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Abstract: 5G has been developing at high speed since 2012 and has become a global economic driver. In this paper, we offer a
survey of 5G covering visions, requirements, roadmap, key technologies, standardization, frequency management, technology
trials, industrial ecology, and a list of main 5G contributors. We also point out the contributions to 5G from China, aiming to be
‘globally leading in 5G’ by acting as a main 5G contributor in standardization and promoting/enhancing the Chinese 5G industry.

Finally, progress on 5G is reviewed mixed with our rethinking of 5G.
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1 Introduction

Driven by services and technology, a generation
of mobile communication upgrades almost every 10
years. 5G has become the hottest topic amongst
communication academics and industries since the
IMT-Advanced specifications of 4G terrestrial mobile
telecommunication were approved by the Interna-
tional Telecommunication Union’s radio department
(ITU-R) at the World Radio Conference 2012
(WRC-12). Most countries, organizations, and units
are actively investing in 5G to bring new economic
growth and new development opportunities. On the
government side, several organizations have been
launched since 2012. Among them, the IMT-2020(5G)
Promotion Group from China, 5G Industry Associa-
tion (5GIA) from Europe, 5G Mobile Forum (5GMF)
from Japan, 5G Forum from Korea, 5G Americans,
and later 5G Brazil are official 5G organizations. To
push forward the global unified 5G standard and to
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promote the 5G industry, these organizations empha-
size international cooperation by, e.g., initiating
global 5G summits running twice a year. The summits
discuss topics including government policies, spec-
trum collaboration, technology and standards trends,
deployment and service provision, trials and solutions,
requirements and expectations of verticals and eco-
industries, and cross-regional activities for 5G. The
first global 5G summit was successfully organized in
Beijing in May 2016. Following summits are contin-
uing in Rome, Tokyo, and Seoul. In 2018, two sum-
mits will be held in Austin and Brasilia. With the
promotions of the summits, 5G has been moving
forward rapidly. For example, in 2013, various tech-
nical reports and white papers were issued to give a
general outlook on 5G. In 2014, 5G visions and re-
quirements were clearly specified and approved by
the ITU with a triangle-type figure describing three
scenarios, and a radar-type figure describing eight
performance requirements. In 2015, 5G key tech-
nologies converged from a collection of all potential
technology suggestions. In 2016 key milestones were
specified. One is about standardization: the 3™
Generation Partnership Project (3GPP) officially
launched the 5G New Radio (NR) study item in
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release 14 and planned to finish the 5G standard with
two versions, including an initial 5G version in re-
lease 15 and an enhanced 5G version in release 16.
The others are technology trials: the Chinese gov-
ernment officially launched its 5G trial plan in 2016,
including a phase of three-step R&D before 2018
organized by the Ministry of Industry and Information
Technology (MIIT), and a phase of product and net-
working followed and organized by operators. Fol-
lowing this breaking news, 5G is on the way toward
becoming commercial.

To better understand 5G, we give a comprehen-
sive overview, including vision and requirements, key
technologies, standardization, frequency management,
technology trials, roadmap, and industrial ecology.
We also describe the progress of 5G in China to il-
lustrate China’s leading position and its contribution.

2 5G vision and requirements

Different from the former generations of mobile
communication, 5G is expected to serve not only the
telecommunication itself, but also the whole infor-
mation society. As described by IMT-2020(5G)
Promotion Group (2014), Mobile Internet and the
Internet of Things are two typical kinds of services of
5G, and the overall vision for 5G is defined as ‘in-
formation in hand, everything in touch’. In the future,
5G will penetrate all life around home, work, leisure,
transportation, etc. 5G will provide fiber bandwidth
data and ‘negligible’ latency as user experiences. 5G
will be capable of connecting 100 billion worldwide
devices and deliver a consistent experience across a
variety of scenarios. 5G will also be able to provide
intelligent optimization based on services and user’s
awareness, and will improve energy and cost effi-
ciency over a hundred-fold.

Fig. 1 shows the definition of 5G requirements
from ITU-R (2015). The triangle-type (Fig. 1a) rep-
resents usage scenarios of IMT for 2020 and beyond;
the radar-type (Fig. 1b) represents the importance of
key capabilities in different usage scenarios. In total,
three typical scenarios and eight key capabilities are
defined for 5G. Each scenario has its own differenti-
ated capabilities. For these 5G capabilities, there are
evident improvements on 4G (Table 1). In particular,
peak data rate, connection density, and delay are the
three most important capabilities satisfying enhanced

mobile broadband (eMBB), massive machine type com-
munications (mMMTC), and ultra-reliable low latency
communications (URLLC) scenarios, respectively.

Enhanced mobile broadband

Gigabytes in a

second —ﬂ
|— 3D video, UHD screens
Work and play in
Smart — = —
- = the cloud
homefbuilding ﬂ!'l:['B .‘;ﬁ |— Augmented reality
& - ~ Industry automation

Voice \\-_/ @ Mission critical

Smart _~ b, application

city | " = | [ Selfdriving car
“{EE® ) Future I MT

./ s
Massive machine type Ultra-reliable and low latency

communications communications
M2083-02

Peak data

A

ottans., User experienced

Enhanced mobile data rate

broadband

Area traffic \ iffifgr:g
capacity ‘\\
|II I'.
| |
III II
Network energy | o
efficiency Mobility
Massive machine
type communication L
Connection Latenc
density i M2083-04

(b)
Fig. 1 5G requirements defined by ITU: (a) usage sce-
narios of IMT for 2020 and beyond; (b) importance of key
capabilities in different usage scenarios (ITU-R, 2015)

3 5G key technologies

To realize 5G key requirements, evolution and
revolution are two basic technology routes (Chen and
Zhao, 2014; Chen et al., 2016a). The evolution route
consists of enhancing LTE-Advanced by continually
increasing the system capacity, spectrum efficiency,
user experience, and operational efficiency of 4G
cellular systems. This is called LTE-A Pro in 3GPP.
The revolution route means exploring innovation
ideas and novel technologies to make a large jump of
system performance. This is called 5G new radio in
3GPP. FDD and TDD will be tightly integrated in
LTE-A Pro and 5G new radio, and TDD will play a
more important role which had not existed before.
Many evolution and revolution technologies have
been suggested and adopted, including mainly
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massive multiple-input multiple-output (MIMO),
non-orthogonal multiple access (NOMA), ultra dense
networking (UDN), advanced coding and modulation,
flexible spectrum access, flexible air interface design,
vehicle-to-everything, and novel network architecture
(Chen et al., 2015a).

Table 1 Capability improvement of 5G over 4G

Key performance Value for 5G Improvement
index by ITU compared
with 4G
Traffic density 10 Tbps/km? 1000 times
Connection 1 million/km? 1000 times
density
Delay 1 ms (RTT for radio 1/10 times
interface)
Peak data rate 10/20 Gbps 100 times
User experience 0.1-1 Gbps or 10 times
data rate 0.1 Gbps+description
Mobility 500 km/h <5 times
Spectrum [2/3/5]x <5 times
efficiency
Energy efficiency 100x (network) 100 times

3.1 Wireless key technologies
3.1.1 Massive MIMO

MIMO will be further enhanced in 5G and mas-
sive MIMO has been approved to be the most effi-
cient technology for enhancing spectrum efficiency
(Marzetta, 2010; Larsson et al., 2014). With more
than one hundred antennas and dozens of antenna
ports equipped in a base station, massive MIMO can
be used for centralized or distributed type. For each
type, technology needs to be improved and optimized
including the design of reference signals, channel
estimation, channel information feedback, multi-user
scheduling mechanism, and receiving algorithms.

As shown in Fig. 2, though massive MIMO can
be used in both TDD and FDD, the use of channel
reciprocity in TDD alleviates the heavy computing
needed for channel state information (CSI) acquisi-
tion, so that TDD can achieve a higher spectrum ef-
ficiency (Chen et al., 2016b). This makes TDD a more
promising candidate for 5G systems with large an-
tenna arrays.

3.1.2 Non-orthogonal multiple access (NOMA)

In past generations of wireless communication
systems, orthogonal multiple access schemes in the
time, frequency, or code domain have been the main

choices because of the limited processing capability
in transceiver hardware and the modest traffic de-
mands in both latency and connectivity. However, for
a 5G system, connecting 1 million devices per square
kilometer requires much evolved hardware capability.
Non-orthogonal multiple access has been identified as
a promising technology to achieve the targets in terms
of system capacity, user connectivity, and service
latency (Dai et al., 2015; Ding et al., 2017; Cai et al.,
2018; Chen et al., 2018).
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Fig. 2 Performance of massive MIMO in FDD and
TDD: (a) cell average spectrum efficiency; (b) cell edge
spectrum efficiency (Chen et al., 2016b)

Diverse non-orthogonal multiple access schemes
(Takahashi, 2016) have been proposed, such as
PDMA (Chen et al., 2017a), SCMA (Nikopour and
Baligh, 2013), MUSA (Yuan et al., 2016), RSMA
(3GPP, 2016b), and IGMA (3GPP, 2016a). They are
intensely discussed in 3GPP NR study items and work
items.

3.1.3 Ultra dense networking (UDN)

UDN is aimed to provide a very high data rate to
each user for indoor and hotspot scenarios, including
offices, dense residential areas, stadiums, and open-
air-gathering environments. Typical supports of UDN
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are for very high user density, very high traffic density,
and very high access point (AP) density (Ge et al.,
2016).

Traditional cellular system usually provides
seamless coverage for a large area. Distinct differ-
ences between UDN and a traditional cellular net-
work are summarized in Table 2 (Chen et al., 2016c¢).

Key challenges of UDN include interference
management, cell virtualization, integrated access,
wireless backhaul, and user-centric design (Chen
et al., 2016c¢).

Table 2 Comparison between ultra dense networking
(UDN) and traditional cellular network

Traditional cel-
lular network
Wide coverage

Parameter UDN

Deployment
scenarios

Indoor, hotspot

Access point Comparable to the  Much lower than
density user density user density
Access point Small cell, pico, Macro/micro
types femto, UE relay, base station
relay
Typical Around 10 m Several hundred
coverage meters and more
Coverage char-  Heterogeneous, Single layer,
acteristics irregular regular cell
User density High Low/medium
Backhaul Ideal/non-ideal, Ideal, wired
wired/wireless
User mobility Low mobility High mobility
Data rate High Low/medium
requirement

Spectrum bands  Higher, wider Lower, limited

3.1.4 Advanced coding and modulation

In addition to traditional binary Turbo code and
quadrature amplitude modulation (QAM), 5G needs
to support advanced coding and modulation methods
for wider services. For high data rate services, low
density parity check (LDPC) (Zhu et al., 2016), new
constellation mapping, and faster-than-Nyquist (FTN)
(Qi et al., 2017) can be used to further improve link
spectrum efficiency. For low data rates and small
packet services, polar codes (Tian et al., 2016) and
low code rate convolution codes can be used to ap-
proach the Shannon capacity limit in cases of short
code length and low SNR. For low latency services,
coding schemes with fast encoding and decoding
algorithms are preferred. For high reliability services,
the ‘error floor’ effect of decoding algorithms needs

to be avoided. In addition, there may be a number of
wireless backhaul links in a dense network, and the
backhaul system capacity can be increased by net-
work coding.

In 3GPP, LDPC coding was accepted for the NR
data channel, while polar coding was accepted for the
NR control channel.

3.1.5 Flexible spectrum access

Different from past generations, 5G involves
both low-frequency (LF) bands of below 6 GHz and
high-frequency (HF) bands of 6100 GHz, where the
LF bands are the core bands of 5G used for seamless
coverage and the HF bands are the supplementary
bands to achieve high data rates in hotspot areas. To
fully exploit the advantages of different frequencies,
5G needs to support hybrid networks with LF and HF
bands to simultaneously meet the requirements of
seamless coverage, ultra-high data rates, and ultra-
high capacity.

Considering the big differences between HF
bands and traditional LF bands, research on 5G spec-
trum access focuses mainly on key technologies in-
cluding channel measurement and modeling, new air
interface design, networking technology, and radio
frequency components for HF mobile communications.

Besides technologies discussed for HF bands
and other traditional methods for spectrum efficiency,
innovative spectrum utilization methods are also ef-
ficient ways to extend the usable frequency for 5G
systems. Potential flexible spectrum sharing schemes
include intra-operator inter-RAT, inter-operator,
spectrum sharing in unlicensed band, and in second-
ary access.

3.1.6 Flexible air interface design

To support the ITU-defined three typical sce-
narios, 5G needs flexible air interface designs, cov-
ering frame structure, duplex mode, waveform, etc.

To achieve a unified air interface framework,
key parameters of 5G frame structure, such as band-
width, subcarrier spacing, cyclic prefix (CP), trans-
mission time interval (TTI), and uplink-downlink
configuration, can be flexibly configured for diverse
scenarios and services. In addition, the reference
signals and control channels can be flexibly config-
ured to support applications of key technologies.

Except for traditional FDD and TDD, 5G will
support flexible duplex. On one hand, FDD or TDD
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can be selected according to the frequency band; e.g.,
FDD is adopted usually in the LF band, while TDD
can be adopted in both LF and HF bands. On the other
hand, uplink and downlink time and frequency re-
sources can be flexibly allocated to better adapt to
non-uniform and dynamic service distribution. Full
duplex may be a further solution supporting simul-
taneously transmitting and receiving at the same
frequency resource.

In addition to traditional OFDM and single-
carrier waveforms, 5G will possibly adopt new
waveforms based on optimized filtering, such as filter
bank multicarrier (Chen et al., 2013), filtered-OFDM
(Wunder et al., 2014), and universal filtered multi-
carrier (Vakilian et al., 2013). With very low out-of-
band leakage, these waveforms can improve spectrum
utilization efficiency, efficiently use fragmented
spectrum, and coexist with other waveforms.

3.1.7 Vehicle-to-everything (V2X)

Vehicle-to-everything (V2X) includes vehicle-
to-vehicle (V2V), vehicle-to-pedestrian (V2P), vehi-
cle-to-infrastructure (V2I), and vehicle-to-network
(V2N) communications. V2X improves road safety,
traffic efficiency, and the availability of infotainment
services (Chen et al., 2017b).

Benefiting from the global deployment and fast
commercialization of Long Term Evolution (LTE)
systems, LTE based V2X called LTE-V (Chen et al.,
2016d) or LTE V2X has been standardized in 3GPP.
LTE-V provides two complementary communication
modes: one is LTE-V-Cell as a centralized architec-
ture and the other is LTE-V-Direct for decentralized
V2V communications. To meet the performance re-
quirements of V2X communications, LTE-V uses
demodulation reference signal (DMRS) structure
enhancement, coordinated synchronization between
Global Navigation Satellite System (GNSS) based
and eNB-based synchronizations, frequency division
multiplexing (FDM), and time division multiplexing
(TDM) for resource multiplexing across vehicles,
semi-persistent scheduling (SPS), sensing-based re-
source allocation, etc.

3.2 Novel network architecture and key technol-
ogies

Compared with the revolution of previous gen-
erations marked by multiple access technology, 5G

has been extended from the wireless side to the scope
of a complete network. Driven by 5G service re-
quirements and new technologies, such as software
defined network (SDN) and network function virtu-
alization (NFV), a 5G network is expected to support
diverse radio access technology scenarios, to meet the
requirements of end-to-end user experience, and to
provide the capability of flexible network deployment
and efficient operations. Therefore, 5G network needs
to take technology innovations and coordinated de-
velopments in the domain of new infrastructure and
architecture to accomplish the total network revolu-
tion (Agyapong et al., 2014; IMT-2020(5G) Promo-
tion Group, 2015a).

The present telecommunication infrastructure is
constructed on a dedicated hardware platform. By
introducing information technology and virtualization
technology, the 5G network will have a brand new
infrastructure platform with industrial standard
hardware to overcome the shortage of legacy infra-
structure platforms which have high cost, inflexible
resource configurations, and a long development time
to market. For the architecture, concepts like ‘control
and forwarding separation’ and ‘control function
reconstruction’ are considered the basic direction of
architecture innovation (IMT-2020(5G) Promotion
Group, 2015a). The new 5G network architecture is
constituted by a high performance access network,
simplified yet with efficient core network control and
forwarding function, to meet the complex 5G scenario
requirements, to support smart operation, to expose
network capacities to third parties, and to promote
end-to-end network services. Based on this novel
architecture, related key networking technologies are
involved including SDN, NFV, mobile edge compu-
ting (MEC), network slicing, decoupling of control
and forwarding plane, control functions reconstruc-
tion, new connection, and mobility management
(Wang CX et al., 2014; Chen et al., 2015b; Wang HC
et al., 2015, 2017).

MEC is a capability that provides IT service and
cloud computing to mobile users at the closest posi-
tion. It pushes content delivery capabilities to the
places near the user, e.g., edge of the base station, to
deploy the application, service, and content in a
highly distributed environment, so that it can excel-
lently meet the low latency and high bandwidth re-
quirements in 5G. As an emerging technology, MEC
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faces a lot of challenges, such as collaboration, secu-
rity, mobility, and charging.

Network slicing is an efficient way to realize
on-demand networking. The 5G network physical
infrastructure is virtualized into several parallel net-
work slices according to the scenarios. Each network
slice can tailor its network functions and orchestrate
its network resources based on the scenario require-
ments and the traffic pattern. A network slice can be
seen as an instance of the 5G network. The operator
can further divide the virtualized network resources
and create sub networks inside a network slice. As
shown in Fig. 3, one network can support one or
several end-to-end (E2E) network slices, and a net-
work slice can provide the functionality of a complete
network, including radio access network functions
and core network functions (e.g., potentially from
different vendors).

Control function reconstruction is to divide the
control plane functions into independent modules
with different control logics, in which case these
modules can be composed to form specific network
control planes for different scenarios. These address
the existing problems of the current core network,
where the control functions are redundant, the number
of the network interfaces is large, and the work on
standardization is time-consuming. Differentiated
network features can be delivered by combing dif-
ferent modules to meet the demand for the network
diversity in the 5G era.

4 5G standardization and technology trial
4.1 5G standardization

Many organizations have been involved in 5G,
such as ITU, 3GPP, and NGMN.

Network architecture for E2_E_[1_etwork slices
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ITU: ITU started the preparation work for 5G in
the early 2010s and issued files such as IMT.trend
(ITU-R, 2014) and IMT.vision (ITU-R, 2015). Also,
ITU named 5G officially IMT-2020. Afterwards, ITU
prepared 5G technical collection and technical eval-
uation, expecting to issue the collection satisfying all
requirements as a 5G standard on the 36™ Meeting of
ITU-R WP5D in 2020.

3GPP: 3GPP approved some 5G-related study
items even in release 13, such as channel modeling
and 5G requirements. Then 3GPP launched the 5G
NR work from a study item in release 14, followed by
work items in release 15 and further. According to the
planning for release 15 by 3GPP, the 5G standard is
divided into non-standalone (NSA) and standalone
(SA) parts. To meet the deployment plan of some
operators, 5G NSA froze at the end of 2017, earlier
than the scheduled freeze date. It gives a transitional
solution, which is dual-connected using LTE and 5G
NR to deploy 5G in the existing LTE network. As
there is no independent signaling plane, 5G NSA aims
mainly at improving hotspots. Compared with 4G, 5G
NR brings a lot of changes, such as much wider
bandwidth up to 400 MHz, scalable sub-carrier
spacing with nx2", flexible frame structure with var-
iable numerologies, LDPC and polar coding, massive
MIMO, millimeter wave, and split of the control unit
and distributed unit.

Since present 5SG NR lays mainly the ground-
work for eMBB, more enhancements are needed
subsequent to release 15. Among them, V2X repre-
sents an important feature for URLLC. As shown in
Fig. 4, LTE V2X is regarded as phase 1 of 5G cellular
V2X (C-V2X). Phase 2 is the present work in release
15, including LTE eV2X work item and V2X evalua-
tion study item. Phase 3 will be future work in release
16 and beyond. Potential work may include NR
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Fig. 3 Illustration of network slicing
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V2X and its enhancement. For those 25 use cases
identified in System Architecture Working Group 1
(SA1), each case supporting Uu and sidelink opera-
tion for NR V2X, the framework of the newly pro-
posed NR V2X study item is thus expected to include
NR Uu enhancement and NR sidelink. LTE V2X and
NR V2X will coexist to target their respective appli-
cations; e.g., LTE V2X will be used for the basic
safety services, while NR V2X will be used for addi-
tional use cases.

WI: 3GPP

(phase 2)

Fig. 4 3GPP C-V2X standard time plan

5G SA will freeze in June 2018, and it will form
aunified 5G NR standard supporting independent and
non-independent networking. It will satisfy both
eMBB and URLLC scenarios, laying out the founda-
tion for the establishment of a globally standardized
5G ecosystem. To obtain a final version satisfying all
the requirements defined by the ITU, further en-
hancement should be done for 5G NR in 3GPP release
16. Topics under discussion include air interface en-
hancement, MIMO enhancement, unlicensed use,
relay, non-orthogonal multiple access, C-V2X, posi-
tioning enhancement, terminal energy saving, Indus-
trial Internet of Things (I1oT), and big data collection
and utilization.

Besides ITU and 3GPP, organizations like
NGMN and GSMA started their discussions on 5G
around 2015, and issued a series of white papers
(NGMN Alliance, 2015).

4.2 5G frequency management

As described above on key technologies, 5G will
work on both LF bands of below 6 GHz and HF bands
of 6-100 GHz, to satisfy the data rate related re-
quirements. For LF bands, an early estimation from
the ITU shows that the total spectrum requirements of

1340-1960 MHz were seen for the IMT system to-
wards 2020. Excluding the already allocated or iden-
tified spectrum, an additional bandwidth of up to
1 GHz was required. However, for HF bands, above
10 GHz bandwidth will be needed to support the
20 Gbps peak data rate and wide application in ver-
ticals. For example, IMT-2020(5G) PG in China es-
timated a demand of 808-1078 MHz for LF bands
and 14-19 GHz for HF bands.

For WRC-15 and item 1.13 of WRC-19, a series
of candidate frequencies was suggested. These fre-
quencies are being intensely discussed and coordi-
nated in the ITU. Table 3 shows the current planned
LF and HF bands from 5G major organizations.

Table 3 Suggested frequency bands for SG from major
organizations in different countries and regions

Country/Region LF band HF band
EU L band, 24.25-27.5 GHz,
3.4-3.8 GHz 31.8-33.4 GHz,
40.5-43.5 GHz
USA UHF band 27.5-28.35 GHz,
37-40 GHz,
66-71 GHz
Japan 3.6-3.8 GHz, 27.5-29.5 GHz
4.4-49 GHz
South Korea 3.4-3.7 GHz 26.5-29.5 GHz
China 3.3-3.6 GHz, 24.25-27.5 GHz,
4.8-5.0 GHz 37-42.5 GHz

4.3 5G technology trial

Different from previous generations, the 5G
technology trial was conducted early in the same
period as 5G standardization to serve as a guide to the
standard. As shown in Table 4, major organizations
have issued their 5G testing or commercial plan,
making a huge investment to invite international
vendors and operators to attend. Among them, China
is leading the world’s first and fastest 5G technical
tests, and the Chinese government has released a 5G
frequency plan to speed up 5G application, and also
opened C-V2X pilot areas to speed up LTE V2X
application.

4.4 5G roadmap

A consensus roadmap for 5G is shown in Fig. 5.
From the standards aspect, we have an initial 5G NSA
standard by 2017, and will further have an initial 5G
SA standard in the middle of 2018. We will then ex-
pect a complete 5G standard from 3GPP in 2019 and
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even an approved 5G version from the ITU around
2020. Simultaneously, from the industry aspect, we
have witnessed the 5G R&D trial on key technologies
and technology schemes in typical scenarios by 2017,
may further witness the 5G R&D trial on the system
and the 5G R&D product trial this year, and then
expect 5G pre-commercial and even a commercial
network towards 2020.

Table 4 5G test and commercial plans from major or-
ganizations in different countries and regions

Country/Region Test and commercial plans

EU Investing €1.4 billion on SGPPP projects

Planning to conduct 5G scale tests in
2018 to verify 5G standards

Alocal 5G standard was led by Verizon
in mid-2016

Released frequency in 2016 and planned
to spend $400 million in the next seven
years to build a pilot 5G network in
four cities

Carrying out 5G technology trials with
leading operator NTT DoCoMo

Planning to offer formal 5G commercial
services ahead of the 2020 Summer
Olympics

Released its 5G national strategy in 2017

Planning to launch a pre-commercial 5G
trial at the 2018 Winter Olympics and
then commercialize at the end of 2020

Led the 5G trial since the plan was issued
in 2016

Preparing for 5G networking in 2018

USA

Japan

South
Korea

China

| 2015 | 2016 | 2017 | 2018 | 2019 | 2020 |
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Fig. 5 5G roadmap

5 5G eco-industry with IC opportunity and
challenges

Since 5G 1is in the critical period of standards
formation and industrialization, all major countries
regard 5G as a high priority area of development in

their national digital strategies, and have thus
strengthened their industrial layout and shaped new
competitive positions. As shown in Fig. 6, the 5G
industry development chain not only includes mobile
communications itself as traditional paths, but also
brings new industrial areas such as integrated circuits
(IC), information safety, and all kinds of vertical ap-
plications. 5G will be combined with innovative
technologies such as robots, unmanned aerial vehicles
(UAV) and drones, artificial intelligence, virtual re-
ality, and automatic drive to improve existing indus-
trial levels, and to create new industries and formats,
to trigger the information revolution, and to build the
infrastructure of the digital economy as a general
technology like traditional water supply or power
supply. In particular, it is worth mentioning that 5G
will stimulate vertical industry applications such as
car networking, UAV networking, mobile healthcare,
and industrial Internet, given its superior performance
of ultra-high reliability and ultra-low latency.

With this new ecosystem, a nation’s digital
economy will increase to a new level. For example, in
the prediction report IMT-2020(5G) Promotion
Group (2017) in China, 5G may bring a direct con-
tribution of 3.3 trillion CNY to the economy in 2025,
and even 6.3 trillion CNY in 2030.

Create high level mobile communications industry chain
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Fig. 6 Industrial layout of the 5G ecosystem

Related IC is a critical layer of the 5G ecosystem.
Thanks to the fast development of the mobile com-
munication industry, the smart phone has surpassed
personal computer (PC) as the largest application
market for global semiconductor business. Since
different terminals and base stations will be produced
because of a variety of scenarios like eMBB, mMTC,
and URLLC, 5G OEM will bring a market at least
several times larger than the 4G market to IC industry.

Different terminals need different chips with
different requirements and roadmaps. For example,
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eMBB chips guarantee high performance for smart
phone terminals, especially supporting virtual reality
(VR) applications. Seldom can companies offer more
than 10 tera operations per second (TOPS) flexible
computing with less than 1 W power consumption.
The chips for URLLC require ultralow latency, high
reliability, fault tolerance, and security with a rela-
tively long life cycle. Lower latency equals higher
performance. For example, if baseband modem la-
tency requirement is from 10 ms down to 1 ms, its
requirement on computing performance will be 10
times higher. For mMTC chips, low price, low power,
and long battery life are essential requirements. Most
mMTC chip suppliers will be out if they cannot offer
huge volume, low price, and other requirements at the
same time.

Another group of challenges is from the RF
transceiver (including both ICs and passive compo-
nents) and mixed circuit (analog-to-digital converter
and digital-to-analog converter) when carrier fre-
quencies are higher than 20 GHz and the baseband
bandwidth is up to 1 GHz. One example is the control
on chip price and power consumption. Another ex-
ample is the noise and jitter control for an ultra-wide
band RF transceiver when the carrier frequency is
more than 40 GHz.

To summarize, for the coming 5G, the require-
ments including at least high data rate, high frequency,
high bandwidth, low latency, high reliability, ultra
high number of connections, and low power con-
sumption will bring new challenges for the IC indus-
try. The first challenge will be the huge initial in-
vestment and simultaneously low shipment volume
when introducing the eMBB chips to market. The
second challenge will be to customize vertical appli-
cations and fragments in application scenarios for
mMTC chips. The third challenge will be the mix of
high reliability and security, as well as ultralow
computing latency with limited price for the Indus-
trial Internet and Internet of Vehicles in URLLC
chips.

6 5G progress in China
5G was given high priority in China. To push

forward 5G, several organizations were involved.
Among them, IMT-2020(5G) PG is the official 5G

organization launched jointly by three ministries in
China including the MIIT, Ministry of Science and
Technology, and Reform Commission. It coordinates
5G promotion from the viewpoints of research,
standards, technical trials, industry layout, project
planning, international cooperation, etc. Future Fo-
rum also launched a 5G working group and offered a
series of technical white papers every year. As a na-
tional standards organization, China Communication
Standard Association (CCSA) has been engaged in
preparing 5G standards documents. In addition, re-
lated vertical alliances like the Alliance of Industrial
Internet (AIl) and Internet of Vehicles Alliance
(IOVA) show much interest in 5G.

IMT-2020(5G) PG has been hosting 5G summits,
which showcase 5G progress, every year. For exam-
ple, in 2014, 5G vision and requirements were re-
leased. In 2015, 5G concept and 5G key technologies
including wireless and network architectures were
released. In 2016, a 5G trial working group was es-
tablished and the technology trial plan issued. In 2017,
a C-V2X working group was established and pilot
areas built for LTE V2X. In 2018, the original re-
quirement working group has been changed to an
application working group, aiming to push 5G typical
applications in vertical industry. Also, guided by the
four ‘5’ policy (5G at 5 cities with 50 base stations
and 5 hundred users) from the China Reform Com-
mission, operators in China are building 5G scale
networks, preparing for pre-commercialization and
commercialization.

6.1 5G contributions on standards from China

Considerable contributions have been made by
the IMT-2020(5G) PG of China.

In the ITU, the name IMT-2020 was suggested
by China. The vision specifying three typical sce-
narios and eight requirements was originated from a
white paper of IMT-2020(5G) PG (2014). In this
paper, four typical detailed scenarios were defined
and a ‘blooming flower’ for 5G requirements was
exhibited. Six petals represent performance require-
ments and three leaves represent efficiency require-
ments. In addition, in the issued white papers formu-
lating 5G wireless technology and 5G network ar-
chitecture (IMT-2020(5G) Promotion Group, 2015a,
2015b), enormous enabling technologies have been
accepted by the ITU report IMT.trend (ITU-R, 2014).
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Further, China is currently taking charge of the 5G
evaluation work in the ITU.

In 3GPP, Chinese companies take active roles in
5G NR, especially on important features such as
massive MIMO, NOMA, UDN, V2X, and serving
network architecture. For example, Datang Telecom
Group has been the co-reporter of massive MIMO.
Datang launched the world’s first and largest 256
element (128 channels) massive MIMO system in
2016, and achieved a 4-Gbps peak data rate. Datang,
Huawei, and ZTE proposed specific NOMA tech-
nologies (PDMA, SCMA, MUSA), which are ex-
pected to become important technology solutions to
5G massive connection scenarios. Also, ZTE and
Datang are leading the NOMA SI in release 15. In
addition, Huawei and other Chinese companies suc-
cessfully pushed polar code to become the control
channel coding scheme of 5G NR. China Mobile and
other Chinese companies are jointly leading the 5G
requirement formations and also promoting the
service-oriented architecture into the control plane
architecture of the 5G core network. Furthermore,
Datang, Huawei, and other Chinese companies are
promoting LTE V2X technology and verifying them
with the automotive industry in pilot areas including
Shanghai, Chongqing, and Beijing.

In 3GPP, at least one third of the proposals, re-
ports, and standards documents for 5G came from
Chinese companies.

6.2 5G technical tests and field trials in China

From 3G TD-SCDMA to 4G TD-LTE, China
became a key member of the global mobile commu-
nication society. A cooperative promotion mechanism
has been well established among Chinese universities,
research institutes, and industry companies, and the
mechanism works well. As shown in Fig. 7, this co-
operative promotion mechanism usually goes on over
a five-year period and is divided into two phases,
technology R&D trial and product field trial, with
three steps for each phase. Guided by MIIT, the
technology R&D trial phase includes tests of key
technologies, technology schemes, and systems.
Promoted by operators, the OEM product field trial
phase includes small-scale, lager-scale, and pre-
commercial trials.

IMT-2020(5G) PG of China has planned and is
executing the five-year plan of the 5G test from 2016

to 2020. The objectives of the 5G test are to promote
the R&D of 5G key technologies, technical solutions,
and global unified standards, to accelerate the devel-
opment of 5G products and to build a 5G ecosystem.

scheme

Technology R&D ftrial

scale commercial

Product field trial

Fig. 7 Cooperative promotion scheme for mobile com-
munications in China

To support 5G technology R&D, the National
High-Tech R&D Program (863) of China supported
two issues covering totally 20 projects on 5G research.
Also, among the projects supported by the National
Science and Technology Major Project (No.3) in
China over the past years, more than half are 5G
projects, in the fields of wireless technology, network
and service, and key equipment/modules/platforms.
The 5G wireless system prototypes, UE prototypes,
and network prototypes resulting from these projects
meet the time schedule of 5G trials in China.

By the end of 2017, IMT-2020(5G) PG of China
had finished two steps of the first-phase 5G trial or-
ganized by MIIT. The first two steps focus mainly on
sub-6 GHz frequency bands and the eMBB scenario,
including part of considerations of mMTC and
URLLC scenarios. The first trial step conducted in
2016 and totaling 10 enabling technologies were
tested, including massive MIMO, NOMA, UDN,
advanced coding, network slicing, and MEC. The
second trial step conducted in 2017 and all 5G re-
quirements specified by the ITU have been imple-
mented. Here we show part of the exciting trial results:
in sub-6 GHz bands the cell peak data rate exceeds 10
Gbps@200 MHz bandwidth for eMBB, the traffic
density is much higher than 10 Mbps/m” (e.g., Datang
reached 61 Mbps/m?) for a hotspot, the one-way air
interface delay can be less than 0.5 ms for URLLC,
and 600% access ability can be achieved with NOMA
for mMTC. All major international operators and
vendors participated in the trials in China, including
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China Mobile, China Telecom, China Unicom, NTT
Docomo, Huawei, Ericsson, ZTE, Datang, Nokia,
Samsung, Spreadtrum, Qualcomm, Intel, and MTK.

In January 2018, China launched the third-step
trial for system verification and the trial will be fin-
ished by the end of 2018. All companies will conduct
verifications using the standardized 5G versions. The
scaled trial for R&D products will start in July 2018,
and at least 100 sites will be set up in each city.
Products, networking, services, and user experience
will be tested before 2020. It is thus certain that China
will start 5SG massive commercial deployment in
2020.

7 Rethinking of 5G

The key technologies, standards progress, and
technical testing of 5G have been described in this
paper. We need to think deeply about the future of 5G.
The following shows our (re)thinking:

1. 5G is an era where everything is intercon-
nected.

The first generation (1G) to the fourth generation
(4G) focus on mobile communications between peo-
ple, while 5G goes far beyond that, not only on people
but also on physical things and cyber physical sys-
tems. 5G will be an era where everything is inter-
connected, and it has three major new characteristics,
i.e., big data, huge connectivity, and scenario expe-
riencing. The information society will be marked by
data and connectivity.

2. 5G is a software-defined era with ITnization.

5G is a new generation of mobile communica-
tions. Its technology will be characterized by deep
convergence of communication technology (CT) and
information technology (IT). It will be software de-
fined, with intelligence, and is a platform.

5G will be defined by software including SDN,
NFYV, and software-defined radio access interface. It
will thus make 5G network and radio access interface
programmable, and will lead to a 5G network easily
able to adopt a general hardware platform and general
software platform, and possibly to introduce or bring
in open source software.

3. 5G is an era of the Cloud closer to users.

The trend of 5G to be Cloud is characterized by
cloud RAN (C-RAN), MEC, and fog computing.

C-RAN means integrating multiple baseband
units (BBUs) to form a baseband processing pool
serving hundreds up to thousands of remote radio
units (RRUs). In this case, baseband processing will
be replaced by a cloud of virtual computing resource
with ultralow latency for the RAN.

MEC means that 5G will provide IT services,
and computing services will thus be closer to end users.
MEC will deploy applications, services, and contents
in a mobile distributed environment. Through local-
ized deployment, much more radio bandwidth re-
sources can be released, and offering all services in
real time will be possible.

5G terminals can also be clouded by introducing
fog computing. With the evolution of IC technologies,
the resources (including computing, memory, and
sensors) in terminals will be enhanced dramatically,
and these resources can also be shared, especially for
social network applications and vehicle networks.

4. 5G is an era of cellular structure revolution.

From 1G to 4G, mobile communication systems
are all based on a traditional cellular structure, com-
posed of hexagonal-like cells. The system is an in-
terference restricted system. By introducing UDN, 5G
will adopt more access points, such as home stations,
radio relays, micro-stations, and distributed antenna
systems. The network structure will be irregular,
with amorphous installation and overlapping cover-
age. The structure will become heterogeneous and
hierarchical.

In a 5G network, the traditional regular cellular
network will no longer exist, and a de-cellular con-
cept (Chen et al., 2016¢) will be introduced, which
starts a revolution of the structure.

8 Concluding remarks and future work

Thanks to a new opportunity offered by eco-
nomic growth, 5G has gained wide attention and is
developing very fast. As expected, 5G will bring un-
precedented changes to people’s daily life and even to
the whole society. The 5G NSA standard has been
formulated, and the SA standard will be formed in the
middle of 2018. The 5G trial has gone through the
technology R&D phase, and the product field trial is
in progress. Up to now, the 5G field trial networks
have all been focused on eMBB, and are very limited
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in mMTC and URLLC. So, field trials of mMTC and
URLLC should be carried out. The 5G industrial
ecosystem is at a building phase, and the involvement
of and cooperation with industry need to be
strengthened. 5G is finally expected to be large-scale
commercial in 2020.

With the rapid development of 5G, research on
what comes after 5G will be started gradually. There
have been some interesting topics in discussion by
academics and industry, for example, the application
of artificial intelligence and big data to make smart 5G,
high frequency communication in THz bands, satel-
lite and terrestrial integrated mobile communications,
and joint sensing and communication. It can be fore-
seen that a new 10-year generation of mobile com-
munications is coming.

Acknowledgments

We would like to thank Dr. Yue-min CAI from Datang
Telecom Group, Drs. Bo HU and Yan SHI from Beijing Uni-
versity of Posts and Telecommunications for their help in
preparing related materials, and Prof. Dake LIU from Beijing
Institute of Technology for his valuable comments and also
contribution on IC challenges.

References

3GPP, 2016a. Non-orthogonal multiple access candidate for
NR. R1-163992. Samsung.

3GPP, 2016b. RSMA. R1-164688. Qualcomm Incorporated.

Agyapong PK, Iwamura M, Stachle D, et al., 2014. Design
considerations for a 5G network architecture. /EEE
Commun Mag, 52(11):65-75.
https://doi.org/10.1109/MCOM.2014.6957145

Cai YL, Qin ZJ, Cui FY, et al., 2018. Modulation and multiple
access for 5G networks. IEEE Commun Surv Tutor,
20(1):629-646.
https://doi.org/10.1109/COMST.2017.2766698

Chen D, Qu DM, Jiang T, et al., 2013. Prototype filter opti-
mization to minimize stopband energy with NPR con-
straint for filter bank multicarrier modulation systems.
IEEE Trans Signal Process, 61(1):159-169.
https://doi.org/10.1109/TSP.2012.2222397

Chen SZ, Zhao J, 2014. The requirements, challenges, and
technologies for 5G of terrestrial mobile telecommunica-
tion. IEEE Commun Mag, 52(5):36-43.
https://doi.org/10.1109/MCOM.2014.6815891

Chen SZ, Sun SH, Wang YM, et al., 2015a. A comprehensive
survey of TDD-based mobile communication systems
from TD-SCDMA 3G to TD-LTE(A) 4G and 5G direc-
tions. China Commun, 12(2):40-60.
https://doi.org/10.1109/CC.2015.7084401

Chen SZ, Zhao J, Ai M, et al., 2015b. Virtual RATs and a
flexible and tailored radio access network evolving to 5G.

IEEE Commun Mag, 53(6):52-58.
https://doi.org/10.1109/MCOM.2015.7120045

Chen SZ, Zhang P, Tafazolli R, 2016a. Enabling technologies
for beyond TD-LTE-Advanced and 5G wireless com-
munications. China Commun, 13(6):iv-v.
https://doi.org/10.1109/CC.2016.7513197

Chen SZ, Sun SH, Gao QB, et al., 2016b. Adaptive beam-
forming in TDD-based mobile communication systems:
state of the art and 5G research directions. IEEE Wirel
Commun, 23(6):81-87.
https://doi.org/10.1109/MWC.2016.1500105WC

Chen SZ, Qin F, Hu B, et al., 2016c¢. User-centric ultra-dense
networks for 5G: challenges, methodologies, and direc-
tions. IEEE Wirel Commun, 23(2):78-85.
https://doi.org/10.1109/MWC.2016.7462488

Chen SZ,Hu JL, Shi Y, etal.,2016d. LTE-V: a TD-LTE-based
V2X solution for future vehicular network. /EEE Internet
Things J, 3(6):997-1005.
https://doi.org/10.1109/JI0T.2016.2611605

Chen SZ, Ren B, Gao QB, et al., 2017a. Pattern division mul-
tiple access—a novel nonorthogonal multiple access for
fifth-generation radio networks. IEEE Trans Veh Technol,
66(4):3185-3196.
https://doi.org/10.1109/TVT.2016.2596438

Chen SZ, Hu JL, Shi Y, et al., 2017b. Vehicle-to-everything
(v2x) services supported by LTE-based systems and 5G.
IEEE Commun Stand Mag, 1(2):70-76.
https://doi.org/10.1109/MCOMSTD.2017.1700015

Chen Y, Bayesteh A, Wu YQ, et al., 2018. Toward the stand-
ardization of non-orthogonal multiple access for next
generation wireless networks. IEEE Commun Mag, 56(3):
19-27. https://doi.org/10.1109/MCOM.2018.1700845

Dai LL, Wang BC, Yuan YF, et al., 2015. Non-orthogonal
multiple access for 5G: solutions, challenges, opportuni-
ties, and future research trends. IEEE Commun Mag,
53(9):74-81.
https://doi.org/10.1109/MCOM.2015.7263349

Ding ZG, Lei XF, Karagiannidis GK, et al., 2017. A survey on
non-orthogonal multiple access for 5G networks: research
challenges and future trends. /[EEE J Sel Areas Commun,
35(10):2181-2195.
https://doi.org/10.1109/JSAC.2017.2725519

Ge XH, Tu S, Mao GQ, et al., 2016. 5G ultra-dense cellular
networks. I[EEE Wirel Commun, 23(1):72-79.
https://doi.org/10.1109/MWC.2016.7422408

IMT-2020(5G) Promotion Group, 2014. 5G vision and re-
quirements. White Paper.

IMT-2020(5G) Promotion Group, 2015a. 5G network tech-
nology architecture. White Paper.

IMT-2020(5G) Promotion Group, 2015b. 5G wireless tech-
nology architecture. White Paper.

IMT-2020(5G) Promotion Group, 2017. 5G economic and
social impact. White Paper.

ITU-R, 2014. Future technology trends of terrestrial IMT
systems. [TU-R M.2320-0.



Chen and Kang / Front Inform Technol Electron Eng 2018 19(3):309-321 321

ITU-R, 2015. IMT vision—framework and overall objectives
of the future development of IMT for 2020 and beyond.
ITU-R M.2083-0.

Larsson EG, Edfors O, Tufvesson F, et al., 2014. Massive
MIMO for next generation wireless systems. [EEE
Commun Mag, 52(2):186-195.
https://doi.org/10.1109/MCOM.2014.6736761

Marzetta TL, 2010. Noncooperative cellular wireless with
unlimited numbers of base station antennas. /EEE Trans
Wirel Commun, 9(11):3590-3600.
https://doi.org/10.1109/TWC.2010.092810.091092

NGMN Alliance, 2015. NGMN 5G white paper.

Nikopour H, Baligh H, 2013. Sparse code multiple access.
Proc 24" Int Symp on Personal Indoor and Mobile Radio
Communications, p.332-336.
https://doi.org/10.1109/PIMRC.2013.6666156

Qi XT, Wu N, Huang H, et al., 2017. A factor graph-based
iterative detection of faster-than-Nyquist signaling in the
presence of phase noise and carrier frequency offset. Dig
Signal Process, 63:25-34.
https://doi.org/10.1016/j.dsp.2016.12.011

Takahashi H, 2016. Study on new radio access technology—
physical layer aspects. 3GPP Report TR38.802.

Tian KD, Liu RK, Wang RX, 2016. Joint successive cancella-
tion decoding for bit-interleaved polar coded modulation.
IEEE Commun Lett, 20(2):224-227.
https://doi.org/10.1109/LCOMM.2015.2514279

Vakilian V, Wild T, Schaich F, et al., 2013. Universal-filtered
multi-carrier technique for wireless systems beyond LTE.
Proc IEEE Globalcom Workshop, p.223-228.
https://doi.org/10.1109/GLOCOMW.2013.6824990

Wang CX, Haider F, Gao XQ, et al., 2014. Cellular architec-
ture and key technologies for 5G wireless communication
networks. [EEE Commun Mag, 52(2):122-130.
https://doi.org/10.1109/MCOM.2014.6736752

Wang HC, Chen SZ, Xu H, et al., 2015. SoftNet: a software
defined decentralized mobile network architecture toward
5G. IEEE Network, 29(2):16-22.
https://doi.org/10.1109/MNET.2015.7064898

Wang HC, Chen SZ, Ai M, et al., 2017. Localized mobility
management for 5G ultra dense network. /EEE Trans Veh
Technol, 66(9):8535-8552.
https://doi.org/10.1109/TVT.2017.2695799

Wunder G, Jung P, Kasparick M, et al., 2014. SGNOW: non-
orthogonal, asynchronous waveforms for future mobile
applications. /EEE Commun Mag, 52(2):97-105.
https://doi.org/10.1109/MCOM.2014.6736749

Yuan ZF, Yu GH, Li WM, et al., 2016. Multi-user shared
access for Internet of Things. Proc 83™ Vehicular Tech-
nology Conf, p.1-5.
https://doi.org/10.1109/VTCSpring.2016.7504361

Zhu M, Guo Q, Bai BM, et al., 2016. Reliability-based joint
detection-decoding algorithm for nonbinary LDPC-coded
modulation systems. /[EEE Trans Commun, 64(1):2-14.
https://doi.org/10.1109/TCOMM.2015.2487454



