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Abstract

Device-to-device (D2D) communications underlaid massive multiple-input multiple-output (MIMO) systems
have been recognized as a promising candidate technology to achieve the challenging fifth-generation (5G)
network requirements. This integration enhances network throughput, improves spectral efficiency, and
offloads the traffic load of base stations. However, the co/cross-tier interferences between cellular and D2D
communications caused by resource sharing is a significant challenge, especially when dense D2D users exist
in an underlay mode. In this paper, we jointly optimize the channel assignment and power allocation to
maximize the sum data rate while maintaining the interference constraints of cellular links. Due to the lack
of network-wide information in large scale networks, resource management and interference coordination
is hard to be implemented in a centralized way. Therefore, we propose a three-stage stable and distributed
resource allocation and interference management scheme based on local information and requires little
coordination and communication between devices. We model the channel allocation optimization problem
in the first stage as a many-to-one matching game. In the second stage, the algorithm adopts a cost charging
policy to solve each user’s power control problem as a non-cooperative game. In the third stage, the algorithm
search for swap blocking pairs until stable matching exist. It is shown in this paper that the proposed
algorithm converges to a stable matching and terminates after finite iterations. Simulation results show that
the proposed algorithm can achieve more than 86% of the average transmission rate performance of the
optimal matching with lower complexity.
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1. Introduction
The explosive increase in demand for mobile broadband
services and the desire to support a broad range of
Internet of Things (IoT) applications needing faster,
reliable and higher capacity networks drive the wireless
industry to develop a new fifth-generation (5G) network
architecture [1, 7]. Future cellular networks can support
1000 times higher mobile data volume and 5 times
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lower end-to-end latency to provide a seamless user
experience [2, 3]. With such challenging requirements,
the availability of limited network bandwidth is the
main challenge behind 5G cellular networks. The
emerging cellular network requires efficient resource
allocation schemes that optimize spectrum utilization
and meet throughput requirements.

Addressing all the 5G goals simultaneously can
result a considerable design challenges. In previous
generation of cellular networks, the network-centric
design was introduced, based on the design premise
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of having complete control at the infrastructure side.
However, this assumption is not tenable anymore
in the age of data. The main current trends are
content and interest sharing (online gaming and social
networks), where nearby users interact more. Hence,
it is important to consider proximity awareness as a
design parameter [4, 5]. To this end, one of the broad
visions of the 5G network is its emphasis on device-
centric solutions and the need for more intelligent
devices. Users terminals are no longer the logical-end of
the cellular network but participate in storage, content
delivery, and computation within the network [4].
Among the emerging 5G solutions, massive multiple-
input multiple-output (MIMO) and device-to-device
(D2D) communication are promising technologies that
provide an insight into tackling these challenges.

Massive MIMO is a breakthrough technology identi-
fied for 5G cellular network because of its capability to
simultaneously serve multiple user equipment on the
same radio channel [8, 9, 12–15]. The distinct character-
istic of massive MIMO is that the number of antennas
deployed at the BS is much larger than the number of
users served simultaneously on a single resource block.
This allows for substantial link reliability and data
rate improvements due to increased multiplexing and
spatial diversity gain. The massive number of antennas
at the BS can provide a favourable propagation environ-
ment, where the channel vectors between the users and
the BS are pair-wisely orthogonal. Thus, simple linear
signal processing techniques are nearly optimal, i.e.,
linear precoding in the downlink and linear decoding
in the uplink.

On the other hand, the emerging cellular networks
are expected to be more congested due to the
exponential growth of mobile devices and advent of
new data intensive applications, which may increases
network delay and may hamper connectivity to the
network. To mitigate this burden, an effective way is to
enable direct device-to-device (D2D) communications
between proximate end users, so that the spectrum
efficiency can be significantly improved. The D2D
communication enables the nearby User Equipment
(UE) to establish direct communication links without
routing their traffic through the cellular BS [10,
11]. It is a promising paradigm to substantially
enhance spectral efficiency and reduce communication
latency by offloading local traffics from the core
network. Its successful implementation will enable the
establishment of disruptive new mobile services that
can transform industries such as health, education, and
advertising. Some critical benefits of D2D connectivity
in the cellular network are briefly summarized below.

Ultra-low latency. Due to the short range and direct
signal path, the D2D user equipment can enjoy a high
data rate and low communication latency.

Traffic offloading. Using D2D communication in cellular
networks brings significant performance merit in data
traffic offloading [30, 31]. Swapping from a cellular
path to a direct path offloads cellular traffic, relieving
congestion and thus benefitting other non-D2D users.

Coverage extension. In D2D enabled cellular network, a
device can access the cellular network with the help of
one or more devices that act as relays. This can provide
network service to devices with poor or no network
coverage - such as in an indoor environment, at the cell
edge, or in the case of failure of BS [31].

Content sharing/dissemination. The D2D user equipment
can use direct links to share information with higher
data rates and lower energy consumption [5, 30].

Data and computation offloading. In this case, a device
with good connectivity to the BS can act as a hotspot
to which data is cached, and other devices can get
data from the hotspot using the D2D link. User
equipment with poor processing capacity can also
offload computationally intensive tasks to the nearby,
more resourceful user equipment using D2D links [33].

Commercial services. D2D-enabled cellular network can
enable operators to provide service with better quality
to the subscribers and attract new and retain an
existing customers. Operators can also leverage D2D
connectivity to offer a range of services that rely on
proximity, including social networking, advertising,
gaming, relaying traffic for IoT devices and Vehicle-to-
vehicle connectivity.

Public safety services. Identified for public safety
service, D2D communications as an underlay to
cellular networks have emerged as one of the most
innovative technologies in 3GPP Release 12 [34].
In addition to the conventional requirements of
low communication latency, high data rates and
reliability, D2D connectivity must further support
urgent communications when natural disasters or
malicious attacks paralyze some or all network
infrastructures.

Although D2D communication provides many
advantages in expanding communication capacities,
its merits would not be fully used if the associated
resource allocation problems are not well investigated.
One of the most critical challenges is the co/cross-
tier interferences between cellular and D2D
communications sharing the same spectrum, mainly
when dense D2D users are supported. Specifically, to
grasp the potential benefits of D2D communication,
the research community has to carefully determine
which channel should be assigned for each D2D
communication link and how much transmission
power should be allocated for each link. To tackle
these issues, in this paper, we proposed a joint channel
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assignment and transmission power control for D2D-
assisted massive MIMO system.

1.1. Motivation
As a single technology cannot achieve the diverse
set of 5G requirements, it is essential to investigate
the effect of integrating multiple technologies in one
system. Early work on D2D communications has
focused on single antenna systems. However, moving
towards multi-antenna systems is unavoidable, due to
the huge diversity and multiplexing gain of massive
MIMO system. The potential benefits of these different
technologies are known individually, but the challenges
and benefits from their coexistence require further
study. When D2D is underlaid in massive MIMO
cellular networks, it would result in a complicated
interference management problem due to the following
two key factors:

• Different from the traditional BS, massive MIMO
BS allows vast cellular transmissions over shared
channels, increasing cellular-to-D2D interference
much higher.

• The D2D users are also expected to be dense
enough to offload the cellular traffic efficiently.
Therefore, the D2D-to-cellular and D2D-to-D2D
interference will be more severe than before.

Currently, interference management and resource opti-
mization for D2D underlaid massive MIMO networks
remain an open problem. Previous resource allocation
schemes proposed for D2D underlaid massive MIMO
systems are unlikely to jointly optimize the channel
assignment and power control to alleviate interference.
As opposed to previous work, this paper proposes a
stable and distributed joint channel assignment and
power control scheme employing the concept of match-
ing game theory to:

• Mitigate interference and maximize throughput
gains of these different solutions when they
coexist and share network resources.

• Study effect of the additional degrees of freedom
resulting from the massive antennas BS on
the throughput when D2D communications are
integrated with massive MIMO systems.

1.2. Contribution
In this work, our objective is to optimize the
average sum rate for D2D underlaid massive MIMO
cellular network while protecting the cellular users.
In order to practicability and network scalability, we
propose a three-stage stable and distributed resource
optimization scheme in which D2D users and BS can
interact and make resource allocation decisions based

on locally available information. Different from the
existing works, this paper addresses the following
challenges specified to D2D-enabled massive MIMO
system:

• First, we formulate the joint resource allocation
optimization problem to optimize the average
sum rate, which takes account of the interference
constraints for cellular communications as a non-
linear optimization problem which is NP-hard.

• Second, to have a distributed and stable solution,
we decompose the original problem into three cas-
caded subproblems: channel assignment, power
control, and swapping, and then, we proposed
a three-stage distributed algorithm. In the first
stage, we model the channel allocation optimiza-
tion problem as a many-to-one pairing game.
Each D2D pairs proposes its preferred channel
according to its utility value, and the BS accept
the most preferred request. In the second stage,
we model the power allocation optimization prob-
lem as a non-cooperative game. Each D2D pair
optimizes its utility value according to its com-
munication channel gain and interference chan-
nel gain to limit the D2D-to-cellular interference.
Finally, in the third stage, the algorithm con-
siders the peer-effect, resulting from the mutual
interference among D2D pairs sharing the same
resource and searching for blocking pairs until
stable matching is established. The proposed algo-
rithm can be implemented via distributed deci-
sion at each device based on locally available
information. To the best of our knowledge, no one
had presented a distributed matching game-based
joint channel-power allocation optimization to
enhance throughput when D2D underlaid in a
massive MIMO system. In addition, we prove the
stability of the proposed matching-based resource
optimization algorithm.

• Finally, through extensive simulations, we charac-
terized the throughput performance of our algo-
rithm. Simulations results show that the proposed
algorithm with limited complexity is efficient,
and the throughput loss compared to the optimal
method is small.

1.3. Main Assumptions Considered
• Each cellular channel is shared by multiple

cellular users (CUs) and D2D pairs, and only one
resource block is assigned to each D2D pair at a
time.

• Each D2D pairs and cellular users transmit
simultaneously, and their mode of communication
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(i.e., D2D mode or cellular mode) has already
been determined.

• Perfect channel state information (CSI) at the
transceiver: Since the aim of the work is to
analyze, investigate and propose distributed joint
channel assignment and power control scheme
to manage interference and enhance throughput
in D2D enabled massive MIMO communication,
perfect channel state information is assumed at
the transceiver for simplicity.

2. RELATED WORK
The main challenge regarding integrating D2D in a
cellular network is to deal with co-channel interference
between D2D and cellular users caused by spectrum
sharing. Extensive research efforts have been spent
on solving the problem through efficient interference
management, power control, resource allocation [16–
30, 35–41, 41, 43–45]. Because of their promising
potential to attain challenging 5G requirements, the co-
existence of D2D and massive MIMO has gotten wide
research attention in the last few years. The benefits
and challenges when massive MIMO and D2D co-exist
have been studied in uplink [17–22] and downlink
transmissions [16, 23–30, 35, 36]. The authors in [17]
proposed a scheme to optimize the channel assignment,
power control and precoding for D2D underlaid
massive MIMO network to maximize the sum rate of
both cellular and D2D users. However, only one cellular
and D2D users were allowed to share each cellular
channel, which can limit the multiplexing gain of the
system. Enabling multiple cellular users and D2D pairs
to share the same channel can enhance the spectrum
efficiency of the massive MIMO system. The authors in
[18] employed partial zero-forcing at the receivers to
deal with cellular and D2D spectral efficiencies tradeoff
under perfect and imperfect channel state information
(CSI). The authors state that under perfect CSI, zero-
forcing at the receivers can completely overcome
the loss in cellular spectral efficiency due to D2D
underlay. However, this paper does not consider any
resource management scheme to alleviate interference.
In [19], the authors have proposed a power control
and pilot allocation scheme for D2D enabled multi-cell
massive MIMO system to optimize spectral efficiency.
The wok provided a detailed analysis for the joint
optimization of the data and pilot transmission power.
The authors have proposed a successive approximation-
based algorithm to solve the resulting data and pilot
transmission power problem. In [20], the authors have
proposed a user’s position based D2D mode selection
scheme to reduce pilot contamination problems and
optimize system SE when D2D is underlaid in a massive
MIMO system. In [21], the authors have proposed an

open-loop based transmission power control solution
to alleviate the cellular-to-D2D and D2D-to-cellular
interference. An analytical approach is used for the
proposed power control paradigm to evaluate spectral
and energy efficiency.

The authors in [16, 23–25, 35] have studied the
achievable data rate, and energy efficiency tradeoff for
D2D enabled downlink massive MIMO system employ-
ing a stochastic geometry-based analytical framework.
However, these works didn’t consider any resource
allocation scheme for interference management and
showed that the density of D2D users limits the benefits
of the coexistence of D2D and massive MIMO.

In [16], the authors have investigated the average
sum rate and energy efficiency tradeoffs when D2D and
massive MIMO communications coexist. The authors
derived exact analytical expressions for the average
sum rate and energy efficiency. They stated that the
coexistence of underlay D2D communications and
massive MIMO is mainly beneficial in low D2D user
density. The work in [23] investigated the optimum
number of cellular users that could be switched
from cellular mode to D2D mode to maximize the
total system throughput. The authors pointed out
that there is an optimal number of users switched
to D2D mode to maximize the total capacity, which
strongly depends on the network parameters such as
the number of BS antennas, D2D link distance and
the transmission power of the BS, cellular and D2D
users. The authors in [25] presented an analytical
framework based on stochastic geometry for D2D
underlaid a multi-cell massive MIMO communication
system. Utilizing a linear precoding scheme for cellular
downlink transmission, the impact of RF mismatches
and the achievable cellular rate are analytically derived.
However, these works didn’t consider any resource
allocation strategy for interference control and revealed
that the density of D2D users limits the benefits of the
coexistence of D2D and massive MIMO.

The work in [24] considered a scenario when a
massive MIMO system underlaid with multi-antenna
D2D users. They employed beamforming techniques
at a D2D transmitter and massive MIMO antenna BS
to reduce D2D-to-cellular and cellular-to-D2D inter-
ference. The authors in [26] proposed a reinforcement
learning-based rate adaptation algorithm for D2D com-
munications underlaid downlink massive MIMO net-
works. They derived the asymptotic SINR for both
cellular and D2D links. They showed that Gaussian ran-
dom variables could approximate the interfering chan-
nel distributions. The work in [27] developed a heuristic
pilot optimization and pilot allocation strategy to opti-
mize SE and EE when D2D and massive MIMO exists.
They stated that the pilot allocation with an optimal
pilot length could significantly improve energy and
spectral efficiency compared with the entirely reused
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Table 1. Abbreviation definition

Abbreviation Definition
D2D Device to device
CU Cellular user
CINR Channel to interference plus noise ration
BS Base station
RB Resource blocks
MIMO Multiple input multiple output
SE Spectrum efficiency
EE Energy efficiency
5G Fifth generation
V2V Vehicle to vehicle
IoT Internet of things
ASR Average sum rate
CSI Channel state information
ZF Zero forcing
UL Uplink
DL Downlink
MRT Maximum ratio transmission
CUE Cellular user equipments
QoS Quality of service
D2DUE D2D user equipments

or orthogonal pilot scheduling strategy. The authors in
[35] investigated D2D enabled user cooperation in fre-
quency division duplexing massive MIMO system using
cascaded precoding techniques to reduce the channel
estimation overhead. The authors in [36] proposed BS
precoding and D2D power allocation techniques for
downlink D2D enabled single-cell massive MIMO net-
work to enhance the achievable data rates of D2D pairs.

Most of the existing resource optimization and inter-
ference management schemes proposed for the D2D-
underlaid massive MIMO system lack a distributed
joint channel assignment and power control approach
to manage both co/cross-tier interferences. A consid-
erable number of the works on D2D communication
have concentrated on conventional single antenna BSs
that consider various channel assignment and power
control strategies to handle interference and optimize
network performance [39–45]. However, due to massive
MIMO’s vast diversity and multiplexing gains, moving
toward a multi-antenna BS is expected and the focus of
recent research activities. Moreover, as both D2D and
massive MIMO permit multiple transmissions over the
shared channel, the mutual interference between cellu-
lar and D2D communications becomes severe. Without
effective resource coordination and interference man-
agement, spectrum efficiency can degrade. Therefore,
it is non-trivial to design efficient channel allocation
and power control strategies to maintain substantial
performance gains when D2D and massive MIMO exist
in the emerging cellular network. To the best of our
knowledge, algorithms for efficient distributed channel

assignment and non-binary power allocation for D2D
underlying massive MIMO systems have not been dis-
cussed before, and this work is intended to fill that gap.
This work consider single cell scenario without con-
sidering impact of user mobility and inter-cell interfer-
ence. In Table 2 we provide brief comparison between
existing works and ours.

The remaining of this paper is organized as follows.
Section 3 presents the proposed heterogeneous multi
layer system model for D2D underlaid massive MIMO
enabled network and formulates the transmission
rate optimization problem. Section 4 evaluates the
proposed distributed resource optimization algorithm.
Numerical evaluations are provided in Section 5 and
conclusion is drawn in Section 6.

3. System Model and Problem Definition
Throughout the paper, the following notations are used.
Matrices are represented by boldface capital letters;
vectors by boldface lower case letters. The superscripts
()H stand for conjugate transpose. hi,j stands for entry in
the ith row and jth column of the matrix. The notations
are summarized in Table 3.

3.1. System Model
We consider the massive MIMO system with Device-
to-Device (D2D) communications depicted in figure 1,
where the BS is equipped with M antennas serving
K single antenna cellular user equipments (CUE)
distributed uniformly within the coverage. The set of
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Table 2. Comparison between existed works and ours

Solution approach
Power Channel

Reference Goals UL DL control assignment Proposed techniques Limitation
[18, 22] >Study SE under perfect ✓ x x x Stochastic geometry Studied EE & SE

and imperfect CSI for based analytical trade-off without
D2D+massive MIMO system derivation considering

[16, 23–25] >Study SE and EE tradeoff x ✓ x x co/cross-tier
employing linear precoding interferences
schemes for D2D+massive
MIMO system

[19] >Optimize the minimum ✓ x ✓ x Joint power control Their proposed scheme
SE. and pilot allocation lacks distributed

[20] >Mitigate mutual ✓ x ✓ x Inverse power control channel allocations
interference and enhance approach
SE and EE

[26] >Propose learning based x ✓ ✓ x Reinforcement Their proposed approach
rate adaptation scheme to Learning considered the case
maximize packet delivery where D2D user reuse
probability DL resource which are

more loaded than UL
[27] >Study pilot length x ✓ x x Heuristic pilot Their proposed approach

optimization to improve EE optimization lacks a distributed
& SE for D2D+massive MIMO joint channel-power

[35] >Study D2D user x ✓ x x D2D-enabled user allocations
cooperation to reduce channel cooperation
estimation overhead and
enhance transmission rate

[36] >Study BS precoding design x ✓ ✓ x BS Precoding Frequency assignment
and D2D power control and D2D power scenario is not
to improve D2D rate allocation scheme considered in their work

[Ours] >Propose distributed joint ✓ ✓ ✓ Matching game This work considers
channel assignment and based joint single cell scenario
power control policy to channel assignment , without inter-cell
maximize throughput and power control interference
while maintaining interference paradigms
constraint of CU

(x :Not considered, ✓: Considered )

cellular users is denoted by the set C = {c1, c2,....,
ci ,....,cK }. In addition to the cellular users, there are
other D = {d1, d2, ...dj ,...,d|D |} single-antenna D2D
user equipments (D2DUE) that bypass the BS and
communicate directly with each other. The cellular and
D2D users use the same set of orthogonal channels F =
{f1,...,fn, ...,f|F|}. Each resource fn ∈ F will serve K single
antenna cellular users and q ≤ |D | D2D pairs sharing
the same resource with cellular users. The set of D2D
pairs sharing the channel fn is denoted by Dfn ⊂ D and
Dfn ∩ Df

n
′ =∅ when n , n

′

To reuse the cellular channels, first, the D2DUE need
to send their requests to the BS. It is considered that at
any time each channel can be shared among K CUE and
q D2D pairs. Thus, BS assigns one channel to each D2D
pair request while guaranteeing quality of service (QoS)
requirements of cellular communication. Hence, a D2D
pairs will be assigned resources when the interference

caused to cellular network communications is under a
specific threshold.

Let H ∈ CMxK be the channel matrix between the
K cellular users and the BS antenna array, where the
ith column of H, denoted by hci , represents the Mx1
channel vector between the ith cellular user and the
BS. Let G ∈ CMxD represent the interference channel
matrix between the D2D pairs and BS, where jth column
of G, denoted by gdj

, represents an M x 1 channel

vector between jth D2D pair and the BS. pci and pdj
are the transmission power for ith cellular and jth

D2D users. Uplink transmission is the scenario where
the K users transmit signals to the BS. Let xci be
the signal transmitted from the ith cellular user on
resource block fn. Since K CUE users share the same
time-frequency resource, the Mx1 received signal vector
over channel block fn at the BS is the combination of
all signal transmitted from K cellular user plus the
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Table 3. Summary of notation

Notation Definition
F Set of channels
C Set. of cellular users
Dfn Group of D2D users sharing channel fn
M No. of BS antenna
H Channel matrix between cellular users and BS
G Channel matrix between D2D users and BS
hci Channel vector between ith cellular user and BS
gdj Channel vector between jth D2D user and BS

pdj Transmission power of jth D2D user

pci Transmission power of ith cellular user
Pdj Preference profile of D2D pair j
Pfn Preference profile of channel fn
y
fn
dj

Signal received at jth D2D receiver over resource block fn

µ() Matching function

y
fn
c Signal vector received at BS over resource block fn

q Maximum number of D2D pairs matched to same resource
K Number of cellular user

Figure 1. D2D underlaid massive MIMO communications system, where multiple D2D pairs share the cellular channel.

signal transmitted from the D2D pairs sharing the same
resource and can be given by:

yfn
c =

K∑
i=1

√
pci hcixci +

|D |∑
j=1

√
pdjγ

fn
dj

gdj
xdJ + n (1)
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yfn
c =
√

pcHxc +
√

pdγ
fn
dj

Gxd + n (2)

Where pc and pd are the transmission power vector of
cellular and D2D users.

H =



h11 h12 ... h1k
h21 h22 ... h2k
. . .
. . .
. . .

hM1 hM2 ... hMk


(3)

G =



g11 g12 ... g1|D |
g21 g22 ... g2|D |
. . .
. . .
. . .

gM1 gM2 ... gM |D |


(4)

γ
fn
dj

is channel allocation binary variable such that

γ
fn
dj

=

1, if D2D pair dj is assigned to channel fn
0, otherwise

The corresponding signal received at jth D2D pair
over cellular channel fn would be:

y
fn
dj

=
√
pdjgdjdjxdj +

|D |∑
j ′=1,j ′,j

√
pd

j
′ γ

fn
dj
gdjdj′

xd
j
′ +

K∑
i=1

√
pcihcidjxci + n (5)

The channel gain between jth D2D pair is gdjdj whereas
gdjdj′

is the gain between different D2D pairs sharing

the same cellular channel. hcidj is the channel gain

between ith cellular user and jth D2D receiver and n is
noise with zero-mean and unit variance. With linear up
link decoding schemes at the BS, the received signal yfn

c
is decomposed into k streams by multiplying it with an
M x K linear detection matrix, A:

ŷfn
c = AHyfn

c =
√

pcA
HHxc +

√
pdγ

fn
dj

AHGxd + AHn (6)

Each stream is then decoded independently. The ith

element of ŷfn
c which is used to decode xci is given by:

ŷ
′
ci = aHci yfn

c =
√
pci a

H
ci hcixci +

|D |∑
j=1

√
pdjγ

fn
dj

aHci gdj
xdj + aHci n

(7)
Where aci denotes the ith column of A. Hence, the
received signal-to-interference-plus-noise ratio (SINR)
of the ith element over channel fn is given by:

SINR
fn
ci =

pci |a
H
ci hci |

2∑|D |
j=1 pdjγ

fn
dj
|aHci gdj |2 + |aHci |2N0

(8)

With Zero-forcing (ZF) receiver the detection matrix
AH is the pseudo-inverse of the channel matrix H
i.e.(HHH)−1HH . The received SINR of jth D2D pair is:

SINR
fn
dj

=
pdj |gdjdj |

2∑|D |
j ′=1,j ′,j

pd
j
′ γ

fn
dj
|gd

j
′ dj |2 +

∑K
i=1 pci |hcidj |2 + N0

(9)
The transmission rate of the ith cellular user and jth

D2D pair over channel resource fn respectively can be
given by:

R
fn
ci = log2(1 + SINR

fn
ci ) (10)

R
fn
dj

= log2(1 + SINR
fn
dj

) (11)

Then the average sum rate (ASR) obtained from the
total data rate of both D2D and cellular users is given
by:

ASR =
∑
dj∈D

∑
ci∈C

(Rfn
ci + R

fn
dj

) (12)

3.2. Problem Definition
Here, we jointly optimize the channel assignment and
power control to maximize the average sum data
rate while guaranteeing the interference requirements
of CUEs. Mathematically, the resource optimization
problem to maximize the transmission rate can be
formulated as:

P1: Maximize
p, X

∑
dj∈D

∑
ci∈C

(Rfn
dj

+ R
fn
ci ) (13a)

subject to :
|D |∑
j=1

pdjγ
fn
dj
|AHgdj

|2 ≤ Imax,∀fn ∈ F (13b)∑
dj∈D

γ
fn
dj
≤ q,∀fn ∈ F (13c)

Dfn ∩Df
n
′ = ∅∀fn, fn′ ∈ F, fn , fn′ (13d)

0 ≤ pdj ≤ pm,∀dj ∈ D (13e)

Where p and X are transmission power vector and
channel assignment matrix respectively. The n column
of X represents the D2D pairs sharing resource block
fn. Constraint (13b) ensure the protection of cellular
user by keeping total interference from D2D pair below
a predefined threshold. Each resource block can be
shared by at most q number of D2D pairs and each
D2D pair can be assigned to one resource block as
represented by constraints (13c) and (13d). Pm is the
maximum transmission power as denoted by constraint
(13e).
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Problem 13 is a non-linear optimization problem,
requiring exponential computation effort to obtain the
optimal solution through exhaustive search. Due to
the lack of global information in large-scale networks,
resource allocation is hard to be implemented in a
centralized way. To attain a stable and distributed
solution, we aim to model P1 as many-to-one matching
and solve it in a distributed manner by each D2D
pair. In this regard, this paper aims to develop
a matching theory-based distributed channel-power
allocation scheme using local information only.

4. Resource Allocation Algorithm
Here, we will define and formulate the proposed
resource allocation optimization algorithm. We first
introduce some basic concepts of the matching theory.
Then, we develop a three-step iterative matching
algorithm to effectively pair D2D users and cellular
resources, which are critical for the introduced
many-to-one matching model. Finally, we present
theoretical analysis of the properties of the proposed
algorithm, which involves convergence, stability, and
computational complexity.

4.1. Matching Game Definition
A matching game is a powerful mathematical tool to
study the formation of mutually beneficial relations
among distinct players based on their preferences [45–
48]. It divides the players into two distinct groups,
and each element rank the member of other groups in
order of preference. The choice of one over the other is
derived from the locally available information. In our
context, one side of the matching is a group of D2D
pair D, whereas the set of resource blocks F from the
other side. In many-to-one matching, each frequency
channel from one side of the matching is allowed to pair
with more than one D2D user from the opposite side,
while each D2D user is allowed to match to at most one
resource block from the other side of the matching. This
matching is defined as follow:

Definition1. Consider two disjoint and finite sets of
players, D={dj }

|D |
j=1 and F={fi}

|F|
i=1, then a many-to-one

matching µ is defined by a function from the set DUF
into the set of element of DUF such that:
1) |µ(dj )| ≤ 1 and µ(dj ) ∈ F, ∀dj ∈ D
2) |µ(fn)| ≤ q and µ(fn) ∈ D, ∀fn ∈ F
3) µ(dj ) = fn if and only if dj is in µ(fn)
Where q is the number of D2D pairs allowed to match
with each channels. The first two properties indicate the
matching is many-to-one relation. Third condition is all
about if a D2D pair dj is matched with channel fn, and
then channel fn is also matched with D2D pair dj .

Utility Function. In matching theory, utility is a function
that quantifies a player’s performance in relation to

others. A player’s choice over another is defined by its
utility function.

Preference Profiles. In the matching game, each player
builds a ranking list about the other side’s players
by using its utility function. This ranking list is
named preference profile and indicates each player’s
performance on the opposite side based on its objectives
and locally available information.

4.2. Joint Channel Assignment and Power Allocation
Algorithm
This section proposes a distributed matching algorithm
to solve the channel assignment and power allocation
problem P1. In the proposed algorithm, the BS share
cellular resources with D2D pairs to improve the data
rate while minimizing the incurred interference to the
existing cellular communications.

Because of the mutual interference between co-
channel D2D pairs, the preference of each D2D pair
dj will also be affected by the choice of other D2D
pairs. This kind of matching is called matching with
externalities or peer effect. The proposed matching
algorithm considers the peer effect among players and
is called many-to-one matching with peer effect. Each
D2D pair will compute to maximize its transmission
rate. The details of this algorithm is found in
Algorithm1 and now we explain it here.

The proposed algorithm has three stages, channel
assignment, power allocation, and swapping.

Channel assignment. We consider the channel assign-
ment optimization problem by solving the following
optimization problem:

P2: Maximize
X

∑
dj∈D

∑
ci∈C

(Rfn
dj

+ R
fn
ci ) (14a)

subject to :
∑
dj∈D

γ
fn
dj
≤ q,∀fn ∈ F (14b)

Dfn ∩Df
n
′ = ∅∀fn, fn′ ∈ F, fn , fn′ (14c)

We considered the interference and transmission power
constraint during the power control stage. To solve
problem P2, a combinational optimization problem, we
model it as a many-to-one matching game, suitable for
solving distributed assignment problems with locally
available information and is explained here.

During channel assignment, each resource block fn
and D2D pair build their preference list Pdj and Pfn .
During this phase, each D2D pair does not care about
whom the other D2D pairs will match. Hence, the
preference value of D2D pair dj for resource fn only
depends on the cellular-to-D2D interference and can be
given by the following utility function of channel-to-
interference-plus-noise ratio (CINR).
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U
fn
dj

=
|gdjdj |

2

No +
∑K

i=1 pci |hcidj |2
(15)

Based on the preference value, each D2D pair will
rank available channels in a decreasing order in its
preference profile represented by Pdj . According to (15),
a channel fn ∈ F which produces a higher utility value,
i.e. CINR, will be preferred over a channel fn′ by a D2D
pair dj i.e., fn ≻ µ(dj ) fn′ , and would be placed higher in
its preference list.

Similarly, for each resource block fn, the BS build
a preference list of the D2D pair according to the
interference channel gain between D2D transmitter and
BS, i.e. (HHH)−1HH G. Accordingly, each resource block
fn gives less utility to a D2D pair which creates higher
interference.

Then, according to its preference profile Pdj each
unassigned D2D pair dj proposes to its most preferred
channel fn which not rejected it before. Each resource
block fn accepts the most preferred q D2D pairs and
rejects the remains. The channel assignment phase
terminates when the channel accepts all D2D pairs,
which do not violate the optimization constraint.

Power allocation. After performing the resource
assignment in stage 1, we have the channel assignment
matrix X. During the power allocation phase, each
D2D pair will obtain the corresponding transmit
power pdj required to optimize its transmission
rate for the assigned channel in stage 1 while
maintaining interference and transmission power
constraints. As each D2D pair dj ∈ Dfn compute to
maximize its own utility independently, the power
allocation optimization problem can be modeled as a
non-cooperative game. Let pfn denote the set of power
action profiles of all D2D pairs matched to the channel
fn, then, the data rate of D2D pair dj can be rewritten
as:

R
fn
dj

= log2(1 +
pdj |gdjdj |

2∑
d
j
′ ∈Dfn ,j

′
,j pdj′

|gd
j
′ dj |2 +

∑K
i=1 pci |hcidj |2 + N0

)

(16)
and the corresponding power allocation optimization
problem can be formulated as:

U
fn
dj

(pfn
) = Maximize

pdj
.log2(SINR

fn
dj

(pfn
)) −
|| ˆgdj ||

|gdjdj |
pdj (17a)

subject to :
∑

dj∈Dfn

pdj |A
Hgdj

|2 ≤ Imax,∀fn ∈ F(17b)

0 ≤ pdj ≤ pm,∀dj ∈ D (17c)

Where ˆgdj = AHgdj
, which is the interference channel

gain between jth D2D pair and the BS. The first
term in the objective function can be considered as a

gain, which approximates the achievable data rate. The
second term is the cost charged, which is proportional
to the ratio between the interference caused at the BS
and D2D link quality. The D2D pairs with the highest
communication link quality and deep interference link
to the BS can achieve the best transmission power. As
the objective function is concave in pdj , after solving
problem (17), we can obtain the best transmit power of
D2D pair dj :

pdj = min(pm,
|gdjdj |
|| ˆgdj ||

) (18)

Swapping phase. During this phase, for the given trans-
mission power in stage 2, the algorithm determines
the peer effect and seeks for blocking pair until stable
matching between channel and D2D pair is found. The
utility of each D2D pair depends on the underlying
matching state µ and is given by:

U
fn
dj

(µ) = log2(1 + SINR
fn
dj

) (19)

Where SINR
fn
dj

is according to eqn.9. The algorithm will

swap two D2D pairs dj and dj ′ only when:

1. The swapping improve the sum rate
Proof : Suppose a swap operation makes the
matching state change from µ to µ

′
. Then,

according to Algorithm1, a swap operation occurs
only when U

fn
dj

(µ
′
) > U

fn
dj

(µ) and also U
fn
d
j
′ (µ

′
) >

U
fn
d
j
′ (µ). Given that eqn. 19, the following

inequality holds:

∆Rµ→µ′ =
∑
dj∈D

∑
ci∈C

(Rfn
dj

(µ
′
) + R

fn
ci (µ

′
))−

∑
dj∈D

∑
ci∈C

(Rfn
dj

(µ) + R
fn
ci (µ)) > 0 (20)

where ∆Rµ→µ′ is the difference of the system sum

rates under the matching state µ and µ
′

2. The required interference constraints of cellular
have not been violated.

Algorithm1: Sum rate optimization

1. input:
Set of cellular users, C
Set of D2D pairs, D
Maximum D2D transmission power, pm
Set of unmatched D2D pairs Dunmatch = D
Initial matching state µ = ∅
Output Many to one matching algorithm µ, i.e (P,
X) as defined in P1.
Stage 1: channel assignment
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2. Initialization

3. for all D2D pairs dj ∈ D and channels fn ∈ F
build their preference lists Pdj and Pfn based on
their preference function.

U
fn
dj

=
|gdj dj |

2∑K
i=1 pci |hci dj |

2+N0

U
dj
fn

= || ˆgdj ||
2, ˆgdj is jth column of (HHH)−1HH G

end for
Repeat

(a) Propose
Each D2D pair dj ∈ Dunmatch proposes to its
most preferred channel fn and remove it
from its preference list.

(b) Accept/reject
For each channel fn, keep the most favorite
D2D proposals and remove them from
unmatched D2D list.

Until set of unmatched D2D pairs Dunmatch = ∅ or
preference list of unmatched D2D pair is empty.
Stage 2: Power allocation, 0 < pdj ≤ pm

4. for each assigned D2D pairs compute its trans-
mission power according to eqn.18.
end for
Stage 3: Swap-blocking pair or Peer effects
Repeat

5. For the underlaying matching state µ, find the
utility value for each D2D pairs according eqn.19.

(a) if (dj , dj ′ ) form swap blocking pair, such that
fn ∈ µ(dj ) and fn′ ∈ µ(dj ′ )

fn′ ≻ dj µ(dj ) and fn ≻ d
′
j µ(d

′
j )

i. update the current matching state to µ∗

= (µ∗( dj ), µ∗(fn)), such that
fn ∈ µ∗(dj ′ ) and fn < µ

∗(dj )
fn′ ∈ µ∗(dj ) and fn′ < µ

∗(dj ′ )

ii. Else if there doesn’t exist blocking pair
Hold the current matching state.

Until there is no blocking pair or the matching of
two consecutive iteration are identical.
End of the algorithm.

Remark: In the implementation, the BS will make
decisions on behalf of resource blocks. The interference
channel gain between D2D pairs and BS can be

estimated by BS using the pilot signal or any standard
channel estimation technique. Once this information is
acquired, the BS can rank each D2D pair for each RB
in the preference profile. Basically, D2D pairs could
be any device equipped with D2D technology and has
the capability to switch between direct communication
mode and cellular communication mode as needed.

4.3. Properties of the Proposed Algorithm
In this subsection, we analyze the properties of
Algorithm1 in terms of stability, convergence and
complexity in details.

Stability. Algorithm1 converges to a stable allocation.
To proof the stability of our proposed algorithm, let’s
consider the following stability definition.

Definition2. A matching µ is swap stable if there
exists no swap blocking pair (dj , fn) and (dj ′ , fn′ ), ∀ dj ,

dj ′ ∈ D, fn, fn′ ∈ F, j , j
′

and n , n
′
such that

1. fn′ ≻ dj µt−1(dj ) and fn ≻ dj ′ µt−1(dj ′ ) ,
where µt−1(dj ) and µt−1(dj ′ ) represent the current
matched partners of dj and dj ′ , i.e. fn and fn′

respectively.

2. dj ′ ≻ fn µt−1(fn) and dj ≻ fn′ µt−1(fn), where
µt−1(fn) and µt−1(fn′ ) represent the current
matched partners of fn and fn′ , i.e. dj and dj ′

respectively.

From these stability properties, the matching derived
from our proposed algorithm is stable.
Proof : To prove the stability of the proposed algorithm
by contradiction, let us first assume that there exists a
blocking pair formed by D2D pair dj ∈ D and resource
block fn ∈ F under the matching µ, i.e. fn ≻ dj µ( dj ) and
µ( dj ), fn, dj ≻ fn µ(fn).

In the matching process, each D2D pair propose
to its most preferred resource block according to
its preference profile to maximize utility value.
Considering the assumption fn ≻ dj µ( dj ), D2D pair
dj must have already proposed to resource block fn
before proposing to µ( dj ) according to the rules defined
in Algorithm1. However, the existence of µ(fn), dj in
matching means that resource block fn prefers µ(fn)
than D2D pair dj . Therefore, the channel block fn is
not willing to break the current matching to pair with
D2D pair dj , i.e. the condition dj ≻ fn µ(fn) cannot exist
when fn ≻ dj µ( dj ). Hence, the blocking pair formed
by D2D pair dj and resource block fn does not exist,
which contradicts with the original assumption. Thus,
the matching µ derived from our algorithm is stable.

Convergence. As stated in the proposed algorithm, each
D2D pair that has not been matched would propose its
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most preferred channels based on its preference lists.
Each channels accept the most preferred D2D pairs
and reject the remains. As each D2D pair proposes
only once for each channel in its preference list, the
channel assignment procedure would end when all
D2D pairs are accepted or rejected by the BS. From
eqn. 20, the system sum rate of Algorithm1 increases
after each successful swap operation. Since the system
sum rate has an upper bound due to the cellular
interference constraint and limited spectrum resources,
the swap operations terminate when the system sum
rate saturate. Hence, we can conclude the proposed
matching algorithm converges after finite iterations.

Complexity. We recall that Algorithm1 consists of three
stages. In the first stage, each D2D pair should calculate
its preference function for all resources to create its
channel preference profiles. Hence, the corresponding
complexity of the channel assignment stage is O(|F| ∗
|D |), where |F| and |D | are the number of channels
and D2D pairs. The complexity of the second stage
is O(|F| ∗ q). However, we note that the complexity
of the swapping stage depends on the number of
iteration needed for Algorithm1 to converge. As will
be seen in Section V, Algorithm1 could converge
within a few iterations. Hence, the corresponding of
complexity of the swapping stage is upper bounded
by O(|F| ∗ q ∗ Iiteration), where Iiteration represent the
number of iterations required to converge. Then, the
overall computational complexity of Algorithm1 can be
approximately computed as O(|F|(|D | + q(1 + Iiteration))).

5. Numerical Simulation
In this section, we discuss and analyze various
simulation results to evaluate the average sum rate
performance of Algorithm1. We use MATLAB to
compute the numerical solutions of our proposed
scheme. In the simulation, we consider a single cell
multi-antenna BS located at the cell center with a
radius of 600m in which the D2D pairs and cellular
users are randomly distributed. The channel used in
the simulation is modeled as h = β dα , where β is
small scale fast fading gain, whereas α is the path loss
exponent and d is the distance between transceiver.
Other simulation parameters used are included in Table
4 unless mentioned otherwise.

To validate the performance of our proposed
algorithm, we evaluate and compare the performance
of Algorithm1 with the following four different
benchmark schemes.

1. Random Channel Assignment and Equal Power
allocation (RCAEP): Here, we randomly assign
a channel for D2D pairs while meeting the
interference tolerance requirements of cellular
users. The transmit power of each D2D user is set
to be the maximum transmission power.

Table 4. Simulation Parameters.

Parameters Value

Cell radius 600m

Noise power -100dBm

Pathloss exponent α 3

Cellular transmission power 26dBm

D2D transmission power 6dBm

D2D communication distance 20m

Simulation tool mat lab

Figure 2. Average sum rate of Algorithm1 compared to optimal
and random matchings, where Imax= -25dB q = 5.

2. Random Channel Assignment and Power alloca-
tion (RCAPA): Here, we randomly assign a chan-
nel for D2D pairs while meeting the interfer-
ence tolerance requirements of cellular users. The
transmit power of each D2D user is set according
to the proposed scheme in Algorithm1.

3. Channel Assignment and Equal Power Allocation
(CAEP): Here, the channel assignment is imple-
mented according to Algorithm1, while the trans-
mit power of each D2D user is set to be the
maximum transmission power.

4. Optimal Matching: The optimal matching
explores every possible channel assignment
solution to find the optimum one while the
transmit power of each D2D user is set to be
according to Algorithm1.
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Figure 2 evaluates the achievable average sum-rate
performance for a different D2D transmission power
to compare the proposed algorithm’s performance with
random and optimal matching algorithms. In the
random matching, each D2D user selects resources
randomly. The exhaustive matching algorithm explores
every possible solution to find the optimum one. As
shown in Fig.2, the difference between the average sum
rate of the proposed algorithm and the exhaustive one
is small. The proposed algorithm can reach 86% of
the optimal result. We can also see that by using the
proposed algorithm, the data rate is much higher than
the random algorithm.

The performance of the proposed matching algo-
rithm is compared with random and optimal match-
ing in terms of the sum rate of the cellular and
D2D communications in figure 3 and figure 4, respec-
tively. Figure 3 shows that as the D2D transmission
power increases, the sum rate of CUs decreases because
increasing D2D transmission will lead to more interfer-
ence over the existing cellular communication. In the
random matching algorithm, each D2D user selects a
channel randomly and sends a request to BS for asking
this channel. If the mutual interference between the
D2D user and the existing cellular communication is
above the threshold, the BS will reject the request from
the D2D user. We can see from figure 3, the cellular
users achieve poor performance under random scheme.
The reason is that cellular users are not paired with
their best D2D partners, and hence, D2D-to-cellular
interference will be higher. Figure 4 shows the sum
data rate of D2D communications in the proposed
matching is much higher than random matching. This
is because, in the proposed matching, each D2D user
requests channels from BS based on its own preference
function. Moreover, as figure 4 shows, the sum data
rate of the proposed matching algorithm is more than
83% of this rate in the optimal matching. Therefore, the
proposed matching algorithm can provide near-optimal
performance for D2D communications.

In figure 5, in terms of the average sum rate, we
compare the performance of Algorithm1 with the three
random resource allocation schemes. Figure 5 shows
that as the interference tolerance level increases, the
average sum rate increases. This is because more D2D
pairs are allowed to share the channel. From figure 5,
our proposed Algorithm1 always achieves the highest
average data rate. This is because compared with the
CAEPA, RCAPA, and RCAEPA schemes, to make full
use of the benefits of D2D communications, Algorithm1
matches the cellular resource and D2D pair according
to their preference value. Compared to CAEPA scheme,
Algorithm1 can effectively improve the sum data rate
via the power allocation algorithm. We can also see
in figure 5 that there are data rate gaps between
Algorithm1 and the other three schemes, indicating that

Figure 3. Cellular data rate of Algorithm1 compared to optimal
and random matchings, where Imax= -25dB q = 5.

Figure 4. D2D data rate of Algorithm1 compared to optimal and
random matchings, where Imax= -25dB q = 5.

the joint optimization of channel assignment and power
control can effectively improve the system performance.

Figure 6 shows the average data rate as function
of number of cellular users under three different
interference tolerance levels, i.e., Im = -25dB, Im = -
20dB and Im = -15dB. We see that by increasing the
interference tolerance, the average sum rates increase.
The reason is that increasing interference tolerance
allow many D2D pair to share the resource. However,
by introducing a small number of cellular users, there
is a substantial probability that the interference from
the cellular users reduces the D2D user rates. The
reduction in D2D rates is not compensated in the
average sum rate by the contribution of the cellular user
rates. Furthermore, for an increasing number of cellular
users, even though the rate per D2D link decreases,
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Figure 5. Comparisons of the average sum data rate of
Algorithm1, where pm=20mW.

Figure 6. Average sum rate of the proposed matching Algorithm1
versus varying number cellular user.

there is a local minimum after which the average sum
rate begins to increase again.

Figure 7 and figure 8 show the cellular and D2D
users’ data rate as a function of the number of cellular
users for three different interference tolerance levels.
As shown in figure 7, the sum data rate of cellular
users increases monotonically with the increase of the
number of cellular users and decreases with the growth
of the interference tolerance requirement. On the other
hand, from figure 8, the sum data rate of D2D pairs
decreases with the increase of the number of cellular
users and increases with the growth of the interference
tolerance requirement.

Figure 9 shows the achievable average sum rate as
function of number of D2D users with respect to three
different maximum interference tolerance thresholds,
i.e., Im = -25dB, Im = -20dB and Im = -15dB. We see

Figure 7. Cellular data rate of the proposed matching Algorithm1
versus varying number cellular user.

Figure 8. D2D data rate of the proposed matching Algorithm1
versus varying number cellular user.

that by increasing the number of D2D users, the average
sum rates increase, which, however, saturates as the
number of D2D users becomes large enough. This is
because some D2D pairs may not be allowed to transmit
due to the interference constraints.

Figure 10 and figure 11 show the cellular and D2D
users’ data rate as a function of the number of D2D
users for three different interference tolerance levels. As
can be seen from figure 10, the sum data rate of cellular
users decreases with the increasing the number of D2D
users and increases with the decrease of the interference
tolerance requirement. On the other hand, from figure
11, the sum data rate of D2D pairs increases with the
increase of the number of D2D users and interference
tolerance requirement.

Figure 12 demonstrates how the additional degree
freedom resulting from multi-antenna BS impacts the
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Figure 9. Average sum rate of Algorithm1 versus varying number
D2D user.

Figure 10. Cellular data rate of Algorithm1 versus varying
number D2D user.

Figure 11. D2D data rate of Algorithm1 versus varying number
D2D user.

Figure 12. Average sum rate of Algorithm1 versus varying number
BS antenna, where Im=-20dB.

achievable average sum rate in the D2D underlay
massive MIMO system. As can be seen from the result,
the average sum rate increases with an increasing
number of BS antennas. This is because increasing BS
antenna yields a favorable propagation environment
where the channel vectors between the users and the BS
are pair-wisely orthogonal. Hence, this can diminish the
effect of inter-user interference. From this, we can say
that for D2D underlaid multi-antenna BS, Algorithm1
can address the severe D2D-to-cellular interference;
hence, D2D communications and massive MIMO can
coexist while maintaining the performance requirement
of the primary cellular users.

Figure 13 and figure 14 shows the D2D and cellular
users’ data rate as a function of the number of
D2D users for three different number of BS antenna.
As shown in figure 13, the sum data rate of D2D
communications increases with an increasing number
of BS antennas. This is because of increasing diversity
gains and orthogonality of the channel vectors. Hence,
in the D2D enabled massive MIMO system, we can
improve the D2D communications sharing the cellular
channels by increasing the number of BS antennas
while maintaining the cellular users’ quality of service
requirements. On the other hand, figure 14 shows that
as the number of D2D users increases, the sum rate of
cellular users decreases because as more D2D pairs are
allowed to share the same channel, the D2D-to-cellular
interference will increase. Increasing BS antenna will
also increase the cellular transmission rate.

Figure 15 shows the average data rate versus the
number of iterations needed for reaching a stable
matching. We can observe that the average data
rate increase until stable matching is established.
As can be seen, the average data rate increases
with an increasing interference threshold value. This
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Figure 13. D2D data rate of Algorithm1 versus varying number
BS antenna, where Im=-20dB.

Figure 14. Cellular data rate of Algorithm1 versus varying
number BS antenna, where Im=-20dB.

is because, with increasing value of interference
threshold, the interference tolerance of existing cellular
communication increases. So, more D2D pairs are
matched, and consequently, the data rate of the
proposed matching algorithm increases. Indeed, the
simulation result demonstrates the convergence of the
proposed algorithm.

6. CONCLUSION
In this paper, we model the joint channel assignment
and power control optimization problem to manage
interference and improve the average sum rate when
D2D and massive MIMO coexist as a non-linear
optimization problem which is NP-hard. For addressing
this complicated problem and maintain low complexity
and network scalability, we proposed a three-stage
stable and distributed resource optimization scheme

Figure 15. Convergence of Algorithm1

in which D2D users and BS can interact and make
resource allocation decisions based on locally available
information. The analytical results demonstrated that,
compared to the random counterparts, the proposed
scheme could largely improve the average data
rate performance with much lower overhead and
complexity.
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