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T
he evolution of modern cellular communications has been marked by a series of technology 

generations. Although the technology itself tends to evolve continuously, a new generation 

of standards marks a revolutionary step forward, with a substantial increase in system 

requirements to drive fundamentally new applications. With fourth-generation (4G) networks 

now widely deployed, the industry has turned its sights on “the next big thing.” Fifth-generation 

(5G) networks are expected to enable a seamlessly connected society in the time frame beyond 

2020 for both people and things, including vehicles, homes, smart cities, sensor networks, 

and the power grid. While the Long-Term Evolution (LTE) standard will continue to evolve and 

play a critical role in the wireless ecosystem, 5G represents an opportunity to architect a new 

system that is fundamentally different without the constraint of backward compatibility with 

existing technologies. 

communications (URLLC) use case [5]. Lastly, to 

further improve spectral efficiency, full-duplex 

transmission schemes have been proposed, 

potentially allowing the same time-frequency 

resources to be used for uplink and downlink 

transmissions simultaneously [6].

 Virtualization: Software-Defined Networking 

(SDN) and Network Function Virtualization 

(NFV) are two key architecture concepts in de-

velopment to support the flexibility and mobility 

demands of the 5G network infrastructure [7, 8, 

9]. Virtualization of network functions, which 

were traditionally implemented in hardware, 

will pave the way for commercial telecom-

munications operators and service providers 

to introduce new features and integrate new 

standards releases at an accelerated rate. NFV 

enables providers to move toward a decentral-

ized network to increase flexibility, pushing core 

functions toward the edge to reduce latency, and 

virtualizing those functions on cloud-based serv-

ers. The proposed Cloud Radio Access Network 

(C-RAN) architecture, a specific use case of NFV 

applied to the RAN, uses a pooled architecture of 

baseband resources to increase scalability, physi-

cal layer flexibility, and spectral efficiency [7, 10].

 Millimeter Wave (mmWave) Communications: 

The term mmWave refers to carrier frequen-

cies in the International Telecommunication 

Union (ITU) extremely high-frequency (EHF) 

band, from 30 to 300 GHz. Within the context 
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What is 5G?

Although there are as yet no standards for 5G mobile 

networks, a number of key technology trends have 

emerged. This article describes seven major technol-

ogy trends that will pave the way to the next genera-

tion of 5G networks.

 New Flexible Radio Access Technology (RAT): 

A new, non-backward-compatible RAT will be 

defined for 5G that is distinct from previous 

generations, such as 4G LTE and its evolution. 

New multiple access schemes under consid-

eration include various modified Orthogonal 

Frequency-Division Multiplexing (OFDM)-

based solutions with improved spectral effi-

ciency. The new RAT must be flexible enough to 

accommodate a variety of traffic types with often 

conflicting radio requirements. The concept of a 

unified air interface has been proposed for mul-

tiplexing multiple physical layer (PHY) regions 

with different characteristics [e.g., transmis-

sion time interval (TTI), subcarrier spacing] 

on a contiguous block of spectrum [1, 2, 3]. 

Spectrum for the new RAT will include existing 

bands below 6 gigahertz (GHz), as well as new 

centimeter-wave (cmWave) and millimeter-wave 

(mmWave) bands in the 6- to 100 GHz range 

[4]. The new RAT must also support significantly 

reduced latency, with as low as 100 microsec-

ond (μs) transmission time interval (TTI) at 

the PHY for the ultra-reliable and low-latency 
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of 5G, the term has recently been loosely used 

by industry to refer to the higher frequencies 

from 6 to 100 GHz that are under consideration 

for new mobile spectrum [11, 12]. mmWave 

technologies are becoming an increasingly at-

tractive solution to the problems of frequency 

reuse, cell density, raw data throughput, and 

antenna array size. This has led to a synergy 

between mmWave, small cell deployments, 

and massive multiple-input, multiple-output 

(MMIMO) techniques [13, 14].

 Massive Multiple-Input, Multiple-Output 

(MMIMO) Techniques: MMIMO is a new concept 

in antenna arrays that provides a number of ad-

vantages over traditional MIMO arrays currently 

deployed in 4G networks. Traditional MIMO 

arrays use only a few antenna elements (i.e., 2 

to 16), whereas MMIMO uses a large number 

of elements in the array, currently consider-

ing a range of 128 to 512 at a minimum. Highly 

directional beamforming to multiple users 

simultaneously allows for increased user density 

and higher aggregate cell throughput [15]. So-

called hybrid MMIMO has also been proposed; 

it combines beam steering with array process-

ing techniques, such as spatial multiplexing, to 

increase single-user throughput [16].

 Heterogeneous Networks (HetNets): HetNets 

expand the mobile access network capacity 

by coordinating small cells with larger macro 

cells or offloading traffic to wireless local area 

network (WLAN) access points. There are two 

types of heterogeneity: 1) various cell sizes (e.g., 

macro, pico, femto) and 2) heterogeneous RATs 

[e.g., third-generation (3G), 4G, 5G, WLAN]. 

Small cells may include femto, pico, and micro 

cells, which can range in capacity from less than 

10 to several hundred simultaneous active users. 

While HetNet deployments have already been in-

troduced in 4G networks, network densification 

through the aggressive deployment of small cells 

is expected to increase significantly in future 

5G networks [17, 18].

 Native Machine-Type Communications (MTC) 

Support: 5G networks are expected to incorpo-

rate a new model for connectivity specifically 

designed for MTC [19]. With the significant 

increase in connected machines over the last 

several years, a new 5G standard is seen as a 

prime opportunity to ensure new RATs can ef-

ficiently support a large number of connected 

devices with their own unique access constraints. 

Two categories of MTC are discussed: 1) general 

MTC and 2) vehicle-to-everything (V2X) MTC. 

General MTC devices have a few unique design 

and deployment considerations—namely, lower 

bandwidth needs, stringent power budgets, and 

relaxed latency requirements. V2X MTC devices, 

in contrast, require low-latency communications, 

out-of-coverage networks, and limited operation 

on a subscription-free basis [20].

 Device-centric Architectures: New network 

architectures will focus on a uniform quality of 

experience (QoE) for the user device, in contrast 

to traditional base-station-centric architectures. 

A number of new device-centric approaches are 

under consideration: decoupling the user plane 

and control plane, decoupling the uplink and 

downlink, and device-to-device communications 

[4, 21]. Another novel proposal is the user-cen-

tric cell or virtual cell model, which uses distrib-

uted beamforming and decoupled user/control 

planes to create a virtual cell around each user [2, 

3]. Because the virtual cell follows the user, QoE 

variations are reduced and the cell-edge problem 

is mitigated. New device-centric architectures 

may significantly alter the traditional concept of 

cell handovers or eliminate it entirely.

Many of these technologies are already being added 

to the evolution of existing technologies beyond 4G, 

such as LTE-Advanced Pro [22]. 

In 2015, there was a significant increase in industry 

activities surrounding 5G networks. Major standards 

bodies, including the ITU and the Third-Generation 

Partnership Project (3GPP), reached important mile-

stones in the early development of the eventual 5G 

standards. In September, the ITU published its vision 

for 5G networks [19]. The vision for International 

Mobile Telecommunications for 2020 and beyond 

(IMT-2020) defines three future-looking, high-level 

use cases for 5G:

 Enhanced Mobile Broadband (eMBB): This is 

generally a human-centric use case driven by 

the exponential increase in demand for mobile 

access to multimedia content, services, and data. 
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The eMBB use case will come with new appli-

cation areas and requirements that go beyond 

existing mobile broadband applications for 

improved performance and increasingly seam-

less user experience. This use case covers a range 

of scenarios, including wide-area coverage and 

localized high-throughput spot coverage, which 

will have different requirements.

 Massive Machine-Type Communications 

(mMTC): This use case is characterized by a large 

number of connected devices typically transmit-

ting a relatively low volume of nondelay-sensitive 

data. Devices are intended to be low cost and 

have a very long battery life.

Ultra-Reliable and Low-Latency 

Communications (URLLC): This use case is 

characterized by stringent requirements for 

latency, throughput, and availability. Examples 

include wireless control of industrial manu-

facturing processes, remote medical surgery, 

distributed smart grid automation, and transpor-

tation safety [e.g., vehicle-to-vehicle (V2V) or 

FIGURE 1. 5G use cases as defined by ITU for IMT-2020 [19]. 

vehicle-to-everything (V2X) communication]. 

Many companies have referred to this use case 

as critical MTC (cMTC) or ultra-reliable MTC 

(uMTC). However, based on the ITU definition 

in [19], this use case is not strictly limited to 

MTC applications.

It is important to consider that the applications that 

will use 5G technology do not necessarily correspond 

to a single use case but are more accurately described 

as a combination of multiple use cases. Figure 1 il-

lustrates some examples of currently envisioned 5G 

applications and their relationship to these three 

IMT-2020 use cases [19]. Figure 2 illustrates eight key 

capabilities identified by ITU for IMT-2020 and their 

relative importance to the same three use cases [19]. 

Furthermore, additional future use cases are expected 

to emerge but cannot be accurately predicted (i.e., 

what will be the “killer app” in 2025?). Therefore, it is 

desired that 5G standards will provide the flexibility to 

adapt to new use cases.
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FIGURE 2. Eight key capabilities and their relative importance to 5G use cases [19]. 

5G Standardization

Development work toward 5G is well under way. 

Standards bodies are actively working on new 5G 

mobile technologies to be deployed in the 2020 time 

frame. This section summarizes the activities and 

corresponding 5G development timelines for three 

major standards bodies: ITU, 3GPP, and the Institute 

of Electrical and Electronics Engineers (IEEE).

Standardization in ITU

ITU is the United Nations agency responsible for pro-

moting worldwide improvement and rational use of 

information and communication technology. Its mem-

bers include industry, academia, and standards orga-

nizations from more than 190 member nations. The 

ITU Radiocommunication Sector (ITU-R) works to-

ward worldwide consensus in the use of terrestrial and 

space radiocommunication services, including mobile 

communication technologies. Although compliance 

with ITU-R recommendations is not mandatory, they 

nevertheless have a high degree of adoption worldwide 

and hold the status of international standards [23].

International Mobile 

Telecommunications framework

ITU-R Working Party 5D (WP 5D) is responsible for 

overall radio aspects of terrestrial mobile systems, re-

ferred to as International Mobile Telecommunications 

(IMT). The purpose of IMT is to provide high-quality 

mobile services with a high degree of interoperability 

worldwide. Since 2000, the ITU has developed the 

IMT standards framework in a manner that paral-

lels cellular generations from an industry perspective. 

Although ITU-R WP 5D defines the requirements for 

IMT, it does not develop the actual radio technolo-

gies. Rather, candidate radio technologies are submit-

ted for inclusion by external standards bodies, such 

as 3GPP and IEEE. For this reason, ITU-R WP 5D 

maintains strong cooperation with the major global 

standards bodies.
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The first family of standards derived from the IMT 

concept (IMT-2000) aligned with 3G cellular. Radio 

technologies accepted into IMT-2000 included 3GPP 

Wideband Code-Division Multiple Access (WCDMA), 

3GPP2 cdma2000, and IEEE 802.16 [i.e., Mobile 

Worldwide Wireless Interoperability for Microwave 

Access (WiMAX)]. The next generation of IMT stan-

dards (IMT-Advanced) aligned with 4G cellular. Radio 

technologies accepted into IMT-Advanced included 

3GPP LTE-Advanced and IEEE 802.16m [i.e., Wireless 

Metropolitan Area Network (WMAN)-Advanced].

Timeline for IMT-2020

In 2012, ITU embarked on a program to develop 

“IMT for 2020 and beyond,” setting the stage for 

emerging 5G research activities around the world. The 

program has since adopted the name IMT-2020 and 

forms the framework for the next generation of mobile 

broadband standards. The timeline for the develop-

ment of IMT-2020 is shown in figure 3 [24]. The IMT 

2020 timeline will essentially follow the same process 

used in the development of IMT-Advanced. 

FIGURE 3. Detailed timeline and process for IMT-2020 in ITU-R [24]. 

The IMT-2020 program is well under way, with a 

number of key milestones completed. In September 

2015, ITU published its vision of the 5G mobile 

broadband connected society [19]. This document 

defined three high-level use cases for 5G, described 

earlier in this article, which have already been widely 

adopted by 3GPP and industry in general. In the next 

phase, the 2016–2017 time frame, ITU-R WP 5D will 

define in detail the performance requirements, evalu-

ation criteria, and methodology for the assessment 

of the new IMT radio interfaces. It is anticipated that 

the time frame for proposals will be focused in 2018. 

In the 2018–2020 time frame, independent, external 

groups will evaluate proposals and the definition of 

the new radio interfaces to be included in IMT-2020 

will take place. ITU-R WP 5D also plans to hold a 

workshop in late 2017 to discuss the performance 

requirements and evaluation criteria for candidate 

technologies for IMT-2020, as well as to provide an 

opportunity for presentations by potential propo-

nents for IMT-2020 in an informal setting. The whole 

process is planned to be completed in 2020, when a 

new draft of the ITU-R recommendation with detailed 
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specifications for the new radio technologies will be 

submitted for approval within ITU-R [24].

Standardization in 3GPP

3GPP is the international standards body responsible 

for the development and maintenance of major sec-

ond-generation (2G), 3G, and 4G cellular standards. 

The purpose of the organization is to produce interop-

erable cellular communications standards, as well as 

studies and reports that define 3GPP technologies. The 

following technologies are currently maintained and 

evolved by 3GPP:

 Global System for Mobile Communications 

(GSM), General Packet Radio Service 

(GPRS), and Enhanced Data Rates for 

GSM Evolution (EDGE);

 Universal Mobile Telecommunications System 

(UMTS), WCDMA, High-Speed Packet Access 

(HSPA), and HSPA Evolution (HSPA+); and

 LTE, LTE-Advanced, and LTE-Advanced Pro.

These 3GPP technologies are constantly evolving 

through a series of backward-compatible releases. 

Since the completion of the first LTE and Evolved 

Packet Core (EPC) specifications, 3GPP has be-

come the focal point for mobile systems beyond 3G. 

Therefore, 3GPP is expected to be a critical player in 

the development of 5G, and their timeline will have 

a direct influence on the timeline of the emerging 

5G market.

3GPP is currently defining a new 5G RAT and 

corresponding network architecture. These are being 

developed within 3GPP under the working names 

“new radio (NR)” and “next-generation (NextGen) 

architecture,” respectively [25]. In October 2016, 3GPP 

announced that the new 3GPP system will officially 

be known by the name “5G” from Release 15 onward 

[26]. Some initial standardization steps that have been 

taken to date include the following:

 SMARTER study item: In March 2015, 3GPP 

Technical Specification Group (TSG) System 

Aspects (SA) began a study item on technol-

ogy enablers for new 5G services and markets, 

known as the SMARTER study item [27]. The 

objective of this study was to develop high-level 

use cases and identify the related high-level 

potential requirements to enable 3GPP network 

operators to support new services and markets 

in 5G. Phase 1 of the SMARTER study item was 

completed in March 2016; results are docu-

mented in 3GPP Technical Report (TR) 22.891 

to be included in Release 14 [28]. A total of 74 

use cases were identified. This work prompted 

four building block studies that grouped the use 

cases into families with common requirements: 

massive Internet of Things (IoT), critical com-

munications, eMBB, and network operation. 

The building block studies were completed in 

June 2016; results are documented in 3GPP TRs 

22.861, 22.862, 22.863, and 22.864 to be included 

in Release 14 [29]. The results of the SMARTER 

study will form the basis for a work item to de-

fine normative stage 1 requirements for the next-

generation 5G system. The work item is sched-

uled for completion in March 2017; results will 

be documented in 3GPP Technical Specification 

(TS) 22.261 to be included in Release 15 [29]. 

 Study item on channel model for frequency 

spectrum above 6 GHz: The first 5G study 

conducted by TSG RAN focused on developing 

new channel models to support high-frequency 

spectrum from 6 GHz to 100 GHz. The models 

consider a variety of scenarios including urban, 

rural, and indoor, as well as the impact of line-

of-sight (LOS) versus non-LOS (NLOS). The 

study was completed in June 2016, and results 

are documented in 3GPP TR 38.900 to be in-

cluded in Release 14 [30].

 Study item on architecture for next-generation 

system: In December 2015, 3GPP TSG SA ap-

proved a study item to design a system architec-

ture for the next generation of mobile networks. 

The new architecture will support at least the 

new 5G RAT(s), the evolution of LTE, and non-

3GPP access types and will minimize access de-

pendencies. The study considers new approaches 

such as NFV and network slicing. The study 

item was scheduled for completion in December 

2016; results will be documented in 3GPP TR 

23.799 to be included in Release 14 [31].

 Study item on scenarios and requirements 

for next-generation access technologies: In 

December 2015, 3GPP TSG RAN approved a 

study item to develop deployment scenarios 

and requirements of next-generation access 
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technologies. The study identifies 12 deployment 

scenarios that are more diverse than those origi-

nally envisioned for legacy RATs, such as LTE 

and its predecessors. It also identifies key perfor-

mance indicators (KPIs) and other requirements 

for 5G NR. The bulk of the study was completed 

in September 2016 to provide guidance to the 

ongoing technical work being performed in the 

RAN working groups. However, the study item 

will remain open until March 2017 to match the 

IMT-2020 timeline and ensure all IMT-2020 

requirements are captured. Final results are 

documented in 3GPP TR 38.913 to be included 

in Release 14 [32, 4].

 Study item on NR access technology: In March 

2016, 3GPP TSG RAN approved a study item to 

develop the 5G NR access technology capable 

of meeting the broad range of use cases defined 

for 5G. The study seeks to develop a single 

technical framework capable of addressing all 

FIGURE 4. Emerging 5G standardization timeline for 3GPP. (Figure is a composite from [34] and [35] that includes additional data 

from various sources.)

usage scenarios and requirements defined in TR 

38.913 for eMBB, mMTC, and URLLC, with an 

emphasis on forward compatibility. The study is 

scheduled for completion in March 2017; results 

will be documented in 3GPP TR 38.912 to be 

included in Release 14 [1].

5G standardization activities in 3GPP will continue 

through 2020 and beyond, as described next.

Emerging 3GPP standardization 

timeline

In March 2015, 3GPP announced a tentative stan-

dardization timeline for 5G based on the ITU work 

plan timeline for IMT-2020 [33]. Since then, a 

more detailed timeline has come into focus as study 

items have commenced and completed, and as the 

3GPP TSGs coordinate for the initial release of 5G. 

The timeline shown in figure 4 is a composite from 

multiple sources. 
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The initial 5G study items in TSG SA and TSG 

RAN commenced in 2015 and 2016, as described 

previously. These initial 5G study items will be in-

cluded in 3GPP Release 14. This work is carried out in 

parallel with ongoing LTE work. At the 3GPP plenary 

meeting in June 2016, the TSGs agreed on a work plan 

for the first release of 5G in 3GPP Release 15, includ-

ing a clear work division between the TSGs [25].

5G work items were scheduled to begin in 

December 2016 for TSG SA and March 2017 for TSG 

RAN. The Phase 1 5G work items will fall into Release 

15, with planned completion in June 2018. Additional 

5G study items will continue during Release 15 in 

support of Phase 2. Subsequently, the Phase 2 5G work 

items will fall into Release 16, which will be com-

pleted around December 2019 in time for the final 

submission to ITU for IMT-2020. Phase 1 commercial 

deployments are expected to begin in 2020, followed 

by Phase 2 deployments in the 2021–2022 time frame. 

However, early pre-5G mmWave deployments may 

emerge in limited markets, such as South Korea or the 

United States, before 2020. 

For example, Verizon Wireless has announced its 

plans to pilot a 28-GHz mmWave deployment in the 

United States for fixed wireless applications start-

ing in 2017 [36]. To support this effort, the Verizon 

5G Technology Forum (V5GTF)—an industry con-

sortium led by Verizon—published an open radio 

interface specification in July 2016 [37]. The Verizon 

specification uses an OFDM-based PHY similar to 

time-division LTE (TD-LTE) with enhanced beam-

forming for operation in 28 and 39 GHz mmWave 

spectrum. However, with the initial focus on fixed 

wireless, the first release does not support user mobili-

ty. The Verizon specification can be considered pre-5G 

in the sense that it supports new mmWave capabilities 

beyond 4G but does not address all the use cases and 

associated requirements for 5G. The Verizon specifica-

tion is expected to be incompatible with the eventual 

3GPP 5G standard, potentially leading to market 

fragmentation [38].

3GPP phased approach to 5G 

standardization

3GPP TSG RAN will take a two-phased approach 

to developing the new 5G RAT [35]. The Phase 1 

standard will define a new, non-backward-compatible 

5G RAT. A subset of prioritized features and use 

cases will be addressed in Phase 1 to allow for early 

commercial deployments targeted for the year 2020. 

The Phase 2 standard will implement the full set of 

features and use cases necessary to meet the require-

ments for 5G. An initial proposal will be submitted 

to ITU as a candidate radio interface technology for 

IMT-2020 by the June 2019 submission deadline. The 

Phase 2 standard will later form the final submission 

around December 2019. The Phase 1 standard will 

be designed for forward compatibility with Phase 2 

[35]. Forward compatibility means that Phase 1 must 

be designed from the beginning to optimally accom-

modate all of the features and use cases expected to 

be added later in Phase 2, even though those features 

are not yet fully implemented. Although the forward-

compatibility requirement may sound straightforward, 

it represents a fundamental shift from the normal 

3GPP standardization process, which historically has 

focused on a series of backward-compatible releases.

While prioritization of features between the two 

phases has been a topic of much debate, it is clear that 

the 5G Phase 1 standard will support tight interwork-

ing with LTE to simplify initial rollout. The phased 

approach and tight interworking with LTE means that 

elements of the LTE system architecture may persist in 

5G deployments for some time to come. This implies 

that current and future work on LTE, LTE-Advanced, 

and LTE-Advanced Pro networks and technolo-

gies may have direct applicability to eventual 5G 

network deployments.

Standardization in IEEE

Initial 5G standards activities within the IEEE sug-

gest that they do not intend to be a direct competitor 

with organizations like 3GPP on the radio interface 

between the RAN and the user equipment. Instead, 

IEEE has begun developing complementary technolo-

gies to support other communications requirements 

within the 5G ecosystem. In 2016, IEEE established 

two new working groups related to 5G: IEEE 1914 and 

IEEE 1918. 

IEEE 1914 is the Next Generation Fronthaul 

Interface Working Group. This working group is cur-

rently developing two standards: the 1914.1 standard 
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for packet-based fronthaul transport networks and the 

1914.3 standard for radio over Ethernet encapsula-

tions and mappings [39, 40]. These standards focus on 

the fronthaul interface within the RAN between base-

band units (BBUs) and remote radio heads (RRHs) 

to support novel RAN architectures like C-RAN, and 

antenna techniques like MMIMO and coordinated 

multi-point (CoMP) transmission and reception. The 

projected completion dates for these standards are 

August 2018 for 1914.1 and October 2017 for 1914.3.

IEEE 1918 is the Tactile Internet Working Group. 

This working group is currently developing the 1918.1 

standard, which defines a framework for the Tactile 

Internet [41]. The purpose of this framework is to 

establish a basis for the rapid development of the 

Tactile Internet as a 5G and beyond application, with 

the expectation of additional IEEE 1918 standards to 

follow. The projected completion date for the 1918.1 

standard is October 2018.

With respect to IMT-2020, IEEE may seek to 

expand the role of WLAN in 5G as a complemen-

tary radio interface for next-generation HetNets. In 

September 2016, the IEEE 802.11 working group 

sent a liaison statement to 3GPP TSG RAN and 

TSG SA inviting them to consider the use of IEEE 

802.11-based WLAN in unlicensed spectrum as a 

complementary means of meeting the performance 

requirements of IMT-2020, potentially leading to 

inclusion in a joint submission to IMT-2020 [42]. This 

approach would be a logical extension of the increas-

ing level of interworking between LTE and WLAN 

in recent standards releases. WLAN is already widely 

used in 3GPP networks for high data rate offloading. 

Recent enhancements in radio-level interwork-

ing have increased the efficiency of these networks. 

Enhancements include LTE-WLAN Aggregation 

(LWA) and LTE WLAN Radio Level Integration 

with IPsec Tunnel (LWIP) in 3GPP Release 13, with 

further enhancements in 3GPP Release 14. Although 

3GPP declined to make a decision at the September 

2016 plenary meeting, the concept of a potential joint 

submission could represent a novel approach to IMT-

2020. In contrast, previous generations of IMT saw 

IEEE in competition with 3GPP, with the submission 

of the IEEE 802.16 WiMAX family of standards to 

IMT-2000 and IMT-Advanced as a direct competitor 

in the 3G and 4G markets.
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