
Wireless Communications and Mobile Computing

Recent Advances in 5G Technologies: 
New Radio Access and Networking

Lead Guest Editor: Shao-Yu Lien
Guest Editors: Chih-Cheng Tseng, Ingrid Moerman, and Leonardo Badia



Recent Advances in 5G Technologies:
New Radio Access and Networking



Wireless Communications and Mobile Computing

Recent Advances in 5G Technologies:
New Radio Access and Networking

Lead Guest Editor: Shao-Yu Lien
Guest Editors: Chih-Cheng Tseng, Ingrid Moerman,
and Leonardo Badia



Copyright © 2019 Hindawi. All rights reserved.

This is a special issue published in “Wireless Communications and Mobile Computing.” All articles are open access articles distributed
under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, pro-
vided the original work is properly cited.



Editorial Board

Javier Aguiar, Spain
Ghufran Ahmed, Pakistan
Wessam Ajib, Canada
Muhammad Alam, China
Eva Antonino-Daviu, Spain
Shlomi Arnon, Israel
Leyre Azpilicueta, Mexico
Paolo Barsocchi, Italy
Alessandro Bazzi, Italy
Zdenek Becvar, Czech Republic
Francesco Benedetto, Italy
Olivier Berder, France
Ana M. Bernardos, Spain
Mauro Biagi, Italy
Dario Bruneo, Italy
Jun Cai, Canada
Zhipeng Cai, USA
Claudia Campolo, Italy
Gerardo Canfora, Italy
Rolando Carrasco, UK
Vicente Casares-Giner, Spain
Luis Castedo, Spain
Ioannis Chatzigiannakis, Italy
Lin Chen, France
Yu Chen, USA
Hui Cheng, UK
Ernestina Cianca, Italy
Riccardo Colella, Italy
Mario Collotta, Italy
Massimo Condoluci, Sweden
Daniel G. Costa, Brazil
Bernard Cousin, France
Telmo Reis Cunha, Portugal
Igor Curcio, Finland
Laurie Cuthbert, Macau
Donatella Darsena, Italy
Pham Tien Dat, Japan
André de Almeida, Brazil
Antonio De Domenico, France
Antonio de la Oliva, Spain
Gianluca De Marco, Italy
Luca De Nardis, Italy
Liang Dong, USA
Mohammed El-Hajjar, UK

Oscar Esparza, Spain
Maria Fazio, Italy
Mauro Femminella, Italy
Manuel Fernandez-Veiga, Spain
Gianluigi Ferrari, Italy
Ilario Filippini, Italy
Jesus Fontecha, Spain
Luca Foschini, Italy
A. G. Fragkiadakis, Greece
Sabrina Gaito, Italy
Óscar García, Spain
Manuel García Sánchez, Spain
L. J. García Villalba, Spain
José A. García-Naya, Spain
Miguel Garcia-Pineda, Spain
A.-J. García-Sánchez, Spain
Piedad Garrido, Spain
Vincent Gauthier, France
Carlo Giannelli, Italy
Carles Gomez, Spain
Juan A. Gómez-Pulido, Spain
Ke Guan, China
Antonio Guerrieri, Italy
Daojing He, China
Paul Honeine, France
Sergio Ilarri, Spain
Antonio Jara, Switzerland
Xiaohong Jiang, Japan
Minho Jo, Republic of Korea
Shigeru Kashihara, Japan
Dimitrios Katsaros, Greece
Minseok Kim, Japan
Mario Kolberg, UK
Nikos Komninos, UK
Juan A. L. Riquelme, Spain
Pavlos I. Lazaridis, UK
Tuan Anh Le, UK
Xianfu Lei, China
Hoa Le-Minh, UK
Jaime Lloret, Spain
Miguel López-Benítez, UK
Martín López-Nores, Spain
Javier D. S. Lorente, Spain
Tony T. Luo, Singapore

Maode Ma, Singapore
Imadeldin Mahgoub, USA
Pietro Manzoni, Spain
Álvaro Marco, Spain
Gustavo Marfia, Italy
Francisco J. Martinez, Spain
Davide Mattera, Italy
Michael McGuire, Canada
Nathalie Mitton, France
Klaus Moessner, UK
Antonella Molinaro, Italy
Simone Morosi, Italy
Kumudu S. Munasinghe, Australia
Enrico Natalizio, France
Keivan Navaie, UK
Thomas Newe, Ireland
Wing Kwan Ng, Australia
Tuan M. Nguyen, Vietnam
Petros Nicopolitidis, Greece
Giovanni Pau, Italy
Rafael Pérez-Jiménez, Spain
Matteo Petracca, Italy
Nada Y. Philip, UK
Marco Picone, Italy
Daniele Pinchera, Italy
Giuseppe Piro, Italy
Vicent Pla, Spain
Javier Prieto, Spain
Rüdiger C. Pryss, Germany
Sujan Rajbhandari, UK
Rajib Rana, Australia
Luca Reggiani, Italy
Daniel G. Reina, Spain
Jose Santa, Spain
Stefano Savazzi, Italy
Hans Schotten, Germany
Patrick Seeling, USA
Muhammad Z. Shakir, UK
Mohammad Shojafar, Italy
Giovanni Stea, Italy
Enrique Stevens-Navarro, Mexico
Zhou Su, Japan
Luis Suarez, Russia
Ville Syrjälä, Finland



Hwee Pink Tan, Singapore
Pierre-Martin Tardif, Canada
Mauro Tortonesi, Italy
Federico Tramarin, Italy
Reza Monir Vaghefi, USA

Juan F. Valenzuela-Valdés, Spain
Aline C. Viana, France
Enrico M. Vitucci, Italy
Honggang Wang, USA
Jie Yang, USA

Sherali Zeadally, USA
Jie Zhang, UK
Meiling Zhu, UK



Contents

Recent Advances in 5G Technologies: New Radio Access and Networking
Shao-Yu Lien , Chih-Cheng Tseng, Ingrid Moerman , and Leonardo Badia
Editorial (2 pages), Article ID 8202048, Volume 2019 (2019)

Exploiting Impacts of Intercell Interference on SWIPT-Assisted Non-Orthogonal Multiple Access
Thanh-Luan Nguyen and Dinh-Thuan Do
Research Article (12 pages), Article ID 2525492, Volume 2018 (2019)

MC-GiV2V: Multichannel Allocation in mmWave-Based Vehicular Ad Hoc Networks
Wooseong Kim
Research Article (15 pages), Article ID 2753025, Volume 2018 (2019)

Micro Operator Design Pattern in 5G SDN/NFV Network
Chia-Wei Tseng , Yu-Kai Huang , Fan-Hsun Tseng , Yao-Tsung Yang , Chien-Chang Liu,
and Li-Der Chou
Research Article (14 pages), Article ID 3471610, Volume 2018 (2019)

Energy-Efficient Uplink Resource Units Scheduling for Ultra-Reliable Communications in NB-IoT
Networks
Jia-Ming Liang , Kun-Ru Wu, Jen-Jee Chen , Pei-Yi Liu, and Yu-Chee Tseng
Research Article (17 pages), Article ID 4079017, Volume 2018 (2019)

Genetic Algorithm-Based Beam Refinement for Initial Access in Millimeter Wave Mobile Networks
Hao Guo , Behrooz Makki, and Tommy Svensson
Research Article (10 pages), Article ID 5817120, Volume 2018 (2019)

RF Driven 5G SystemDesign for Centimeter Waves
Pekka Pirinen , Harri Pennanen, Ari Pouttu, Tommi Tuovinen, Nuutti Tervo, Petri Luoto,
Antti Roivainen, Aarno Pärssinen, and Matti Latva-aho
Research Article (9 pages), Article ID 7852896, Volume 2018 (2019)

http://orcid.org/0000-0002-4347-2871
http://orcid.org/0000-0003-2377-3674
http://orcid.org/0000-0003-2072-069X
http://orcid.org/0000-0003-0955-3421
http://orcid.org/0000-0002-7172-2102
http://orcid.org/0000-0003-2783-4673
http://orcid.org/0000-0003-2461-8377
http://orcid.org/0000-0001-8122-306X
http://orcid.org/0000-0003-2044-3119
http://orcid.org/0000-0001-8952-3577
http://orcid.org/0000-0002-5453-3887
http://orcid.org/0000-0003-1631-7902
http://orcid.org/0000-0002-2579-9002
http://orcid.org/0000-0002-1583-090X


Editorial
Recent Advances in 5G Technologies: New Radio
Access and Networking

Shao-Yu Lien ,1 Chih-Cheng Tseng,2 Ingrid Moerman ,3 and Leonardo Badia4

1Department of Computer Science and Information Engineering, National Chung Cheng University, Chiayi 62102, Taiwan
2Department of Electrical Engineering, National Ilan University, Ilan 26041, Taiwan
3Department of Information Technology, Ghent University, 9000 Ghent, Belgium
4Department of Information Engineering, University of Padova, 2-35122 Padova, Italy

Correspondence should be addressed to Shao-Yu Lien; shaoyulien@gmail.com

Received 16 January 2019; Accepted 19 January 2019; Published 10 February 2019

Copyright © 2019 Shao-Yu Lien et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In Sept. 2015, the International Telecommunication Union-
Radiocommunications Standardization Sector (ITU-R) has
released the service recommendations of the fifth genera-
tion (5G) mobile networks known as International Mobile
Telecommunications 2020 (IMT-2020). Instead of solely
boosting the data rates, like the past evaluations from IMT-
2000 to IMT-Advanced, an IMT-2020 system shall support
three categories of wireless scenarios, including enhanced
mobile broadband (eMBB), ultra-reliability and low latency
communication (URLLC), and massive machine-type com-
munication (mMTC), to sustain the 20 Gbps peak data rate,
100 Mbps user experienced data rate, 10 Mbps/m2 area traffic
capacity, 106 devices/km2 connection density, 1 ms latency,
and 500 km/hr mobility. To compete for being an IMT-
2020 system, 3GPP consequently launched the normative
works of “New Radio (NR)” in Release 15 and Release 16.
In Jun. 2018, Phase I normative work of NR (i.e., Release
15) has completed, and Phase II (i.e., Release 16) has subse-
quently begun. The feature technologies in NR thus include
communications using millimeter/centimeter wave carriers
(spectrum above 6 GHz), nonorthogonal multiple access
(NOMA), advanced vehicle-to-everything (V2X), directional
transmission/reception, software-defined network (SDN),
etc.

To service the urgent needs in normative works of NR,
this special issue thus aims at bringing together the state-of-
the-art innovations, research activities (both in academia and
industry), and the corresponding standardization impacts
of NR, so as to comprehend the inspirations, requirements,

implementation, and the promising technical options to
boost, practice, and deploy the NR.

In the paper titled “Exploiting Impacts of Intercell
Interference on SWIPT-Assisted Non-Orthogonal Multiple
Access,” the influence of intercell interference (ICI) on the
system outage behavior with important derived results in
the proposed model of simultaneous wireless information
and power transfer (SWIPT) together with NOMA using
the amplify-and-forward protocol is examined. The authors
further derive the closed-form expression of coverage prob-
ability for two NOMA users as a function of the signal-
to-interference-plus-noise ratio (SINR) and investigate the
average outage probability by considering impacts of the
reasonable number of participating ICI.

In the paper titled “MC-GiV2V: Multichannel Allocation
in mmWave-Based Vehicular Ad Hoc Networks,” a Giga-
V2V (GiV2V) network is proposed, in which vehicles query
and deliver high quality video and sensor data of smart
and self-driving cars usingmmWave communications instead
of current dedicated short-range communications (DSRC).
Vehicles probably form a grid topology along lanes of a road,
which leads to alignmmWave beams of the vehicles and cause
mutual interference among them. As channel diversity can
resolve effectively the interference between mmWave beams,
several heuristic algorithms for channel assignment of each
beam in the GiV2V networks are also proposed.

In the paper titled “Micro Operator Design Pattern in 5G
SDN/NFV Network,” the authors discuss the deployment of
Micro Operator (𝜇O) to reduce network latency in response
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to the low-latency applications for future 5G edge computing
environment. The authors consequently address the design
pattern of 5G micro operator and propose a Decision Tree
Based Flow Redirection (DTBFR) mechanism to redirect the
traffic flows to neighbor service nodes.The proposed DTBFR
mechanism thus allows different 𝜇Os to share network
resources and speed up the development of edge computing
in the future.

In the paper titled “Energy-Efficient Uplink Resource
Units Scheduling for Ultra-Reliable Communications in NB-
IoT Networks,” the issue of how to guarantee the reliable
communication and satisfy the quality of service (QoS)
while minimizing the energy consumption for IoT devices is
studied. The authors model the problem as an optimization
problem and prove it to be NP-complete and then propose an
energy-efficient, ultra-reliable, and low-complexity scheme.
Extensive simulation is also conducted to show that the
provided scheme can serve more devices with guaranteed
QoS while saving their energy effectively.

In the paper titled “Genetic Algorithm-Based Beam
Refinement for Initial Access in Millimeter Wave Mobile
Networks,” the initial access issue in 5G networks operating
at carrier frequencies is investigated. The authors extend the
proposed genetic algorithm- (GA-) based beam refinement
scheme to include beamforming at both the transmitter and
the receiver and compare the performance with alterna-
tive approaches in the millimeter wave multiuser multiple-
input-multiple-output (MU-MIMO) networks. The effect
of different parameters such as the number of transmit
antennas/users/per-user receive antennas, beamforming res-
olutions, and hardware impairments on the system perfor-
mance employing different beam refinement algorithms is
investigated and shows that the proposedGA-based approach
performs well in delay-constrained networks with multi-
antenna users.

In the paper titled “RF Driven 5G System Design for
Centimeter Waves,” the authors describe their experiences
in developing a centimeter waves mobile broadband concept
satisfying future capacity requirements. The first step in the
process is the radio channel measurement campaign and
statistical modeling. Then the link level design is performed
tightly together with the radio frequency (RF) implemen-
tation requirements to allow as large scalability of the air
interface as possible.The authors started the concept develop-
ment at 10 GHz frequency band and during the projectWorld
Radiocommunication Conference 2015 selected somewhat
higher frequencies as new candidates for 5G. The main
learning is to gain insight of interdependencies of different
phenomena and find feasible combinations of techniques and
parameter combinations that might actually work both in
practice and in theory.

Conflicts of Interest

This is to confirm that there are no conflicts of interest.
Shao-Yu Lien

Chih-Cheng Tseng
Ingrid Moerman
Leonardo Badia



Research Article
Exploiting Impacts of Intercell Interference on SWIPT-Assisted
Non-Orthogonal Multiple Access

Thanh-Luan Nguyen1 and Dinh-Thuan Do 2

1Faculty of Electrical and Electronics Engineering, Bach Khoa University, Ho Chi Minh City, Vietnam
2Wireless Communications Research Group, Faculty of Electrical and Electronics Engineering, Ton DucThang University,
Ho Chi Minh City, Vietnam

Correspondence should be addressed to Dinh-Thuan Do; dodinhthuan@tdt.edu.vn

Received 11 February 2018; Accepted 6 November 2018; Published 25 November 2018

Guest Editor: Shao-Yu Lien

Copyright © 2018 Thanh-LuanNguyen andDinh-ThuanDo.This is an open access article distributed under theCreative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

In this paper,we examine the influence of intercell interference (ICI) on the systemoutage behaviorwith important derived results in
the proposed model of simultaneous wireless information and power transfer (SWIPT) together with the nonorthogonal multiple
access (NOMA) using the amplify-and-forward protocol. We derive the closed-form expression of coverage probability for two
NOMA users as a function of the signal-to-interference-plus-noise ratio (SINR). To fully take into account the effect of ICI, we
adoptmore practical parameters to evaluate the optimal power splitting coefficient regarding energy harvesting systemperformance
analysis. Furthermore, to consider a more practical scenario, based on the fact that the number of ICI sources can affect wireless
powered relays, we investigate the average outage probability by considering impacts of the reasonable number of participating ICI.

1. Introduction

In recent years, as a significant technique in forthcoming 5G
transmission, nonorthogonal multiple access (NOMA) has
more attraction due to its opportunity to improve substantial
spectrum efficiency (SE) [1]. Considering advantages of
power domain allocation to gain simultaneous access for
diversified data streams to network, NOMA is evaluated as
having better performance than the conventional orthog-
onal multiple access (OMA) [2]. Concentrating on the SE
improvement, many earlier works regarding NOMA scheme
are primarily focused. For example, single-input, single-
output (SISO) schemes are studied for deployment in coop-
erative NOMA [3, 4]. In principle, by distributing multiple
users into the different power domains, signal intending for
the NOMA scheme at the source superimposes the symbol
data to serve multiple users at destination. At the receiver,
in order to detect multiplexed users’ information, successive
interference cancellation (SIC) is acquired to eliminate the
interference term. In addition to spectrum employment,
othermetrics need be considered, i.e., user fairness evaluating

to multiple users in NOMA. Unlike traditional water-filling
power allocation, NOMA users with better channel qualities
are allocated less power while more power is allocated to
users with poor channel qualities to highlight an enhanced
trade-off between model throughput and user fairness. As a
result, the same frequency and spreading codes are deployed
in a lot of user equipment simultaneously; however they are
distinguished by different power levels. Such principle results
in improved spectral efficiency and ensured user fairness.The
multiple-input-multiple-output (MIMO) NOMAdesigns are
investigated in terms of the ergodic capacity maximization
and an optimal power allocation strategy was then pro-
posed as in [5]. The outage performance and the ergodic
achievable rate are metrics to consider system performance
of cellular downlink NOMA communications. Capacity is
another metric to consider performance of NOMA as in [6].
Recently, stochastic geometry networks have been employed
in NOMA to exhibit the physical layer security as in [7].
As an extension of [7], single-antenna and multiple-antenna
stochastic geometry networks were investigated in two pro-
posed schemes to increase the secrecy performance [8].
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In [9], the popular metrics including optimal designs of
decoding order, transmission rates, and power allocated to
each user are studied in a newdesign ofNOMAunder secrecy
considerations.

Regarding the idea of combining NOMA with wireless
powered networks, NOMA can be deployed with the wire-
less power transfer; i.e., the simultaneous wireless informa-
tion and power transfer (SWIPT) technique was presented
together with relaying network and its outage performance is
considered in [10]. As a promising technology, to prolong the
lifetime of energy-constrained users, wireless power transfer
is facilitated in wireless relaying networks to forward a
signal to far users [11–13]. To permit energy-limited users
scavenge energy and information from the transmitted radio
frequency (RF) signals, two famous policies, namely, time
switching (TS) and power splitting (PS) receiver architec-
ture, are introduced as in [14]. As a scenario of green
NOMA, a SWIPT-assisted cooperative NOMA (SWIPT-
CNOMA) network is studied as a combination between the
NOMA and SWIPT scheme [15], and such novel scheme
can be employed to wireless sensor or cellular networks.
In such topology, it is possible to avoid lifetime limitation
of the energy-constrained NOMA user that acts as a relay
which can be able to harvest energy from the received
signals. The main benefit of the SWIPT NOMA can be
appreciated in the scenario where the relay employs that
harvested energy rather than itself to forward the signal to
the far NOMA users. In addition, to serve the near NOMA
users with strong channel conditions, a PS protocol was
employed in the SWIPT-CNOMA system [15]. By revealing
the received information in the PS protocol, energy is first
harvested and then used to help the signal forwarded to
serve the far NOMA users. However, a shortcoming of the
PS protocol [15] can be raised in which the relay always
retains a quiet slot for some target data rate requirements.
Considering the locations of NOMA users, three NOMA
user selection policies are performed, including random
near NOMA user and random far NOMA user (RNRF)
selection, nearest near NOMA user and nearest far NOMA
user (NNNF) selection, and nearest near NOMA user
and farthest far NOMA user (NNFF) selection. In order
to obtain the better outage performance, the authors in
[16] considered a best-near best-far NOMA user collection
scheme.

However, there are few works that focus on interference
effects on the NOMA system. Regarding the influences of
cochannel interference (CCI) on the system performance,
many outcomes in the literature showed that the aggressive
frequency reuse is considered as main reason for CCI in
the conventional cellular relaying systems [17–19]. However,
FD schemes are more vulnerable to CCI due to the higher
frequency reuse, and such characterization exhibits com-
parison between full-duplex (FD) transmission mode and
traditional half-duplex (HD) transmissionmode. In addition,
in a multicell FD relay base stations meet influences with a
much higher CCI due to adjacent cells compared with its HD
counterparts [20–22]. As an alternative method, MIMO FD
relaying transmissionwas introduced to examine the harmful
effect of CCI on the system performance and such system

can be applied in theoretical and practical applications. In
[20], to evaluate the average spectral efficiency, a stochastic
geometry is conveyed to consider the situation in which
the base stations and user equipment operate in small cell
network FDmodewith FDmode (i.e., the dedicated antennas
for transmission and reception are equipped in such FD
nodes). In [21, 22], the authors studied the outage probability
of a decode-and-forward FD relay with single-antenna nodes
in FD relaying subject to CCI. It is worth noting that all these
studies are restricted by employing a single antenna in each
node of relaying networks. Therefore, deploying multiple
receive and transmit antennas at the FD relay is a powerful
scheme to eliminate both the CCI and loop interference
channels at the FD relay and hence reliability and capacity
are achieved.

However, to the best of our knowledge, the impact of ICI
on the performance of CNOMA with capability of energy
harvesting has yet to be fully pressed. Such analysis motivates
us to find impacts of ICI on the SWIPT-assisted NOMA.

The primary contributions of our paper are summarized
as follows:

(i) Different from the system model presented in [10,
14] where the relay only harvests energy from one
source (i.e., base station), by deploying ICI as an extra
resource to feed energy for relay, we propose a new
SWIPT NOMA protocol under impacts of ICI to
enhance the level of harvested energy to prolong the
lifetime of NOMA systems

(ii) We derive closed-form expressions for the outage
probability at NOMA users, when considering the
interference channel schemes

(iii) The optimal power splitting factor is derived to obtain
the maximum coverage probability at each user in
SWIPT NOMA

The rest of the paper is structured as follows. In Section 2,
the system model for studying cooperative SWIPT NOMA
is introduced. In Section 3, new analytical expressions are
derived for the outage probability when the proposed scheme
is used. The optimal power splitting factor for SWIPT can be
shown in Section 4. Numerical results are offered in Section 5,
which is followed by the conclusion in Section 6.

2. System Model

Consider a SWIPT NOMA network with the help of an
energy-constrained relay for transmission to two representa-
tive NOMA users considering impacts of external interferers
to the relay. In particular, Figure 1 illustrates the proposed
system model, where one source node (s), i.e., the main
base station, one EH-assisted relay (r), and two users are
considered. The relay utilizes the amplify-and-forward (AF)
relaying protocol to transmit the superimposed signals from
the source to each user and the power splitting (PS) protocol
is adopted for energy harvesting. The channel between
node 𝑥 and node 𝑦 is assumed to experience Rayleigh
fading where Ω𝑥𝑦 = E[|ℎ𝑥𝑦|2] is the average channel
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Figure 1: System model.

power gain. Each node is equipped with a single half-duplex
antenna.

Assume that the relay is affected byN external interferers.
The channel coefficient between the 𝑛-th interferer and the
relay is modeled as Nakagami-m fading with shape factor𝑚𝑛 and variance of Ω𝑛 = E[|𝑔𝑛|2], i.e., 𝑔𝑛 ∼ Γ(𝑚𝑛, Ω𝑛/𝑚𝑛).
All given channels are assumed to be independent and not
necessarily identically distributed. The transmission between
the source and two users is divided into two phases. In
the first phase, the source broadcasts a superimposed mix-
ture of signals, i.e., 𝑥𝑠 = √𝛼1𝑥1 + √𝛼2𝑥2, where 𝑥𝑖,𝑖 ∈ {1, 2}, is the intended signal for user 𝑢𝑖, 𝛼1 + 𝛼2 =1.

Assuming that the relay utilizes the power splitting (PS)
protocol for energy harvesting [11], thus the received signal at
the relay node is given by

𝑦𝑟 = √(1 − 𝛽) 𝑃𝑠𝑥𝑠ℎ𝑠𝑟 + 𝑁∑
𝑛=1

√(1 − 𝛽) 𝑃𝑛𝑔𝑛𝑥𝑛 + 𝑛𝑟, (1)

where 𝛽 ∈ (0, 1) is the power splitting ratio, 𝑃𝑠 is
the transmit power of the source, 𝑥𝑛 and 𝑃𝑛 are sig-
nal and the transmit power of the 𝑛𝑡ℎ interferer, respec-
tively, and 𝑛𝑟 is the zero mean additive white Gaussian
noise (AWGN) at the relay with variance of 𝜎2. Specifi-
cally, the harvested energy at the relay node is obtained
as

𝐸ℎ = 𝜂𝛽(𝑃𝑠 ℎ𝑠𝑟2 + 𝑁∑
𝑛=1

𝑃𝑛 𝑔𝑛2) 𝑇2 , (2)

where 𝜂 ∈ [0, 1] is a coefficient representing the effi-
ciency of the harvesting circuitry and 𝑇 is the block time
for the transmission from the source node to both users.
Therefore, the transmit power at the relay is obtained
as

𝑃𝑟 = 𝐸ℎ𝑇/2 = 𝜂𝛽(𝑃𝑠 ℎ𝑠𝑟2 + 𝑁∑
𝑛=1

𝑃𝑛 𝑔𝑛2) . (3)

In the second phase, the relay multiplies the received
signal with an amplifying gain G and then forwards the
amplified signal to both users. Hence, the received signal at
user𝑖 is given by

𝑦𝑖 = √𝑃𝑟𝑦𝑟ℎ𝑟𝑢𝑖𝐺 + 𝑛𝑖
= √𝑃𝑟ℎ𝑟𝑢𝑖 (√(1 − 𝛽) 𝑃𝑠𝑥𝑠ℎ𝑠𝑟)𝐺
+ √𝑃𝑟ℎ𝑟𝑢𝑖 ( 𝑁∑

𝑛=1

√(1 − 𝛽) 𝑃𝑛𝑔𝑛𝑥𝑛)𝐺
+ √𝑃𝑟ℎ𝑟𝑢𝑖𝑛𝑟𝐺 + 𝑛𝑖,

(4)

where 𝑛𝑖 is the zero mean additive white Gaussian noise
(AWGN) at user 𝑢𝑖 with variance of 𝜎2.The amplifying factor
due to the AF protocol at the relay is given by

𝐺 = 1√(1 − 𝛽) 𝑃𝑠 ℎ𝑠𝑟2 + (1 − 𝛽)∑𝑁
𝑛=1 𝑃𝑛 𝑔𝑛2 + 𝜎2 . (5)

Remark 1. Without loss of generality, we assume that user 𝑢1
has better channel quality than user 𝑢2; i.e., |ℎ𝑟𝑢2 |2 ≤ |ℎ𝑟𝑢1|2.
Hence, due to NOMA, user 1 is encouraged to priorly decode𝑥2 before detecting its own signal by applying successive
interference cancellation (SIC), while user 2 can directly
detect 𝑥2.

Due to Remark 1, the instantaneous signal-to-
interference-plus-noise ratio (SINR) at user 1 to detect
user 2’s signal is given by

𝛾1→2 = 𝛼2𝑃𝑠 ℎ𝑠𝑟2𝛼1𝑃𝑠 ℎ𝑠𝑟2 + ∑𝑁
𝑛=1 𝑃𝑛 𝑔𝑛2 + (𝜎2/𝑃𝑟𝐺2) / (1 − 𝛽) ℎ𝑟𝑢1 2 + 𝜎2/ (1 − 𝛽) . (6)

Lemma 2. The term 𝜎2/𝑃𝑟𝐺2 can be approximated in the
high signal-to-noise ratio (SNR) region, in which the source
transmits with a relatively large power, as

𝜎2𝑃𝑟𝐺2
≃ (1 − 𝛽) 𝜎2𝜂𝛽 . (7)

Proof. By substituting (3) and (5) into 𝜎2/𝑃𝑟𝐺2 we have

𝜎2𝑃𝑟𝐺2
= ((1 − 𝛽) 𝑃𝑠 ℎ𝑠𝑟2 + (1 − 𝛽)∑𝑁

𝑛=1 𝑃𝑛 𝑔𝑛2) 𝜎2𝜂𝛽 (P𝑠
ℎ𝑠𝑟2 + ∑𝑁

𝑛=1 𝑃𝑛 𝑔𝑛2)
+ 𝜎4𝜂𝛽 (𝑃𝑠 ℎ𝑠𝑟2 + ∑𝑁

𝑛=1 𝑃𝑛 𝑔𝑛2) .
(8)
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Note that, in the high SNR region, the second term,
i.e., 𝜎4/𝜂𝛽(𝑃𝑠|ℎ𝑠𝑟|2 + ∑𝑁

𝑛=1 𝑃𝑛|𝑔𝑛|2), can be neglected. Hence,
after ignoring this part, we can simply achieve the result of
Lemma 2.

Therefore, the approximated instantaneous 𝛾1→2 is
obtained by

𝛾1→2 ≈ 𝛼2𝜓𝑠𝑟𝛼1𝜓𝑠𝑟 + 𝜓𝐼 + 1/𝜓𝑟𝑢1 + 1/ (1 − 𝛽) , (9)

where 𝜓𝑠𝑟 ≜ 𝑃𝑠|ℎ𝑠𝑟|2/𝜎2, 𝜓𝐼 ≜ ∑𝑁
𝑛=1 𝑃𝑛|𝑔𝑛|2/𝜎2, and 𝜓𝑟𝑢1 ≜𝜂𝛽|ℎ𝑟𝑢1 |2. If 𝛾1→2 > 22𝑅2−1, where𝑅2 (bits/s/Hz) is the target

data rate for𝑢2 , user 1 can successfully carry out the successive

interference cancellation (SIC) technique to detect user 2’s
signal and remove this signal from 𝑦1. Assuming perfect SIC,
the approximated instantaneous SINR for user 1 to detect its
own signal is given by

𝛾1 ≈ 𝛼1𝜓𝑠𝑟𝜓𝐼 + 1/𝜓𝑟𝑢1 + 1/ (1 − 𝛽) . (10)

Note that if 𝛾1 > 22𝑅1 − 1, where 𝑅1 (bits/s/Hz) is the
target data rate for 𝑢1, user 1 can successfully decode its own
message. Similarly, the SINR at user 2 to detect its signal is
obtained as

𝛾2 = 𝛼2𝑃𝑠 ℎ𝑠𝑟2𝛼1𝑃𝑠 ℎ𝑠𝑟2 + ∑𝑁
𝑛=1 𝑃𝑛 𝑔𝑛2 + (𝜎2/𝑃𝑟𝐺2) / (1 − 𝛽) ℎ𝑟𝑢2 2 + 𝜎2/ (1 − 𝛽) . (11)

Define 𝜓𝑟𝑢2 ≜ 𝜂𝛽|ℎ𝑟𝑢2 |2; the approximated 𝛾2 achieved by
adopting Lemma 2 is given by𝛾2 ≈ 𝛼2𝜓𝑠𝑟𝛼1𝜓𝑠𝑟 + 𝜓𝐼 + 1/𝜓𝑟𝑢2 + 1/ (1 − 𝛽) . (12)

3. Performance Analysis

3.1. Preliminaries. In this section, some preliminary results
are presented in terms of the solutions of some PDF and/or
CDF calculation, which will be frequently invoked in the
analysis. Let 𝑌 = ∑𝑁

𝑛=1𝑋𝑛 be the sum of 𝑁 independent
and not necessarily identically distributed gamma random
variables (RVs), i.e.,𝑋𝑛 ∼ Γ(𝑚𝑛, Ω𝑛/𝑚𝑛), whereΩ𝑛 = E[𝑋𝑛].
Theorem 3. The approximated probability density function
(PDF) of 𝑌 follows the gamma distribution, where 𝑚𝐼 is the
shape factor and Ω𝐼 is the variance, which is given by [23–25]

𝑓[1]
𝑌 (𝛾) ≈ 1Γ (𝑚𝐼) 𝜇𝑚𝐼𝐼 𝛾𝑚𝐼−1 exp(− 𝛾𝜇𝐼) , 𝛾 ≥ 0, (13)

where 𝜇𝐼 = Ω𝐼/𝑚𝐼, Ω𝐼 = ∑𝑁
𝑛=1Ω𝑛. The shape parameter, 𝑚𝐼,

is computed by using moment-base estimators, which is given
by

𝑚𝐼 = Ω2
𝐼

E [Φ2] − Ω2
𝐼

, (14)

where the first term in the denominator, E[Φ2], can be obtained
with the help of

E [Φ𝑘0] = 𝑘0∑
{𝑘𝑛}
𝑁−1
𝑛=1

E [𝑋𝑁
2𝑘𝑁−1]

⋅ 𝑁∏
𝑡=1

(𝑘𝑡−1𝑘𝑡 )E [𝑋𝑁−1
2(𝑘𝑡−1−𝑘𝑡)] ,

(15)

in which

E [𝑋𝑛
𝑘] = Γ (𝑚𝑛 + 𝑘/2)Γ (𝑚𝑛) (Ω𝑛𝑚𝑛

)𝑘/2 , (16)

where ∑𝑘0
{𝑘𝑛}
𝑁−1
𝑛=1

is a short-hand representation of∑𝑘0
𝑘1=0

∑𝑘1
𝑘2=0

⋅ ⋅ ⋅ ∑𝑘𝑁−1
𝑘𝑁−1=0

⋅ ⋅ ⋅ and ( 𝑛𝑘 ) denotes the binomial
coefficient. In addition, when 𝑚𝑛 is a nonnegative integer, the
exact PDF and CDF of 𝑌 are obtained through Theorem 4 as
below.

Theorem 4. Without loss of generality, we assume that 𝜇1 ≥𝜇2 ≥ . . . ≥ 𝜇𝑁, where 𝜇𝑛 = Ω𝑛/𝑚𝑛(𝑛 = 1 . . . 𝑁). Therefore, the
exact probability density function (PDF) of 𝑌, where𝑚𝑛 ∈ Z+,
is given by

𝑓[2]
𝑌 (𝛾) = 𝑃∑

𝑝=1

𝑚⟨𝑝⟩∑
𝑞=1

𝑅𝑝,𝑞 (S)(𝑞 − 1)!𝜇𝑞⟨𝑝⟩ 𝛾𝑞−1exp(− 𝛾𝜇⟨𝑝⟩) ,𝛾 ≥ 0, (17)

inwhichS = {𝜇𝑛}𝑁𝑛=1 is a vector containing all𝜇𝑛’s.Without loss
of generality, assume that vectorS contains𝑃 distinct elements;
each element is denoted by 𝜇⟨𝑝⟩, where 𝑝 = 1, 2, . . . , 𝑃.
Intuitively, 𝑚⟨𝑝⟩ is the sum of all 𝑚𝑛’s (𝑛 ≥ 1), in which the
subscript is the index of the 𝑛-th element of S, i.e., 𝜇𝑛, that is
identical to 𝜇⟨𝑝⟩. Specifically, the value of 𝑚⟨𝑝⟩ is determined
through Figure 2 and the below description.

In Figure 2, 𝜏𝑝 is the number of elements identical to 𝜇⟨𝑝⟩
and 𝑠𝑝 ≜ ∑𝑝

𝑘=1 𝜏𝑘 and 𝑠𝑝−1 + 1 denote the indices of the last
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Figure 2: A realization between 𝜇⟨𝑝⟩ and the elements in vectorS.

and the first element identical to 𝜇⟨𝑝⟩, respectively. Therefore,𝑚⟨𝑝⟩ = ∑𝑠𝑝
𝑘=𝑠𝑝−1+1

𝑚𝑘. Subsequently, 𝑅𝑝,𝑞(S) is obtained by

𝑅𝑝,𝑞 (S)
= 1(𝑚⟨𝑝⟩ − 𝑞)!𝜇𝑚⟨𝑝⟩−𝑞⟨𝑝⟩

× ( 𝑑𝑚⟨𝑝⟩−𝑞𝑑𝜐𝑚⟨𝑝⟩−𝑞 𝑃∏
𝑘=1,𝑘≠𝑝

1(1 + 𝜇⟨𝑘⟩𝜐)𝑚⟨𝑘⟩)
𝜐=−1/𝜇⟨𝑝⟩ .

(18)

Proof. See Appendix A.

The closed-form expression of (18) is given in Appendix B
in order to find the values of 𝑅𝑝,𝑞(S) without requiring any
differentiation manipulation. In addition, Remark 5 is given
in order to provide some insights of Theorem 4.

Remark 5. Theorem 4 is priorly defined for 𝑚𝑛 ∈ Z+;
however in case of 𝑚𝑛 ∈ R+ one can still utilize Theorem 4
to find the sum of𝑁 i.n.i.d. gamma RVs as long as it satisfies𝑚⟨𝑝⟩ ∈ Z+. This statement can be understood by observing
the agreement between the simulation curves and analytical
curves in Section 5. Further, it is noticed from Appendix A
that (A.3) can also extend to the case of 𝑚𝑛 ∈ R+ without
any modification. However, in order to adopt partial fraction
decomposition (PFD) to achieve the closed-form expression
for 𝑓[2]

𝑌 (𝛾) in the third equality of (A.4), 𝑚⟨𝑝⟩ ∈ Z+ must be
a positive integer, which can be easily achieved by assuming𝑚𝑛 ∈ Z+ is also a positive integer.

Furthermore, in order to support the analysis in Sec-
tion 3.2 we introduce Theorem 6 as below.

Theorem 6. Let Ι𝑌(𝜅) ≜ E𝑌[𝑒−𝜅𝑌]; its closed-form expression
is obtained as

Ι𝜓𝐼 (𝜅) = ∫∞

0
e−𝜅𝛾𝑓[𝑡]

𝑌 (𝛾) 𝑑𝛾 (19)

= {{{{{{{
(1 + 𝜇𝐼𝜅)−𝑚𝐼 (𝑡 = 1)
𝑃∑

𝑝=1

𝑚⟨𝑝⟩∑
𝑞=1

𝑅𝑝,𝑞 (S)(1 + 𝜇⟨𝑝⟩𝜅)𝑞 (𝑡 = 2) . (20)

Proof. Using the given PDF of 𝜓𝐼 in (13) for 𝑡 = 1 and (17) for𝑡 = 2, with the help of [26, Eq. 3.351.3], we can easily achieve
the above results.

In addition, when the interferences are statistically inde-
pendent and identically distributed (i.i.d.), i.e., 𝜇1 = 𝜇2 =. . . = 𝜇𝑁 = 𝜇, then 𝑃 = 1 and 𝑚⟨𝑝⟩ = ∑𝑁

𝑛=1𝑚𝑛 ≜ 𝑚; Ι𝑌(𝜅)
becomes

Ι𝜓𝐼 (𝜅) = (1 + 𝜇𝜅)−𝑚 . (21)

When 𝑁 = 0, i.e., 𝑌 = 0, it immediately follows
thatΙ𝜓𝐼 (𝜅) = 1.
3.2. Performance Analysis on Outage Probability at Each
User. In this section, the analytical result for the coverage
probability of user 𝑢𝑖, denoted by O𝑖, is given in closed
form. Hence, the outage probability at user 𝑢𝑖 is O𝑖 = 1 −
O𝑖. It is worth noticing that the results in this section are
obtained when 𝛼2 > 𝜏2𝛼1 and if 𝛼2 < 𝜏2𝛼1 the coverage
probability of each user becomes zero. Subsequently, the
coverage probability of user 1 is defined as the probability
that this user successfully decodes both 𝑥2 and 𝑥1 which is
mathematically given by

O1 = Pr {𝛾1→2 > 𝜏2, 𝛾1 > 𝜏1} , (22)

where 𝜏2 ≜ 22𝑅2 − 1 and 𝜏1 ≜ 22𝑅1 − 1. However, deriving
the exact O1 in closed form is not tractable due to the
complexity of (6); thus we then derive the approximated
coverage probability in the high SNR region by substituting
(9) and (10) into (22).Note that this assumption iswidely used
in literature. Subsequently, this probability is approximately
obtained in closed form as

O1 ≃ Ι𝜓𝐼 ( Τ1𝜇𝑠𝑟) exp(− Τ1𝜇𝑠𝑟 11 − 𝛽)
× 3∑

𝑘=1

(−1)𝑘−1 2√ Τ1𝜇𝑠𝑟𝜇𝑘𝐾1(2√ Τ1𝜇𝑠𝑟𝜇𝑘) ,
(23)

where 𝜇𝑠𝑟 = 𝑃𝑠Ω𝑠𝑟/𝜎2, 𝜇𝑟𝑢1 = 𝜂𝛽Ω𝑟𝑢1
, 𝜇𝑟𝑢2 = 𝜂𝛽Ω𝑟𝑢2

, Τ1 =
max(𝜏2/(𝛼2 − 𝜏2𝛼1), 𝜏1/𝛼1), 𝜇1 = 𝜇𝑟𝑢1 , 𝜇2 = 𝜇𝑟𝑢1𝜇𝑟𝑢2/𝜇𝑟𝑢2 +𝜇𝑟𝑢1 , and 𝜇3 = 𝜇𝑟𝑢2 , Ι𝜓𝐼(𝜅) is obtained in Theorem 6 and
Theorem 4 by setting Ω𝐼 = ∑𝑁

𝑛=1 𝑃𝑛Ω𝑛/𝜎2 for (𝑡 = 1) and𝑚𝐼 = ∑𝑁
𝑛=1 𝑃𝑛Ω𝑛/𝜎2, 𝐾V(𝑧) is the V𝑡ℎ order modified Bessel

function of the second kind [26], and 𝛼2 > 𝜏2𝛼1.
Proof. See Appendix C.
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Hence, the coverage probability of user 2 is defined as
the probability that this user successfully decodes its own
message, 𝑥2, and can be represented mathematically by

O2 = Pr {𝛾2 > 𝜏2} . (24)

Subsequently, the closed-form expression for the approx-
imated O2 is given by

O2 ≃ Ι𝜓𝐼 ( Τ2𝜇𝑠𝑟) exp(− Τ2𝜇𝑠𝑟 11 − 𝛽)
⋅ 2√ Τ2𝜇𝑠𝑟𝜇2𝐾1(2√ Τ2𝜇𝑠𝑟𝜇2) ,

(25)

where Τ2 = 𝜏2/𝛼2 − 𝜏2𝛼1 and 𝛼2 > 𝜏2𝛼1.
Proof. Substituting (12) into (22), we then obtain

O2 ≃ Pr{𝜓𝑠𝑟 > Τ2 (𝜓𝐼 + 1𝜓𝑟𝑢2 + 11 − 𝛽)}
≃ exp(− Τ2𝜇𝑠𝑟 11 − 𝛽)∫∞

0
exp(− Τ2𝜇𝑠𝑟 𝑥)𝑓[𝑡]

𝜓𝐼
(𝑥) 𝑑𝑥

× ∫∞

0
exp(− Τ2𝜇𝑠𝑟 1𝑦)𝑓𝜓𝑟𝑢2 (𝑦) 𝑑𝑦.

(26)

In addition, the first integral is obtained by adopting (20)
when 𝜅 = Τ2/𝜇𝑠𝑟. Recall that |ℎ𝑟𝑢2|2 ≤ |ℎ𝑟𝑢1|2 due to Remark 1;
thus 𝜓𝑟𝑢2 ≤ 𝜓𝑟𝑢1 . Using order statistic in [27], the PDF of the
ordered 𝜓𝑟𝑢2 is given by

𝑓𝜓𝑟𝑢2 (𝑦) = 1𝜇2 exp(− 𝑦𝜇2) , (𝑦 ≥ 0) . (27)

Therefore, the closed-form expression for the second
integral is obtained by using (27) and [26, Eq. 3.471.9].Hence,
the proof is done.

4. Optimal Power Splitting Factor Problem

In this section, the maximum coverage probability at a single
user is obtained by adjusting the power splitting factor to
maximize the SNRs/SINRs given in Section 3. Specifically,
the optimal power splitting factor to achieve the maximum
SNRs/SINRs at user 𝑢𝑖 is given by𝛽op𝑖 = arg max

0<𝛽<1
(𝜑𝑖) , (28)

where 𝜑1 ≜ min{𝛾1→2, 𝛾1} and 𝜑2 ≜ 𝛾2. Since 𝛽 only appears
in the denominator of 𝜑𝑖 we can rewrite (28) as

𝛽op𝑖 = arg min
0<𝛽<1

(𝜓𝑖 (𝛽) ≜ 1𝜂𝛽 ℎ𝑟𝑢𝑖 2 + 11 − 𝛽) . (29)

Lemma 7. The function 𝜓𝑖(𝛽) is convex.

Proof. Since 1/𝜂𝛽|ℎ𝑟𝑢𝑖 |2 and 1/1 − 𝛽 are convex functions of𝛽 ∈ (0, 1) and the sum of two convex functions is also convex,
thus 𝜓𝑖(𝛽) is convex.

From Lemma 7, it is clear that (30) has a unique solution
for 𝛽op𝑖 which is obtained by solving (𝜕/𝜕𝛽)𝜓𝑖(𝛽) = 0.
Subsequently, after some simple algebraic manipulations, the
optimal energy harvesting factor is given as below:

𝛽op𝑖 = 11 + √𝜂 ℎ𝑟𝑢𝑖 2 . (30)

Substituting (30) into (9), (10), and (12), the optimal
coverage probability of user 𝑢𝑖 is given approximately as

O
𝑜𝑝

𝑖 ≃ Ι𝜓𝐼 ( Τ𝑖𝜇𝑠𝑟) exp(− Τ𝑖𝜇𝑠𝑟) 4−𝑖∑
𝑘=𝑖

(−1)𝑘+𝑖−1
⋅ {×𝜔𝑖,𝑘𝐾1 (𝜔𝑖,𝑘) − √𝜋 Τ𝑖𝜇𝑠𝑟𝜂𝜔𝑖,𝑘exp (−𝜔𝑖,𝑘)} , (31)

where𝜔𝑖,𝑘 = 2√Τ𝑖/𝜇𝑠𝑟𝜂Ω𝑘,Ω1 = Ω𝑟𝑢1
,Ω2 = Ω𝑟𝑢1

Ω𝑟𝑢2
/Ω𝑟𝑢1

+Ω𝑟𝑢2
, Ω3 = Ω𝑟𝑢2

, and 𝑖 = 2/𝑖.
Proof. See Appendix D.

Note that the relay can only choose to tune 𝛽 to achieve
the best performance for a single user in a specific block time,
T; thus the other user may not reach maximum coverage
probability during that block time. In this case, the coverage
probability of the other user is given approximately by

O𝑖 ≃ Ι𝜓𝐼 ( Τ𝑖𝜇𝑠𝑟) exp(− Τ𝑖𝜇𝑠𝑟)
⋅ 4−𝑖∑
𝑘𝑖=𝑖

4−𝑖∑
𝑘𝑖=𝑖

(−1)𝑘𝑖+𝑖−1 (−1)𝑘𝑖+𝑖−1
× [[(1 − Τ𝑖𝜇𝑠𝑟√ 𝜋𝜂Ω𝑘𝑖

)𝜔𝑖,𝑘𝑖
𝐾1 (𝜔𝑖,𝑘𝑖

)
− Τ𝑖𝜇𝑠𝑟Ω𝑘𝑖

√𝜋Ω𝑘𝑖𝜂 𝐾0 (𝜔𝑖,𝑘𝑖
)]] ,

(32)

where 𝜔𝑖,𝑘𝑖
= 2√Τ𝑖/𝜇𝑠𝑟𝜂Ω𝑘𝑖

.

Proof. See Appendix E.

5. Numerical Results

In this section, in terms of the outage probability of both
users in the cooperative SWIPT NOMA network, we present
representative numerical results to demonstrate the per-
formance assessments. In the considered SWIPT NOMA
network under impacts of ICI, we set the energy conversion
efficiency of SWIPT as 𝜂 = 1. We define SNR ≜ 𝑃𝑠Ω𝑠𝑟/𝜎2
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Figure 3: Outage probability at user 1 vs. the energy harvesting ratio𝛽, where SNR = 30 dB and INR = −10 dB.
as the average SNR at the transmitter (source); assume that𝑃𝑛 = 𝑃𝐼 and define INR ≜ ∑𝑁

𝑛=1 𝑃𝐼Ω𝑛/𝜎2 as the average
interference-to-noise ratio. Ω𝑠𝑟 = 1, Ω𝑟𝑢1

= 1.5, and Ω𝑟𝑢2
=0.5. From Figures 3–8, the number of external interferers is

set to 2 (𝑁 = 2) with 𝑚1 = 1.2, 𝑚2 = 1.8, Ω1 = 1.2, andΩ2 = 1.8; the power allocation coefficients are 𝛼1 = 0.1 and𝛼2 = 0.9.Thebelow results are obtained by averaging 500, 000
separated simulations under a MATLAB environment.

Firstly, we consider the results in Figures 3 and 4. The
curves denoted by (O) can be obtained from (23) with Ι𝜓𝐼(𝜅)
in (20) achieved at 𝑡 = 1 whereas the curves denoted by
(X) can be obtained with Ι𝜓𝐼(𝜅) obtained at 𝑡 = 2 (20). As
a clear observation, the simulation lines obtained via (22)
and (24), respectively, strictly match with the analytical lines
for both 𝑡 = 1 and 𝑡 = 2, which confirms the accuracy
of our derivation. Furthermore, Figure 3 shows the outage
probability for user 1, as increasing 𝑅1 to serve this user
with higher data rate or higher quality of service and outage
performance will be the worse case. In such result, the black
curve is 𝑅1 = 1.0 bits/s/Hz while the red curve is 𝑅1 = 1.5
bits/s/Hz. One can observe that a lower outage probability
is achieved by changing approximate 𝛽 = 0.6 → 0.8. The
figures also demonstrate that as 𝛽 is very high or very low,
a higher outage event can occur due to the low harvested
energy at the relay where it makes impacts on the end-to-end
SNRof the system. Similarly, outage probability (not optimal)
is shown for user 2 in Figure 4. It can be observed that as𝑅2 is
increased then outage performance will be worse; in this case,
we set 𝑅2 = 0.5 bits/s/Hz as the black curves and the red ones
corresponding with 𝑅2 = 1.0 bits/s/Hz.

In Figure 5, the outage probabilities for user 1 are achieved
by varying INR levels and are shown as functions of the
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Figure 4:Outage probability at user 2 vs. the energy harvesting ratio𝛽, where SNR = 30 dB and INR = −10 dB.
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Figure 5: Optimal outage probability at user 1 vs. the average SNR.

average SNR.The simulation curves are obtained by adopting
(22) with 𝛽 defined in (28) while the analytical curves are
obtained from (31) with 𝑖 = 1. As can be seen from the figure,
NOMA with an INR level equal to −10 dB outperforms the
other remaining scenarios, since it can ensure that the outage
is achievable by all the users as controlling impacts of ICI.

Figure 6 demonstrates the outage performance for user
2 versus SNR with different INR levels. Similarly, the simu-
lation curves can be obtained via (24) with the optimal 𝛽 in
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Figure 7: Optimal outage probability vs. user 1’s target data rate.

(28) while the analytical curves are obtained from (31) with𝑖 = 2. One can observe that the proposed method achieves
the lowest outage since it has the lowest impacts on the
system among three scenarios. The figure also demonstrates
the existence of the outage ceilings in the low SNR region (i.e.,
SNR less than 10 dB). This is due to the fact that the system
probability is approaching an outage event and such outage
is determined only by the SNR while other parameters do
not affect outage. It is worth noting that increasing SNR can
improve the outage; however, for the case INR = −10 dB,

Simulation

Ana. User 1,２1 = 0.5

Ana. User 1,２1 = 1.5

Ana. User 2,２1 = 0.5

Ana. User 2,２1 = 1.5

1 1.5 20.5
２2 (bits/s/Hz)

10−2

10−1

100

O
pt

im
al

 O
ut

ag
e P

ro
ba

bi
lit

y

Figure 8: Optimal outage probability vs. user 2’s target data rate.

the throughput is the lowest among three scenarios. This is
because, in the latter case, the lower impact for information
processing at user 2, and hence an outage, will be improved.
Therefore, we see that it is important to select appropriate
ICI when designing practical NOMA downlink transmission
systems.

Figures 7 and 8 illustrate the optimal outage probability
of both users versus the target rates, i.e., 𝑅1 and 𝑅2, in two
different time blocks. The red and blue solid lines are both
obtained from (31) when 𝑖 = 1 (ensuring QoS at user 1)
and 𝑖 = 2 (ensuring QoS at user 2), respectively, while
the simulation results for user 1 and user 2 are obtained by
substituting 𝛽 = (1 + √𝜂|ℎ𝑟𝑢1|2)−1 into (22) and 𝛽 = (1 +√𝜂|ℎ𝑟𝑢2|2)−1 into (24), respectively. It is worth noting that,
in the same signal block, the relay only satisfies QoS criteria
for one user only; however we intend to compare the optimal
outage performance each user can achieve. Firstly, one can
observe that the outage probabilities of user 2 and user 1 can
increase as 𝑅2 and 𝑅1 increase, respectively. The reason is
that increasing 𝑅2 and 𝑅1 can lead to the higher threshold
of decoding and therefore can result in more outage. More
specifically, the outage probability at user 2 increases as 𝑅2

increases but it remains constant varying 𝑅1 as depicted in
Figure 8, where the solid line overlaps the dashed line. The
reason is that the performance of this user only depends on
the data rate of 𝑥2 but not that of 𝑥1. In addition, the outage
probability at user 1 depends highly on Τ1; thus if Τ1 = 𝜏1/𝛼1
increasing 𝑅2 will not affect the outage probability at this user
resulting in a segment of straight blue lines in Figure 8 and a
portion of the blue curves in Figure 7, where the solid curve
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Figure 9: Optimal outage probability vs. number of external
interferers.

overlaps the dashed curve. However, the system performance
can be decreased in case of Τ1 = 𝜏2/𝛼2 − 𝜏2𝛼1.

Figure 9 presents the optimal outage probability at both
users as considering on increasing number of interferers.
The solid curves are obtained through (31) representing the
optimal outage probability of user 𝑖 (𝑖 = 1, 2) whereas the
dashed curves are achieved via (32) denoting the outage
probability of user 𝑖 when the relay focuses on optimizing
the QoS of the other user, i.e., user 𝑖. In such experiment,Ι𝜓𝐼(𝜅) can be extracted from (21) as 𝑚1 = . . . = 𝑚𝑁 = 1 andΩ1 = . . . = Ω𝑁 = 1 (i.i.d. scenario). It is confirmed that if we
try to optimize the outage probability for a user then another
user cannot achieve maximum performance.This situation is
equivalent to the case of requirement for maximum QoS for
the selected user (i.e., user 1) resulting in system performance
of the remaining user (i.e., user 2) being dropped.

6. Conclusions

In this paper, the application of simultaneously wireless
information and power transfer (SWIPT) in nonorthogonal
multiple access (NOMA) under the influence of external
interferers has been investigated. In particular, we derived the
closed-form expression of outage probability in the SWIPT
NOMA protocol. In order to provide a complete framework,
we illustrate system performance through simulation results
used to address the impacts of the target rates of the near
and far users and the number of interference sources and
turn in evaluating the outage performance of the proposed
protocol. In terms of outage probability, new analytical results
have been derived to conclude the system efficiency. Such
numerical results have been demonstrated to corroborate
our analysis. We conclude that, by carefully choosing the

parameters of the network regarding external interferers,
acceptable system performance can be ensured by applying
the SWIPT NOMA protocol in practical networks.

Appendix

A. Proof of Theorem 4

The characteristic function of 𝑌 is given by

Φ𝑌 (𝑗𝜔) = E [𝑒𝑗𝜔𝑌] = E [𝑒𝑗𝜔∑𝑁𝑛=1 𝑋𝑛]
= 𝑁∏

𝑛=1

∫∞

0
𝑒𝑗𝜔𝜑𝑓𝑋𝑛 (𝜑) 𝑑𝜑

= 𝑁∏
𝑛=1

1(1 − 𝑗𝜔𝜇𝑛)𝑚𝑛 ,
(A.1)

where 𝑗 = √−1 and 𝛾𝑛 = 𝑃𝑛|ℎ𝑛|2. The third equality is
obtained by using the PDF of 𝛾𝑛 which is given by

𝑓𝛾𝑛 (𝜑𝑛) = 1Γ (𝑚𝑛) 𝜇𝑚𝑛𝑛 𝜑𝑚𝑛−1𝑛 exp(−𝜑𝑛𝜇𝑛) . (A.2)

In addition, Φ𝑌(𝑗𝜔) can be rewritten in terms of P distinct
elements of 𝜇𝑛 in descending order as

Φ𝑌 (𝑗𝜔) = 𝑃∏
𝑝=1

1(1 − 𝑗𝜔𝜇⟨𝑝⟩)𝑚⟨𝑝⟩ . (A.3)

The PDF of 𝑌 is obtained through the characteristic function
in (A.3) as

𝑓[2]
𝑌 (𝛾) = 12𝜋 ∫∞

−∞
𝑒−𝑗𝜔𝑥Φ𝑌 (𝑗𝜔) 𝑑𝜔

= 12𝜋 𝑃∏
𝑝=1

∫∞

−∞

𝑒𝑗𝜔𝛾(1 + 𝑗𝜔𝜇⟨𝑝⟩)𝑚⟨𝑝⟩ 𝑑𝜔
(𝑎) 12𝜋 𝑃∑

𝑝=1

𝑚⟨𝑝⟩∑
𝑞=1

𝑅𝑝,𝑞 (S) ∫∞

−∞

𝑒𝑗𝜔𝛾(1 + 𝑗𝜔𝜇⟨𝑝⟩)𝑞 𝑑𝜔
(𝑏) 𝑃∑

𝑝=1

𝑚⟨𝑝⟩∑
𝑞=1

𝑅𝑝,𝑞 (S)(𝑞 − 1)!𝜇𝑞⟨𝑝⟩ 𝛾𝑞−1exp(− 𝛾𝜇⟨𝑝⟩) ,
(A.4)

where (a) is obtained by using partial fraction decomposition
of (A.3) [26] and (b) is achieved with the help of [26, Eq.
3.382.6]. In addition, when 𝑃 = 1, i.e., 𝜇1 = 𝜇2 = . . . 𝜇𝑁,𝑅𝑝,𝑞(S) becomes

𝑅1,𝑞 (S) = {{{
0, 𝑞 = 1, 2, . . . , 𝑚 − 11, 𝑞 = 𝑚. (A.5)

The proof leads to the same result as in Theorem 4.
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B.

Define 𝛿𝑝(𝜐) ≜ (1 + 𝜐𝜇⟨𝑝⟩)−𝑚⟨𝑝⟩ ; the n-th derivative of 𝛿𝑝(𝜐) is
given by

𝛿(𝑛)𝑝 (𝜐) = (−1)𝑛 (𝑚⟨𝑝⟩ + 𝑛 − 1)!(𝑚⟨𝑝⟩ − 1)! 𝜇𝑛⟨𝑝⟩(1 + 𝜐𝜇⟨𝑝⟩)𝑚⟨𝑝⟩+𝑛 . (B.1)

Proof. In case of 𝑛 = 0, it is obvious that 𝛿(0)𝑝 (𝜐) = 𝛿𝑝(𝜐),
which satisfies (B.1). In another case, assuming that 𝑛 = 𝑘
holds, it can be proved that 𝑛 = 𝑘 + 1 holds for 𝑘 ∈ N. It is
noted that the (𝑘 + 1)-th derivative of 𝛿𝑝(𝜐) is obtained as

𝛿(𝑘+1)𝑝 (𝜐) = [𝛿(𝑘)𝑝 (𝜐)](1)
= (−1)𝑘+1 (𝑚⟨𝑝⟩ − 1 + 𝑘 + 1)!(𝑚⟨𝑝⟩ − 1)! 𝜇𝑘+1⟨𝑝⟩(1 + 𝜐𝜇⟨𝑝⟩)𝑚⟨𝑝⟩+𝑘+1 .

(B.2)

Therefore, using the induction hypothesis, (B.1) holds for
all 𝑘 ∈ N.

Define L𝑝(𝜐) ≜ ∏𝑃
𝑘=1,𝑘 ̸=𝑝𝛿𝑘(𝜐); then according to

Leibniz’s rule [26], the n-th derivative ofL(𝜐) is given as

L
(𝑛)
𝑝 (𝜐) = 𝑛∑

{𝑛𝑘}
𝑃
𝑘=1,𝑘≠𝑝

𝑃∏
𝑘=1,𝑘≠𝑝

(𝑛𝑘−1𝑛𝑘 )𝛿(𝑛𝑘)𝑘 (𝜐)
= 𝑛∑

𝑛1=0

( 𝑛𝑛1) ⋅ ⋅ ⋅ 𝑛𝑘−1∑
𝑛𝑘=0
𝑘 ̸=𝑝

(𝑛𝑘−1𝑛𝑘 )
⋅ ⋅ ⋅ 𝑛𝑃−1∑

𝑛𝑃=0

(𝑛𝑃−1𝑛𝑃 ) 𝑃∏
𝑘=1
𝑘 ̸=𝑝

𝛿(𝑛𝑘)𝑘 (𝜐) .
(B.3)

Substituting (B.3) into (18) 𝑅𝑝,𝑞(S) is rewritten for 𝑃 ≥ 1
as

𝑅𝑝,𝑞 (S) = L
(𝑚⟨𝑝⟩−𝑞)
𝑝 (−1/𝜇⟨𝑝⟩)(𝑚⟨𝑝⟩ − 𝑞)!𝜇𝑚⟨𝑝⟩−𝑞⟨𝑝⟩

. (B.4)

C. Proof of (22)

Substituting (9) and (10) into (22), after some algebraic steps,
we can obtain

O1 = Pr {𝛾1→2 > 𝜏2, 𝛾1 > 𝜏1} = Pr{𝜓𝑠𝑟
> 𝜏2𝛼2 − 𝜏2𝛼1 (𝜓𝐼 + 1𝜓𝑟𝑢1 + 11 − 𝛽) , 𝜓𝑠𝑟
> 𝜏1𝛼1 (𝜓𝐼 + 1𝜓𝑟𝑢1 + 11 − 𝛽)}

(C.1)

= Pr{𝜓𝑠𝑟 > Τ1 (𝜓𝐼 + 1𝜓𝑟𝑢1 + 11 − 𝛽)} . (C.2)

TheCDF of𝜓𝑠𝑟 and the PDF of the ordered𝜓𝑟𝑢1 [28] are given
by

𝐹𝜓𝑠𝑟 (𝛾) = 1 − exp(− 𝛾𝜇𝑆𝑅) , (𝛾 ≥ 0) (C.3)

𝑓𝜓𝑟𝑢1 (𝛾) = 3∑
𝑘=1

(−1)𝑘−1𝜇𝑘 exp(− 𝛾𝜇𝑘) , (𝛾 ≥ 0) . (C.4)

Substituting (C.2) and (C.3) into (C.1) we obtain

O1

= exp(− Τ1𝜇𝑠𝑟 11 − 𝛽)∫∞

0
exp(− Τ1𝜇𝑠𝑟 𝛾)𝑓𝜓𝐼 (𝛾) 𝑑𝛾

× 3∑
𝑘=1

(−1)𝑘−1𝜇𝑘 ∫∞

0
exp(− Τ1𝜇𝑠𝑟 1𝛾 − 𝛾𝜇𝑘)𝑑𝛾,

(C.5)

where the first integral is obtained by adopting Proposition 2
and the second integral is obtained with the help of [26, Eq.
3.471.9].Therefore, (C.5) immediately follows (23).

D. Proof of (31)

First, let us rewrite the PDF of the ordered channels, |ℎ𝑖|2 (𝑖 =1, 2), as
𝑓|ℎ𝑖|2 (𝑥) = 4−𝑖∑

𝑘=𝑖

(−1)𝑘+𝑖−1Ω𝑘

exp(− 𝑥Ω𝑘

) . (D.1)

From (C.2) and (26), we can see the similarities of the two
equations, and, therefore, it is possible to achieve a unified
equation to determine the coverage probability at user 𝑢𝑖
which is given by

O𝑖 = Pr{𝜓𝑠𝑟 > Τ𝑖 (𝜓𝐼 + 1𝜓𝑟𝑢𝑖 + 11 − 𝛽)} . (D.2)

Substituting (30) into (D.2), using similar steps in
Appendix A, the above equality is rewritten as follows:
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O𝑖 = 1 − Ι𝜓𝐼 ( Τ𝑖𝜇𝑠𝑟) exp(− Τ𝑖𝜇𝑠𝑟) × 4−𝑖∑
𝑘=𝑖

(−1)𝑘+𝑖−1Ω𝑘

⋅ ∫∞

0
exp(− Τ𝑖𝜇𝑠𝑟𝜂 2√𝑦 − Τ𝑖𝜇𝑠𝑟𝜂 1𝑦 − 1Ω𝑘

𝑦)𝑑𝑦. (D.3)

The above equation cannot be expressed in closed form;
however it is noticed that when 𝑥 → 0 the exponential
function is approximated as

exp (−𝑥) ≃ 1 − 𝑥. (D.4)

Applying (D.4) into (D.3), O𝑖 is approximated as

O𝑖 ≃ 1 − Ι𝜓𝐼 ( Τ𝑖𝜇𝑠𝑟) exp(− Τ𝑖𝜇𝑠𝑟) 4−𝑖∑
𝑘=𝑖

(−1)𝑘+𝑖−1Ω𝑘

× [∫∞

0
exp(− Τ𝑖𝜇𝑠𝑟𝜂 1𝑦 − 1Ω𝑘

𝑦)𝑑𝑦
− 2 Τ𝑖𝜇𝑠𝑟𝜂 ∫∞

0

1√𝑦 exp(− Τ𝑖𝜇𝑠𝑟𝜂 1𝑦 − 1Ω𝑘

𝑦)𝑑𝑦] .
(D.5)

One can utilize [26, Eq. 3.471.9] and [26, Eq. 3.471.15] to solve
the first and second integral, respectively. Therefore, after
some algebraic manipulations we then achieve (31).

E. Proof of (32)

From (D.2) and (30) the coverage probability of the other user
is given by

O𝑖 = Pr
{{{{{{{𝜓𝑠𝑟

> Τ𝑖(𝜓𝐼 + 1 + √𝜂 ℎ𝑟𝑢𝑖 2𝜂 ℎ𝑟𝑢𝑖 2 + 1 + √𝜂 ℎ𝑟𝑢𝑖 2√𝜂 ℎ𝑟𝑢𝑖 2 )}}}}}}} .
(E.1)

Substituting (D.1) and adoptingTheorem 6 into (E.1), we then
have

O𝑖 = Ι𝜓𝐼 ( Τ𝑖𝜇𝑠𝑟) exp(− Τ𝑖𝜇𝑠𝑟) × ∫∞

0
{exp(− Τ𝑖𝜇𝑠𝑟 1𝜂𝑦)

⋅ 𝑓|ℎ𝑟𝑢
𝑖
|2 (𝑦) × ∫∞

0
exp [− Τ𝑖𝜇𝑠𝑟√𝜂 (√𝑥𝑦 + 1√𝑥)]

⋅ 𝑓|ℎ𝑟𝑢𝑖 |2 (𝑥) 𝑑𝑥} 𝑑𝑦.
(E.2)

Adopting (D.1) and (D.4) into (E.2), O𝑖 is obtained approxi-
mately as

O𝑖 ≃ Ι𝜓𝐼 ( Τ𝑖𝜇𝑠𝑟) exp(− Τ𝑖𝜇𝑠𝑟) 4−𝑖∑
𝑘𝑖=𝑖

4−𝑖∑
𝑘𝑖=𝑖

{(−1)𝑘𝑖+𝑖−1Ω𝑘𝑖

× (−1)𝑘𝑖+𝑖−1Ω𝑘𝑖

⋅ ∫∞

0
exp(− Τ𝑖𝜇𝑠𝑟 1𝜂𝑦) exp(− 𝑦Ω𝑘𝑖

) × [Ω𝑘𝑖
− ∫∞

0

Τ𝑖𝜇𝑠𝑟√𝜂 1√𝑥 exp(− 𝑥Ω𝑘𝑖

)𝑑𝑥 − ∫∞

0

Τ𝑖𝜇𝑠𝑟√𝜂 √𝑥𝑦 exp(− 𝑥Ω𝑘𝑖

)𝑑𝑥] 𝑑𝑦} .
(E.3)

By applying [26, Eq. 3.371] to solve the second and third
integral, we then achieve

O𝑖 ≃ Ι𝜓𝐼 ( Τ𝑖𝜇𝑠𝑟) exp(− Τ𝑖𝜇𝑠𝑟)
⋅ 4−𝑖∑
𝑘𝑖=𝑖

4−𝑖∑
𝑘𝑖=𝑖

{{{(−1)
𝑘𝑖+𝑖−1Ω𝑘𝑖

× (−1)𝑘𝑖+𝑖−1 ∫∞

0

[[exp(− Τ𝑖𝜇𝑠𝑟𝜂 1𝑦 − 𝑦Ω𝑘𝑖

) × (1 − Τ𝑖𝜇𝑠𝑟√ 𝜋𝜂Ω𝑘𝑖

− 12 Τ𝑖𝜇𝑠𝑟√𝜋Ω𝑘𝑖𝜂 1𝑦)𝑑𝑦]]}}} ,
(E.4)

where the integral part in (E.4) can be evaluated in
closed form by adopting [[26], Eq. 3.471.9].Hence, after some
manipulations, we then get (32).
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During last several years, mobile communications using mmWave spectrum have been intensively researched for 5G wireless
networks. Now themmWavewireless technologies are evolved into direct device-to-device communications for a single ormultihop
communication via Giga-bit links. Vehicular ad hoc networks (VANETs) are one of the most attractive areas to apply the direct
mmWave communications. In this paper, we propose a Giga-V2V (GiV2V) network, in which vehicles query and deliver high
quality video and sensor data of smart and self-driving cars using mmWave communications instead of current dedicated short-
range communications (DSRC). In the GiV2V networks, vehicles probably form a grid topology along lanes of a road, which leads
to align mmWave beams of the vehicles and cause mutual interference among them. As channel diversity can resolve effectively the
interference between mmWave beams, we propose several heuristic algorithms for channel assignment of each beam in the GiV2V
networks. We investigate the proposed algorithms using simulation and compare performance with well-known metaheuristic
algorithms for this NP-Hard problem.

1. Introduction

5G wireless technology opens a new era of Giga-bit rate
data communications using mmWave spectrums for high
quality and real-time multimedia data. Many companies
and universities built testbeds for measurement study of the
mmWave communications and made efforts to demonstrate
feasibility of beam forming and tracking developed for
mobile communications.The 5Gmobile communications are
now being standardized in ITU [1], 5GPPP [2], 3GPP [3], and
so forth and ready to commercialize. The mmWave commu-
nications are also developed for local area communications
(e.g., WPAN and WLAN) using 60 GHz unlicensed bands
such as IEEE 802.15.3 Task Group 3c (TG3c) [4] and IEEE
802.11ad [5].

Due to severe penetration loss and reflection from short
wavelength, mmWave communications are almost feasible
only in Line-of-Sight (LoS) environment. When a mmWave
link between a sender and receiver is blocked (i.e., non-LoS),
relay operation is necessary; in 802.11ad WLAN, the mobile
station can access to an access point (AP) via a relay station.
Such Device-to-Device (D2D) direct communications using

the mmWave spectrum attract attentions to support Giga-
bit data rate in proximity services and offloading in cellular
networks.

For dissemination of safety messages over roads, V2X
communications (e.g., vehicle-to-vehicle, infrastructure, or
pedestrian) have been researched and developed intensively
during the last decade. At the end, auto companies recently
release solutions based on the IEEE 802.11p/WAVE standard
which satisfy requirements of safety messages (e.g., low-
latency delivery less than 100 𝑚𝑠) and support infotainment
communications up to 6-27 Mbps using separate service
channels. However, a future smart car capable of autonomous
driving demands much higher data rate and low latency for
vehicle control technology, which relies on large amount of
data from near or medium range radars and camera sensors
of neighboring vehicles. In particular, higher resolution
visual data like Ultra High Definition (UHD) video can
enable precise vehicle control; for example, if using 2 M
pixel camera instead of 0.3 M in the lane keeping system,
curvature recognition accuracy on the front road increases
from 30 to 50 𝑚, which leads to more safe and fuel efficient
driving.
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In this paper, Giga-bit vehicle-to-vehicle communication
(GiGaV2V or GiV2V) using themmWave is proposed to sup-
port aforementioned high quality multimedia data. Research
on the GiV2V has not been conducted popularly and not
matured yet to the best of our knowledge. The GiV2V can
improve network throughput because of spatial frequency
reuse by directional antennas that are typically used to
compensate high path loss of the mmWave. However, the
spatial division may not occur constructively since vehicles
are mostly aligned along lanes of roads and form a grid
topology where mmWave beams are also aligned and cause
mutual interference. Directivity of the directional antenna
increases not only the antenna gain and signal to noise ratio
(SNR), but also interferences to other nodes. To mitigate
the interference, we propose multichannel- (MC-) GiV2V, a
channel diversity scheme in GiV2V networks. Here we intro-
duce several multichannel allocation algorithms with many
available channels in the mmWave spectrum; for example,
IEEE 802.11ad has 6 channels of each 2 GHz bandwidth.

Our proposed algorithms are distributed, centralized
greedy and hybrid algorithms. The distributed algorithm
searches a local optimal allocation within an interference
region and the greedy algorithm assigns channels based
on global information (i.e., SINR of all receive nodes).
The hybrid approach is a mixed algorithm of the above
two algorithms. Details of algorithms are explained in
Section 6. According to simulation results in Section 7,
the hybrid approach shows best throughput among them
since it probably searches a globally optimal allocation with
well-distributed initial conditions. Furthermore, three well-
knownmetaheuristic algorithms are investigated for compar-
ison study with our proposed algorithms.

2. Related Works

Directional antenna was exhaustively exploited for a MAC
protocol in multihop ad hoc networks. Most of those
researches assume 2.4 or 5 GHzWi-Fi, but similar challenges
also exist in mmWave-based WLANs. Ko et al. [6] first pro-
pose a modified 802.11 Distributed Coordination Function
(DCF) for directional antennas, which maintains directional
channel availability based on the GPS information. Takai
et al. [7] use Angle of Arrivals (AOAs) of Request to Send
(RTS) and Clear To Send (CTS) instead of GPS information.
Choudhury et al. [8] propose a basic directional MAC
(DMAC) which includes Directional Network Allocation
Vector (DNAV) and listens incoming packets omnidirec-
tionally to trace their Direction of Arrival (DoA). Kolar et
al. [9] introduce a greed queuing to solve a Head of Line
(HoL) problem with the DNAV table of beam directions.
Ramanathan et al. [10] suggest different backoff algorithms
for different events such as busy channel and missing CTS
or ACK and also tight power control scheme. In order to
solve a hidden terminal problem in the DMAC, Circular
Directional RTS (CDR) [11], CRCM [12], and DtD-MAC
[13] conduct sequential RTS and CTS transmissions to all
directions, which deals with deafness and directional hidden
terminals from unheard nodes or asymmetric antenna gain.
But the circular transmissions suffer from control overhead

and excessive delay according to number of sectors. Gossain
et al. [14] propose simultaneous circular RTS/CTS to reduce
the delay with Diametrically Opposite Direction (DOD)
which removes duplicate transmissions of RTSs and CTSs
in the overlapped area. Furthermore, Deafness Avoidance
and Collision Avoidance (DMAC-DACA) [15] and DMAC
with Deafness Avoidance (DMAC/DA) [16] reduce circular
transmission overhead byDNAVreservation andbeamdirec-
tion information, with which nodes can determine spatial
diversity and schedule pending transmitters. Singh et al. [17]
propose a Memory-guided DMAC (MDMAC), as a fully
distributed MAC protocol, which enables approximate TDM
scheduling for wireless meshes using the memory about
transmission success or fail.

Recently, mmWave communications emerge as one of the
key 5G technologies. Its feasibility has been explored bymany
universities and companies. Rappaport et al. [18] perform
measurement campaign in New York City on the 28 GHz,
38 GHz, and 73 GHz bands [19, 20] and establish a channel
model of the mmWave communications. The mmWave links
are considered not only for access links of mobile devices, but
also for backhaul links that can constitute wireless mesh net-
works [21, 22]. 3GPP [3] completes standards of a new radio
(i.e., mmWave communications) and nowmoves into device-
to-device communications for the mmWave which can be
applied to legacy proximity services in cellular networks.

The mmWave for WLANs has already been explored
for home and mobile appliances at indoor environment.
Also, several standards using 60 GHz unlicensed bands were
released such as IEEE 802.15.3 Task Group 3c (TG3c) [4] and
IEEE 802.11ad [5], which specify physical and MAC proto-
cols (Carrier Sensing Multiple Access/Collision Avoidance
(CSMA/CA), Time Division Multiple Access (TDMA), etc.).
Also, those WPAN/WLAN standards define relay operation
that can be utilized for multihop ad hoc networks. For
instance, an access point (AP) arranges service periods
(SPs) for Directional Multi-Giga-bit (DMG) mobile stations
(STAs), when the AP receives a request of Relay DMG STA
(RDS) search from a STA for NLOS environment. During the
SPs, a source and destination STA exchange the packets with
candidate RDSs nearby. Then, the source STA asks several
RDSs with good channel (i.e., high SNR) to report channel
condition to both source and destination STAs. Finally, the
source STA selects a best RDS that has highest SNR in both
links.

In [23], demanded rate-based coordination of the direc-
tional or omnidirectional transmissions is proposed with
allocation of time slots for spatial and time reuse of frequency
in mmWave WLANs. Sing et al. [24] propose a multihop
MAC protocol for indoor mmWave environment where
diffraction and blockage highly occur due to fixed or moving
obstacles (e.g., people and furniture). They develop a diffrac-
tionmodel to estimate link connectivity and decidemultihop
relays. From simulation, it is proved that proposed approach
improves network throughput with low overhead rather
than an AP-based single hop communication. Reference [25]
describes tactical scenarios using mmWave links for a secure
channel in military ad hoc networks and relay operation in
NLOS environment. In [26], a CSMA/CA-likeMAC protocol
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for directional mmWave is proposed. Chen et al. [27] propose
a spatial reuse strategy with directional antennas in IEEE
802.11 ad networks. Son et al. [28] propose a Frame based
Directive MAC protocol (FDMAC) which is a centralized
scheduling algorithm for the Pico-Net Controller (PNC)
based on greedy coloring providing multiple concurrent
transmissions. Thornburg et al. [29] analyze throughput of
ad hoc networks using mmWave communications. Authors
establish a 2D-PPPmodel of nodes and obstacles deployment
and evaluate performance of one- or two-way communica-
tions in terms of SINR and coverage with simulation. In
[30], Park et al. propose a Multiband Directional Neighbor
Discovery (MDND) for self-organization of ad hoc networks,
which utilizes dual radios with different bands and antenna
types, a 2.4 GHz band with an omnidirectional antenna and
60 GHz band with a directional antenna. Reference [31]
proposes a stochastic model of vehicular communications
at highway for mmWave communications, where mmWave-
based road side units are deployed for infrastructure to vehi-
cle communications with high data rate rather than vehicle-
to-vehicle communications. Blockage probability according
to vehicle density and speed is shown from themodel. In [32],
authors show design and implementation of a long-range and
broadband aerial communication system with directional
antennas (ACDA), which enables unmanned aerial vehicle
(UAV) to extend communication range, increase throughput,
and reduce interference. In the testbed, theACDAachieves 48
Mbps throughput at a distance of 300 m and 2 Mbps at 5000
m, promising long-distance Wi-Fi aerial communication.
Reference [33] proposes joint optimization to select relay
and link to get around obstacle and reduce delivery latency
in 60 GHz mmWave networks and develops a less complex
algorithm by decomposing the problem into subproblems.
In [34], research results on propagation characteristics for
V2V channels, particularly shadowing effects induced by
obstructing vehicles between transmitter (Tx) and receiver
(Rx), are introduced. In [35], measurement campaign is
conducted in the mmWave band for the 12 most common
railway materials; influence of typical objects to the mmWave
propagation channel is analyzed for railway scenarios with
various configurations. Reference [36] proposes an IEEE
802.11ad-based radar for long-range radar (LRR) applications
at the 60 GHz unlicensed band, which enables a joint
waveform for automotive radar and mmWave vehicle-to-
vehicle communications reusing hardware.

3. GiV2V Network Architecture

Figure 1 depicts an architecture of GiV2V networks, in which
vehicles deployed at an intersection form mmWave beams
toward neighbor vehicles to exchange safety and infotain-
ment data. Also, they can share own storage or processing
power to maintain floating data and process those data. For
instance, video clips captured in the intersection area are held
and analyzed by vehicles or road side units (RSUs) for object
or event detection [37]. In order to query and deliver the
floating data in this vehicular cloud, the Information Centric
Networking (ICN) mechanism can be used [37–39].

Vehicular 
Cloud

beam

RSU

Figure 1: GiV2V network architecture.

Due to road structure, neighbor vehicles are located on
limited positions, which are mostly front, back, and side
directions as shown in Figure 2. First, a simple convoy
model of Figure 2(a) is a typical traffic pattern at roads and
appropriate to create a vehicle flow (i.e., vehicle train) for
autonomous driving of smart cars. In this model, transmis-
sion direction is also limited, forward or backward, which
can cause considerable interference among vehicles without
transmission power control. However, de- and acceleration
of vehicle speed lead to varying distance between vehicles,
so the power control probably makes vehicle connectivity
unstable. Second, a vehicle searches vehicles in next lanes
with side beams to couple partitioned networks along the
lanes as shown in Figure 2(b). This scenario can cause
more interference than the convoy model due to small lane
width. The beam directions are more various according to
road shapes (e.g., curve and intersection), road width (e.g.,
multilane highway), and vehicle speed. Accordingly, vehicles
can be located on front side or rear side in next lanes as
shown in Figure 2(c). Such diagonal beams diverse beam
directions like a random topology that has lower interference
than a grid topology of Figures 2(a) and 2(b). However, the
grid topology has advantages in connection establishment
with small efforts to sweep beam directions compared to
the random topology. As a consequence, most of the beams
in GiV2V communications belong to scenarios in Figure 2,
and considerable interference can exist due to limited beam
directions.

4. Directional Antenna

4.1. Directivity Model. In this paper, a beamforming model
is expressed by a sectorized directional antenna following
ITU-R reference [40] that covers 400 to 70 GHz spectrum as
below.The radiation intensity at azimuthal𝐹(𝜙) and elevation
plane 𝐹(𝜃) is modelled by two different radiation intensity
functions: rectangular and exponential sectoral radiation.

Directivity of omnidirectional and sectoral antennas is

𝐷 = 𝑈𝑀𝑈0 , (1)
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(a) Front-rear beam (b) Side beam (c) Front-rear side beam

Figure 2: GiV2V topology and beam pattern at road.

where𝐷 is directivity (i.e., gain) and𝑈0 is radiation intensity
of an isotropic source.

𝑃𝑡 = ∫2𝜋
0
∫𝜋
0
𝐹 (𝜃) 𝐹 (𝜙) sin (𝜃) 𝑑𝜃𝑑𝜙, (2)

then the omnidirectional power is 𝑈0 = 1/4𝜋𝑃𝑡.
Here those two different radiation intensity functions in

the azimuthal plane can be considered while the elevation
plane is assumed to be an exponential function. In rectangu-
lar sectoral radiation, the azimuthal power intensity is derived
as

𝐹 (𝜙) = {{{{{
0 if

𝜙𝑠2 − 𝜙 ≥ 0
1 if

𝜙𝑠2 − 𝜙 < 0
(3)

And elevation power is

𝐹 (𝜃) = 𝑒−𝑎𝜃2 , 𝑎 = − ln (0.5) 4𝜃𝑏𝑤 , (4)

where 𝜃𝑏𝑤 is beamwidth.
Accordingly, the omnidirectional intensity is calculated

approximately as

𝑈0 = 𝜙𝑠𝜃𝑏𝑤4𝜋 √ 𝜋2.773𝑒−𝜃
2/11.09 (5)

The directivity𝐷𝑟 of the rectangular radiation model is

𝐷𝑟 = 38750𝜙𝑠𝜃𝑏𝑤 𝑒
𝜃2
𝑏𝑤
/36400, (6)

when 𝑈𝑀 is 1.
In the exponential function for sectoral radiation, the

azimuthal function 𝐹(𝜙) is replaced by the following expo-
nential function:

𝐹 (𝜙) = 𝑒𝑏𝜙2 , 𝑏 = ln (0.5) 4𝜙2𝑠 (7)

Here the gain𝐷𝑒 of the exponential radiation model is

𝐷𝑒 = 36400𝜙𝑠𝜃𝑏𝑤 𝑒
𝜃2
𝑏𝑤
/36400 (8)

Side lobes are smaller than the main lobes with the front-
to-back ratio (FBR) (i.e., ratio of front-side lobes) denoted by𝛾 (0 < 𝛾 ≤ 1, 1 for omnidirection). Accordingly, the gains of
a main lobe and side lobes are 𝐺𝑚 = (1 − 𝛾)𝐷(𝜃𝑏𝑤) and 𝛾𝐺𝑚,
respectively. Table 1 shows gains of main and side lobes with
varying 𝛾 values.

For our experiment that appeared in Section 7, 30, 60,
and 90 degrees of beam width are used; the directivity
antenna gains are 16.8, 8.4, and 5.6 dBi, respectively. While
the widths of those beams are in a linear scale, gains increase
exponentially as shown in Figure 3.

4.2. Coverage inGiV2VNetworks. Figure 4 shows an example
of communication range in GiV2V networks. The coverage
is varying according to beam directions of neighbor vehicles
in contrast to a coverage using omnidirectional antenna.
In the figure, 10 vehicles exit near the transmitter 𝑉𝑡 but
only 4 vehicles, from 𝑉𝑟1 to 𝑉𝑟4, have connection to the
transmitter. Supposing that the transmitter vehicle, 𝑉𝑡, forms
a beam shadowed among 4 sectors (i.e., 90 degrees), the
receiver vehicle 𝑉𝑟1 located on the transmission sector is
reachable even with its different beam direction in the 𝑑2
coverage. However, other 𝑉𝑟2 and 𝑉𝑟3 that are not on the first
quarter sector but within the 𝑑2 must create beams toward
the transmitter 𝑉𝑡 for connections. In the 𝑑3 coverage, only
the 𝑉𝑟4 has a connection to the 𝑉𝑡 since both the transmitter
and receiver have to beam to each other.

Table 2 describes beamforming gain and corresponding
reachable radio ranges. When antenna gain from bore sight
of a main lobe is denoted as𝐺 and gain from other directions
is 𝑔 as a side lobe, vehicles in 𝑑3 should have beamforming to
each other and in 𝑑2, one of a sender and receiver has tomake
a beam to a peer node at least.
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Table 1: Gain of main and side lobes.

Directivity (Gain) 𝛾=0.2 𝛾=0.5 𝛾=0.7
90 5.613824327 1.122765 2.806912 3.929677
60 8.42073649 1.684147 4.210368 5.894516
45 11.22764865 2.24553 5.613824 7.859354
30 16.84147298 3.368295 8.420736 11.78903
15 33.68294596 6.736589 16.84147 23.57806
10 50.52441894 10.10488 25.26221 35.36709
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Figure 3:Directivity (gain) of rectangular and exponential radiation
models.

5. mmWave Channel Propagation Model

The mmWave pathloss model at 60 GHz was established for
LoS environment based on measurement study [41].

𝐿𝑑 (𝑑𝐵) = 𝐴 + 20log10 (𝑓𝑀𝐻𝑧) + 10𝛼log10 (𝑑) , (9)

where the 𝐴 is 32.5 dB and no shadow factor. 𝑑 is a distance
between a transmitter and receiver (km) and 𝛼 is a pathloss
exponent of LoS (e.g., 2).

In outdoor GiV2V communication, additional attenua-
tion from vapour water (𝐿V𝑎𝑝), oxygen (𝐿𝑂2), and rain (𝐿𝑅) is
considered as below. Total pathloss can be𝑃𝐿(𝑑) = 𝐿 (𝑓,𝑑)+𝐿𝑎.

𝐿𝑎 (𝑑𝐵) = 𝑑 (𝐿V𝑎𝑝 + 𝐿𝑂2 + 𝐿𝑅) . (10)

Those atmosphere parameters (𝑑𝐵/𝑘𝑚) for further loss
are assumed constant for relatively short communication
period in this study [42, 43]. From simplicity of the constant𝐿𝑎 during the short communication period, the path loss is
only determined by the distance, 𝑑, at a given operational
frequency, 𝑓 (e.g., 60 GHz).

𝑃𝑟 = 𝑃𝑡 − 𝑃𝐿 (𝑑) − 𝑁𝐹 + 𝐺𝑅 + 𝐺𝑇 − 𝐼𝐿 − 𝐶𝐵, (11)

where 𝑃𝑟 and 𝑃𝑡 are transmission and receive power and NF
and𝑁𝑡ℎ are noise floor and thermal noise.Maximumantenna

Table 2: Beam direction and radio range.

Gain Range
𝐺𝑡 𝐺𝑟 d3
𝐺𝑡 𝑔𝑟 d2
𝑔𝑡 𝐺𝑟 d2
𝑔𝑡 𝑔𝑟 d1

d1 d2 d3

Beam
direction

６
Ｌ
3

６
Ｌ
2

６
Ｌ
1

６
Ｌ
4

６
Ｎ

Figure 4: Varying coverages in GiV2V networks.

gain, 𝐺𝑇, 𝐺𝑅 of a transmitter 𝑇 and receiver 𝑅 is assumed to
be the same (i.e., same antenna array). 𝐼𝐿 is implementation
loss like from cables 𝐶𝐵.

In the LoS environment, the radio range can be derived
by the following outage probability with a required SNR of a
target Modulation Coding Scheme (MCS).

𝑃 (𝑃𝑟 ≥ 𝑇) = 𝑃 (𝑃𝐿 (𝑑) ≤ 𝑃𝑡 + 𝐺𝑅 + 𝐺𝑇 − 𝑇 − 𝐺𝑛) , (12)

where 𝑃𝐿(𝑑) is pathloss of distance 𝑑, 𝑇 is sensitivity for the
required MCS level, and 𝐺𝑛 = 𝑁𝐹 + 𝐼𝐿 + 𝐶𝐵. For instance,
minimum 𝑇 is -78 or -68 dBm for control signals and data
with lowest MCS, 𝜋/2-BPSK, respectively.

In the above equation,maximumcoverage𝑑 can be calcu-
lated by𝑃𝐿−1(𝑃𝑡+𝐺𝑅+𝐺𝑇−𝑇−𝐺𝑛). Accordingly, the effective
range is decided by only antenna gain of transmission and
reception (i.e., beamforming factor) as shown inTable 2while
other parameters are assumed to be constant; in this study,
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Figure 5: GiV2V topology and interference.

no transmission power control is achieved between vehicles.
From (12), maximum range, 𝑑, can be expressed as follows.

𝑑 = (𝑃𝑡𝐺𝑅𝐺𝑇𝑇𝐺𝑛 )1/𝛼 (13)

Consequently, the coverage is exponentially increasing
with beamforming gain according to the (13).

6. Multichannel Beamforming for
GiV2V Networks

The GiV2V enables multiple vehicles to create mmWave
links to near vehicles with directional beams for concurrent
Giga-bit communications. Those beams can be aligned or
diversified according to network topologies and interference
also occurs by the beam patterns.

Figure 5(a) illustrates an example of interfering 3 pairs of
communication vehicles with directional beams, where each
vertex indicates a vehicle node, sender 𝑆𝑛, and receiver 𝑅𝑛,
and receive interference is different to each pair because of
adjacent beam directions; 𝑅2 receives interference from both
transmitters 𝑆1 and 𝑆3 denoted as dashed lines, while 𝑅3 has
interference only from 𝑆2 and there is no interference for 𝑅1.
The interference among nodes can be expressed by a directed
graph as in Figure 5(b) in which each vertex indicates a pair
of communication nodes, i.e., a link or beam.

In the interference graphof theGiV2Vnetworks,multiple
channels can be assigned to the vertices for collision and
interference avoidance. For example, only 2 channels can
remove the mutual interference completely in Figure 5(b):
CH1 for vertexes 1 and 3 and CH2 for vertex 2. This chan-
nel assignment for each communication pair is a coloring
problem of the interference graph, which is a combinatorial
problem known as a NP-Hard. Accordingly, we propose
several algorithms that can be realized in centralized or
distributedmanners and compare their performance through
simulation.

6.1. System Model. We build a system model to design and
analyze our algorithms. We define variables according to the
directed interference graph in Figure 5(b). Each communica-
tion link is denoted as a vertex and directional interference as
an edge; there are 𝑖 vertices and 𝑖𝑗 directional edges. Symbols
of the our system model are described in Table 3.

Table 3: System model parameters.

Symbol Description
N A set of communication links
C A set of available channels
G Directional antenna gain
P Power of transmission
B Bandwidth𝑟𝑖 Data rate at link 𝑖
L Path loss𝑑 Distance between vehicles

The channel assignment for each link 𝑖 ∈ 𝑁 can be
expressed by 𝑥𝑐𝑖 . If the link 𝑖 is tuned to the channel 𝑐,

𝑥𝑐𝑖 = {{{
1, 𝑖 on 𝑐
0, otherwise. (14)

Data rate of a communication link, 𝑖, on a channel 𝑐,𝑟𝑐𝑖 , can be calculated approximately by Shannon and Friis
transmission equation as follows:

𝑟𝑐𝑖 = 𝐵𝑐 log2(1 + 𝑃𝑖𝐺𝑖Λ𝐿 𝑖𝑥𝑐𝑖𝜎2 + ∑𝑗:𝑗∈𝐻𝑖
𝑃𝑘𝐺𝑗Λ𝐿𝑗𝑥𝑐𝑗) , (15)

where Λ = (𝜆/4𝜋)2 and 𝐿 𝑖 = 𝑑𝛼𝑖 . The 𝛼 is an exponent for
free-space pathloss and 𝑑 is distance of a communication
link or an edge of Figure 5(b). Other parameters are denoted
in Table 3. Afterwards the distance term is only used for
the interference edge rather than the other. 𝐻𝑖 is a hyperarc
that consists of set of incoming edges at the vertex 𝑖 in the
interference graph. For an example of Figure 5(b), 𝐻1 = { },𝐻2 = {1, 3}, and 𝐻3 = {2}. System bandwidth 𝐵𝑐 can be 2.1
GHz for each channel according to IEEE 802.11ad.

In this study, our objective is maximizing sum of utility of
each communication link.

max∑
𝑖

𝑈 (𝑟𝑐𝑖 ) (16)

The utility function 𝑈 is defined as follows.
𝑈(𝑟𝑐𝑖 ) = 𝛾 + 𝜅∑

𝑖∈𝑁

∑
𝑐∈𝐶

𝑥𝑐𝑖 𝑟𝑐𝑖 , (17)

where 𝛾 is minimum data rate for a pair of communication
nodes on a channel 𝑐 and 𝜅 is a small value like 1e-3 for max-
min fairness among links [43].

6.2. Random Channel Assignment. Each link is the same as a
vertex. To clarify, each link (a vertex in the interference graph)
chooses a channel randomly in a distributed manner, which
is mostly simple and powerful compared to complicated
channel assignment algorithms. In addition, vehicle nodes
can use position information (i.e., GPS) for random seeds to
diversify channel selection within an interference region.
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6.3. Distributed Channel Assignment. As the same distributed
approach, neighboring nodes can exchange channel selection
information to avoid collisions rather than the random selec-
tion, which enables nodes to select a minimum used channel
within interference region. In this section, we introduce a
simple Distributed Channel Assignment (DCA) algorithm.

The achievable rate of each link is varying by the chan-
nel assignment in the system model, which is intractable.
Accordingly, the objective is redefined as a local general
assignment problem to minimize maximum aggregated gain
within interference region from (15). For the simplicity, fixed
transmission power and constant parameters are omitted.
This local solution from the redefined problem does not
guarantee to find a global optimum, but it is valuable for
notable throughput and easily realized in the distributed
architecture.

minimize max
c
∑
𝑖∈𝐻

𝑤𝑖𝑥𝑐𝑖 (18)

subject to 𝑤𝑖 = 𝐺𝑖𝑑−𝛼𝑖 (19)

∑
𝑐∈𝐶

𝑥𝑐𝑖 = 1, 𝑖 ∈ 𝑁 (20)

𝑥𝑐𝑖 ∈ {0, 1} , 𝑖 ∈ 𝑁, 𝑐 ∈ 𝐶, (21)

where the interference weight 𝑤𝑖 is decided by distance to
an interferer and beam direction. The hyperarch 𝐻 is one of
interference regions in a whole network. Equation (18) can be
reformulated into an equivalent epigraph form and solved by
Lagrangian relaxation as follows.

minimize t (22)

subject to ∑
𝑖∈𝐻

𝑤𝑖𝑥𝑐𝑖 ≤ 𝑡 (23)

Eq. (20) − (21) (24)

Partial Lagrangian can be derived for relaxation by
dualizing first constraint (23),

𝐿 (𝑡, 𝑥,𝜆) = 𝑡 + ∑
𝑐∈𝐶

𝜆𝑐(∑
𝑖∈𝐻

𝑤𝑖𝑥𝑐𝑖 − 𝑡)

= 𝑡(1 − ∑
𝑐∈𝐶

𝜆𝑐) + ∑
𝑖∈𝐻

∑
𝑐∈𝐶

𝜆𝑐𝑤𝑖𝑥𝑐𝑖 ,
(25)

where 𝜆 is nonnegative Lagrange multiplier for the first
inequality constraint (23). Accordingly, we can have a dual
function 𝑔(𝜆) = 𝐿(𝑡, 𝑥,𝜆) by minimizing above partial
Lagrangian with regard of 𝑥 and 𝑡, where the dual function
can have −∞ by 𝑡 if ∑𝑐∈𝐶 𝜆𝑐 ̸= 1. Therefore, we can redefine
the dual function with constraint for 𝜆.

maximize 𝑔 (𝜆) (26)

subject to ∑
𝑐∈𝐶

𝜆𝑐 = 1 (27)

𝜆𝑐 ≥ 0 (28)

1: procedure VehicleChannelSelectFunc
2: Initialization: 𝜆𝑐(𝑡) for all 𝑐, and estimate 𝑤𝑖

3: loop:
4: Select 𝑐 ← argmin𝑐𝜆𝑐𝑤𝑖 according to Eq.(29)
5: Broadcast the selected channel 𝑐, 𝑥𝑐𝑖
6: Update 𝜆𝑐(𝑡 + 1) according to Eq.(30).
7: if 𝜆𝑐(𝑡) = 𝜆𝑐(𝑡 + 1) then
8: stop;
9: Broadcast 𝜆𝑐(𝑡)
10: goto loop.

Algorithm 1: Distributed channel selection algorithm.

In this dual problem, the analytical solution for the
combinatorial problem can be derived in a closed form
expression. For optimal 𝑥∗,

𝑥𝑐∗𝑖 = {{{
1, c = c∗
0, otherwise, (29)

where the optimal channel (𝑐∗ = argmin𝑐𝜆𝑐𝑤𝑖 ) from (25)
can be easily found, which is one minimizing sum of weight
within the interference range by choosing minimum prices,
𝜆. Accordingly, the derivation of the x only takes𝑂(𝑁) linear
time.

The dual function is convex although it is not differen-
tiable.Therefore optimal𝜆 value in (26) can be acquired using
a subgradient method. A following projected subgradient
method updates the 𝜆 value by given channel allocation, x,
with which the algorithm newly assigns channels to nodes to
converge into an optimum.

𝜆𝑐 (𝑡 + 1) = 𝜆𝑐 (𝑡) + 𝛼𝑡∑
𝑖∈𝐻

𝑤𝑖𝑥𝑐∗𝑖 , (30)

where 𝑡 indicates an algorithm iteration and 𝛼𝑡 is a 𝑡th step
size (𝛼𝑡 > 0).

Above the closed form solution can be realized in dis-
tributed manner as shown in Algorithm 1.

6.4. Interference-Aware Channel Assignment. In contrast to
the local solution introduced in Algorithm 1, we propose a
greedy SINR-based Channel Assignment (SCA) algorithm
in a centralized architecture, where vehicles report chosen
channels to a controller and then the controller calculates
optimal allocation for the objective. As shown in (17) and
(18), our objective is minimizing maximum aggregated inter-
ference. Thus, the controller chooses a link with maximum
aggregated interference and assigns a separate channel first
as a greedy manner. Algorithm 2 explains a procedure of the
algorithm to assign a channel to each link based on degree
of interference. First, the algorithm selects a pair of vehicles
that suffer from highest interference and assigns a channel
that brings maximum throughput enhancement in overall
networks. The algorithm continues until no more link can
have gain after changing own channel.



8 Wireless Communications and Mobile Computing

1: procedure ControllerGreedyScheduleFunc
2: Initialization: 𝑐 = 1 and 𝑥1𝑖 = 1
3: Receive ∑𝑗∈𝐻𝑖

𝑤𝑗 from 𝑖
4: MAX = ∑𝑖∑𝑗∈𝐻𝑖

𝑤𝑗

5: loop:
6: 𝑖 ← argmax𝑖∑𝑗∈𝐻𝑖

𝑤𝑗

7: 𝑐∗ ← argmin𝑐∑𝑗∈𝐻𝑖
𝑤𝑗𝑥𝑐𝑗

8: if MAX > ∑𝑖∑𝑗∈𝐻𝑖
𝑤𝑖) then

9: Update 𝑐 = 𝑐∗, 𝑥𝑐𝑒 = 0 and 𝑥𝑐∗𝑒 = 1
10: MAX = ∑𝑖∑𝑗∈𝐻𝑖

𝑤𝑗)
11: goto loop.
12: else
13: stop;

Algorithm 2: Greedy channel selection algorithm.

6.5. Hybrid Channel Assignment. Previously proposed SCA
algorithm assumes no initial channel distribution; all vehicles
have the same channel (e.g., channel 1) at the beginning.
However, it is not realistic and able to lead the algorithm
to reach local maxima. Therefore, we propose an initial-
ized SCA (InitSCA) algorithm as a hybrid approach that
utilizes the DCA and SCA in sequence; the DCA allows
vehicles to find a local optimum and then a controller of
the SCA adjusts channel allocation based on SINR of each
pair of communication vehicles to enhance total network
throughput.

7. Experiments

In this section, we evaluate channel allocation algorithms
introduced in Section 6 using simulations. In GiV2V
networks, vehicles communicate with one-hop neighbors
regardless of a final destination at a certain time. Previous
studies about a directional MAC show that a HoL problem
can be solved by a neighbor location table and scheduling
order [9, 44]. From this, we assume that a vehicle has a
communication peer nearby and establish a beam toward the
peer node.

We consider an exemplary scenario at highway that
has a simple vehicle traffic pattern with varying vehicle
densities and uses wireless local area (WLAN) networking for
V2V communications. This GiV2V network topology at the
highway follows 2D-PPP that is shown similar with a PPP
model along multiple lanes in terms of average throughput
[45]. For simulation parameters, the highway space is 20
x 400 𝑚 and vehicle density is varying from 3 to 11e-3.
Transmission power of each node is configured as 20 dBm
in the WLAN and the channel model is applied as shown in
Section 5.

Average distance E(𝐷) between vehicles can be derived
by the PPP model as follows. 2D-Poisson distribution with
density 𝜆 is

P (Φ (𝐴) = 𝑛) = 𝑒−𝜆|𝐴| (𝜆 |𝐴|)𝑛𝑛! (31)
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Figure 6: Average distance by vehicle density.

Then the CCDF of the distance of the nearest point of the
process is the same as probability of empty set in circle area
of a radius, 𝑟, P(Φ(𝜋𝑟2) = 0).

P (𝐷 > 𝑟) = 𝑒−𝜆𝜋𝑟2 (32)

Hence average distance can be calculated as

E (𝐷) = ∫∞
0
𝑓 (𝑟) 𝑟𝑑𝑟 = 1

2√𝜆, (33)

where the PDF 𝑓(𝑟) of the nearest point is given from the
CCDF as below.

𝑓 (𝑟) = 2𝜋𝑟𝜆𝑒−𝜆𝜋𝑟2 (34)

Figure 6 shows the average distance with varying vehicle
density. Density 3e-3 shows average 9 𝑚 distance to the
nearest node while density 11e-3 shows less than 5 𝑚.
According to this average distance, SNR of a link to the
nearest node is plotted in Figure 7 based on the channel
model discussed in Section 5. The SNR increases as the
vehicle density grows because path loss reduces by decreasing
link distance to a neighbor node. Furthermore, the SNR is
varying by directivity gain as shown in Figure 3 (also refer
to Table 1). The SNR increases as the number of sectors
decreases; in 4 sectors, the SNR is around 6 dB while it
is much higher in 6 and 12 sectors, about 10 and 27 dB,
respectively, in Figure 7. Also, beam alignment affects the
SNR; in particular, a narrower beam causes more difference
in SNR. For instance, there is only a 4 dB gap between𝐺𝑔 and𝑔𝑔 in 4 sectors, but 15 dB in 12 sectors (beam alignments 𝐺𝑔
and𝑔𝑔 described at Table 2). In this study, the𝐺𝑔 or𝑔𝑔 case is
only for interference since we assume that all communication
pairs tune to each other.Herewe can conclude that theGiV2V
can suffer from higher interference by the aligned network
topologies, in which a node can receive 𝐺𝐺 interference in
addition to the 𝐺𝑔 and 𝑔𝑔.
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Figure 7: Average SNR of the shortest GiV2V link.
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Figure 8: Average SINR with 3 channels.

7.1. Comparison of Proposed Algorithms. We compare our 4
channel assignment algorithms in a PPP highwaymodel with
varying density of vehicles. To obtain average throughput,
total 200 runs with random topologies are conducted. Each
vehicle chooses nearest another randomly as a receiver or
relay and transmits data. Transmission power is 20 dBm, and
topology change due to vehicle mobility is not considered.

Figure 8 shows average SINR of transmission links at
different node densities when applying each algorithm with
3 channels. Performance shows a similar pattern regardless
of number of sectors. The random allocation achieves the
lowest throughput while the InitSCA mostly outperforms
others. Noninitialized SCA (later called just SCA) and DCA
approaches are comparable. In particular, the SCA shows
better throughput in 12 sectors than the InitSCA because of
increasing interference from narrow beams.

Here we observe that the node density and antenna
directivity affect SINR with different degree of interference.
For instance, node density 3e-3 has about 6 dB for SNR in
Figure 7(a) and 4 dB as SINR in Figure 8(a) with interference

in case of the random assignment, while node density 11e-3
has almost 12 dB SNR but only 7 dB for SINR. In other words,
the higher node density 11e-3 suffers more interference, 2
versus 5 dB reduction. For the directivity, Figure 7(c) shows
more or less 30 dB SNR in node density 3e-3 and SINR of
the same density is 20 dB in case of the random algorithm in
Figure 8(c). Thus, almost 10 dB reduction occurs due to the
interference in 12 sectors, which is much higher than the case
of 4 sectors, 2 dB reduction because nodes can cause stronger
interference and interference coverage expansion with high
directivity. The interference becomes severe as the density
increases; in 12 sectors, node density 11e-3 shows that 35 dB
SNR is degraded to only 23 dB SINR in case of the random
algorithm.

Figure 9 shows experiment results with 6 channels (e.g.,
IEEE 802.11ad channels), which allows more degree of free-
dom for interference avoidance. Compared to 3 channel
results, low density allows comparable throughput among all
algorithms because of orthogonality in space and channel
divisions. However, as density grows, gaps among algorithms
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Figure 9: Average SINR with 6 channels.

increase; the SCA achieves lower throughput than others
including the random algorithm. From this, the SCA algo-
rithm is assumed to stop at a local maximum while the ran-
domorDCAmechanism searches a solution closer to a global
optimum. However, the SCA shows bit better performance in
12 sectors than the random and DCA distributed algorithms
since the high interference avoidance may reduce overall
average SINR.

Figures 10 and 11 show standard deviation and 0 dB
probability (i.e., a level of lowest MCS) of SINR of results
in Figure 9. Standard deviation indicates difference of SINR
among transmission links. Thus, the max-min-like SCA
reduces the difference effectively because it assigns a channel
first to a link that has worst SINR compared to others. The
InitSCA shows lower deviation than the DCA by adjusting
channel assignment for some links with low SINR. In low
density, the deviation is affected mostly by length of each
link while the deviation is determined by interference in
high density. Figures 10(a) and 10(b) show that the deviation
of the SCA and InitSCA is consistent or decreasing while
the deviation of others increases; increasing interference
from node density is effectively managed in case of the
SCA and InitSCA compared to others. Furthermore, the
probability that is less than 0-dB shows clearly max-min
fairness achievement of the SCA in Figures 11(a) and 11(b).
Similar with the deviation, the SCA has the lowest probability
of 0-dB SINR among algorithms and shows robustness with
increasing density. In 12 sectors, the 0-dB probability of the
SCA is almost zero because of high spatial diversity; other
algorithms’ probabilities are also quite lower than ones of
6 sectors. Note that the probability decreases as the density
grows because of path loss reduction. As a result, multihop
relays can be effective rather than direct communications in
dense GiV2V networks.

Figure 12 depicts throughput with reduced transmission
power, 10 dBm instead of 20 dBm. A total of 6 channels
are assigned to nodes. Compared to results in Figure 9(a),
SINR decreases, for an example of the 4 sectors, from 9 to
2 dB in high density due to Tx power reduction as shown in

Figure 12(a). In low density, SINR shows less than 0 dB, i.e., -4
dB. Also, SINRdifference among algorithms decreases, which
implies that throughput difference from varying channel
diversity gain becomes reduced as interference effect reduces.
However, the throughput gap increases again as the interfer-
ence increases due to high beam directivity in Figure 12(c).
Transmission power control can reduce interference but
together with receive signal strength that mainly affects the
throughput rather than the interference that can be avoidable
by spatial or channel diversity.

7.2. Comparison of Global Optimization Algorithms. Accord-
ing to experiment results in Section 7.1, the InitSCA is the
most effective algorithm among proposed algorithms across
all densities and sectors. In this section, we compare the
InitSCA performance with three well-known metaheuristic
algorithms for seeking a global optimum,which are popularly
used for large scale optimization and NP-Hard problems.
For this comparison, we apply the same parameters used
in the simulation of Section 7.1. Actual global optimum can
be found by exhaustive search algorithms like brand and
bound, but its average value (e.g., from 200 runs) requires
much computation time due to the complexity of experiment
scenario.

Here we introduce briefly those three algorithms: Sim-
ulated Annealing (SA) [46], Generic Algorithm (GA) [47],
and Particle Swarm Optimization (PSO) [48]. First, the
SA follows a physical annealing analogy, in which heated
particles in a liquid state are cooled down slowly to reach
thermal equilibrium. In the algorithm, the particles are
converged into lowest energy level by probability that moves
to a new state, which decreases to zero along the cooling
temperature. Here final energy level is determined by cooling
speed; slow cooling leads to acquire a global optimum but
delay might not be negligible for real-time systems. In our
system, we limit number of iterations as 1e4. Second, the GA
follows a process of natural DNA evolution, which is based on
DNA operations such as mutation, crossover, and selection.
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Figure 10: Standard deviation with 6 channels.
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Figure 11: Zero SINR probability with 6 channels.
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Figure 12: Average SINR with Tx power, 10 dBm.
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Figure 13: Average SINR of global optimization algorithms.

Candidate solutions are evolved and selected by such bio-
inspired operations until finding a global optimum. Third,
PSO generates similarly swarm of particles as candidate ran-
dom solutions, in which particles search for better solutions
in the search space according to swarm’s best known position
and find optima by updating generations. Compared to the
GA, PSO is easy to implement with a few parameters to adjust
for simple formulae.

Figure 13 shows average SINR of algorithms with varying
channels and sectors. In all cases, PSO outperforms other
algorithms, especially for 12 sectors. InitSCA is comparable
with the GA or SA in case of 3 channels regardless of
sectors. With 6 channels, the InitSCA shows slightly better
throughput, about 1 dB than the GA and SA. Consequently,
the GA and SA probably do not reach a global optimum
although they are good solutions. Optimization of SA andGA
such as cooling speed and crossover strategy in order to find
the optimum is left for our future works.

Metaheuristic algorithms require conventionally con-
siderable search time which is inappropriate for real-time
applications like wireless communications. In theGiV2Vnet-
works, channels should be reassigned according to topology
change; the GiV2V can have a new topology in a couple
of seconds considering vehicle speed. Time complexity of

our algorithm is shown as 𝑂(n) in Section 6.5, but other
metaheuristic algorithms have different complexity with a
population size (refer to [49] for each complexity). Table 4
and Figure 14 show average elapsed time for the global
algorithms at each node density. The initialized SCA takes
only several ten milliseconds for all density cases, but SA
and GA consume about 5 to 35 seconds; time increases
drastically according to the node density. Due to this long
delay, those two algorithms are hard to apply to the GiV2V
networks. PSO delay, less than 2 seconds at highest density,
seems competitive considering its performance shown in our
simulation.

8. Conclusion

In this study, we propose a new VANET architecture,
GiV2V, using mmWave spectrum and investigate its perfor-
mance with simulation. Beamforming for mmWave links can
increase receive signal quality and overcome high propaga-
tion loss of the mmWave. However, it can also cause higher
interference in beam-aligned ad hoc networks, especially
in high node density. In this study, we propose a simple
distributed algorithm and centralized greedy algorithmbased
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Table 4: Elapsed time of global algorithms.

3e-3 5e-3 7e-3 9e-3 11e-3
InitSCA 0.006994 0.014559 0.024938 0.041612 0.067441
SA 4.525196 8.652447 14.37165 22.30713 32.49279
GA 1.811456 4.840629 13.46396 24.10401 37.83527
PSO 0.385824 0.625597 0.92461 1.237252 1.665746
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Figure 14: Average computation time of algorithms with increasing
density (5 𝜆 from 3e-3 to 11e-3).

on SINR. Although the centralized algorithm outperforms
distributed one, the distributed algorithm is still competitive
at high degree of freedom from many channels and less
complicated to implement. The centralized greedy algorithm
shows comparable throughput with several metaheuristic
algorithms while its complexity is lower and appropriate
for real-time GiV2V systems. We will experiment further
to evaluate the proposed algorithms under vehicle mobility
simulation and look for optimum values using branch and
bound algorithm to compare as future works.
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The trend of 5G mobile networks is increasing with the number of users and the transmission rate. Many operators are turning
to small cell and indoor coverage of telecom network service. With the emerging Software Defined Networking and Network
Function Virtualization technologies, Internet Service Provider is able to deploy their networks more flexibly and dynamically.
In addition to the change of the wireless mobile network deployment model, it also drives the development trend of the Micro
Operator (𝜇O). Telecom operators can provide regional network services through public buildings, shopping malls, or industrial
sites. In addition, localized network services are provided and bandwidth consumption is reduced. The distributed architecture of𝜇O tackles computing requirements for applications, data, and services from cloud data center to edge network devices or to the
micro data center of 𝜇O.The service model of 𝜇O is capable of reducing network latency in response to the low-latency applications
for future 5G edge computing environment.This paper addresses the design pattern of 5Gmicro operator and proposes a Decision
Tree Based Flow Redirection (DTBFR) mechanism to redirect the traffic flows to neighbor service nodes. The DTBFR mechanism
allows different 𝜇Os to share network resources and speed up the development of edge computing in the future.

1. Introduction

Many new operators have chosen to turn to small cells and
micro telecommunication network service that covers indoor
areas in the wake of the coming of the 5G era, the changes
of habits of users when going online, and the increasing
demands for applications. Telecom operators can provide
services via a variety of access networks such as 3G, 4G, 5G,
and even Wi-Fi [1–3]. With the emerging Software Defined
Networking (SDN)/Network Function Virtualization (NFV)
technologies, Internet Service Provider (ISP) is able to deploy
their networks more flexibly and dynamically [4–6]. ISPs
are now capable of providing localized services by means
of public buildings, shopping malls, or industrial facilities,
and this has not only changed the model of distributing
and establishing mobile network but also gave birth to
the idea of the micro operator (𝜇O)[7–9]. Factors such as
scarcity of spectrum resources, the effective employment of
bandwidth, the scale of the mobile market, and consumers’
options for the diversity of services conspire to produce the

inception of Mobile Virtual Network Operator (MVNO),
which in turn brings more diverse applications and services
to the telecommunication market [10]. MVNO can refer
to any telecommunication operators who provide wireless
communication services to consumers and do not have their
own wireless network infrastructures. In order to expand
the coverage of their business, Mobile Networker Operators
(MNO)might choose to cooperate with otherMNOs by rent-
ing the bandwidth and time of use in their domains to rapidly
develop the business of MVNO. MVNO provides brand
new opportunities for development for the matured mobile
communication market and spurs the telecommunication
market to move toward a service-oriented competition. As
for 5G mobile network operators, development of small cells
and micro telecommunication network service that covers
indoor areas is now being initiated to satisfy users’ demand
for indoor coverage, maturing the concept of 𝜇O [11–13].

Figure 1 shows the 𝜇O network architecture. 𝜇O is rela-
tively small in scale and holds limited resources to provide
particular and necessary services to a certain number of
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Figure 1: Micro operator network architecture.

users. The 𝜇O is originated from Oulu University in Finland
that consists of three features [14]. (1) Mobile devices access
local network specific service (2) spatially confined area
with specific service (3) dependent on appropriate available
network resources. Facilities like hospitals, schools, large
conference, sports venues, shopping malls, hypermarkets,
and factories can use local area network service to satisfy
users’ needs for all sorts of application services.

Restricted by resources and space, 𝜇O has the character
of regionalization service that allows it to provide, under
circumstances where hardware infrastructures are scarce
and the resources are limited, different regional services
according to different domains, making it possible for users
of mobile devices to gain access to services in the nearby
regions. Apart from reducing the consumption of bandwidth
resources by offering nearby network services, this kind of
localization service can also transfer applications, data, and
the computing of services from nodes in the data center
on cloud to edge nodes in logical LAN to be processed
and realize the developing environment for edge computing
[15, 16], reduce network latency, and satisfy 5G demands for
amelioration of latency.

The purpose of this paper is to discuss the 𝜇O design
pattern in 5G SDN/NFV network and establishes an experi-
mental environment to evaluate the decision tree based traffic
flow redirectionmechanism.To realize the customized exper-
iment environment, the network functions virtualization is
taken into consideration in our research. Our contributions
are listed as follows:

(1) A𝜇Odesign pattern is constructed based on SDNand
NFV that combines network slicing and tunneling
technologies to build a network infrastructure for𝜇Os.

(2) A DTBFR mechanism for 𝜇O is proposed and the
decision tree theory is utilized to serve as the reference
in the determining the SDN traffic flows direction.

(3) We established a 𝜇O environment for validation of
the DTBFR mechanism and 𝜇Os communication
experiments.

The rest of the paper is organized as follows: in Section 2,
the background and related works are addressed. Section 3
describes the 𝜇O design pattern and DTBFR mechanism.
Section 4 presents the experiment results. The last section
concludes this paper.

2. Background and Related Works

The development of 5G application services will be largely
on the Internet of Things (IoT) and encourages the new
communication market to move toward a more vertical-
subdivision one [17, 18]. The result will be the formation of
different emerging application service scenarios and more
diverse demands for networks. However, as far as telecom-
munication is concerned, despite the fact that there is now
a globally agreed requirement on IoT constructed by 5G on
characters such as transmitting speed, capacity, coverage, and
security, there is still room for the business model of 5G
to improve itself. 5G mobile broadband network puts the
accent on small cells/base stations, how to amplify indoor
coverage, providing faster services for users, and reducing
the latency in network transmission, all of which pose a
great challenge for telecommunication operators [19–21].
Furthermore, the appearance of MVNOs has brought new
opportunities for development for MNOs who have not yet
gained licenses to operate mobile communication business.
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MVNOs use MNOs’ spectrum and network to provide cus-
tomized mobile communication services, the mobile virtual
private network for enterprises, or scores of other micro
markets that operators still have not stretched their services
to such as less lucrative or regional local emerging markets.
A trend of regionalization has been observed among small
cell/base stations and the regional services do not processes
the characters of public area network, industrial applica-
tion network, and a hybrid network. 𝜇O is an emerging
network business model that has started developing under
this backdrop [22]. Reference [14] illustrates the relation
between 𝜇O and MNO and scrutinizes the use cases of 𝜇O-
MNO to set the foundation for the possible business model
for 𝜇O. Reference [23] proposes a mechanism in regard to𝜇O’s shared spectrum access communication and shares the
infrastructure of mono-network/physical network via virtual
technology to fully utilize the valuable bandwidth resource.

As shown in Figure 2, the service model of 𝜇O can be
divided into four quadrants:

(1) The first quadrant is closed, controlled, independent,
and general service that often takes places in office.
The users in this region can gain access to the services
provided by the region.

(2) The second quadrant is shared, transparent, and
general service that often takes places in shopping
malls and schools. Such regions are often packed with
people and a great deal of data is required as well. A
micro data center might be set in the region for users
to quickly gain access to the services.

(3) The third quadrant is shared, transparent, and spe-
cial service that often takes place in scenarios like
telematics network and customized services. Such
services are likely to be used by end-users. The
communication among end-users requires special
network protocols.

(4) The fourth quadrant is closed, controlled, indepen-
dent, and special service that might take place in
hospitals, automated factories, and smart grids. Hos-
pitals provide irreplaceable medical services. Users

will have to connect to such regions before gaining
access to the services.

Due to the increasing demand of mobile device users
accessing Internet services, operators need to dynamically
adjust and combine to meet the requirements of different
applications in order to improve network performance. The
service architecture of 5G 𝜇Omust also be developed in con-
junction with different technologies such as SDN and NFV
[25, 26]. SDN abstracts the network architecture by decou-
pling the network control and forwarding functions enabling
the network control to become directly programmable and
the underlying infrastructure to be abstracted for applications
and network services [27]. By separating the control plane
from the data forwarding plane and virtualizing all of the con-
nections, administrator can remove the hard-wired barriers
of networks and quickly change structures to suit their needs.
In addition to the SDN, NFV is a core structural change in
the way telecommunication infrastructure gets deployed.The
goal of NFV is to enable service providers to reduce costs and
faster service delivery. The requirements and open standards
that underpin NFV are being developed by the European
Telecommunications Standards Institute (ETSI) [28].

Since 5G technology is now undergoing rapid develop-
ment, the conventional network infrastructure is not able to
meet 5G’s diverse demands and 𝜇Os’ development of service
model in the future. Therefore, the international standards
organization and equipment manufacturers now set out to
promote the technology of network slicing which allows ISP
to use SDN and NFV technologies to realize network virtual
slicing, the division of several different service scenarios, and
the provision of customized network service [29–31]. The 5G
white paper proposed by Next Generation Mobile Networks
(NGMN) that expounds 5G’s network infrastructure in the
future had included the concept of network slicing technol-
ogy in order to support particular connection forms and use
particular methods to deal with the communication services
of control/user-plane [32]. To satisfy the requirements of
5G network’s flexible configuration, NOKIA had come up
with the programmable 5G network infrastructure where
network slices of several independent virtual subnetworks
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Figure 3: A 𝜇O design pattern with network slicing.

are constructed in the same basic infrastructure to serve
the purpose of the specific application [33]. Network slic-
ing technology can divide network resources into multiple
independent virtual networks. Not only can it satisfy the
diverse demands of small cells/base stations and 𝜇O but it
can also work as the crucial technology for the development
of 5G network communication. As for virtualization tools, in
order to realize the function of network slicing, [34] proposes
the concept of Network Virtualization Layer–FlowVisor that
divides a physical network into several virtual networks that
each possesses their own controllers and enables personal
virtual network to be built in the same physical network
equipment to achieve the goal of resource allocation. Ref-
erence [35] proposes a platform of network virtualization
called OpenVirtex (OVX) that is capable of realizing network
virtualization for multiple tenants. OVX can map a user’s
network topology to a physical topology according to the
user’s needs and accomplish the network-connecting process.
The major difference between OVX and FlowVisor is that
users of OVX do not have to worry about the basic physical
topology and can define their won virtual network topology.
OVXwill assist its users to accomplish the mapping of virtual
network topology to physical network topology.

The conventional offline benchmark planning is no
longer suitable to satisfy 5G 𝜇Os’ efficient utilization of
resources and demands of sharing and the full utilization of
computing resources to respond to the complicated situations
of different demands to determine the direction of the traffic
flow. Machine learning is on the list of the most potential
candidates [36]. It provides a much stronger and complicated
decision-making ability. Decision tree is one of the most
popularmachine learning algorithms used all along.Decision
tree, on the other hand, is highly efficient supervised learning
model that is ideal for the prediction of classification and
regression data type such as ID3 and C4.5 [37, 38]. C4.5
is the refined version of feature selection in ID3 algorithm
that can be used to process continual class label and the
problem of missing data in training data. It can also correct

the problem of overfitting of the decision tree by means of
pruning. As for the application of route choosing and traffic
flow identification in regard ofmobile edge network, [39] uses
the characters of SDN and combines them with decision tree
algorithm to categorize traffic flow, allowing the controller to
choose an access point from the local network that is suitable
to be connected to a mobile device according to the level
of congestion of the backhaul route. Reference[40] proposes
a model called AMPS that combines SDN and machine
learning.The model is capable of categorizing the differences
of each traffic flow by means of learning packet identification
and then chooses the best route of transmission for the traffic
flow to achieve the automation of the optimal selection of
routing path.

3. 5G 𝜇O Design Pattern and
DTBFR Mechanism

The interaction between SDN and NFV enables the 5G
network to build a system infrastructure in an abstract
manner and further increase the flexibility of the network,
allows the vertical system to be divided into multiple sliced
constructor blocks, and builds a network that is connectable,
programmed, and virtual. The operator can advance to use
network slicing technology to virtualize networks and, as
the aforesaid paragraphs, flexibly divide a physical network
into multiple independent and segregated 𝜇O networks
according to different usage scenarios. As for the design
of the infrastructure, this paper uses SDN and NFV tech-
nologies as the base and combines network slicing and
tunneling technologies to build a network infrastructure for𝜇Os. The infrastructure allows users of different 𝜇Os to
be concatenated via tunneling technology and then realizes
the rapid connection of network to effectively enhance the
interconnectivity of networks.

The proposed 𝜇O design pattern is shown in Figure 3.
Network slicing technology realizes the logical partition of𝜇Os’ networks via OpenVirtex. The connection between the
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core network and the 𝜇O is carried out by the tunnel built by
SDNborder gateway (BG).The Internet cloud data center and
the micro data center are constructed by NFV infrastructure
defined by ETSI to save the cost of equipment investment.The
mission of SDN controller is to use OpenFlow to construct
a passageway between BG at the edge of the core network
and BG at the edge of the 𝜇O’s network. Once the SDN
controller begins executing the matching and concatenation
between network passageways, the 𝜇O’s network can build a
connection via the tunnel and the main core network. The𝜇Ocan continue finishing the construction of virtual network
via OpenVirtex’s virtual slicing technology, allowing users of
the 𝜇O to gain access to the data on the nearby micro data
center. The users can also, via tunnels, connect to the cloud
data center on the Internet to access the network service
of particular application. The proposed architecture pattern
combines network slicing and tunneling to realize the com-
munication model for 𝜇Os and further integrates bandwidth
controlling technology to be applied to the communication
bandwidth application of the 𝜇O’s network.This will increase
the utilization ratio of network resources and the efficiency of
traffic flow and result in a better quality of experience (QoE)
for the network users.

In response to the demand of 𝜇O’s network resource
distribution that allows users to gain access of nearby network
resources, the paper proposes a DTBFR mechanism for 𝜇O
and uses decision tree theory to serve as the reference in the
determining the SDN traffic flows direction. Decision tree
algorithms have been used for solving predictive analytics
problems in the past few years. Decision tree is a supervised
machine learning model with simple process intuition and
high execution efficiency. Decision tree algorithm is mainly
used to conduct systematic result and integration of dataset
and to find the special class and label relation during the
decision-making process. Compared with other ML models,
execution speed is a major advantage. To quantify uncertain
information and dataset, the paper uses entropy as a method
to gauge uncertainty and level of chaos in (1). Entropy is a
measure of the impurity in a collection of training examples.
The entropy increases with the increase in uncertainty or
randomness and decreases with a decrease in uncertainty
or randomness. The production of information comes with
uncertainty and entropy can gauge it according to its proba-
bility of occurrence [41]. With higher probability, the chaos is
more likely to occur and the uncertainty is low, while on the
contrary, the uncertainty is high.

𝐸𝑛𝑡𝑟𝑜𝑝𝑦 (𝑠) = 𝑐∑
𝑖=1

𝑃𝑖 log2 𝑃𝑖 (1)

Decision trees algorithm uses feature selection to guide
the decision of the most useful attributes. Different feature
selection criteria result in different types of decision trees. ID3
uses entropy and information gain to construct a decision
tree. Information gain is used to decide which feature to
split on at each step in building the tree. Information gain
measures the expected reduction in entropy by partitioning
the examples according to an attribute. Calculations of ID3
information gain are shown in (2). The information gains

criteria to measure the strength of the association between
an attribute and class. Symbol S is the target class and Symbol
A represents the class label. C4.5 is an extension of ID3 which
is a similar tree generation algorithm. C4.5 uses gain ratio
by splitting the training sets based on its test attributes. The
gain ratio takes number and size of branches into account
when choosing an attribute. It corrects the information gain
by taking the intrinsic information of a split into account.
The split information can be defined as shown in (3). The
gain ration can be defined as shown in (4). The flowchart of
decision tree construction is shown in Figure 4.

𝐺𝑎𝑖𝑛 (𝑆,𝐴) = 𝐸𝑛𝑡𝑟𝑜𝑝𝑦 (𝑆)
− V∑
𝑗=1

𝑆𝑗|𝑆| 𝐸𝑛𝑡𝑟𝑜𝑝𝑦 (𝑆𝑗) (2)

𝑆𝑝𝑙𝑖𝑡𝐼𝑛𝑓𝑜 (𝑆, 𝐴) = − 𝑐∑
𝑖=1

𝑠𝑖|𝑆| log2 (
𝑆𝑖|𝑆| ) (3)

𝐺𝑎𝑖𝑛𝑅𝑎𝑡𝑖𝑜 (𝑆, 𝐴) = 𝐺𝑎𝑖𝑛 (𝑆, 𝐴)
𝑆𝑝𝑙𝑖𝑡𝑒𝐼𝑛𝑓𝑜 (𝑆, 𝐴) (4)

The dataset used by the decision tree consists of
both class labels and decision result. Training data col-
lects user application traffic primarily through SDN con-
troller. The dataset includes user’s network area, server’s
CPU/memory, and traffic oriented result. The data stor-
age format is represented as [user area, s1 cpu, s2 cpu,
s3 cpu, s1 mem, s2 mem, s3 mem, result]. For example, the
dataset [2, 49.0, 35.6, 6.0, 29.0, 13.0, 36.3, 2] corresponds to
the class label [𝜇O, s0 cpu, s0 memory, s1 cpu, s1 mem,
s2 cpu, s2 mem, result]. Training data is a certain percentage
of an overall dataset along with a testing set. The more com-
plete training data makes classification easier. The duplicate
values and divorced values must be removed first from the
dataset. Duplicate values refer the same values for each class
label in the dataset. Divorced values are calculated from the
average value of the class label. When the value of the class
label is greater than the average of ±5, the dataset will be
removed from dataset.

After completing training on data collection, we can
start to establish the node of the decision tree. Calculate
the Gain(S, A), SplitInfo(S, A), and Gain ratio(S, A) from
the class labels of the dataset. Pick the best Gain ratio (S,
A) from the list and save it to BestFeature as the root of
the decision tree. The remaining unselected class labels are
added to Unselected labels. The execution of the recursion
begins when the decision tree node is established. Pruning
is a technique in machine learning that reduces the size of
decision trees by pruning the tree based on the statistical
confidence estimates. When the decision tree is created, load
the training data and start traverse tree node from root to
leaf. We adopted the pessimistic pruning strategy proposed
used in C4.5 to avoid the need of pruning set and continuity
correction to error rate at each node.

In this paper, the calculation of continuous class labels
and discrete class labels is different. Discrete data is the type
of data that has clear spaces between values while continuous
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Table 1: Example of continuous class labels.

Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14
CPU 85.4 90.3 78.4 80.5 80.5 75.2 66.0 90.3 75.2 80.5 75.8 90.3 75.2 90.3
S No No Yes No Yes No Yes No Yes Yes Yes Yes Yes Yes

Start Training 
data

Calculate of Gain ratio 
and Split info 

from the class labels of 
the dataset

Create a
tree node by
BestFeature

Calculate the Gain 
ratio and Split info of 

Unselected_labels

Create a internal 
node tree by
BestFeature

If all the attributes
already calculated

maximum Gain ratio?

Decision Tree createdTraining 
data

Traverse the tree
node from
root to leaf

Calculate 
error_subtree, 
var(subtree), 

error_leaf

NO

YES

Pruning

YES

If all tree nodes
already traversed?

Pruned Tree created

End

NO

YES

NO

If error_subtree-
var(subtree) >

error_leaf?

Figure 4: The decision tree construction flowchart.

data is data that falls on a continuous sequence. Table 1 shows
the example of continuous class label. The second column
shows the servers’ CPU usage in 𝜇O. The third column S
represents the output of the decision. In this example we start
with number 66 to calculate the gain ratio.The dataset greater
than 66.0 and the dataset less than or equal to 66.0 use (1) to
compute the entropy value as 0 and 0.96, respectively. Then,
the results are calculated by (2) and (3). Dividing theGain (S,
66.0) by the (3) yields the gain ratio value of 0.129. Table 2
shows the calculation results and the class label CPU 66.0
gets the maximum gain ratio value in this example. Based
on the above calculation, the best value is chosen in each
round to serve as the node of the tree until the decision tree
is established.

Based on the results of Table 2, the decision tree is
constructed as shown in Figure 5. In order to correct the
overlearning problem caused by the impure information in
the decision tree, we adopted the pessimistic error pruning
strategy to recursively estimate the error rate of the sample
nodes covered by each internal node. Pessimistic error prun-
ing is based on error estimates derived from the training data.

If the internal node's error rate is lower than the estimated
value, it will be replaced by the largest number of leaf nodes
in the subtree.

Assume that an internal node of the tree covers N samples
with E errors; then the error rate of the leaf nodes is given
by (5). This penalty factor is 0.5. Pessimistic error pruning
adds a constant to the training error of a subtree by assuming
that each leaf automatically classifies a certain fraction of an
instance incorrectly.This fraction is taken to be 1/2 divided by
the total number of instances covered by the leaf and is called
a continuity correction in statistics.

𝐸 (𝑙𝑒𝑎𝑓 𝑒𝑟𝑟𝑜𝑟 𝑟𝑎𝑡𝑒) = (𝐸 + 0.5)
𝑁 (5)

𝐸 (𝑠𝑢𝑏𝑡𝑟𝑒𝑒 𝑒𝑟𝑟𝑜𝑟 𝑟𝑎𝑡𝑒) = (𝐸 + 0.5 ∗ 𝑙𝑒𝑎𝑓)
𝑁 (6)

After pruning, the internal node becomes a leaf node and
the false positive number also need to add a penalty factor.
The error rate of subtree is given by (6). Equations (7) and (8)
show the false positive number and the standard deviation of
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Table 2: Calculation result of the continuous class labels.

Value 66.0 75.2 75.8 78.4 80.5 85.4 90.3
interval ≦ > ≦ > ≦ > ≦ > ≦ > ≦ > ≦ >
Yes 1 8 3 6 4 5 5 4 7 2 7 2 9 0
No 0 5 1 4 1 4 1 4 2 3 3 2 5 0
Entropy 0 0.96 0.81 0.97 0.72 0.99 0.65 1 0.76 0.97 0.88 1 065 0
Info(S,A) 0.891 0.92 0.89 0.85 0.838 0.91 0.651
Gain 0.048 0.015 0.045 0.09 0.102 0.02 0
Split Info 0.371 0.863 0.94 0.98 0.94 0.863 0.651
Gain ratio 0.129 0.017 0.047 0.091 0.108 0.023 0
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Figure 5: An example of established decision tree.

the subtree. The false positive number of leaf node is shown
in (9).

𝐸 (𝑠𝑢𝑏𝑡𝑟𝑒𝑒 𝑒𝑟𝑟𝑜𝑟 𝑐𝑜𝑢𝑛𝑡) = 𝑁 ∗ 𝑒 (7)

V𝑎𝑟 (𝑠𝑢𝑏𝑡𝑟𝑒𝑒 𝑒𝑟𝑟𝑜𝑟 𝑐𝑜𝑢𝑛𝑡) = √𝑁 ∗ 𝑒 ∗ (1 − 𝑒) (8)

𝐸 (𝑙𝑒𝑎𝑓 𝑒𝑟𝑟𝑜𝑟 𝑐𝑜𝑢𝑛𝑡) = 𝑁 ∗ 𝑒 (9)

𝐸 (𝑠𝑢𝑏 𝑒𝑟𝑟𝑜𝑟 𝑐𝑜𝑢𝑛𝑡) − V𝑎𝑟 (𝑠𝑢𝑏𝑡𝑟𝑒𝑒 𝑒𝑟𝑟𝑜𝑟 𝑐𝑜𝑢𝑛𝑡)
> 𝐸 (𝑙𝑒𝑎𝑓 𝑒𝑟𝑟𝑜𝑟 𝑐𝑜𝑢𝑛𝑡) (10)

As shown in (10), if the number of misclassified subtrees
minus the standard error of the error rate is still greater
than the number of false positives corresponding to the leaf
node; then the pruning will occur and the subtree will be
removed from the tree. Until all nodes in all decision trees

have been visited, the pruning process is completed. The
pruning process is finished when all the nodes in all the
decision trees are visited. Figure 6 shows the pruned decision
tree.

The proposed DTBFR mechanism utilizes the SDN tech-
nology to collect the network traffic information. The calcu-
lation results of decision tree algorithm can provide instruc-
tions for SDN controller to guide user traffic flows to the
services in the nearby 5G 𝜇O micro data center. The DTBFR
mechanism combined with 5G SDN/NFV programmable
network architecture can improve service efficiency and save
available bandwidth resources.

4. Experiment Results

The purpose of this experiment is to verify 𝜇O’s communica-
tion infrastructure pattern during operation.The experiment
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Figure 6: The pruned decision tree.

condition consists of multiple local area networks controlled
by the 𝜇O and central tunnel controllers. In our evaluation,
we simulated a network with tree-like topology in mininet
and measured the overhead caused by network view division
[42]. Mininet is used to simulate 𝜇O’s network, and tunnels
can be built among different 𝜇O areas for quick exchange
of information. The experiment comprises two hypervisors,
one OpenVirtex, and multiple SDN controllers shown in
Figure 7. The topology is constructed by the mininet in
VM in the hypervisor and the 𝜇O areas are concatenated
by tunneling technology. The OpenVirtex functions as the
system management system. The IT staff can construct
network slicing for the system via network interface and the
back-end server of the network interface will analyse the
operating information before interpreting it into OpenVirtex
to produce commands for network slicing.The webpage uses
socket and slice manager to transmit information. After the
slice manager receives the information, it will continue to
use OpenVirtex’s API to build network slicing for the mana-
ger.

Network slicing has a wide range of applications accord-
ing to the cohorts of users, the types of application services,
or different demands for resources. The paper uses region-
alization service as the benchmark for network slicing and
connects homogeneous regionalization service servers with
tunneling technology to form a complete network slicing of
regionalization service. A C4.5 decision tree model is built
based on the mechanism proposed by Ross Quinlan to serve
as the reference for determination of 5G 𝜇O’s traffic flow
direction and allows the users’ traffic flow to be directed to
a closer 𝜇O access service to reduce the network latency in
packet transmission.

In order to verify 𝜇O 0 and 𝜇O 1’s virtual communica-
tion service infrastructures, the experiment uses hypervisor
to stimulate the scenario of adjacent 𝜇O communication.
The infrastructure of the experiment consists of one Xen
hypervisor and two Ubuntu 16.04 virtual machines. Mininet
is used to virtualize S1 for VM1, add GRE interface, and set
the remote IP as 10.10.10.126, which is the IP of VM2. VM2
has the same setting with the only difference that its remote
IP is set as 10.10.10.116, which is the IP of VM1. Both VM1
and VM2’s control plane are set as OpenVirtex and OVX
will simultaneously finish logical network slicing when the
slicing is built. As shown in Figure 8, the TCP bandwidth
test is conducted by Iperf in mono-hypervisor. Iperf is a
network benchmarking tool which is used to measure the
throughput of the network carrying UDP and TCP data [43].
The average bandwidth of GRE tunnels is 1.65 Gbps and
the average bandwidth of VxLAN tunnels is 1.63 Gbps. The
results of the experiment are shown in Figure 9. As shown
in Figure 10, logical network slicing infrastructure is built
by the two hypervisors. Hypervisor 1 and Hypervisor 2 are
separated physically.The results of the experiment are shown
in Figure 11. In this case, the average bandwidth of GRE
tunnels is 915 Mbps and the average bandwidth of VxLAN
tunnels is 908 Mbps.

Judging from the results, we can see that even though
tunnels between the two VMs in mono-hypervisor are
successfully built, the packets are unable to actually leave
hypervisor’s network card but exchange memory instead.
This is because both VMs are located in the same hypervisor.
In the two hypervisors scenario, tunnels are successfully built
as well and the packets actually reach each other’s hypervisor
network cards to carry out the exchange. This is attributed
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Figure 11: The experiment result in cross-hypervisors.

to that fact that a bridge of communication has been built
by the tunnels and the packets are repackaged. It is therefore
determined that the two hypervisors scenario requires less
bandwidth than mono-hypervisor.

As for the scenario of nonadjacent 𝜇O communica-
tion, we replace the experiment infrastructure with two-tier
mininet to simulate the whole environment and construct
a virtual experiment infrastructure in different domains. As
shown in Figure 12, in the first tier, we use the mininet
to construct topology in different domains and connect
domain 1 and domain 2 via the OpenVSwitch (OVS) of the
mininet. Domain 1 and Domain 2 can also construct their
own topology via the mininet. The topology of the mininet
in the first tier uses OpenVirtex to conduct the network
slicing for tenants. The slices are composed of tunnel and
nontunnel, and the slices are subject to the management of
different controllers. For example, the tunnel slice is subject
to tunnel controller and so forth. The tunnel network slicing
uses the exclusive network slices built by the tunneling
technology. The experiment uses two mainstream tunneling
technologies, GRE and VxLAN, to conduct the comparison.
The experiment result is shown in Figure 13. The experiment
sets the bandwidth of the link in the topology at 100Mbytes
and the major purpose of the experiment is to test the
transmission efficiency of the two tunneling technologies.
GRE tunnel package belongs to the third tier routing; VxLAN
uses UDP to pack the packet. The average bandwidth of
GRE is around 73.7 Mbytes and the average bandwidth of

VxLAN is around 34.8Mbytes.The results clearly suggest that
VxLAN’s packet transmission efficiency is not even half of
that of GRE’s.The cause behind this is because of the different
ways of packet transmission. UDP is by itself an unreliable
way of transmission and the packet is even more likely to be
lost with theOpenVirtex serving as the intermediary tier.This
might explain the poor performance in bandwidth.

To evaluate the efficiency and the performance, the
DTBFRmechanism proposed in this paper is compared with
the Minimize Loading First (MLF) mechanism. The MLF is
a greedy algorithm that can be used to find the server with
the lowest load and direct the traffic to the server via SDN
controller.

In order to make users of 𝜇O gain access to the nearby
micro data center or link to the Internet data center for access
to particular application of network services via tunnels,
three indicators are available to determine the quality of the
decision-making of traffic flow redirection. 𝜇O num repre-
sents the number of accessed services in 𝜇O. Near 𝜇O num
represents the number of times when the traffic flow has
to access services in nearby 𝜇O because the servers in 𝜇O
are all busy. Datacenter num represents the number of times
recorded when the traffic flow has to access remote data
center because nearby 𝜇Os are all busy. The results of the
experiment are shown in Figure 14. The value of 𝜇O num of
the proposed DTBFR mechanism is apparently higher than
that ofMLFmechanism.Thismeans that DTBFRmechanism
is able to prioritize the user’s traffic flow according to the
servers in 𝜇O’s area. If the server is busy, DTBFR mechanism
will consider accessing services in nearby 𝜇O and, because
the number of HTTP requests varies, (11) is used to calculate
the redirection ratio.

Ratio = (𝜇O num/near 𝜇O num/Datacenter num)
Total number of HTTP requests

(11)

Under the same experiment conditions, the decision-
making of traffic flow direction of DTBFR mechanism is as
follows: 68.1% of the traffic flow will be directed to the 𝜇O in
the current area to access services; 28.7% of the traffic flow
will be directed to the nearby 𝜇O to access services; only
3.2% of the traffic will go to the data center to access services.
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MLF algorithm is a directing method based on server load
which directs 29.8% of the traffic flow to the 𝜇O in the current
area to access services, 32.7% of the traffic flow to the nearby𝜇O to access services, and 37.5% of the traffic flow to the
Internet data center to access services. The 𝜇O’s accessed
services indicator in the area shows that DTBFR mechanism

takes up 68.1%whileMLF algorithm takes up only 29.8%.The
experiment verifies that DTBFR mechanism’s performance
on traffic redirection is relatively good.

In summary, the design pattern of 5G micro operator
combines network slicing and tunneling technologies to
realize the communication model for 𝜇O, although network
slicing holds much promise for 5G, but not without its share
of hurdles. The traditional network architecture will need
to be redesigned to enable network slicing. Interoperability
should be tested in order to ensure network slicing works
as expected in the 5G network. In terms of tunneling,
the inefficient packet overhead may have a negative effect
on the performance of the network. For the purpose of
micro operator to providing regional services, the DTBFR
mechanism allows different 𝜇Os to share network resources
and improves data processing by directing the users’ traffic
flow to a closer 𝜇O for reducing the network transmission
latency, building the foundations of ultrareliable and low-
latency communications (URLLC) in 5G. Conclusively, the𝜇O design pattern provided in this paper helps to reduce the
computing burden of the traditional cloud network architec-
ture, improves the load capacity of the cloud network and the
servers, and is also able to be used as development basis for
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near_O_num O_num Datacenter_num
DTBFR 13346 31701 1441
MLF 28185 25707 32109
DTBFR ratio 0.287 0.681 0.03
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Figure 14: Comparison with experiment results of DTBFR and MLF.

integration and innovation application of the Cloudy-Edge
Computing achieved by 5G.

5. Conclusions

This paper uses SDN and NFV technologies as the base
and combines network slicing and tunneling technologies to
come up with a network infrastructure pattern for 𝜇Os. The
pattern allows users of different 𝜇Os to be concatenated via
tunneling technology and then realizes the rapid connection
of network to effectively enhance the interconnectivity of
networks. In order to meet the demand of regional service
of micro operator, this paper proposes DTBFR mechanism,
which uses decision tree theory as the basis of SDN-based
traffic decision-making. Under the same experiment condi-
tions, the decision-making of traffic flow direction of DTBFR
mechanism is as follows: 68.1% of the traffic flow will be
directed to the𝜇O in the current area to access services; 28.7%
of the traffic flow will be directed to the nearby 𝜇O to access
services; only 3.2% of the traffic will go to the Internet cloud
data center to access services. The features deployed by the
regional service of the micro operator can effectively reduce
the burden of the data center on the Internet and accelerate
the development of the edge computing service in the future
5G network.

Future work is needed to create an edge computing
service model for the wide-spread adoption of the 𝜇O design
pattern, especially the integration of the edge computing
technologies into the 5G 𝜇O deployment path by improving
management efficiency, and provides service on-demand
application for micro operator customers. The resource esti-
mation, tasking scheduling, and lightweight virtual network
function configuration techniques are the primary research
directions.
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For 5G wireless communications, the 3GPP Narrowband Internet of Things (NB-IoT) is one of the most promising technologies,
which provides multiple types of resource unit (RU) with a special repetition mechanism to improve the scheduling flexibility and
enhance the coverage and transmission reliability. Besides, NB-IoT supports different operation modes to reuse the spectrum of
LTE and GSM, which can make use of bandwidth more efficiently. The IoT application grows rapidly; however, those massive IoT
devices need to operate for a very long time. Thus, the energy consumption becomes a critical issue. Therefore, NB-IoT provides
discontinuous reception operation to save devices’ energy. But, how to further reduce the transmission energy while ensuring the
required ultra-reliability is still an open issue. In this paper, we study how to guarantee the reliable communication and satisfy the
quality of service (QoS) while minimizing the energy consumption for IoT devices. We first model the problem as an optimization
problem and prove it to be NP-complete. Then, we propose an energy-efficient, ultra-reliable, and low-complexity scheme, which
consists of two phases.The first phase tries to optimize the default transmit configurations of devices which incur the lowest energy
consumption and satisfy the QoS requirement. The second phase leverages a weighting strategy to balance the emergency and
inflexibility for determining the scheduling order to ensure the delay constraint while maintaining energy efficiency. Extensive
simulation results show that our scheme can serve more devices with guaranteed QoS while saving their energy effectively.

1. Introduction

The Internet of Things (IoT) is one of the key applications and
technologies in the fifth-generation (5G) communications.
Since IoT is widely used for remote monitoring and report-
ing, such as smart building, smart transportation, smart grid,
e-health, and/or factory automation, it makes our life more
convenient and makes industry more efficient. Therefore,
the 3rd generation partnership project (3GPP) develops a
new technology, Narrowband Internet of Things (NB-IoT)
[1, 2], as the communication standard for IoT, which is fea-
tured by low cost, low energy consumption, low complexity,
and low throughput. Besides, the NB-IoT supports massive
connectivity and enhances the benefit of spectrum reuse.
Specifically, it supports multiple types of resource units (RU)

with specific repetitions for data transmission to improve the
scheduling flexibility and enhance communication reliability.
In addition, NB-IoT also provides three-operation modes
to flexibly reuse the spectrum of LTE and GSM, which can
achieve higher spectrum utilization and reduce the extra
deployment cost for the operators.

On the other hand, due to the inherent behaviors of
IoT applications, such as remote monitoring and reporting,
IoT devices need to operate for a very long time [3]. Thus,
energy consumption becomes a key issue. Currently, NB-
IoT provides discontinuous reception to save devices’ energy
based on wake-up and sleep operation. However, how to
further decrease their transmission energy during wake-up
period is an open problem. In addition, the reliability of
transmission is also a key issue inQoS for uplink transmission
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Figure 1: Three-operation modes of NB-IoT.

especially for mission critical applications (e.g., e-health,
intelligent transport), voice applications, and the high timing
precision factory automation [4–6]. Thus, NB-IoT provides
the maximum repetition time up to 128 for a scheduling
resource allocation to the ultra-reliability issue. But, how to
optimize the repetition operation to achieve high reliability
while reducing the waste of resource and energy is still an
open issue.

In this paper, we study how to ensure the high transmis-
sion reliability to guarantee the strict QoS for devices based
on the RU scheduling and repetition determination while
minimizing their energy consumption in NB-IoT networks.
We first model the problem as an optimization problem
and prove it to be NP-complete. Then, we propose an
energy-efficient and ultra-reliable heuristic, which consists
of two phases. The first phase tries to select the primary
parameters which conduct the lowest energy consumption
and ensure QoS requirements for uplink transmission. The
second phase applies a weighting strategy to determine the
precise scheduling order of uplink requests based on the
scheduling emergency and inflexibility. In addition, it also
adjusts the corresponding results appropriately to satisfy the
strict delay constraint if needed while considering energy
efficiency. Extensive simulation results show that our scheme
can enlarge the number of serving devices with guaranteed
QoS and decrease the packet drop ratio while saving energy.

The rest of this paper is organized as follows. Relatedwork
is discussed in Section 2. Preliminaries are given in Section 3.
Section 4 presents our scheme. Simulation results are shown
in Section 5. Section 6 concludes the paper.

2. Related Work

In the literature, the studies [7, 9–11] give an overview of
NB-IoT and conclude that NB-IoT can enhance bandwidth
efficiency and increase network coverage. Reference [12]
proposes a new procedure for cell search and initial synchro-
nization in NB-IoT which can speed up the access operation
for the devices with low SNR. In [13], it proposes a new
channel equalization algorithm to optimize the sampling
rate of devices when NB-IoT and LTE share the same
spectrum. However, they neglect the QoS and reliability of
transmissions. The research [14] leverages the modulation
and coding scheme (MCS) and repetition number to enhance
the QoS satisfaction and transmission latency. However,
it does not leverage different types of RUs; thus, it will
reduce the service coverage of NB-IoT and cannot allocate

resource flexibly and effectively. In [15], the authors develop
a new detection mechanism for random access procedure
to enhance the coverage and access efficiency of NB-IoT.
However, it does not consider the transmission reliability
and energy efficiency. The study [16] proposes a transmission
scheme without connection setup to reduce connectivity
latency. But, it may cause extra energy consumption. Refer-
ence [17] develops a detection scheme based on maximum
likelihood to detect timing acquisition with low delay while
reducing energy consumption. However, the QoS satisfaction
and the transmission reliability are ignored in this paper.
In [18], the authors develop a prediction method to allocate
resource in advance based on the occurrence and delay time
of uplink transmission. Although it can accelerate the trans-
mission procedure, it may decrease the scheduling flexibility
and resource efficiency. In [19], it leverages Nonorthogonal
Multiple Access (NOMA) to allocate common subcarriers to
multiple devices and thus to enhance the spectrum efficiency.
However, it does not discuss how to ensure the energy
efficiency and transmission reliability, which are the key
issues in NB-IoT.

Based on the above observation, it motivates us to address
the issue of considering both transmission reliability and
energy efficiency by scheduling multitypes of RUs with
optimal repetition in NB-IoT networks.

3. Preliminary

In this section, we first give an overview of the operation
modes of NB-IoT. Then, we introduce the resource unit
and the repetition mechanism used in NB-IoT. Finally, we
formally define our resource allocation problem and show it
to be NP-complete.

3.1. NB-IoT Operation Modes. In NB-IoT, all devices connect
with the centralized base station (also called the Evolved
Node B, eNB). In order to enhance the spectrum utilization
and reduce the cost of operators, NB-IoT provides three-
operation modes for devices to access the eNB by reusing the
existing spectrum of LTE and GSM [20–22]:

3.1.1. Inband. Using the bandwidth of one resource block (RB)
inside the LTE carrier as the access spectrum is shown in
Figure 1(a).

3.1.2. Guard-Band. Using the bandwidth of one RB in the
guard-band of LTE carrier as the access spectrum is shown
in Figure 1(b).
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Figure 2: Multiple types of RUs.

Table 1: The types of resource units (RUs) supported in NB-IoT.

Subcarrier spacing Number of tones (subcarriers) Classification Number of slots
15 KHz 1 single-tone 16

15 KHz
3

multi-tone
8

6 4
12 2

3.75 KHz 1 single-tone 16

3.1.3. Stand-Alone. Using the bandwidth of a reframed GSM
carrier as the access spectrum is shown in Figure 1(c).

3.2. Resource Unit (RU). In NB-IoT, the resource is divided
into frames, where each frame consists of 10 subframes. The
length of a subframe is 1ms, which is further divided into two
slots. For the uplink transmission, data is transmitted through
NarrowbandUplink Shared Channel (NPUSCH).The resource
unit (RU) is the basic transmission resource unit allocated
in the bandwidth of 180 KHz. The transmission data can be
carried by one or multiple RUs depending on the request size
andMCS. Specifically,NB-IoT supportsmultiple types of RUs
based on the subcarrier spacing as shown in Table 1. Since the
subcarrier spacing of 15 KHz is mandatory in the standard,
we focus on it in this paper [1]. For the subcarrier spacing of
15KHz, there are 4 types of RUs that are classified as single-
tone (1-tone) ormultitone (3-tone, 6-tone, and 12-tone). Each
type of RU is with a specific number of subcarriers and time
slots, as shown in Figure 2.

3.3. RepetitionMechanism. InNB-IoT, one of the key features
is the repetitionmechanism,which is designed to enhance the

reliability of transmission and enlarge the network coverage.
According to the NB-IoT standard, the transmission RUs
of each device i (also called user equipment i (UE𝑖) in the
following) can associate with a specific number of repetition𝑁rep
𝑖 = 2𝑙, where 𝑙 ∈ {0 ⋅ ⋅ ⋅ 7}. Thus, each UE can ensure

the transmission reliability based on the individual physical
status, such as channel quality, path loss, bit-error-rate (BER),
and transmission power. Figure 3 shows an example of 5 UEs
with different repetition numbers. Note that the transmission
finish time of each UE should not violate its delay constraint.

3.4. Downlink Control Information (DCI). Downlink Control
Information (DCI) is the control message in Narrowband
Physical Downlink Control Channel (NPDCCH), which is
responsible for describing the scheduling results for both
downlink and uplink transmissions. Each DCI is with the
length of 1ms. When the eNB completes the RU scheduling,
each scheduling result will be carried by one DCI to inform
the corresponding UE about its uplink transmission with the
designate RU type, subcarrier set, allocation time, and the
number of repetitions. Table 2 shows the main parameters
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Figure 3: The example of repetitive transmissions.

Table 2: Main parameters of DCI (format N0).

Parameter Value
subcarrier indication (𝐼sc𝑖 ) 0∼63
resource assignment (𝑁RU

𝑖 ) 0∼7
modulation and coding scheme (MCS𝑖) 0∼10
repetition number (𝑁rep

𝑖 ) 2𝑙, 𝑙 ∈ {0 ⋅ ⋅ ⋅ 7}
Table 3: Subcarrier indication and the corresponding subcarrier
sets.

Subcarrier indication (𝐼sc𝑖 ) Set of Allocated subcarriers (𝑆sc𝑖 )
0–11 𝐼sc𝑖
12–15 3(𝐼sc𝑖 − 12) + {0, 1, 2}
16–17 6(𝐼sc𝑖 − 16) + {0, 1, 2, 3, 4, 5}
18 {0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11}
19–63 reserved

in DCI (format N0), which is for uplink grant and schedul-
ing in NPUSCH. Specifically, the subcarrier indication (𝐼sc𝑖 )
describes the RU type and the corresponding subcarrier set
to locate RUs. The resource assignment (𝑁RU

𝑖 ) represents the
number of allocated continuous RUs for this transmission
schedule excluding repetition. The modulation and coding
scheme (MCS𝑖)meanswhichMCS is applied on this RU trans-
mission. Note that NB-IoT supports 11 types of modulation
and coding schemes for uplink, which depend on the bit-
error-rate and received signal-to-noise ratio (this will be clear
later on).The repetition number (𝑁rep

𝑖 ) represents the number
of repetitions for the scheduled RUs. So, the total amount of
RUs assigned to UE𝑖 is𝑁RU

𝑖 × 𝑁rep
𝑖 .

Specifically, subcarrier indication (𝐼sc𝑖 ∈ {0∼63}) is
used for the description of RU types and their subcarrier
set, as shown in Table 3. When the subcarrier spacing is
15KHz, 𝐼sc𝑖 ∈ {0∼11} represents the fact that the RU type
is single-tone and locates at the subcarrier set of 𝑆sc𝑖 = 𝐼sc𝑖 .
Thus, it has 12 possible locations. When 𝐼sc𝑖 ∈ {12∼15},
the RU type is 3-tone and locates at 𝑆sc𝑖 = 3(𝐼sc𝑖 −12) + {0, 1, 2}, which has 4 possible locations, i.e., 𝑆sc𝑖 ∈

{{0, 1, 2}, {3, 4, 5}, {6, 7, 8}, {9, 10, 11}}. When 𝐼sc𝑖 ∈ {16∼17}, it
indicates the RU type of 6-tone, which has 2 possible loca-
tions, i.e., 𝑆sc𝑖 ∈ {{0, 1, 2, 3, 4, 5}, {6, 7, 8, 9, 10, 11}}. Finally,
when 𝐼sc𝑖 = 18, the RU type is 12-tone, which has a unique
location, i.e., 𝑆sc𝑖 = {{0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11}} and thus|𝑆sc𝑖 | = 1.
3.5. ProblemDefinition. In this paper, we consider anNB-IoT
network with a base station (eNB) serving 𝑁 UEs. Each UE𝑖,𝑖 = 1 ⋅ ⋅ ⋅𝑁, has an uplink request with data size𝐷𝑖 ≥ 0 (bits),
required reliability 𝑅𝑖 ∈ [0, 1], and strict delay constraint𝑑𝑖 (ms). To guarantee QoS, assume that the arrival time of
the UE𝑖’s request is at 𝑇req

𝑖 th (ms) and then the data must
be uploaded to the base station before the delay deadline𝑇req
𝑖 + 𝑑𝑖. For each UE𝑖, the transmit power is denoted as 𝑃𝑖

(mW) which is constrained by the maximum transmit power𝑃max
𝑖 ; i.e.,

0 ≤ 𝑃𝑖 ≤ 𝑃max
𝑖 . (1)

When scheduling, eachUE𝑖 has to be assigned one type of
RUs;𝑁sc

𝑖 ∈ {1, 3, 6, 12}; according to the designate subcarrier
indication 𝐼sc𝑖 ∈ {0∼18}; i.e.,

𝑁sc
𝑖 =

{{{{{{{{{{{{{{{

1, if 0 ≤ 𝐼sc𝑖 ≤ 11
3, if 12 ≤ 𝐼sc𝑖 ≤ 15
6, if 16 ≤ 𝐼sc𝑖 ≤ 17
12, if 𝐼sc𝑖 = 18.

(2)

For each UE𝑖’s RUs, the amount of data that UE𝑖 can
carry depends on themodulation and coding schemeMCS𝑖 ∈{0 ⋅ ⋅ ⋅ 10}. Specifically, the bit-error-rate of the data received
by the base station relies on the received signal-to-noise
ratioSNRdB(𝑖); i.e.,

SNRdB (𝑖) = 10 log10 (�̃� (𝑃𝑖) /𝑁
sc
𝑖𝐵𝑁0 + 𝐼 )

≥ SNRReq
dB (MCS𝑖,BER𝑖) ,

(3)
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where P̃(𝑃𝑖) = 𝐺𝑖𝐺eNB𝑃𝑖/𝐿(𝑖, eNB) is the received power at
base station and 𝐺𝑖, 𝐺eNB, and 𝐿(𝑖, eNB) are the transmitter
gain, receiver gain, and the path loss between UE𝑖 and the
eNB, respectively; B is the subcarrier bandwidth; i.e., 15 KHz,𝑁0 is the noise power and 𝐼 is the interference perceived at
the eNB. Note that

SNRReq
dB (MCS𝑖,BER𝑖) is the SNR threshold to apply MCS𝑖

with the measured bit-error-rate (BER𝑖).
According to Table 1, the number of required RUs (𝑁RU

𝑖 )
for each UE𝑖 is

𝑁RU
𝑖 =

{{{{{{{{{

⌈ 𝐷𝑖𝑟 (MCS𝑖) × 16⌉ , if 𝑁sc
𝑖 = 1

⌈ 𝐷𝑖𝑟 (MCS𝑖) × 24⌉ , otherwise,
(4)

where 𝑟(MCS𝑖) is the data rate of MCS𝑖 (bits per subcarrier× slot). To guarantee the transmission reliability 𝑅𝑖, we have
to leverage the number of repetitions𝑁rep

𝑖 and the successful
probability of data transmission 𝑃𝑠𝑖 ; i.e.,

1 − (1 − 𝑃𝑠𝑖 )𝑁rep
𝑖 ≥ 𝑅𝑖, (5)

where 𝑃𝑠𝑖 = (1 − BER𝑖)𝐷𝑖 is the successful probability [23,
24] if data 𝐷𝑖 is transmitted one time and 1 − (1 − 𝑃𝑠𝑖 )𝑁rep

𝑖

is the successful probability after 𝑁rep
𝑖 repetitions. Thus, to

ensure the reliability requirement 𝑅𝑖 of𝐷𝑖, Equation (5) is the
necessary requirement.

Note that the scheduling results will be carried by the DCI
message, which is scheduled at 𝑇DCI

𝑖 (subframe) for each UE𝑖.
Thus, it has to satisfy the delay deadline of UE𝑖; i.e.,

𝑇DCI
𝑖 + (𝑁RU

𝑖 × 𝑁slot
𝑖2 × 𝑁rep

𝑖 ) ≤ 𝑇req
𝑖 + 𝑑𝑖, (6)

where 𝑁slot
𝑖 is the number of slots of single RU (two slots

constitutes one ms), which depends on the RU type; i.e.,

𝑁slot
𝑖 =

{{{{{{{{{{{{{{{

16, if 𝑁sc
𝑖 = 1

8, if 𝑁sc
𝑖 = 3

4, if 𝑁sc
𝑖 = 6

2, if 𝑁sc
𝑖 = 12.

(7)

Now, we consider the current scheduling subframe is𝑇𝑠 (ms), the feasible subcarrier set is 𝐾 (e.g., |𝐾| = 12
if subcarrier spacing is 15 KHz), and the available earliest
subframe for each subcarrier 𝑘 to allocate resource to devices
is 𝑆𝑘, 𝑘 = 1 ⋅ ⋅ ⋅ |𝐾|. Our problem asks how to optimize
the uplink scheduling results for each UE𝑖, 𝑖 = 1 ⋅ ⋅ ⋅ 𝑁, by
determining (1) the type of RUs (𝑁sc

𝑖 ), (2) the number of
RUs (𝑁RU

𝑖 ), (3) the subcarrier set of RUs (𝑆sc𝑖 ), and (4) the
allocation start time of RUs (𝑇sc

𝑖 ) with (5) the number of
repetitions (𝑁rep

𝑖 ), (6) transmit power of UE𝑖 (𝑃𝑖), (7) the
modulation and coding scheme (MCS𝑖), and (8) the subframe
index of DCI (𝑇DCI

𝑖 ) to ensure that no two RUs overlap with

each other and theQoS parameters including the request data
size (𝐷𝑖), delay constraint (𝑑𝑖), and reliability of transmission
(𝑅𝑖) are satisfied while the total energy consumption of UEs,
denoted as∑𝑖=1⋅⋅⋅𝑁 𝐸𝑖, is minimized, where

𝐸𝑖 = 𝑃𝑖 × (𝑁RU
𝑖 × 𝑁slot

𝑖 × 𝑁rep
𝑖 ) . (8)

Therefore, our problem can be summarized as an
optimization-like problem:

min
𝑃𝑖,MCS𝑖 ,𝑁RU

𝑖 ,𝐼
sc
𝑖 ,𝑁

rep
𝑖

∑
𝑖=1⋅⋅⋅𝑁

𝐸𝑖, (9)

subject to (1), (2), (3), (4) (5), (6), and (7).
Table 4 also summarizes the notations used in this paper.

Theorem 1. The addressed problem is NP-complete.

Proof. To simplify the proof, we consider the case of sub-
carrier spacing with 3.75KHz where the UEs use the single-
tone only and the modulation and coding scheme (MCS)
is monotonic. So, the number of repetitions with minimal
transmission power to meet required reliability of each UE is
unique. Thus, the energy cost of an UE on each parameter list
is also uniquely determined.Then, we formulate the resource
allocation problem as a decision problem: energy-efficient
ultra-reliable scheduling decision (EUSD) problem. Given a
NB-IoT network and the UEs with required reliability for
uplink transmission, we ask whether or not there exists a set
of numbers of repetitions 𝑆Rep such that all UEs can conserve
the total energy of 𝑄 to satisfy their uplink transmission
with reliability. Then, we show that EUSD problem is NP-
complete.

We first show that the EUSD problem belongs to NP.
Given a problem instance and a solution containing the set
of repetition numbers it can be verified whether or not the
solution is valid in polynomial time.Thus, this part is proved.

We then reduce the multiple-choice knapsack (MCK)
problem [25], which is known to be NP-complete, to the
EUSD problem. Consider that there are 𝑛 disjointed classes of
objects, where each class 𝑖 contains Ni objects. In each class
𝑖, every object xi,j has a profit qi,j and a weight ui,j. Besides,
there is a knapsack with capacity of 𝑈. The MCK problem
asks whether or not we can select exact one object from each
class such that the total object weight is no larger than𝑈 and
the total object profit is𝑄.

We then construct an instance of the EUSD problem
as follows. Let 𝑛 be the number of UEs. Each UE𝑖 has Ni
repetition selections to transmit data to the eNB. When UE𝑖
selects the repetition number xi,j, it will conserve energy of
qi,j. Note that the conserved energy of anUEwith a particular
number of repetition is compared to the same UE’s number
with the most energy cost. Thus, the system should allocate
a RU size of ui,j to transmit UE𝑖’s data to the eNB. The total
frame space is𝑈. Our goal is to let all UEs conserve energy of
𝑄 and satisfy their transmission requirement. We show that
the MCK problem has a solution if and only if the EUSD
problem has a solution.

Suppose that we have a solution to the EUSD problem,
which is a set of repetition parameters 𝑆Rep with the conserved
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Table 4: Summary of notations.

notation definition
𝑁rep
𝑖 number of repetitions of UE𝑖𝐼sc𝑖 subcarrier indication of UE𝑖𝑁RU
𝑖 number of RUs of UE𝑖

MCS𝑖 modulation and coding scheme of UE𝑖𝑆sc𝑖 set of allocated subcarriers of UE𝑖𝐷𝑖 uplink request of UE𝑖 (bits)𝑅𝑖 required transmission reliability of UE𝑖𝑑𝑖 delay constraint of UE𝑖 (ms)𝑇req
𝑖 data arrival time of UE𝑖 (ms)𝑃𝑖 transmit power of UE𝑖𝑃max
𝑖 maximum transmit power of UE𝑖𝑁sc
𝑖 RU type of UE𝑖

SNRdB(𝑖) received signal-to-noise ratio of UE𝑖 (dB)�̃� received power𝐺𝑖 transmitter gain of UE𝑖𝐺eNB receiver gain of UE𝑖𝐿(𝑖, eNB) path loss between UE𝑖 and the eNB𝐵 subcarrier bandwidth of the NB-IoT (Hz)𝑁𝑜 noise power𝐼 interference perceived at the eNB
BER𝑖 bit-error-rate of UE𝑖
SNRReq

dB (⋅) SNR threshold (dB)𝑟(MCS𝑖) data rate of MCS𝑖 (bits per subcarrier × slot)𝑃𝑠𝑖 successful probability of data transmission of UE𝑖𝑇DCI
𝑖 DCI subframe index of UE𝑖 (ms)𝑇𝑠 index of current scheduling subframe (ms)𝐾 feasible subcarrier set𝑆𝑘 index of earliest available subframe of subcarrier 𝑘𝑇sc
𝑖 allocation start time of RU of UE𝑖 (ms)𝑁slot
𝑖 number of slots for a single RU of UE𝑖

notations of the proposed scheme definition
𝐴 𝑖 feasible setting pairs of RU type and MCS of UE𝑖
Score𝑖 score value of UE𝑖𝑊1,𝑊2 weighting factors𝐸𝑚𝑖 urgent level of UE𝑖 ’s request𝑇𝑅𝑗 remaining time of UE𝑗’s request from the scheduling subframe 𝑇𝑠 (ms) to the delay deadline
Waste(𝑖, 𝑆sc𝑖 ) potential waste of UE𝑖 with its allocated subcarrier set𝑆𝑘 earliest available allocation subframe (ms) of RUs for subcarrier 𝑘𝑆sc∗𝑖 best subcarrier of UE𝑖𝐶𝛼,𝛽𝑖 cost ratio of UE𝑖Ψ𝑁sc () number of choices of RU types

energy of RUs. Each UE can choose exact one repetition
number and we need to assign each number to each UE
to satisfy their transmission reliability. The total size of RUs
cannot exceed the frame space 𝑈 and the conserved energy
of all UEs is𝑄. By viewing the possible number of repetitions
of an UE as a class of objects and the frame as the knapsack,
the repetition numbers in 𝑆Rep all constitute a solution to the
MCK problem.This proves the if part.

Conversely, let x1,𝛼1, x2,𝛼2, . . . be a solution to the MCK
problem. Then, for each UE𝑖, we select a repetition number

such that UE𝑖 conserves energy of qi,𝛼i and the size of
allocated RUs to transmit UE𝑖’s data to the eNB is ui,𝛼i. In this
way, the conserved energy of all UEs will be𝑄 and the overall
RU size is no larger than 𝑈. This constitutes a solution to the
EUSD problem, thus proving the only if part.

4. The Proposed Scheme

Since the EUSD problem is NP-complete, finding the optimal
solution is impractical due to the time complexity. Thus, we
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propose a low-complexity, energy-efficient, and high-reliable
scheme to tackle this problem. This scheme consists of two
phases. The first phase exploits the strategy of “minimal
energy cost” to determine the scheduling parameters of UEs.
This scheme first quantifies the consumed energy for each
UE and then chooses the one with minimal energy cost
and reserves the corresponding parameters as the default
transmit setting while satisfying the required reliability. The
second phase determines the scheduling order based on
the “score function” which considers the emergency level
of requests and inflexibility of the scheduling transmission.
Then, it determines the best resource location of RUs of
each UE based on the “potential resource waste” function to
enhance the resource utilization. Finally, if the predetermined
results violate an UE’s delay requirements on scheduling, the
scheme will calculate a “cost ratio” to adaptively adjust the
RU assignments. The details of the scheme are described as
follows.

4.1. Phase 1. Minimal Energy Cost. The goal of the first phase
is to determine the default parameters for each UE, including
the type of RUs (𝑁sc

𝑖 ), the number of RUs (𝑁RU
𝑖 ), the best

number of repetitions (𝑁rep
𝑖 ), and transmit parameters (MCS𝑖

and 𝑃𝑖), to guarantee QoS and the transmission reliability.
These operations are described as follows.

Step 1. For each UE𝑖, 𝑖 = 1 ⋅ ⋅ ⋅ 𝑁, we first calculate the
required number of RUs 𝑁RU

𝑖 according to (4) based on
the available RU types and MCS selections. Specifically, the
required transmit time to carry the amount of data𝐷𝑖 cannot
be greater than the delay requirements. These results are
collected as the feasible setting pairs of RU type and MCS
setting for each UE𝑖, denoted as set 𝐴 𝑖; i.e.,

𝐴 𝑖 = {(Nsc
𝑖,𝑗,MCS𝑖,𝑗) | 𝑁RU

𝑖,𝑗 × 𝑁
slot
𝑖,𝑗2 ≤ 𝑑𝑖, 𝑁sc

𝑖,𝑗

∈ {1, 3, 6, 12} ,MCS𝑖,𝑗 ∈ {0 ⋅ ⋅ ⋅ 10}} ,
(10)

where 𝑗 is the index of feasible setting pair of RU type and
MCS for each UE𝑖 and 𝑁slot

𝑖,𝑗 is the number of required slots
when the RU type is𝑁sc

𝑖,𝑗, which can be obtained by (7). Note
that 𝑁slot

𝑖,𝑗 is divided by 2 because two slots constitute 1ms,
which is the unit of delay constraint 𝑑𝑖.
Step 2. For each UE𝑖, 𝑖 = 1 ⋅ ⋅ ⋅ 𝑁, consider the feasible RU
type and MCS setting pair (𝑁sc

𝑖,𝑗,MCS𝑖,𝑗) ∈ 𝐴 𝑖; we calculate
the allowed repetition numbers 𝑁rep

𝑖,𝑗 in which each 𝑁rep
𝑖,𝑗,𝑘

∈
𝑁rep
𝑖,𝑗 can make UE𝑖 not only satisfy the required reliability 𝑅𝑖

but also ensure the corresponding transmission power 𝑃𝑖,𝑗,𝑘
in the feasible ranges; i.e.,

𝑁rep
𝑖,𝑗 = {𝑁rep

𝑖,𝑗,𝑘
| 1 − (1 − 𝑃𝑠𝑖,𝑗,𝑘)𝑁rep

𝑖,𝑗,𝑘 ≥ 𝑅𝑖, 𝑁rep
𝑖,𝑗,𝑘

∈ {2𝑙 | 𝑙 ∈ {0 ⋅ ⋅ ⋅ 7}} ,𝑁RU
𝑖,𝑗 × 𝑁

slot
𝑖,𝑗2 × 𝑁rep

𝑖,𝑗,𝑘
≤ 𝑑𝑖, 0

≤ 𝑃 (𝑁sc
𝑖,𝑗,MC𝑆𝑖,𝑗,BER𝑖,𝑗,𝑘) ≤ 𝑃max

𝑖 } ,

(11)

where

BER𝑖,𝑗,𝑘 = 1 − (1 − (1 − 𝑅𝑖)1/𝑁rep
𝑖,𝑗,𝑘)1/𝐷𝑖 (12)

is derived from (5) and 𝑃(𝑁sc
𝑖,𝑗,MCS𝑖,𝑗,BER𝑖,𝑗,𝑘) is a function

which returns the minimum transmit power for the RU type𝑁sc
𝑖,𝑗, MCS setting MCS𝑖,𝑗, and target bit-error-rate BER𝑖,𝑗,𝑘;

i.e.,

𝑃 (𝑁sc
𝑖,𝑗,MCS𝑖,𝑗,BER𝑖,𝑗,𝑘)
= 10SNRReq

dB (MCS𝑖,𝑗 ,BER𝑖,𝑗,𝑘)/10

× (𝐵𝑁0 + 𝐼) ⋅ 𝐿 (𝑖, eNB) ⋅ 𝑁sc
𝑖,𝑗𝐺𝑖𝐺eNB
,

(13)

which can be derived from (3).
After that we have all the feasible RU type and MCS

setting pairs with each of their allowed repetition numbers𝑁rep
𝑖,𝑗 .

Step 3. Based on the results of Steps 1 and 2, we calculate the
most energy-saving repetition number𝑁rep∗

𝑖,𝑗 for each feasible
combination pair (𝑁sc

𝑖,𝑗,MCS𝑖,𝑗) ∈ 𝐴 𝑖, where
𝑁rep∗
𝑖,𝑗 = arg min

𝑁
rep
𝑖,𝑗,𝑘
∈𝑁

rep
𝑖,𝑗

𝐸(𝑁sc
𝑖,𝑗,MCS𝑖,𝑗, 𝑁rep

𝑖,𝑗,𝑘) ,
𝐸 (𝑁sc
𝑖,𝑗,MCS𝑖,𝑗, 𝑁rep

𝑖,𝑗,𝑘
)

= 𝑃 (𝑁sc
𝑖,𝑗,MCS𝑖,𝑗,BER𝑖,𝑗,𝑘) × 𝑁RU

𝑖,𝑗 × 𝑁
slot
𝑖,𝑗2

× 𝑁rep
𝑖,𝑗,𝑘
.

(14)

Then, reform 𝐴 𝑖 as a set of triplets (𝑁sc
𝑖,𝑗,MCS𝑖,𝑗, 𝑁rep∗

𝑖,𝑗 ).
Each triplet in 𝐴 𝑖 is a feasible configuration of RU type, MCS
setting, and repetition number.

Step 4. Then, we choose the best triplet of (Nsc∗
i ,MCS∗i ,

Nrep∗
i ) from 𝐴 𝑖 as the default parameter of UE𝑖, which incurs

the minimum energy consumption by

(Nsc∗
i ,MCS∗i ,Nrep∗

i )
= arg min

(Nsc
i,j,MCSi,j,N

rep∗
i,j )∈𝐴𝑖

{E (Nsc
i,j,MCSi,j,Nrep∗

i,j )} . (15)
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Through the above steps, we can determine the best RU
type Nsc∗

i , MCS setting MCS∗i , and repetition number Nrep∗
i

that can incur the least energy consumption and meet the
reliability requirement Ri of each UE𝑖.

4.2. Phase 2. Weighting Based Flexible Scheduling. The goal
of the second phase is to optimize the scheduling results of
requests from UEs, including the subcarrier set of RUs (𝑆sc𝑖 )
and the start time of RUs (𝑇sc

i ). In addition, if needed, it
can adaptively adjust the transmission parameters of UEs to
ensure the delay constraint and enhance spectrumutilization.
The detailed steps are depicted as follows.

Step 1. We first define a score function to evaluate the emer-
gency and inflexibility for each UE𝑖 with uplink transmission
request, i.e.,

Score𝑖 = 𝑊1 × 𝐸𝑚𝑖 +𝑊2 × Ĩnf𝑖, (16)

where𝑊1 ∈ [0, 1] and𝑊2 ∈ [0, 1] are the weighting factors
of the degrees of the emergency and inflexibility, respectively,
that satisfy𝑊1 +𝑊2 = 1. Note that 𝐸𝑚𝑖 is the urgent level of
UE𝑖’s request compared to others; i.e.,

𝐸𝑚𝑖 = max𝑗 {𝑇𝑅𝑗 } − 𝑇𝑅𝑖
max𝑗 {𝑇𝑅𝑗 } −min𝑗 {𝑇𝑅𝑗 } , (17)

where𝑇𝑅𝑗 is the remaining time from the scheduling subframe
𝑇𝑆 (or current subframe) to the delay deadline 𝑇req

𝑗 + 𝑑𝑗 of
UE𝑗; i.e.,

𝑇𝑅𝑖 = max ((𝑇req
𝑖 + 𝑑𝑖) − 𝑇𝑠, 0) . (18)

Ĩnf𝑖 is the number of RU types that UE𝑖 can choose, which
is defined by

Ĩnf𝑖 = Inf𝑖
max𝑗 {Inf𝑗} , (19)

where

Inf𝑖 =
{{{{{{{{{{{{{{{

4, if Ψ𝑁sc (𝐴 𝑖) = 1
3, if Ψ𝑁sc (𝐴 𝑖) = 2
2, if Ψ𝑁sc (𝐴 𝑖) = 3
1, if Ψ𝑁sc (𝐴 𝑖) > 3

(20)

and Ψ𝑁sc(𝐴 𝑖) is the number of choices of RU types for
the feasible setting pair 𝐴 𝑖. That means if UE𝑖 has fewer
choices, its inflexibility is higher and needs to be scheduled
earlier.

Now, for each UE𝑖, 𝑖 = 1 ⋅ ⋅ ⋅ 𝑁, we calculate its Score𝑖
and sort them in descending order. For the UEs without
any request, define its score as −∞. Without loss of gener-
ality, we use List𝐿 to represent the sorted sequence of the
UEs.

Step 2. Before determining the subcarrier set of RUs, we first
define a functionWaste(𝑖, 𝑆sc𝑖 ) to reflect the potential waste of
resource if UE𝑖’s RUs are allocated at subcarrier set 𝑆sc𝑖 ; i.e.,
Waste (𝑖, Ssc𝑖 )
= ∑
𝑘∈𝐾−𝑆sc𝑖

((max
𝑘∈𝑆sc𝑖

{𝑆𝑘} + (𝑁RU
𝑖 × 𝑁slot

𝑖2 × 𝑁rep
𝑖 ))

− 𝑆𝑘)
+

+ ∑
𝑘∈𝑆sc𝑖

(max
𝑘∈𝑆sc𝑖

{𝑆𝑘} − 𝑆𝑘) ,
(21)

where (⋅)+ = max{⋅, 0} outputs the value larger than or
equal to 0; max𝑘∈𝑆sc𝑖 {𝑆𝑘}means the earliest available resource
allocation start time of RUs if the subcarrier set is 𝑆sc𝑖 , where𝑆𝑘 = max{𝑆𝑘, 𝑇DCI

𝑖 + 1} is to ensure allocating RU after DCI.
Note that (21) sums up the unused resource space before
the resource allocation finish time of UE𝑖 if UE𝑖’s RUs are
allocated at 𝑆sc𝑖 .

Then, based on (21), we choose the best subcarrier set𝑆sc∗𝑖 that makes UE𝑖 have the minimal Waste(𝑖, 𝑆sc𝑖 ) without
violating its delay deadline; i.e.,

𝑆sc∗𝑖 = arg min
𝑆sc𝑖 ⊆Θ(𝑁

sc∗
𝑖 )
{Waste (𝑖, 𝑆sc𝑖 ) | max

𝑘∈𝑆sc𝑖

{𝑆𝑘}

+ (𝑁RU∗
𝑖 × 𝑁slot∗

𝑖2 × 𝑁rep∗
𝑖 ) < (𝑇req

𝑖 + 𝑑𝑖)} ,
(22)

where Θ(𝑁sc∗
𝑖 ) is the set of available subcarrier sets when

default RU type𝑁sc∗
𝑖 is used.

If 𝑆sc∗𝑖 ̸= Ø, we set the subframe index of DCI𝑖 by 𝑇DCI
𝑖 =𝑇𝑠 and start time 𝑇sc

𝑖 = max𝑘∈𝑆sc∗𝑖 {𝑆𝑘}. Then, update the
available scheduling subframe for subcarriers 𝑘 ∈ 𝑆sc∗𝑖 and𝑘 ∈ Θ(𝑁sc∗

𝑖 ) − 𝑆sc∗𝑖 by 𝑆𝑘 = max{max𝑘∈𝑆sc∗𝑖 {𝑆𝑘} + (𝑁RU∗
𝑖 ×

(𝑁slot∗
𝑖 /2) × 𝑁rep∗

𝑖 ), 𝑇DCI
𝑖 + 1} and 𝑆𝑘 = 𝑆𝑘 , respectively.

Finally, update 𝑇𝑠 = 𝑇DCI
𝑖 + 1 and then remove UE𝑖 from List

𝐿. However, if 𝑆sc∗𝑖 = Ø, it means that current transmission
parameter setting is infeasible and then we check whether or
not UE𝑖 has other feasible triplet in 𝐴 𝑖 other than the default
parameter. If yes, go to Step 3 for further adjusting. If no, we
remove suchUE𝑖 fromList𝐿 and go back to Step 2 to schedule
the next UE.The above steps are repeated until List𝐿 is empty
and then terminate this phase.

Step 3. Here, we try to change the type of RUs and/orMCSs of
UE𝑖 by referring𝐴 𝑖 and choose the new triplet that can satisfy
the delay deadline while incurring the least extra energy
consumption and resource as follows.

First, we define a cost ratioC𝛼,𝛽i to reflect the results of
extra consumed energy over the extra required resource space
when the original pair of RU type and MCS, denoted as
𝛼 = (Nsc∗

i ,MCS∗i ,Nrep∗
i ), changes to the new pair, denoted
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Figure 4: Examples to schedule UE5 based on the potential resource waste.

as 𝛽 = (Nsc
i ,MCSi ,Nrep

i ) for (Nsc
i ,MCSi ,Nrep

i ) ∈ 𝐴 𝑖 −(Nsc∗
i ,MCS∗i ,Nrep∗

i ); i.e.,

𝐶𝛼,𝛽𝑖 = {{{{{{{
Δ𝐸𝛼,𝛽𝑖ΔArea𝛼,𝛽𝑖 , if ΔArea𝛼,𝛽𝑖 > 0

Δ𝐸𝛼,𝛽𝑖 , if ΔArea𝛼,𝛽𝑖 = 0,
(23)

where the extra consumed energy is Δ𝐸𝛼,𝛽𝑖 = (𝐸(𝛽) − 𝐸(𝛼))+
and the extra resource space is ΔArea𝛼,𝛽𝑖 = (Nsc

i × 𝑇(𝛽) −
Nsc∗

i × 𝑇(𝛼))+.
Then, we choose the new pair 𝛽∗ which incurs the

minimal cost ratio; i.e.,

𝛽∗ = (Nsc
i ,MCSi ,Nrep

i )
= arg min {𝐶𝛼,𝛽𝑖 | 𝛽 ∈ 𝐴 𝑖 − 𝛼}

(24)

and replace the default parameters by Nsc∗
i = Nsc

i , MCS∗i =
MCSi , and Nrep∗

i = Nrep
i accordingly. Finally, go back to Step

2 for further allocation.

Through the above steps, we can determine each UE𝑖’s
subcarrier set 𝑆sc𝑖 , start time 𝑇sc

𝑖 , and the corresponding
configurations ofMCS𝑖,𝑁rep

𝑖 , and 𝑃𝑖 while ensuring the delay
deadline and reducing the waste of spectrum resource and
energy.

Below, we give an example in Figure 4, where there
are four scheduled UEs (UE1∼UE4) and one UE (UE5) to
be scheduled. The subframe indexes of DCIs for the four
scheduled UEs are 𝑇DCI

1 = 10, 𝑇DCI
2 = 11, 𝑇DCI

3 = 12, and𝑇DCI
4 = 13 (ms), separately. The current earliest subframe

index for DCI is subframe 14 and scheduling subframe is𝑇𝑠 = 14 (ms). Now, we consider schedule UE5, whose RU
type is 3-tone, number of RUs is 𝑁RU

5 = 1, total length is𝑁RU
5 × (𝑁slot

5 /2) = 1 × (8/2) = 4 (ms), arrival time is𝑇req
5 = 4 (ms), and delay constraint is 𝑑5 = 20 (ms). From
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Table 5: The simulation parameters [7, 8].

Parameter Value
maximum transmit power (Pmax

i ) 23 dBm
antenna gain of transmitter (Gi) −4 dBi
antenna gain of receiver (GeNB) 18 dBi
thermal noise density (N0) −174 dBm/Hz
path loss (L(i, eNB)) 120.9 + 30.76 log (𝑑) dB, 𝑑 in Km
distance from the base station 0∼15 (Km)
number of UEs (𝑁) 3000∼30000
request data size (Di) 50∼200 bytes
delay constraint (di) 50, 100, 150, 300 (ms)
required reliability (Ri) 90%∼99%

the current scheduling results, as shown in Figure 4(a), the
available start time for each subcarrier is 𝑆0 = 19, 𝑆1 =19, 𝑆2 = 19, 𝑆3 = 15, 𝑆4 = 15, 𝑆5 = 15, 𝑆6 = 16,𝑆7 = 16, 𝑆8 = 16, 𝑆9 = 14, 𝑆10 = 14, and 𝑆11 = 21,
respectively. Thus, the available subcarrier set for UE5 is 𝑆sc5 ∈{{0, 1, 2}, {3, 4, 5}, {6, 7, 8}, {9, 10, 11}}. So, for the 4 possible
subcarrier sets, the potential resource waste for UE5 is
Waste(5, {0, 1, 2}) = ∑𝑘=3∼11(max{19, 19, 19}+1×(8/2)×1)+−𝑆𝑘 = 63, Waste(5, {3, 4, 5}) = ∑𝑘=0∼2,6∼11(max{15, 15, 15} +1 × (8/2) × 1)+ − 𝑆𝑘 = 17, Waste(5, {6, 7, 8}) =∑𝑘=0∼5,9∼11(max{16, 16, 16} + 1 × (8/2) × 1)+ − 𝑆𝑘 = 28, and
Waste(5, {9, 10, 11}) = ∑𝑘=0∼8(max{15, 15, 21} + 1 × (8/2) ×1)+ − 𝑆𝑘 = 87, which are the doted regions in Figures 4(b),
4(c), 4(d), and 4(e), respectively. Moreover, the subcarrier set
of {9, 10, 11} in Figure 4(e) is infeasible because it violates
the delay deadline of UE5 (i.e., max𝑘∈{9,10,11}{𝑆𝑘} + (𝑁RU

5 ×(𝑁slot
5 /2) × 𝑁rep

5 ) = 21 + 1 × (8/2) × 1 = 25 ≥ (𝑇req
5 + 𝑑5) =4 + 20 = 24). Thus, based on (21), the scheme chooses the

best feasible subcarrier set 𝑆sc∗5 = {3, 4, 5} and the start time
of UE5’s schedules RUs is 𝑇sc

5 = max𝑘∈{3,4,5}{𝑆𝑘} = 15 because
it has the minimal value of Waste(5, {3, 4, 5}) = 17.
5. Simulation Results

In this section, we develop a simulator in C++ language to
verify the efficiency of the proposed scheme (currently, the
well-known simulator, such as ns-3 [26], has not supported
NB-IoT model in terms of channels mappings and access
procedures.). The parameters of the simulation are shown in
Table 5. Specifically, the simulator emulates a base station to
serve 𝑁 = 3000∼30000 UEs. Based on the model of MAR
(Mobile Autonomous Reporting) [8], the uplink requests of
UEs arrive randomly with the data size of𝐷𝑖 = 50∼200 bytes
according to the Pareto distribution with 𝛼 = 2.5. In addition,
the interarrival time of requests includes 30 minutes (5%), 1
hour (15%), 2 hours (40%), and 1 day (40%), respectively.

In this simulation, we compare our scheme (Ours) with
the standard scheme (Spec) [2], Narrowband LinkAdaptation
scheme (NBLA) [14], random scheduling scheme (Random),
and round robin scheme (RR). Specifically, Spec scheme
chooses the single-tone for UEs with constant repetition
number for simplicity (the numbers are 1 and 2 in the

simulation, denoted as Spec(1) and Spec(2)). NBLA can
adjust the MCSs and repetition levels iteratively to ensure the
transmission quality and delay. Random scheme schedules
the UEs in a random order with a random repetition number.
RR scheme schedules the UEs in round robin order with the
repetition number of 1. Note that the weighting factors of our
scheme is𝑊1 = 0.5 and𝑊2 = 0.5.

We consider five performancemetrics: (i) system through-
put: the total number of data bits received successfully by the
eNB during the experiment period; (ii) the number of serving
UEs: the average number of UEs that satisfy QoS and relia-
bility; (iii) resource consumption: the frame space allocated to
the uplink transmission over the total frame space; (iv) packet
drop rate: the number of dropped packets due to violating
delay constraint over the total number of packets; (v) energy
consumption per UE: the average consumed energy of each
served UE. Note that the scheduling interval is 30ms and the
simulator emulates for 24 hours.

5.1. System Throughput. First, we investigate the effects of
number of request UEs on system throughput. As shown in
Figure 5(a), we can see that when the number of request UEs
increases, the system throughput of all scheme increases fast
and then slows down due to system saturation. RR, Spec, and
Randomperformworse because they cannot satisfyUEs’QoS
requirement and reliability.Thus, the total number of data bits
received successfully by the eNB is few. Specifically, Spec(2)
performs slightly better than Spec(1) because it can meet
more UEs’ reliability due to applying the larger repetition
number. NBLA is better than the above schemes because it
can adjust MCSs and repetition levels to satisfy QoS and
reliability. Note that our scheme outperforms other schemes
because it can flexibly adjust RU type and optimize repetition
number to satisfyQoSwhile ensuring transmission reliability.

We also investigate the effects of distribution of request
data size on system throughput. As shown in Figure 5(b),
similarly, when the request data size increases, the system
throughput of most schemes increases and then slows down
due to system saturation. RR and Spec(1) decrease fast
because their repetition number is 1 and may not satisfy the
successful transmission probability due to larger request size.
Our scheme is still the best because it can schedule UEs
flexibly while ensuring QoS requirement and reliability.

Then, Figure 5(c) shows the impact of the distribution of
delay constraints on system throughout. As can be seen, when
the distribution of delay constraints increases, the system
throughput of most schemes increases slowly.This is because
the longer delay constraint can help more UEs to be satisfied
until the frame space is exhausted. RR and Spec(1) increase
slowly because they fix repetition number by 1 that would
limit the successful transmission probability even when the
UEs have longer delay constraint. Note that our scheme has
the highest throughput because of its flexible scheduling and
appropriate parameter setting.

Finally, we investigate the impact of the distribution of
required reliability on system throughout. In Figure 5(d),
when the distribution of reliability increases, the system
throughput of most schemes decreases. The reason is that
more UEs with strict reliability make all schemes harder to
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Figure 5: Comparisons on the system throughput of all schemes.

serve them due to their higher requirements. RR and Spec(1)
decrease dramatically because their repetition number is 1
that could not serve most UEs with higher reliability. Note
that our scheme still outperforms others.

5.2. Number of Serving UEs. Then, we investigate the effects
of number of request UEs on number of serving UEs. As
shown in Figure 6(a), similarly, Random performs the worst
because it randomly schedules the UEs with a random
repetition number; thus, the QoS and reliability of UEs may
not bemet. Spec and RR perform slightly better thanRandom
scheme because they prefer to choose single-tone with the
fixed repetition number for UEs; thus, it could potentially
satisfy more UEs with small data request and lower reliability
requirement. Spec(2) is better than Spec(1) because a larger
repetition number can achieve higher reliability. NBLA is

better than the above schemes because it can adjust the repeti-
tion levels and MCSs interactively to satisfy the transmission
reliability and delay. Note that our scheme outperforms all
others because our scheme can optimize the number of
repetitions to satisfy the transmission reliability in phase 1
and apply the best configuration pair of RU type and MCS
to ensure QoS while enhancing the spectrum utilization in
phase 2.

We also investigate the effects of distribution of request
data size on number of serving UEs. As shown in Figure 6(b),
contrarily, when the request data size increases, the number
of serving UEs of all schemes decreases because the UEs
with larger request size consume more frame space. RR and
Spec(1) decrease fast because their repetition number is fixed
by 1 that would not satisfy the UEs with larger request size.
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Figure 6: Comparisons on the number of serving UEs of all schemes.

Our scheme is the best because it flexibly schedules UEs to
satisfy their delay requirement and reliability.

In Figure 6(c), we observe the impact of the distribution
of delay constraints on number of serving UEs. As can be
seen, when the distribution of delay constraints increases, the
number of serving UEs of all schemes increases slowly. This
is because the longer delay constraint can make more UEs
tolerate allocation time until the frame space is exhausted.
RR and Spec(1) increase very slowly because their fixed
repetition number (i.e., 1) would limit the transmission
probability although the UEs have longer delay time. Note
that our scheme has the highest performance because it can
well determine the scheduling setting.

Finally, we investigate the impact of the distribution of
required reliability on number of serving UEs in Figure 6(d).

We can see that when the distribution of reliability increases,
the number of serving UEs of all schemes decreases. The
reason is that more UEs with strict reliability will make
schemes hardly serve them due to higher requirements.
Note that RR and Spec(1) decrease dramatically because
they fix the repetition number by 1 that could not serve the
UEs with higher reliability requirements. Also note that our
scheme still outperforms others even when the reliability
requirements become higher.

5.3. Packet Drop Rate. Then, we investigate the effects of
number of request UEs on packet drop rate. As shown in
Figure 7(a), we can see that when the number of request UEs
increases, the packet drop rate of all schemes increases due to
network saturated gradually. Spec, Random, and RR perform
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Figure 7: Comparisons on the packet drop rate of all schemes.

worse because they usually schedule UEs with single-tone so
the UEs’ RU length may exceed their delay constraint. NBLA
performs better than above schemes because it can choose
better repetition number to mitigate packets being dropped.
Our scheme has the lowest packet drop rate because our
scheme can flexibly select multitype RUs and minimize the
number of repetitions to guarantee the QoS while avoiding
packets being dropped.

We also investigate the effects of distribution of request
data size on packet drop rate. As shown in Figure 7(b),
similarly, when the request data size increases, the packet
drop rate of all schemes increases because the larger request
size consumes more resources that may exceed the frame
space which makes packet being dropped. RR and Spec(1)
increase fast because they could not satisfy the UEs with

larger request size, which require higher transmission prob-
ability. Our scheme is the best because it can schedule UEs
according to their delay and reliability requirements.

Then, in Figure 7(c), we investigate the impact of the
distribution of delay constraints on packet drop rate. As
can be seen, when the distribution of delay constraints
increases, the packet drop rate of all schemes decreases
gradually. This is because the longer delay constraint can
make more packets tolerate the allocation time before delay
expires. RR and Spec(1) decrease very slowly because they fix
repetition number by 1 so that it would not help packets being
transmitted. Note that our scheme has the lowest packet drop
rate because it can well determine the scheduling results.

Finally, we investigate the impact of the distribution of
required reliability on packet drop rate in Figure 7(d). As
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Figure 8: Comparisons on the resource consumption of all schemes.

can be seen, when the distribution of reliability increases, the
packet drop rate of all schemes increases. Our scheme still
outperforms others even when the reliability requirements
are up to 95–99%.

5.4. Resource Consumption. Here, we investigate the effects
of number of request UEs on resource consumption. As
shown in Figure 8(a), we can see that when the number
of request UEs increases, the resource consumption of all
schemes increases. Spec(2), Random, and NBLA perform
worst because they usually schedule the UEs with multiple
number of repetitions and thus consume more resources.
Spec(1) and RR have lower resource consumption because
they prefer to choose the UEs with single repetition to reduce
resource. Note that our scheme needs the least spectrum

resource because our scheme exploits a waste function to
avoid resource consumption.

Here, we also investigate the effects of distribution of
request data size on resource consumption. As shown in
Figure 8(b), similarly, when the request data size increases,
the resource consumption of most schemes increases slowly.
Spec(2), Random, and NBLA waste more resources because
they usually schedule the UEs with multiple repetitions and
thus consume more resources. Our scheme is still the best
because it can schedule UEs flexibly while ensuring QoS
requirement and reliability.

Then, in Figure 8(c), we investigate the impact of the
distribution of delay constraints on resource consumption.
As can be seen, when the distribution of delay constraints
increases, the resource consumption of all schemes increases.
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Figure 9: Comparisons on energy consumption per UE of all schemes.

This is because the longer delay constraint can make more
UEs satisfied that may consume more resources. Note that
although Spec(1) has the lowest resource consumption, it
incurs lower system throughput, lower number of serving
UEs, and higher packet drop rate, as compared to ours.

Finally, we investigate the impact of the distribution of
required reliability on resource consumption, as shown in
Figure 8(d). When the distribution of reliability increases,
the resource consumption of most schemes increases. Our
scheme increases slightly because our scheme can enlarge the
repetition number with multiple tone to satisfy the UEs with
higher reliability requirement.

5.5. Energy Consumption per UE. Finally, we investigate the
effects of the number of request UEs on energy consumption

per UE. As shown in Figure 9(a), we can see that the energy
consumption per UE of all schemes increases when the num-
ber of request UEs increases. This is because the network is
saturated and most satisfied UEs are with higherMCS, which
require less resource but consume more energy. Random
scheme performs the worst because it randomly chooses
the number of repetitions that may potentially increase the
transmission time, thus consuming more energy. Spec and
RR are better than Random scheme because they only serve
the UEs with small size request which consumes less energy.
NBLA performs slightly better because it can determine the
number of repetitions appropriately but neglects to minimize
the transmission power. Note that our scheme performs the
best because our scheme can choose the best scheduling
parameters of RUs with least energy consumption in phase
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1 and leverage the cost ratio to reduce energy consumption in
phase 2, thus saving energy more efficiently.

In Figure 9(b), we also investigate the effects of distribu-
tion of request data size on energy consumption per UE. As
can be seen, when the request data size increases, the energy
consumption per UE of all schemes increases. Our scheme
incurs the lowest energy consumption because it can deter-
mine the minimal transmit power and the corresponding RU
setting to save energy.

Then, in Figure 9(c), we observe the impact of the
distribution of delay constraints on energy consumption per
UE.We can see thatwhen the distribution of delay constraints
increases, the energy consumption per UE of all schemes
increases. Similarly, our scheme still has the lowest energy
consumption because it can calculate the best transmit power
and exploit the cost ratio to reduce energy consumption.

Finally, we investigate the impact of the distribution
of required reliability on energy consumption per UE.
Figure 9(d) shows that when the distribution of reliabil-
ity increases, the energy consumption of most schemes
increases. Our scheme still outperforms all other schemes
because it can determine the best scheduling parameters
based on the required reliability of UEs.

6. Conclusion

In this paper, we have addressed the problem of energy
saving and reliable communications in NB-IoT networks.We
first model this problem as an optimization problem and
prove it to be NP-complete. Then, we propose an energy-
efficient and high-reliable scheme which has two phases. The
first phase leverages the strategy of minimal energy cost to
choose the default scheduling parameters with least energy
consumption. The second phase exploits the weighting score
function to balance the emergency and inflexibility of the
request transmission and then serve the UEs with least
potential resource waste. Simulation results have verified that
our scheme can satisfy more UEs with ultra-reliability and
QoS requirement while saving their energy.
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Initial access (IA) is identified as a key challenge for the upcoming 5G mobile communication system operating at high carrier
frequencies, and several techniques are currently being proposed. In this paper, we extend our previously proposed efficient genetic
algorithm- (GA-) based beam refinement scheme to include beamforming at both the transmitter and the receiver and compare the
performancewith alternative approaches in themillimeter wavemultiusermultiple-input-multiple-output (MU-MIMO) networks.
Taking the millimeter wave communications characteristics and various metrics into account, we investigate the effect of different
parameters such as the number of transmit antennas/users/per-user receive antennas, beamforming resolutions, and hardware
impairments on the system performance employing different beam refinement algorithms. As shown, our proposed GA-based
approach performs well in delay-constrained networks with multiantenna users. Compared to the considered state-of-the-art
schemes, ourmethod reaches the highest service outage-constrained end-to-end throughputwith considerably less implementation
complexity. Moreover, taking the users’ mobility into account, our GA-based approach can remarkably reduce the beam refinement
delay at low/moderate speeds when the spatial correlation is taken into account. Finally, we compare the cases of collaborative users
and noncollaborative users and evaluate their difference in system performance.

1. Introduction

The next generation of cellular systems (5G) requires both
higher data rates (in the order of 10-100 Gbps) and lower end-
to-end latencies (down to 1 ms) than previous generations
[1]. For this reason, it is aimed at utilizing frequency bands
in the 30-300 GHz range in order to obtain sufficiently
large bandwidths/data rates. Due to power limitation and
high path loss at these frequencies, the coverage range is
typically small so that highly directional transmissions are
required for suchmillimeter wave (MMW) communications.
On the other hand, the physical size of antennas at theMMW
band is relatively small, such that large-scale beamforming
can be performed in practice [2, 3]. Employing large-scale
beamforming during the initial access (IA) procedure can be
a good way to overcome the increased path loss experienced
at higher frequencies (see Section 2 for literature review of the
IA systems).

One of the most challenging tasks of IA is that the
base stations (BSs) make omnidirectional cell searches with
directional beams and at the receiver side the users choose

their best beam direction to detect the BSs. Successful access
means, e.g., that the received power or the signal-to-noise
ratio (SNR) is beyond certain thresholds. After a basic
connection is established, the BSs and the users can begin
exchanging messages and implement a beam refinement
procedure to further improve the beam directions and do
additional control actions [4].

For example, the user mobility can be handled by beam
refinement. With 5G, it is expected to access wireless net-
works not only at home or in the office, but also at moving
speeds such as in a vehicle. In the moving scenario, the
beam refinement process can keep tracking the beams by
exploiting spacial correlations so that the computational
delay can be remarkably reduced. Furthermore, for vehicular
user equipment (VUEs), the system-level performance is
improved if we allow a scheme using device-to-device (D2D)
communications to enhance the links [5].

IA beamforming at MMW is different from the con-
ventional one since it is hard to acquire the channel state
information (CSI) at these frequencies. For this reason,
codebook-based beamforming has been recently proposed
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as an efficient method to reduce the dependency on CSI
estimation/feedback [6, 7]. Also, several works have been
presented on both physical layer and procedural algorithms
of IA beamforming [8–15]. However, in these works either
the algorithms are designed for special metrics, precod-
ing/combining schemes, and channel models or the imple-
mentation complexity grows significantly by an increasing
number of BSs/users. Moreover, the running delay of the
algorithm has been rarely considered in the performance
evaluation. On the other hand, generic machine learning-
based schemes have been recently proposed which can be
effectively applied for different channel models with accept-
able implementation complexity [6, 7, 16–18].

In this paper, we study the effect of beam refinement on
the performance of MMW networks. In our previous work,
we proposed an efficient genetic algorithm- (GA-) based
beamforming approach [18] which reaches almost the same
performance compared to the exhaustive search with low
complexity. Based on [18], the contributions of this paper are
as follows. (1)We include the GA-based beam refinement at
both the transmitter and the receiver side. Also, (2) we com-
pare different machine learning-based analog beamforming
approaches for the beam refinement during IA, including
GA-based beamforming [18], Tabu search beamforming
[16], link-by-link beamforming [17], and two-level codebook
beamforming [6, 7] in large-but-finite multiuser multiple-
input-multiple-output (MU-MIMO)MMW communication
systems. Moreover, (3) we analyze the effect of various
parameters such as the number of transmit/receive antennas,
total power budget, and the power amplifier (PA) efficiency
on the network performance. As opposed to the literature, we
take the algorithm running delay into account.Thus, there is a
trade-off between finding the optimal beamformingmatrices
and reducing the data transmission time slot, and the highest
throughput may be achieved by few iterations. We study the
system performance in terms of the end-to-end throughput
with service outage constraints as well as the implementation
complexity. (4) Furthermore, we evaluate and compare the
performance of the considered algorithms under various
mobile speed of the users. (5) Finally, we consider the case
of collaborative users and compare the system performance
in the cases with and without information exchanges among
users.

Our results demonstrate that the running delay of the
algorithms and power amplifier inefficiency affect the system
performance remarkably, which should be carefully consid-
ered in the system design. Moreover, our proposed GA-
based approach outperforms the considered state-of-the-art
schemes, in terms of throughput, and reaches (almost) the
same results as in the exhaustive search-based approach
with fewer number of iterations. Furthermore, when taking
the user mobility into account, the GA-based approach can
remarkably reduce the algorithm running delay based on the
beamforming results in the previous time slots. With collab-
orative users, the end-to-end throughput can be improved
due to the data exchange by D2D links. Thus, the GA-based
beamforming approach can be an appropriate candidate for
IA in future wireless networks.

2. Literature Review

In this part, we present some related research work on IA.
The reader familiar with the research area can skip this
section and go to Sections 3–5 where we present the system
model, the algorithmdescriptions, and the simulation results,
respectively.

Beamforming techniques atMMWbands have been con-
sidered in standard developments IEEE 802.15.3c (TG3c) [19],
IEEE 802.11ad (TGad) [20], and ECMA-387 [21].Theproblem
formulation for IA beamforming at MMW frequencies is
introduced in [8] where a fast-discovery hierarchical search
method is proposed. Moreover, several design options for
MMW IA are presented in [22], where the basic steps in
the 3rd-Generation Partnership Project (3GPP) Long-Term
Evolution (LTE) standard are used as references, and the
overall delay of each design option as a function of the
system overhead is evaluated. Then, [11] compares three
approaches, namely, exhaustive search, two-step, and context
information-based, in terms of miss-detection probability
and discovery time.Another comparisonwork is presented in
[12], where it is shown that different IA protocols have a trade-
off between delay and average user-perceived throughput.

In [18], we introduce a genetic algorithm-based initial
beamforming approach and evaluate the effect of the algo-
rithm running delay on the network performance. There are
also previous works using the GA-based selection approach
in different communication networks. For instance, in [23]
an efficient scheduling scheme is designed based on the
genetic algorithm in the return-link of a multibeam satellite
system. A turbo-like beamforming scheme based on the Tabu
search algorithm is proposed in [16] to reduce both searching
complexity and system overhead. A concurrent beamforming
protocol, which we refer to as link-by-link beamforming,
is presented in [17] to achieve high capacity in indoor
MMWnetworks. Finally, formultistage beamforming, a tree-
structured multilevel beamforming codebook is designed for
MMW wireless backhaul systems in [6]. Also, in [7], a low-
complexity multistage codebook is designed to support the
IEEE 802.15.3c protocol. In [9], an exhaustive beam search
method is proposed. Two beamforming schemes, namely,
random-phase beamforming and directional beamforming,
have been tested in [10] under the line-of-sight (LOS)
channel conditions. A low-complexity beamforming scheme
for initial user discovery is proposed in [13] where limited
feedback-type codebooks are used. In [14], an accurate ana-
lytical framework for MMW system performance has been
developed. Impact of obstacles on the cell search process is
considered in [15] for the first time, and a geo-located context
database is proposed to speed up the cellular attachment
operations by storing and processing the information about
the previous cell discovery attempts.

3. System Model

We consider a MU-MIMO setup with 𝑀 transmit antennas
at a BS and 𝜏multiantenna VUEs, each with 𝛽 antennas. As a
result, there are𝑁 = 𝜏 × 𝛽 total antennas at the receiver side
(see Figure 1).This is an extension of our work [18] with single
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Figure 1: An illustration of MMW cooperative downlink communication of VUEs.

receive antennas and allows for beamforming at the receiver
side. We assume that each user has perfect CSI. Also, as a
more explicit model compared with [24], VUEs are allowed
to exchange data with each other by using D2D links which is
similar to the model in, e.g., [5]. We set𝑀 > 𝑁. At each time
slot 𝑡, the aggregated received signal vector y(𝑡) at time 𝑡 over
the users after receive beamforming can be described as

y (𝑡) = √ 𝑃𝑀U (𝑡)𝐻H (𝑡)V (𝑡) x (𝑡) + z (𝑡) , (1)

where 𝑃 is the total power budget, H(𝑡) ∈ C𝑁×𝑀 is the
channel matrix with the (𝑖, 𝑗)th element given by 𝐻𝑖,𝑗(𝑡) =𝑑𝛾𝑖,𝑗ℎ𝑖,𝑗(𝑡), where 𝑑𝑖,𝑗 is the distance between the receiver
antenna 𝑖 and the transmitter antenna 𝑗 and 𝛾 is a path loss
parameter, and ℎ𝑖,𝑗(𝑡) denotes the small scale fading. x(𝑡) ∈
C𝑀×1 is the intended message signal, V(𝑡) ∈ C𝑀×𝑀 is the
precoding matrix at the BS, U(𝑡) ∈ C𝑁×𝑁 is the aggregated
combining matrix at the users’ side, and z(𝑡) ∈ C𝑁×1 denotes
the independent and identically distributed (IID) Gaussian
noise matrix. We assume channels remain the same during
the whole algorithm running procedure. In this way, we can
drop the time index 𝑡 in the following. In our algorithm we
assume that each user can share their received signal in order
to reach the optimal performance; i.e., 𝑦𝑖 is known by user 𝑗
with 𝑗 ̸= 𝑖. However, we also compare this user-collaborate
scheme with the case that users have no collaborations; i.e.,𝑦𝑖 is not known by user 𝑗 with 𝑗 ̸= 𝑖.

Furthermore, the channel model H is described as

H = √ 𝑘𝑘 + 1HLOS + √ 1𝑘 + 1HNLOS, (2)

where HLOS and HNLOS denote the line-of-sight and the non-
line-of-sight (NLOS) components of the channel, respec-
tively, and the NLOS component is assumed to follow a
complex Gaussian distribution. Also, 𝑘 controls the relative
strength of the LOS and theNLOS components. In (2), setting𝑘 = 0 represents an NLOS condition while 𝑘 → ∞ gives a
LOS channel.We use thismodel becausemost cases inMMW
systems have the LOS channel.

3.1. Initial Beam Refinement Procedure. Unlike a conven-
tional beamforming procedure acquiring CSI, in MMW

systems we suggest to perform codebook-based beam refine-
ment, which means selecting a precoding matrix V out
of a predefined codebook WT at the BS while selecting a
combining matrix U out of a predefined codebook WR at
the receiver side, sending test signal, and finally making
decisions on transmit/receive beam patterns based on the
users’ feedback about their performance metrics. As the final
step of IA [4], the beam refinement procedure can obtain a
refined beam alignment at the cost of computational delay.
The time structure for a packet transmission can be seen
in Figure 2, where part of the packet period is dedicated
to design appropriate beams in the IA procedure (mainly
the beam refinement part) and the rest is used for data
transmission. Thus, we need to find a balance between the
beam design delay and the data transmission period by
choosing an efficient approach.

Here, we use discrete Fourier transform- (DFT-) based
codebooks [25] at both sides which are defined as

WT = {𝑤 (𝑚, 𝑢)} = {𝑒−𝑗2𝜋(𝑚−1)(𝑢−1)/𝑁vec} ,
𝑚 = 1, 2, . . . ,𝑀, 𝑢 = 1, 2, . . . , 𝑁vec, (3)

for the BS, while

WR = {𝑤 (𝑛, 𝑢)} = {𝑒−𝑗2𝜋(𝑛−1)(𝑢−1)/𝑁vec} ,
𝑛 = 1, 2, . . . , 𝑁, 𝑢 = 1, 2, . . . , 𝑁vec, (4)

for the users, where 𝑁vec ≥ max(𝑀,𝑁) is the number of
codebook vectors. Note that since our algorithm is generic,
one can apply our proposed algorithm for different kinds of
codebooks.

3.2. Performance Metrics. The machine learning-based
schemes of [6, 7, 16–18] are generic, in the sense that they can
be implemented for different metrics. For the simulations,
however, we consider the service outage-constrained end-
to-end throughput, the complexity and the average number
of required iterations as the system performance metric.
In some scenarios, it may be required to serve the users
with some minimum required rates; otherwise service
outage occurs. In the 𝐾-th iteration round of the algorithm,
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Figure 2: Schematic of a packet transmission period.

the service outage-constrained end-to-end throughput in
bit-per-channel-use (bpcu) is defined as

𝑅 (𝐾) = (1 − 𝛼𝐾) 𝜏∑
𝑖=1

𝑟𝐾𝑖 𝑈(𝑟𝐾𝑖 , log2 (1 + 𝜃)) , (5)

where

𝑟𝐾𝑖 = log2 (1 + SINR𝐾𝑖 ) , (6)

𝑈(𝑟𝐾𝑖 , log2 (1 + 𝜃)) = {{{
1 𝑟𝐾𝑖 ≥ log2 (1 + 𝜃)
0 𝑟𝐾𝑖 < log2 (1 + 𝜃) . (7)

Here, 𝑟𝑘𝑖 denotes the achievable rate of the user 𝑖 at the end
of the 𝐾-th iteration. Also, parameter 𝛼 is the relative delay
cost for running each iteration of the algorithm which fulfills𝛼𝑁it < 1 with 𝑁it being the maximum possible number
of iterations. Then, log2(1 + 𝜃) is the minimum per-user
rate while 𝜃 represents the minimum required signal-to-
interference-plus-noise ratio (SINR) of each user. Also,

SINR𝐾𝑖 = (𝑃/𝑀) 𝑔𝐾𝑖,𝑖𝐵𝑁0 + (𝑃/𝑀)∑𝑁𝑖 ̸=𝑗 𝑔𝐾𝑖,𝑗 (8)

is the SINR at the receiver of user 𝑖 in the iteration round𝐾. Hence, we define the satisfied user as SINR𝐾𝑖 ≥ 𝜃. Here,𝑔𝑖,𝑗 is the (𝑖, 𝑗)-th element of the matrix G𝐾 = |U𝐻𝐾HV𝐾|2
which is referred to as the channel gain throughout the paper.
Moreover, 𝐵 is the system bandwidth and 𝑁0 is the power
spectral density of the noise. We set 𝐵𝑁0 = 1 to simplify
the system so that the power 𝑃 (in dB, 10 log10𝑃) denotes the
receiver side SNR as well.

The optimization problem of (5) is formulated as

max
𝐾,U,V

𝑅 (𝐾)
s.t. ∀𝐾 ∈ {1, 2, 3, . . . , 𝑁it}

∀V ⊆ WT

∀U ⊆ WR.
(9)

As opposed to, e.g., [17, Eq. 3], [22, Eq. 1], [26, Eq. 43],
[27, Eq. 3], [28, Eq. 5] and [29, Eq. 5], we consider the
algorithm running delay in the performance analysis. As
seen in the following, there is a trade-off between optimizing
beamforming matrices and reducing the data transmission
period. In this case the optimal solution may be achieved by
running the algorithms for a limited number of iterations.

BS

moving

VUE3

moving

VUE3

VUE2 moving

VUE2

moving

VUE1

VUE1

VUE4

VUE4 Vehicle

Figure 3: Mobility model, assuming that we know the moving
distance for each user. The spatial correlation can be exploited by
setting the queen of the previous time slot as one of the initial guesses
of the next time slot.

3.3. On the Effect of Power Amplifier Efficiency. The efficiency
of the radio-frequency high power amplifier (PA) should be
taken into consideration in the multiantenna systems. Here,
we consider the state-of-the-art PA efficiency model [30, Eq.
13], [31, Eq. 3]:

𝜌cons = 𝜌𝜇max𝜖 × 𝜌𝜇−1out
(10)

where 𝜌cons, 𝜌out, 𝜌max refer to as the consumed power, the
output power, and the maximum output power of the PA,
respectively. Also, 𝜖 ∈ [0, 1] represents the power efficiency
and 𝜇 ∈ [0, 1] is a parameter depending on the PA class.
Setting 𝜖 = 1, 𝑃max = ∞ and 𝜇 = 0 in (10) represents the
special case (with an ideal PA).

3.4. On the Effect of User Mobility. Beamforming solutions
for mobile users at high carrier frequencies are important
in 5G wireless mobile communications. Here, we use the
following mobility model to evaluate the performance of our
proposedGA-based beamforming approach and compare the
results with those of the considered state-of-the-art schemes.
Consider Figure 3 with 𝜏 = 4 multiple-antenna VUEs with
data exchange D2D links. Here, we have two cases during the
users’ mobility.

Case 1. This case includes beam refinement with a random
queen as initial guess (dash-line VUEs in Figure 3).
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In each time slot with instantaneous channel realization H ∈ C𝑁×𝑀, do the followings:
(I) Initialization: Consider 𝐿, e.g., 𝐿 = 10, sets of precoding matrices V𝑙 and combining matrices U𝑙,𝑙 = 1, . . . , 𝐿, randomly selected from the pre-defined codebook WT and WR.
(II) Selection: For each V𝑙 and U𝑙, evaluate the instantaneous value of the objective metric 𝑅𝑙,𝑙 = 1, . . . , 𝐿, for example end-to-end throughput (5). Find the best beamforming matrix which

results in the best value of the considered metric, named as the Queen, e.g., V𝑞 and U𝑞 satisfies𝑅(V𝑙,U𝑙) ≤ 𝑅(V𝑞,U𝑞), ∀𝑙 = 1, . . . , 𝐿 if the end-to-end throughput is the objective function.
(III) Save the Queen: V1 ← V𝑞, U1 ← U𝑞
(IV) Genetic operation I-Crossover: Create 𝑆 < 𝐿, e.g., 𝑆 = 5, beamforming matrices Vnew

𝑠 and Unew
𝑠 ,𝑠 = 1, . . . , 𝑆, around the Queen V1 and U1. These sets are generated

by making small changes in the Queen V𝑞 and U𝑞.
(V) V𝑠+1 ← Vnew

𝑠 , U𝑠+1 ← Unew
𝑠 , 𝑠 = 1, . . . , 𝑆.

(VI) Genetic operation II-Mutation: Regenerate the remaining sets V𝑠 and U𝑠, 𝑠 = 𝑆 + 2, . . . , 𝐿,
randomly with the same procedure as in Step (I).

(VII) Go back to Step (II) and run for𝑁it iterations,𝑁it is a fixed number decided by designer.
Return the final Queen as the beam selection rule for the current time slot.

Algorithm 1: GA-based beam refinement algorithm.

Case 2. This case includes beam refinement using the queen
in Case 1 as initial guess (full-line VUEs in Figure 3).

By mobility we exploit the spatial correlation by setting
the queen of the previous time slot as one of the initial guesses
of the next time slot. For 𝑑𝑖,𝑗 in (1) we assume that we know
the moving speed V and the time duration of mobility Δ𝑡. In
this way, we can get an estimate of the user position in Case 2
in a circle whose radius is found by V⋅Δ𝑡with the user position
at the previous time slot being the center.

4. Algorithm Description

In this study, we compare the performance of different IA
beamforming methods as follows.

Extended GA-based search [18]: the algorithm starts by
making 𝐿 possible beam selection sets at both transmitter
and receiver, i.e., submatrices of each codebook. During each
iteration, we choose the best set, named as the Queen, based
on the performance metrics (for example, (5)). Next, we keep
the queen and regenerate 𝑆 < 𝐿 similar sets around theQueen
by making small changes to the Queen (in the simulations,
we replace 10% of the Queen columns randomly without
loss of generality). Finally, the other 𝐿 − 𝑆 − 1 beamforming
matrices are selected randomly to avoid the algorithm from
being trapped in a local minima. Note that reducing 𝑆 for a
given 𝐿 can increase the chance of being trapped. After 𝑁it
iterations (set by the designer), the queen is returned as the
beam selection result in the current time slot. In this way,
this is an extended version of our GA-based approach with
beamforming at both the transmitter and the receiver, the
basic principles of which can be found in Algorithm 1.

Tabu search [16]: The Tabu search approach follows the
basic idea as in the GA-based scheme [16] where we choose
and update the queen by iterations. The only difference is
the evolution method of the queen in successive iterations.
With Tabu, we use the definition of neighborhood in [16]:
one matrix A is defined as another matrix B’s neighborhood
if (1) A has only one different column compared with B

or (2) the index difference between the two corresponding
columns in A and B is equal to one. To make 𝑆 beam
selection sets, we change the queen fromprevious round to its
neighbors.

Link-by-link search [17]: in this strategy, the beam
design of 𝜏 users is not optimized simultaneously. Instead,
with a greedy approach, the beamforming solution is settled
user-by-user by considering the interference from the other𝜏 − 1 links. The system performance improves in successive
iterations until it converges to some (sub)optimal beamform-
ing rules.

Two-level search [6, 7]: being inspired by multistage
beamforming techniques, e.g., [6, 7], we design a two-level-
codebook search scheme for our system. In the first level, the
BS transmits messages over wider sectors using the codebook
with 𝑁vec/2 columns, while in the second level it searches
the optimal solution within the best such sector by steering
narrower beams with an𝑁vec-column codebook.

4.1. On the Implementation Complexity. To compare different
methods, it is necessary that we consider the implementation
complexity of each algorithm. For this reason, we derive the
per-iteration complexity of different algorithms based on the
fact that the product of matrices of size 𝑁 × 𝑀 and𝑀 ×𝑀
has the complexityO(𝑁𝑀2) inMATLAB. In thisway, the per-
iteration complexity for the GA-based approach is given by

𝐶GA = 𝐿 (2O (𝑁2𝑀) + O (𝑁𝑀2) + O (𝑁𝑀)) , (11)

and 𝐶Tabu = 𝐶GA, 𝐶link-by-link = 𝜏 × 𝐶GA, 𝐶two-level = 2 × 𝐶GA.𝐿 is the number of beam selection sets within each iteration.

4.2. On the Effect of User Collaboration. In order to optimize
the end-to-end system throughput (5), each user needs to
share its received signal with the other users via the D2D
links as mentioned in Section 2. Note that we do not consider
the overhead of building up the D2D links in this work. We
compare two cases regarding the user collaboration.
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Figure 4: An example of the convergence process of the extended
GA-based beamforming for systems with (subplot a) and without
(subplot b) delay costs of the algorithm. 𝑀 = 32, 𝜏 = 4, 𝑁 = 12,𝑃 = −10 dB, 𝑘 = 0.

Case 1 (collaborative users (CUs)). Each user knows the
received signals of the other users and the system throughput
is optimal.

Case 2 (noncollaborative users (NCUs)). Each user only
knows their own receivedmessage and the system throughput
is suboptimal.

In Section 5, we evaluate the performance of the GA
and the Tabu methods in these two cases and investigate the
potential gains of collaboration.

5. Simulation Results

In the simulations, we use the channel model in (2) in the
cases with 𝑘 = 0, 3. We set HLOS = 1𝑁×𝑀 where 1𝑎×𝑏 refers to
the normalized all-ones complex matrix. Except for Figure 4
which shows an example of the GA-based procedure, for each
point in the curves the results are obtained by averaging over104 different channel realizations. In all figures, we set 𝑁it =1000 since it is a sufficiently large number of iterations after
which no performance improvement is observed. Also, in all
figures except for Figure 11, we use the normalized distance𝑑𝑖,𝑗 = 𝑑 = 1. Moreover, we set 𝐿 = 10, 𝑆 = 5 and𝑁vec = 128.
In all figures, except for Figure 9, we use the ideal PA; i.e., set𝑃max = ∞, 𝜇 = 0, 𝜖 = 1 in (10). In Figure 9 we study the effect
of imperfect PAs. In Figures 4, 7, 9, and 10, we consider the
service outage-constrained end-to-end throughput (5) as the
performance metric with 𝜃 = −4 dB. Finally, Table 1 shows
the average number of required iterations in each algorithm
to reach the (sub)optimal solution.

On the convergence behavior: Figure 4 gives an example
of the GA performance in the cases with (𝛼 = 0.001) and
without costs of running the algorithm (𝛼 = 0), respectively

Table 1: Average number of required iterations 𝑁 in different
situations.

𝑀/𝑁 GA Tabu link-by-link two-level
32/12 502 498 307 501
32/8 500 501 288 498
32/4 488 502 261 500

(see (5)). Here, example means we run our algorithm within
one single channel realization. From Figure 4 we observe
that very few iterations are required to reach the maximum
throughput for the cases with delay cost, which is around𝐾 = 130. That is, considering the cost of running the
algorithm, the maximum throughput is obtained by finding
a suboptimal beamforming matrix and leaving the rest of the
time slot for data transmission (see Figure 2). As a result, as
the number of iterations increases, the cost of running the
algorithm reduces the end-to-end throughput converging to
zero at𝐾 = 1/𝛼 (see (5)). Note that the top value of the delay
case is less than the other one due to the delay cost.

If there is no running delay, on the other hand, the system
performance improves with the number of iterations mono-
tonically. However, the developed algorithm leads to (almost)
the same performance as the exhaustive search-based scheme
with very limited number of iterations. For example, with the
parameter settings of Figure 4, our algorithm reaches more
than 90% of the maximum achievable throughput with less
than 100 iterations. On the other hand, with the parameter
settings of Figure 4, exhaustive search implies testing in the
order of 1030 possible beamforming matrices. Note that we
cannot guarantee that the results are exactly the same with
the optimal but because of the “random” part of the algorithm
they become very close with large number of𝑁it. The trade-
off between the performance and the delay cost is the concern
here instead of the exact throughput value.

Finally, all considered schemes follow the same ladder-
type convergence behavior as in Figure 4. This is because
with the considered algorithms the systemperformance is not
necessarily improved in each iteration and may be trapped
into local minima. However, considering a couple of random
solution checks in each iteration helps to avoid the local
minima as the number of iterations increases.

On the effect of service outage: Figure 5 demonstrates the
service outage-constrained end-to-end throughput (5) for
different values of the required received SNR thresholds 𝜃
in (5). Also, Fig. 6 studies the service outage probability in
the cases optimizing (5). Here, the results are presented for𝑁 = 8, 𝜏 = 8, 𝑀 = 32, 𝑘 = 0, 𝑁vec = 128, which means
single-antenna user at the receiver side. As demonstrated
in Figures 5 and 6, the service outage constraint affects the
end-to-end and the per-user throughput significantly at low
SNRs/severe service outage constraints.However, the effect of
the service outage probability decreases as the SNR increases
or 𝜃 decreases (Figures 5 and 6).

Comparison of schemes: in Figure 7, we compare the
throughput (5) reached by the considered algorithms. It can
be seen from the figure that for a broad range of SNRs theGA-
based beamforming [18] leads to the best system throughput,
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Figure 5: Service outage-constrained end-to-end throughput of the
GA method with different 𝜃’s.𝑀 = 32, 𝜏 = 8,𝑁 = 8, 𝑘 = 0, 𝛼 = 0.
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Figure 6: Service outage probability of the GA method with
different 𝜃’s.𝑀 = 32, 𝜏 = 8,𝑁 = 8, 𝑘 = 0, 𝛼 = 0.

followed by the link-by-link search [17], Tabu search [16], and
two-level search [6, 7].

Moreover, using the same parameter settings of Figure 7,
in Figure 8 we compare the cumulative distribution function
(CDF) of the per-user throughput (5) reached by the con-
sidered algorithms. From the figure we can see that the GA-
based beamforming [18] leads to the best per-user throughput
distribution, whichmeansmore users can be served by higher
throughput, followed by the link-by-link search [17], Tabu
search [16], and two-level search [6, 7].

Table 1 shows the average number of iterations 𝑁 that is
required in each scheme to reach a (sub)optimal solution.
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Link-by-link [17]

Two-level [6][7]
Tabu [16]
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Figure 7: Service outage-constrained end-to-end throughput of
different methods.𝑀 = 32, 𝜏 = 4,𝑁 = 12, 𝑘 = 0, 𝛼 = 0.
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Figure 8: CDF of per-user throughput with different methods.𝑀 =32, 𝜏 = 4,𝑁 = 12, 𝑘 = 0, 𝛼 = 0.

Here, the results are presented for 𝑘 = 0, 𝑀 = 32,𝑁 = 4, 8, 12. We can see that, in all methods, except for the
link-by-link approach, the required number of iterations is
almost insensitive to the number of receive antennas for the
considered parameter setting of Table 1.

On the effect of imperfect power amplifier: Figure 9
evaluates the effect of the power amplifier on the throughput
(5). We can see that the inefficiency of the PA affects the
performance remarkably but this effect decreases with the
SNR.This is reasonable because the effective efficiency of the
PAs 𝜖effective = 𝜖(𝑝out/𝑝max)𝜇 increases with SNR.
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Figure 9:The effect of power budget and PAs efficiency on the end-
to-end throughput (5).𝑀 = 32, 𝜏 = 4,𝑁 = 12, 𝑘 = 0, 𝛼 = 0.
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Figure 10: Throughput (5) with different number of receive anten-
nas at the user side 𝛽. 𝑀 = 32, 𝜏 = 4, 𝛽 = 1, 2, 3, 4, 𝑘 = 3, 𝛼 = 0,𝑃 = 2 dB.

On the effect of the number of receive antennas: Figure 10
shows the effect of number of receive antennas per-user 𝛽
on the throughput (5). As seen in the figure, the end-to-end
throughput increases with the number of per-user antennas
as expected, since multiantenna techniques can improve the
data rate remarkably.Moreover, the relative performance gain
of the GA-based and the link-by-link scheme, compared to
the other considered schemes, increases with the number
of receive antennas, which is an interesting point when
designing large-scale networks.

On the effect of the user mobility: Figure 11 shows the
effect of the users’ mobility on the beam refinement delay for
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Figure 11: Beam refinement delay with different moving speed V.𝑀 = 32, 𝜏 = 4, 𝛽 = 2, 𝑘 = 0, 𝛼 = 0, 𝑃 = 32 dB, moving time Δ𝑡 = 1
ms, 𝛾 = −3.5.

the considered algorithms. Inspired by [11], we evaluate the
beam refinement delay (we assume that each iteration takes10−4 overhead of Δ𝑡) of each algorithm in Cases 1 and 2 to
check how well these algorithms are suitable for the mobile
users. The algorithm running delays in Cases 1 and 2 of each
method are all presented in the plot. Here, the results are
presented with 𝑀 = 32, 𝜏 = 4, 𝛽 = 2, 𝑘 = 0, 𝛼 = 0,𝑃 = 32 dB, moving time Δ𝑡 = 1 ms, 𝛾 = −3.5. As seen
in the figure, both the GA-based algorithm and the Tabu-
based algorithm can remarkably reduce the beam refinement
delay for a broad range of users speeds, since they can use
the beam refinement solution in Case 1 as the initial guess
in Case 2 when the moving distance is not large. Note that
Tabu search has the lowest delay in both cases since it simply
changes the queen to its neighbors which takes full advantage
of the spacial correlations. However, for GA-based scheme as
the users speed increases the beam refinement delay increases
slightly, intuitively because the spatial correlation between the
positions in successive time slots decreases. Moreover, both
the link-by-link search and the two-level-based search do not
show noticeable performance gain.

On the effect of collaborative users: Figure 12 shows
the effect of the users’ collaboration on the end-to-end
throughput for the GA and Tabu algorithms. Also, Table 2
presents the average number of required iterations for both
the GA and the Tabu search in the cases with the CUs and
the NCUs. Here, the results are presented with 𝑀 = 32,𝜏 = 4, 𝛽 = 2, 𝑘 = 0, 𝛼 = 0. As seen in the figure,
the performance of both the GA-based algorithm and the
Tabu-based algorithm are reduced in the case of NCU. Also,
these reductions decrease as the SNR increases. On the other
hand, in Table 2 it can be seen that the NCU case requires
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Table 2: Average number of required iterations 𝑁 in different
situations.

𝑀/𝑁 GA, CUs GA, NCUs Tabu, CUs Tabu, NCUs
32/12 502 1 498 1
32/8 500 1 501 1
32/4 488 1 502 1

CUs, GA
NCUs, GA

CUs, Tabu
NCUs, Tabu
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Figure 12: End-to-end throughput for different SNR with the CUs
and NCUs cases for GA and Tabu. 𝑀 = 32, 𝜏 = 4, 𝛽 = 2, 𝑘 = 0,𝛼 = 0.

much smaller iteration time compared with the CUs case for
different systemconfigurations.Only one iteration is required
for the case with 𝛽 ≤ 3.
6. Conclusion

We extended our previously proposed genetic algorithm-
(GA-) based beam refinement scheme to include beam-
forming at both the transmitter and the receiver, and we
compared the performance with alternative beam refine-
ment algorithms in an MU-MIMO system, in terms of
the service outage-constrained end-to-end throughput and
the implementation complexity. Particularly, our extended
genetic algorithm-based scheme can reach almost the same
throughput as in the exhaustive search-based approach with
relatively few iterations in delay-constrained systems. Also,
compared to the considered state-of-the-art schemes, our
scheme leads to the highest throughput/per-user throughput
and the lowest per-iteration implementation complexity, and
the relative performance gain increases with the number
of receive antennas. Moreover, non-ideal power amplifiers
affect the system performance remarkably, which should be
carefully considered during the system design. Furthermore,
theGA-based approach can exploit the spatial correlation and
remarkably reduce the beam refinement delay for a broad
range of users speeds, which means it is an appropriate

approach for mobile users. Finally, collaborative users can
improve the system-level performance at the expense of com-
putational complexity. For future work, we will investigate
our proposed algorithm with more realistic parameter set-
tings/scenarios and compare the result with other structured
beamforming methods.
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5G systemdesign is a complex process due to a great variety of applications and their diverse requirements.This article describes our
experiences in developing a centimeter waves mobile broadband concept satisfying future capacity requirements. The first step in
the process was the radio channelmeasurement campaign and statisticalmodeling.Then the link level designwas performed tightly
together with the radio frequency (RF) implementation requirements to allow as large scalability of the air interface as possible. We
started the concept development at 10 GHz frequency band and during the project World Radiocommunication Conference 2015
selected somewhat higher frequencies as new candidates for 5G. Thus, the main learning was to gain insight of interdependencies
of different phenomena and find feasible combinations of techniques and parameter combinations that might actually work in
practice, not only in theory.

1. Introduction

All mobile communication system generations have had a
clear key application driver: 1G for analog voice, 2G for
digital voice and text messaging, 3G for multimedia and
Internet connectivity, and 4G for true mobile broadband
[1]. 5G needs to cooperate and internetwork seamlessly with
these legacy networks as long as they are in operation and
provide added value to the ecosystem. Foreseen application
areas for 5G aremuch broader than in earlier generations, and
therefore, such qualities as systemparameter adaptation, scal-
ability, reconfigurability, virtualization, and self-organization
become necessities for 5G.

This article overviews our approach to tackle the chal-
lenge of moving to higher center frequencies and address
its implications to 5G system concept design. The starting
point was to evaluate the new candidate frequencies in the
centimeter wave bands that were investigated in METIS
project [2–5]. Our selection at that point was 10 GHz as
it was the lowest frequency and thereby it would be less
risky and more predictable to go there than jump to much
higher uncharted frequencies. Then we planned and com-
pleted some measurement campaigns to evaluate the prop-
agation characteristics at 10 GHz. Also, to keep the concept

development manageable with limited resources, we decided
to have the main emphasis on the flexible and scalable
enhanced mobile broadband communications air interface
with a well-established orthogonal frequency-division multi-
plexing (OFDM) waveform. An integral part of the work has
been a tight linkage to RF implementation issues and cross-
checking the feasibility of different communications options
simultaneously from the RF perspective. This kind of com-
prehensive view on the practical system concept development
is far too often ignored and is therefore highlighted in this
article.

Now, being aware of the World Radiocommunication
Conference (WRC) 2015 decisions that the lowest beyond 6
GHz serious candidate frequencies have moved to above 24
GHz, the interest toward 10 GHz band is fading. However,
irrespective of the actual center frequency many of the
lessons learned are common and transferrable to any concept
development process when utilizing previously unexplored
spectral resources and planning a new ultra-scalable commu-
nications platform.

Our main contributions in this paper are as follows:

(i) Set performance targets and key metrics for 5G
system design.
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(ii) Provide high-level functional architecture of 5G net-
work.

(iii) Present large-scale parameters derived from per-
formed 10 GHz channel measurements.

(iv) Define flexible physical layer parameterization, sig-
naling, and multiaccess structure.

(v) Elaborate RF link budget, beamforming, and practical
implementation issues that are critical to 5G system
design and performance at centimeter waves.

The rest of the article discusses first various 5G use cases
and their respective system design objectives. Then, 5G sys-
tem concept design is described from the network architec-
ture viewpoint. The next two sections consider channel
measurements and modeling issues and link level design
issues. Implications of merging RF architecture design and
considerations to the concept are presented next. Finally,
some concluding remarks are given.

2. Use Cases and System Design Targets

A fully evolved 5G system needs to support diverse appli-
cation areas such as enhanced mobile broadband (eMBB),
massive Internet of things (MIoT), and mission-critical com-
munications (MCC) [1]. All these use cases have distinct and
partly contradictory requirements in terms of their key per-
formance indicators, making the system concept design, as a
whole, extremely complex. In most of the cases, not all of the
requirements need to be simultaneously met.Thus, advanced
5G infrastructures move away from a “one architecture fits
all” nature towards a “multiple architectures adapted to each
service” concept. In this paper, the 5G system concept is
mainly designed for eMBB, whereas the equally important
use cases of MIoT and MCC have earned a fair share of
attention as exemplified in [2, 6, 7]. In addition to extremely
high throughputs, another main aspect of eMBB is the total
system capacity. The ultra-high density of broadband user
connections needs to be supported as well. New spectrum
allocations, cell densification, andmassiveMIMO technology
are seen as the key enablers to achieve these challenging goals.

The key design targets of the proposed 5G concept are
presented below.These targets are the theoretical maximums
that the system could support in ideal conditions.

(1) Support for scalable bandwidths up to 0.5-1 GHz in
carrier frequencies around 10 and 30 GHz.

(2) Peak data rate that scales with system bandwidth,
meaning tens of Gbps for 0.5-1 GHz bandwidths.

(3) Supported antenna and stream configurations:

(a) Max. 256 transmit (TX) antennas and 16 receive
(RX) antennas.

(b) Max. 16 independent data streams.

(4) Spectrum efficiency

(a) Max. 100 bits/s/Hz.

(5) Latency:

(a) Control plane: < 10 ms to establish user plane.
(b) User plane: < 1 ms from the user to server.

(6) Mobility:

(a) Home and office, optimized for speeds < 5 km/h
(b) Extreme mobility, speeds up to 500 km/h.

(7) Coverage:

(a) Indoor coverage up to 30 m.
(b) Outdoor coverage up to 300 m.
(c) Operation > 300 m using lower cm-wave fre-

quencies.

Theoretical values for maximum data rates are calculated
with respect to the allocated spectrum in Section 5.Themaxi-
mummultiple-input multiple-output (MIMO) configuration
set for 5G system concept is 256 × 16 with the maximum
number of 16 data streams. If this MIMO deployment can be
achieved, the maximum spectrum efficiency level may be up
to 100 bit/s/Hz given that 256QAM (quadrature amplitude
modulation) is used. 256QAM requires error vector mag-
nitude (EVM) levels of −33 dB, which sets rather stringent
design targets for RF chain designs. The RF architecture
aspects of 5G system concept are discussed in Section 6. One
key target of 5G system is to define signaling structures, which
enable very low delays in data transmission. The 5G systems
should be able to provide 10 ms end-to-end (E2E) latency
in general and 1 ms in extremely low latency use cases. The
stringent latency requirements are addressed in the link level
physical resource block design.

3. Network Architecture

The main target is to find critical solutions for a system
concept suitable for a small cell deployment scenario of
5G. Furthermore, the design of 5G network architecture
should be flexible. The current thinking is that there are
such public spaces as stadiums and city centers wherein
existing network operators shall have a role for deploying
the access points and operating the networks. On the other
hand, there are privately owned properties (housing blocks
and shopping malls) where the network access points are
privately/corporate owned or rented and the deployment and
operation may be purchased from a new type of network
operator. The following assumptions are used in the network
level system design:

(i) Infrastructure sharing between operators allowed
(ii) Small cells and dedicated spectrum
(iii) Multioperator environment
(iv) Private networks, private access points
(v) Support for contention-based and scheduled resource

usage

The generic functional architecture model for 5G system
concept illustrating the basic functional entities of the control



Wireless Communications and Mobile Computing 3

and user plane in the device and network infrastructure parts
is shown in Figure 1. The physical location of the functional
entities in the infrastructure part can vary between radio
nodes and more centralized units depending on the practical
network deployment. The small cell radio networks are
connected to common core cloud network (“EPC”, Evolved
Packet Core type network) with high capacity connections.
Common core cloud network can serve multiple operators.
The connectivity management related functionalities (for
example, mobility management) are implemented in the core
cloud network. The radio access network related functionali-
ties could be distributed between the local radio network and
the common core cloud network. The location of different
functionalities, such as radio resource control and air inter-
face management, may depend on the local RAN, core cloud
network connection quality. In a general case, we can assume
that air interface L1/L2 control is placed close to access points,
while higher layers could be centrally located into the core
cloud network. If very high speed connections (fiber cable)
are available, then also the air interface L1/L2 control could be
implemented into servers located in the core cloud network.

4. Radio Channel Models for System Design

Appropriate channelmodel is a starting point andmandatory
for any system design. In the geometry-based stochastic
channel model (GSCM), the propagation channel is char-
acterized by statistical parameters obtained from the radio
channel measurements. This gives a possibility of using the
same framework of the model for the simulations in different
frequencies and the different number or type of antennas.
Due to missing characterizations of propagation channel at
10 GHz and in order to utilize GSCM promptly at 10 GHz
frequency band, we carried out radio channel measurement
campaigns with vector network analyzer and virtual arrays in
the campus area of theUniversity of Oulu.Themeasurements
covered two different propagation scenarios, namely, two-
story lobby and urban small cell scenarios. From the collected
measurement data, complete parameterizations were derived
for three-dimensional (3D) GCSM. The parameterizations
are directly applicable to the 3rd Generation Partnership
Project (3GPP) model [8].

The most important large-scale (LS) characteristics of
the propagation channel are path loss and shadow fading.
Based on our results, the path loss models are in some extent
similar than in other frequency bands. However, the standard
deviation of shadow fading 𝜎SF is significantly smaller due
to static measured propagation environment. In addition to
the path loss models and 𝜎SF, the parameterizations consisted
of 50 different propagation parameters. For example, LS
parameters are modeled by log-normal distribution with
specific mean 𝜇 and standard deviation 𝜎 values giving
higher level characterization of the propagation channel.
Determined LS parameters are summarized in Table 1 and the
full set of parameters is presented in [9, 10].

Although the model parameters are heavily dependent
on the measured propagation environment, the following
conclusions can be drawn from the determined LS and small-
scale parameters:

(i) Parameters describing the delay and angular disper-
sion, that is, DS and angle spreads (ASs), seem to
decrease in comparison to the parameters in the
existing models at the frequency bands below 6 GHz
due to the higher attenuation of delayed components.

(ii) When compared with lower frequency bands, specu-
lar reflection is more dominant propagation mecha-
nism in comparison to diffuse scattering, leading to
smaller cluster ASs.

Also, several research projects including industry and
academia have been targeting to fulfill the requirements
for designing and evaluating new channel models for the
frequency bands up to 100 GHz. For instance, the initial
parameterizations have been proposed for extending the
quasi-deterministic radio channel generator (QuaDRiGa)
over 10-80 GHz frequency band in [11]. Also, METIS project
[12] addressed the challenges of the future channel modeling
and recently developed a new map-based channel model up
to 86 GHz as a pioneering work for 5G mobile communica-
tion system evaluations.

METIS model was intended to take into account all
radio channel characteristics, which are important for any
5G mobile communications scenario. The model is based
on the ray-tracing (RT) using a simplified 3D geometric
description of the propagation environment. In the model,
the building walls are modeled as rectangular surfaces with
specific electromagnetic material properties, and the prop-
agation paths are modeled deterministically. However, the
model is not fully deterministic since the random objects
representing for instance people and vehicles on the radio
link are modeled stochastically. Therefore, the model can be
understood as semideterministic model having significantly
shorter processing time in comparison to traditional RT. Even
though several properties of the model have already been
successfully validated, the model still needs to be validated
by additional measurements.

5. Link Level Design

5.1. Physical Layer Design. The physical layer design of the
5G system concept is based on the “OFDM signals with new
numerology” approach. The signal structure has originally
been designed to operate at 10 GHz band with bandwidths
up to 1 GHz. Key OFDM signal parameters are selected so
that synergy remains with the existing Long Term Evolution
(LTE) radio implementations. Also, we shall use the same
channel coding solutions as with LTE, where appropriate.
However, in general the backwards compatibility with LTE is
not maintained, since the 5G requirements lead to different
physical layer designs when aiming to optimize the system
performance.

The subcarrier spacing has been selected as 120 kHz.With
subcarrier spacing of 120 kHz, the useful symbol duration
becomes 8.3 𝜇s. The cyclic prefix should be short compared
to the symbol duration, but long enough to eliminate impair-
ments in the OFDM signal detection due to propagation
channel.
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Figure 2: Physical layer subframe structure.

For the small cells (cell radius in the order of 75 m), cyclic
prefix (CP) duration of 0.5 𝜇s is large enough to prevent
overlapping of OFDM symbols due to propagation delays
even if no timing alignment is used in the UL transmissions.
Measured delay spread values indicate that a typical delay
spread at 10 GHz frequencywith short transmission distances
in indoor and outdoor environments is below 50 ns. For
these reasons, we conclude that CP duration of 0.5 𝜇s is
enough for the 5G small cell operation scenarios. Table 2
shows alternative values for the 5G physical layer parameters,
covering several (but not all possible) channel bandwidths
between 31.25 MHz and 1000 MHz.

Given the above physical layer design, we have also
computed the achievable data rates for several parameter sets
as indicated by Table 2. The maximum data rates for a given
bandwidth are achieved for 256QAM, 16MIMOdata streams,
and coding rate 𝑟 = 1, while the minimum data rates are
achieved for BPSK, 1 data stream, and coding rate 𝑟 = 1/2.
We assume 90% bandwidth efficiency and rather optimistic
protocol efficiency of 100%.

As the duplexing method we have chosen asymmetric
dynamic time division duplexing [13]. In this particular
approach, the uplink and downlink capacities may be chosen
based on the traffic need within each cell, interference miti-
gation, and/or management requirements and user densities.

5.2. Multiple Access Design. The 5G subframe structure is
shown in Figure 2. One subframe contains 11 OFDM symbols
in time domain. In the control plane (𝑛 = 2 symbols), we
introduce a guard period of TGP = 0.94 𝜇s, and the cyclic
prefix is TCP = 0.5 𝜇s.TheOFDMsymbol duration is Tsymbol =
8.33 𝜇s.Therefore, for the subframe duration, we get Tsubframe
= 3 ⋅TGP + 11 ⋅ (Tsymbol + TCP) = 100 𝜇s.

In the case where the system does not request extremely
small E2E latencies (1 ms), the amount of control overhead
can be reduced by concatenatingmultiple subframes together.
In this case, the TX and RX control parts are embedded into
the first subframe with 9 data symbols, while the remaining

subframes (11 symbols) contain only data plane signal (either
TX or RX) with first three symbols in each concatenated
subframe having an extended cyclic prefix of TCP,EXT =
1.44 𝜇s.

We propose that the system shall have random access
(contention-based) and scheduled resources. For the sched-
uled resources, we shall use orthogonal frequency-division
multiple access (OFDMA), where the resource block (RB)
size is a compromise between high granularity (to support
transmission of very low amount of data) and signaling
overhead. The minimum RB size is selected here as 72
resource elements, consisting of 8 consecutive subcarriers
and 9 data plane symbols (note: resource element is defined
as 1 subcarrier and 1 data plane symbol).This is comparable to
LTE resource block size (84 resource elements) and can work
both withmachine-type services andmobile broadband data.

Random access resources shall be used by simple IoT
devices, which are constrained by small form factor and/or
battery operation. The scheduled resources can be used by
more complex IoT devices and especially mobile cellular
users as well as mobile broadband customers. The sharing
between the resources shall be handled by the spectrum
manager described earlier.

In the contention-based medium access case, the
Resource Coordination functionality of layered resource
management provides the template frame to a cluster of
nodes allowing contention-based access inside the cluster.
Control signals are transmitted in time-frequency resources
separated from the data resources.

6. Towards 5G RF Implementation

Large antenna arrays will be one of the key enablers for
5G RF implementations for both capacity and link range.
In this section, we briefly discuss multibeam link budget
and RF restrictions for implementing cm-wave multiantenna
transceivers (TRXs). Further in-depth discussion on the
subject is available in [15].

6.1. Link Budget. For achieving the target data rates in
practice, the link budget must address at least the following:

(i) Capacity evaluations with different modulations and
waveforms

(ii) Hardware assumptions including physical dimen-
sions, power, noise, and nonlinearity

(iii) Partitioning of signal-to-noise ratio (SNR) budget for
different parts of TX and RX

(iv) Multistream transmission and adaptive beamforming
(v) Spatial channel model

Practical RF link budget consists of optimizing tens of
different parameters together for setting the design targets for
TRX design. Furthermore, requirements are very dependent
on the target scenario including waveform assumptions,
propagation environment, required physical dimensions, and
user positions. Table 3 presents an example of system level
RF specifications for two different frequency bands at indoor
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Table 1: Derived LS parameters from the channel measurements.

Channel model parameter LOS NLOS
Two-story lobby Urban small cell Two-story lobby Urban small cell

DS log
10
([s]) 𝜇DS −7.78 −7.70 −7.55 −7.41

𝜎DS 0.13 0.16 0.17 0.14

KF [dB] 𝜇KF 8.5 5.1 N/A N/A
𝜎KF 3.5 3.2 N/A N/A

SF [dB] 𝜎SF 2 2 3 2

ASD log
10
([∘])

𝜇ASD 0.86 1.08 1.32 1.24
𝜎ASD 0.23 0.35 0.23 0.32

ASA log
10
([∘])

𝜇ASA 1.44 1.47 1.64 1.77
𝜎ASA 0.11 0.20 0.18 0.08

ESD log
10
([∘])

𝜇ESD 0.91 0.80 0.54 0.89
𝜎ESD 0.31 0.17 0.49 0.07

ESA log
10
([∘])

𝜇ESA 0.61 1.12 0.82 1.08
𝜎ESA 0.17 0.10 0.29 0.13

DS = root mean square delay spread; KF = Rician K-factor; SF = shadow fading; ASD = azimuth angle spread of departure; ASA = azimuth angle spread of
arrival; ESD = elevation angle spread of departure; and ESA = elevation angle spread of arrival.

Table 2: Physical layer signal parameters for 5G system concept (LTE values as a reference).

Property LTE 5Gto10G
Channel BW [MHz] 20 31.25 125 500 1000
Subframe length [ms] 1 0.1 0.1 0.1 0.1
Sampling frequency [MHz] 30.72 30.72 122.88 491.52 983.04
FFT size 2048 256 1024 4096 8192
Subcarrier spacing [kHz] 15 120 120 120 120
Occupied subcarriers 1201 234 938 3750 7500
Guard subcarriers 847 22 86 346 692
Occupied bandwidth [MHz] 18.015 28 113 450 900
DL BW efficiency 90% 89.9% 90% 90% 90%
OFDM symbols/subframe 7 11 11 11 11
Symbol duration excl. CP [𝜇s] 66.7 8.33 8.33 8.33 8.33
CP duration [𝜇s] 5.2/4.69 0.5 0.5 0.5 0.5
Data rate on full BWMin . . .Max [Mbps] 13 . . . 3,391 53 . . . 13,592 211 . . . 54,340 422 . . . 108,680

LOS scenario. These very abstracted requirements must then
be divided further for different parts of the TRX.

In practice, adaptive modulation and coding scheme
defines the minimum SNR required at the RX input. The
nonidealities of TX limit the achievable SNR with respect
to absolute power level. Figure 3(a) shows an example of
signal-to-noise plus distortion ratio (SNDR) simulated with
OFDM/256QAM waveform and commercial linear power
amplifier (PA) for 10 GHz. These results are then combined
with EVM values of other parts of the TX. It is clearly
observed that the achievable linear power and hence data rate
is easily overestimated, if only some of the TX nonidealities
are taken into account. RX is treated in a similar fashion.
Furthermore, the overall SNR-budget must be distributed
between TX and RX. In RX, the SNR is typically limited by
the noise at lower signal levels, whereas other nonidealities
including phase noise of the synthesizer, analog-to-digital
converter (ADC) quantization noise, I/Q mismatches, and
cochannel interference limit the SNR at higher power levels.

In MIMO systems, spatial channel model is required for
link budget evaluations. Multistream link budget is deter-
mined based onMIMObeam-specific path gains, where each
stream is handled as an independent link [16]. The required
TX power for rank 1-4 data transmissions at 10.1 GHz in
indoor LOS scenario is presented in Figure 3(b). The used
TX configuration is given in Table 3 including the notations:
base station (BS), uniform rectangular array (URA), mobile
terminal (MT), half-power beamwidth (HPBW), uniform
linear array (ULA), and output power (Pout).

6.2. Beamforming Arrays for 5G. One of the fundamental
questions in cm-wave communications is the number of
antennas. The direct consequence of increasing frequency is
the decreased antenna aperture. Hence, we can increase the
number of antennaswhilemaintaining the same physical area
and eventually provide more beamforming gain. Multiple
antennas are not only needed for increasing the data rate, but
fundamentally for providing any reasonable link range. High
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Table 3: Example of system level RF specifications.

Center frequency 10.1 GHz 26 GHz
Signal bandwidth 500 MHz 1000 MHz
Array configuration at BS 8 × 2 URA 16 × 4 URA
BS HPBW (azim, elev) (15∘, 90∘) (7∘, 30∘)
Array configuration at MT 4-element ULA 8-element ULA
MT HPBW (azim, elev) (30∘, 120∘) (7∘, 120∘)
TX EVM for uncoded 256 QAM 2.2% 2.2%
PA back-off (for OFDM signal) 9.6 dB 9.6 dB
Pout Peak per PA in (BS, MT) (10, 0.1) W (1, 0.01) W
Total Noise Figure of (BS, MT) (8, 10) dB (8, 10) dB
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Figure 3: (a) Nonlinear PA and TX SNDRmodels with achievable data rates and (b) required average powers per PA for RankN transmission
with indoor LOS channel model [14] at 10.1 GHz.

directivity of the array results easily in very high effective
isotropic radiated power (EIRP), which might be harmful
for human tissue in case it is close to human body, limiting
the maximum EIRP to be used. Decreasing antenna aperture
also enables arrays for mobile terminals. However, the area of
feeding network for large arrays limits the size of the antenna
array in small form factors. Furthermore, because of higher
circuit-level losses, the RF frontend must be embedded close
to antennas to maintain the power efficiency.

In order to achieve the benefits of multiple antennas,
beamforming system must be controlled adaptively. Tradi-
tionally, each antenna has individual RF chain and the control
can be done in digital domain.However, because of extremely
wide bandwidths, the TRX power consumption is not dom-
inated only by analog components such as PA. Moreover,
digital parallelism and wideband ADC’s/digital-to-analog
converters (DACs) are playing a crucial role when mini-
mizing the power consumption. Because of these aspects,
hybrid/RF beamforming is considered as de facto in cm-wave
cellular systems. Adaptive RF phase and amplitude control

of individual antenna elements is essential for maintaining
the connection in adaptive user scenarios and minimizing
the interference between data transmissions. However, the
array scanning has an impact on the impedance matching
of individual elements. Furthermore, the single element
pattern affects the array scanning region. Hence, practical
assumption of array scanning angle is in range of +/−30∘.

6.3. Practical Design Challenges. The key challenges in cm-
wave RF design are as follows:

(i) Wideband ADC/DAC dynamic range versus power
consumption

(ii) Synthesizer phase noise
(iii) Linear (enough) output power with cm-wave PAs
(iv) Implementing high-efficiency PA array
(v) Physical form factors in antenna-RF integration
(vi) RF- and hybrid-beamforming array design.
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The required sumpower will be producedwith several PA
elements, resulting in decreased power per PA. Furthermore,
multiple signals with different power levels in PA input give
practical constraints for beam synthesis and power allocation
per PA. These aspects give new tradeoffs for PA technologies
although producing power at any of the options from CMOS
to GaN will be a major challenge at high frequencies.
The practical PA solution must be cheap, power efficient,
linear, and small. However, these requirements cannot be
optimized independently. Power efficient PA architectures,
such as Doherty [17], are physically larger, cost more, and
require linearization, which is traditionally done by digital
predistortion (DPD). For RF/hybrid-beamforming arrays,
conventional DPD is not possible because the waveform at
each PA input cannot be controlled.

Different use scenarios set very different requirements for
theRF implementation, especially in terms of required power,
linearity, and beamforming. From the array scanning per-
spective, a convenient location of indoor BS is in the corner
of the room/office area. A typical room layout indicates that it
might be beneficial to have wider beams in the elevation than
in the azimuth domain for beam/user separation. For outdoor
BSs, high array gain for cell-edge users is a necessity that
results in narrow beams.This complicates the beam scanning
and tracking when serving mobile users. On the other hand,
benefits of spatial filtering in network level management
become apparent.

As the BS array design can be site-specific, the MT
must adapt to various propagation scenarios. At 10 GHz, the
practical number of elements varies between 2 and 8 with
𝜆/2 antenna spacing in small devices. Hence, a linear array
is considered to be the only practical solution, because the
impact of mechanics forces the array to be designed at the
bottom or top end of a device. However, other device types
such as tablets and laptops may contain more antennas.

7. Conclusions and Way Forward

Various 5G system concept design aspects at centimeter
waves were discussed. As the main use case, we selected
eMBB built upon OFDM and set the key performance targets
for it.One of the first objectiveswas tomeasure and character-
ize the radio channel in the chosen new cm-frequency. Based
on the channel characteristics, link level design was carried
out. It provides great adaptivity in air interface parameter set-
ting, access schemes, and duplexing. Feasibility of the design
objectives was checked in parallel with RF implementation
aspects so that, for example, multiantenna beamforming,
link budget, and power efficiency were be taken as integral
system design elements. It was concluded that the high data
rates achieved by high-order modulations and MIMO set
extreme challenges for the nonlinearity, noise, and physical
form factors of the RF devices. Based on this study, it is
clear that RF design should be always the key driver when
designing 5G solutions for centimeter waves and above that.

Millimeter-wave communications [18–22] are gaining
increasing interest in 5G as the largest chunks of spectra are
available at the bands above 30 GHz. Due to broader con-
tiguous bands the link level design can be somewhat relaxed

and yet very high data rates are achievable. Propagation and
penetration losses tend to increase with frequency, limiting
the feasible link range. However, at the same time antenna
size and spacing go down enabling easier deployment of large
MIMO systems with high array gain and beam directivity.
Therefore, hybrid-beamforming architectures and power-
and cost-efficient RF transceiver design remain in the focal
role when moving from centimeter waves to millimeter-
waves.
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