
9532 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 24, NO. 9, SEPTEMBER 2023

QoS-Aware User Association and Transmission
Scheduling for Millimeter-Wave
Train-Ground Communications

Xiangfei Zhang , Yong Niu , Senior Member, IEEE, Tao Yang , Xian Xiao ,
Jianwen Ding , Senior Member, IEEE, Sheng Chen , Fellow, IEEE, Zhangdui Zhong ,

Ning Wang , Member, IEEE, and Bo Ai , Fellow, IEEE

Abstract— With the development of wireless communication,
people have put forward higher requirements for train-ground
communications in the high-speed railway (HSR) scenarios. With
the help of mobile relays (MRs) installed on the roof of the train,
the application of Millimeter-Wave (mm-wave) communication
which has rich spectrum resources to the train-ground commu-
nication system can realize high data rate, so as to meet users’
increasing demand for broad-band multimedia access. Also, full-
duplex (FD) technology can theoretically double the spectral
efficiency. In this paper, we formulate the user association and
transmission scheduling problem in the mm-wave train-ground
communication system with MR operating in the FD mode as
a nonlinear programming problem. In order to maximize the
system throughput and the number of users meeting quality
of service (QoS) requirements, we propose an algorithm based
on coalition game to solve the challenging NP-hard problem,
and also prove the convergence and Nash-stable structure of
the proposed algorithm. Extensive simulation results demonstrate
that the proposed coalition game based algorithm can effectively
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improve the system throughput and meet the QoS requirements
of as many users as possible, so that the communication system
has a certain QoS awareness.

Index Terms— Millimeter-wave communications, game the-
ory, full-duplex communications, user association, transmission
scheduling.

I. INTRODUCTION

AS A VITAL part of the transport infrastructure, high-
speed railway (HSR) has been developing rapidly in the

recent years. By June 2018, the total operational mileages of
HSRs in the world has reached 49,000km with additionally
more than 16,000km under construction [1]. Many countries,
including China, Japan, Germany and so on, have already
operated trains with speeds exceeding 200km/h.

On the other hand, since many passengers are accustomed
to broadband wireless access in their daily living environment,
more and more people hope to have high-quality broadband
wireless access on mobile terminals. However, in the HSR
scenarios, the high-speed of train causes frequent handovers.
When the cell radius is 1 to 2km, the train running at
350km/h will handover every 20 to 40s [2]. In addition, the
rapid relative movement between the train and track-side base
station (BS) causes more serious Doppler shift and smaller
channel coherence time. So the wireless channel in HSR
scenarios has obvious non-stationary and fast time-varying
characteristics, which seriously reduces the performance of
train-ground communication systems [3]. Moreover, due to
the complexity and non-stationarity of HSR scenarios, there
are weak field strength and blind areas, and the train body
of metal material causes great penetration loss to the signal
from the BS [4]. Therefore, meeting passengers’ compelling
demand for broadband mobile communications in the HSR
environment has become a key technical challenge. It has
become particularly important to carry out research on broad-
band wireless communication technologies in HSR scenarios.
However, the current widely-used communication technologies
under HSR scenarios, such as Global System for Mobile
Communications for Railways (GSM-R), can only support a
rate that is too low to meet user’s increasing demands for
multimedia applications, and the current demand rate of each
train is about 37.5Mbps [5]. With the growth of business and
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entertainment activities and quality of service (QoS) demands,
the demand rate may easily reach 0.5–5Gbps in the near
future [6]. Obviously, the current wireless transmission scheme
will be inadequate to satisfy the needs of HSR passengers.

To this end, industry and academia have started to exploit
the 30-300 GHz millimeter-wave (mm-wave) frequency band.
Owing to its wide bandwidth and rich spectrum resources,
it is not only consistent with the current development trend
of wireless communication systems, but also able to meet
the demand of multi-gigabit wireless services such as online
gaming, video calling and so on [7], which the current com-
munication systems for railways like GSM-R and Long Term
Evolution for Railways (LTE-R) can’t provide. Thus, mm-
wave communications are regarded as a promising technology
to meet the growing network capacity requirements caused by
the rapid development in the HSR industry [8], [9].

But compared with the communication systems of lower
frequency band, mm-wave communication suffers from greater
propagation loss. Because the free space path loss (FSPL) is
proportional to the square of the carrier frequency, the FSPL
in 60 GHz is 28 decibels (dB) higher than that in 2.4GHz [10].
In order to compensate for strong link attenuation, mm-wave
communication uses directional antenna to achieve beamform-
ing for improving antenna gain. At the same time, due to the
short wavelength of mm-wave and the relatively small size
of the antenna array, we can deploy mobile relays (MRs)
on the roof of the train, which can overcome the huge
penetration loss caused by the train body. Furthermore, the
full-duplex (FD) communication technology allows wireless
communication devices to simultaneously transmit and receive
signals on the same frequency band, and the capacity of
the communication system can be doubled theoretically [13].
Therefore, FD technology is regarded as one of the key
physical layer technologies of 5G. The biggest challenge of
FD communication is the elimination of self interference (SI),
which is caused by the signal leakage from the sending end
to the corresponding receiving end [11], [12].

Therefore, it would be desirable for the MRs to adopt
both the mm-wave and FD technology, and simultaneously
serve HSR passengers and ground users. The track-side BS
allocates part of the bandwidth to the MRs, allowing some
users to directly communicate with the track-side BS in a
traditional manner, and other users to be associated with the
MRs to obtain wireless access. At this time, determining the
user association mechanism in the investigated train-ground
communication system is a key challenge, and proposing an
effective user association scheme to maximize the number of
users whose QoS requirements are satisfied is the focus of this
paper. If mm-wave communication and FD technology can be
applied to the train-ground communication system in the HSR
scenarios, high-rate transmission can be achieved between
the BS and MR to significantly improve the communication
service performance [14].

However, the current research on the application of mm-
wave communication and FD technology to train-ground com-
munications are very limited. In this paper, we study the
problem of user association in the mm-wave train-ground

communication system, in which the MR adopts FD mode.
We focus on the cooperation between track-side BS and
FD MR in user association to optimize system performance,
especially to maximize the system throughput and the number
of users meeting QoS requirements. To this end, we propose
a user association optimization scheme based on coalition
game theory. In this scheme, each player will try its best
to achieve the maximum system throughput. Then we pro-
pose a transmission scheduling algorithm to maximize the
number of users whose QoS requirements are satisfied. The
main contributions made in this paper are summarized as
follows.

• Mm-wave communications and FD technology are com-
bined to improve the capacity of train-ground communi-
cation system in HSR scenarios.

• A low complexity user association and transmission
scheduling algorithm is proposed to reduce the implemen-
tation complexity while ensuring the network capacity is
at a high level.

• We focuse on users’ QoS requirements to improve user
communication experience in HSR scenarios.

Firstly, HSR communications are still based on GSM-R at
present. The mm-wave band with rich spectrum resources can
fundamentally solve the problem of lack of wireless resources
in HSR scenarios, and FD technology has the potential to
double communication capacity in theoretically. Therefore,
we combined mm-wave communications and FD technology
to build a new train-ground wireless communication frame-
work to significantly improve transmission performance in
HSR scenarios.

Secondly, considering the fast time-varying of channels and
frequent handoff in HSR scenarios, the optimization algorithm
that require complex iteration is no longer applicable to the
communication problem in HSR scenarios. Therefore, we pro-
posed a low complexity user association algorithm based on
coalition game theory, and theoretically prove its convergence
and stability. At the same time, we proposed a greedy algo-
rithm for transmission scheduling to further improve capacity
performance. The proposed user association and transmission
scheduling algorithms both ensure the system performance
and reduce the implementation complexity, making them more
suitable for application in HSR scenarios.

Thirdly, different from the most existing user association
researches, we pay more attention to the users’ QoS require-
ments in the HSR scenarios. Our goal is to schedule as
many data flows as possible while meeting the users’ QoS
requirements, rather than just to increase system capacity,
and the proposed algorithm will effectively improve the user
communication experience in the HSR scenarios.

The rest of the paper is organized as follows. In Section II,
we provide an detailed overview of the related work.
Section III introduce the train-ground communication sys-
tem model, and Section IV formulate the problem of user
association. The proposed user association scheme based on
coalition game theory and transmission scheduling algorithm
are presented in Section V and evaluated in Section VI. The
conclusions of this paper are drawn in Section VII.
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II. RELATED WORK

We can classify the related works into three categories:
(a) mm-wave communications in wireless networks; (b) FD
communications in wireless networks; and (c) application of
game theory into resource allocation. We examine these related
work in this section.

A. Mm-wave Communications

There has been considerable research on mm-wave based
wireless communications and networks. Most of these
researches focus on 28GHz, 38GHz, 60GHz and E-band
(71-76GHz and 81-86GHz). The rapid development of com-
plementary metal oxide semiconductor (CMOS) in radio fre-
quency integrated circuits has paved the way for electronic
products in mm-wave band [15]. At the same time, several
international standards for indoor wireless personal area net-
work (WPAN) and wireless local area network (WLAN), such
as ECMA-387, IEEE 802.15.3c and IEEE 802.11ad, have been
developed.

In terms of the propagation characteristics of mm-wave,
Singh et al. mentioned that the FSPL of 60GHz mm-wave
is 28dB higher than that of 2.4GHz [10]. At the same time,
the authors of [16] pointed out that mm-wave is more sensitive
to being blocked by obstacles. For these problems, considering
that high-speed trains (HSTs) generally operate in rural areas
and viaducts, the buildings in the HSR scenarios are short and
sporadic, which reduces the probability of mm-wave being
blocked. In addition, when the MR is installed on the roof
of the train, the directional characteristics of mm-wave can
be further utilized, while avoiding the huge penetration loss
caused by the train body [17], [18]. Theiss et al. analyzed
the propagation characteristics of the mm-wave in the HSR
scenarios, and showed the measurement results from the
mm-wave transceiver prototype in the Japanese Shinkansen
environment [19]. Subsequently, He et al. analyzed the influ-
ence of many typical objects in the HSR scenarios on mm-
wave propagation, obtained the corresponding electromagnetic
parameters, and established a mm-wave channel model closed
to the real train-ground communications [20]. Yuan et al. pro-
posed a profit-maximized collaborative computing offloading
and resource allocation algorithm based on an architecture
including terminal, edge computing, and cloud data centers
(CDC) layers, but the introduction of edge computing into the
mm-wave train ground communication system may increase
the end-to-end delay [21]. However, due to the difficult prop-
agation characteristics of mm-wave and the particularity of
HSR scenarios, there are still many challenges ahead.

B. FD Communications

FD wireless communications have also attracted much
efforts in the research community in the past decade. For
example, Chen et al. uses the FD jamming receiver to assist the
multi-antenna transmitter to realize covert communications,
and the proposed scheme maximizes the system through-
put while ensuring covertness [22]. Cao et al. explored the
downlink non-orthogonal multiple access system assisted by
multi-antenna FD relay, and proposed a two-stage interference

scheme, which significantly improved the security perfor-
mance [23]. Li et al. combined FD technology and physical
layer coding in the two-way relay channel, and proposed two
transmission schemes, which improved the system through-
put and reduced the time slot required for unit information
transmission [24]. Cheng et al. proposed a request to send
and FD clear to send based media access control (MAC)
protocol, which can support two-way and one-way links in
a wireless FD network, achieving higher normalized system
throughput [25]. In addition, Kai et al. formulated the joint
optimization problem of tarnsmission scheduling and power
control in a three-node FD WLAN, and proposed an efficient
algorithm based on alternating optimization and successive
convex approximation with low complexity [26].

The toughest challenge of FD communications is the cancel-
lation of SI caused by the signal leakage from the transmitter
of a terminal to the receiver of the same terminal [27].
In order to realize the high spectral efficiency, the SI has to be
reduced by 110dB with the help of antenna separation, analog-
domain and digital-domain cancellation [11]. At the same
time, due to the directional transmission characteristics of mm-
wave communications, the directivity of the transmitting and
receiving beams can naturally reduce the SI [28]. In order
to achieve the theoretical double system throughput, Nidal
et al. proposed a scheme to restrain SI by using a reflective
array [29].

The related work show that FD communications have great
research value in cellular networks, WiFi networks, mm-wave
networks and heterogeneous networks. However, there are
still few applications of FD in HSR scenarios. In the train-
ground communication system model established in this paper,
we exploit the advantages of FD technology and mm-wave
communications, which can jointly bring about huge improve-
ments on network capacity and user experience.

C. Game Theory Based Resource Allocation

Considering the inherent problems such as fast time-varying
of channels and frequent handoff in HSR scenarios, the
optimization algorithms that used to require complex iteration
are no longer applicable to the train-ground communications
in HSR scenarios, especially once new users enter the system,
the previous experience will lose its effectiveness. To address
the dual requirements of normal and quick-response ISL
schedulings, a data-driven heuristic assisted memetic algorithm
(DHMA) is proposed by Du et al.. The main idea of it is
to address normal and quick-response schedulings separately,
while high-quality normal scheduling data are also trained
for quick-response use [30]. However, this method relies on
large data sets, and mm-wave communication has not been
applied to the train-ground communication system in HSR
scenarios at present, so the lack of data sets makes this
method not applicable in HSR scenarios. To improve the
real-time performance of networked control systems, the joint
problem of message fragmentation and no-wait scheduling
is explored by Jin et al. [31]. The proposed algorithm is
based on optimization module theory, which is not suitable for
train-ground communication in HSR scenarios with fast time-
varying channels because of its high complexity. To provision

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on August 31,2023 at 08:40:11 UTC from IEEE Xplore.  Restrictions apply. 



ZHANG et al.: QoS-AWARE USER ASSOCIATION AND TRANSMISSION SCHEDULING 9535

Fig. 1. Illustration of an mm-wave train-ground communication system with
MR operating in FD mode.

high-speed Internet services in HSTs, Taheri et al. proposed a
novel solution named Free-space OptiCs Utilization in high-
Speed trains (FOCUS). However, the authors did not consider
meeting the QoS requirments of different users [32].

Game theory has been widely applied in wireless networks
to improve the utilization of limited resources. For example,
the authors of [34] proposed a time resource sharing scheme
based on Stakelberg game, in which the D2D links that cause
interference can only access the time resources by paying a
higher price, and it can realize distributed power control to
reduce interference and improve the network throughput. Paik
et al. formulated the downlink resource allocation problem
in the multi-cell OFDMA system as a non-cooperative game,
and proposed a coalition game based scheme using adaptive
modulation and coding to maximize system capacity [35].
Wang et al. proposed a novel resource allocation algorithm
based on game theory in the full-frequency multiplexing
OFDMA system, and established a non-cooperative game
model based on the arctangent function, which achieved lower
complexity while ensuring network capacity [36]. The authors
of [37] discussed the influence of Stackelberg game on system
performance when optimizing radio resource allocation in
heterogeneous networks, and the established game theory
model provides guidance for exploring more efficient resource
allocation schemes.

It can be concluded that in the existing works, there is
a paucity of contributions on user association for mm-wave
train-ground communication systems with FD MR as well as
transmission scheduling of data flows in HSR scenarios. These
motivate our research.

III. SYSTEM MODEL

This paper considers a mm-wave train-ground communica-
tion system using FD MR, as shown in Fig. 1. In this model,
the track-side BS reserves part of the bandwidth resources,
and the remaining bandwidth is allocated to MR, and the two
parts of bandwidth resources are mutually exclusive. All the
devices in this train-ground communication system work in
the mm-wave frequency band. In addition, both the BS and
MR are equipped with directional antennas, and transmit and
receive beamforming are allowed to achieve higher mm-wave
directional gain. Ground users and passengers in the HST
can choose to directly communicate with the BS in a tra-
ditional manner, or use MR to achieve two-hop transmission,

Fig. 2. The structure of one superframe.

so there are problems with user association and transmission
scheduling. Assuming that the bandwidth allocation ratio of
track-side BS and MR has been predetermined, we hope to
find the optimal user association mechanism to achieve high
network capacity and make the number of users meeting the
QoS requirements as many as possible.

We adopt the frame structure of the MAC layer [38] which is
illustrated in Fig. 2. Each superframe consists of a scheduling
phase and a transmission phase. During the scheduling phase,
the BS or MR receives the QoS request for each flow and
makes the scheduling decision, which is then broadcasted to
the entire network. During the transmission phase, the frame is
further divided into M equal time slots. At each time slot, the
data flow can be transmitted based on scheduling decisions
made during the scheduling phase. Depending on the user
association and scheduling decision, some users in the system
receive services through the BS, and others receive services
through the MR. Multiple users associated with BS or MR
use the TDMA mode to access the network. Considering that
each user has certain QoS request, which is described by its
throughput requirement in this paper, the BS and MR work
jointly to satisfy the user’s QoS request through transmission
scheduling.

First of all, we assume that there are N flows requesting
transmission time slots in the superframe. Since each time
slot can only be occupied by one flow, we have N ≤ M .
For flow i , we denote its sender and receiver by si and ri ,
respectively. The distance between si and ri is denoted by
li . We also denote the transmitting antenna gain of si in the
direction of si to ri by G t (si , ri ), and the receiving antenna
gain of ri in the direction of ri to si by Gr (ri , si ). According
to the path loss model [39], the received signal power at ri
for the signal transmitted from si to ri can be calculated as

Pr (i) = k0 · G t (si , ri ) · Gr (ri , si ) · l−n
i · Pt (i), (1)

where Pt (i) is the transmission power of flow i , k0 is a
constant that is proportional to (λ/4π)2 with λ denoting the
signal wavelength, and n is the path loss exponent [39], [40].
Then the received signal-to-noise power ratio (SNR) of flow
i can be calculated as

SNRi =
Pr (i)
N0W

=
k0 · G t (si , ri ) · Gr (ri , si ) · l−n

i · Pt (i)
N0W

, (2)

where W is the bandwidth, and N0 is the unilateral noise
power spectral density of the Gaussian channel [40]. Therefore
the achievable data rate of flow i according to the Shannon’s
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Fig. 3. SI at an FD MR.

channel capacity can be expressed as

Ri = η · W · log2

(
1 +

Pr (i)
N0W

)
, (3)

where η ∈ (0, 1) describes the efficiency of the transceiver
design. If the number of time slots allocated to flow i is δi ,
the achieved throughput of flow i can be expressed as

qi =
Ri · δi

M
. (4)

where M denotes the number of time slots of the transmission
phase.

Because the MR adopts the FD mode, it causes a certain
amount of SI (i.e., due to imperfect SI cancellation). As shown
in Fig. 3, the so-called SI refers to the interference at the
MR receiver caused by its own transmitter. Let the MR’s
transmission power be Pt , then the SI power can be modeled as
β · Pt , where β represents the SI cancellation level. Therefore,
if receiver ri of flow i is the MR with FD mode, then the
achievable data rate of flow i should be modified as

Ri = η · W · log2

(
1 +

Pr (i)
N0W + β · Pt (i)

)
. (5)

IV. PROBLEM FORMULATION

In this paper, efficient transmission scheduling is achieved
by maximizing the number of users whose QoS requests are
met. Therefore, we establish an optimization problem with
user association and user time slot scheduling as decision
variables, aiming to maximize the number of users who
meet the condition. As aforementioned, there are N flows
to be transmitted with M available time slots. The scheduler
partitions the superframe into K pairings, where a pairing is
defined as several consecutive time slots. For each flow i ,
we define a binary variable αk

i to indicate whether flow i is
scheduled in the kth pairing. Specifically, if flow i is scheduled
in the kth pairing, αk

i = 1, otherwise αk
i = 0. The number of

time slots in the kth pairing is denoted by γ k .
Given the total bandwidth W , the BS is allocated with the

bandwidth a · W and the MR with the bandwidth b · W , where
a + b = 1. Further define two binary variables µi and λi ,
and µi indicates whether flow i is associated with the BS.
specifically, µi = 1 indicating that flow i is associated with
the BS, otherwise µi = 0. Similarly, if flow i is associated with
the MR, the indicator λi = 1, otherwise λi = 0. To show how
we calculate the transmission rates of different links, consider
Fig. 4 as an example.

Fig. 4. Schematic diagram of link model.

In the example shown in Fig. 4, the transmission rate over
the link lcdi that flow i is sent directly from BS c to user d
can be expressed as

Rk
BS,i = Rk

i(c→d)

= η·a ·W ·log2

(
1 +

αk
i k0G t (c, d)Gr (d, c)l−n

cdi
Pt (i)

N0 · a · W

)
.

(6)

Taking into account the RSI at FD MR, the transmission
rate over the link lcei that flow i is sent from BS c to MR e
can be expressed as

Rk
i(c→e) = η · b · W log2

(
1+

αk
i k0G t (c, e)Gr (e, c)l−n

cei
Pt (i)

N0 · b · W + β · Pt (i)

)
.

(7)

Similarly, it is assumed that the transmission power of BS
and MR is Pt , then the transmission rate over the link le fi that
flow i is sent via MR e to user f can be expressed as

Rk
i(e→ f ) =η·b·W ·log2

(
1+

αk
i k0G t (e, f )Gr ( f, e)l−n

e fi
Pt (i)

N0 · b · W + β · Pt (i)

)
.

(8)

Hence, the rate of flow i , sent from BS via MR to user, is

Rk
MR,i = min

{
Rk

i(c→e), Rk
i(e→ f )

}
. (9)

Let the required throughput for flow i be Qi , and denote
the actual throughput for flow i as qi , therefore we have

qi =

∑K
k=1

(
µi · Rk

BS,i + λi · Rk
MR,i

)
· γk

M
. (10)

We further define a binary variable Ii to indicate whether
the actual throughput qi achieved for flow i meets the QoS
requirement Qi , specifically,

Ii =

{
1, qi ≥ Qi ,

0, qi < Qi .
(11)

where the QoS requirement here is defined as the minimum
throughput requirement of the data flow.
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Fig. 5. Comparison of non-optimal and optimal transmission scheduling. The system has M = 10 time slots to schedule N = 5 flows.

Given the QoS requirements Qi for all the N flows,
1 ≤ i ≤ N . Since the number of time slots M in the
transmission phase is limited, the optimal scheduling should
accommodate as many flows as possible. Therefore, our goal
is to maximize the number of flows that satisfy their QoS
requirements, and the objective function can be expressed as

max
N∑

i=1

Ii . (12)

Next we analyze the constraints of this optimal transmission
scheduling. First, each pairing of the superframe can only be
occupied by a flow once, and therefore

K∑
k=1

αk
i = 1, ∀i. (13)

Second, there are only M time slots in the superframe, so we
have

K∑
k=1

γ k
≤ M. (14)

Third, flow i can only be associated with either the BS or the
MR, not the both, that is,{

µi + λi = 1
µi · λi = 0,

∀i. (15)

We utilize the simple example as shown in Fig. 5 to illustrate
the basic idea of our optimal transmission scheduling strategy.
There are five nodes uniformly distributed in a square area of
10 m × 10 m, and they are denoted by A, B, C , D and E ,
respectively. There are M = 10 time slots in the superframe,
and N = 5 flows in the network to be scheduled. To meet the
throughput requirements, 8 time slots are needed for the flow
O → A, 3 time slots for the flow O → B, 1 time slot for the
flow O → C , 2 time slots for the flow O → D, and 4 time
slots for the flow O → E . Without transmission scheduling
and simply carrying out the transmission scheduling for the
5 flows in the order of A, B, C , D, and E , only one flow, A,
can meets its QoS requirement. To maximizing the number

of flows that can meet their QoS requirements, the flow
scheduling should be carry out according to the required time
slots for meeting the required throughput in the order of low
to high, that is, the transmission scheduling should be C ,
D, B, E and A. It can be seen that with this transmission
scheduling, four flows, namely B, C , D and E , can meet their
QoS requirements.

Considering the height of the MRs, the link between the
MRs and the ground BS can be regarded as line-of-sight (LOS)
transmission, and the railway is generally located in spacious
scenarios, so it is considered that the blockages are mainly
caused by human body. We consider that in the investigated
mm-wave train-ground communication system, the blockage
problem caused by human body can be solved in three steps.
In the first step, we connect the users to the nearest BS or MR,
and propose an average outage probability Pb for all links,
which note that each link has a random probability of experi-
encing blockage. In the second step, if the communication link
between the user and the associated equipment experiences
blockage, this user will re-establish an association relationship
with the second closest equipment to actively avoid blockage.
In the third step, we study the scenario of non-LOS (NLOS)
transmission, which can be enhanced with the assist of intel-
ligent reflecting surface (IRS) and Device-to-Device (D2D)
communications. In this paper, for analytical simplicity, it is
assumed that the link blockage probability remains stable in
a road segment. The link blockage probability Pb on average
is deemed as a constant in a certain section along the rail
track [41].

In summary, the problem of optimal user association and
transmission scheduling, denoted by P1, can be formulated as
follows.

(P1) max (1 − Pb)

N∑
i=1

Ii

s.t. Constraints (13) to (15). (16)

Because the data transmission rate of each flow includes a
logarithmic function, the objective function is nonlinear. So P1
is a mixed integer nonlinear programming problem with binary
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variable Ii . Considering that the user’s location, QoS require-
ments, and the gain of the channel formed by connecting
with BS and MR will jointly decide the best user association
scheme in the established train-ground communication system,
it is more complex than the 0-1 knapsack problem [42], so P1
is an NP-hard problem, and difficult to solve in polynomial
time [11]. In the next section, we introduce a coalition game
theory based algorithm to solve problem (P1) with competitive
solutions.

V. COALITION GAME BASED ALGORITHMS

In this section, we will introduce the coalition game from
the view point of game theory to solve the problem of user
association. Coalition formation game is a subcategory of the
cooperative game theory, which is able to determine how users
cooperate to achieve the optimal system throughput. After that,
a sorting algorithm is proposed to solve the problem of optimal
transmission scheduling.

A. Coalition Formation: Model

To tackle the optimization problem formulated in the
Section IV, we will introduce a coalition game model, where
the flows form coalitions to improve the system utility. In our
investigated system, there are N flows, and the flows can
choose to associate either with the BS or with the MR. Hence,
there are two coalitions, and we denote them by F1 and F2.
Specifically, F1 represents the set of flows associated with the
BS, while F2 represents the set of flows associated with the
MR. Clearly, for our entire coalition F = {F1,F2}, we have

F1 ∩ F2 = ∅, (17)
|F | = |F1| + |F2| = N , (18)

where
∣∣F ∣∣ denotes the cardinality of the set F .

Recall that the transmission rate Rk
BS,i over the link that

flow i is sent from the BS to a user is given by (6). Thus the
sum rate associated with the coalition F1 is

R
(
F1
)

=

N∑
i=1

Rk
BS,i . (19)

Also the transmission rate Rk
MR,i over the link that flow i

is sent via the MR to a user is given by (7) to (9). Hence the
total throughput associated with the coalition F2 is

R
(
F2
)

=

N∑
i=1

Rk
MR,i . (20)

R
(
F1
)

and R
(
F2
)

represents the sum profits contributed by
the entire coalition F with the particular coalition partition of
F1 and F2. Hence, the user association model with resource
sharing relations for our investigated mm-wave train-ground
communication system is established in a coalition game with
transferable utility. In this model, the data flows, as players,
tend to form a coalition to associate either with the BS or with
the MR, in order to maximize the total profit of the system.

B. Coalition Formation: Algorithm

In this section, We will propose a coalition formation
algorithm based on the coalition formation game. One key
point to coalition formation is what strategy to adopt by each
flow. An efficient coalition formation algorithm should be able
to compare the sum profits of the coalitions and to find a
suitable coalition for each flow to join so as to achieve the
optimization goal. Thus, we first introduce the concept of
preference order to enable the comparison of the profits for
different coalitions.

Definition 1 (Preference Order): For any flow i ∈ N =

{1, 2, · · · , N }, the preference order ≻i is defined as a com-
plete, reflexive, and transitive binary relation over the set of
all the coalitions that flow i can possibly form.

Therefore, the flows in our coalition game have the right to
choose to join or leave a coalition according to their preference
order, and they tends to join a coalition based on which it
prefers to being a member. For any given flow i ∈ N , Fc ≻i
Fc̄ implies that flow i is more willing to be a member of
the coalition Fc, that is, i ∈ Fc, than with Fc̄, which does
not include the case that flow i prefers these two coalitions
equally. In different applications, the preferences for flows
can be quantified in different way. In this paper, we adopt the
utilitarian preference order [44].

Definition 2 (Utilitarian Preference Order): For any flow
i ∈ N = {1, 2, · · · , N }, the utilitarian preference order is
defined by the following equivalence:

Fc ≻i Fc̄ ⇔ R
(
Fc
)
+R

(
Fc̄ \ i

)
> R

(
Fc \ i

)
+R

(
Fc̄
)
. (21)

In other words, flow i prefers to be a member of coalition
Fc than Fc̄ under the condition of increasing the sum system
throughput.

When flow i ∈ N performs a switching from Fc to Fc̄,
the original partition F =

{
Fc,Fc̄

}
is changed to the new

partition F ′
=
{
Fc \{i},Fc̄

⋃
{i}
}
. The switching can occur if

and only if the preference order as defined in (21) is satisfied.
In our proposed algorithm based on the coalition game,

we first initialize the system by a random coalition partition
with two coalitions Fc and Fc̄. For any flow i ∈ N , we denote
its present coalition by Fc. If Fc̄ ≻i Fc, there will be a
switching of flow i from Fc to Fc̄, and the current coalition
partition F =

{
Fc,Fc̄

}
will be updated to the new partition

F ′
=
{
Fc \ {i},Fc̄

⋃
{i}
}
. In this mechanism, every flow i

can leave its current coalition and join the other coalition,
given that the new coalition is strictly preferred based on the
definition in (21) and the flow can make a greater contribution
to the system performance in terms of throughput in the new
coalition. It’s worth noting that our proposed algorithm based
on coalition formation game needs to find a coalition structure
that maximizes the total utility rather than the individual
payoffs of the players.

The pseudo code of the proposed coalition game based
algorithm is given in Algorithm 1, which contains a user
association algorithm for maximizing system throughput, and
a transmission scheduling algorithm for maximizing the num-
ber of users meeting QoS requirements. More specifically,
Algorithm 1 first initializes the parameters, and collects the
set of flows that need to be scheduled in the current time
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Algorithm 1 Coalition Game Based Algorithm for User
Association and Transmission Scheduling
Require: The flow set N = {i : 1 ≤ i ≤ N } and the

corresponding QoS set Q = {Qi : 1 ≤ i ≤ N }, M .
1: Perform a random partition Fini of N ;
2: Set the current partition Fcur = Fini ;
3: repeat
4: Choose a flow i ∈N in a pre-determined order, denote

its coalition as Fc and the other coalition as Fc̄;
5: Get R

(
Fc
)
, R
(
Fc̄
)
, R
(
Fc \ {i}

)
and R

(
Fc̄
⋃

{i}
)
;

6: if R
(
Fc
)
+ R

(
Fc̄
)

< R
(
Fc \ i

)
+ R

(
Fc̄
⋃

i
)

then
7: Flow i leaves Fc and join in Fc̄;
8: Update Fcur =

{
Fc \ {i},Fc′

⋃
{i}
}
;

9: end if
10: until Fcur Converges to the Nash-stable partition F f in ;
11: Get the number of time slots required for each flow

according to its throughput requirement;
12: Sort the flows according to their required numbers of time

slots from small to large;
13: Terminate when the first Nsuc sorted flows have the

number of time slots ≤ M but counterpart of the first
Nsuc + 1 sorted flows > M ;

14: Output: The first Nsuc sorted flows.

slot, as well as the QoS requirements of each flow. Secondly,
the proposed algorithm divides all flows into two coalitions
randomly. Then, take a flow as the target, calculate R

(
Fc
)
,

R
(
Fc̄
)
, R
(
Fc \ {i}

)
and R

(
Fc̄
⋃

{i}
)
. If the system sum rate

when the current flow stays in the current coalition is greater
than that when it is moved to another coalition, the current
flow will stay in the current coalition, as shown in lines 6 and
7 of Algorithm 1. The user association phase of the proposed
algorithm is not completed until all flows have made the above
judgments in turn. In the transmission scheduling phase, the
proposed algorithm arranges each flow from small to large
according to its QoS requirements, finds the maximum Nsuc
flows with the required time slots less than M , and then
transmits them.

Firstly, according to the QoS requirements, the amount of
time slots required by each flow are obtained. Then the user
association either with BS or with MR is determined according
to the coalition formation algorithm. After the convergence of
the algorithm, the flows are sorted according to their required
numbers of time slots to meet their QoS requests from small
to large. By prioritizing the flows with smaller time slots
requirement during transmission scheduling, the number of the
flows that satisfy their QoS requests is maximized.

The condition to terminate the algorithm is that the partition
converges to the Nash-stable partition. If ∀i ∈ N , i ∈ Fc ⊂ F ,
Fc ≻i Fc̄

⋃
{i}, where Fc̄

⋃
Fc = F and Fc̄

⋂
Fc = ∅, then

the partition F = {Fc,Fc̄} is Nash-stable. Starting from any
initial coalition structure Fini , the proposed coalition forma-
tion algorithm will always converge to a final partition F f in
that is Nash-stable, after a sequence of switching operations.
We will give related theoretical proofs in Section V-C.

We then analyze the complexity of Algorithm 1. In a specific
time slot, the established train-ground communication system

can be regarded as temporarily static, i.e., the coalition of
each flow is determined (not necessarily the optimal situation).
The computational complexity of the sum rate of the coalition
formed by the flows associated with BS is O(nB), and that
of the coalition formed by the flows associated with MR is
O(nM ). At this time, considering the decision operation shown
in the line 6 of Algorithm 1, the complexity corresponding to
the user association phase is O(N · (nB · nM + 1)). Then,
the computational complexity of directly sorting the QoS
requirements corresponding to data flows at one time is O(nts).
Considering that the worst case of determining Nsuc requires
N times of judgment, the complexity in the data transmission
phase is O(nts +N ). To sum up, the computational complexity
of Algorithm 1 is O(N (nB + nM + 2) + nts).

C. Theoretical Analysis

1) Convergence: We first examine the convergence of the
proposed algorithm theoretically.

Theorem 1: With an arbitrary initial partition Fini , after the
limited switching operations, a final partition F f in obtained by
the proposed algorithm can always be found, and the coalitions
within F f in maintain a disjoint relationship.

Proof: Users are divided into U ′ disjoint subsets in the
coalition structure (CS), and each subset represents a coalition.
We exhaustively examine all the CSs of U ′ users and obtain
the set S of all CSs, given by S = {S1, S2, . . . , S|S|}. Based
on the Bell number Bk , the cardinality of S for the U ′ users
can be expressed as

B(U ′) =


1, U ′

= 0,

U ′
−1∑

k=0

(
U ′

− 1
k

)
Bk, U ′

≥ 1.
(22)

In Algorithm 1, the number of switch operations in each
iteration is up to N , and each user either joins a new coalition
or still stays in the original coalition. Thus, the whole number
of partitions is B(N ), and since we preset the number of
the BS and MRs, the number of partitions will be decreased
based on the Bell number. As the number of partitions is
bounded, we can conclude that after a certain number of switch
operations, a final partition F f in will be obtained.

2) Stability: We next examine the Nash-stable structure of
the proposed algorithm theoretically.

Definition 3 (Nash-Stable Structure): If for all i ∈ N ,
i ⊆ Fc ⊂ F , Fc≻i Fc̄

⋃
{i}, for all Fc̄ ⊂ F , Fc ̸=

Fc̄, a coalitional patition C = {C0, C1, . . . , Cn−1, Cn} is
Nash-stable.

Theorem 2: The final partition F f in obtained by the
Algorithm 1 is Nash-stable.

Proof: When the switching operation no longer occurs,
the proposed algorithm based on the coalition game will
terminate. At the same time, the optimal value of system
throughput is obtained, and the final partition is Nash-stable.
We have F∗

= arg maxF R(F), for all Fc ⊂ F , and
F∗

= {F0
∗,F1

∗, . . . ,Fn−1
∗,Fn

∗
} is the Nash-stable coalition

partition.
If the partition still has tendency of switching, the final

partition F f in has not been found yet, which is contradictory
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TABLE I
SIMULATION PARAMETERS

to F f in is the final partition. Consequently, the final partition
F f in of the proposed algorithm has reached Nash-stable.

VI. PERFORMANCE EVALUATION

In this section, we evaluate the performance of our pro-
posed coalition game based algorithm under various system
parameters. In the first part, we consider bandwidth resource
allocation and ascertain the best ratio. In the second part,
we compare our coalition game based scheme with other three
schemes in terms of sum rate. After user association is over,
we compare the proposed transmission scheduling scheme
with another scheme in terms of system throughput and the
number of users whose needs are met. Besides, we give the
necessary analysis for the obtained simulation results.

A. Simulation Setup

Based on the system model described in Section III,
the entire train-ground communication system works in the
60GHz mm-wave frequency band, and we consider a sin-
gle cell scenario where users are randomly distributed in a
300 × 300 square area. On the other hand, we use the
widely used realistic directional antenna model in IEEE
802.15.3c [45], [46], and the antenna gain in units of dB,
denoted by G (θ), can be expressed as

G(θ) =

G0 − 3.01
(

2θ
θ−3dB

)2
, 0◦

≤ θ ≤
θml
2 ,

Gsl,
θml
2 ≤ θ ≤ 180◦.

(23)

where θ denotes an arbitrary angle within [0◦, 180◦], θ−3d B
denotes the angle of the half-power beam width, and θml is
the main lobe width in units of degrees, and the relationship
between θml and θ−3d B is θml = 2.6 · θ−3d B . Gsl is the side
lobe gain given by Gsl =−0.4111 × ln (θ−3dB)−10.579. G0 is
the maximum gain which can be obtained by

G0 = 10 log10

(
1.6162

sin
(
θ−3dB/2

))2

. (24)

Other simulations parameters are given in Table I. In order
to show the advantage of the proposed coalition game based
scheme, we compare our scheme, which is labeled as Coalition
Game (CG − F D), with other three schemes:

1) CG-HD: Coalition Game - Half Duplex [47], where the
MR operate in the half duplex mode. Thus, the bandwidth
resource that the users can occupy is decreased in comparison
with the case of FD under the same number of users.

Fig. 6. Sum rate under different (a) number of flows and (b) bandwidth
share of BS.

2) FBSC: Full BS Communication [48], where all users are
associated with the BS.

3) FMRC: Full MR Communication [48], where all users
are associated with the MR.

B. Rationality of the Model in the Reality

Considering that HST mainly operates in rural areas and
viaducts, and the buildings in the communication environ-
ments are generally low, so LOS transmission is domi-
nant at this time. Mm-wave communications are directional,
so we adopted the real directional antenna model in IEEE
802.15.3c [45], [46]. Secondly, we refer to the classical
Shannon channel capacity for data rate. Thirdly, considering
that the current algorithm can reduce the SI generated by FD
to a low level, but there is still some residual SI in actual
communication, a residual SI model such as β · Pt is built,
and the results corresponding to different β and Pt on system
capacity is analyzed in the following. Fourthly, considering
the small coverage of the mm-wave BS, the radius of cell is
set to 300m during simulation.

At present, train-ground wireless communication in HSR
scenario mainly based on GSM-R, while mm-wave and FD are
the key technologies of 5G. The details of their practical appli-
cation in HSR scenarios are still unclear, so the construction
of system models and the selection of simulation parameters
mainly come from theoretical literatures and standards.

C. Compared With the Optimal Solution

Firstly, we compare the performance of CG-FD with the
optimal solution (OS) obtained by traditional exhaustive search
method. The simulation results when the number of flows
is 1 to 8 as shown in Fig.6 (a), and we can see that there
is a good approximation between the sum rate of CG-FD
shown by the solid line and that of OS shown by the dot
line. This reminds us that under the same parameters, the
user association algorithm based on coalition game proposed
in this paper has the same optimal sum rate performance as
the exhaustive search method, which is consistent with the
theoretical analysis in Section IV.

D. Bandwidth Resource Allocation

In this section, we use simulation to determine the optimal
way to allocate bandwidth. As shown in Fig. 6 (b), we obtain
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Fig. 7. Sum rate under different SI cancellation level.

the sum rate with a, i.e., the ratio of bandwidth reserved by the
BS to the total bandwidth resources, varying from 0.1 to 0.9.
From the simulation results, we can easily get that the optimal
bandwidth allocation is 0.4 for the BS and 0.6 for the MR.
At this time, the sum rate of the system reaches the maximum
when other parameters remain unchanged. Therefore, in the
following simulation and analysis section, we assume that
the ratio of bandwidth to BS is 0.4 and the counterpart of
MR is 0.6.

E. System Sum Rate

When the number of flows waiting to be scheduled is
10, the sum rate obtained by the proposed coalition game
based algorithm and other three comparison schemes when
β changes from −150 dB to −110 dB are shown in Fig. 7.
When β = −150 dB, the sum rate of CG-FD is larger than
that of FBSC, FMRC and CG-HD about 11%, 351% and
6%. As β increases, the data rate of the flows transmitted
from the MR decreases due to the increase of the SI, which
can explain the trend of curves obtained by the CG-FD and
the FMRC. Because there is no SI in the link without MR
forwarding, the sum rate obtained by the FBSC scheme is
stable. Unsurprisingly, as RSI gradually increases, more users
intend to associate with the BS, so the curve corresponding to
FMRC shows a trend of downward, which is obviously dif-
ferent from the other three curves. When β is about −120dB,
the sum rate obtained by CG-FD is lower than that obtained
by CG-HD, which indicates when the SI cancellation level is
above −120dB, the performance improvement brought by FD
cannot offset the adverse effects of SI on the system.

As shown in Fig. 8, we compare system sum rate of
the four schemes with different distance between BS and
MR. In the investigated mm-wave train-ground communication
system, the longitudinal distance between the BS and MR is
fixed, so we take the lateral displacement of the MR as the
independent variable to simulate the operation of the train.
Based on the simulation results, it can be seen that CG-FD
has the best performance. When the lateral displacement of

Fig. 8. Sum rate under different distance between BS and MR.

Fig. 9. Sum rate under different transmission power.

the MR is 150m, the sum rate of CG-FD is larger than that
of FBSC, FMRC and CG-HD about 26%, 40% and 8%,
respectively. In general, when the distance between the BS
and MR is too large, the sum rate of the MR is greatly
limited, resulting in FMRC being the scheme with the lowest
performance. On the whole, when the distance between BS
and MR is about 150m, the sum rate have a maximum value.
This is related to our planned radius of 300m. When other
parameters are fixed and the distance between BS and MR
is about 150m, the average distance between the user and
the associated device is the shortest and the path loss is the
smallest.

The variation of system sum rate under different transmis-
sion power is shown in Fig. 9. When Pt = 30dBm, the sum
rate of CG-FD is larger than that of FBSC, FMRC and CG-HD
about 11%, 351% and 6%. As Pt increases, the SI of MR also
increases, so the curve of FMRC scheme has a flat trend. Since
there is no SI in the flows associated with the BS, increasing
Pt is not bad for them and certainly has a greater effect on the
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Fig. 10. Sum rate under different number of flows.

Fig. 11. The (a) system throughput and (b) number of users whose QoS
requirements are met under different number of CTAs.

growth of the FBSC. When the Pt is low, the proposed CG-FD
scheme is closer to the FMRC, and shows great advantages
when Pt is high.

As shown in Fig. 10, we compare system sum rate of the
four schemes under different number of flows from 20 to 55.
It can be seen that the performance of CG-FD proposed in
this paper is best. When the number of the flows is 55, the
sum rate of CG-FD is larger than that of FBSC, FMRC and
CG-HD about 18%, 254% and 13%. From overall view, the
sum rate of these four schemes improve as the number of flows
increases.

F. System Performance

In this simulation, we evaluate the system performance
of our proposed transmission scheduling scheme. At first,
we randomly set the throughput requirements of each flow
and the upper limit of the required number of time slots.
The simulation results of system performance under different
number of CTAs are shown in Fig. 11.

When the total number of flows is 50, the system throughput
under different upper limit of number of time slots are shown
in Fig. 11 (a). We can see that the proposed transmission
scheduling scheme produces higher throughput and better
performance. After sorting the number of slots required by
all the flows, the proposed scheme were able to achieve much

Fig. 12. Number of switch operations under different number of flows.

higher throughput than the one without sorting with limited
slots, thus improving the performance of the system.

The variation of number of users whose throughput require-
ments are met under different restrictions of time slots are
shown in Fig. 11 (b). We can see that the performance of the
proposed transmission scheduling scheme is better. By sorting
the number of slots required by all flows, we are able to meet
the needs of more users with a limited number of time slots.

G. Convergence Rate

To examine the convergence performance of the proposed
coalition game based algorithm, the number of switch oper-
ations under different number of flows are shown in Fig. 12
where the proposed CG scheme converges to the final partition.
As we can see, as the number of flows increases, so does the
number of switching operations, and the average number of
switching operations is 0 to 25. Given N flows, the exhaustive
operation requires 2N iterations to find the optimal solution.
Therefore, the proposed coalition game based algorithm allows
users to establish the final Nash-stable partition with a very
fast convergence rate, which greatly reduces the computational
complexity.

H. Challenges in Real-Life Environments

The above results show that the proposed algorithm can
effectively improve the system throughput while maintaining
a certain QoS awareness, but there are still some challenges
in applying them in real-life environments.

Firstly, the established train-ground communication system
works in the mm-wave band, which requires the antenna array
to be arranged at MR and BS simultaneously. Considering
the inherent high path loss of mm-wave communications,
we also need to optimize the beamforming at the transmitter
and receiver to maximize the directional gain of the antenna.
At present, the method based on deep reinforcement learning
has been proposed, which has great potential to solve this
problem.

Secondly, considering that the operation of HST is based
on a fixed timetable and its trajectory is predictable, the track-
side train-ground wireless communication system also has a
regular pattern, and artificial intelligence is good at capturing
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this hidden pattern, which has great potential to optimize the
beamforming in the HSR scenarios [49], [50]. In addition,
as the HST mainly runs in rural areas and viaducts, the
buildings in the communication environments are generally
low. At this time, LOS transmission is dominant, but there is
still the possibility that the service may be interrupted due to
blocking. At present, scholars have proposed to deploy IRS
on HST windows or track-side [51].

Thirdly, in the actual scenarios, BS should timely count
the QoS requirements of users, and send the results of user
association and transmission scheduling to users through the
control channel. However, because the speed of HST is fast
and not constant, there is usually additional queuing and
transmission delay, so a more detailed model needs to be
established to further evaluate the control channel bandwidth
that needs to be reserved when the HST speed is different,
and the implementation complexity of the algorithm can also
be reduced by referring to historical user association and
transmission scheduling data.

VII. CONCLUSION

In this paper, we propose a coalition game based algorithm
to solve the user association and transmission scheduling
problems in the mm-wave train-ground communication system
with MR operating in the FD mode. The coalition formation
algorithm ensures the maximum sum rate of the system,
and the sorting algorithm ensures the maximum number of
users meeting QoS requirements. In addition, we theoretically
proved that the proposed algorithm can converge after limited
steps, and finally reach the Nash-stable structure. Extensive
simulation results demonstrated that the proposed coalition
game based algorithm can effectively improve the system
throughput while maintaining a certain QoS awareness, when
compared with three baseline schemes.
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