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In millimeter wave (mmWave) communication systems, beamforming-enabled directional transmission and network
densification are commonly used to reduce high path loss and improve signal coverage quality. The combination of the two
approaches will pose a challenge to radio resource allocation, which is especially true when terminals move frequently. The
existing works presented some effective solutions for resource allocation in dense mmWave cellular networks, but they
assumed that terminals move infrequently. So, these works cannot be directly applied to the dense mmWave cellular networks
where terminals move frequently. In this paper, based on the results of the existing beamforming training (BFT) information-
aided radio resource allocation algorithm, we propose a relay selection method to select a set of reasonable relays to take over
the terminals whose performance deteriorates due to movement, which can ensure that each selected relay is as close as
possible to the original performance of the corresponding moved terminal. Then, the resource allocation problem between the
Device to Device (D2D) links from the selected relays to the corresponding moved terminals is formulated as a potential game
model. By designing the utility function reasonably, the resource allocation results on the D2D links can converge to a Nash
equilibrium solution. The simulation results show that the proposed scheme adapts to the scenario with frequent terminal
movement, restrains the sharp performance decline caused by terminal movement, and outperforms the existing related
algorithms in terms of average energy efficiency and throughput per link.

1. Introduction

As mobile edge computing and artificial intelligence tech-
nologies are increasingly integrated into rich application
scenarios [1–4], the demand for spectrum resources for
applications is rising sharply. Also, as the spectrum
resources in the traditional frequency band will be used
up, the huge bandwidth resources in the millimeter wave
(mmWave) band have become the main spectrum supply
sources to meet the increasing demand for radio network
capacity. However, the signal transmission in the
mmWave band suffers from high propagation loss, so
beamforming is usually adopted to overcome it by provid-
ing directional gain. Also, the signal transmission in the
mmWave band is sensitive to blockage, so the construc-
tion of dense mmWave cellular networks is an effective
way to reduce the blocking probability and improve the
coverage quality [5].

In dense mmWave cellular networks, the beams of user
terminals and base stations must be aligned to ensure their
high directional gains, so an effective beamforming training
(BFT) mechanism is needed to ensure the accuracy of beam
selection and the timeliness of updating beam pair. There are
the perfect standards in mmWave wireless local area networks
(WLANs) for the BFT mechanism [6]. Also, some improved
BFT mechanism for WLANs is proposed in [7–9]. However,
none of these BFT mechanisms is suitable for dense mmWave
cellular networks, since the various network access points (e.g.,
macro/micro base station (MBS), small base station (SBS), and
access point (AP)) and the large number of user equipment
(UE) are included in dense mmWave cellular networks and
thus lead to high BFT overhead.

On the other hand, when nonorthogonal multiple access
(NOMA) and mmWave techniques are combined to
enhance concurrent service capability in cellular networks,
the amount of signaling information exchange for beam
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training will be dramatically increased. Fortunately, random
beamforming (RBF) is an effective way of reducing the
amount of overhead and latency in mmWave-NOMA cellu-
lar networks [10–12]. However, to take full advantage of
NOMA, which allows multiple users to access the same
time-frequency resource, cellular networks must have the
capabilities for superposition coding and successive interfer-
ence cancellation (SIC), which will place greater cost
demands on cellular networks.

We proposed a BFT mechanism for dense mmWave cel-
lular networks [13], which does not mandate such capabili-
ties for cellular networks and also does not consider the
mobility of user terminals. When a terminal aligned with
an access point through the BFT mechanism moves its loca-
tion, either a beam tracking scheme or BFT mechanism is
used to realign the beam pair. The beam tracing scheme is
limited by more factors when compared to the BFT mecha-
nism, such as mobile range and frequency band reuse. When
a terminal does not move out of the original coverage area,
the beam tracking scheme is easily used, but the original fre-
quency band may not be reused. The same coverage area
ensures that the original beam can still be reused by it, while
the beam direction at the new location may overlap with
other beam directions and thus cannot reuse the same fre-
quency band.

Although the BFT mechanism has no such limitations, it
must be performed to ensure that the performance of each pair
of beams remains optimal whenever there is any terminal
movement. Frequent BFT execution will cause significant over-
head, especially when only a few terminals move frequently.
Therefore, in order to reduce the BFT overhead, a direct and
effective way is to reduce the BFT execution frequency. Also,
within the interval between two consecutive BFT executions,
we need to properly allocate radio resources to account for the
beam-pair performance degradation problem of the terminals
that move their locations. Therefore, unlike the work in [13],
which assumes that any user terminal is notmoving, we put for-
ward an efficient radio resource allocation scheme considering
terminal mobility in dense mmWave cellular networks. The
main contributions are listed below.

(1) Different from existing related studies (e.g., the
works in [7, 13]), we address the radio resource allo-
cation under the network energy efficiency con-
straint, which is aimed at maximizing the number
of concurrent connections

(2) When a terminal is assigned a beam and gets a
chance to communicate with an AP, it will be
allowed to select one of its neighbor terminals as its
Device to Device (D2D) relay if the alignment of
the beam pair deviates due to movement and thus
communication performance degrades

(3) We propose a relay selection method to select a set of
reasonable relays to take over the terminals whose
performance deteriorates due to movement, which
can ensure that each selected relay is as close as pos-
sible to the original performance of the correspond-
ing moved terminal

(4) We formulate the resource allocation problem
between the D2D links from the selected relays to
the corresponding moved terminals as a potential
game model, where the resource allocation results
can converge to a Nash equilibrium solution by
designing the utility function reasonably

(5) The allocated resources for each D2D link can
ensure that the amount of data received by the
selected relays from the corresponding AP is for-
warded to the corresponding moved terminals in
time. The simulation results show that the proposed
scheme adapts to the scenario with frequent terminal
movement, restrains the sharp performance decline
caused by terminal movement, and outperforms the
existing related algorithms in terms of average
energy efficiency and throughput per link

The rest of the paper is organized as follows. Section 2
reviews the works related to radio resource allocation, while
Section 3 introduces the system model. Section 4 describes
problem formulation, while Section 5 details the radio access
resource allocation in dense mmWave cellular networks
with frequent terminal mobility. Section 6 analyzes the sim-
ulation results, while Section 7 summarizes this paper.

2. Related Work

We mainly review the existing studies with respect to radio
resource allocation of mmWave networks in this section.
For mmWave WLANs, it was believed that distributed net-
work architecture will lead to very low resource allocation
efficiency while centralized network architecture is condu-
cive to improving its efficiency [14–16]. Usually, a controller
is adopted to manage and control multiple APs in dense
mmWave WLANs, and they are connected to each other
through directional mmWave links [17], which is different
from the schemes of wired interconnection in traditional
low-frequency bands.

It was also believed that the centralized control mode
based on the cloud radio access network (C-RAN) is suitable
for mmWave WLANs [6, 7]. Furthermore, the authors of [7]
explored mmWave beam management and interference
coordination problem in dense mmWave WLANs. The
authors of [8] focused on how to reduce beam alignment
latency in mmWave WLAN, and they took advantage of
the correlation structure among beams to identify the opti-
mal beam, which is aimed at avoiding searching the entire
beam space. The authors of [9] considered hybrid beam-
forming to address the user selection problem for an uplink
multiuser transmission in mmWave WLAN, which is aimed
at lowering system complexity by avoiding the collection of
perfect channel state information from all potential users.

Unlike the above works, some typical works considered
the BFT problem in cellular networks [10–13]. The works
in [10–12] discussed the combination use of NOMA and
mmWave to support massive connectivity. The authors of
[10] focused on the use of RBF to support machine-to-
machine (M2M) communications, while the authors of
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[11] paid special attention to the distribution of mobile ter-
minals in similar application scenarios. Furthermore, the
authors of [12] addressed the problem for jointly optimizing
power allocation and RBF to improve the system perfor-
mance. As mentioned, advantages of NOMA come at the
expense of higher network construction costs.

For dense mmWave cellular networks without NOMA,
the authors of [13] discussed the BFT mechanism and pro-
posed an effective resource allocation scheme based on pri-
ority strategy in terms of energy efficiency. The authors of
[18] address the radio resource allocation in terms of trans-
mission power and transmission duration for self-
backhauling dense mmWave cellular networks, where the
considered problem is formulated as the noncooperative
game with the common utility function. The authors of
[19] focused on the multibeam concurrent transmission
problem, where reasonable beam pair selection is critical.
They showed that the proposed method is superior to other
beam pair selection methods in terms of the network sum
rate and convergence speed of beam pair. The authors of
[20] studied the radio resource allocation problem by joint
power control and user association in dense mmWave het-
erogeneous networks and proposed the reinforcement learn-
ing framework to solve it.

The authors of [21] investigated the radio resource
allocation in terms of transmission power and spectrum
for dense mmWave cellular networks with integrated
access and backhaul architecture to optimize network
capacity under data rate constraints. The authors of [22]
focused on the multiconnectivity of mmWave networks,
which involves optimal user association and power alloca-
tion. Their optimization objectives are the overall energy-
efficiency maximization and the balance between the
achievable rates of all users and load of all mmWave base
stations. The authors of [23] focused on the radio resource
allocation in multitier heterogeneous networks with a dis-
parate spectrum (i.e., microwave and mmWave) and pro-
posed a coordinated approach for user association and
spectrum allocation by using noncooperative game theory.
The authors of [24] believed that efficient and fast beam
management in initial access is essential since the connec-
tions may drop frequently due to the high blockage sus-
ceptibility of mmWave links. They proposed a deep
contextual bandit-based approach to perform fast and effi-
cient initial access.

The above works do not consider terminal mobility as a
major concern. However, the authors of [25] viewed the exist-
ing works in terms of beam and mobility management in
mmWave cellular networks. The authors of [26] presented a
sensitivity study on the stability of the selected beams, which
is measured by the time-of-stay of beams, the mmWave link
quality under different operational conditions with respect to
UE mobility, propagation environment, and operational
bands. But they did not discuss how to ensure the stability of
the beam performance. The authors of [27] focused on the
misaligned mmWave beam problem in mobile environments.
By using deep learning to learn the mobility information, they
proposed an adaptive beam management scheme to address
this problem, where a sender and its corresponding receiver

execute handoff in advance before loss of connectivity based
on the prediction result.

The authors of [28] focused on beam management for
mmWave unmanned aerial vehicle (UAV) networks and
proposed a data-driven beam pattern selection scheme to
achieve fast beam tracking results. The authors of [29] stud-
ied the systematic beam management strategy, where the
beam tracking overhead is reduced by extending the beam
coverage to accommodate user movement. Unlike the works
in [27–29] based on beam tracking, the problem background
in [13] is closest to the problem background of our paper. As
the foregoing, the work in [13] is not suitable for the sce-
nario where terminals move frequently. In order to effec-
tively alleviate the problem of system performance
degradation caused by the movement of the terminal in
[13], we need to propose an efficient radio resource alloca-
tion scheme considering terminal mobility in dense
mmWave cellular networks.

3. System Model

3.1. Network Architecture. The network scenario for our
concern is described as follows. I SBSs are overlapped in a
microcell, and J UEs are randomly distributed in the same
microcell, where MBS is located at the center of this micro-
cell. The set of I SBSs is denoted as ℚ = fSBS 1,⋯, SBS i,
⋯, SBS Ig, while the set of J UEs is denoted as ℕ = fUE 1,
⋯, UE j,⋯, UE Jg. In addition, K APs are overlapped in
the I small cells, and the set of K APs denoted as ℂ = fAP
1,⋯, AP k,⋯, APKg. For brevity without loss of generality,
a small cell structure in the MBS coverage area is shown in
Figure 1, where UE c’s original beam cannot provide good
transmission performance after it moves and then it selects
UE d as its D2D relay.

3.2. mmWave Signal Propagation Theory and Model. In this
section, we briefly describe the theory and model of
mmWave signal propagation. According to the commonly
used switch-based analog beam pattern in [30], the normal-
ized beamforming gain is given by

G θ, ϕð Þ =
2π − 2π − θð Þ∂

θ
, if ϕj j ≤ θ

2 ,

∂, otherwise,

8<
: ð1Þ

where θ and ϕ are the beam width of the main lobe and the
beam offset angle to the main lobe in radian, respectively,
while ∂ is the side lobe gain and 0 < ∂≪ 1. For brevity with-
out loss of generality, we assume that each of MBS, SBS, AP,
and UE has the same limited number of beams, where the
beams do not overlap each other and each beam covers a
specific orientation. If we use θmax to denote the maximum
beam width of each of MBS, SBS, AP, and UE, the minimum
number (i.e., nbeam) of beams of each of MBS, SBS, AP, and
UE is estimated by

nbeam = 2π
θmax

� �
: ð2Þ
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When the beams between UE j and AP k are aligned, the
directional transmission gain Gt

j,k and directional receiving
gain Gr

j,k are estimated by

Gt
j,k =

2π − 2π − θtj,k

� �
∂

θtj,k
,

Gr
j,k =

2π − 2π − θrj,k

� �
∂

θrj,k
,

8>>>>>><
>>>>>>:

ð3Þ

where θtj,k and θrj,k are the beam width values of the transmit-
ter and the receiver, respectively. On the basis of [7, 31, 32],
the channel between UE j and AP k is expressed as follows:

hj,k τð Þ = 〠
PH

ph=0
Gt, phð Þ

j,k Gr, phð Þ
j,k χ

c, phð Þ
j,k δ τ − τ

phð Þ
j,k

� �
: ð4Þ

In (4), PH represents the number of paths while the
superscript “(ph)” denotes the phth path. From equation

(3), we know that Gt,ðphÞ
j,k is the directional transmission gain

of the phth path between UE j and AP k and Gr,ðphÞ
j,k is direc-

tional receiving gain of the same path. In addition, χc,ðphÞ
j,k

represents the amplitude of the phth path, while δ ð·Þ repre-
sents the Dirac delta function. τðphÞj,k represents the propaga-
tion delay of the phth path, which is expressed as follows:

τ
phð Þ
j,k =

d phð Þ
j,k
c

: ð5Þ

In (5), dðphÞj,k represents the distance of the phth path
between UE j and AP k, while c represents the speed of light.
According to [15], the line-of-sight (LoS) path (i.e., ph = 0)
always exists, while the rest of the PH paths (i.e., from ph
= 1 to ph = PH) are non-line-of-sight (NLoS). According

to [32], the amplitude (i.e., χc,ð0Þ
j,k ) of the LoS path is

expressed as follows:

χ
c, 0ð Þ
j,k = λ

4πd 0ð Þ
j,k

: ð6Þ
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Figure 1: A D2D-assisted mmWave cellular network architecture.
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In (6), λ represents the wavelength and λ = c/f c as well as
f c represents the carrier frequency. dð0Þj,k represents the dis-
tance of the LoS path between UE j and AP k. According
to [32], the amplitude of each NLoS path is related to both
path loss and reflection coefficients, which are expressed as
follows:

χ
c, phð Þ
j,k = λ

4πd phð Þ
j,k

YRPH
rph=1

Γ
phð Þ
rph , ph ∈ 1, PH½ �: ð7Þ

In (7), ΓðphÞ
rph represents the reflection coefficient of the r

phth reflection for the phth path, while RPH represents the
number of reflections of the path. Due to very high reflection
loss in the mmWave band [5], only one reflection of a given
path (i.e., RPH = 1) is considered in this paper, so formula
(7) is rewritten as follows:

χ
c, phð Þ
j,k = λ

4πd phð Þ
j,k

Γ
phð Þ
rph , ph ∈ 1, PH½ �: ð8Þ

On the basis of [33], the channel gain can be expressed
as follows:

Gc, phð Þ
j,k = χ

c, phð Þ
j,k δ τ − τ

phð Þ
j,k

� ���� ���2: ð9Þ

We use ptj,k to denote the directional beam’s transmission
power from AP k to UE j. On the UE j side, the receiving
power (i.e., prj,k) from AP k can be estimated by

prj,k = ptj,k 〠
PH

ph=0
Gt, phð Þ

j,k Gr, phð Þ
j,k Gc, phð Þ

j,k : ð10Þ

The interference power (i.e., prj‘,k‘⟶j,k) perceived by UE j

from other APs (e.g., AP k‘ (k‘ ∈ ½1,⋯, k − 1, k + 1,⋯, K�)
and UEs (e.g., UE j‘ (j‘ ∈ ½1,⋯, j − 1, j + 1,⋯, J�) can be esti-
mated by

prj‘,k‘⟶j,k = ptj‘,k‘ 〠
PH

ph=0
Gt, phð Þ

j‘,k‘⟶j,kG
r, phð Þ
j‘,k‘⟶j,kG

c, phð Þ
j,k‘ : ð11Þ

In (11), Gt,ðphÞ
j‘,k‘⟶j,k is the directional transmission gain

from the phth path between UE j‘ and AP k‘, while

Gr,ðphÞ
j‘,k‘⟶j,k is the directional receiving gain from the same

path. On the basis of formula (1), the directional
transmit-receive gain (i.e.,Gt

j‘,k‘⟶j,kG
r
j‘,k‘⟶j,k) of each path

can be estimated by

Gt
j‘,k‘⟶j,kG

r
j‘,k‘⟶j,k =

2π − 2π − θtj‘,k‘

� �
∂

θtj‘,k‘
·
2π − 2π − θrj,k

� �
∂

θrj,k
, ConditionA,

2π − 2π − θtj‘,k‘

� �
∂

θtj‘,k‘
· ∂, Condition B,

∂ ·
2π − 2π − θrj,k

� �
∂

θrj,k
, ConditionC,

∂ · ∂, ConditionD:

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

ð12Þ

In (12), ϕtj‘,k‘⟶j,k is the beam offset angles from the AP

k‘’s (AP k‘ transmits to UE j‘) transmitting beam direction
to the position of UE j, while ϕrj,k⟶j‘,k‘ is the beam offset
angles from the UE j’s (UE j receives from AP k) receiving
beam direction to the position of AP k‘; Condition A rep-
resents both jϕtj‘,k‘⟶j,kj ≤ θtj‘,k‘/2 and jϕrj,k⟶j‘,k‘j ≤ θrj,k/2;
Condition B represents both jϕtj‘,k‘⟶j,kj ≤ θtj‘,k‘/2 and j
ϕrj,k⟶j‘,k‘j > θrj,k/2; Condition C represents both jϕtj‘,k‘⟶j,kj
> θtj‘,k‘/2 and jϕrj,k⟶j‘,k‘j ≤ θrj,k/2; Condition D represents

both jϕtj‘,k‘⟶j,kj > θtj‘,k‘/2 and jϕrj,k⟶j‘,k‘j > θrj,k/2.

4. Problem Formulation

In this paper, it is assumed that there is not any multicon-
nectivity capability for UEs, and thus, UE can only connect
to one AP at a time in a dense mmWave cellular network.
In addition, xj,k ∈ f0, 1g is the binary association variable,
where xj,k is equal to 1 if UE j ∈ℕ is connected to AP k ∈
ℂ; otherwise, xj,k is equal to 0. On the basis of formulas
(10) and (11), the signal-to-interference plus noise ratio
(SINR) between AP k and UE j is expressed by formula
(13) if UE j connects to AP k:

γj,k =
prj,k

∑ j‘∈ℕ\j∑k‘∈ℂ\kxj‘,k‘p
r
j‘,k‘⟶j,k + BN0

: ð13Þ

In (13), γj,k is the SINR between AP k and UE j and B is
the bandwidth of the mmWave band, while N0 is the back-
ground noise power spectrum density. The throughput rj,k
of the link from AP k to UE j is expressed by

r j,k = B log2 1 + γj,k

� �
: ð14Þ

The throughput (i.e., R) of the entire mmWave network
(only the throughput from APs to UEs) is estimated by

R = 〠
j∈ℕ

〠
k∈ℂ

r j,k: ð15Þ

The power consumption (i.e., PC) of the entire mmWave
network (only the power consumption from APs to UEs) is
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estimated by

PC = 〠
j∈ℕ

〠
k∈ℂ

xj,k ptj,k + PRF
� �

: ð16Þ

In (16), PRF is the power consumed by a radio frequency
(RF) chain, where PRF is set to 0.0344 Watts in [34]. The
energy efficiency (i.e., E) of the entire mmWave network
(only the energy efficiency from APs to UEs) is

E = R
PC : ð17Þ

In this paper, we aim to maximize the number of con-
current access links under the premise that the network
energy efficiency is not lower than the preset threshold.
Because the path loss of mmWave signal propagation is large
and the transmission power is constrained by the maximum
power in practical scenarios, each UE may not receive sig-
nals from all the APs in the network. In other words, each
UE may only connect to its neighboring APs. Each AP
may only get a set of candidate UEs based on the BFT
mechanism in [13].

By observing the receiving bit error rate (BER), we can
know whether there is a direct mmWave link between a
UE (e.g., j) and an AP (e.g., k). A scheme for estimating
the success rate of bit transmission (i.e., f ðγjÞ = 1 − e−0:5γ j .
Here, f ðγjÞ denotes UE j’s bit transmission success rate,
while γj denotes the corresponding SINR value) is
described in [35]. Based on it, we can derive an approxi-
mate relation expression between the acceptable BER value
(e.g., BERth

j,k) and the corresponding SINR value (e.g., γthj,k),
which is given by

γthj,k = −2 ln BERth
j,k: ð18Þ

To make sure that the BER level of UE j’s receiving
data from AP k is not more than BERth

j,k, AP k’s transmis-

sion power should not be less than pthj,k, which is given by

pthj,k =
γthj,k · B ·N0

∑PH
ph=0G

t, phð Þ
j,k Gr, phð Þ

j,k Gc, phð Þ
j,k

: ð19Þ

If γj,k is not smaller than γthj,k, we think that there is a
direct mmWave link between the UE j and the AP k. For
a set of candidate UEs of AP k (k ∈ℂ), the directional
link’s quality (e.g., γj,k) between each UE j (j ∈ℕ) and

AP k should be higher than a preset threshold (e.g., γthj,k),
in which the set of candidate UEs of AP k is represented
as ℕk. So, the radio access resource allocation problem
for downlink unicast communications can be transformed

into the following problem:

P1 : max
X,P,A

〠
k∈ℂ

〠
j∈ℕk

xj,k

s:t:C1, C2, C3, C4, C5, C6, C7,

8<
: ð20Þ

C1 : xj,k ∈ 0, 1f g, ∀j ∈ℕk, k ∈ℂ,

C2 : 〠
k∈ℂ

xj,k ≤ 1, ∀j ∈ℕk,

C3 : 〠
j∈ℕk

xj,k ≤ nbeam, ∀k ∈ℂ,

C4 : 〠
j∈ℕk

xj,kp
t
j,k ≤ pmax

k , ∀k ∈ℂ,

C5 : θmin ≤ θtj,k or θrj,k ≤ θmax, ∀j ∈ℕk, k ∈ℂ,

C6 : 〠
j∈ℕk

xj,kθ
t
j,k or 〠

j∈ℕk

xj,kθ
r
j,k ≤ 2π, k ∈ℂ,

C7 : E ≥ Eth:

8>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>:

ð21Þ

In (20), X represents a matrix with element xj,k, P repre-
sents a matrix with element ptj,k, and A represents a matrix

with element θtj,k or θrj,k. In (21), Constraint C2 means that
each UE can only connect to one AP; Constraint C3 indicates
that the number of UEs that an AP can serve is not more than
nbeam; Constraint C4 ensures that the power consumption for
each AP cannot exceed pmax

k ; Constraint C5 means that the
beam width is limited to [θmin, θmax]; Constraint C6 indicates
that, for an AP, the sum of beam widths used for serving the
connected UEs cannot exceed 2π, since each node’s beams
are assumed to be nonoverlapping in Section 3.2; Constraint
C7 means that the network energy efficiency cannot fall below
the threshold Eth.

5. Radio Access Resource Allocation in Dense
mmWave Cellular Network

The optimization problem P1 is combinatorial and noncon-
vex. The combinatorial nature comes from constraint C1,
and the nonconvexity is caused by constraints C2 ~ C7.
Although a brute force approach can be used to obtain the
optimal solution, it is computationally infeasible for a dense
mmWave network. Therefore, we propose an approximate
algorithm for solving problem P1 in this section. In addition,
when the working mmWave links between UEs and APs are
interrupted due to UEs’ mobility or blockage, we should
redo the BFT processes in [13] to find other suitable links.
However, before redoing the BFT processes, the working
mmWave links with degraded performance should be recov-
ered as much as possible.

Therefore, we propose an efficient radio resource alloca-
tion scheme considering terminal mobility in dense
mmWave cellular networks, which mainly includes a BFT
information-aided radio access resource allocation algo-
rithm to solve problem P1. For the solution to problem P1,
our purpose is to maximize the number of concurrent access
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links under the premise that the network energy efficiency is
not lower than the preset threshold, a D2D relay selection
algorithm for the UEs of the working mmWave links with
degraded performance to recover these UEs’ access perfor-
mance as much as possible, and a set of schemes based on
the potential game to solve the resource allocation problem
between D2D links and relay links.

5.1. Radio Access Resource Allocation considering Terminal
Mobility. The overall control flow of radio resource alloca-
tion is described in Algorithm 1, where the number of the
UEs that all the APs can concurrently serve is accumulated
(see line 1), and then, the counting variables (e.g., cm is the
counting variable of UE m) of these UEs are initialized to
0, indicating that none of them has ever played a relay role
(see line 2); next, after the invoked BFT information-aided
radio resource allocation algorithm returns (see line 3), the
timing interval is set to trigger the next call to this algorithm
(see line 4); finally, if the timer does not time out, the D2D
relay selection algorithm and game-based resource alloca-
tion algorithm will be invoked repeatedly to prevent serious
degradation of beam performance (see lines 5~8); otherwise,
the BFT information-aided radio resource allocation algo-
rithm is invoked again after the number of times of each
UE acting as a relay is accumulated (see lines 9~14).

5.2. Beamforming Training Information-Aided Radio Access
Resource Allocation Scheme. Each SBS (e.g., i) can obtain
all the signal-to-noise ratio (SNR) values (i.e., fγj,kjj ∈ℕk, k
∈ℂi, i ∈ℚg) in its coverage by using the BFT mechanism
in [13]. However, directly using the SNR values to measure
mmWave channel quality is not always a reasonable choice.
Therefore, it is a better choice to take the data rate per unit
of power consumption (DRPC) as mmWave channel quality
measurement, which can reflect the goal of high energy effi-
ciency pursued by the high capacity wireless networks,
which is estimated by

ej,k =
B log2 1 + γ j,k

� �
ptj,k + PRF

: ð22Þ

In (22), ej,k is the energy efficiency of the mmWave link
from AP k to UE j. To simplify the analysis, we keep all the
DRPC values into ℤ = fs1,⋯, sm,⋯, sMg in descending order.
Then, there is a one-to-one match between the elements of ℤ
and those of fej,kjj ∈ℕk, k ∈ℂi, i ∈ℚg, in which M = CardðSK

k=1ℕkÞ, and Cardð·Þ denotes the number of elements in a
set and

SK
k=1ℕk is the set of all the UEs associated with all the

APs. Moreover, the number of elements in X, P, and A isM.
Because of the combinatorial and nonconvex properties,

the problem described in (20) and (21) cannot be solved
directly. Therefore, this problem is decomposed into three
subproblems. Firstly, P and A are initialized to get the opti-
mized X ∗. Then, the optimized X ∗ and initialized A are used
to find the optimized P ∗. Finally, the optimized X ∗ and P ∗
are adopted to solve the optimized A ∗. In this way, we can
obtain a suboptimal solution to the original problem.

Algorithm 2 describes the above solution process. P and
A are firstly initialized to the average transmission power
(i.e., ptk,ini = pmax

k /nbeam) and the maximum beam width (i.e.,
θtj,k, θrj,k = θmax), respectively, and then, the optimized X ∗ is
obtained. After that, X is initialized as a vector with zero,
and then, Algorithm 2 chooses the AP and UE pair corre-
sponding to s‘1, computes energy efficiency E1 according to
the formulas (see lines 15~17), and sets x1 to 1. Next, Algo-
rithm 2 chooses the AP and UE pair corresponding to s‘2
and computes energy efficiency E1. If E2 > μE1 and μ is a
positive number that is not greater than 1, Algorithm 2 sets
x2 to 1; otherwise, it sets x2 to 0.

Through repeating the above steps, Algorithm 2
chooses the AP and UE pair corresponding to s‘m and
computes energy efficiency Em. If Em > μE1, xm is set to
1; otherwise, xm is set to 0. When all the binary associa-
tion variables are set, Algorithm 2 can obtain the opti-
mized X ∗ after each xm is mapped to xj,k. X ∗ indicates
which AP each UE should connect to, so each beam direc-
tion is determined.

After the optimized X ∗ is obtained, it together with the
vector A with the maximum beam width is used to solve the
power allocation vector P ∗. Algorithm 2 starts from the
directional mmWave link with the highest DRPC value
determined by X ∗, P, and A and then decreases the trans-
mission power ptm from the average power pam in P. If the
current energy efficiency is not less than the preset threshold
and the current transmission power ptm is more than pthm ,
Algorithm 2 continues to reduce the transmission power
ptm; otherwise, it optimizes the transmission power of the
mmWave link with the second-highest DRPC value.
Through repeating the above steps, the transmission power
of each working mmWave link will be optimized. After each
transmission power ptm is mapped to ptj,k, the vector P ∗ will

be obtained.
After the optimized X ∗ and P ∗ are obtained, the opti-

mized A ∗ can be solved by applying them into a process
similar to the above. In other words, Algorithm 2 starts from
the directional mmWave link with the highest DRPC value
determined by X ∗, P ∗, and A and then decreases beam
width from θmax. If the current energy efficiency is not less
than the preset threshold and the current beam width is
more than θmin, Algorithm 2 continues to reduce the current
beam width; otherwise, it optimizes the beam width of the
mmWave link with the second-highest DRPC value.
Through repeating the above steps, the beam width of each
working mmWave link will be optimized. After each beam
width θm is mapped to θtj,k or θrj,k, the vector A ∗ will be
obtained.

It is worth noting that M is more than N in Algo-
rithm 2, which denotes that the number of elements in
P ∗ is smaller than that of X ∗. If the value of xj,k is 0,
P ∗ should be filled with 0, so that the number of ele-
ments in P ∗ is the same as that of X ∗. Likewise, the
number of elements in A ∗ must be the same as that of
X ∗. If the value of xj,k is 0, A ∗ should also be filled
with 0 to meet the requirements of the same number of
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elements (i.e., M). In particular, the algorithm prioritized
access services to the UEs that acted as relays, where the more
times a node acts as a relay will get the higher priority (see line

6). At the same time, when a UE that has acted as a relay
obtains an access service, the cumulative number of times it
acts as a relay is subtracted once (see line 11).

Running on the MBS
Input: null
Output: null
1: M = CardðSK

k=1ℕkÞ
2: For each m ∈ f1,⋯,Mgdocm = 0End for
3: Invoke BFT information aided radio resource allocation algorithm
4: Set the timer with the interval τ
5: If the timer does not time out then
6: Invoke D2D relay selection coordination algorithm
7: Invoke game based resource allocation algorithm
8: Go to 5
9: Else
10: For each m ∈ f1,⋯,Mgdo
11: Ifm ∈DRthencm = cm + 1End if
12: End for
13: Go to 3
14: End if

Algorithm 1: Radio access resource allocation considering terminal mobility.

Running on the MBS
Input: M,{pmax

k jk ∈ℂ}, θmax, θmin
Output: X ∗, P ∗, and A ∗
1: Get fej,kjj ∈ℕk, k ∈ℂi, i ∈ℚg by the BFT mechanism in [13]
2: Initialize P to fpt1 = pmax

1 /nbeam,⋯, ptn = pmax
m /nbeam,⋯, ptN = pmax

N /nbeamg
3: Initialize A to fθ1 = θmax,⋯, θn = θmax,⋯, θN = θmaxg
4: Initialize X to fx1 = 0,⋯, xm = 0,⋯, xM = 0g
5: Store fej,k ∣ j ∈ℕk, k ∈ℂi, i ∈ℚg into ℤ = fs1,⋯, sm,⋯, sMg in descending order, where sm ⟵ ej,k
6: Store ℤ = fs1,⋯, sm,⋯, sMg into ℤ‘ = fs‘1,⋯, s‘m,⋯, s‘Mg in descending order in terms of cm, ∀m ∈ f1,⋯,Mg
7: Let m be equal to 1, compute Rm, and set xm to 1
Repeat
8: m =m + 1, compute Em
9: IfEm > μE1then
10: set xm to 1
11: If cm > 0 then cm = cm − 1 End if
12: Else set xm to 0
13: End if
Untilm =M
14: X ∗⟵fx1,⋯, xm,⋯, xMg
15: N =∑M

m=1xm
16: Update fej,kjj ∈ℕk, k ∈ℂi, i ∈ℚg by adopting X ∗, P, and A

17: Store fej,kjj ∈ℕk, k ∈ℂi, i ∈ℚg into ℤð1Þ = fs1,⋯, sn,⋯, sNg in descending order, where sn ⟵ ej,k
18: max=pmax

n /nbeam, min = pthn , fq1,⋯, qn,⋯, qNg⟵ P
19: Invoke “the decreasing-search-one-by-one” algorithm to update fq1,⋯, qn,⋯, qNg
20: P ∗⟵fq1,⋯, qn,⋯, qNg
21: Update fej,kjj ∈ℕk, k ∈ℂi, i ∈ℚg by adopting X ∗, P ∗, and A

22: Storefej,kjj ∈ℕk, k ∈ℂi, i ∈ℚg into ℤð2Þ = fs1,⋯, sn,⋯, sNg in descending order, where sn ⟵ ej,k
23: max = θmax, min = θmin, fq1,⋯, qn,⋯, qNg⟵ A
24: Invoke “the decreasing-search-one-by-one” algorithm to update fq1,⋯, qn,⋯, qNg
25: A ∗⟵fq1,⋯, qn,⋯, qNg
26: Return

Algorithm 2: The BFT information-aided radio access resource allocation.
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The above algorithm invokes the following algorithm
based on the idea of decreasing search one by one.

5.3. D2D Relay Selection Algorithm. The set of candidate
relays selected by a mobile UE should be limited to its LoS
range, which helps to guarantee the D2D link performance
between the mobile UE and any member of the candidate set.
In view of the complexity of the mathematical representation
of mmWave signal propagation characteristics, we adopt the
free space model for traditional frequency band signal propaga-
tion to derive an approximate upper bound of the communica-
tion distance between a mobile UE and its any relay. For a D2D
transmission link from relay UE r to mobile UE m, its maxi-
mum communication distance (i.e., dfree) is estimated by

dfree =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pmax
r GtGtλ

2

4πð Þ2Lγthr,mBN0

s
, ð23Þ

where pmax
r is the maximum transmission power of relay UE r;

Gt andGr are the transmission and receiving antenna’s gains,
respectively, while λ and L are the wavelength of the signal car-
rier and the system loss coefficient, respectively; and γthr,m is the
SINR of the D2D transmission link from UE r to UEm, which
is estimated by formula (18) when BERth

r,m is given in advance.
According to [36], if the free space model is adopted, the max-
imum communication distance dfree should not be greater than
the crossover distance dcrossover. Therefore, the upper bound of
the communication distance (i.e., dup) is estimated by

dup = min dfree, dcrossoverf g, ð24Þ

where dcrossover is estimated by

dcrossover =
4π

ffiffiffi
L

p
hthr

λ
, ð25Þ

where ht is the height of the transmitting antenna on the
ground while hr is the height of the receiving antenna on the
ground. In order to facilitate the adjustment of the range of
relays that a mobile UE can choose, we construct the following
estimation formula:

dth = ξdup, ð26Þ

where ξ is a relay selection range regulation coefficient, which is
a positive value no more than 1, dth is the effective communica-
tion distance threshold actually adopted by the mobile UE, and
the distance between the mobile UE and the selected relay does
not exceed dth.

The relay selected by the mobile UE should reuse the
beam of the mobile node as perfectly as possible. Since the
mobile UE can get the beam after the BFT process, it shows
the superiority of its original position. Therefore, if the relay
selected by the mobile UE is in its original location, it is the
ideal case. In fact, their locations are hard to overlap. In
order to easily and quickly select the appropriate relay, a
mobile UE should first select the several relays in ascending

order in terms of the angle between the line from its original
location (xm‘ , ym‘ ) to the associated AP and the line from the
relay to the same AP, and then, the one closest to the original
location is selected from these candidate relays. When the
coordinates (e.g., ðxr , yrÞ and ðxk, ykÞ) of a mobile UE’s relay
(e.g., r) and the AP (e.g., k) are known, the angle (e.g., φr,k,m‘ )
with the AP k as the center is computed by

φr,k,m‘ = arccos d2k,r + d2k,m‘ − d2r,m‘

2dk,rdk,m‘

 !
,

dk,r =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xk − xrð Þ2 + yk − yrð Þ2

q
,

dk,m‘ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xk − xm‘ð Þ2 + yk − ym‘ð Þ2

q
,

dr,m‘ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xr − xm‘ð Þ2 + yr − ym‘ð Þ2

q
:

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð27Þ

The MBS performs Algorithm 4 to coordinate the relay
selection operation, where the D2D link set DL and the
D2D relay set DR are initialized to empty to prepare for
recording candidate D2D relay links and D2D relay UEs
during the interval τ (see lines 1~2), and then, the MBS only
accepts relay selection declarations during the first half of
the interval τ so that the selected relay UEs have enough
time to play their roles (see lines 3~14).

Each mobile UE that wants to select a relay will execute
Algorithm 5, where it initializes the candidate relay set Um
to empty to prepare for recording its own candidates and
sends D2D relay selection declaration to the MBS when it
feels that its communication performance is declining (see
lines 1~4), and then, it selects the appropriate UE from its
neighboring area to act as a relay (see lines 5~18).

5.4. Resource Allocation Algorithm Based on Potential Game
for D2D Links. When out-band D2D communication is
adopted, DL is the set of out-band D2D links while DR is
the set of out-band D2D relays. Since the out-band D2D

Running on the MBS
Input: min, max
Output: fq1,⋯, qn,⋯, qNg
1: Let n be equal to 1, compute En, and set qn =max
Repeat
2: n = n + 1
3: Decrease qn
4: Compute En
5: IfEn > μE1then
6: Ifqn >minthen
7: Go to 3
8: Else go to 2
9: End if
10: Else go to 2
11: End if
Untiln =N
12: Return

Algorithm 3: The decreasing-search-one-by-one.
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frequency band is shared by all the members of the set DL,
any out-band D2D link r⟶m will receive the interferences
coming from the other out-band D2D links of the set DL,
which can be formulated as

ID2Dm,r = 〠
k⟶j∈DL\r⟶m

prj,k⟶m,r: ð28Þ

The SINR of out-band D2D link r⟶m is given by

γD2Dm,r = prm,r
ID2Dm,r +HN0

, ð29Þ

where H is the mmWave WiFi bandwidth shared by all the
out-band D2D links. Then, the throughput rD2Dm,r and energy
efficiency eD2Dm,r of out-band D2D link r⟶m can be given
by

rD2Dm,r =H log2 1 + γD2Dm,r
� 	

,

eD2Dm,r = rD2Dm,r
ptm,r + PRF

:
ð30Þ

For mobile UE m with out-band D2D relay UE r in AP k
coverage, in order to improve the energy efficiency of out-
band D2D link r⟶m, we formulate each out-band D2D

Running on the MBS
Input: τ
Output: DL,DR
1: Initialize the D2D link set DL to ∅
2: Initialize the D2D relay set DR to ∅
3: If no more than half of the interval τ has elapsed then
4: If receive D2D relay selection declaration from any UE mthen
5: Send D2D relay selection confirmation to this UE m
6: End if
7: If receive any D2D link (e.g., r⟶m) then
8: Add r⟶m to DL
9: Add r to DR
10: End if
11: Go to 3
12: Else
13: Return
14: End if

Algorithm 4: D2D relay selection coordination algorithm.

Running on any UE (e.g., m)
Input: null
Output: null
1: If feel degraded communication performance then
2: Initialize the candidate relay set Um to ∅
3: Send D2D relay selection declaration to the MBS
4: End if
5: If receive D2D relay selection confirmation then
6: Broadcast D2D relay request
7: Set the timer with the interval Δ
8: If receive D2D relay selection response from any UE rthen
9: Ifdr,m < dththen
10: Add r to Um
11: End if
12: End if
13: If the timer does not time out then go to 8 End if
14: For each r ∈Umdo compute φr,k,m‘End for
15: Select the three relays with the smallest φr,k,m‘ values in turn
16: Select the relay (e.g., r) closest to UE m’s original location (xm‘ , ym‘ ) from the three relays
17: Send D2D link r⟶m to the MBS
18: End if
19: Go to 1

Algorithm 5: D2D relay selection algorithm.
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link’s transmission power adjustment problem as P2:

P2 : max
P u

eD2Dm,r

s:t:
C8 : p

t
m,r ∈P

t ,∀m,∃r

C9 : r
D2D
m,r ≥ rrelayr,k ,∀m,∃r, k,

ð31Þ

where constraint C8 provides a set of the available transmis-
sion power levels for each relay, where P t = fpt1 < pt2<⋯<
ptCtg and Ct is the cardinality of the set P t ; constraint C9
is aimed at guaranteeing that any relay UE’s out-band
D2D link throughput is not less than its cellular mmWave
relay throughput.

According to the BFT mechanism, we know that the
relay UE r reusing the beam of mobile UE m cannot achieve

higher performance. Therefore, rm‘,k must be more than rrelayr,k
, where rm‘,k is the performance of mobile UE m at its orig-
inal location ðxm‘ , ym‘Þ. Since rm‘,k has been obtained by for-
mula (14) during the execution of Algorithm 2, we can
change constraint C9 to “rD2Dm,r ≥ rm‘,k” to reduce the
computation.

The optimization problem P2 is the combinatorial and
nonconvex problem. The combinatorial property comes
from constraint C8, while the nonconvexity is generated by
the optimization objective and constraint C9. Although P2
can be solved by adopting an exhaustive search approach,
we will model it as a potential game, where it only gets an
approximate optimal solution but adapts to the larger num-
ber of out-band D2D mmWave links.

In the potential game model for approximately solving
the optimization problem P2, each D2D relay UE com-
petes with each other for the expected transmission power
to optimize its D2D link energy efficiency. Since each D2D
relay UE r acts selfishly and is aimed at obtaining as much
individual profit as possible, it is a player in the game pro-
cess. Thus, we formulate the following utility function for
its decision:

μm,r = φ eD2Dm,r + eaΦ rD2Dm,r , r
relay
r,k

� �� �

+ 1 − φð Þ 〠
r∈DR

eD2Dm,r
DRj j + eb 〠

r∈DR

Φ rD2Dm,r , r
relay
r,k

� � !
,
ð32Þ

where ea and eb are the nonnegative penalty scalar in
“bps/Watt.” Φða, bÞ is the penalty function described in
[19, 37], which meets that Φða, bÞ = −1 if a < b; otherwise,
Φða, bÞ = 0; φ is a weight coefficient and means the ratio
of the actual individual earnings of player r to its utility
value, which is more than 0 and less than 1.

The first term in (32) denotes the part of the total utility
of the player r’s energy efficiency of out-band D2D link,
where the first term in parentheses is the player r’s energy
efficiency of out-band D2D link, while the second term in
parentheses is the player r’s relaying constraint, which
means that the player r will be punished if it chooses the
game strategy that does not follow constraint C9.

The second term in (32) denotes the part of the total util-
ity from all the out-band D2D links’ average energy effi-
ciency, where the first term in parentheses is all the out-
band D2D links’ average energy efficiency, while the second
term in parentheses is all the relay UEs’ relaying constraints,
which means that any relay UE r will be punished if it
chooses the game strategy that does not follow constraint
C9. According to the theory in [38], we have the following.

Definition 1. Game G = ½K ,Y ,U � is an Ordinal Potential
Game (OPG), if ∀k ∈K , ∀Yk, Yk′ ∈Y , there exists a poten-
tial function O : Y ⟶ R such that

Uk Yk, Y−kð Þ −Uk Y ‘k, Y−kð Þ > 0⟺O Yk, Y−kð Þ −O Y ‘k, Y−kð Þ > 0:
ð33Þ

The player r’s game strategy is represented by Yr ∈P
t ,

while a game strategy profile of all the players in the set DR
except for r is represented by Y−r ∈

Q
r‘∈DR\rYr‘. When a

game strategy of any player r,Yr ∈P
t and an alternative

game strategy Y ‘r ∈P
t are given, and the game strategies

of other players remain unchanged, we have

μm,r Yr , Y−rð Þ − μm,r Y ‘r , Y−rð Þ < 0⟺ 〠
r∈DR

μm,r Yr , Y−rð Þ

− 〠
r∈DR

μm,r Y ‘r , Y−rð Þ < 0

ð34Þ

or μm,r Yr , Y−rð Þ − μm,r Y ‘r , Y−rð Þ ≥ 0⟺ 〠
r∈DR

μm,r Yr , Y−rð Þ

− 〠
r∈DR

μm,r Y ‘r , Y−rð Þ ≥ 0:

ð35Þ
According to Definition 1, the formulated game model is

the potential game with the potential function ∑r∈DR
μm,r . If

there is not the constraint C9, each Nash equilibrium (NE)
of the formulated game model can be considered a subopti-
mal solution. However, due to constraint C9, it is uncertain
whether the constraint is satisfied by each NE. Therefore, it
is necessary to discuss the existence of feasible NE in the for-
mulated game model.

If ea >max
r∈DR

em,r and eb >max ∑r∈DR
em,r/jDRj, there are

some feasible game strategies for each player that meets
the constraints C8 and C9; the problem of optimizing μm,r
and the problem (31) have the same suboptimal solution.
Based on these conditions, any player’s game strategy that
does not follow constraint C9 will make μm,r be smaller than
0, which means that the game strategy profiles violating con-
straint C9 will not improve μm,r . We propose Algorithm 6 to
solve the optimization problem P2.

Algorithm 6 is executed jointly by the MBS and all the
relay UEs. In the operations performed by the MBS, the exec-
utor firstly checks to see if the members in the D2D relay set
DR has been updated. If yes, it will perform operations of lines
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2~20; otherwise, those of lines 21~23 are executed. The pur-
pose of lines 2 to 20 is to update the policy

Q
r∈DR

Yr consisting

of the powers of all the relay UEs, where the set DD is initial-
ized to an empty set to record the relay UEs that have finished
the adjustment of their transmission powers and the variable ϰ
is initialized to 0 to record the number of relay UEs that have
reported their desired transmission powers during this round
of power adjustment process (see lines 3~4).

The variable ϰ accumulates regardless of whether each
relay UE’s power value received by the MBS is changed

(see lines 7 and 10). However, the MBS only adds the
relay UEs reporting old power values to the set DD (see
line 11) while it updates

Q
r∈DR

Yr by using each new

power value (see line 8). After receiving the power values
from all the relay UEs (i.e. ϰ is equal to jDRj, see line
13), the MBS broadcasts the packet including “end” to
all the relay UEs if each relay UE no longer changes its
power (see line 14); otherwise, it starts the update of relay
UEs’ powers again after broadcasting

Q
r∈DR

Yr to all the

relay UEs (see lines 17~20).

Run at the MBS
Input: DR
Output:

Q
r∈DR

Yr

1: IfDR is updated then
2: Broadcast “power adjustment” packet to all the relay UEs in DR
3: Initialize the set DD to ∅ (i.e., an empty set)
4: Initialize ϰ to 0
5: Repeat
6: If receive the new power Yr from any relay UE r in DRthen
7: ϰ⟵ ϰ + 1
8: Update ðYr , Y−rÞ =

Q
r∈DR

Yr

9: Else if receive the old power Y ‘rthen
10: ϰ⟵ ϰ + 1
11: DD ⟵DD ∪ frg
12: End if
13: Untilϰ == jDRj
14: IfDD ==DRthen
15: Broadcast the packet including “end” to all the relay UEs
16: Return
17: Else
18: Broadcast ðYr , Y−rÞ to all the relay UEs
19: Go to 5
20: End if
21: Else
22: Return
23: End if
Run at any relay UE (e.g., r ∈DR)
Input: P t

Output: ptm,r
1: If receive “power adjustment” packet from the MBS then
2: Initialize Y ‘r to minimum power in P t and report it to the MBS
3: If receive Y−r from the MBS then
4: μbm,r ⟵ μm,rðYr , Y−rÞ
5: Yr = argmaxY ‘‘r∈P tμm,rðY ‘‘r , Y−rÞ
6: μam,r ⟵ μm,rðYr , Y−rÞ
7: Ifμam,r > μbm,rthen
8: Report Yr to the MBS
9: Y ‘r ⟵ Yr and go to 3
10: Else
11: Report Y ‘r to the MBS
12: End if
13: End if
14: If receive “end” from the MBS then go to 1 else go to 3 end if
15: Else
16: Go to 1
17: End if

Algorithm 6: Resource allocation based on potential game for out-band D2D links.
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In the operations performed by each relay UE, if the exec-
utor receives “power adjustment” packet from the MBS, it will
perform operations of lines 2~14; otherwise, those of lines
15~17 are executed. The purpose of lines 2 to 14 is to readjust
the executor’s power, where Y ‘r is initialized to minimum
power in P t and reported to the MBS. After receiving the
updated power values from other relay UEs from the MBS
(see line 3), each relay UE firstly calculates the utility value
by using the current power (see line 4), and then, it solves
the optimal utility in this round (see lines 5~6).

When the utility value can be increased, the updated
power will be reported to the MBS and then the relay UE
waits for feedback from the MBS to start the next round of
power update (see lines 7~9); otherwise, it checks to see if
it receives “end” from the MBS after reporting its old power
value to the MBS (see line 11). If receiving “end” from the
MBS, it will go to line 1 (see line 14), where it starts the next
round of power updates after receiving the “power adjust-
ment” packet from the MBS. Otherwise, it will go to line 3
(see line 14), where it will continue to update its power value
in this round after receiving Y−r from the MBS.

6. Performance Evaluation

6.1. Simulation Parameter Settings. We adopt a simulation
environment similar to that in [13], which is a circular plane
with the MBS as the center and a radius of 300 meters. In

this simulation area, all the UEs are randomly distributed
in the ring-shaped area with a radius ranging from 100m
to 300m centered on the MBS, all the SBSs are evenly
deployed in a circular ring with a radius of 200m centered
at the MBS, and all the APs are evenly deployed in a set of
circular rings with the radius of 60m centered at each SBS.
For simplicity without loss of generality, we only consider
one MBS, four SBSs, and sixteen APs.

To simulate the mobility of the simulation environment,
we divide the simulation time into a set of time slices with
equal length. At the beginning of each time slice, each UE
makes the decision whether to move with the probability
Pmov. If an UE gets the decision to move, it will choose a
value at random from −Lmov to Lmov to change its x-axis
and y-axis coordinates, respectively. The interval between
the two consecutive BFT processes is not less than one time
slice. Unless otherwise specified, the simulation parameters
are listed in Table 1, most of which refer to the values of sim-
ulation parameters in [7, 13].

The schemes in [7, 13] are most similar to ours, but
the scheme in [7] only adopts two steps for the BFT
process when it is applied to the simulation environment.
For ease of referring to these schemes, we refer to the
scheme in [7] as a two-step BFT throughput optimized
radio resource allocation scheme (2BFT-THO) and the
scheme in [13] as a three-step BFT throughput optimized
radio resource allocation scheme based on priority policy

Table 1: The simulation parameters.

Symbol Description Value

pmax
j Maximum transmission power for UE 23 dBm

pmax
k Maximum transmission power for AP 30 dBm

pmax
i Maximum transmission power for SBS and MBS 43 dBm

f c Carrier frequency 60GHz

B Bandwidth 1GHz

PH Maximum number of paths 3

Γ Reflection coefficient 0.3

θmin Minimum beamwidth 10°

θmax Maximum beamwidth 30°

∂ The side lobe gain 0.01

nbeam The number of beams for each node 12

N0 Channel noise power spectrum density −174 dBm/Hz

Gt Transmitting antenna gain 1

Gr Receiving antenna gain 1

ht Transmitting antenna height for UEs 1m

hr Receiving antenna height 1m

λ Carrier signal wavelength in traditional frequency band 0.1224m

L System loss factor for charging channel 1m

Pmov The UE moving probability 0.5

Lmov The maximum change in coordinates 10m

J The number of UEs 500
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in terms of energy efficiency (3BFT-TPP). Also, for con-
venience, we refer to the scheme in this paper as a
three-step BFT radio resource allocation scheme based
on priority policy in terms of energy efficiency, which
is aimed at maximizing the number of concurrent access
links (3BFT-MAL).

6.2. Simulation Results and Analysis. We conduce a total of
five groups of simulation experiments. In the first group of
simulation experiments, we set the decreasing step size for
power and beam width to 1% and the interval between exe-
cution of BFT to four time slices. Based on these settings of
parameters, we compare the performance of 3BFT-MAL in
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Figure 2: The performance variation of the three schemes with the number of UEs in a given area: (a) average energy efficiency per link; (b)
average throughput per link.
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this paper with those of 3BFT-TPP and 2BFT-THO by
changing the number of UEs in a given area.

From Figures 2(a) and 2(b), we can observe that, as the
number of UEs increases, the average energy efficiency and
throughput per link of the three schemes slightly increase.
This is because when the number of concurrent connections

provided by each AP is fixed, the more number of UEs
makes the BFT procedure have more chance to get better
concurrent connections. Since the scheme in this paper can
suppress the significant decrease in beam performance due
to terminal movement by selecting D2D relay in the interval
between the two consecutive BFT processes, it is significantly
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Figure 3: The performance variation of the three schemes with the decreasing step size for power and beam width: (a) average energy
efficiency per link; (b) average throughput per link.
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better than that of 3BFT-TPP in terms of the two perfor-
mance metrics. Meanwhile, considering the fact that 3BFT-
TPP prioritizes radio access link selection based on link
energy efficiency, we can observe that 3BFT-TPP is also
superior to 2BFT-THO in these two performance metrics.

In the second group of simulation experiments, we set the
interval between execution of BFT to four time slices. Based on
these settings of parameters, we compare the performance of

3BFT-MAL in this paper with those of 3BFT-TPP and
2BFT-THO by changing the decreasing step size for power
and beam width. From Figures 3(a) and 3(b), we can see that
the change in step size has a slight influence on the average
energy efficiency and throughput per link of the three
schemes, especially when the step size is large. This phenome-
non is mainly attributed to the fact that the accuracy of net-
work parameter adjustment decreases with the larger step size.
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Figure 4: The performance variation of the three schemes with ambient noise: (a) average energy efficiency per link; (b) average throughput
per link.
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In addition, from Figure 3(b), we see that the curve of
2BFT-THO has a turning point when the decreasing step
size is 6%. This is because, when the decreasing step size
is larger, the probability of poor performance of the con-
vergence point increases. But that does not mean that it
is bound to get worse. Under 2BFT-THO with the step

size 6%, this case occurs, which is a manifestation of
randomness.

In the third group of simulation experiments, we set the
decreasing step size for power and beam width to 1% and the
interval between execution of BFT to four time slices. Based
on these settings of parameters, we compare the
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Figure 5: The performance variation of the three schemes with the probability that each UE moves its position: (a) average energy efficiency
per link; (b) average throughput per link.
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performance of 3BFT-MAL in this paper with those of
3BFT-TPP and 2BFT-THO under the different values of
ambient noise power density. From Figures 4(a) and 4(b),
we can see that the average energy efficiency and throughput
per link decrease as ambient noise power density increases.
The main reason is that, when the transmission power is

fixed, very low ambient noise power density will produce
very high SNR, and thus, there is a significant throughput
improvement according to the Shannon theorem.

In the fourth group of simulation experiments, we set the
decreasing step size for power and beam width to 1% and the
interval between execution of BFT to four time slices. Based
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Figure 6: The performance variation of the three schemes with the interval between execution of BFT: (a) average energy efficiency per link;
(b) average throughput per link.
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on these settings of parameters, we compare the perfor-
mance of 3BFT-MAL in this paper with those of 3BFT-
TPP and 2BFT-THO under the different probability that
each UE moves its position. From Figures 5(a) and 5(b),
we can observe that the change in the probability that each
UE moves its position has a certain effect on the average
energy efficiency and throughput per link. Also, we observe
that there has a slight effect on the average energy efficiency
and throughput per link when the probability that each UE
moves its position is small.

In the fifth group of simulation experiments, we set the
decreasing step size for power and beam width to 1%. Based
on these settings of parameters, we compare the perfor-
mance of 3BFT-MAL in this paper with those of 3BFT-
TPP and 2BFT-THO under the different interval between
executions of BFT. From Figures 6(a) and 6(b), we can
observe that the change in the interval between execution
of BFT has a significant effect on the average energy effi-
ciency and throughput per link, where the two performance
metrics of the three schemes decrease significantly with the
increase of the interval value. The main reason is that the
longer time interval between two consecutive BFT processes
will lead to a larger deviation of beam performance from the
optimal value due to terminal movement.

7. Conclusion

In this paper, we proposed the radio resource allocation
under the network energy efficiency constraint and the con-
text of frequent mobile terminals, which is aimed at maxi-
mizing the number of concurrent connections. Firstly, we
adopted the strategy in [13] to solve the basic resource allo-
cation problem in dense mmWave cellular networks. Then,
we proposed a relay selection method to select a set of
appropriate D2D relays to take over the terminals whose
performance deteriorates due to movement. Finally, based
on the D2D relay selection results, we designed the resource
allocation algorithm based on potential game theory to solve
the resource allocation problem among D2D relay links.
When the terminals move frequently, compared with the
scheme in [13] and the scheme in [7], the scheme in this
paper achieves better performance values in terms of average
energy efficiency and throughput per link.
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