

1S = 2R2 · arccos
VS · t
2R

− VS · t ·

√

R2 −
V 2
S t

2

4
, (5)

where t and R are the unit time of this system and the radius

of LEO satellite beam coverage region. VS is the relative

velocity of sub-satellite point on earth, given by

VS =
Rearth · VLEO
Rearth + hLEO

, (6)

where VLEO and Rearth are the velocity of LEO satellites and

the radius of earth, respectively. hLEO is the altitude of LEO

satellites.

For the region served by TRs or HAPs, 1S is given by

1S = 2r2 · arccos
VMT · t
2r

− VMT · t ·

√

r2 −
V 2
MTt

2

4
, (7)

where VMT and r are the average velocity of MTs and the

radius of the coverage region of HAPs or TRs, respectively.

Since the velocity of LEO satellite is more than 100 times

larger than that of most MTs, the average handover rate

of hot-spot regions reduces more than 99% after served by

GEO-TR-MT links or GEO-HAP-MT links.

III. HANDOVER MANAGEMENT AND PROCEDURE

In this section, according to the multi-layer and multi-beam

architecture, we propose a handover framework to achieve

centralized management of the multi-layer and multi-beam

handovers. We also design handover procedures for these

three types of handovers to reduce handover delay and sig-

nalling cost and compare the performance of delay and sig-

nalling cost with handover procedures in existing protocols.

FIGURE 3. Handover manager framework. (a) Handover manager.
(b) Handover management process.

A. HANDOVER MANAGEMENT FRAMEWORK

The channel gains in satellite scenarios are much more deter-

ministic than that of terrestrial 5G networks because the

multi-path effect is negligible [26]. The sum of path loss and

pitch angle fading of the channel gain can be calculated and

predicted by the position information ofMTs, TRs, HAPs and

the regular orbits of LEO satellites. The sum of atmospheric

fading and Rician small-scale fading of the channel gain is

unchanged within one measurement and report period. Thus,

the channel gains can be calculated and predicted, which is

beneficial for handover management.2

The handover management of the proposed multi-layer

architecture is shown in Fig. 3(a). All handovers in this

system are managed by LEO handover managers. MTs report

the channel state information (CSI) [27], [28] and position

information periodically to LEO satellites or HAPs that cover

them. LEO satellites and HAPs predict handovers according

to the CSI and position information. Afterwards, HAPs report

the handover prediction results and service demands to LEO

satellites. Finally, LEO handover manager makes handover

decisions and allocates resource.

Handover management process is shown in Fig. 3(b) and

run at LEO satellite handover manager at every time-slot.

LEO handover manager makes user classification after han-

dover prediction. Users are divided into marginal users and

central users. Then handover decisions are made to allocate

2The feedback of channel state information in satellite system is not
timely because of the large propagation delay. In this paper, rely on predicted
channels as the movements of LEO satellites are known.
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FIGURE 4. Beam handover procedure.

marginal users to the target beams. Handovers happen when

the source beams and target beams are different. Afterwards,

time-slot resource, spectrum resource and power are allocated

to all users. Finally, the designed handover procedures are

started and handover commands and signallings are sent to

handover users with allocated resource.

B. HANDOVER PROCEDURE DESIGN

Handovers in the proposed architecture are divided into

beam handover, inter-satellite handover and cross-layer han-

dover. Beam handover refers to handover from one beam to

another of the same LEO satellite and happens more than

once a minute for all MTs. Inter-satellite handover refers to

handover from one satellite to another satellite and happens

more than once every 10 minutes for all MTs. Cross-layer

handover refers to handover between LEO satellite and

HAP/TR and happens at the edge of hot-spot regions.

According to our best knowledge, CCSDS [29] and

DVB [30] are the main existing protocol standards used in

the satellite network systems. However, there are no handover

procedure standards in these protocols. In terrestrial net-

work protocols, there are complicated handover procedures to

guarantee the completeness and robustness of unpredictable

handover scenarios due to complex channels in terrestrial

5G networks. But the handover procedure in terrestrial net-

work protocols will cause unacceptable delay and large sig-

nalling cost if used in the proposed architecture, bringing

waste of resource and difficulties to guarantee the QoS

of MTs. Therefore, we design a novel handover procedure

for each type of handover respectively to reduce handover

delay and signalling cost. The designed handover procedures

are based on positioning technique and handover prediction.

Fig. 4 to Fig. 6 show the designed handover procedures for

different types of handovers respectively.

In the designed handover procedure, positioning and time

service technique provided by satellites are used to replace

random access (RA) process. In the terrestrial network han-

dover procedure, RA process is the key process to achieve

uplink synchronization. According to [31], in satellite sys-

tems, MTs can keep the uplink synchronization with posi-

tioning accuracy in 10 meters which is already realized by

existing works [32], [33].

FIGURE 5. Inter-satellite handover procedure.

The designed handover procedures are started at TR/LEO

satellites and divided into three steps as follows.

The first step is handover (HO) prediction. Handovers are

predicted according to the CSI and location of MTs, LEO

satellites, TRs and HAPs. The prediction is implemented

at the measurement results analysis module in LEO satel-

lites. This module analyzes the reported CSI and position-

ing results of all MTs covered by this LEO satellite. The

positioning results are used to estimate the path loss and

pitch angle fading, while the CSI measurement results are

used to calculate the sum of atmospheric fading and Rician

small-scale fading. Thus, the channel gains from satellites

to MTs are estimated and used as important parameters in

handover prediction. The velocity of LEO satellites is more

than 100 times higher than that of MTs. Thus, we con-

sider it a reasonable assumption to ignore the change of

MTs’ geographical locations until the next report. Besides,

the atmospheric fading and Rician small-scale fading of each

link are assumed to be unchanged until the next CSI report.

Therefore, the channel gains between satellites and MTs can

be calculated and handovers can be forecast accurately.

The second step is handover (HO) decision. After an

imprecise prediction, handovers should be decided at the

accurate time-slots. Handover decisions are made according

to the designed utility function in Section III.

In the proposed architecture, HAPs share the same spec-

trums with LEO satellites. To manage the resource and coor-

dinate the interference unitedly and efficiently, managements

are implemented at the central resource manager in LEO

satellites, including handover decisions. Therefore, HAP just

follows the received results calculated by the LEO satellite

that covers it.

The third step is resource release. To reduce the

waste of resource, LEO satellites can release the down-

link (DL) resource of MTs after sending HO command. The

uplink (UL) resource should not be released until receiving

handover complete message.

Fig. 7 illustrates a frame structure for handover signallings.

All the signallings contain the User ID, the Signalling ID

and the Target ID. The User ID refers to the identity of the
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FIGURE 6. Cross-layer handover procedure.

FIGURE 7. Handover signalling frame.

handover user, the Target ID refers to the identity of the

target nodes and the signalling ID refers to the signalling type.

HO Command and HO Indication contain the Resource Inf,

Measurement Config and TA, where

• Resource Inf contains all the information of the resource

allocation results, e.g. power, time-slot, bandwidth, fre-

quency, adaptive modulation and coding.

• The Measurement Config is used to indicate the

measurement configuration for the handover user, e.g.

measurement period and report period.

• TA (time advance) is used for the synchronization.

HO Request contains the Beam Traffic, User QoS, Resource

Usage and Measurement Inf, where

• The beam traffic contains the information of the traffic

of this LEO beam, HAP beam or TR beam.

• The User QoS contains all the QoS demands of the

handover user.

• Resource Usage refers to the resource usage and utiliza-

tion of this LEO beam, HAP beam or TR beam.

• The Measurement Inf contains the measurement config-

uration in the source beam of the handover user.

HO Indication ACK and HO Complete contain the ACK

(acknowledgement character) for the handshake. The han-

dover signaling is generated at the handover manager and

transmitted as short messages via the control channel.

• Signalling Cost

There are only two signallings (handover command and

handover complete) between theMT and LEO satellite during

beam handover. The signalling cost is the smallest among all

types of handovers.

Compared with beam handover, there is one additional

signalling during cross-layer handover from LEO to HAP.

The additional signalling is handover indication from LEO
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satellite to the target HAP. No interaction is needed after the

handover decision is made in the source LEO satellite.

Compared with beam handover, during inter-satellite

handover, cross-layer handover from LEO satellite to

TR, cross-layer handover from TR to LEO satellite and

cross-layer handover from HAP to LEO satellite, another

three signallings are needed. These three signallings are used

to achieve interaction between the source nodes and the target

nodes.

• Signalling Delay

According to the designed procedures, downlink is broken

off when handover command is sent and rebuilt after receiv-

ing handover complete. Thus, downlink delay is calculated

as the sum of 2 propagation delay and 2 processing delay.

Uplink is broken off after receiving handover command and

rebuilt after sending handover complete. Thus, uplink delay

is calculated as 1 processing delay.

We ignore the propagation delay from HAP and TR to

MTs. The propagation delay of cross-layer handover depends

on the relative position of HAP/TR and LEO satellite.

IV. HANDOVER OPTIMIZATION

Handover decision requires a comprehensive consideration

of multiple factors to make more accurate decision. We pro-

pose a utility function including user priority, minimum rate

requirement, delay requirement, channel gain and the data

traffic of beams as the basis of handover decision. Then

time-frequency resource and transmission power are allo-

cated to minimize the dropping probability.

The probability of handover between TRs and LEO satel-

lites is very small and the handover problem between TRs

and LEO satellites has little difference with that of terrestrial

networks. Therefore, we consider handovers among beams,

between LEO satellites, and between HAP and LEO satellite

in this section. According to the existing work [34], the quasi-

static characteristic of HAPs will bring great challenges to

handovers if HAPs are equipped with multiple beams. Thus,

HAPs are equipped with directional single beam to cover the

hot-spot regions in this paper.

As mentioned in Section III-B, HAP does not need to

implement the strategies and algorithms, it just follows the

results calculated by the LEO satellite that covers it. We con-

sider the HAP as a special beam for simplicity. And we do

not consider the cooperative transmission for MTs provided

by different beams or nodes at the same time.

A. CHANNEL MODEL

The channel model mainly consists of the pitch angle fad-

ing, path loss, atmospheric fading and Rician small-scale

fading [35]. The pitch angle fading is given by [36]

GH (ψ) = Apeff · cos (ψ)η
32 log 2

2
(

2 arccos
(

η
√
0.5
))2

, (8)

where Apeff is the antenna aperture efficiency (assumed to be

unity), η is the roll-off factor of the antenna. ψ is the pitch

angle. ForMT j located in
(

xj, yj
)

covered by beam i, the pitch

angle can be calculated approximatively as

ψi,j = 2 arctan

√

(

xj − oi,1
)2 +

(

yj − oi,1
)2

2h
, (9)

where h is the altitude of satellites or HAPs,
(

oi,1, oi,2
)

is

the center position of the coverage region of beam i. The

atmospheric fading is given by

A (d) = 10

(

3dχ
10h

)

, (10)

where χ is the attenuation through the clouds and rain in

dB/km, d is the propagation distance between HAPs or satel-

lites and the MT, given approximatively by

d =
√

h2 +
(

xj − os,1
)2 +

(

yj − os,2
)2
, (11)

where (os,1, os,2) is the position right below satellite or HAP.

The specific expression of the channel model is expressed

as

G =
(

clight

4πdfc

)2

· GH (ψ) · A (d) · ϕ, (12)

where ϕ is the Rician small-scale fading. clight and fc are the

speed of light and the carrier frequency.

The received power is given by

Prx = Ptx · Gtx · G · Grx, (13)

where Ptx is the transmission power, Gtx and Grx are the

antenna gains of the transmitter and receiver, respectively.

B. UTILITY DESIGN

The handover optimization is proposed to reduce the drop-

ping probability and increase the throughput. Dropping prob-

ability in this paper refers to the probability of on-going

services which are broken off. Services are broken off if the

packets are not transmitted during their maximum time delay.

Thus, dropping probability is calculated as the ratio of broken

services number and the total service number, expressed as

Pd=
Ndrop

Ntotal
, (14)

whereNdrop andNtotal are the numbers of broken services and

total services, respectively.

The utility function is used in user association and time-slot

allocation, and designed according to the following observa-

tions.

• To reduce the dropping probability, on-going services

should have a higher priority than new services when

allocating resource.

• As the channel gain rises, the channel gain utility should

also rise. to make use of the predicted channel gain,

the channel gain at increasing tendency should have a

little larger utility than that at the decreasing tendency

when the channel gain is the same.

• The packet with a larger delay than the upper delay limit

should be dropped. The delay utility should decrease
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rapidly as delay increases and approaches the upper

delay limit [37].

• The data traffics of beams should be considered when

determining the handover. MTs should be preferentially

served by the unoccupied beams.

• To reduce the dropping probability, services whose rate

demand is lower than the surplus capacity of beams

should be served preferentially.

Therefore, for every time-slot t , the traffic utility function

U i
tr(t) is defined as

U i
tr(t) = exp

(

−Ritr(t)
)

, (15)

where Ritr(t) is the ratio of traffic to the average capacity of

beam i.

The rate demand utility function U
i,j
r (t) is defined as

U
i,j
r (t) =

1

1 +
(

exp
(

20
(

ri,j(t) − 1.2
)))pr

(16)

and shown in Fig. 8(a), where ri,j(t) is the ratio of of rate

demand of MT j to surplus capacity of beam i and pr is the

speed of descent.

The channel gain utility function U
i,j
g (t) is defined as

U
i,j
g (t) = Gi,j(t) · exp

(

pg
(

Gi,j(t −1t) − Gi,j(t)
))

(17)

and shown in Fig. 8(b), where Gi,j(t) and pg are the channel

gain betweenMT j and beam i and the weight of the predicted

channel gain.

The delay utility function U
j
d (t) is defined as

U
j
d(t) = 1 − exp

(

t − dmax
j (t)

pd

)

(18)

and shown in Fig. 8(c), where pd and d
max
j (t) are the speed of

descent and the upper delay limit, respectively.

C. PROBLEM FORMULATION

According to Fig. 3(b), we divide the handover problem into

user association, time slot, frequency resource and power

allocation. User association is made first via comparing the

designed user association utility function of MTs in differ-

ent beams. Then MTs with better time-slot allocation utility

are allocated time-slot preferentially in each beam. Finally,

spectrum and transmission power are optimized to maximize

throughput and minimize dropping probability.3 The power

optimization of downlinks are more difficult than that of

uplinks. Thus we consider the downlink in this subsection.

Important notations used in this paper are shown in Table 2.

3These three steps are run by the LEO satellite handover manager at
every time-slot. The results of utility functions at the current time-slot t are
affected by the results of power allocation at the previous time slot. Due to
the processing and propagation delay, the problem of time-slot t is calculated
at an early time-slot t0 based on the predicted information.

TABLE 2. Important notations.

1) USER ASSOCIATION

The user association is the first step. Handovers happen when

users are associated from one beam to another. The designed

user association utility function is expressed as

U
i,j
1 (t) =

[

U i
tr (t)

]ω1
[

U
i,j
g (t)

]ω2
, (19)

where ω1 and ω2 are the weights ofU
i
tr andU

i,j
g , respectively.

The user association problem is formulated as OP1.

OP1 max

I
∑

i=1

J
∑

j=1

ai,j,tU
i,j
1 (t)

s.t. C1 :
I
∑

i=1

ai,j,t ≤ 1, ∀j, t

C2 : ai,j,t ∈ {0, 1} , ∀i, j, t, (20)

where I is the total number of beams including beams of

HAPs, and J is the total number of MTs. ai,j,t = 1 refers

to associate the jth MT to the ith beam at time-slot t . C1 is the

constraint that eachMT can only be associated to one beam at

the same time. C2 is the constraint of the value of ai,j,t . OP1 is

a zero-one integer linear programming problem. The simplex

algorithm [38] is a low-complexity algorithm to solve it at

every time slot.

2) TIME-SLOT ALLOCATION

After user association, the jth MT served by beam i is repre-

sented as ji. We design a time-slot allocation utility function

based on the predicted information to allocate the optimal

time-slot resource for all MTs.

The designed time-slot allocation utility function is

expressed as

U
i,j
2 (t) =

[

U
j
s (t)

]ω3
[

U
i,j
g (t)

]ω4
[

U
i,j
r (t)

]ω5

·
[(

max
{

U
j
d (t) , εd

})]−ω6
, (21)

where U
j
s(t) is the priority of the service of MT j, ω3 to ω6

are the weights of each utility. εd is the threshold of the delay

utility function, making the tradeoff between the fairness and

throughput.
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FIGURE 8. Utility functions. (a) Rate demand utility. (b) Channel gain utility. (c) Delay utility.

The matrix BBBt = [bi,ji,t ] is defined as the allocation results

at time-slot t . bi,ji,t is the allocation results of MT ji in beam i

at t . bi,ji,t = 1 refers to allocate the timeslot toMT ji in beam i

at t . The optimal time-slot allocation problem is formulated

as OP2.

OP2 max

I
∑

i=1

Ji
∑

ji=1

bi,ji,tU
i,ji
2 (t)

s.t. C1 :
Ji
∑

ji=1

bi,ji,t ≤ Ki, ∀i, t

C2 : bi,ji,t ∈ {0, 1} , ∀i, ji, t, (22)

where Ji is the total number of MTs associated to beam i

and Ki is the total bandwidth of beam i. C1 is the

constraint of total bandwidth. C2 is the constraint of

the value of bi,ji,t . OP2 is also a zero-one integer lin-

ear programming problem. The simplex algorithm [38]

is a low-complexity algorithm to solve it at every time

slot.

3) SPECTRUM AND POWER ALLOCATION

Minimize the dropping probability is equivalent to maximize

the system throughput when allocating spectrums and pow-

ers. According to our previous work [25], the best spectrum

reuse scheme is four color reuse among multiple beams. HAP

reuse the spectrum of LEO satellites. The spectrums and

powers of LEO beams should be allocated before those of

HAPs. LEO satellites allocate spectrums and powers of HAPs

according to the spectrum and power allocation results of

LEO beams. According to the previous research results of

our team [39], the interference of HAP to MTs served by

LEO beams can be ignored most of the time. Thus, the spec-

trum and power allocation of this system is divided into two

steps. The first step is to allocate the spectrum and power of

multi-beam LEO satellites. The second step is to allocate the

spectrum and power of HAPs according to the interference of

LEO beams.

The rate for the MT ji,k at t is given by

Rji,k ,t = Blog2



















1 +
sji,k,tPi,k,tGi,ji,t

I
∑

i′=1
i′ 6=i

Ji′
∑

ji′=1

sji′ ,k,tPi′,k,tGi′,ji,t + σ 2



















,

(23)

whereB is the bandwidth of each RB.Pi,k,t andGi,ji,k ,t are the

transmission power of beam iwith RB k and the channel gain

between beam i andMT ji,k at t , respectively. sji,k,t = 1 refers

to allocate spectrum k to MT j in beam i at t and sji,k,t = 0

refers not to allocate spectrum k to MT j in beam i at t .

The system throughput at t is given by

Throughputt =
I
∑

i=1

K
∑

k=1

Rji,k ,t . (24)

The spectrum and power allocation for MTs in this system

is formulated as OP3

OP3 max

I
∑

i=1

K
∑

k=1

Ji
∑

ji=1

sji,k,tRji,k ,t

s.t.

C1 :
Ji
∑

ji=1

sji,k,t ≤ 1, ∀k, t

C2 :
K
∑

k=1

sji,k,t ≤ 1, ∀ji, t

C3 : 0 ≤ sji,k,t ≤ 1, ∀ji, k, t
C4 : Rji,k ,tmin ≤ Rji,k ,t ≤ R

ji,k ,t
max , ∀ji,k , t

C5 :
K
∑

k=1

Pi,k,t ≤ Pimax, ∀i, t

C6 : 0 ≤ Pi,k,t ≤ Pmax, ∀i, k, t, (25)
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where R
ji,k ,t

min and R
ji,k ,t
max are the minimal and maximal rate

demands of MT ji in RB k at t . Pimax and Pmax are the upper

power limits of beam i and every RB.

V. SOLUTION TECHNIQUES AND ALGORITHMS

OP1 and OP2 are zero-one integer linear programming prob-

lems. The simplex algorithm [38] is a low-complexity algo-

rithm to solve them at every time slot. In this section, we will

focus on how to obtain the solutions of OP3.

A. SOLUTION TECHNIQUE

For simplicity we omit index t in this section because the

solution method is not relevant the time-slot series. We solve

OP3 by dividing it into spectrum allocation problem OP4 and

power optimization problem OP5.

The spectrum allocation for MTs in this system is formu-

lated as OP4.

OP4 max

K
∑

k=1

sji,kRji,k

s.t. C1 :
K
∑

k=1

sji,k ≤ 1, ∀ji

C2 :
Ji
∑

ji=1

sji,k ≤ 1, ∀k

C3 : sji,k ∈ {0, 1} , ∀ji, k, (26)

where Rji,k is the expected average rate of ji in beam i

with spectrum resource k . Letting P be the expected average

transmission power for equal power transmission, Rji,k is

expressed as

Rji,k = Blog2













1 +
Pi,kGi,ji

I
∑

i′=1,i′ 6=i
P
i′,kGi′,ji + σ 2













. (27)

OP4 is also a zero-one integer linear programming problem.

The simplex algorithm [38] is a low-complexity algorithm to

solve it at every time slot.

The power optimization problem is formulated as OP5.

OP5 max

I
∑

i=1

K
∑

k=1

Rji,k

s.t. C1 :Rji,kmin ≤ Rji,k ≤ R
ji,k
max, ∀ji,k

C2 :
K
∑

k=1

Pi,k ≤ Pimax, ∀i

C3 : 0 ≤ Pi,k ≤ Pmax, ∀i, k, (28)

OP5 is a non-convex problem. According to [40], OP5 is with

strong duality if I and K are big enough. We can find the

optimal results of OP5 by using the Lagrangian dual method.

The Lagrangian function of OP5 is given by

L(Pi,k , λ
min, λmax, µ) =

I
∑

i=1

K
∑

k=1

Rji,k

+
I
∑

i=1

K
∑

k=1

λmin
i,k

(

Rji,k − R
ji,k
min

)

+
I
∑

i=1

K
∑

k=1

λmax
i,k

(

R
ji,k
max − Rji,k

)

+
I
∑

i=1

µi

(

Pimax −
K
∑

k=1

Pi,k

)

, (29)

where (λmin, λmax) = {(λmin
i,k , λ

max
i,k ), k ∈ K , i ∈ I } ≥ 0

and µ = {µi, i ∈ I } ≥ 0 are Lagrangian dual variables. The

lagrangian equation of OP5 is expressed as

h(λmin, λmax, µ) = sup
Pi,k≥0

L(Pi,k , λ
min, λmax, µ). (30)

The dual problem of OP5 is expressed as

min
(λmin,λmax,µ)≥0

h(λmin, λmax, µ). (31)

L(Pi,k , λ
min, λmax, µ) is a convex function when Pi,k ≥ 0.

The optimal power should satisfy the constraint of KKT

condition

∂L

∂Pi,k
= 0, (32)

According to Equation. 32, we get

I
∑

i′=1

Pi′,kGi′,ji,k =

(

1 + λmin
i,k − λmax

i,k

)

BGi,ji,k log2e

µi
− σ 2.

(33)

Letting

ci,k =

(

1 + λmin
i,k − λmax

i,k

)

BGi,ji,k log2e

µi
− σ 2, (34)

CCCk =
[

c1,kc2,k · · · cI ,k
]

PPPk =
[

P1,kP2,k · · ·PI ,k
]

GGGk =











G1,j1,k G1,j2,k · · · G1,jI ,k

G2,j1,k G2,j2,k · · · G2,jI ,k
...

...
...

GI ,j1,k GI ,j2,k · · · GI ,jI ,k











, (35)

The optimal transmission powers can be expressed as

PPP∗
k = CCCkGGG

−1
k ∀k, (36)

whereGGG−1
k is the inverse matrix ofGGGk .

The Lagrangian equation is expressed as

h(λmin, λmax, µ)

= sup
Pi,k≥0

L(Pi,k , λ
min, λmax, µ)
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= sup
Pi,k≥0

I
∑

i=1

K
∑

k=1

λmin
i,k

(

R∗
ji,k

− R
ji,k
min

)

+
I
∑

i=1

K
∑

k=1

λmax
i,k

(

R
ji,k
max − R∗

ji,k

)

+
I
∑

i=1

K
∑

k=1

R∗
ji,k

+
I
∑

i=1

µi

(

Pimax −
K
∑

k=1

P∗
i,k

)

, (37)

where R∗
ji,k

is the optimal rate for the MT ji with RB k .

h(λmin, λmax, µ) is a convex function, but its gradient may

not exist at some points. We use sub-gradient method [41] to

find the results. Let

λmin
i,k (l + 1) =

[

λmin
i,k (l) − β

i,k
1 (l)

(

Rji,k − R
ji,k
min

)]+

λmax
i,k (l + 1) =

[

λmax
i,k (l) − β

i,k
2 (l)

(

R
ji,k
max − Rji,k

)]+

µi(l + 1) =

[

µi(l) − β i3(l)

(

Pimax −
K
∑

k=1

Pi,k

)]+

, (38)

where (x)+ ≡ max {0, x}, l ∈ {1, 2, . . . , lmax} is the iteration
index. β i,km (l) = β i,km (1)/l is the step length, where m =
1, 2, 3.

B. PROPOSED ALGORITHMS

Since the dual problem in equation (31) is convex and has

the same optimal result as OP5, we adopt the sub-gradient

algorithm [41] to find the solution based on the KKT con-

dition. The algorithm is shown in Algorithm 1 and run in

LEO satellites with the complexity of O(LIK ), where L is the

maximum iterations in the algorithm. The algorithm iterates

along the sub-gradient and reduces the step size gradually to

converge to the optimal result. Once the difference between

the objective functions of the latest two iterations is smaller

than a predefined threshold ε, the iteration stops.

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, we carry out simulations to evaluate handover

rate improvement of the proposed multi-layer architecture

compared with traditional LEO-MSS. Then we evaluate han-

dover delay and signalling cost of the designed handover

procedures compared with handover procedure in terrestrial

network protocols [42]. Afterwards, we evaluate the per-

formance of the proposed dynamic handover optimization

and power optimization method. The simulations are imple-

mented by MATLAB R2017a and the simulation results will

be presented and discussed as follows.

A. SYSTEM PARAMETERS

The important system parameters are shown in Table 3.

The altitude of LEO satellite with multi-beam is about

1500 km, and the ground-track speed VLEO is approximately

Algorithm 1 Algorithm for OP5

1: Initialize lmax, threshold ε and step length β
i,k
m (1), where

m = 1, 2, 3.

2: Initialize Lagrangian λmin
i,k (1), λmax

i,k (1) and µi(1).

3: Initialize l = 1, n = 0 and h(0).

4: while n = 0 do

5: for i = 1 : I do
6: for i = 1 : K do

7: Update P∗
i,k (l)

8: end for

9: end for

10: Calculate h(l).

11: if |h(l) − h(l − 1)| ≥ ε and l ≤ lmax then

12: for i = 1 : I do
13: for i = 1 : K do

14: Update β i,km (l + 1), Lagrangian λmin
i,k (1 + 1),

λmax
i,k (1 + 1) and µi(1 + 1).

15: end for

16: end for

17: l = l + 1.

18: else

19: n = 1

20: end if

21: end while

22: Output optimal power P∗
i,k .

25000 km/h. The factor of LEO satellite antenna η is 20,

which means the LEO beam coverage radius of 3 dB is about

200 km. The channel model of HAP-MT link is the same

as LEO-MT link, as shown in equation 12. However, HAP

is equipped with single beam instead of multi-beam and the

antenna parameters and the path loss constants of HAP are

different from those of LEO satellites. The altitude of HAP

is 20 km, and the antenna factor η of HAP is 1, whose beam

coverage radius of 3 dB is about 20 km.

To validate the handover rate improvement of the proposed

multi-layer architecture, as in the previous analysis, we focus

on the case that GEO satellite is connected directly to HAPs

or TRs for routing. In actual scenarios, the probability of this

case is PGEO. Here, we set PGEO = 0.5. And the average

velocity of MTs in hot-spot regions is VMT = 5 m/s.

To validate handover delay of the designed handover pro-

cedures, we set the average processing delay to be 4 ms per

handshake [42]. There are 19 beams per LEO satellite.

To evaluate the proposed dynamic handover optimization

and power control method, we consider a rectangular region

covered by 24 LEO beams and one HAP beam for simplicity.

The frequency reuse factor N = 4. The total bandwidth of

LEO-ground downlink is 240 MHz. The bandwidth of each

RB B = 6 MHz. The length of one timeslot ts = 10 ms.

For LEO satellites, Pimax = 3 dBW and Pmax = 10 dBW.

For HAPs, Pimax = −20 dBW and Pmax = −10 dBW.

Noise power spectral density is −173 dBm/Hz and Rician

small-scale fading ϕ = 20 dB. The carrier frequency of Ka
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TABLE 3. Important parameters.

band is 30 GHz. There are 100 MTs generated in the hot-spot

region with a radius of 20km. The rest 900 MTs are gen-

erated in the whole rectangular region with length 2800km

and width 1000km. The user density of the remote region is

37.5 per beam and the user density of the hot-spot region is

250 times larger than that of the remote region. 20% of the

MTs are very important MTs, whose user priority utility is 1,

and the user priority utility of the rest MTs is 0.1. The maxi-

mum delay tolerances of services are 300ms, 500ms, and 1 s,

respectively. There are 200 services on-going at the first time-

slot. New services arrival processes are modeled as Poisson

distributed with average arrival rate λ. Packets of ongoing

services arrive every 100 ms on average and the packet sizes

are normally distributed with the means of 500k bits [37]. The

duration time of services follows the exponential distribution

with mean θ = 1 minute. The maximal rate demands of MTs

are the total data waiting to be transmitted. The minimum

rate demands of MTs are 80k bits per slot. MTs will not be

allocated resource until the total datawaiting to be transmitted

are larger than 80k bits. The weight of the utility is different

according to the data traffic. ω1 = 0.25 and ω2 = 0.75

when serving under-load data traffic, ω1 = 0.5 and ω2 = 0.5

when serving full-load data traffic. ω3 = 0.375, ω4 = 0.25,

ω5 = 0.125 and ω6 = 0.25 when serving under-load data

traffic, ω3 = 0.4375, ω4 = 0.1875, ω5 = 0.1875 and

ω6 = 0.1875 when serving full-load data traffic.

B. COMPARISON BETWEEN GEO RELAY AND LEO

ROUTING

We here provide a numerical example to compare GEO relay

and LEO routing on the normalized total delay, routing com-

plexity and the hop number using the constellation model of

the Iridium. Since the topology and the antenna pointing of

LEO inter-satellite links changes quickly due to the quick

FIGURE 9. Normalized total cost comparison.

movement of LEO satellites, the average cost of routing

algorithm is much larger than that of terrestrial networks.

Letting Nh be the hop number of LEO routing, TG, TL
and TLL be the average propagation delay of GEO-MT links,

LEO-MT links and LEO-LEO inter-satellite links, respec-

tively, Tpr, Cpr and Cr be the processing delay, the processing

cost and the dynamic routing cost of each hop, respectively,

the normalized total costs of GEO relay and LEO routing

are

CGEO = 2TG + Tpr + Cpr, (39)

CLEO = 2TL + (Nh − 1)TLL + Nh(Tpr + Cpr + Cr). (40)

Letting TG = 120 ms, TL = 5 ms, TLL = 25 ms, Tpr = 10

ms (one time-slot) and Cpr = 10 ms, we get the normalized

total costs with different routing hop number and routing cost

as Fig. 9. The results demonstrate that GEO relay satellites are

suitable to replace the LEO routing with the hop number of

more than 3.

C. RESULTS AND DISCUSSION OF THE PROPOSED

ARCHITECTURE

Fig. 10 shows that after introducing HAPs and TRs to cover

hot-spot regions and GEO satellite as relay, the proposed

extensible multi-layer architecture reduces the average han-

dover rate dramatically, because in hot-spot regions, han-

dovers are not passive any more and the low-speed movement

of MTs becomes the main reason causing handovers. As the

percentage of MTs in hot-spot regions increases, the aver-

age handover rate of the whole system decreases linearly.

0.5 per minute is the smallest handover rate in our simulations

because (1 − PGEO) = 0.5.

D. RESULTS AND DISCUSSION OF THE PROPOSED

PROCEDURE

Fig. 11 shows the signalling cost of the proposed procedures

and terrestrial network procedure. The signalling costs of the

proposed procedures are smaller than those of the terrestrial

network procedure after deleting RA process. The signalling
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FIGURE 10. Average handover rate.

FIGURE 11. Signalling of the proposed and terrestrial network
procedures.

costs during beam handover is the smallest since no signalling

is required between beams of the same LEO satellite. The

proposed procedure has a greatest improvement at cross-layer

handover from LEO satellite to HAP. The reason is that HAP

follows the command of LEO satellite in resource reuse dur-

ing handovers and the signallings for interaction are deleted.

The signalling costs of the other four types of handovers are

the same.

The delays of the proposed procedures and terrestrial net-

work procedure are shown in Fig. 12. Two times of processing

delay and propagation delay are reduced during all types of

handovers by removing the RA procedure. No matter in the

downlink or uplink, during all types of handovers, the delays

of the proposed procedures are smaller than those of the

terrestrial network procedure. There are one more processing

delay and two more propagation delay in the in the down-

link than in the uplink during all types of handovers. Delay

and delay improvement of different types of handovers are

different because the propagation delays of different types of

handovers are different.

FIGURE 12. Delay of the proposed and terrestrial network procedures.

FIGURE 13. Average throughput per beam.

FIGURE 14. Average throughput of HAP.

E. RESULTS AND DISCUSSION OF THE PROPOSED

OPTIMIZATION

A total of 100 Monte-Carlo simulations are carried, with

each simulation lasting 5 minutes and containing 30000 time-

slots. We compare the dropping probability and throughput

of the proposed handover optimization and the handover

VOLUME 8, 2020 42781
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FIGURE 15. Average dropping probability.

protection (HOP) scheme in [43] with different arrival

rate and maximum delay tolerance in the proposed archi-

tecture. We also compare the dropping probability and

throughput of designed procedures and terrestrial network

protocols. Finally we get the following average results

in Figs. 13 −15.

Fig. 13 and Fig. 14 demonstrate that compared with HOP

scheme, the proposed strategy (PS) provides more than 10%

throughput improvement while guaranteeing the dropping

probability due to the power optimization. Compared with

terrestrial protocols (TP), the proposed procedures (PP) pro-

vide better throughput because the resource during handover

delay cannot be used immediately. The shorter the handover

delay is, the less resource will be wasted. The longer the max-

imum delay tolerance of service is, the larger the throughput

is, especially for MTs covered by LEO satellites.

Fig. 15 demonstrates that the proposed handover opti-

mization provides smaller dropping probability compared

with HOP scheme. Similar to the throughput, the proposed

procedures and longer maximum delay tolerance of service

contribute to smaller dropping probability. As the arrival

rate increases, the dropping probability firstly rises and then

almost remains stable because on-going services have a

higher priority to be transmitted than new services when traf-

fic rises, sacrificing the blocking probability of new services.

VII. CONCLUSION AND FUTURE DIRECTION

In this paper, we focused on the problem of frequent pas-

sive handovers in LEO-MSS. Via introducing high-altitude

platforms (HAPs) and terrestrial relays (TRs), we proposed

an extensible multi-layer network architecture to reduce han-

dover rates in hot-spot regions and solve the problem of

group handovers. We also proposed a multi-layer handover

framework according to the architecture to achieve central-

ized handover management efficiently. Based on the pro-

posed architecture and handover framework, we designed

different handover procedures for different types of han-

dovers to reduce handover delay and signalling cost. After-

wards, we proposed a dynamic handover optimization to

reduce the dropping probability while guaranteeing the QoS

of mobile terminals. Lagrange dual method and Karush-

Kuhn-Tucker (KKT) conditions are used to find the optimal

solutions. Also, we presented corresponding gradient descent

algorithm to get the results. Numerical results show that the

proposed architecture reduces group handovers significantly.

The proposed handover procedures provide better perfor-

mance on delay and signalling cost compared with traditional

handover protocols. With the proposed dynamic handover

optimization, the proposed handover procedures also provide

better performance on dropping probability and throughput.

In addition, the proposed dynamic handover optimization

has an excellent performance on dropping probability while

guaranteeing the QoS of mobile terminals.

The proposed extensible multi-layer architecture based on

LEO-MSS can be used for future space-air-ground commu-

nication networks to provide better communication services.

Introducing HAPs and TRs is a method to solve the problem

of group handovers in LEO satellite systems. The handover

procedures we designed can be used in future space-air-

ground networks and provide better performance on delay,

signalling cost, dropping probability and throughput. The

proposed dynamic handover optimization yields an excellent

performance on dropping probability while guaranteeing the

QoS of mobile terminals. And the handovers in space-air-

ground networks can be further optimized via introducing

uplink handover strategies.
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