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Abstract—Due to the development of communication technol-
ogy and the rise of user network demand, a reasonable resource
allocation for wireless networks is the key to guaranteeing regular
operation and improving system performance. Various frequency
bands exist in the natural network environment, and heterogeneous
cellular network (HCN) has become a hot topic for current re-
search. Meanwhile, Reconfigurable Intelligent Surface (RIS) has
become a key technology for developing next-generation wireless
networks. By modifying the phase of the incident signal arriving
at the RIS surface, RIS can improve the signal quality at the
receiver and reduce co-channel interference. In this article, we
develop a RIS-assisted HCN model for a multi-base station (BS)
multi-frequency network, which includes 4G, 5G, millimeter wave
(mmWave), and terahertz networks, and considers the case of
multiple network coverage users, which is more in line with the
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realistic network characteristics and the concept of 6G networks.
We propose the optimization objective of maximizing the system
sum rate, which is decomposed into two subproblems, i.e., the user
resource allocation and the phase shift optimization problem of RIS
components. Due to the NP-hard and coupling relationship, we use
the block coordinate descent (BCD) method to alternately optimize
the local solutions of the coalition game and the local discrete phase
search algorithm to obtain the global solution. In contrast, most
previous studies have used the coalition game algorithm to solve
the resource allocation problem alone. Simulation results show
that the algorithm performs better than the rest of the algorithms,
effectively improves the system sum rate, and achieves performance
close to the optimal solution of the traversal algorithm with low
complexity.

Index Terms—Heterogeneous cellular networks, coalition game,
discrete phase shifts, reconfigurable intelligent surface, millimeter
wave.

I. INTRODUCTION

OWADAYS, the global deployment of the 5G networks
N is gradually advancing as planned, and the 6G network
is at the stage of technology research and development [1]. At
the same time, thanks to the rapid development of the mobile
Internet, the users’ network needs are becoming more and more
diverse. A single type of network cannot meet the require-
ments in all scenarios. Therefore, with the emergence of new
networks and diversified network requirements, the emergence
of heterogeneous cellular networks (HCNs) is inevitable [2],
[3]. The good coverage provided by the 4G networks can meet
most of the network demand. However, the throughput of the
4G networks is limited by increasingly severe interference, and
scarce bandwidth [4]. The frequency of 5G is mainly divided
into frequency range 1 (FR1) and FR2 [5]. The millimeter wave
(mmWave) in the FR2 has the characteristics of low latency and
high bandwidth because of the wavelength millimeter and the
improvement of various network technologies. The mmWave
networks can effectively improve the network capacity [6], and
it is being widely concerned by the research institutions [7].
Therefore, to keep up with the explosive growth of data and the
diversification of demand, it will be a significant challenge to
use the current HCN fully.

Currently, widely deployed networks have different character-
istics. For example, the 4G cellular network can provide good
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coverage and reliable data transmission. The large bandwidth
in the mmWave enables it to provide high data rates [8]. The
advent of Massive MIMO has further improved the reliability
and effectiveness of mmwave [9]. However, due to the high
frequency and the short wavelength of the mmWave, it will
bring about a series of problems such as the bad coverage,
the serious path loss, and the high energy consumption, which
are also major factors limiting the deployment of the mmWave
base stations (BSs) [10], [11], [12]. To resist the severe channel
fading, the common method in the industry is to deploy the
directional antenna and beamforming between the BS and the
user equipment (UE) [13].

In addition, to address the high sensitivity of mmWave com-
munication to blocking, as well as the high dependence on
the layout of the wireless environment, Reconfigurable Intel-
ligent Surface (RIS) recently becomes an important research
direction, which can effectively improve the signal quality.
RIS can control the reflection of signals arriving on the RIS
Surface, to enhance the received signal strength [14]. RIS is
composed of multiple programmable positive-intrinsic-negative
(PIN) diode elements, each of which can be used to adjust
the phase shift of the signal reaching the RIS surface [15].
RIS can be programmed to realize the function of different
phase shift adjustments of each component, to control the direct
reflection of the incident signal. It can achieve the superposition
of the receiver signal to improve the signal-to-interference-plus-
noise ratio (SINR), and significantly improve the coverage of
mmWave [16].

The allocation of wireless network resources is the key that
affects the performance of the BS and the user’s quality of
experience. [t has always been a hotissue in HCN [17], [18]. The
co-channel interference is caused by spectrum sharing, which be
considered in resource allocation [19]. In the BS coverage area,
effective resource allocation must consider resource utilization
and complexity. So far, the HCN research on resource allocation
has mainly focused on power control, resource allocation algo-
rithm, and associated technology [18], [20], [21], [22], [23]. An
important challenge is how to use the characteristics of HCN
networks for resource allocation fully.

In this article, we will consider the joint optimization of re-
source allocation and user association for HCN assisted by RIS.
RIS is deployed in the mmWave BS to reduce signal interference,
and improve the quality of mmWave communication. The coali-
tion game is widely used in the nonlinear integer programming
problem because of its Nash stable equilibrium [24]. It is feasible
to optimize the resource allocation and manage interference
frequency bands. Therefore, we decompose the wireless network
resource scheduling problem into two subproblems to be solved
by block coordinate descent (BCD). The main contributions of
this article are as follows:

e The RIS-assisted HCN model was developed using
mmwave and cellular frequency types. The mmwave BS
in HCN has RIS installed to provide reflected signals to
improve the receiver’s signal quality. We consider various
cellular and mmwave network technological factors in the
established HCN model. Most earlier research considered
scenarios with a single BS type, frequency, or users served

by a single BS. It cannot describe the complex reality
of the natural environment. In contrast, the HCN model
in this article considers multiple frequency bands of 4G,
5G, mmwave, and terahertz communication networks, and
users being in multiple frequency band network environ-
ments. It is more in line with the natural characteristics
of complex network environments and the low, medium,
and high heterogeneous network characteristics of the 6G
concept [25], [26].

e Based on the proposed HCN model with RIS, we propose
a RIS-assisted coalition game optimization algorithm by
BCD to maximize the system sum rate. The coalition game
algorithm is used in HCN to solve the problem of user
access under multiple types of BS coverage. Meanwhile,
a local search optimization method for the phase shift
of RIS in mmwave BSs is proposed. Therefore, we use
the BCD algorithm to solve their composite optimization
problem, alternately update the local search and coalition
game optimization results, and finally obtain the global
solution. Due to the coupling relationship between RIS
phase shift and resource allocation, this is different from
most of the previous works that study the coalition game
or RIS optimization singularly.

e The proposed algorithm is analyzed and compared with
other schemes by configuring different network system
parameters. Compared to other algorithms, the simulation
results show that the algorithm optimizes user association
and resource allocation to enhance the system sum rate.
And comparing the proposed algorithm with the optimal
solution obtained by the traversal algorithm, it can be found
that the algorithm achieves a performance close to the
optimal solution with low complexity.

The rest of this article is organized as follows: In Section II,
an overview of related work on the study is provided. Section III
introduces the system model and resource allocation problem.
Section IV presents the coalition game algorithm and the local
discrete phase search algorithm of RIS elements applied in the
HCN model. Section V compares the performance differences
among the proposed algorithm and several algorithms with
different combinations of system parameters. Finally, Section VI
concludes this article.

II. RELATED WORK

At present, there have been many researches on HCN re-
source allocation. Coletti et al. [18] studied and compared the
downlink performance of different Long Term Evolution (LTE)
heterogeneous network (HetNet) deployment solutions. They
focused on optimally allocating spectrum for different network
layers in the evolved HetNet, including outdoor and indoor small
cells. Tang et al. [20] combined the subcarrier allocation with
the power allocation scheme, and developed a new resource
allocation method. The method solved the quality-of-service
(QoS) constrained energy-efficiency (EE) optimization in the
downlink of an orthogonal frequency division multiple (OFDM)
access based on two-tier HCN. Park et al. [21] proposed a joint
user association (UA) scheme with JP-CoMP using a hybrid
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self-organizing network (SON). The scheme is proposed for a
practical clustered heterogeneous cellular network (cHCN) to
maximize the network-wide proportional fairness among users.
Zhou et al. [22] proposed an HCN optimization problem with
the non-orthogonal multiple access (NOMA), and designed a
type of green BS assignment for NOMA-enabled HCNs. The
assignment integrated with power allocation. Wei et al. [23]
established a general HCN model to investigate the problem of
spectrum allocation to the different tiers and proposed an equiv-
alent orthogonal network (EON) model. Su et al. [27] studied
the problem of resource allocation for data provided to multiple
UEs in mmwave networks, and they proposed a Vickrey-Clark-
Groves (VCG)-based auction mechanism to motivate UEs to
disclose their evaluation of resources truthfully. Yu et al. [28]
proposed an intelligent driven IIoT green resource allocation
mechanism for 5G heterogeneous networks, addressed by an
intelligent mechanism of actor-critic driven deep reinforcement
learning algorithms with asynchronous advantages. He etal. [29]
proposed a deep reinforcement learning-based scheme to solve
the joint optimization problem of dynamic UDs-stations associ-
ation and resource allocation in heterogeneous cellular network
scenarios, thereby minimizing the energy consumption within
a limited time delay. The relevant studies mentioned above
show that system performance can be improved by managing
the resource allocation of HCNs reasonably and efficiently.
However, these studies do not focus on the coverage of multi-
frequency networks and multiple BSs, and the vast majority
of them focus on one or a few frequency bands and a single
network to cover users. In contrast to the above-related studies,
this article considers RIS-assisted HCNs composed of multiple
frequency bands, including 4G, SG, mmwave, and terahertz net-
works, which is consistent with the characteristics of networks
in realistic environments as well as with the vision of future
6G networks [25].

Huang et al. [30] proposed an exploratory coalition formation
game for the uplink resource allocation problem of D2D users
in hybrid networks to maximize the sum rate of the D2D system
while ensuring the users’ QoS requirements. Simulation results
confirm that the proposed algorithm achieves near-optimal per-
formance compared to the exhaustive algorithm and outperforms
several other practical schemes in terms of the throughput of the
D2D system. In literature [19], based on HCNs in sub-6 GHz
and mmwave bands, a coalition formation game-based scheme is
proposed to handle this challenging NP-complete optimization
of the D2D resource allocation problem. Through extensive
simulations with different network parameters, literature [19]
demonstrated the superior performance of the proposed coalition
formation game compared with the optimal scheme and other
sub-channel allocation schemes. Chen et al. [31] investigates
the cooperative reconnaissance and spectrum access (CRSA)
scheme for heterogeneous federated UAV networks by joint
optimization of the task layer and resource layer. It proposes
a joint bandwidth allocation and coalition formation (JBACF)
algorithm based on the coalition game. It verifies the effective-
ness of the proposed scheme and algorithm through in-depth
numerical simulations. The above-mentioned related studies
show that most current studies on resource allocation in coalition

games only study the application of coalition game algorithms
in resource allocation separately. The RIS-assisted coalition
game optimization algorithm by BCD proposed in this article
combines the coalition game and local search algorithms. It uses
the BCD algorithm to optimize the two subproblems of resource
allocation and the RIS phase to obtain the global solution. Com-
pared with other algorithms, the proposed algorithm achieves
good performance and near-optimal solution performance with
low complexity.

To increase the throughput of enhanced mobile broadband
(eMBB) users, [38] looks into the optimization problem of user
association in URRLC mmWave communication with guaran-
teed reliability constraints for URLLC users. The simulation
results testify to the proposed algorithm’s effectiveness. [32]
proposed a joint user association and resource allocation al-
gorithm for a neural network-based mmwave communication
system with multiple connections (MC) and integrated back
propagation (IAB). First, the MIQCQP is decomposed into two
subproblems, namely, the binary association matrix subproblem
and the continuous IAB ratio subproblem. Based on this, they
proposed a neural network to solve the binary correlation matrix
inference problem and a resource allocation algorithm to find the
suboptimal IAB ratio. Simulation results show that the algorithm
has fast inference and good performance. [39] developed a
new machine learning-based user association method to support
multiple connections in mmwave networks. To further reduce the
requirement for the number of training samples, they utilized
a graphical model to represent user association scenarios and
a novel feature extraction method to obtain suitable features
from geolocation information and topology information. With
appropriate features, each single-label classification problem
can be trained in a supervised manner. Test results show that
the method requires only a small number of training samples
and does not require CSI to perform well.

The RIS effectively improves the quality of wireless signals
with low cost and low complex structure. Therefore, the wireless
communication assisted by RIS has become the key technology
for developing next-generation wireless networks. There have
been many studies on RIS. Liu et al. [40] proposed an elegant
channel estimation solution for RIS-assisted mmWave MIMO
systems, where a joint model- and data-driven paradigm is con-
ceived. Chen et al. [41] studied a RIS-assisted single-cell uplink
communication scenario, where a cellular link and multiple D2D
links share the same spectrum. Liu et al. [42] focused on exploit-
ing RISs in multiuser networks employing orthogonal multiple
access (OMA) or NOMA. Alsenwi et al. [43] designed algo-
rithms to optimize the BS precoding matrix and the RIS reflect-
ing phase shifts in a RIS-aided vehicular network. Zhu et al. [44]
considered the RIS-assisted mmWave MIMO systems, in which
both the hybrid beamforming schemes at the transceivers and
the RIS employ low-resolution phase shifters (PSs) for practical
implementation. Wan et al. [45] proposed a novel holographic
RIS, where a computationally efficient channel estimation so-
lution and near-optimal beamforming algorithm are designed
to achieve considerably improved performance. However, these
works didn’t focus on resource allocation and user association
assisted by RIS in HCN.
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TABLE I
DIFFERENCES BETWEEN THIS PAPER AND RELATED WORKS

Research scene Object

Algorithm Co-Channel Interference RIS

Double-layer HCN

this paper  of multi-type and multi-frequency Max(system sum rate)
BSs(4G, 5G, mmwave, terahertz)
Double-1 HCN
[24] . oubeayer Max(system sum rate)
with 4G and mmwave
[27] Single layer HCN with mmwave Max(social-welfare)
Double-1 5G HCN
[28] O.u e- et Max(energy efficiency)
with single frequency
Three-I: 5G HCN
[29] X ree-layer Min(energy consumption)
with double mmwave frequency
[32] Double-layer HCN with mmwave Max(system sum rate)
M ighted
[33] Double-layer HCN with 4G ax(weighte
system sum rates)
(34] Double-layer HCN Min(user
with 5G low frequency transmit power)
(35] Double-layer HCN Max(network-wide
o with 4G and 5G a-fair utility)
(36] Three-layer HCN with Max(difference between

different coverage radius of 4G

Multi-unit MEC network
137] Gt networ Min(weighted delay)
for heterogeneous service users

rate and power)

RIS-assisted Coalition Game

L i Co/Cross-BS Yes
Optimization Algorithm By BCD
The Coalition F tion Algorithi
e o-a ition Formation gon m Co-BS No
Pairs Resource Allocation
V' P - Q
1ckre}'/—Cla1'ke Groves ('VCG) Co/Cross-BS No
auction-based mechanism
As h s ad: t: 1 iti
sync rgnou@ advanl age‘ac or critic Co/Cross-BS No
driven DRL algorithm
DRL Co/Cross-BS No
A Neural k A h B
eural Network Approac A ased Co/Cross-BS No
on the encoder-decoder architecture
Many-to- Matching G:
any-to-many Matc| 1n$ 'ame Co-BS No
Based on User Association
Distributive Res'ou'rce Alloca'mon Co/Cross-BS No
and User Association Algorithm
The message-passing algorithm Cross-BS No
. 3 .
Mult'l Agent D3QN Algo'rlthm Co-BS No
for the Joint UARA Problem in HetNets
The coalition game algorithm Co-BS No

We summarize the differences between this article and related
work in a table, as shown in Table 1.

III. SYSTEM OVERVIEW AND PROBLEM FORMULATION

In this section, we first introduce the HCN model composed
of multiple networks. And we describe the problem of resource
allocation and user association in the HCN by expounding the
calculation function of system performance, and the reflected
channel of RIS in Section III-B. Finally, we model the opti-
mization problem in Section III-C.

This work analyzes the RIS-assisted HCN scenario with
several BSs and frequencies, in contrast to most prior research,
concentrating on the resource allocation problem for a single
BS or frequency. Compared to earlier work, this scenario is
more complex. It requires solving user access and co-channel
interference of co-BS and cross-BS, under the coverage of
multiple BS.

A. Description

We built a scenario with multiple BSs and multiple UEs
establishing network connections. In this article, we study which
BS the user chooses to establish the connection assisted by RIS,
and achieve a balance between the interference and the system
sum rate. The interference is mainly caused by users sharing
the same spectrum on the same type of network. The relative
position between UEs and BSs determines the group of networks
users can select. When a user is within the BS coverage area,
the BS can establish a network connection with the user.

As shown in Fig. 1, there are 4 BSs and 9 UEs, that the
BS; is a mmWave BS, the BS, is a 4G BS, the BS; and
the BS, are both 5G BSs. The mmWave BS is equipped with

— ) mmWave signal

7___4G signal mc FR1 signal

P 4G co-channel interference

<« -+ > 5G co-channel interference across BS

<« --> 5G co-channel interference at the same BS
<> mmWave co-channel interference at the same BS

--3» mmWave interference signal reflected by RIS

- ---> mmWave signal reflected by RIS

Fig. 1. System model for a heterogeneous wireless network of the user
assocation assisted by RIS, where there are 4 BSs and 9 users.

the RIS. The RIS is composed of programmable elements, each
of which individually reflects the signal reaching the RIS surface
and transmits it to the receiver to enhance the received signal.
Therefore, the mmWave BS can receive direct signals from the
user and reflected signals assisted by RIS. The signal reflected by
RIS interferes only between users occupying the same spectrum.
Whether a UE can establish a connection with a BS depends on
whether the UE is within the BS coverage area and interference
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caused by the shared spectrum. In this article, when we con-
sider the mmWave networks, it is not the same as other types
of networks in terms of antenna construction. The mmWave
communication is equipped with the high-directional antenna
for directional transmission of high-gain communication among
BSs and UEs to resist the severe path loss of the mmWave [46].
In this article, interference is an important factor affecting the
allocation of wireless network resources.

We focus on properly managing and limiting interference
for system performance in such a system. Therefore, when the
users in a BS degrade the system performance due to severe
co-channel interference, we can switch the users to access other
BSs to reduce the same spectrum sharing. At the same time, we
optimize the phase shift settings of RIS components installed
in mmWave BSs to enhance the mmWave signal quality further
and reduce the signal loss caused by high frequency. In the way,
on the one hand, the interference among users accessed to the
same-BS can be alleviated, and on the other hand, the cross-BS
interference among users can also be alleviated. The model in
this article assumes that the various mmWave BSs have different
frequencies and that there won’t be any cross-BS interference
because of the wide mmWave bandwidth.

B. System Model

In our model, we assume that a cell has ¢ types of BSs,
including 4G, 5G, mmwave, etc. The arrangement of multiple
BSs will result in a cross-coverage area of several networks, in
which users in this area can choose to access these networks.
These networks is called an overlapping network set, which is
denoted as w;, w; € W. The 44, network in the overlapping
network setis denoted as n;, and the 74, user in the coverage area
is denoted as ¢;. The j;}, sub-channel in the network n; accessed
by user ¢; is denoted as S}, ., SJ . € S. The bandwidth of
the sub-channel is denoted as B%l

RIS is composed of N x N programmable elements PIN,
each element can independently adjust the phase shift of inci-
dent signal through ON/OFF state PIN in real time, so as to
enhance the signal strength at the receiver. We set the phase
shifts of the elements to discrete, equally spaced finite values
of [0,27). The number of quantized bits is e, so there are 2°¢
phase shifts. We set the response coefficient of [,-th row and
l.-thcolumninRIS as q;, ;. = el%=.1-  where the phase shift is

O, 1. = Tete gy o ={0,1,...,2° =1}, 1 <1,,l, <N
and j represents the imaginary part. Based on the model estab-
lished in the previous section, we can find that there are two
kinds of channels in mmWave communication, one is the direct
channel of mmWave, and the other is the channel reflected by
RIS element {I,,[.}. The channel reflected by RIS element
{ls,1,} from the transmitter ¢ to the receiver r is denoted as
hf;rlz. In order to simply represent the reflected channel of
RIS element, the combination of reflected channel and response
coefficient of the RIS element is expressed as

t,
Hi . =0 a,.. )]

We define a binary variable X o, which means that, if user ¢;
is connected to network n; then X =1, otherwise X o= 0.

«eeeeeeeo 3 mmWave interference signal reflected by RIS

—> mmWave signal reflected by RIS

Fig.2. Schematic diagram of RIS reflection signal.

Therefore, ,, . X/ = 1 means that user ¢; has and is con-
nected to only one network. Conversely, if Zn env Xet =0,
then it means that user ¢; has no access to any network. We
define a binary variable X/, indicating that for users ¢; and cj,
if both access sub-channel in the same frequency, it is noted as
Xo7 =1, otherwise X/ = 0.

To facilitate analysis and processing, it is assumed that net-
works occupied by different frequencies do not interfere with
each other. Within the same BSs, different sub-channels are inde-
pendent of each other and do not cause interference. Therefore,
the interference comes from users that access the same type of
network that share the same sub-channel.

To maximize system performance in terms of the system sum
rate, we first need to consider the SINR. For the small-scale fad-
ing, we consider the rayleigh channel model [47] in direct chan-
nel. We assume that different networks have different channel
models, and the power or second-order statistics of the channel is
represented by the |ho|?, which is a constant in the BS coverage
area. For ease of presentation, |hg |% is denoted as A;, where hy is
a complex Gaussian random variable with variance 1 and mean
0. For the communication connection link 7, we denote its sender
and receiver by s; and r;, respectively. Based on the path loss
model, the received power expression of s; at r; is expressed
as: P!(i,i) = Ay - GL - G,' - 1,;" - P, where P, is the transmit
power of the tth type network, [;; is the distance between s; and
7i, Uy is the path loss index of the tth type network, and G? is
transmit antenna gain of the tth type network, G? is the receive
antenna gain of the tth type network. They are all network con-
stants of the ¢th type network. ;" is the path loss model, defined
as L(d) = L(dy) + 10n lg(d%) + X,. L(d) is the free space
loss, whichis defined as L(dy) = 32.45 + 201g(f) + 201g(dy),
that f is the signal transmission frequency, dy is the reference
distance, and d is the communication transmission distance. X,
is shadow fading, defined as a normal random variable with mean
0 and standard deviation o [48].

In the mmWave communication, the RIS reflection channel
model depends on the position of RIS, sender and receiver, so
we first need to establish a three-dimensional Cartesian coor-
dinate system to represent the relative position of devices in
RIS channel transmission. As shown in Fig. 2, RIS is set in the
north direction of the mmWave BS, where the communication
coverage radius of the BS is located. UE a is the transmitter,
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and UE b is the co-frequency interference device of UE a. The
coordinate of the mmWave BS is (R, Ry, 0), and the commu-
nication coverage radius is 7. The distance between adjacent
elements in RIS, d,. on the X-axis and d.. on the Z-axis, is
0.005 m. The coordinates of RIS elements that are horizontal
and perpendicular to the mmWave BS are (Ry, R, —r,d..),
and for each RIS element coordinate, the upper right corner is
recorded as its position coordinate. Therefore, the coordinates
(Sy,Sy,S-) of the RIS element {,,l.} can be expressed as
(Ry —dye * (N/24+ 1) +dye %1y, Ry — 7, dze % ).

Take an RIS reflection link ¢ as an example, we set the
coordinates of transmitter ¢; and receiver r; as (t;z, t;y, 0) and
(Tiz, iy, 0), respectively. Therefore, in conjunction with the RIS
settings, we define the distance between ¢; and the RIS element

{l,,1,} as Dt{ff =} The distance from r; to RIS element {l,1,}
is defined as ngf“lz} . They can be expressed as

Dzt = \/(m-r —8.) + (riy — Sy) P+ (=522 ()

Based on the constructed coordinate system, we use the Rician
channel to describe the RIS reflection channel, including LoS
(Line of Sight) and NLoS (None Line of Sight). Therefore, the
mmWave RIS reflection channel model can be expressed as

Tiyti 5 77t 1 7 Tisti
higal =/ T haal +yf 1+ﬂhzm,zza “)

where 8 = 4 is the Rician factor, iLL;Z is the LoS part of RIS

reflection channel, and iAzZZ is the NLoS part of RIS reflection
channel, which can be expfessed as

77t Iyl L.\ Y —jo
hiyit = \/(th D) e, 5)

]
Jriti Dlelz | plals @ Jrioti (6)
ol = t; ri NLoS,la.l.

where ¢’ is the phase shift valued in [0,27], « is the path-
loss index of LoS, o is the path-loss index of NLoS, and
il;\l}fios,lz,ly ~ CN (0, 1) is the small-scale fading.

For the cellular network, the SINR of a user c; accessing the
network can be expressed as

Ay - Gtt . Grt . l'r_L:ftcl . Ptcell
cell,t t nJ
peellbt L NtBS,

int,c;

SINR! = ; )

where NV{ is the single-sided white noise power spectral density
of the tth type network, that ¢th type network is the kind of user

¢; access network. Bﬁh is the sub-channel bandwidth allocated

by user ¢;, and P,°“! is the transmitting power of user ¢;. The

interference signal power Plfletllct received by cellular user c; is
expressed as (8). Therefore, according to the Shannon’s theory,

the uplink throughput of the cellular user ¢; can be expressed as

Ci :
R, as shownin (9).

Z Z XCCZJ CAp - Gtt . GTt . l;}ltcj . Ptcell.

zeW c;€C; ,cj#c;

Pcell,t _

int,c;

®)

; A, -Gt.qGt . [ue . peel
Reon= Z X2 B log, <1+ t S e T )

cell,t + nJ
n;EN ]Dint,ci + NOan

(C))

For the mmWave network, the SINR of a user ¢; accessing
the network can be expressed as (10), where kg is a constant
coefficient and is proportional to (A/47)?, that A refers to the

wavelength. Fy,, = \/ln/%; + >, ; Hi, ;. denotes the channel
coefficient of the mmwave, which consists of the direct and
reflected channels. P/™ is the transmit power when the mmWave
user accesses to the tth type network, and the interference signal
power H-’ZZ;?CZ, received by the mmWave user ¢; is expressed as
(11), where p is the interference factor between different links in
the network. Pg}’gyci is the interference caused by RIS reflection

of mmWave, which can be expressed as (12).

\Fol® - ko - Gt (ni, ¢) - Gyt (ni, ;) - P

SINRI = . IR - (10)
PRIS,c,v, + Pint,ci + NOan
cjFCi

PRt =" > X pko- Gil(niscj)
zeW c;eC.,

-Gyt (niy ) - It B (11)
cjFc 2

PR = |3 Hi| - Gi(nic;) - Gol(ni, ;) - P
i €C, |la,ls

12)

Ry =Y XI(1— Py )Bi,
n,eN

Fl? ko - Gt (niyc;) - Gyt (ngy¢;) - P
'10g2 1+| ‘ ?nft( m>t (t j) ‘ :
Pris e, + Pinge, + NoBn,

int,c;

13)

Therefore, the uplink throughput of the mmWave user ¢; can
be expressed as Ry, as shown in (13), where P,‘j“"c represents
the interruption probability between the transmitter and the
receiver during the mmWave transmission. And it can be denoted
as Pg}{f = 1— e Plav where [, is the distance between the
transmitter a and the receiver b, and 3 is a parameter that reflects
the density and size of obstacles. The obstacles may interrupt
the mmWave communications due to occlusion effects [49].

Re — {Riéu

cellular user ¢
e : (14)
Rfi  mmwave user c

Therefore, the uplink throughput of the user c¢;, denoted as
R%, is give in (14). The sum uplink throughput of all users in
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the system can be expressed as (15).

R=>"Y R

W c;eC

s)

C. Problem Formulation

Combined with the discussion in the Section III-B, we model
the optimization problem of resource allocation and user asso-
ciation assisted by RIS in the HCN model as (16).

ZZRCI

max R(S,X,0)
(5,X).© W c;eC

s.t.
(@)X € {0, 1},Yn4, ¢,

b) Z XZ’ € {07 1} 7vni7cia

n.;eN
(C)X((’:z] € {Oa ]} ,V?’LZ‘, Ci,
(d) B, > 0,¥n;, c;,
; 2mm
N LPRE 0 = MMMl
(e)a,1. =e Ol o1

my, ., =1{0,1,...,2° =1}, 1 <1[,,l. <N. (16)

By analyzing (14), it can be found that the system sum uplink
throughput assisted by RIS is related to the sub-channel Sgu,a
accessed by the user ¢;, the resource sharing relationship X7,
and phase shift © of all components of RIS. So we define
the system utility function as the system sum rate, denoted as
R(S,X,0), where S represents the set of S} ., X represents
the set of X', and © = {0, ;.,1 < l,,l. < N}. Based on the
above analysis, the problem of resource allocation and user
association in HCN assisted by RIS for the maximum system
sum rate is denoted as (16), where (16a) indicates that if the
user ¢; accesses to the network n;, it is denoted as X =1,
otherwise X' = 0.In(16b), >, X" = lindicates that the
user ¢; only accesses to one network. Otherwise, the user ¢; has
no access to any network. (16¢) indicates whether the spectrum
resources occupied by the users ¢; and the user c¢; are the same.
If they are the same, then X(f] = 1, otherwise chj = 0. (16d)
indicates that for the user c;, the B{l is always greater than or
equal to 0. The phase shift of (16e) is a discrete variable. It is
shown that the optimization problem is NP-complete, and our
goal is to obtain an allocation scheme for the maximum system
sum rate.

IV. PROBLEM FORMULATION

Based on the system model and objective problem established
in Section III, we divide the optimization problem into two
sub-problems for the joint optimization of user association and
resource allocation and the RIS phase in Section IV-A. We solve
these two sub-problems by BCD until the convergence condition
of the algorithm is met and the suboptimal solution is obtained
in Section IV-C.

A. Problem Decomposition

To solve the sum-rate maximization problem proposed in
Section III, we decompose the optimization problem (16) into
two sub-problems, i.e., the joint optimization of user association
and resource allocation, and the phase-shift optimization of RIS.

1) The Joint Optimization of User Association and Resource
Allocation: With the RIS phase fixed and constant, the opti-
mization problem is how to allocate the connected BS and the
available sub-channel to the user, and the optimization objective
is to meet the maximization of the system sum rate. Therefore,
when the variable © is fixed, problem (16) can be written as

maxR $X)=) > Re
(8, X W c;eC

s.t.
()X € {0, 1},Vn4, ¢,

b)Y X

n;EN
() X7 € {0,1},Vn,, c;,
(d)B} >0,Yn;,c;. (17)

2) RIS Discrete Phase Shift Optimization: under the condi-
tion that the connected BS and available sub-channel allocated
by the user, namely (S, X) is fixed, the most appropriate phase
shiftis selected for each RIS element among 2¢ variable provided
by quantization bit of e, so as to maximize the system sum rate.
Therefore, when the variables (S, X) are fixed, problem (16)
can be written as

€ {O, 1} ,Vni,ci,

— Ci
max R(©) = Z Z R
w CiGC
s.t.
i 2mm
= et g | = Tl
(@)a, 1. =e Ul . e _1

={0,1,...,2°—1},1<1,,l, <N.  (18)

mi,.i,

B. Coalition Game Algorithm

In our model, each user will select a network and access it,
and users accessing the same BS will form a coalition. In our
research, assuming there are N BSs and P users, the P users
will be assigned to form N coalitions. These coalitions can be
expressedas C' = {¢y, ¢z, . . ., cn }, where the intersection of any
two coalitions is empty, i.e, ¢, N ¢ = (), where x,2’ € N. In
our HCN model, for user p, the user can access n, BSs.

In the HCN network, the number of users that initially access
one BS ¢y is ey |, en € C. According to (14), the sum uplink
throughput of the BS ¢y, that is utility function of the coalition,
is referred to as:

19)

Assuming that a user has n,, selectable coalitions, the potential

. o 1 np—1
coalitions of user p canbe expressed as Cp, = {c,,, c5, ..., cp"  }
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except for coalition cyy that the user belongs. According to (19),
the utility function of the user p’s potential coalitions can be
expressed as
np—1
R(Cy) = {R(cy), Ricy), - Ry )}

P

(20)

Because the sub-channel number of each BS is limited, the
co-channel interference will occur when the users’ number in
the coalition exceeds the sub-channel number of BS. The more
users, the more severer the interference. In addition, the co-
channel interference across BSs will also be generated among
BSs on the same frequency.

According to the above analysis, when there are many users
in a BS, due to severe interference, the utility function R(cy)
of the coalition will not have excellent performance. Since user
p has n, — 1 potential coalitions to choose, for the coalition ¢y,
it is difficult to form a stable coalition. User p may leave and
choose to join other coalitions, resulting in certain coalitions
may be empty and there being no user. In this section, each
system model user will construct the coalition as a game player.
The joining or leaving of each user is important to the utility
function R(cy ) of a coalition.

Von Neumann et al. were the first to propose and verify the
concept of transferable utility in the coalition game [50]. In the
model of this article, the transferable utility coalition of user p
is denoted as (cn, p, Cp), that ¢ is the coalition that user p is
in, and C), is a potential coalition group that user p can choose
to join. For user p, it is a strategy to choose which coalition to
join based on the total utility of the system. The strategy will
depend on the coalition utility performance of ¢y and C),.

The goal of the coalition game algorithm is to obtain the
network selection strategy of each user, that is the resource
allocation scheme. We can find that user p has n,, — 1 potential
coalitions to choose. Therefore, to evaluate the coalitions that
user p chooses to join, we next introduce the concept of the
preference relationship [51].

For user p, the preference relationship means which coalition
that user p prefers, and it is defined as =-,,. In coalitions con-
structed by the HCN system, user p can choose to stay in the
coalition ¢y, or switch to the potential coalition C), according
to the preference relationship. For any user p, ¢cy=-,¢,; means
that for being a member of the coalition ¢, user p would prefer
to be a member of the potential coalition C‘;, where c;’ € Cp.
For user p, the preference relation for selecting coalitions is
proposed [24], [52], and is expressed as

en=pcy & Rlen\p) + R(cy) > R(en) + R(c\p),  (21)

where R(cn\p) is the system utility when user p is not in the
coalition ¢y, and R(cj) is the system utility when user p is in
the coalition ¢y, and R(cy) is the system utility when user p
is in the coalition cy, and R(cj\p) is the system utility when
user p is not in the coalition ¢;;. The switching can obtain greater

system utility, and the difference in system utility is recorded as

R(p,cn, ¢p) = (R(en\p) + R(cy)) — (R(en) + R(cp\p)).
(22)

After obtaining the preference relationship of user p, the
switching only involves the change of user p, the coalition

Algorithm 1: The Coalition Game Algorithm for the Joint
Optimization of Resource Allocation and User Association.

1: Given the initial partition coalition result C;,; of N BSs
and P users in HCN evenly and randomly;

2: repeat

3: forpin P do

4: For user p, make a switching calculation between ¢y
and the potential coalition ¢, ¢ € C;

5: if The switching calculation between ¢y and c;)
satisfies cxy =y, and R(p, ey, cp) is the largest in
the C), then

6: The user p leaves the current coalition ¢ and

joins the new coalition c;

Update the current coalition combination

C’ = (C\{ew, ) U {en\p} U {5 U {p})s
8: end if
9: end for

10:  Calculate system utility value;

11: until The system utility value is the best performing

system in the last 5 rounds.

~

cn, and the coalition cg. Other users and other coalitions are
unchanged. We can denote the updated coalition combination
C’ at this time as

C' = (C\{en, g }) U {en\p} U {cy U {p}}.

The joint optimization process of resource allocation and
user association of the HCN in this article will be described
next. First, the initialization operation is performed for P users.
For any user p, p € P, user p will join a coalition evenly and
randomly. Until each user belongs to a certain coalition, it means
that the initialization operation is completed. Next, according to
the order preset by the user set P, each user will be performed
the switching operation of (22). The coalition ¢y where user
p is in, and the potential coalition ¢, will be performed the
calculation of (22). At this time, user p will decide to switch to
which potential coalition ¢; or continue to stay in the coalition
cn . After user p completes the switching operation, the coalition
combination C' of the HCN at this time is updated, and the
switching determination of the next user will be performed.

After a round of switching determination of all users is
completed, the HCN system utility value is calculated. The next
round of the coalition game optimization will be performed on
the result of the round. Suppose the result of one round is the
best performance in the last 5 rounds. In that case, the algorithm
will stop iterating, jump out of the loop, and finally obtain a
resource allocation scheme with local optimality. Algorithm 1
summarizes the steps of the coalition game algorithm.

(23)

C. Local Discrete Phase Search Algorithm

When the joint optimization of the user association and the
resource allocation of the coalition game algorithm is completed,
the optimization problem is described in problem (18). It is
necessary to select the most appropriate phase shift for each
element in the RIS equipped with each mmWave BS. The
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Algorithm 2: The Local Discrete Phase Search Algorithm.

Algorithm 3: Block Coordinate Descent.

Initialization: RIS element number of rows and columns
N, the number of quantization bits e, the threshold value
¢ = 3, the number of rounds optimized vy

Output: ©*

1: repeat

forl, =1:Ndo

forl, =1: Ndo
With the remaining elements fixed, assign 2¢
phase shift value to 6;_ ;_ and find the phase shift
value that maximizes the BS system sum rate
and assignitto 6 ;. "

5 end for

6: end for

7

8

Rl

v = + 1, and back to line 1;
until |7 — RY| < ¢

optional phase shift range for each element is [0, 27|, because
considering realizability, we choose 2¢ discrete variables as the
optional phase shifts. We use the local search algorithm shown
in Algorithm 2 to solve the optimization problem of ©. When we
optimize the RIS equipped with one mmWave BS, the phase shift
of RIS elements in the remaining mmWave BS is unchanged. For
each element {l,,.} in the RIS, we first fixed the phase shift
values of the other N> — 1 elements, then traversed 2¢ phase
shift values to find the phase shift value that maximizes the sum
rate of the mmWave BS system at this time. Then we used the
phase shift value as the new phase shift value of element {, [ }
for the optimization of other elements. After the optimization of
all components of the RIS is completed, the next local search
algorithm is carried out on the basis of the optimization results
of the previous round, until the absolute value of the difference
between the system sum rate and that of the last optimization is
less than the threshold . At this time, the RIS optimization is
finished.

D. Proposed Algorithm

Block coordinate descent (BCD) is a more generalization of
coordinate descent, which decomposes the original problem into
multiple sub-problems by simultaneously optimizing a subset of
variables. The order of updates during the descent can be deter-
ministic or random [53]. The solution idea of BCD is to optimize
the solution for only one variable in each iteration, keeping the
remaining variables constant, and then solving alternately.

Consider an optimization task as follows

min F(ajl,...,ms)Ef(a:l,...,xs)—FZTi(xi). (24)
i=1

A generic framework for BCD is shown in Algorithm 3. In
the general framework of BCD, the most commonly used
update scheme is block minimization, i.e., :cf = arg min,,
F (x’il, Zi, xi;l). For (24), we can use coordinate descent to
seek a minimum value, and we start with an initial z(©) that

Initialization: choose (29, .. .,2%)
for k=1,2,... do
for i=1,2,....s do
update ¥ with all other blocks fixed
end for
if stopping criterion is satisified then
return (zF, ... z%).
end if
end for

A A o

Algorithm 4: RIS-Assisted Coalition Game Optimization
Algorithm By BCD.

Initialization: ¢ = 3¢ 3, p = 0, Randomize (S, X) and ©,
the number of quantization bits e, RIS element number of
rows and columns N

update (S, X)P*+! with fixed ©” using Algorithm 1;
update ©~+! with fixed (S, X)” using Algorithm 2;
if |[RPT! — RP|/RP < £ then
R* = R(Q“),@* — @(@+1)7 (S, X)* = (S,X)(9+‘);
Output R*, ©*, (S, X)*;
else
o0 = o+ 1, and back to line 1;
end if

A A ol

loops over k, as described in the following unfolding.

:cgk) = arg min F’ (xl,xgkfl),xgkfl), .. .,xﬁf")) ,
x)
bLgk) = argmin F' (;L'sk),xz,mgk_l), .. .,xff*”) ,
x)
xg“) = arg min F’ (xgk), xék), xgk), ce :17,,,) . (25)

Next, we will discuss the BCD applied in Algorithm 4. We
first perform initialization at the moment p = 0, including user
resource allocation (.S, X) and RIS phase ©. In the next step,
the two sub-problems of the Section IV-A decomposition are
computed using BCD, by Algorithm 1 and Algorithm 2. The
results are compared with the values calculated in the previous
calculation, as shown in step 3 of Algorithm 4. The first sub-
problem is to fix phase © of RIS and optimize the user resource
allocation scheme (.S, X') to obtain the local optimal solution;
the second is to fix the user resource allocation scheme (S, X)
and optimize phase © of RIS. Finally, we determine whether
the end-of-iteration condition is satisfied. If the iteration does
not end, the next alternate iteration of optimization is performed
using BCD.

E. Convergence Analysis

A note on the convergence of Algorithm 1 [54]. Theorem 1:
Starting from any initial coalition structure Cj,,;, after a series
of exchange operations, the coalition formation algorithm of
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TABLE II
HCN SIMULATION PARAMETER CONFIGURATION

Parameter Symbol mmW ave 5G(1) 5G(2) 4G
Frequency F 26/27/28/29 GHz 2.5 GHz 4.8 GHz 1.9 GHz
Sub-channel bandwidth w 14.4 MHz 3.6 MHz 7.2 MHz 1.8 MHz
Transmission power P, 21 dBm 26 dBm 26 dBm 23 dBm
Noise power density Ny -174 dBm/Hz -174 dBm/Hz -174 dBm/Hz -174 dBm/Hz
Path loss exponent n 2.1 3.8 3 3.8
Antenna gain of UE Gy Depends on the 6 3 dBi 3dBi 0.5 dBi
Antenna gain of BS Gy Depends on the 6 25 dBi 25dBi 13 dBi
covering radius R 150 m 350 m 300 m 1500 m
Standard deviation of shadow fading o 4 6 5 8

Algorithm 1 will converge to a final network partition C'y;p,,
which is formed by a series of disjoint coalitions. Proof: By
examining the priorities defined in (21), it can be seen that in
Algorithm 1, each exchange operation will make user p visit an
unvisited partition or remain in the present partition by adopting
a new policy. As a result, some partitions may be updated to a
smaller set of users or even disappear. On the one hand, since
there are only N BSs, the system will form at most IV partitions;
on the other hand, the number of partitions for a given set C'
of users is the Bell number [52]. Therefore the sequence of
exchange operations will definitely be terminated and converge
to the final partition C'y;,. Therefore, the coalition formation
algorithm of Algorithm 1 is convertible.

A note on the convergence of Algorithm 2. The number
of discrete phase shifts in Algorithm 2 is finite, allowing the
maximization sum rate problems to be bounded and ensuring
that the output results converge. Algorithm 2 aims to maxi-
mize the system sum rate and obtain ©*(»*1) corresponding to
(S, X)*. (S, X)* is the result of the user resource allocation
obtained by Algorithm 1. The optimal phase shift ©*(+1)
must be greater than or equal to the initial value of ©, which
is the initial value of ©* obtained by Algorithm 4 after the
pen iteration. Finally Algorithm 4 satisfies R((S, X)*(P+1),
0 Pty > R((S, X)*(»),©*(P)). Therefore, Algorithm 4 is
also convergent.

V. PERFORMANCE EVALUATION

In this section, with the configuration of various system
parameters, the RIS-assisted coalition game optimization algo-
rithm by BCD in Section IV will be used to experiment with
the resource allocation scheme in the HCN wireless networks
assisted by RIS to verify the performance of the proposed algo-
rithm. The performance of the proposed algorithm is compared
with several algorithms, and the obtained simulation results are
analyzed.

A. Simulation Setup

This section considers several BSs and users in a cell. The 4G
BS is in the cell center, and other BSs of different network types
are distributed around the 4G BS. Since the parameter configu-
ration of various networks is not the same, users’ performance

accessing different networks will also vary. Table II at the top of
the next page summarizes the parameter settings for the various
network types presented in the simulation.

Unlike the cellular networks, the mmWave networks use a
widely used practical directional antenna model, which is a
Gaussian main lobe on a linear scale with a constant side lobe
level [46]. The model can be expressed as G(6) in d B, denoted
as (26). 8 = 0.001 that 5 means the probability of the mmWave
connection interruption, and the MUI factor p = 1 that p means
the mmWave interference among different links.

20
0348

6) = {Go ~301- (
G

where 0 represents an arbitrary angle within the range [0°, 180°].
In the mmWave network, it is the angle formed by the three
positions of the interfering device, the target device, and the
BS on the BS side. 6_3 4g denotes the angle of the half-power
beam width, that 6_3 45 = 30° and 6,,,; represents the main lobe
width in degrees. The relationship between 6_34g and 6,,; is
Omi = 2.6 - 0_345. Go is the maximum antenna gain, and Gy
refers to the side lobe gain, which can be denoted, respectively,

2
> ) Oogogoml/zv
O /2 < 0 < 180°,

(26)

sl

as
1.6162 2
= 10log [ ——— 27
GO og (Sin(93d3/2)) ) ( )
Gg = — 04111 - In(6_345) — 10.579. (28)

At the same time, we set RIS on the north side of the com-
munication coverage radius of each mmWave BS. The RIS is
a N x N uniform planar array programmable elements, where
N = 4 and quantization bits e = 3. ﬁg}f;sylzqu ~CN(0,1) is
the small-scale fading. It obeys the Nakagami-mi distribution
with parameters, that m; = 3 is the fading depth parameter and
w; = 1/3 is the average power in the fading signal.

To explain the distribution of BSs and users in the HCN model.
Fig. 3 shows that after setting the location of BSs, a network
model composed of 55 users is generated, and the positions of
various BSs and users are marked. Fig. 4 shows the scheme
of the resource allocation and user association that the pro-
posed algorithm optimizes the model of Fig. 3. Five-pointed
stars represent the BSs, red represents the 4G BS, dark blue
represents the mmWave BSs with four different frequencies,
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Fig. 3. Initialized HCN model consisting of 10 BSs and 55 users.
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Fig.4. HCN model optimized by the proposed algorithm consisting of 10 BSs

and 55 users.

light blue represents SG(1) BSs, and green represents 5G(2)
BSs, and asterisks represent users. The asterisk’s color indicates
which BS the user is connected to. Take the BS represented
by the blue pentagram in the upper left corner in Fig. 3 as an
example for illustrating the optimization effect. We can see 4
red asterisks in the coverage area of the BS, representing four
users who were in the coverage area of both 4G and mmwave
BSs before the optimization, and established communication
with the 4G BS. In Fig. 4, which is optimized by the proposed
algorithm, we can see that these 4 users have changed from the
previous red to blue color, indicating that they have established
a connection with the mmwave BS. The communication rate has
been effectively improved. The above results show that the user
resource allocation and user association in HCN are optimized.
To further evaluate the advantage of the proposed algorithm
(PA) in Algorithm 4 in terms of the system sum rate, we compare
four algorithms with the PA. These four algorithms include the
coalition game algorithm (CGA), RIS optimization (RO), ran-
dom algorithm (RA), and the cellular coalition games algorithm

(CCGA):
e Coalition game Algorithm (CGA): The difference between
the coalition game algorithm and PA is that RIS is not

installed at the mmWave BS, and there is no optimization
of the RIS phase shift. Only the coalition game algorithm
of Algorithm 1 is used to optimize resource allocation and
user association.

® RIS optimization (RO): The difference between the RIS
optimization algorithm and PA is that the RIS element of
the mmWave BS is only optimized by the local discrete
phase search algorithm of Algorithm 2, but the resource
allocation and user association are not optimized.

® Random algorithm (RA): In the wireless resource schedul-
ing method, the HCN system randomly selects a potential
BS with an equal probability of users. Therefore, the se-
lection of each user has no connection with the selection
of other users, and the selection is entirely random. The
mmWave BS does not have RIS installed. In this article,
the final RA result will be the average of 100 RA results.

e Cellular Coalition Games Algorithm (CCGA): In this strat-
egy, the mmWave BS will not provide network connection
services and isn’t equipped with RIS. The users in the
coverage area of the mmWave BSs can join other potential
BSs. After the connection is initialized, the coalition games
algorithm in Algorithm 1 will be carried out.

B. Complexity Analysis

The complexity of the proposed algorithm RIS-assisted Coali-
tion Game Optimization Algorithm By BCD is related not only
to the number of iterations, but also to the complexity of the
resource allocation sub-problem and the phase shift optimization
sub-problem. The number of iterations is set to /N3 to achieve the
convergence condition |RP*! — R?|/RP < e. For the resource
allocation, the number of coalition games until convergence,
and the number of users switching under multi-BS coverage in
each coalition game iteration introduces complexity. Among P
users, the number of users involved under multi-BS coverage
is set to P, and the number of users under single-BS coverage
is set to 5. Let N; be the number of iterations of the resource
allocation sub-problem to achieve convergence in Algorithm 1.
Since only the users in P; will be involved in switching op-
erations in each iteration, and there is at most one switching
operation, the complexity of the resource allocation sub-problem
is o(Ny * Py). For each RIS element {l,,[.} in the phase shift
optimization sub-problem, the local search algorithm keeps the
phase shifts of the remaining elements constant, selects the
optimal one from the 2¢ phase shift values, and updates the value
of 0;, ;.. Since RIS is a N x N planar array, the complexity of
RIS in each iteration is o( N2 % 2¢). Because there are multi-BS
in the model of this article, among which all mmwave BSs are
equipped with RISs, with M mmwave BSs, and the number of
phase shift optimization iterations of RISs is N¥ to satisfy the
convergence condition |RYT! — R7| < ¢ in Algorithm 2. Thus
the complexity of the phase shift optimization sub-problem is
o(01, NJ % (N? % 2°)). The final complexity of the proposed
algorithm in this article is o( Ny * Py + S pr | N§ % (N2 % 2°)).
The complexity analysis of the CGA, RO, and CCGA algo-
rithms is similar to that of the PA algorithm for o(N| x Py),

o(3 0L, N§ % (N2 % 29)), and o(N; * P,), respectively.
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Sum Rate(bit/s)

Fig. 5. System sum rate comparison of five resource allocation algorithms
with different user group.

TABLE III
COMBINATION OF USER/SUB-CHANNEL IN BS

GU/GC
BS 1 2 3 4 5 6 7
4G 4 5 6 7 8 9 10
other 2 3 4 5 6 17 8

C. Performance Comparison

We evaluate the proposed algorithm’s performance by chang-
ing the system parameters’ configuration. Next, we compare the
results of the proposed algorithm with the simulation of the other
four algorithms.

Fig. 5 shows the simulation result by changing the users’
number in each BS’ coverage area, with the condition that the
sub-channel number provided by BSs is fixed. The sub-channel
number of the 4G BS is 6, and that of other BSs is 4. RIS is
set up with N =4, e = 3. The users’ number in each BS is
shown in Table III, that GU represents the order of the user
group. It can be seen that the users’ number in each BS in
Table III increases gradually as the value of GU increases.
When GU = 1, the system sum rate of PA is about 47% higher
than CGA’s. This is because the PA algorithm considers the
phase optimization of RIS based on CGA, which effectively
improves the communication quality of mmWave and reduces
interference. When GU = 1, the system sum rate of PA is
about 58% higher than RO’s. This is because the PA algorithm
takes into account the coalition game algorithm, which is jointly
optimized for resource allocation and user association based on
the RO algorithm. It reasonably allocates sub-channels provided
by BS and access to each user, which improves the overall
system sum rate. However, CCGA, without mmWave network
service, and RA, without mmWave and RIS, have a significantly
lower system sum rate than the other three algorithms. In the
later stage, when the users’ number increases to a certain value,
the co-channel interference will become more and more severe
due to the insufficient sub-channels provided by the BS, so the
system sum rate will tend to be stable.

Fig. 6 shows the simulation result by changing the sub-
channel number provided by BSs, in the case of fixing the users’

Sum Rate(bit/s)

Fig. 6. System sum rate comparison of five resource allocation algorithms
with different sub-channel group.
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Fig. 7. System sum rate comparison of five resource allocation algorithms
with different V.

number in the coverage area of each BS. The user number of the
4G BS is 7, and that of other BSs is 5. RIS is set up with N = 4,
e = 3. It can be seen that the sub-channel number of each BS in
Table III increases gradually as the value of GC increases, that
GC represents the order of the sub-channel group of each BS.
When GC = 1, the system sum rate of PA is about 26% higher
than that of CGA and 32% higher than that of RO, because
PA is an alternate iteration algorithm of CGA and RO by BCD,
taking into account both resource allocation and RIS phase-shift
optimization. When the number of sub-channels exceeds the
users’ number, the co-channel interference will not exist, and
the system sum rate will not increase.

Fig. 7 shows the simulation results of the system sum rate
obtained by changing the number of elements /N in each row
and column of RIS. The user number of the 4G BS is 7 and
that of other BSs is 5. The sub-channel number of the 4G BS
is 5, and that of other BSs is 3. The number of RIS quantized
bits is e = 3. It can be seen that the system sum rate of PA and
RO increase with the increase of IV, because with the increase
of N, RIS can provide more reflected signals and increase the
communication quality of mmWave. In the later stage, although
N is increasing, the reflected signal provided by RIS tends to
saturation, so the system sum rate of PA and RO is stable. The
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Fig. 8. System sum rate comparison of five resource allocation algorithms
with different e.
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Fig. 9. System sum rate comparison of five resource allocation algorithms
with different 5.

remaining three algorithms do not have RIS installed or provide
mmWave service, so the system sum rate will not change with
the N change.

Fig. 8 shows the simulation results of the system sum rate
obtained by changing RIS’s quantization bit e. The user number
of the 4G BS is 7, and that of other BSs is 5. The sub-channel
number of the 4G BS is 5, and that of other BSs is 3. The
element of RIS is N = 4. By analyzing Fig. 8, it can be found
that the system sum rate of PA and RO increases with the
increase of e. This is because as e increases, the number of phase
shifts available to the RIS element increases, and phase shifts
satisfying a larger system sum rate will be found. However, in
the later stage, when RIS elements have found suitable phase
shifts, increasing the number of phase shifts can not effectively
improve the quality of mmWave communication. So the system
sum rate of PA and RO is stable. The remaining three algorithms
do not have RIS installed or provide mmWave service, so the
system sum rate will not change with the e change.

Fig. 9 shows the system sum rate simulation results for
changing the interruption parameter § of the mmWave network.
The user number of the 4G BS is 7, and that of other BSs is 5.
The sub-channel number of the 4G BS is 5, and that of other
BSs is 3. RIS is set up with N =4, e = 3. Changing 5 will

Sum Rate(bit/s)

-3dB

Fig. 10. System sum rate comparison of five resource allocation algorithms
with different 6_3 4.

affect the mmWave networks. Since CCGA does not provide
the mmWave network service, the change of 8 does not affect
CCGA. For the remaining four algorithms, the system sum rate
decrease with the increase of S due to the mmWave network
provided. In the latter stage, due to users leaving the mmWave
network and choosing to access other networks, and the severe
communication loss of mmWave, the system sum rate of the five
algorithms will slowly approach in the later stage.

Fig. 10 shows the simulation results of the system sum rate
obtained by changing the angle of the half-power beamwidth
0_3 45 of the mmWave. The user number of the 4G BS is 7,
and that of other BSs is 5. The sub-channel number of the 4G
BS is 5, and that of other BSs is 3. RIS is set up with N =4,
e = 3. 0_3 gp is the angle of the half-power beamwidth adopting
the widely used realistic directional antenna model. Because the
mmWave network directionally transmits signals, the larger the
0_3 4, the wider the coverage area of the mmWave antenna,
which will cause more severe interference to other mmWave
users. Therefore, it can be seen from Fig. 10 that the system
sum rate of the four algorithms, except CCGA, decreases with
the increase of 0_3 4g. When 0_3 g = 50, the downward trend
of the system sum rate slows down because the interference is
nearing saturation.

We include a network in the terahertz band in this article
to show the performance of the proposed algorithm in the 6G
network. We replace a mmwave BS in the model of Fig. 3
with a terahertz BS at 0.34 THz to avoid peak path loss [55],
a bandwidth of 10 GHz, a transmitted power of 26 dBm, a path
loss exponent n. = 2 [56], and a shadow fading of 10 dB [57]. We
use the proposed algorithm to simulate the system sum rate with
increasing users for an HCN joined to a Thz network. This is
shown in Fig. 11. Fig. 11 shows the system sum rate comparison
in an HCN containing terahertz, mmwave, 5G mid-frequency,
5G low-frequency, and 4G networks with the number of users,
optimized by five resource allocation algorithms. Adding the
terahertz network in Fig. 11 greatly improves the system sum
rate compared to Fig. 5. The PA algorithm performs the best due
to resource allocation and RIS phase shift optimization. The RO
algorithm focuses on the RIS phase shift optimization, which
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Fig. 12. Fairness performance of five resource allocation algorithms with
different user group.

becomes more pronounced due to the addition of the terahertz
network compared to Fig. 5. Since the effective band number
of BS is fixed, the system sum rate comparison will gradually
stabilize as the number of users increases, and co-channel inter-
ference becomes more severe.

D. Fairness Analysis

Finally, we use Jain’s fairness index, commonly used in
research, to examine the fairness of the system [58], whose
expression is given in equation (29).

N >

(n>2i R7)’
where R; is the system sum rate of the i;;, BS, and there are n
BSs. The fairness index varies from O (worst) to 1 (best).
Analyzing Fig. 12, we can find that the PA, CGA, and CGGA
algorithms involving coalition gaming algorithms all obtain
higher fairness indices, with PA’s being the highest. In contrast,
the RO and RA algorithms have slightly worse fairness indexes.
Itillustrates that the coalition game algorithm can effectively im-
prove the fairness of resource allocation while enhancing system

(29)

System sum rate comparison of 6G HCN network with different user
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Fig. 13.  Comparison of the system sum rate of the proposed algorithm and
the traversal algorithm with different users.
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Fig. 14. Comparison of the running time of the proposed algorithm and the
traversal algorithm with different users.

performance. And the PA algorithm exhibits better fairness and
obtains higher uplink throughput due to the consideration of RIS
phase shift optimization.

E. Compared With the Optimal Solution

In this subsection, we compare the performance of the PA
algorithm with the performance of the optimal solution (OS)
obtained by the traversal method. Given the high complexity of
the traversal algorithm, the users of each BS are taken as values
from 1 to 6 to obtain the experimental results in Figs. 13 and
14, where Fig. 13 shows the performance of the PA compared
with the traversal algorithm in terms of the system sum rate.
From Fig. 13, it can be seen that the system sum rate of PA has
an excellent approximation to that achieved by OS. To further
demonstrate that the PA converges near the traversal algorithm,
we analyzed the simulation results in detail and calculated
the average deviation of the results obtained by PA and OS,
expressed as follows:

6
Average Deviation = ! Z Ros(n) — Bra(n) (30)
6=

Ro (n) ’
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where Rps(n)and R p 4 (n) denote the system sum rate obtained
by OS and PA, respectively, and n is the number of users in each
BS. The average deviation between the OS and PA in Fig. 13 is
about 0.9%, which indicates that PA in this article can achieve
the system sum rate close to the optimal solution.

Fig. 14 shows the performance comparison of the running
time of the PA and the traversal algorithm to obtain the OS, and
it can be found that the time required by the PA algorithm is
much smaller than that of the traversal algorithm. Therefore,
the analysis of Figs. 13 and 14 can show that PA achieves
a performance close to the optimal solution obtained by the
traversal algorithm with low complexity.

VI. CONCLUSION

This study investigated user resource allocation in the HCN
aided by RIS. We first developed an HCN model that incor-
porates multiple BSs and frequency bands, including 4G, 5G,
mmwave, and terahertz, to align with realistic network scenarios
and 6G network concepts. RIS technology was employed to
enhance the quality of mmwave signals and mitigate inter-
ference. To address the optimization problem of maximizing
the system sum rate, we proposed an algorithm that alternates
between optimizing resource allocation and RIS phase shift
using the BCD algorithm. This algorithm divides the system
optimization problem into two subproblems, which are solved
using a coalition game algorithm and a local discrete phase
search algorithm, respectively. Unlike previous studies, our
proposed algorithm effectively handles the NP-hard nature of
the optimization problem and the coupling relationship between
the two subproblems. Simulation results demonstrated that the
system performance of mmwave BS significantly improved with
the assistance of RIS, leading to a substantial enhancement in
the overall system throughput. Compared to other algorithms
that lack coalition game optimization, our coalition game algo-
rithm reduced co-channel interference by optimizing resource
allocation, thereby improving the system sum rate. As a result,
the coalition game algorithm assisted by RIS outperforms other
algorithms, achieving near-optimal solution performance with
low complexity. In future work, we intend to focus on exploring
the interconnected relationship within HCN and the application
of RIS in radio resource management (RRM). We aim to find
effective solutions for the coexistence and interoperability of
International Mobile Telecommunications (IMT) systems with
next-generation networks. In addition, we will further investi-
gate the setup and traffic patterns of 6G HCNs, which include
multiple antennas at BS and MU-MIMO, to enhance our study’s
value and impact.

REFERENCES

[11 Y. Wang, Z. Gao, D. Zheng, S. Chen, D. Gunduz, and H. V. Poor,
“Transformer-empowered 6G intelligent networks: From massive MIMO
processing to semantic communication,” IEEE Wireless Commun., vol. 30,
no. 6, pp. 127-135, Dec. 2023.

[2] A.Damnjanovicetal., “A survey on 3GPP heterogeneous networks,” IEEE
Wireless Commun., vol. 18, no. 3, pp. 10-21, Jun. 2011.

[3] J. Li et al., “Mobility support for millimeter wave communications: Op-
portunities and challenges,” IEEE Commun. Surv. Tut., vol. 24, no. 3,
pp. 1816-1842, thirdquarter 2022.

[4] V. Chandrasekhar and J. G. Andrews, “Spectrum allocation in tiered
cellular networks,” IEEE Trans. Commun., vol. 57, no. 10, pp. 3059-3068,
Oct. 2009.

[5] J. G. Andrews et al., “What will 5G be?,” IEEE J. Sel. Areas Commun.,
vol. 32, no. 6, pp. 1065-1082, Jun. 2014.

[6] Z. Gao et al., “Data-driven deep learning based hybrid beamforming for
aerial massive MIMO-OFDM systems with implicit CSL,” IEEE J. Sel.
Areas Commun., vol. 40, no. 10, pp. 2894-2913, Oct. 2022.

[7]1 Y. Niu, Y. Li, D. Jin, L. Su, and A. V. Vasilakos, “A survey of millimeter
wave communications (mmWave) for SG: Opportunities and challenges,”
Wireless Netw., vol. 21, no. 8, pp. 2657-2676, Nov. 2015.

[8] B. Ai, A. E. Molisch, M. Rupp, and Z.-D. Zhong, “5G key technolo-
gies for smart railways,” Proc. IEEE, vol. 108, no. 6, pp. 856-893,
Jun. 2020.

[9] M. Ke, Z. Gao, Y. Wu, X. Gao, and R. Schober, “Compressive sensing-
based adaptive active user detection and channel estimation: Massive
access meets massive MIMO,” IEEE Trans. Signal Process., vol. 68,
pp. 764-779, 2020.

[10] R. He et al., “Propagation channels of 5G millimeter-wave vehicle-to-
vehicle communications: Recent advances and future challenges,” IEEE
Veh. Technol. Mag., vol. 15, no. 1, pp. 16-26, Mar. 2020.

[11] X. Zhang et al., “Resource allocation for millimeter-wave train-ground
communications in high-speed railway scenarios,” IEEE Trans. Veh. Tech-
nol., vol. 70, no. 5, pp. 4823-4838, May 2021.

[12] B. Ai et al., “On indoor millimeter wave massive MIMO channels: Mea-
surement and simulation,” IEEE J. Sel. Areas Commun., vol. 35, no. 7,
pp. 16781690, Jul. 2017.

[13] Z.Gao et al., “Integrated sensing and communication with mmWave mas-
sive MIMO: A compressed sampling perspective,” IEEE Trans. Wireless
Commun., vol. 22, no. 3, pp. 1745-1762, Mar. 2023.

[14] M. Di Renzo et al., “Smart radio environments empowered by reconfig-

urable intelligent surfaces: How it works, state of research, and the road

ahead,” IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2450-2525,

Nov. 2020.

Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, “Intelligent reflecting

surface-aided wireless communications: A tutorial,” IEEE Trans. Com-

mun., vol. 69, no. 5, pp. 3313-3351, May 2021.

Q. Wu and R. Zhang, “Towards smart and reconfigurable environment:

Intelligent reflecting surface aided wireless network,” IEEE Commun.

Mag., vol. 58, no. 1, pp. 106—112, Jan. 2020.

[17] M. Lin and Y. Zhao, “Artificial intelligence-empowered resource manage-
ment for future wireless communications: A survey,” China Commun.,
vol. 17, no. 3, pp. 58-77, Mar. 2020.

[18] C. Coletti et al., “Heterogeneous deployment to meet traffic demand in a
realistic LTE urban scenario,” in Proc. IEEE Veh. Technol. Conf., 2012,
pp. 1-5.

[19] Y. Chen et al., “Sub-channel allocation for full-duplex access and
device-to-device links underlaying heterogeneous cellular networks using
coalition formation games,” IEEE Trans. Veh. Technol., vol. 69, no. 9,
pp- 9736-9749, Sep. 2020.

[20] J. Tang, D. K. C. So, E. Alsusa, K. A. Hamdi, A. Shojaeifard, and K.-K.
Wong, “Energy-efficient heterogeneous cellular networks with spectrum
underlay and overlay access,” IEEE Trans. Veh. Technol., vol. 67, no. 3,
pp- 2439-2453, Mar. 2018.

[21] J.-B. Park and K. S. Kim, “Load-balancing scheme with small-cell coop-
eration for clustered heterogeneous cellular networks,” IEEE Trans. Veh.
Technol., vol. 67, no. 1, pp. 633-649, Jan. 2018.

[22] T. Zhou, J. Zhao, D. Qin, X. Li, C. Li, and L. Yang, “Green base
station assignment for NOMA-enabled HCNs,” IEEE Access, vol. 7,
pp- 53018-53031, 2019.

[23] H. Wei, N. Deng, and M. Haenggi, “An ASAPPP approach to the spectrum
allocation in general heterogeneous cellular networks,” IEEE Access,
vol. 7, pp. 89141-89151, 2019.

[24] Y. Chen, B. Ai, Y. Niu, K. Guan, and Z. Han, “Resource allocation for

device-to-device communications underlaying heterogeneous cellular net-

works using coalitional games,” IEEE Trans. Wireless Commun., vol. 17,

no. 6, pp. 4163-4176, Jun. 2018.

S. Chen, Y.-C. Liang, S. Sun, S. Kang, W. Cheng, and M. Peng, “Vision,

requirements, and technology trend of 6G: How to tackle the challenges

of system coverage, capacity, user data-rate and movement speed,” IEEE

Wireless Commun., vol. 27, no. 2, pp. 218-228, Apr. 2020.

[26] F. Barghikar, F. S. Tabataba, and M. N. Soorki, “Resource allocation
for mmWave-NOMA communication through multiple access points
considering human blockages,” IEEE Trans. Commun., vol. 69, no. 3,
pp. 1679-1692, Mar. 2021.

[15]

[16]

[25]

Authorized licensed use limited to: Auburn University. Downloaded on February 10,2025 at 17:08:56 UTC from IEEE Xplore. Restrictions apply.



QIAO et al.: JOINT OPTIMIZATION OF RESOURCE ALLOCATION AND USER ASSOCIATION

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]

[49]

[50]

P-Y. Su, K.-H. Lin, Y.-Y. Li, and H.-Y. Wei, “Priority-aware resource
allocation for 5G mmwave multicast broadcast services,” IEEE Trans.
Broadcast., vol. 69, no. 1, pp. 246-263, Mar. 2023.

P. Yu et al., “Intelligent-driven green resource allocation for industrial
Internet of Things in 5G heterogeneous networks,” IEEE Trans. Ind.
Informat., vol. 18, no. 1, pp. 520-530, Jan. 2022.

Y. He, M. Yang, Z. He, and M. Guizani, “Resource allocation based on
digital twin-enabled federated learning framework in heterogeneous cel-
lular network,” IEEE Trans. Veh. Technol., vol. 72, no. 1, pp. 1149-1158,
Jan. 2023.

S. Huang, G. Chuai, and W. Gao, “Coalitional games based resource
allocation for D2D uplink underlaying hybrid VLC-RF networks,” in Proc.
IEEE Wireless Commun. Netw. Conf., 2022, pp. 2316-2321.

J. Chen et al., “Joint task assignment and spectrum allocation in het-
erogeneous UAV communication networks: A coalition formation game-
theoretic approach,” IEEE Trans. Wireless Commun., vol. 20, no. 1,
pp. 440452, Jan. 2021.

C. Pan, R. Liu, and G. Yu, “Joint user association and resource allocation
for mmWave communication: A neural network approach,” J. Commun.
Inf. Netw., vol. 6, no. 2, pp. 125-133, Jun. 2021.

M. Labana and W. Hamouda, “Joint user association and resource allo-
cation in CoMP-enabled heterogeneous cCRAN,” in Proc. GLOBECOM
IEEE Glob. Commun. Conf., 2020, pp. 1-6.

U. Bin Farooq, U. Sajid Hashmi, J. Qadir, A. Imran, and A. N. Mian, “User
transmit power minimization through uplink resource allocation and user
association in hetnets,” in Proc. IEEE Glob. Commun. Conf.,2018, pp. 1-6.
H. Lee, J. Park, S. H. Lee, and 1. Lee, “Message-passing based user
association and bandwidth allocation in HetNets with wireless backhaul,”
IEEE Trans. Wireless Commun., vol. 22, no. 1, pp. 704-717, Jan. 2023.
N. Zhao, Y.-C. Liang, D. Niyato, Y. Pei, M. Wu, and Y. Jiang, “Deep
reinforcement learning for user association and resource allocation in
heterogeneous cellular networks,” IEEE Trans. Wireless Commun., vol. 18,
no. 11, pp. 5141-5152, Nov. 2019.

J. Zhou, X. Zhang, and W. Wang, “Joint resource allocation and user
association for heterogeneous services in multi-access edge computing
networks,” IEEE Access, vol. 7, pp. 12272-12282, 2019.

R.Liuand G. Yu, “User association for millimeter-wave ultra-reliable low-
latency communications,” IEEE Wireless Commun. Lett., vol. 10, no. 2,
pp- 315-319, Feb. 2021.

R.Liu, M. Lee, G. Yu, and G. Y. Li, “User association for millimeter-wave
networks: A machine learning approach,” IEEE Trans. Commun., vol. 68,
no. 7, pp. 4162—4174, Jul. 2020.

S.Liu, Z. Gao, J. Zhang, M. D. Renzo, and M.-S. Alouini, “Deep denoising
neural network assisted compressive channel estimation for mmWave
intelligent reflecting surfaces,” IEEE Trans. Veh. Technol., vol. 69, no. 8,
pp. 9223-9228, Aug. 2020.

Y. Chen et al., “Reconfigurable intelligent surface assisted device-to-
device communications,” IEEE Trans. Wireless Commun., vol. 20, no. 5,
pp. 2792-2804, May 2021.

Y. Liu, X. Mu, X. Liu, M. Di Renzo, Z. Ding, and R. Schober, “Recon-
figurable intelligent surface-aided multi-user networks: Interplay between
NOMA and RIS,” IEEE Wireless Commun., vol. 29, no. 2, pp. 169176,
Apr. 2022.

M. Alsenwi, M. Abolhasan, and J. Lipman, “Intelligent and reliable
millimeter wave communications for RIS-aided vehicular networks,” IEEE
Trans. Intell. Transp. Syst., vol. 23, no. 11, pp. 21582-21592, Nov. 2022.
Q. Zhu, H. Li, R. Liu, M. Li, and Q. Liu, “Hybrid beamforming and
passive reflection design for RIS-assisted mmWave MIMO systems,” in
Proc. IEEE Int. Conf. Commun. Workshops, 2021 pp. 1-6.

Z. Wan, Z. Gao, F. Gao, M. D. Renzo, and M.-S. Alouini, “Terahertz
massive MIMO with holographic reconfigurable intelligent surfaces,”
IEEE Trans. Commun., vol. 69, no. 7, pp. 4732—4750, Jul. 2021.

Y. Niu et al., “Energy-efficient scheduling for mmwave backhauling of
small cells in heterogeneous cellular networks,” IEEE Trans. Veh. Technol.,
vol. 66, no. 3, pp. 2674-2687, Mar. 2017.

Z. Luo and F. Hu, “Simulation models for independent Rayleigh fading
channels,” in Proc. IEEE Glob. Mobile Congr., 2010, pp. 1-5.

A. Goldsmith, Wireless Communications. Cambridge, U.K.: Cambridge
Univ. Press, 2005.

H. Jung and L.-H. Lee, “Connectivity analysis of millimeter-wave device-
to-device networks with blockage,” Int. J. Antennas Propag., vol. 2016,
pp. 1-9, Jan. 2016.

O. Morgenstern and J. Von Neumann, Theory of Games and Economic
Behavior. Princeton, NJ, USA: Princeton Univ. Press, 1953.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

841

Y. Li, D. Jin, J. Yuan, and Z. Han, “Coalitional games for resource
allocation in the device-to-device uplink underlaying cellular networks,”
IEEE Trans. Wireless Commun., vol. 13, no. 7, pp. 3965-3977, Jul. 2014.
W. Saad, Z. Han, M. Debbah, A. Hjorungnes, and T. Basar, “Coalitional
game theory for communication networks,” IEEE Signal Process. Mag.,
vol. 26, no. 5, pp. 77-97, Sep. 2009.

Y. Xu and W. Yin, “A block coordinate descent method for regularized
multiconvex optimization with applications to nonnegativetensor factor-
ization and completion,” SIAM J. Imag. Sci., vol. 6, no. 3, pp. 1758-1789,
2013.

T. Wang, L. Song, Z. Han, and B. Jiao, “Dynamic popular content distri-
bution in vehicular networks using coalition formation games,” IEEE J.
Sel. Areas Commun., vol. 31, no. 9, pp. 538-547, Sep. 2013.

C. Han and I. F. Akyildiz, “Distance-aware bandwidth-adaptive resource
allocation for wireless systems in the terahertz band,” IEEE Trans. THz
Sci. Technol., vol. 6, no. 4, pp. 541-553, Jul. 2016.

W. Wang, J. Wu, N. Li, and R. Song, “Joint user association and resource
allocation for mmWave and thz coexistence networks,” in Proc. IEEE
Intl Conf Parallel Distrib. Process. With Appl., Big Data Cloud Comput.,
Sustain. Comput. Commun., Social Comput. Netw., 2021, pp. 1287-1294.
H. Zhang, C. Jiang, X. Mao, and H.-H. Chen, “Interference-limited
resource optimization in cognitive femtocells with fairness and im-
perfect spectrum sensing,” IEEE Trans. Veh. Technol., vol. 65, no. 3,
pp. 1761-1771, Mar. 2016.

R. Jain, A. Durresi, and G. Babic, “Throughput fairness index: An expla-
nation,” in Proc. ATM Forum Contribution, vol. 99, 1999, p. 4.

Yuanyuan Qiao received the B.S. degree in com-
munication engineering from North China Electric
Power University, Hebei, China, in 2019 and the
M.Eng. degree in electronics and communication en-
gineering from Beijing Jiaotong University, Beijing,
China, in 2021. He is currently working toward the
Ph.D. degree with the State Key Laboratory of Ad-
vanced Rail Autonomous Operation, Beijing Jiaotong
University. His research interests include wireless re-
source allocation, ultra-reliable low-latency commu-
nications, and high-speed railroad communications.

Yong Niu (Senior Member, IEEE) received the B.E.
degree in electrical engineering from Beijing Jiao-
tong University, Beijing, China, in 2011 and the
Ph.D. degree in electronic engineering from Tsinghua
University, Beijing in 2016. From 2014 to 2015,
he was a Visiting Scholar with the University of
Florida, Gainesville, FL, USA. He is currently an
Associate Professor with the State Key Laboratory
of Advanced Rail Autonomous Operation, Beijing
Jiaotong University. His research interests include the
areas of networking and communications, including

millimeter wave communications, device-to-device communication, medium
access control, and software-defined networks. He was the recipient of the
Ph.D. National Scholarship of China in 2015, Outstanding Ph.D. Graduates and
Outstanding Doctoral Thesis of Tsinghua University in 2016, Outstanding Ph.D.
Graduates of Beijing in 2016, and Outstanding Doctorate Dissertation Award
from the Chinese Institute of Electronics in 2017. He was also the recipient of
the 2018 International Union of Radio Science Young Scientist Award. He was
a Technical Program Committee Member of IWCMC 2017, VTC2018-Spring,
IWCMC 2018, INFOCOM 2018, and ICC 2018. He was the Session Chair of
IWCMC 2017.

Authorized licensed use limited to: Auburn University. Downloaded on February 10,2025 at 17:08:56 UTC from IEEE Xplore. Restrictions apply.



842 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 73, NO. 1, JANUARY 2024

Zhu Han (Fellow, IEEE) received the B.S. degree
in electronic engineering from Tsinghua University,
Beijing, China, in 1997 and the M.S. and Ph.D.
degrees in electrical and computer engineering from
the University of Maryland, College Park, MD, USA,
in 1999 and 2003, respectively. From 2000 to 2002,
he was an R&D Engineer of JDSU, Germantown,
MD. From 2003 to 2006, he was a Research Asso-
ciate with the University of Maryland. From 2006 to
2008, he was an Assistant Professor with Boise State
University, Boise, ID, USA. he is currently a John
and Rebecca Moores Professor with the Electrical and Computer Engineering
Department as well as with the Computer Science Department, University of
Houston, Houstan, TX, USA. His research interests include the novel game-
theory related concepts critical to enabling efficient and distributive use of
wireless networks with limited resources. His other research interests include
wireless resource allocation and management, wireless communications and
networking, quantum computing, data science, smart grid, and security and
privacy. Dr. Han was the recipient of the NSF Career Award in 2010, Fred
W. Ellersick Prize of the IEEE Communication Society in 2011, EURASIP
Best Paper Award for the Journal on Advances in Signal Processing in 2015,
IEEE Leonard G. Abraham Prize in the field of Communications Systems (best
paper award in IEEE JSAC) in 2016, and several best paper awards in IEEE
conferences. He was an IEEE Communications Society Distinguished Lecturer
from 2015 to 2018, AAAS Fellow since 2019, and ACM distinguished Member
since 2019. Since 2017,he has been is 1% highly cited Researcher according
to Web of Science. He was also the winner of the 2021 IEEE Kiyo Tomiyasu
Award (an IEEE Technical Field Award), for outstanding early to mid-career
contributions to technologies holding the promise of innovative applications,
with the following citation: for contributions to game theory and distributed
management of autonomous communication networks.

Shiwen Mao (Fellow, IEEE) received the Ph.D de-
gree in electrical and computer engineering from
Polytechnic University, Brooklyn, NY, USA, in 2004.
He is the Samuel Ginn Professor and Director of Wire-
less Engineering Research and Education Center with
Auburn University, Auburn, AL, USA. His research
interests include wireless networks, multimedia com-
munications, and smart grid. He was the recipient of
the IEEE ComSoc TC-CSR Distinguished Technical
Achievement Award in 2019, NSF CAREER Award
in 2010, and 2004 IEEE Communications Society
Leonard G. Abraham Prize in the field of communications systems.

Ruisi He (Senior Member, IEEE) received the B.E.
and Ph.D. degrees from Beijing Jiaotong University
(BJTU), Beijing, China, in 2009 and 2015, respec-
tively. Since 2015, he has been with the State Key
Laboratory of Advanced Rail Autonomous Opera-
tion, BITU, where he has been a Full Professor since
2019. He has been a Visiting Scholar with the Georgia
Institute of Technology, Atlanta, GA, USA, Univer-
sity of Southern California, Los Angeles, CA, USA,
and Université Catholique de Louvain, Ottignies-
Louvain-la-Neuve, Belgium. His research interests
include measurement and modeling of wireless channels, machine learning
and clustering analysis in communications, vehicular and high-speed railway
communications, 5G massive MIMO and high frequency communication tech-
niques. He has authored and co-authored 3 books, 3 book chapters, more than
100 journal and conference papers, as well as several patents. Dr. He is the Editor
of the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, IEEE Antennas
and Propagation Magazine, and the IEEE COMMUNICATIONS LETTERS. He is the
Early Career Representative of Commission C, International Union of Radio
Science. He is a Technical Program Committee Chair and Member of many
conferences and workshops. He was the recipient of 2017-2019 Young Talent
Sponsorship Program of China Association for Science and Technology, Second
Prize of the Natural Science Award for Scientific Research Achievements of the
Ministry of Education in China in 2016, Best Ph.D. Thesis Award of Chinese
Institute of Electronics in 2016, URSI Young Scientist Award in 2015, and five
Best Paper Awards in conferences. He is a Member of the European Cooperation
in Science and Technology.

,

ol

Ning Wang (Member, IEEE) received the B.E. degree
in communication engineering from Tianjin Univer-
sity, Tianjin, China, in 2004, the M.A.Sc. degree in
electrical engineering from The University of British
Columbia, Vancouver, BC, Canada, in 2010, and the
Ph.D. degree in electrical engineering from the Uni-
versity of Victoria, Victoria, BC, Canada, in 2013.
From 2004 to 2008, he was with the China Informa-
4 tion Technology Design and Consulting Institute, as
\ a Mobile Communication System Engineer, special-
izing in planning and design of commercial mobile
communication networks, network traffic analysis, and radio network optimiza-
tion. From 2013 to 2015, he was a Postdoctoral Research Fellow with the
Department of Electrical and Computer Engineering, The University of British
Columbia. Since 2015, he has been with the School of Information Engineering,
Zhengzhou University, Zhengzhou, China, where he is currently an Associate
Professor. He also holds adjunct appointments with the Department of Electrical
and Computer Engineering, McMaster University, Hamilton, ON, Canada and
the Department of Electrical and Computer Engineering, University of Victoria.
His research interests include resource allocation and security designs of future
cellular networks, channel modeling for wireless communications, statistical
signal processing, and cooperative wireless communications. He was with the
technical program committees of international conferences, including the IEEE
GLOBECOM, IEEE ICC, IEEE WCNC, and CyberC. He was the Finalist of the
Governor Generals Gold Medal for Outstanding Graduating Doctoral Student
with the University of Victoria, Victoria, BC, Canada, in 2013.

Zhangdui Zhong (Fellow, IEEE) received the B.E.
and M.S. degrees from Beijing Jiaotong University,
Beijing, China, in 1983 and 1988, respectively. He is
currently a Professor and an Advisor of Ph.D. can-
didates with Beijing Jiaotong University, where he is
also the Chief Scientist of the State Key Laboratory of
Advanced Rail Autonomous Operation. He is also the
Director of the Innovative Research Team, Ministry of
Education, Beijing and Chief Scientist of the Ministry
of Railways, Beijing. He is also an Executive Council
Member of the Radio Association of China, Beijing
and the Deputy Director of the Radio Association, Beijing. His research interests
include wireless communications for railways, control theory and techniques for
railways, and GSM-R systems. His research has been widely used in railway
engineering, such as the Qinghai-Xizang railway, DatongQinhuangdao Heavy
Haul railway, and many high-speed railway lines in China. He has authored and
co-authored seven books, five invention patents, and more than 200 scientific
research papers in his research area. Prof. Zhong was the recipient of the Mao
YiSheng Scientific Award of China, Zhan TianYou Railway Honorary Award
of China, and Top 10 Science/Technology Achievements Award of Chinese
Universities.

Bo Ai (Fellow, IEEE) received the M.S. and Ph.D.
degrees from Xidian University, Xi’an, China. He
is working toward the Ph.D. degree with Tsinghua
University, Beijing, China. He was a Visiting Pro-
fessor with the Electrical Engineering Department,
Stanford University, Stanford, CA, USA, in 2015.
He is currently with Beijing Jiaotong University as
a Full Professor and a Ph.D. Candidate Advisor. He
is the Deputy Director of the State Key Laboratory
of Advanced Rail Autonomous Operation and the
Deputy Director of the International Joint Research
Center. He is one of the main people responsible for the Beijing Urban Rail
Operation Control System, International Science and Technology Cooperation
Base. He was honored with the Excellent Postdoctoral Research Fellow by
Tsinghua University in 2007. He has authored and co-authored eight books
and published more than 300 academic research papers in his research area.
He holds 26 invention patents. He has been the research Team Leader for 26
national projects. His interests include the research and applications of channel
measurement and channel modeling, dedicated mobile communications for rail
traffic systems. He is also a Member of the Innovative Engineering Based jointly
granted by the Chinese Ministry of Education and the State Administration
of Foreign Experts Affairs. He has been notified by the Council of Canadian
Academies that, based on Scopus database, he has been listed as one of the Top
1% authors in his field all over the world. He has also been feature interviewed
by the IET Electronics Letters. He was the recipient of some important scientific
research prizes.

Authorized licensed use limited to: Auburn University. Downloaded on February 10,2025 at 17:08:56 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


