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RECOMMENDATION  ITU-R  M.2083-0 

IMT Vision – Framework and overall objectives of the future  
development of IMT for 2020 and beyond 

(2015) 

Scope 

This Recommendation defines the framework and overall objectives of the future development of International 
Mobile Telecommunications (IMT) for 2020 and beyond in light of the roles that IMT could play to better 
serve the needs of the networked society, for both developed and developing countries, in the future. In this 
Recommendation, the framework of the future development of IMT for 2020 and beyond, including a broad 
variety of capabilities associated with envisaged usage scenarios, is described in detail. Furthermore, this 
Recommendation addresses the objectives of the future development of IMT for 2020 and beyond, which 
includes further enhancement of existing IMT and the development of IMT-2020. It should be noted that this 
Recommendation is defined considering the development of IMT to date based on Recommendation ITU-R 
M.1645.  

Keywords 
IMT, IMT-2020 

Abbreviations/Glossary 
ICT  Information and Communication Technology 
IMT  International Mobile Telecommunications 
IoT  Internet of Things 
M2M  Machine-to-Machine 
MIMO  Multiple Input Multiple Output 
QoE  Quality of Experience 
QoS  Quality of Service 
RAT  Radio access technology 
RLAN  Radio Local Area Network 

Related ITU Recommendations, Reports 
Recommendation ITU-R M.1645 – Framework and overall objectives of the future development of 

IMT-2000 and systems beyond IMT-2000 
Recommendation ITU-R M.2012 – Detailed specifications of the terrestrial radio interfaces of 

International Mobile Telecommunications Advanced (IMT-Advanced) 
Report ITU-R M.2320 – Future technology trends of terrestrial IMT systems 
Report ITU-R M.2370 – IMT Traffic estimates for the years 2020 to 2030 
Report ITU-R M.2376 – Technical feasibility of IMT in bands above 6 GHz 
Report ITU-R M.2134 – Requirements related to technical performance for IMT-Advanced radio 

interface(s) 
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The ITU Radiocommunication Assembly,  

considering 
a) that ITU has contributed to standardization and harmonized use of IMT, which has provided 
telecommunication services on a global scale; 
b) that technological advancement and the corresponding user needs will promote innovation 
and accelerate the delivery of advanced communication applications to consumers; 

c) that Question ITU-R 229/5 addresses further development of the terrestrial component of 
IMT and the relevant studies under this Question are in progress within ITU-R; 

d) that Recommendation ITU-R M.1645 defines the framework and overall objectives of the 
future development of IMT-2000 and systems beyond IMT-2000; 

e) that for global operation and economies of scale, which are key requirements for the success 
of mobile telecommunication systems, it is desirable to establish a harmonized timeframe for future 
development of IMT considering technical, operational and spectrum related aspects; 
f) that wireless communication applications are expected to expand into new market segments 
to facilitate the digital economy, e.g. smart grid, e-health, intelligent transport systems and traffic 
control, which would bring requirements beyond what can be addressed in today’s IMT application 
areas; 

g) that rapid uptake of smartphones, tablets and innovative mobile applications created by users 
has resulted in a tremendous increase in the volume of mobile data traffic; 

h) that the number of devices accessing the network are expected to increase due to the emerging 
applications of Internet of Things (IoT);  

i) that technologies such as beamforming, massive-Multiple Input Multiple Output (MIMO) 
are easier to implement in higher frequencies due to short wavelength;  

j) that wide contiguous bandwidth would enhance data delivery efficiency and ease the 
complexity of hardware implementation; 

k) that the cell size is being reduced (e.g. the order of some tens of metres) to provide larger 
area traffic capacity in dense areas; 

l) that IMT interworks with other radio systems, 

recognizing 
a) that some administrations had deployed IMT-Advanced systems before global deployment 
due to the rapid increase of data traffic; 

b) that development of new radio interfaces that support the new capabilities of IMT-2020 is 
expected along with the enhancement of IMT-2000 and IMT-Advanced systems, 

noting  
that pursuant to Article 44 of the ITU Constitution, Member States shall endeavour to apply the latest 
technical advances as soon as possible, 

recommends  
that the Annex should be used as the framework and the overall objectives for the future development 
of IMT for 2020 and beyond. 
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The ITU Radiocommunication Assembly,

considering
a) t h a t  ITU has contributed to standardization and harmonized use of IMT, which has provided
telecommunication services on a global scale;
b) t h a t  technological advancement and the corresponding user needs will promote innovation
and accelerate the delivery of advanced communication applications to consumers;
c) t h a t  Question ITU-R 229/5 addresses further development of the terrestrial component of
IMT and the relevant studies under this Question are in progress within ITU-R;
d) t h a t  Recommendation ITU-R M.1645 defines the framework and overall objectives of the
future development of IMT-2000 and systems beyond IMT-2000;
e) t h a t  for global operation and economies of scale, which are key requirements for the success
of mobile telecommunication systems, it is desirable to establish a harmonized timeframe for future
development of IMT considering technical, operational and spectrum related aspects;
f i  t h a t  wireless communication applications are expected to expand into new market segments
to facilitate the digital economy, e.g. smart grid, e-health, intelligent transport systems and traffic
control, which would bring requirements beyond what can be addressed in today's IMT application
areas;
g) t h a t  rapid uptake of smartphones, tablets and innovative mobile applications created by users
has resulted in a tremendous increase in the volume of mobile data traffic;
h) t h a t  the number of devices accessing the network are expected to increase due to the emerging
applications of Internet of Things (IoT);
i) t h a t  technologies such as beamforming, massive-Multiple Input Multiple Output (MIMO)
are easier to implement in higher frequencies due to short wavelength;
j )  t h a t  wide contiguous bandwidth would enhance data delivery efficiency and ease the
complexity of hardware implementation;
k) t h a t  the cell size is being reduced (e.g. the order of some tens of metres) to provide larger
area traffic capacity in dense areas;
1) t h a t  IMT interworks with other radio systems,

recognizing
a) t h a t  some administrations had deployed IMT-Advanced systems before global deployment
due to the rapid increase of data traffic;
b) t h a t  development of new radio interfaces that support the new capabilities of IMT-2020 is
expected along with the enhancement of IMT-2000 and IMT-Advanced systems,

noting
that pursuant to Article 44 of the ITU Constitution, Member States shall endeavour to apply the latest
technical advances as soon as possible,

recommends
that the Annex should be used as the framework and the overall objectives for the future development
of IMT for 2020 and beyond.
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1 Introduction 
The socio-technical evolution in the last few decades has been significantly driven by the evolution 
of mobile communications and has contributed to the economic and social development of both 
developed and developing countries. Mobile communications has become closely integrated in the 
daily life of the whole society. It is expected that the socio-technical trends and the evolution of 
mobile communications systems will remain tightly coupled together and will form a foundation for 
society in 2020 and beyond. 
In the future, however, it is foreseen that new demands, such as more traffic volume, many more 
devices with diverse service requirements, better quality of user experience (QoE) and better 
affordability by further reducing costs, will require an increasing number of innovative solutions. 
The objective of this Recommendation is to establish the vision for IMT for 2020 and beyond, by 
describing potential user and application trends, growth in traffic, technological trends and spectrum 
implications, and by providing guidelines on the framework and the capabilities for IMT for 2020 
and beyond. 
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1 I n t r o d u c t i o n
The socio-technical evolution in the last few decades has been significantly driven by the evolution
of mobile communications and has contributed to the economic and social development of  both
developed and developing countries. Mobile communications has become closely integrated in the
daily life of  the whole society. I t  is expected that the socio-technical trends and the evolution of
mobile communications systems will remain tightly coupled together and will form a foundation for
society in 2020 and beyond.
In the future, however, it is foreseen that new demands, such as more traffic volume, many more
devices with diverse service requirements, better quality o f  user experience (QoE) and better
affordability by further reducing costs, will require an increasing number of innovative solutions.
The objective of this Recommendation is to establish the vision for IMT for 2020 and beyond, by
describing potential user and application trends, growth in traffic, technological trends and spectrum
implications, and by providing guidelines on the framework and the capabilities for IMT for 2020
and beyond.
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2 Observation of trends 

2.1 User and application trends 
Mobile devices play various, continuously evolving roles in everyday life. Future IMT systems should 
support emerging new use cases, including applications requiring very high data rate 
communications, a large number of connected devices, and ultra-low latency and high reliability 
applications. More specific user and application trends are explained in §§ 2.1.1 to 2.1.8. 

2.1.1 Supporting very low latency and high reliability human-centric communication 
People expect the experience of instantaneous connectivity wherein applications need to exhibit 
“flash” behaviour without waiting times: a single click and the response is perceived as instantaneous. 
Flash behaviour will be a key factor for the success of cloud services and virtual reality and 
augmented reality applications. The low latency and high reliability communication that supports 
such behaviour thus becomes an enabler for the future development of new applications, e.g. in health, 
safety, office, entertainment, and other sectors. 

2.1.2 Supporting very low latency and high reliability machine-centric communication 
The reliability and latency in today’s communication systems have been designed with the human 
user in mind. For future wireless systems, the design of new applications is envisaged based on 
machine-to-machine (M2M) communication with real-time constraints. Driverless cars, enhanced 
mobile cloud services, real-time traffic control optimization, emergency and disaster response, smart 
grid, e-health or efficient industrial communications are examples of where low latency and high 
reliability can improve quality of life. 

2.1.3 Supporting high user density 
Users will expect a satisfactory end-user experience in the presence of a large number of concurrent 
users, for example in a crowd with a high traffic density per unit area and a large number of handsets 
and machines/devices per unit area. Examples are audio-visual content to be provided concurrently 
across an entire cell or infotainment applications in shopping malls, stadiums, open air festivals, or 
other public events that attract a lot of people. This includes users who use their phone while in 
unexpected traffic jams, or when travelling in public transportation systems, as well as professionals 
working in organisations such as police, fire brigades, and ambulances to exploit the public 
communication networks in crowded environments and machine-centric devices. 

2.1.4 Maintaining high quality at high mobility 
A connected society in the years beyond 2020 will need to accommodate a similar user experience 
for end-users on the move and when they are static e.g. at home or in the office. To offer the “best 
experience” to highly mobile users and communicating machine devices, robust and reliable 
connectivity solutions are needed as well as the ability to efficiently maintain service quality with 
mobility. 

Maintaining high quality at high mobility will enable successful deployment of applications on user 
equipment located within a moving platform such as cars or high-speed trains which are being 
deployed in several countries. Connectivity on mobile platforms may be provided via IMT, Radio 
Local Area Network (RLAN) or another network on that platform using suitable backhaul. 

2.1.5 Enhanced multimedia services 
It is likely that demand for mobile high-definition multimedia will increase in many areas beyond 
entertainment, such as medical treatment, safety, and security.  
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2 O b s e r v a t i o n  of trends

2.1 U s e r  and application trends
Mobile devices play various, continuously evolving roles in everyday life. Future IMT systems should
support emerging new use cases, including applications requiring very  h igh data rate
communications, a large number of connected devices, and ultra-low latency and high reliability
applications. More specific user and application trends are explained in §§ 2.1.1 to 2.1.8.

2.1.1 Supporting very low latency and high reliability human-centric communication
People expect the experience of  instantaneous connectivity wherein applications need to exhibit
"flash" behaviour without waiting times: a single click and the response is perceived as instantaneous.
Flash behaviour wil l  be a key factor for the success o f  cloud services and virtual reality and
augmented reality applications. The low latency and high reliability communication that supports
such behaviour thus becomes an enabler for the future development of new applications, e.g. in health,
safety, office, entertainment, and other sectors.

2.1.2 Supporting very low latency and high reliability machine-centric communication
The reliability and latency in today's communication systems have been designed with the human
user in mind. For future wireless systems, the design of new applications is envisaged based on
machine-to-machine (M2M) communication with real-time constraints. Driverless cars, enhanced
mobile cloud services, real-time traffic control optimization, emergency and disaster response, smart
grid, e-health or efficient industrial communications are examples of where low latency and high
reliability can improve quality of life.

2.1.3 Supporting high user density
Users will expect a satisfactory end-user experience in the presence of a large number of concurrent
users, for example in a crowd with a high traffic density per unit area and a large number of handsets
and machines/devices per unit area. Examples are audio-visual content to be provided concurrently
across an entire cell or infotainment applications in shopping malls, stadiums, open air festivals, or
other public events that attract a lot of people. This includes users who use their phone while in
unexpected traffic jams, or when travelling in public transportation systems, as well as professionals
working in  organisations such as police, fire brigades, and ambulances to exploit the public
communication networks in crowded environments and machine-centric devices.

2.1.4 Maintaining high quality at high mobility
A connected society in the years beyond 2020 will need to accommodate a similar user experience
for end-users on the move and when they are static e.g. at home or in the office. To offer the "best
experience" to highly mobile users and communicating machine devices, robust and reliable
connectivity solutions are needed as well as the ability to efficiently maintain service quality with
mobility.
Maintaining high quality at high mobility will enable successful deployment of applications on user
equipment located within a moving platform such as cars or high-speed trains which are being
deployed in several countries. Connectivity on mobile platforms may be provided via IMT, Radio
Local Area Network (RLAN) or another network on that platform using suitable backhaul.

2.1.5 Enhanced multimedia services
It is likely that demand for mobile high-definition multimedia will increase in many arcas beyond
entertainment, such as medical treatment, safety, and security.
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User devices will get enhanced media consumption capabilities, such as Ultra-High Definition 
display, multi-view High Definition display, mobile 3D projections, immersive video conferencing, 
and augmented reality and mixed reality display and interface. This will all lead to a demand for 
significantly higher data rates. Media delivery will be both to individuals and to groups of users. 

2.1.6 Internet of Things 
In the future, every object that can benefit from being connected will be connected through wired or 
wireless internet technologies. Therefore, the number of connected devices will grow rapidly and is 
expected to exceed the number of human user devices in the future.  
These connected “things” can be smart phones, sensors, actuators, cameras, vehicles, etc., ranging 
from low-complexity devices to highly complex and advanced devices. A significant number of 
connected devices are expected to use IMT systems.  
As a result, the connected entities are bound to have varying levels of energy consumption, 
transmission power, latency requirements, cost, and many other indices critical for stable connection.  
In addition, as more and more things get connected, various services that utilize the connection 
capabilities of things will appear. Smart energy distribution grid system, agriculture, healthcare, 
vehicle-to-vehicle and vehicle-to-road infrastructure communication are generally viewed as 
potential fields for further growth of the Internet of Things (IoT). 

2.1.7 Convergence of applications 
New applications are increasingly being delivered over IMT, including e-Government, public 
protection and disaster relief communication, education, linear1 and on-demand audio-visual content, 
and e-health. This convergence of applications must take account of the requirements associated with 
these applications. 

2.1.8 Ultra-accurate positioning applications 
As the accuracy of positioning gets better, location-based service applications that provide improved 
emergency rescue services, as well as precise ground based navigation service for unmanned vehicles 
or drones may expand extensively. 

2.2 Growth in IMT traffic 
There are many drivers influencing the growth of future IMT traffic demand, especially the adoption 
of devices with enhanced capabilities that require increased bit rates and bandwidth usage. Similar 
drivers increased traffic in the transition from IMT-2000 to IMT-Advanced.  
The main drivers behind the anticipated traffic growth include increased video usage, device 
proliferation and application uptake. These are expected to evolve over time, and this evolution will 
differ between countries due to social and economic differences. These drivers and other trends which 
impact traffic growth are detailed in Report ITU-R M.2370. The Report contains global IMT traffic 
estimates beyond 2020 from several sources. These estimates anticipate that global IMT traffic will 
grow in the range of 10-100 times from 2020 to 2030. 

                                                 
1  A linear audio-visual service refers to the “traditional” way of offering radio or TV services. Listeners and 

viewers “tune in” to the content organised as a scheduled sequence that may consist of e.g. news, shows, 
drama or movies on TV or various types of audio content on radio. These sequences of programmes are set 
up by content providers and cannot be changed by a listener or a viewer. Linear services are not confined 
to a particular distribution technology. For example, a live stream on the Internet is to be considered as a 
linear service as well. 
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Traffic asymmetry aspects for this period are also presented in Report ITU-R M.2370. It is observed 
that the current average traffic asymmetry ratio of mobile broadband is in favour of the downlink, 
and this is expected to increase due to growing demand for audio-visual content.  

2.3 Technology trends 
Report ITU-R M.2320 provides a broad view of future technical aspects of terrestrial IMT systems 
considering the timeframe 2015-2020 and beyond. It includes information on technical and 
operational characteristics of IMT systems, including the evolution of IMT through advances in 
technology and spectrally-efficient techniques, and their deployment. Report ITU-R M.2320 provides 
more detailed information on the following technical aspects presented in §§ 2.3.1 to 2.3.8. In 
addition, technologies required to enable higher data rates are explained in § 2.3.9. 

2.3.1 Technologies to enhance the radio interface 
Advanced waveforms, modulation and coding, and multiple access schemes, e.g. filtered OFDM 
(FOFDM), filter bank multi-carrier modulation (FBMC), pattern division multiple access (PDMA), 
sparse code multiple access (SCMA), interleave division multiple access (IDMA) and low density 
spreading (LDS) may improve the spectral efficiency of the future IMT systems. 

Advanced antenna technologies such as 3D-beamforming (3D-BF), active antenna system (AAS), 
massive MIMO and network MIMO will achieve better spectrum efficiency. 

In addition, TDD-FDD joint operation, dual connectivity and dynamic TDD can enhance the 
spectrum flexibility. 

Simultaneous transmission and reception on the same frequency with self-interference cancellation 
could increase spectrum efficiency. 

Other techniques such as flexible backhaul and dynamic radio access configurations can also enable 
enhancements to the radio interface. 

In small cells, higher-order modulation and modifications to the reference-signal structure with 
reduced overhead may provide performance enhancements due to lower mobility in small cell 
deployments and potentially higher signal-to interference ratios compared to the wide-area case. 
Flexible spectrum usage, joint management of multiple radio access technologies (RATs) and flexible 
uplink/downlink resource allocation, can provide technical solutions to address the growing traffic 
demand in the future and may allow more efficient use of radio resources. 

2.3.2 Network technologies 
Future IMT will require more flexible network nodes which are configurable based on the Software-
Defined Networking (SDN) architecture and network function virtualization (NFV) for optimal 
processing the node functions and improving the operational efficiency of network. 

Featuring centralized and collaborative system operation, the cloud RAN (C-RAN) encompasses the 
baseband and higher layer processing resources to form a pool so that these resources can be managed 
and allocated dynamically on demand, while the radio units and antenna are deployed in a distributed 
manner. 

The radio access network (RAN) architecture should support a wide range of options for inter-cell 
coordination schemes. The advanced self-organizing network (SON) technology is one example 
solution to enable operators to improve the OPEX efficiency of the multi-RAT and multi-layer 
network, while satisfying the increasing throughput requirement of subscriber. 
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2.3.3 Technologies to enhance mobile broadband scenarios 
A relay based multi-hop network can greatly enhance the Quality of Service (QoS) of cell edge users. 
Small-cell deployment can improve the QoS of users by decreasing the number of users in a cell and 
user quality of experience can be enhanced. 
Dynamic adaptive streaming over HTTP (DASH) enhancement is expected to improve user 
experience and accommodate more video streaming content in existing infrastructure. 
Bandwidth saving and transmission efficiency improvement is an evolving trend for Evolved 
Multimedia Broadcast and Multicast Service (eMBMS). Dynamic switching between unicast and 
multicast transmission can be beneficial. 
IMT systems currently provide support for RLAN interworking, at the core network level, including 
seamless as well as non-seamless mobility, and can offload traffic from cellular networks into license-
exempt spectrum bands. 
Context aware applications may provide more personalized services that ensure high QoE for the end 
user and proactive adaptation to the changing context. 
Proximity-based techniques can provide applications with information whether two devices are in 
close proximity of each other, as well as enable direct device-to-device (D2D) communication. Group 
communication, including push-to-talk type of communication, is highly desirable for public safety.  

2.3.4 Technologies to enhance massive machine type communications 
Future IMT systems are expected to connect a large number of M2M devices with a range of 
performance and operational requirements, with further improvement of low-cost and 
low-complexity device types as well as extension of coverage. 

2.3.5 Technologies to enhance ultra-reliable and low latency communications 
To achieve ultra-low latency, the data and control planes may both require significant enhancements 
and new technical solutions addressing both the radio interface and network architecture aspects. 
It is envisioned that future wireless systems will, to a larger extent, also be used in the context of 
machine-to-machine communications, for instance in the field of traffic safety, traffic efficiency, 
smart grid, e-health, wireless industry automation, augmented reality, remote tactile control and tele-
protection, requiring high reliability techniques. 

2.3.6 Technologies to improve network energy efficiency 
In order to enhance energy efficiency, energy consumption should be considered in the protocol 
design. 

The energy efficiency of a network can be improved by both reducing RF transmit power and saving 
circuit power. To enhance energy efficiency, the traffic variation characteristic of different users 
should be well exploited for adaptive resource management. Examples include discontinuous 
transmission (DTX), base station and antenna muting, and traffic balancing among multiple RATs. 

2.3.7 Terminal technologies 
The mobile terminal will become a more human friendly companion as a multi-purpose Information 
and Communication Technology (ICT) device for personal office and entertainment, and will also 
evolve from being predominantly a hand-held smart phone to also include wearable smart devices. 
Technologies for chip, battery, and display should therefore be further improved.  
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2.3.8 Technologies to enhance privacy and security 
Future IMT systems need to provide robust and secure solutions to counter the threats to security and 
privacy brought by new radio technologies, new services and new deployment cases. 

2.3.9 Technologies enabling higher data rates 
In order to achieve higher data rates and improvements in capacity, the following key techniques are 
needed: 

Spectrum: 
• Utilization of large blocks of spectrum in higher frequency bands 
• Carrier aggregation 

Physical Layer: 
• Enhanced spectral efficiency by means of e.g. advanced physical layer techniques 

(modulation, coding) and advances in spatial processing (network MIMO and Massive 
MIMO), plus exploitation of other novel/alternative ideas. 

Network:  
• Network densification 

2.4 Studies on technical feasibility of IMT between 6 and 100 GHz  
The development of IMT for 2020 and beyond is expected to enable new use cases and applications, 
and addresses rapid traffic growth, for which contiguous and broader channel bandwidths than 
currently available for IMT systems would be desirable. This suggests the need to consider spectrum 
resources in higher frequency ranges.  

Report ITU-R M.2376 provides information on the technical feasibility of IMT in the frequencies 
between 6 and 100 GHz. It includes information on potential new IMT radio technologies and system 
approaches, which could be appropriate for operation in this frequency range. 

The Report presents measurement data on propagation in this frequency range in several different 
environments. Both line-of-sight and non-line-of-sight measurement results for stationary and mobile 
cases as well as outdoor-to-indoor results have been presented in the report. It also includes 
performance simulations results for several different deployment scenarios.  

The Report describes solutions based on MIMO and beamforming with a large number of antenna 
elements, which compensate for the increasing propagation loss with frequency; these have become 
increasingly feasible due to the ability to exploit chip-scale antenna solutions and modular adaptive 
antenna arrays that do not require an ADC/DAC for each antenna element. The practicality of 
manufacturing commercial transmitters and receivers at these frequencies is investigated, as 
evidenced by availability of commercial 60 GHz multi-gigabit wireless systems (MGWS) products 
and prototyping activities that are already underway at frequencies such as 11, 15, 28, 44, 70 and 
80 GHz.  
The potential advantages of using the same spectrum for both access and fronthaul/backhaul, as 
compared with using two different frequencies for access and fronthaul/backhaul, are described in 
the Report. 

The theoretical assessment, simulations, measurements, technology development and prototyping 
described in the Report indicate that utilizing the bands between 6 and 100 GHz is feasible for studied 
IMT deployment scenarios, and could be considered for the development of IMT for 2020 and 
beyond.  
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2.5 Spectrum implications 
Report ITU-R M.2290 provides the results of studies on estimated global spectrum requirements for 
terrestrial IMT in the year 2020. The estimated total requirements include spectrum already identified 
for IMT plus additional spectrum requirements.  
It is noted that no single frequency range satisfies all the criteria required to deploy IMT systems, 
particularly in countries with diverse geographic and population density; therefore, to meet the 
capacity and coverage requirements of IMT systems multiple frequency ranges would be needed. 
It should be noted that there are differences in the markets and deployments and timings of the mobile 
data growth in different countries.  
For future IMT systems in the year 2020 and beyond, contiguous and broader channel bandwidths 
than available to current IMT systems would be desirable to support continued growth. Therefore, 
availability of spectrum resources that could support broader, contiguous channel bandwidths in this 
time frame should be explored. Research efforts must be continued to increase spectrum efficiency 
and to explore the availability of contiguous broad channels.  
Furthermore, if additional spectrum is made available for IMT, the potential implications to the 
existing uses and users of that spectrum need to be addressed. 

2.5.1 Spectrum harmonization 
As the amount of spectrum required for mobile services increases, it becomes increasingly desirable 
for existing and newly allocated and identified spectrum to be harmonized. The benefits of spectrum 
harmonization include: facilitating economies of scale, enabling global roaming, reducing equipment 
design complexity, preserving battery life, improving spectrum efficiency and potentially reducing 
cross border interference. Typically, a mobile device contains multiple antennas and associated radio 
frequency front-ends to enable operation in multiple bands to facilitate roaming. While mobile 
devices can benefit from common chipsets, variances in frequency arrangements necessitate different 
components to accommodate these differences, which leads to higher equipment design complexity. 
Therefore, harmonization of spectrum for IMT will lead to commonality of equipment and is desirable 
for achieving economies of scale and affordability of equipment. 

2.5.2 Importance of contiguous and wider spectrum bandwidth 
The proliferation of smart devices (e.g. smartphones, tablets, televisions, etc.) and a wide range of 
applications requiring a large amount of data traffic have accelerated demand for wireless data traffic. 
Future IMT systems are expected to provide significant improvement to accommodate this rapidly 
increasing traffic demand. In addition, future IMT systems are expected to provide gigabit-per-second 
user data rate services. The currently available frequency bands and their bandwidth differ across 
countries and regions and this leads to many problems associated with device complexity and possible 
interference issues. Contiguous, broader and harmonized frequency bands, aligned with future 
technology development, would address these problems and would facilitate achievement of the 
objectives of future IMT systems. 
In particular, bandwidths to support the different usage scenarios in § 4 (e.g. enhanced mobile 
broadband, ultra-reliable and low-latency communications, and massive machine type 
communications) would vary. For those scenarios requiring several hundred MHz up to at least 
1 GHz, there would be a need to consider wideband contiguous spectrum above 6 GHz.  
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3 Evolution of IMT  

3.1 How IMT has developed 
Following the adoption by International Radio Consultative Committee (CCIR) of the Study Question 
on the Future Public Land Mobile Telecommunication Systems (FPLMTS) in 1985, it took a total of 
15 years for the identification of the radio spectrum in 1992 and development of IMT-2000 
specifications (Recommendation ITU-R M.1457). After this development, deployment of IMT-2000 
systems started.  

The ITU then immediately started to develop the vision Recommendation (Recommendation 
ITU-R M.1645, June 2003) on Framework and overall objectives of the future development of 
IMT-2000 and systems beyond IMT-2000. Based on this Recommendation, the ITU has released the 
Recommendation ITU-R M.2012 in the terrestrial radio interface of IMT-Advanced in 2012. 
It took nine years for the ITU to develop the second phase of IMT after the completion of the vision 
recommendation. After this development, deployment of the IMT-Advanced systems started.  

FIGURE 1 
Overview of timeline for IMT development and deployment 
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3.2 Role of IMT for 2020 and beyond 
IMT systems serve as a communication tool for people and a facilitator which assists the development 
of other industry sectors, such as medical science, transportation, and education. Considering the key 
trends described in § 2, IMT should continue to contribute to the following: 
– Wireless infrastructure to connect the world: Broadband connectivity will acquire the 

same level of importance as access to electricity. IMT will continue to play an important role 
in this context as it will act as one of the key pillars to enable mobile service delivery and 
information exchanges. In the future, private and professional users will be provided with a 
wide variety of applications and services, ranging from infotainment services to new 
industrial and professional applications. 

– New ICT market: The development of future IMT systems is expected to promote the 
emergence of an integrated ICT industry which will constitute a driver for economies around 
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3 E v o l u t i o n  of IMT

3.1 H o w  IMT has developed
Following the adoption by International Radio Consultative Committee (CCIR) of the Study Question
on the Future Public Land Mobile Telecommunication Systems (FPLMTS) in 1985, it took a total of
15 years for  the identification o f  the radio spectrum in  1992 and development o f  IMT-2000
specifications (Recommendation ITU-R M.1457). After this development, deployment of IMT-2000
systems started.
The ITU then immediately started to develop the vision Recommendation (Recommendation
ITU-R M.1645, June 2003) on Framework and overall objectives of  the future development of
IMT-2000 and systems beyond IMT-2000. Based on this Recommendation, the ITU has released the
Recommendation ITU-R M.2012 in  the terrestrial radio interface o f  IMT-Advanced in 2012.
It took vine years for the ITU to develop the second phase of IMT after the completion of the vision
recommendation. After this development, deployment of the IMT-Advanced systems started.
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3.2 R o l e  of IMT for 2020 and beyond
IMT systems serve as a communication tool for people and a facilitator which assists the development
of other industry sectors, such as medical science, transportation, and education. Considering the key
trends described in § 2, IMT should continue to contribute to the following:

Wireless infrastructure to connect the world: Broadband connectivity will acquire the
same level of importance as access to electricity. IMT will continue to play an important role
in this context as it will act as one of the key pillars to enable mobile service delivery and
information exchanges. In the future, private and professional users will be provided with a
wide variety o f  applications and services, ranging from infotainment services to new
industrial and professional applications.
New ICT market: The development of future IMT systems is expected to promote the
emergence of an integrated ICT industry which will constitute a driver for economies around
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the globe. Some possible areas include: the accumulation, aggregation and analysis of big 
data; delivering customized networking services for enterprise and social network groups on 
wireless networks 

– Bridging the Digital Divide: IMT will continue to help closing the gaps caused by an 
increasing Digital Divide. Affordable, sustainable and easy-to-deploy mobile and wireless 
communication systems can support this objective while effectively saving energy and 
maximizing efficiency.  

– New ways of communication: IMT will enable sharing of any type of contents anytime, 
anywhere through any device. Users will generate more content and share this content 
without being limited by time and location.  

– New forms of education: IMT can change the method of education by providing easy access 
to digital textbooks or cloud-based storage of knowledge on the internet, boosting 
applications such as e-learning, e-health, and e-commerce. 

– Promote Energy Efficiency: IMT enables energy efficiency across a range of sectors of the 
economy by supporting machine to machine communication and solutions such as smart grid, 
teleconferencing, smart logistics and transportation.  

– Social changes: Broadband networks make it easier to quickly form and share public 
opinions for a political or social issue through social network service. Opinion formation of 
a huge number of connected people due to their ability to exchange information anytime 
anywhere will become a key driver of social changes.  

– New art and culture: IMT will support people to create works of art or participate in group 
performances or activities, such as a virtual chorus, flash mob, co-authoring or song writing. 
Also, people connected to a virtual world are able to form new types of communities and 
establish their own cultures. 

4 Usage scenarios for IMT for 2020 and beyond  
IMT for 2020 and beyond is envisaged to expand and support diverse usage scenarios and applications 
that will continue beyond the current IMT. Furthermore, a broad variety of capabilities would be 
tightly coupled with these intended different usage scenarios and applications for IMT for 2020 and 
beyond. The usage scenarios for IMT for 2020 and beyond include: 
– Enhanced Mobile Broadband: Mobile Broadband addresses the human-centric use cases 

for access to multi-media content, services and data. The demand for mobile broadband will 
continue to increase, leading to enhanced Mobile Broadband. The enhanced Mobile 
Broadband usage scenario will come with new application areas and requirements in addition 
to existing Mobile Broadband applications for improved performance and an increasingly 
seamless user experience. This usage scenario covers a range of cases, including wide-area 
coverage and hotspot, which have different requirements. For the hotspot case, i.e. for an area 
with high user density, very high traffic capacity is needed, while the requirement for 
mobility is low and user data rate is higher than that of wide area coverage. For the wide area 
coverage case, seamless coverage and medium to high mobility are desired, with much 
improved user data rate compared to existing data rates. However the data rate requirement 
may be relaxed compared to hotspot.  

– Ultra-reliable and low latency communications: This use case has stringent requirements 
for capabilities such as throughput, latency and availability. Some examples include wireless 
control of industrial manufacturing or production processes, remote medical surgery, 
distribution automation in a smart grid, transportation safety, etc. 
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– Massive machine type communications: This use case is characterized by a very large 
number of connected devices typically transmitting a relatively low volume of non-delay-
sensitive data. Devices are required to be low cost, and have a very long battery life. 

Additional use cases are expected to emerge, which are currently not foreseen. For future IMT, 
flexibility will be necessary to adapt to new use cases that come with a wide range of requirements.  

Future IMT systems will encompass a large number of different features. Depending on the 
circumstances and the different needs in different countries, future IMT systems should be designed 
in a highly modular manner so that not all features have to be implemented in all networks.  

Figure 2 illustrates some examples of envisioned usage scenarios for IMT for 2020 and beyond. 

FIGURE 2 
Usage scenarios of IMT for 2020 and beyond 
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5 Capabilities of IMT-2020 
IMT for 2020 and beyond is expected to provide far more enhanced capabilities than those described 
in Recommendation ITU-R M.1645, and these enhanced capabilities could be regarded as new 
capabilities of future IMT. As ITU-R will give a new term IMT-2020 to those systems, system 
components, and related aspects that support these new capabilities, the term IMT-2020 is used in the 
following sections.  

A broad variety of capabilities, tightly coupled with intended usage scenarios and applications for 
IMT-2020 is envisioned. Different usage scenarios along with the current and future trends will result 
in a great diversity/variety of requirements. The key design principles are flexibility and diversity to 
serve many different use cases and scenarios, for which the capabilities of IMT-2020, described in 
the following paragraphs, will have different relevance and applicability. In addition, the constraints 
on network energy consumption and the spectrum resource will need to be considered. 

The following eight parameters are considered to be key capabilities of IMT-2020: 

Peak data rate 
Maximum achievable data rate under ideal conditions per user/device (in Gbit/s). 
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5 C a p a b i l i t i e s  of IMT-2020
IMT for 2020 and beyond is expected to provide far more enhanced capabilities than those described
in Recommendation ITU-R M.1645, and these enhanced capabilities could be regarded as new
capabilities of  future IMT. As ITU-R will give a new term IMT-2020 to those systems, system
components, and related aspects that support these new capabilities, the term IMT-2020 is used in the
following sections.
A broad variety of capabilities, tightly coupled with intended usage scenarios and applications for
IMT-2020 is envisioned. Different usage scenarios along with the current and future trends will result
in a great diversity/variety of requirements. The key design principles are flexibility and diversity to
serve many different use cases and scenarios, for which the capabilities of IMT-2020, described in
the following paragraphs, will have different relevance and applicability. In addition, the constraints
on network energy consumption and the spectrum resource will need to be considered.
The following eight parameters are considered to be key capabilities of IMT-2020:

Peak data rate
Maximum achievable data rate under ideal conditions per user/device (in Gbit/s).
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User experienced data rate 
Achievable data rate that is available ubiquitously2 across the coverage area to a mobile user/device 
(in Mbit/s or Gbit/s).  

Latency 
The contribution by the radio network to the time from when the source sends a packet to when the 
destination receives it (in ms). 

Mobility 
Maximum speed at which a defined QoS and seamless transfer between radio nodes which may 
belong to different layers and/or radio access technologies (multi-layer/-RAT) can be achieved 
(in km/h). 

Connection density 
Total number of connected and/or accessible devices per unit area (per km2).  

Energy efficiency 
Energy efficiency has two aspects: 
– on the network side, energy efficiency refers to the quantity of information bits transmitted 

to/ received from users, per unit of energy consumption of the radio access network (RAN) 
(in bit/Joule); 

– on the device side, energy efficiency refers to quantity of information bits per unit of energy 
consumption of the communication module (in bit/Joule).  

Spectrum efficiency 
Average data throughput per unit of spectrum resource and per cell3 (bit/s/Hz).  

Area traffic capacity 
Total traffic throughput served per geographic area (in Mbit/s/m2). 

IMT-2020 is expected to provide a user experience matching, as far as possible, fixed networks. The 
enhancement will be realized by increased peak and user experienced data rate, enhanced spectrum 
efficiency, reduced latency and enhanced mobility support. 

In addition to the conventional human-to-human or human-to-machine communication, IMT-2020 
will realize the Internet of Things by connecting a vast range of smart appliances, machines and other 
objects without human intervention.  

IMT-2020 should be able to provide these capabilities without undue burden on energy consumption, 
network equipment cost and deployment cost to make future IMT sustainable and affordable. 

The key capabilities of IMT-2020 are shown in Fig. 3, compared with those of IMT-Advanced. 

                                                 
2 The term “ubiquitous” is related to the considered target coverage area and is not intended to relate to an 

entire region or country. 
3  The radio coverage area over which a mobile terminal can maintain a connection with one or more units of 

radio equipment located within that area. For an individual base station, this is the radio coverage area of 
the base station or of a subsystem (e.g. sector antenna). 
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FIGURE 3 
Enhancement of key capabilities from IMT-Advanced to IMT-2020 
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The values in the Figure above are targets for research and investigation for IMT-2020 and may be 
further developed in other ITU-R Recommendations, and may be revised in the light of future studies. 
The targets are further described below.  

The peak data rate of IMT-2020 for enhanced Mobile Broadband is expected to reach 10 Gbit/s. 
However under certain conditions and scenarios IMT-2020 would support up to 20 Gbit/s peak data 
rate, as shown in Fig. 3. IMT-2020 would support different user experienced data rates covering a 
variety of environments for enhanced Mobile Broadband. For wide area coverage cases, e.g. in urban 
and sub-urban areas, a user experienced data rate of 100 Mbit/s is expected to be enabled. In hotspot 
cases, the user experienced data rate is expected to reach higher values (e.g. 1 Gbit/s indoor).  

The spectrum efficiency is expected to be three times higher compared to IMT-Advanced for 
enhanced Mobile Broadband. The achievable increase in efficiency from IMT-Advanced will vary 
between scenarios and could be higher in some scenarios (for example five times subject to further 
research). IMT-2020 is expected to support 10 Mbit/s/m2 area traffic capacity, for example in hot 
spots. 

The energy consumption for the radio access network of IMT-2020 should not be greater than IMT 
networks deployed today, while delivering the enhanced capabilities. The network energy efficiency 
should therefore be improved by a factor at least as great as the envisaged traffic capacity increase of 
IMT-2020 relative to IMT-Advanced for enhanced Mobile Broadband.  

IMT-2020 would be able to provide 1 ms over-the-air latency, capable of supporting services with 
very low latency requirements. IMT-2020 is also expected to enable high mobility up to 500 km/h 
with acceptable QoS. This is envisioned in particular for high speed trains.  

Finally, IMT-2020 is expected to support a connection density of up to 106/km2, for example in 
massive machine type communication scenarios.  
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The values in the Figure aboye are targets for research and investigation for IMT-2020 and may be
further developed in other ITU-R Recommendations, and may be revised in the light of future studies.
The targets are further described below.
The peak data rate of  IMT-2020 for enhanced Mobile Broadband is expected to reach 10 Gbit/s.
However under certain conditions and scenarios IMT-2020 would support up to 20 Gbit/s peak data
rate, as shown in Fig. 3. IMT-2020 would support different user experienced data rates covering a
variety of environments for enhanced Mobile Broadband. For wide area coverage cases, e.g. in urban
and sub-urban areas, a user experienced data rate of 100 Mbit/s is expected to be enabled. In hotspot
cases, the user experienced data rate is expected to reach higher values (e.g. 1 Gbit/s indoor).
The spectrum efficiency is expected to be three times higher compared to IMT-Advanced for
enhanced Mobile Broadband. The achievable increase in efficiency from IMT-Advanced will vary
between scenarios and could be higher in some scenarios (for example five times subject to further
research). IMT-2020 is expected to support 10 Mbit/s/m2 area traffic capacity, for example in hot
spots.
The energy consumption for the radio access network of IMT-2020 should not be greater than IMT
networks deployed today, while delivering the enhanced capabilities. The network energy efficiency
should therefore be improved by a factor at least as great as the envisaged traffic capacity increase of
IMT-2020 relative to IMT-Advanced for enhanced Mobile Broadband.
IMT-2020 would be able to provide 1 ms over-the-air latency, capable of supporting services with
very low latency requirements. IMT-2020 is also expected to enable high mobility up to 500 km/h
with acceptable QoS. This is envisioned in particular for high speed trains.
Finally, IMT-2020 is expected to support a connection density of up to 106/km2, for example in
massive machine type communication scenarios.
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The reference values for IMT-Advanced shown in Fig. 3 for the peak data rate, mobility, spectrum 
efficiency and latency are extracted from Report ITU-R M.2134. The Report this was published in 
2008 and was used for the evaluation of IMT-Advanced candidate radio interfaces described in 
Recommendation ITU-R M.2012. 

As anticipated above, whilst all key capabilities may to some extent be important for most use cases, 
the relevance of certain key capabilities may be significantly different, depending on the use 
cases/scenario. The importance of each key capability for the usage scenarios enhanced Mobile 
Broadband, ultra-reliable and low latency communication and massive machine-type communication 
is illustrated in Fig. 4. This is done using an indicative scaling in three steps as “high”, “medium” and 
“low”.  

In the enhanced Mobile Broadband scenario, user experienced data rate, area traffic capacity, 
peak data rate, mobility, energy efficiency and spectrum efficiency all have high importance, but 
mobility and the user experienced data rate would not have equal importance simultaneously in all 
use cases. For example, in hotspots, a higher user experienced data rate, but a lower mobility, would 
be required than in wide area coverage case.  

In some ultra-reliable and low latency communications scenarios, low latency is of highest 
importance, e.g. in order to enable the safety critical applications. Such capability would be required 
in some high mobility cases as well, e.g. in transportation safety, while, e.g. high data rates could be 
less important.  

In the massive machine type communication scenario, high connection density is needed to support 
tremendous number of devices in the network that e.g. may transmit only occasionally, at low bit rate 
and with zero/very low mobility. A low cost device with long operational lifetime is vital for this 
usage scenario.  

FIGURE 4 
The importance of key capabilities in different usage scenarios 
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Other capabilities may be also required for IMT-2020, which would make future IMT more flexible, 
reliable, and secure when providing diverse services in the intended usage scenarios:  
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Other capabilities may be also required for IMT-2020, which would make future IMT more flexible,
reliable, and secure when providing diverse services in the intended usage scenarios:
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Spectrum and bandwidth flexibility 
Spectrum and bandwidth flexibility refers to the flexibility of the system design to handle different 
scenarios, and in particular to the capability to operate at different frequency ranges, including higher 
frequencies and wider channel bandwidths than today.  

Reliability 
Reliability relates to the capability to provide a given service with a very high level of availability. 

Resilience 
Resilience is the ability of the network to continue operating correctly during and after a natural or 
man-made disturbance, such as the loss of mains power. 

Security and privacy 
Security and privacy refers to several areas such as encryption and integrity protection of user data 
and signalling, as well as end user privacy preventing unauthorized user tracking, and protection of 
network against hacking, fraud, denial of service, man in the middle attacks, etc. 

Operational lifetime 
Operational life time refers to operation time per stored energy capacity. This is particularly important 
for machine-type devices requiring a very long battery life (e.g. more than 10 years) whose regular 
maintenance is difficult due to physical or economic reasons. 
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6 Framework and objectives 
The objective of the development of IMT-2020 is to address the anticipated needs of users of mobile 
services in the years 2020 and beyond. The goals for the capabilities of IMT-2020 system described 
in § 5 are only targets for research and investigation and may be further developed in other ITU 
Recommendations, and may be revised in the light of future studies. This section provides 
relationships between IMT-2020 and existing IMT/other access systems, timelines and focus areas 
for further study as framework and objectives for the development of IMT-2020. 

6.1 Relationships 

6.1.1 Relationship between existing IMT and IMT-2020  
In order to support emerging new scenarios and applications for 2020 and beyond, it is foreseen that 
development of IMT-2020 will be required to offer enhanced capabilities as those described in § 5. 
The values of these capabilities go beyond those described in Recommendation ITU-R M.1645. 
The minimum technical requirements (and corresponding evaluation criteria) to be defined by ITU-R 
based on these capabilities for IMT-2020 could potentially be met by adding enhancements to existing 
IMT, incorporating new technology components and functionalities, and/or the development of new 
radio interface technologies. 

Furthermore, IMT-2020 will interwork with and complement existing IMT and its enhancements. 

6.1.2 Relationship between IMT-2020 and other access systems 
Users should be able to access services anywhere, anytime. To achieve this goal, interworking will 
be necessary among various access technologies, which might include a combination of different 
fixed, terrestrial and satellite networks. Each component should fulfil its own role, but also should be 
integrated or interoperable with other components to provide ubiquitous seamless coverage. 

IMT-2020 will interwork with other radio systems, such as RLANs, broadband wireless access, 
broadcast networks, and their possible future enhancements. IMT systems will also closely interwork 
with other radio systems for users to be optimally and cost-effectively connected. 

6.2 Timelines 
In planning for the development of IMT-2020 as well as future enhancement of the existing IMT, it is 
important to consider the timelines associated with their realization, which depend on a number of 
factors: 
– user trends, requirements and user demand; 
– technical capabilities and technology development; 
– standards development and their enhancement; 
– spectrum matters; 
– regulatory considerations; 
– system deployment. 
All of these factors are interrelated. The first five have been and will continue to be addressed within 
ITU. System development and deployment relates to the practical aspects of deploying new networks, 
taking into account the need to minimize additional infrastructure investment and to allow time for 
customer adoption of the services of a new system. ITU will complete its work for standardization of 
IMT-2020 no later than the year 2020 to support IMT-2020 deployment by ITU members expected 
from the year 2020 onwards. 
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6 F r a m e w o r k  and objectives
The objective of the development of IMT-2020 is to address the anticipated needs of users of mobile
services in the years 2020 and beyond. The goals for the capabilities of IMT-2020 system described
in § 5 are only targets for research and investigation and may be further developed in other ITU
Recommendations, and may be revised in  the light o f  future studies. This section provides
relationships between IMT-2020 and existing IMT/other access systems, timelines and focus areas
for further study as framework and objectives for the development of IMT-2020.

6.1 Relationships

6.1.1 Relationship between existing IMT and IMT-2020
In order to support emerging new scenarios and applications for 2020 and beyond, it is foreseen that
development of IMT-2020 will be required to offer enhanced capabilities as those described in § 5.
The values of  these capabilities go beyond those described in Recommendation ITU-R M.1645.
The minimum technical requirements (and corresponding evaluation criteria) to be defined by ITU-R
based on these capabilities for IMT-2020 could potentially be met by adding enhancements to existing
IMT, incorporating new technology components and functionalities, and/or the development of new
radio interface technologies.
Furthermore, IMT-2020 will interwork with and complement existing IMT and its enhancements.

6.1.2 Relationship between IMT-2020 and other access systems
Users should be able to access services anywhere, anytime. To achieve this goal, interworking will
be necessary among various access technologies, which might include a combination of different
fixed, terrestrial and satellite networks. Each component should fulfil its own role, but also should be
integrated or interoperable with other components to provide ubiquitous seamless coverage.
IMT-2020 wil l  interwork with other radio systems, such as RLANs, broadband wireless access,
broadcast networks, and their possible future enhancements. IMT systems will also closely interwork
with other radio systems for users to be optimally and cost-effectively connected.

6.2 T i m e l i n e s
In planning for the development of IMT-2020 as well as future enhancement of the existing IMT, it is
important to consider the timelines associated with their realization, which depend on a number of
factors:

user trends, requirements and user demand;
technical capabilities and technology development;
standards development and their enhancement;
spectrum matters;
regulatory considerations;
system deployment.

All of these factors are interrelated. The first five have been and will continue to be addressed within
ITU. System development and deployment relates to the practical aspects of deploying new networks,
taking into account the need to minimize additional infrastructure investment and to allow time for
customer adoption of the services of a new system. ITU will complete its work for standardization of
IMT-2020 no later than the year 2020 to support IMT-2020 deployment by ITU members expected
from the year 2020 onwards.
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The timelines associated with these different factors are depicted in Fig. 5. When discussing the 
phases and timelines for IMT-2020, it is important to specify the time at which the standards are 
completed, when spectrum would be available, and when deployment may start. 

FIGURE 5 
Phase and expected timelines for IMT-2020 
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  * : Systems to satisfy the technical performance requirements of IMT-2020 could be developed before year 2020 in some countries.
: Possible deployment around the year 2020 in some countries (including trial systems)

 

6.2.1 Medium term 
In the medium-term (up to about the year 2020) it is envisaged that the future development of 
IMT-2000 and IMT-Advanced will progress with the ongoing enhancement of the capabilities of the 
initial deployments, as demanded by the marketplace in addressing user needs and allowed by the 
status of technical developments. This phase will be dominated by the growth in traffic within the 
existing IMT spectrum, and the development of IMT-2000 and IMT-Advanced during this time will 
be distinguished by incremental or evolutionary changes to the existing IMT-2000 and 
IMT-Advanced radio interface specifications (i.e. Recommendations ITU-R M.1457 for IMT-2000 
and ITU-R M.2012 for IMT-Advanced, respectively).  

It is envisaged that the bands identified by WRCs will be made available for IMT within this 
timeframe subject to user demand and other consideration. 

6.2.2 Long term 
The long term (beginning around the year 2020) is associated with the potential introduction of 
IMT-2020 which could be deployed around the year 2020 in some countries. It is envisaged that 
IMT-2020 will add enhanced capabilities described in § 5, and they may need additional frequency 
bands in which to operate. 
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6.3 Focus areas for further study 
The research forums and other external organizations wishing to contribute to the future development 
of IMT-2020 are encouraged to focus especially in the following key areas: 
a) radio interface(s) and their interoperability; 
b) access network related issues; 
c) spectrum related issues; 
d) traffic characteristics. 
 

 

______________ 
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6.3 F o c u s  areas for further study
The research forums and other external organizations wishing to contribute to the future development
of IMT-2020 are encouraged to focus especially in the following key areas:
a) r a d i o  interface(s) and their interoperability;
b) a c c e s s  network related issues;
e) s p e c t r u m  related issues;
d) t r a f f i c  characteristics.
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MANAGEMENT DISCUSSION SECTION

Operator: Good morning, and thank you for standing by. Welcome to the Sprint Fiscal Third Quarter 2017
Conference Call. During today's conference call, all participants will be in a listen-only mode. Following the
opening remarks, the conference will be opened for questions. I would now like to turn the call over to Mr. Jud
Henry, Vice-President of Investor Relations. Please go ahead, sir.

Jud Henry
Vice President & Head of Investor Relations, Sprint Corp.

Thank you, Cindy. Good morning, and welcome to Sprint's quarterly results conference call. Joining me on the
call today are Sprint's CEO, Marcelo Claure; our new President and CFO, Michel Combes, and our CTO, Dr. John
Saw. Before we get underway, let me remind you that our release, quarterly investor update, and presentation
slides that accompany this call are all available on the Sprint Investor Relations website at
www.Sprint.com/investors.

Slide 2 is our cautionary statement. I want to point out that in our remarks this morning we will be discussing
forward-looking information which involves a number of risks and uncertainties that may cause actual results to
differ materially from our forward-looking statements. We provide a comprehensive list of risk factors in our SEC
filings which I encourage you to review. Throughout our call, we will refer to several non-GAAP metrics as shown
on slide 3. Reconciliations of our non-GAAP measures to the appropriate GAAP measures for the quarter can be
found on our Investor Relations website. I will now turn the call over to Marcelo to provide you an update on our
transformation.
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LPSOHPHQWHG�FDOOHG�TXDOLW\�RI�H[SHULHQFH�RU�42(��,W�LV�VRSKLVWLFDWHG��D�VWDWLVWLFDO�VFRULQJ�PRGHO�RI�HDFK�
FXVWRPHU
V�QHWZRUN�.3,�EDVHG�RQ�WKHLU�LQGLYLGXDO�H[SHULHQFH�ZLWK�XV��
�
:H�ILQG�LQ�PDUNHWV�LQ�ZKLFK�ZH�KDYH�GHSOR\HG�RXU�WUL�EDQG�/7(�ZLWK�WKUHH�FDUULHU�DJJUHJDWLRQ�KDYH�D�KLJK�42(�
DQG�WKRVH�FXVWRPHUV�KDYH�ORZHU�FKXUQ��,Q�VRPH�FDVHV��DURXQG�����ZKLFK�LV�YHU\�FORVH�WR�RXU�FRPSHWLWRUV��7KLV�
DOORZ�XV�WR�EXLOG�ZKHUH�ZH�FDQ�KDYH�WKH�JUHDWHVW�LPSDFW�RQ�WKH�FXVWRPHU�H[SHULHQFH��
�
7KLV�DOVR�JLYHV�XV�WKH�FRQILGHQFH�WKDW�ZH�FDQ�GHOLYHU�FKXUQ�OHYHOV�FORVHU�WR�SHHUV�ZLWK�D�JUHDW�QHWZRUN��DQG�ZH�
ZLOO�VKDUH�ZLWK�\RX�ODWHU�RQ�KRZ�ZH�SODQ�WR�JHW�WKHUH��
�
:H�KDYH�DOVR�PDGH�WKH�GHFLVLRQ�WR�PDQDJH�WKH�EXVLQHVV�DW�D�KLJKHU�FKXUQ�UDWH��:H
UH�VHOHFWLYHO\�PDQDJLQJ�
KLJKHU�$538�VXEV�LQ�RXU�EDVH�DV�WKH\�GR�QRW�KDYH�DFFHVV�WR�RXU�PRUH�DJJUHVVLYH�DFTXLVLWLRQ�RIIHUV�DQG�VRPH�
DUH�DERYH�RXU�FRPSHWLWLYH�UDWH�IRU�XQOLPLWHG�SODQV��:H
UH�FRPIRUWDEOH�XVLQJ�WKLV�VWUDWHJ\�DV�LW�FUHDWHV�PRUH�
HQWHUSULVH�YDOXH�WR�KDYH�D�KLJKHU�FKXUQ�WKDQ�WR�ZULWH�GRZQ�RXU�EDVH��:H�DOVR�VHH�VRPH�FKXUQ�SUHVVXUH�IURP�
OHDVLQJ��EXW�ZH�EHOLHYH�WKDW�WKH�WRWDO�HFRQRPLFV�RI�OHDVLQJ�PRUH�WKDQ�FRPSHQVDWH�IRU�D�KLJKHU�FKXUQ�OHYHO��
�
,Q�DGGLWLRQ��RXU�EXVLQHVV�VHJPHQW�FRQWLQXHV�WR�KDYH�DQ�DPD]LQJ�PRPHQWXP�ZLWK�SKRQH�JURVV�DGGV�XS�����\HDU�
RYHU�\HDU�DQG�WKH�ORZHVW�FKXUQ�LQ�RYHU�ILYH�\HDUV��2XU�VPDOO�DQG�PHGLXP�EXVLQHVV�KDV�GHOLYHUHG�SRVLWLYH�SKRQH�
QHW�DGGV�IRU�VL[�FRQVHFXWLYH�TXDUWHUV��DQG�RXU�HQWHUSULVH�JURXS�KDV�KDG�SRVLWLYH�KDQGVHW�QHW�DGGV�IRU�WZR�
FRQVHFXWLYH�TXDUWHUV��7KLV�LV�D�ELJ�DFKLHYHPHQW�DV�WKLV�JURXS�KDG�EHHQ�ORVLQJ�FXVWRPHUV�IRU�\HDUV��
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Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

Thank you, Jud, and good morning, everyone. It's good to be here today not only to update you on another
successful quarter in our turnaround journey, but also to share with you our strategy for the next phase of Sprint's
turnaround. First, let me share with you our results for the quarter that reflect our continued momentum in our
turnaround. I'm happy to report that we had the highest retail net additions in nearly three years. At the same time,
we achieved the highest adjusted EBITDA for fiscal third quarter in 11 years and the 8th consecutive quarter of
operating income. This adjusted EBITDA milestone was propelled by the transformation in our cost structure, and
we have already taken out more than $1 billion of expenses this year, which marks the fourth year in a row of at
least $1 billion of net reductions to cost of services and SG&A.

This improvement in profitability has helped us achieve positive adjusted free cash flow in eight of the last nine
quarters. In addition, our network continue to improve as demonstrated by Ookla Speedtest data which shows
Sprint's network was the most improved of any national carrier in 2017 with average download speeds up 60%
year-over-year and we have now passed AT&T in average download speed during this past quarter.

Turning to slide 5. This has been another remarkable quarter as it marks the fourth consecutive quarter that we're
handset net add positive in all three of our segments of consumer postpaid business and prepaid.

Our postpaid net additions were 256,000 in the third quarter, and our phone net additions of 184,000 mark the
tenth consecutive quarter of growth. We estimate our share of industry postpaid phone gross add was around
20% again this quarter which continues to be nearly double our market share of 12%.

Postpaid churn was 1.71%. We recognized that our churn is higher than our peers, but let me share with you what
some of the impact is by design and why we're very confident that our churn should improve in the future.

First, we can now target specific locations within our network for improvement thanks to a new tool that we have
implemented called quality of experience or QOE. It is sophisticated, a statistical scoring model of each
customer's network KPI based on their individual experience with us.

We find in markets in which we have deployed our tri-band LTE with three carrier aggregation have a high QOE
and those customers have lower churn. In some cases, around 1%, which is very close to our competitors. This
allow us to build where we can have the greatest impact on the customer experience.

This also gives us the confidence that we can deliver churn levels closer to peers with a great network, and we
will share with you later on how we plan to get there.

We have also made the decision to manage the business at a higher churn rate. We're selectively managing
higher ARPU subs in our base as they do not have access to our more aggressive acquisition offers and some
are aboye our competitive rate for unlimited plans. We're comfortable using this strategy as it creates more
enterprise value to have a higher churn than to write-down our base. We also see some churn pressure from
leasing, but we believe that the total economics of leasing more than compensate for a higher churn level.

In addition, our business segment continues to have an amazing momentum with phone gross adds up 36% year-
over-year and the lowest churn in over five years. Our small and medium business has delivered positive phone
net adds for six consecutive quarters, and our enterprise group has had positive handset net adds for two
consecutive quarters. This is a big achievement as this group had been losing customers for years.
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1RZ�OHW
V�GLVFXVV�SUHSDLG��ZKHUH�ZH�DOVR�PDLQWDLQ�RXU�SRVLWLYH�PRPHQWXP�LQ�WKH�ILVFDO�WKLUG�TXDUWHU�ZLWK��������
QHW�DGGV��7KLV�ZDV�WKH�IRXUWK�FRQVHFXWLYH�TXDUWHU�RI�QHW�DGGLWLRQV�LQ�SUHSDLG�DQG�PDUNV�DQ�LPSURYHPHQW�RI�RYHU�
��������\HDU�RYHU�\HDU��3UHSDLG�FKXUQ�DOVR�LPSURYHG�\HDU�RYHU�\HDU�IRU�WKH�VL[WK�FRQVHFXWLYH�TXDUWHU�DQG�
SUHSDLG�JURVV�DGGV�JUHZ�\HDU�RYHU�\HDU�IRU�WKH�VHFRQG�FRQVHFXWLYH�TXDUWHU��
�
:H�KDYH�PDGH�WUHPHQGRXV�LPSURYHPHQW�LQ�WKH�ODVW�WKUHH�\HDUV�DV�\RX�FDQ�VHH�UHIOHFWHG�RQ�VOLGH����,Q�WKH�ILUVW�
SKDVH�RI�RXU�WUDQVIRUPDWLRQ��ZH�KDYH�LQFUHDVHG�RXU�SRVWSDLG�SKRQH�JURVV�DGGV�SHU�\HDU�E\�QHDUO\����������ZH
YH�
JRQH�IURP�ORVLQJ�����PLOOLRQ�SRVWSDLG�SKRQH�FXVWRPHUV�SHU�\HDU�WR�JDLQLQJ�QHDUO\���PLOOLRQ�ODVW�\HDU��
�
:H�KDYH�UHGXFHG�RXU�RSHUDWLQJ�H[SHQVHV�DFURVV�FRVW�RI�VHUYLFH�DQG�6*	$�E\����ELOOLRQ��DQG�ZH�KDYH�QHDUO\�
GRXEOHG�RXU�DGMXVWHG�(%,7'$��,Q�DGGLWLRQ��ZH�KDYH�VZXQJ�IURP�DQ�RSHUDWLQJ�ORVV�RI�PRUH�WKDQ������ELOOLRQ�WR�
RSHUDWLQJ�LQFRPH�RI�PRUH�WKDQ������ELOOLRQ��:H�KDYH�JRQH�IURP�EXUQLQJ�DGMXVWHG�IUHH�FDVK�IORZ�RI�PRUH�WKDQ����
ELOOLRQ�WR�JHQHUDWLQJ�PRUH�WKDQ������ELOOLRQ��$V�\RX�FDQ�VHH��ZH�KDYH�PDGH�WUHPHQGRXV�LPSURYHPHQW�LQ�WKH�ILUVW�
SKDVH�RI�RXU�WXUQDURXQG�DQG�,�FRXOG�QRW�EH�PRUH�H[FLWHG�IRU�WKH�QH[W�FKDSWHU�RI�RXU�VXFFHVV�VWRU\�EDVHG�RQ�WKH�
SULQFLSOHV�\RX�VHH�KHUH�RQ�VOLGH����
�
,�DP�YHU\�FRQILGHQW�LQ�6SULQW
V�IXWXUH�EDVHG�RQ�WKH�FRPSHWLWLYH�DGYDQWDJH�WKDW�ZH�ZLOO�KDYH�ZLWK�WKH�GHSOR\PHQW�RI�
�*�RQ�RXU�����*+]�VSHFWUXP��:H
UH�ZRUNLQJ�ZLWK�4XDOFRPP�DQG�QHWZRUN�DQG�GHYLFH�PDQXIDFWXUHUV�LQ�RUGHU�WR�
ODXQFK�WKH�ILUVW�WUXO\�PRELOH�QHWZRUN�LQ�WKH�8QLWHG�6WDWHV�E\�WKH�ILUVW�KDOI�RI�������7KLV�ODWHVW�GHYHORSPHQW�ZLOO�SXW�
6SULQW�DW�WKH�IRUHIURQW�RI�WHFKQRORJ\�DQG�LQQRYDWLRQ�RQ�SDU�ZLWK�RWKHU�OHDGLQJ�FDUULHUV�DURXQG�WKH�ZRUOG��7KLV�LV�
ZKHUH�WKH�SRZHU�RI�����*+]�FRPHV�WR�OLIH�WR�SURYLGH�D�XQLILHG��*�SODWIRUP�WR�HQDEOH�LQQRYDWLYH�SURGXFWV�DQG�
VHUYLFHV�DQG�WR�SDUWQHU�ZLWK�RXU�VLVWHU�FRPSDQLHV�XQGHU�WKH�6RIW%DQN�*URXS��
�
7KH�6SULQW�LV�D�VWUDWHJLF�DVVHW�IRU�6RIW%DQN��DORQJ�ZLWK�OHDGLQJ�WHFKQRORJ\�FRPSDQLHV�OLNH�$50��2QH:HE��
$OLEDED��DORQJ�ZLWK�ULJKWV�VKDULQJ�URERWLF�DQG�DUWLILFLDO�LQWHOOLJHQFH�FRPSDQLHV��2XU�VWUDWHJ\�LV�SUHGLFDWHG�RQ�
FUHDWLQJ�DQ�DPD]LQJ�FXVWRPHU�H[SHULHQFH��RIIHULQJ�FXVWRPHUV�WKH�EHVW�SURGXFWV�DQG�VHUYLFHV�ZKLOH�GHOLYHULQJ�
VXSHULRU�ILQDQFLDO�UHVXOWV��)LUVW��ZH�UHFRJQL]H�WKDW�WR�EH�D�WUXO\�D�JUHDW�FRPSDQ\��ZH�KDYH�WR�KDYH�D�JUHDW�SURGXFW�
ZKLFK�IRU�XV�LV�RXU�QHWZRUN��:KLOH�RXU�QHWZRUN�LV�PXFK�LPSURYHG��ZH�EHOLHYH�RXU�1H[W�*HQ�1HWZRUN�ZLOO�WUXO\�
GLIIHUHQWLDWH�6SULQW�RYHU�WKH�QH[W�FRXSOH�RI�\HDUV�GXH�WR�RXU�VWURQJ�VSHFWUXP�DVVHWV�WKDW�HQDEOH�6SULQW�WR�EH�WKH�
OHDGHU�LQ�WKH�WUXH�PRELOH��*��
�
7KLV�LV�WKH�ELJJHVW�QHWZRUN�FDSLWDO�SURJUDP�LQ�PDQ\�\HDUV��DQG�,�ZLOO�VKDUH�PRUH�GHWDLOV�DERXW�RXU�QHWZRUN�
VWUDWHJ\�LQ�D�IHZ�PRPHQWV��,�FDQQRW�ZDLW�WR�RQFH�DQG�IRU�DOO�EH�DEOH�WR�VHOO�WKH�SURGXFW�WKDW�LV�EHVW�LQ�WKH�LQGXVWU\�
ZLWK�FRPSHWLWLYH�FRYHUDJH��WKH�IDVWHVW�VSHHG��DQG�WKH�KLJKHVW�FDSDFLW\��
�
6HFRQG��ZH�ZLOO�FRQWLQXH�WR�GHOLYHU�WKH�PRVW�FRPSHOOLQJ�YDOXH�SURSRVLWLRQ�WR�RXU�FXVWRPHUV�DFURVV�DOO�RI�RXU�
VHJPHQWV��:H�ZLOO�FRQWLQXH�WR�SOD\�IURP�D�SRVLWLRQ�RI�VWUHQJWK�E\�OHYHUDJLQJ�RXU�VSHFWUXP�KROGLQJV�DQG�FRQWLQXH�
WR�OHDG�ZLWK�WKH�EHVW�XQOLPLWHG�RIIHULQJ�LQ�WKH�PDUNHW��'DWD�XVDJH�WUHQGV�DUH�SURMHFWHG�WR�JURZ�H[SRQHQWLDOO\��
HVSHFLDOO\�ZLWK��*��%\�KDYLQJ�WKH�PRVW�VSHFWUXP��FRPELQHG�ZLWK�QHZ�WHFKQRORJ\�WKDW�PDVVLYHO\�LQFUHDVHV�RXU�
FDSDFLW\��ZH
UH�FHUWDLQ�WKDW�ZH
OO�EH�EHVW�SRVLWLRQHG�IRU�WR�VXSSRUW�XQOLPLWHG�GDWD�LQ�WKH�IXWXUH��
�
7KLUG��ZH�ZLOO�FRQWLQXH�WR�GULYH�D�VPDUW�GLVWULEXWLRQ�VWUDWHJ\�ZLWK�RYHU�������QHZ�VWRUHV�RSHQ�\HDU�WR�GDWH�DFURVV�
RXU�6SULQW�DQG�%RRVW�EUDQGV�DQG�VHYHUDO�KXQGUHG�PRUH�SODQQHG�WKURXJKRXW�QH[W�\HDU��:H�KDYH�GHVLJQHG�D�
G\QDPLF�GLVWULEXWLRQ�PRGHO�WKDW�DOORZ�XV�WR�FRQWLQXRXVO\�RSWLPL]H�WKH�ULJKW�EDODQFH�RI�SK\VLFDO�DQG�GLJLWDO�
GLVWULEXWLRQ��7KH�UDGLFDO�VLPSOLFLW\�RI�RXU�RIIHU��2QH5DWH�SODQ�IRU�XQOLPLWHG�HQDEOH�XV�WR�JURZ�RXU�GLJLWDO�
WUDQVDFWLRQV��
�
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Now let's discuss prepaid, where we also maintain our positive momentum in the fiscal third quarter with 63,000
net adds. This was the fourth consecutive quarter of net additions in prepaid and marks an improvement of over
500,000 year-over-year. Prepaid churn also improved year-over-year for the sixth consecutive quarter and
prepaid gross adds grew year-over-year for the second consecutive quarter.

We have made tremendous improvement in the last three years as you can see reflected on slide 6. In the first
phase of our transformation, we have increased our postpaid phone gross adds per year by nearly 800,000, we've
gone from losing 1.3 million postpaid phone customers per year to gaining nearly 1 million last year.

We have reduced our operating expenses across cost of service and SG&A by $6 billion, and we have nearly
doubled our adjusted EBITDA. In addition, we have swung from an operating loss of more than $1.5 billion to
operating income of more than $2.5 billion. We have gone from burning adjusted free cash flow of more than $5
billion to generating more than $0.5 billion. As you can see, we have made tremendous improvement in the first
phase of our turnaround and I could not be more excited for the next chapter of our success story based on the
principies you see here on slide 7.

I am very confident in Sprint's future based on the competitive advantage that we will have with the deployment of
5G on our 2.5 GHz spectrum. We're working with Qualcomm and network and device manufacturers in order to
launch the first truly mobile network in the United States by the first half of 2019. This latest development will put
Sprint at the forefront of technology and innovation on par with other leading carriers around the world. This is
where the power of 2.5 GHz comes to life to provide a unified 5G platform to enable innovative products and
services and to partner with our sister companies under the SoftBank Group.

The Sprint is a strategic asset for SoftBank, along with leading technology companies like ARM, OneWeb,
Alibaba, along with rights sharing robotic and artificial intelligence companies. Our strategy is predicated on
creating an amazing customer experience, offering customers the best products and services while delivering
superior financial results. First, we recognize that to be a truly a great company, we have to have a great product
which for us is our network. While our network is much improved, we believe our Next-Gen Network will truly
differentiate Sprint over the next couple of years due to our strong spectrum assets that enable Sprint to be the
leader in the true mobile 5G.

This is the biggest network capital program in many years, and I will share more details about our network
strategy in a few moments. I cannot wait to once and for all be able to sell the product that is best in the industry
with competitive coverage, the fastest speed, and the highest capacity.

Second, we will continue to deliver the most compelling value proposition to our customers across all of our
segments. We will continue to play from a position of strength by leveraging our spectrum holdings and continue
to lead with the best unlimited offering in the market. Data usage trends are projected to grow exponentially,
especially with 5G. By having the most spectrum, combined with new technology that massively increases our
capacity, we're certain that we'll be best positioned for to support unlimited data in the future.

Third, we will continue to drive a smart distribution strategy with over 1,000 new stores open year-to-date across
our Sprint and Boost brands and severa) hundred more planned throughout next year. We have designed a
dynamic distribution model that allow us to continuously optimize the right balance of physical and digital
distribution. The radical simplicity of our offer, OneRate plan for unlimited enable us to grow our digital
transactions.
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2XU�FRPPHUFLDO�JURZWK�VWUDWHJ\�LV�IXHOHG�E\�FRQWLQXHG�FRVW�WUDQVIRUPDWLRQ�WKDW�LV�IRFXVHG�RQ�PD[LPL]LQJ�
RSHUDWLRQDO�HIILFLHQF\��2XU�FRVW�WUDQVIRUPDWLRQ�SURJUDP�KDV�OHG�WR�RSHUDWLRQDO�LPSURYHPHQWV�DQG�ZH�ZLOO�VLPSOLI\�
RXU�EXVLQHVV�HYHQ�IXUWKHU�LQ�WKH�QH[W�SKDVH�RI�RXU�WXUQDURXQG��<RX�PD\�KDYH�VHHQ�WKDW�,�KDYH�VWUHDPOLQHG�P\�
VHQLRU�OHDGHUVKLS�WHDP�LQ�WKH�ODVW�IHZ�PRQWKV�DQG�ZH�H[SHFW�WR�ORRN�IRU�ZD\V�WR�FDUU\�WKDW�WKURXJK�WKH�UHVW�RI�WKH�
RUJDQL]DWLRQ�WR�GHOLYHU�D�OHDQHU�DQG�PRUH�DJLOH�ZRUNIRUFH�DFURVV�RXU�QRQFXVWRPHU�IDFLQJ�IXQFWLRQV��7KLV�LQFOXGHV�
UHGXFLQJ�WKH�WRWDO�QXPEHU�RI�H[HFXWLYHV�DW�WKH�WRS�DQG�WKURXJKRXW�WKH�RUJDQL]DWLRQ�WR�JHW�EHWWHU�DOLJQPHQW�RI�
UHVSRQVLELOLWLHV�DQG�EHWWHU�RSHUDWLRQDO�HIIHFWLYHQHVV��
�
7XUQLQJ�WR�VOLGH����ZH�ZLOO�LPSURYH�HYHQ�PRUH�ZLWK�RXU�1H[W�*HQ�1HWZRUN�VWUDWHJ\�WKDW�ZLOO�GHOLYHU�EOD]LQJ�IDVW�
QHWZRUN�ZLWK�JLJDELW�VSHHGV�DQG�SRVLWLRQ�6SULQW�WR�KDYH�FRPSHWLWLYH�FRYHUDJH�DQG�EH�WKH�QHWZRUN�OHDGHU�LQ�VSHHG�
DQG�FDSDFLW\�RYHU�WKH�QH[W�FRXSOH�RI�\HDUV��
�
)LUVW��ZH�SODQ�WR�LQFUHDVH�RXU�WRWDO�QXPEHU�RI�PDFUR�VLWHV�E\�QHDUO\�����WR�H[SDQG�RXU�/7(�IRRWSULQW��$QG�ZH�
KDYH�DOUHDG\�LVVXHG�VHDUFK�ULQJV�WR�OHDGLQJ�WRZHU�DQG�LQIUDVWUXFWXUH�FRPSDQLHV��
�
6HFRQG��ZH
UH�SXWWLQJ�RXU�VSHFWUXP�UHVRXUFHV�WR�ZRUN�DV�ZH�WUL�EDQG�QHDUO\�DOO�RI�RXU�H[LVWLQJ�VLWHV�ZLWK�DOO�WKUHH�
RI�RXU�VSHFWUXP�EDQGV������0+]������*+]�DQG�����*+]��WR�SURYLGH�JUHDW�FRYHUDJH�DQG�FDSDFLW\�DFURVV�RXU�
IRRWSULQW��5RXJKO\�KDOI�RI�RXU�PDFUR�VLWHV�KDYH�����*+]�WRGD\��DQG�ZH�KDYH�DOUHDG\�VWDUWHG�RQ�WKRXVDQGV�RI�VLWH�
XSJUDGHV�DQG�H[SHFW�WR�FRPSOHWH�WKH�PDMRULW\�RI�VLWH�XSJUDGHV�LQ�������:H�KDYH�DOUHDG\�VLJQHG�DJUHHPHQWV�ZLWK�
WZR�PDMRU�WRZHU�FRPSDQLHV�WR�IDFLOLWDWH�D�VZLIW�UROORXW�RI�WKHVH�VLWH�XSJUDGHV��
�
1H[W��ZH�SODQ�WR�GHSOR\�PRUH�WKDQ��������RXWGRRU�VPDOO�FHOO�VROXWLRQV��,Q�DGGLWLRQ��RXU�VWUDWHJLF�DJUHHPHQWV�ZLWK�
$OWLFH�DQG�&R[�ZLOO�DOVR�HQDEOH�XV�WR�TXLFNO\�DQG�FRVW�HIIHFWLYHO\�GHSOR\�RXU�YDULRXV�VPDOO�FHOO�VROXWLRQV��LQFOXGLQJ�
DW�OHDVW��������VWUDQG�PRXQWHG�VPDOO�FHOOV�DQG�LPSURYHG�EDFNKDXO�HFRQRPLFV�IRU�RXU�PDFUR�VLWHV��:H�DUH�DOUHDG\�
ZRUNLQJ�WR�OLJKW�XS�/RQJ�,VODQG��DQG�ORRN�IRUZDUG�WR�H[SDQGLQJ�WKH�UHVW�RI�$OWLFH�DQG�&R[�IRRWSULQWV�WR�DFFHOHUDWH�
RXU�QHWZRUN�GHSOR\PHQW��
�
$OVR��ZH�FRQWLQXH�GHSOR\PHQW�RI�6SULQW�0DJLF�%R[HV�DQG�SODQ�WR�GHSOR\�PRUH�WKDQ�RQH�PLOOLRQ�6SULQW�0DJLF�
%R[HV��,
P�H[FLWHG�WR�VD\�WKDW�ZH�KDYH�DOUHDG\�GHSOR\HG�PRUH�WKDQ��������6SULQW�0DJLF�%R[HV�WR�EXVLQHVVHV�DQG�
FRQVXPHUV�LQ�DSSUR[LPDWHO\�����FLWLHV�DFURVV�WKH�FRXQWU\��PDNLQJ�WKLV�RQH�RI�WKH�ODUJHVW�VPDOO�FHOO�GHSOR\PHQWV�
LQ�WKH�8�6��&XVWRPHUV�ZLWK�D�0DJLF�%R[�DUH�HQMR\LQJ�VLJQLILFDQW�LPSURYHPHQW�LQ�LQGRRU�DQG�RXWGRRU�FRYHUDJH��DV�
ZHOO�DV�DQ�LQFUHDVLQJ�GRZQORDG�RI�VSHHGV�RI�PRUH�WKDQ�������
�
)XUWKHUPRUH��RXU�1H[W�*HQ�1HWZRUN�XWLOL]HV�WHFKQRORJ\�VXFK�DV�PXOWLSOH�FDUULHU�DJJUHJDWLRQ��ZKLFK�GHOLYHU�ELJJHU�
SLSHV�IRU�IDVWHU�VSHHGV��)UDPH�&RQILJ���IRU�D�JUHDWHU�DOORFDWLRQ�RI�RXU�����*+]�VSHFWUXP�IRU�GRZQOLQN��DQG�WKLV�LV�
D�7''�VSHFWUXP�DGYDQWDJH�RQO\�6SULQW�KDV�IRU�PRUH�HIILFLHQW�XVH�RI�RXU�VSHFWUXP�FDSDFLW\�DQG�EHDPIRUPLQJ�IRU�
EHWWHU�FRYHUDJH�DQG�FHOO�HGJH�SHUIRUPDQFH��
�
1RZ�OHW�PH�WHOO�\RX�DERXW�DQRWKHU�HOHPHQW�RI�RXU�1H[W�*HQ�1HWZRUN�SODQ�WKDW�ZH�DUH�EH\RQG�H[FLWHG�DERXW��DQG�
WKDW�LV�WKH�UROORXW�RI�0DVVLYH�0,02��,W�OHYHUDJHV�RXU�����*+]�DQG�FUHDWHV�D�VWUDWHJLF�DGYDQWDJH�IRU�6SULQW��
�
0DVVLYH�0,02�LQYROYHV�GHSOR\LQJ�D�QHZ�LQWHJUDWHG�XQLW�WKDW�ZLOO�KDYH�����DQWHQQD�HOHPHQWV�ZLWK����WUDQVPLWWHUV�
DQG����UHFHLYHUV�DQG�ZKLFK�GHOLYHU�D�FDSDFLW\�LQFUHDVH�RI�XS�WR����WLPHV�RQ�/7(�UHODWLYH�WR�FXUUHQW�/7(�V\VWHPV��
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Our commercial growth strategy is fueled by continued cost transformation that is focused on maximizing
operational efficiency. Our cost transformation program has led to operational improvements and we will simplify
our business even further in the next phase of our turnaround. You may have seen that I have streamlined my
senior leadership team in the last few months and we expect to look for ways to carry that through the rest of the
organization to deliver a leaner and more agile workforce across our noncustomer facing functions. This includes
reducing the total number of executives at the top and throughout the organization to get better alignment of
responsibilities and better operational effectiveness.

Turning to slide 8, we will improve even more with our Next-Gen Network strategy that will deliver blazing-fast
network with gigabit speeds and position Sprint to have competitive coverage and be the network leader in speed
and capacity over the next couple of years.

First, we plan to increase our total number of macro sites by nearly 20% to expand our LTE footprint. And we
have already issued search rings to leading tower and infrastructure companies.

Second, we're putting our spectrum resources to work as we tri-band nearly all of our existing sites with all three
of our spectrum bands, 800 MHz, 1.9 GHz and 2.5 GHz, to provide great coverage and capacity across our
footprint. Roughly half of our macro sites have 2.5 GHz today, and we have already started on thousands of site
upgrades and expect to complete the majority of site upgrades in 2018. We have already signed agreements with
two major tower companies to facilitate a swift rollout of these site upgrades.

Next, we plan to deploy more than 40,000 outdoor small cell solutions. In addition, our strategic agreements with
Altice and Cox will also enable us to quickly and cost effectively deploy our various small cell solutions, including
at least 15,000 strand mounted small cells and improved backhaul economics for our macro sites. We are already
working to light up Long Island, and look forward to expanding the rest of Altice and Cox footprints to accelerate
our network deployment.

Also, we continue deployment of Sprint Magic Boxes and plan to deploy more than one million Sprint Magic
Boxes. I'm excited to say that we have already deployed more than 80,000 Sprint Magic Boxes to businesses and
consumers in approximately 200 cities across the country, making this one of the largest small cell deployments
in the U.S. Customers with a Magic Box are enjoying significant improvement in indoor and outdoor coverage, as
well as an increasing download of speeds of more than 200%.

Furthermore, our Next-Gen Network utilizes technology such as multiple carrier aggregation, which deliver bigger
pipes for faster speeds, Frame Config 2 for a greater allocation of our 2.5 GHz spectrum for downlink, and this is
a TDD spectrum advantage only Sprint has for more efficient use of our spectrum capacity and beamforming for
better coverage and cell edge performance.

Now let me tell you about another element of our Next-Gen Network plan that we are beyond excited about, and
that is the rollout of Massive MIMO. It leverages our 2.5 GHz and creates a strategic advantage for Sprint.

Massive MIMO involves deploying a new integrated unit that will have 128 antenna elements with 64 transmitters
and 64 receivers and which deliver a capacity increase of up to 10 times on LTE relative to current LTE systems,
while also increasing our coverage and cell edge performance.

More importantly, because only Sprint uses TDD spectrum versus our competitors which use FDD spectrum,
nearly all of our customers will be able to instantly take advantage of this significant performance enhancement
on their existing devices whereas Massive MIMO on our competitors' FDD spectrum will require new devices.
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Massive MIMO will also serve as Sprint's bridge to 5G, which is another strategic advantage of our 2.5 GHz
spectrum as shown on slide 9. Massive MIMO radios are software upgradeable to 5G NR, allowing us to fully
utilize our spectrum for both LTE and 5G simultaneously, while we enhance capacity even further with 5G and
begin to support new 5G use cases.

There are a lot of claims being made about 5G by our competitors. We believe that Sprint is best positioned to be
the first carrier with a nationwide mobile 5G platform.

Verizon and AT&T talk about a path to 5G, but they're relying on millimeter wave spectrum that, sure, it will give
you super wide channels of capacity, but the propagation is limited to a very short distance, in most cases
requiring line of sight. It is really just a hot zone and not a true mobile experience unless they spend a fortune to
massively densify their network to connect the dots which will take a long time under current regulatory
restrictions for permits.

Sprint is the only carrier that doesn't have to compromise what 5G can deliver because we can deliver the super-
wide channels of more than 100 MHz while still delivering mid-band coverage characteristics. With more than 160
MHz of 2.5 GHz spectrum available in the top 100 U.S. markets, this gives Sprint the largest nationwide bloc of
sub-6 GHz 5G spectrum available in the U.S. Sprint's priority is mobile 5G, and we expect to provide commercial
services and devices by the first half of 2019.

Moving to slide 10, with this great network we're going to continue to offer the best value proposition for unlimited
data in the industry. We have been the industry leader in unlimited since the beginning, and we will continue to
play to our strength with more spectrum per customer of any carrier.

Sprint offers the best fully featured unlimited data plan in the industry including HD video, mobile hotspot, free
data roaming in more countries than any other carrier and many other features that benefit customers, all for the
best price in the industry.

To add even more value for our customers, we recently included access to Hulu in all of our unlimited plans to
take mobile entertainment to a new high by combining our industry-leading unlimited service with all the hit
television shows, award winning original series and popular movies Hulu has to offer.

Furthermore, on slide 11, we're optimizing and expanding our smart distribution to lower the average cost per
transaction, increase our brand presence and better serve our customers. We have opened over 500 new Sprint
branded stores year-to-date. In addition, we have opened over 500 new Boost stores this year as well as
dramatically updating some older stores to the latest format on furnishing, which have proven to deliver greater
productivity on a same-store basis.

We plan to add hundreds of more Sprint and Boost stores throughout next year, while also updating more existing
stores to be more productive and appealing. And we continue to enhance our digital capabilities and I'm proud to
say that My Sprint app is now rated 4.5 stars providing our customers a convenient way to check their account,
upgrade their device, pay their bill, or perform many other functions instantly and easy.

Next, I'm excited to share with you some proof points that show that our strategy is working on slide 12. As I
discussed a few moments ago, we're implementing our commercial strategy to deploy our Next-Gen Network,
expand our retail and digital distribution and leverage target local marketing. We have accelerated this blueprint
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across a few markets, such as Chicago, Cincinnati and Orlando and we're seeing some very encouraging early
success.

We haven't even put the full capabilities of our Next-Gen Network in place yet and our distribution is still ramping
up, and yet we're already seeing improved share of postpaid gross adds in excess of 30% in this market
according to estimates from KPMG and churn in the low 1% range in some of these markets. I'm optimistic that as
we expand our full playbook across all the major markets, we will see further acceleration of our subscriber
performance.

In a moment, I will turn the call over to Michel to take you through our financial results, but first I want to say a few
things about our CFO transition. First of all, everyone at Sprint thanks Tarek for his many contributions for Sprint's
turnaround success over the last couple of years. The Sprint is much stronger today thanks to Tarek, and we wish
him all the best in the future. I look forward to working with Michel as we execute the next phase of our turnaround
as he brings a lot of experience as a transformational specialist who believes in the importance of investing in the
network and customer experience.

now let Michel walk you through our financial results.

Michel Combes
President, Chief Financial Officer & Director, Sprint Corp.

Thank you, Marcelo. I am very excited to join Sprint and to be a part of this remarkable turnaround story. I am
energized by the strategy that Marcelo has laid out for you, and I believe that Sprint has the best spectrum assets
of any carrier I have seen in my career. I would also like to thank Tarek for his gracious support as we transitioned
over the last month. Tarek has clearly helped provide Sprint with a better cost structure, a stronger balance sheet
and diversified capital sources

Moving to revenue, on slide 13. Consolidated net operating revenues were $8.2 billion for the quarter. Wireless
service revenue of over $5.6 billion declined 2% year-over-year when normalizing for the change in our device
insurance program, which is the lowest year-over-year decline in the last 15 quarters. The sustained improvement
in consumer trends has translated into better financial results as prepaid wireless service revenue grew year-
over-year for the first time in nearly three years. Postpaid phone average billings per user was $68.54 were fíat
year-over-year on a normalized basis while postpaid average billings per account or ABPA was $170.39 for the
quarter.

At the end of the quarter, 79% of our postpaid phone base was on unsubsidized rate plans. This leaves only
about 10% of our postpaid phone base to be transitioned to unsubsidized rate plans assuming that penetration
will level off around 90% due to business and other legacy plans. Meanwhile, our prepaid ARPU grew year-over-
year to $37.46 in the fiscal third quarter.

Regarding our operating expenses on slide 14, we continued to execute on our cost transformation in the fiscal
third quarter. We have realized over $1 billion in net reductions in combined operating expenses year-to-date
across cost of services and SG&A expenses when you adjust for the hurricane and other nonrecurring impacts
this year.

For the fiscal third quarter, our combined cost of services and SG&A improved by roughly $260 million from a
year ago when excluding the hurricane and other nonrecurring iteras. Cost of services for the quarter of $1.7
billion was down 10% year-over-year driven by changes to our device insurance program as the program revenue
and cost accounted for and reported on a net basis, as well as lower network expenses. SG&A were $2.1 billion
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LQ�WKH�TXDUWHU�DQG�ZHUH�UHODWLYHO\�IODW�FRPSDUHG�WR�D�\HDU�DJR�DV�WKH�\HDU�RYHU�\HDU�LQFUHDVHV�LQ�SUHSDLG�
PDUNHWLQJ�DQG�VDOHV�H[SHQVHV�ZHUH�PRVWO\�RIIVHW�E\�ORZHU�EDG�GHEW�H[SHQVHV��
�
&RVW�RI�SURGXFW�RI������ELOOLRQ�IRU�WKH�TXDUWHU�GHFUHDVHG�E\�����IURP�D�\HDU�DJR��PRVWO\�GULYHQ�E\�KLJKHU�PL[�RI�
SRVWSDLG�DFWLYDWLRQV�DQG�OHDVLQJ��:H�UHPDLQ�IRFXVHG�RQ�RXU�FRVW�WUDQVIRUPDWLRQ�WR�GHOLYHU�QHW�FRVW�UHGXFWLRQV�
\HDU�RYHU�\HDU�LQ�ILVFDO������DIWHU�LQYHVWPHQWV�LQWR�JURZWK�SODWIRUPV�IRU�WKH�EXVLQHVV�LQFOXGLQJ�UHWDLO�GLVWULEXWLRQ��
QHWZRUN�GHQVLILFDWLRQ��GLJLWDOL]DWLRQV�RI�VDOHV�DQG�FDUH�DQG�SUHSDLG�JURZWK�LQLWLDWLYHV��
�
)XUWKHUPRUH��ZH�DUH�DOUHDG\�GHYHORSLQJ�LQLWLDWLYHV�IRU�DGGLWLRQDO�H[SHQVH�UHGXFWLRQV�LQ������DQG�EH\RQG�DV�
FRQWLQXHG�FRVW�WUDQVIRUPDWLRQ�ZLOO�SURYLGH�WKH�IRXQGDWLRQ�WR�IXQG�RXU�JURZWK�VWUDWHJ\�DQG�IXUWKHU�LPSURYH�PDUJLQV�
LQ�WKH�IXWXUH�DV�0DUFHOR�RXWOLQHG�DW�WKH�EHJLQQLQJ�RI�WKH�FDOO��
�
7KH�FRPSDQ\�KDV�WDNHQ�URXJKO\����ELOOLRQ�RI�FRVWV�RXW�RI�WKH�EXVLQHVV��EXW�,�ZLOO�WHOO�\RX�WKDW�,�VWLOO�VHH�PRUH�URRP�
WR�LPSURYH�RSHUDWLRQDO�HIILFLHQF\�DQG�H[WUDFW�VLJQLILFDQWO\�PRUH�FRVWV�RXW�RI�WKH�EXVLQHVV�E\�IRFXVLQJ�RQ�UHGXFLQJ�
FRPSOH[LW\�DQG�LPSURYLQJ�RXU�DJLOLW\�WR�EH�ODVHU�IRFXVHG�RQ�RXU�FRUH�SULRULWLHV�WKDW�0DUFHOR�RXWOLQHG��0\�JRDO�ZLOO�
EH�WR�KHOS�RSWLPL]H�6SULQW
V�FRVW�VWUXFWXUH�LQ�RUGHU�WR�LQYHVW�LQ�RXU�QHWZRUN��RXU�YDOXH�SURSRVLWLRQ�DQG�RXU�VPDUW�
GLVWULEXWLRQ��
�
1RZ�WXUQLQJ�WR�VOLGH�����RXU�DGMXVWHG�(%,7'$�RI������ELOOLRQ�IRU�WKH�TXDUWHU�ZDV�WKH�KLJKHVW�ILVFDO�WKLUG�TXDUWHU�LQ�
���\HDUV�DQG�LPSURYHG�E\�����FRPSDUHG�WR�D�\HDU�DJR��2SHUDWLQJ�LQFRPH�RI������PLOOLRQ�LQ�ILVFDO�WKLUG�TXDUWHU��
PRUH�WKDQ�GRXEOHG�IURP�WKH�\HDU�DJR�TXDUWHU��:KLOH�WKLV�TXDUWHU�LQFOXGHG�����PLOOLRQ�RI�KXUULFDQH�LPSDFWV�DQG�
URXJKO\������PLOOLRQ�UHODWHG�WR�IDYRUDEOH�OHJDO�VHWWOHPHQWV�DQG�RWKHU�LWHPV��RXU�RSHUDWLQJ�LQFRPH�LV�XS�URXJKO\�
�����PLOOLRQ�\HDU�RYHU�\HDU�DIWHU�DGMXVWLQJ�IRU�WKHVH�VSHFLDO�LWHPV�GULYHQ�E\�RXU�FRVW�WUDQVIRUPDWLRQ��
�
0RYLQJ�WR�VOLGH�����6SULQW�UHSRUWHG�QHW�LQFRPH�WKLV�TXDUWHU�RI������ELOOLRQ�RU�������SHU�VKDUH�FRPSDUHG�WR�D�QHW�
ORVV�RI������PLOOLRQ�RU�������SHU�VKDUH�LQ�WKH�\HDU�DJR�SHULRG��7KLV�TXDUWHU�LQFOXGHG������ELOOLRQ�RI�QRQFDVK�EHQHILW�
IURP�WD[�UHIRUP��ZKLFK�LV�UHVXOWLQJ�IURP�D�UHGXFWLRQ�RI�GHIHUUHG�WD[�OLDELOLWLHV�GXH�WR�WKH�ORZHU�FRUSRUDWH�WD[�UDWH�
DQG�DQ�RYHUDOO�LQFUHDVH�LQ�RXU�QHW�GHIHUUHG�WD[�DVVHWV�GXH�WR�FKDQJHV�LQ�WKH�UXOHV�DSSOLFDEOH�WR�QHW�RSHUDWLQJ�ORVV�
FDUU\�IRUZDUGV��$GMXVWLQJ�IRU�WKHVH�LPSDFWV�RI�WD[�UHIRUP��IDYRUDEOH�OHJDO�>SK@�VWDWHPHQWV�DQG�WKH�KXUULFDQHV�
���������RXU�XQGHUO\LQJ�QHW�ORVV�KDV�LPSURYHG�E\�URXJKO\������PLOOLRQ�\HDU�RYHU�\HDU�GULYHQ�E\�RXU�FRVW�
WUDQVIRUPDWLRQ��
�
7XUQLQJ�WR�VOLGH�����WRWDO�FDVK�FDSLWDO�H[SHQGLWXUHV�ZHUH������ELOOLRQ�LQ�ILVFDO�WKLUG�TXDUWHU��FRPSDUHG�WR������ELOOLRQ�
D�\HDU�DJR��([FOXGLQJ�FDSLWDOL]HG�GHYLFH�OHDVHV��FDVK�FDSLWDO�H[SHQGLWXUHV�ZHUH������PLOOLRQ�LQ�WKH�TXDUWHU��XS�
PRUH�WKDQ�����FRPSDUHG�WR�WKH�\HDU�DJR�SHULRG�ZLWK�D�\HDU�RYHU�\HDU�LQFUHDVH�GULYHQ�E\�WKH�UDPS�XS�RI�RXU�
QHWZRUN�LPSURYHPHQW�LQLWLDWLYH�DQG�RXU�GHQVLILFDWLRQ�SURJUDP��
�
1HW�FDVK�SURYLGHG�E\�RSHUDWLQJ�DFWLYLWLHV�RI������ELOOLRQ�IRU�WKH�TXDUWHU�ZDV�XS�QHDUO\�����FRPSDUHG�WR������
PLOOLRQ�D�\HDU�DJR��<HDU�WR�GDWH��RXU�QHW�FDVK�IORZ�SURYLGHG�E\�RSHUDWLQJ�DFWLYLWLHV�LV�RYHU������ELOOLRQ��ZKLFK�LV�XS�
PRUH�WKDQ�����\HDU�RYHU�\HDU��7KLV�PHWULF�LV�D�NH\�IRFXV�RI�PDQDJHPHQW�DV�FDVK�LV�NLQJ�DQG�LW�LV�WKH�RSWLPXP�
VRXUFH�RI�IXQGLQJ�IRU�RXU�JURZWK�LQLWLDWLYHV�DQG�QHWZRUN�LQYHVWPHQWV��
�
$GMXVWHG�IUHH�FDVK�IORZ�ZDV������PLOOLRQ�RI�ILVFDO�WKLUG�TXDUWHU�DQG������ELOOLRQ�RQ�D�\HDU�WR�GDWH�EDVLV��:H�KDYH�
QRZ�UHSRUWHG�SRVLWLYH�DGMXVWHG�IUHH�FDVK�IORZ�LQ�HLJKW�RI�WKH�ODVW�QLQH�TXDUWHUV��:KLOH�ZH�GR�H[SHFW�DGMXVWHG�IUHH�
FDVK�IORZ�WR�EH�QHJDWLYH�LQ�ILVFDO�IRXUWK�TXDUWHU�GXH�WR�LQFUHDVHG�QHWZRUN�&DS([��ZH�DUH�FOHDUO\�PDNLQJ�VWURQJ�
SURJUHVV�LQ�FRQVLVWHQW�DGMXVWHG�IUHH�FDVK�IORZ�JHQHUDWLRQ��
�
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in the quarter and were relatively fíat compared to a year ago as the year-over-year increases in prepaid
marketing and sales expenses were mostly offset by lower bad debt expenses.

Cost of product of $1.7 billion for the quarter decreased by 16% from a year ago, mostly driven by higher mix of
postpaid activations and leasing. We remain focused on our cost transformation to deliver net cost reductions
year-over-year in fiscal 2017 after investments into growth platforms for the business including retail distribution,
network densification, digitalizations of sales and care and prepaid growth initiatives.

Furthermore, we are already developing initiatives for additional expense reductions in 2018 and beyond as
continued cost transformation will provide the foundation to fund our growth strategy and further improve margins
in the future as Marcelo outlined at the beginning of the call.

The company has taken roughly $6 billion of costs out of the business, but I will tell you that I still see more room
to improve operational efficiency and extract significantly more costs out of the business by focusing on reducing
complexity and improving our agility to be laser focused on our core priorities that Marcelo outlined. My goal will
be to help optimize Sprint's cost structure in order to invest in our network, our value proposition and our smart
distribution.

Now turning to slide 15, our adjusted EBITDA of $2.7 billion for the quarter was the highest fiscal third quarter in
11 years and improved by 11% compared to a year ago. Operating income of $727 million in fiscal third quarter,
more than doubled from the year ago quarter. While this quarter included $66 million of hurricane impacts and
roughly $300 million related to favorable legal settlements and other items; our operating income is up roughly
$190 million year-over-year after adjusting for these special items driven by our cost transformation.

Moving to slide 16, Sprint reported net income this quarter of $7.2 billion or $1.79 per share compared to a net
loss of $479 million or $0.12 per share in the year-ago period. This quarter included $7.1 billion of noncash benefit
from tax reform, which is resulting from a reduction of deferred tax liabilities due to the lower corporate tax rate
and an overall increase in our net deferred tax assets due to changes in the rules applicable to net operating loss
carry forwards. Adjusting for these impacts of tax reform, favorable legal [ph] statements and the hurricanes
(26:41), our underlying net loss has improved by roughly $300 million year-over-year driven by our cost
transformation.

Turning to slide 17, total cash capital expenditures were $1.4 billion in fiscal third quarter, compared to $1.2 billion
a year ago. Excluding capitalized device leases, cash capital expenditures were $696 million in the quarter, up
more than 45% compared to the year-ago period with a year-over-year increase driven by the ramp-up of our
network improvement initiative and our densification program.

Net cash provided by operating activities of $1.2 billion for the quarter was up nearly 80% compared to $650
million a year ago. Year-to-date, our net cash flow provided by operating activities is over $4.4 billion, which is up
more than 50% year-over-year. This metric is a key focus of management as cash is king and it is the optimum
source of funding for our growth initiatives and network investments.

Adjusted free cash flow was $397 million of fiscal third quarter and $1.1 billion on a year-to-date basis. We have
now reported positive adjusted free cash flow in eight of the last nine quarters. While we do expect adjusted free
cash flow to be negative in fiscal fourth quarter due to increased network CapEx, we are clearly making strong
progress in consistent adjusted free cash flow generation.
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:H�DOVR�FRQWLQXH�WR�VWUHQJWKHQ�RXU�EDODQFH�VKHHW�DV�ZH�UHWLUHG����ELOOLRQ�RI�GHEW�GXULQJ�WKH�TXDUWHU��7KLV�LQFOXGHG�
WKH�ILQDO�SD\PHQWV�RQ�WKH�VHFRQG�WUDQFKH�RI�0/6�������ELOOLRQ�SD\PHQWV�XQGHU�RXU�1HWZRUN�/HDVH&R�IDFLOLW\��DQG�
WKH�HDUO\�UHWLUHPHQW�RI�WKH�&OHDUZLUH�H[FKDQJHDEOH�QRWHV�WKDW�ZHUH�FDOODEOH�RQ�'HFHPEHU����
�
6XEVHTXHQW�WR�WKH�HQG�RI�WKH�TXDUWHU��ZH�PDGH�WKH�ILQDO�SD\PHQW�XQGHU�RXU�1HWZRUN�/HDVH&R�IDFLOLW\�LQ�-DQXDU\�
DQG�KDYH�QRZ�WHUPLQDWHG�WKDW�IDFLOLW\��7KHVH�IDFLOLWLHV�RU�QRWHV�DOO�DGG�LQWHUHVW�UDWHV�LQ�WKH�PLG��WR�KLJK�VLQJOH�
GLJLWV��VR�WKHVH�SD\PHQWV�DOORZ�XV�WR�IXUWKHU�UHGXFH�RXU�IXWXUH�LQWHUHVW�H[SHQVHV��
�
0RYLQJ�IRUZDUG��ZH�ZRXOG�H[SHFW�WR�UDLVH�DGGLWLRQDO�FDSLWDO�LQ�WKH�FRPLQJ�PRQWKV�WR�SUHIXQG�RXU�FDSLWDO�
GHSOR\PHQW�SODQV��7KLV�DFWLYLW\�ZRXOG�LQFOXGH�LVVXLQJ�WKH�VHFRQG�WUDQFKH�RI�VSHFWUXP�EDFNHG�QRWHV�XQGHU�WKH�
H[LVWLQJ����ELOOLRQ�SURJUDP��+RZHYHU��JLYHQ�WKH�VWUHQJWK�RI�JOREDO�FDSLWDO�PDUNHWV��ZH�PD\�ORRN�DW�RWKHU�PDUNHWV�
RSSRUWXQLVWLFDOO\�DV�ZHOO��
�
$V�ZH�PRYH�LQWR�WKH�ODVW�TXDUWHU�RI�ILVFDO�������OHW
V�WXUQ�WKH�SDJH�WR�RXU�IXOO�ILVFDO�\HDU������JXLGDQFH�RQ�VOLGH�����
:H�H[SHFW�WR�EH�QHDU�WKH�PLGSRLQW�RI�RXU�DGMXVWHG�(%,7'$�JXLGDQFH�RI�������ELOOLRQ�WR�������ELOOLRQ�LQ�ILVFDO�������
:H�DUH�UDLVLQJ�RXU�RSHUDWLQJ�LQFRPH�JXLGDQFH�IURP������ELOOLRQ�WR������ELOOLRQ��DQG�QRZ�H[SHFW������ELOOLRQ�WR������
ELOOLRQ�LQ�ILVFDO�\HDU������WR�UHIOHFW�WKH�IDYRUDEOH�OHJDO�VHWWOHPHQWV�WKLV�SDVW�TXDUWHU��7KLV�JXLGDQFH�LQFOXGHV�
H[SHFWHG�GHSUHFLDWLRQ�IRU�OHDVH�GHYLFH�RI������ELOOLRQ�WR������ELOOLRQ�IRU�ILVFDO�������
�
5HJDUGLQJ�RXU�JXLGDQFH�IRU�FDVK�FDSLWDO�H[SHQGLWXUHV��H[FOXGLQJ�OHDVH�GHYLFHV��ZH�FRQWLQXH�WR�H[SHFW�VSHQGLQJ�
WR�LQFUHDVH�VLJQLILFDQWO\�\HDU�RYHU�\HDU�EXW�QRZ�H[SHFW�&DS([�WR�EH�QHDU�WKH�ORZ�HQG�RI�RXU�JXLGDQFH�RI������
ELOOLRQ�WR����ELOOLRQ��:H�FRQWLQXH�WR�H[SHFW�&DS([�WR�LQFUHDVH�WR����ELOOLRQ�WR����ELOOLRQ�LQ�ILVFDO�������
�
/DVWO\��ZH�DUH�UDLVLQJ�RXU�JXLGDQFH�IRU�DGMXVWHG�IUHH�FDVK�IORZ�WR������PLOOLRQ�WR������PLOOLRQ�YHUVXV�RXU�SUHYLRXV�
H[SHFWDWLRQV�WR�EH�DURXQG�EUHDNHYHQ��UHIOHFWLQJ�RXU�VWURQJ�SHUIRUPDQFH�\HDU�WR�GDWH��
�
7KDQN�\RX��,�QRZ�WXUQ�WKH�FDOO�EDFN�WR�-XG�WR�EHJLQ�WKH�4	$��
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7KDQNV��0LFKHO��,Q�MXVW�D�PRPHQW��ZH�ZLOO�EHJLQ�WKH�4	$��&LQG\��SOHDVH�LQIRUP�RXU�SDUWLFLSDQWV�RQ�KRZ�WR�TXHXH�
XS�IRU�WKH�TXHVWLRQ�DQG�DQVZHU�VHVVLRQ��
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We also continue to strengthen our balance sheet as we retired $2 billion of debt during the quarter. This included
the final payments on the second tranche of MLS, $1.3 billion payments under our Network LeaseCo facility, and
the early retirement of the Clearwire exchangeable notes that were callable on December 1.

Subsequent to the end of the quarter, we made the final payment under our Network LeaseCo facility in January
and have now terminated that facility. These facilities or notes all add interest rates in the mid- to high-single
digits, so these payments allow us to further reduce our future interest expenses.

Moving forward, we would expect to raise additional capital in the coming months to prefund our capital
deployment plans. This activity would include issuing the second tranche of spectrum-backed notes under the
existing $7 billion program. However, given the strength of global capital markets, we may look at other markets
opportunistically as well.

As we move into the last quarter of fiscal 2017, let's turn the page to our full fiscal year 2017 guidance on slide 18.
We expect to be near the midpoint of our adjusted EBITDA guidance of $10.8 billion to $11.2 billion in fiscal 2017.
We are raising our operating income guidance from $2.1 billion to $2.5 billion, and now expect $2.5 billion to $2.7
billion in fiscal year 2017 to reflect the favorable legal settlements this past quarter. This guidance includes
expected depreciation for lease device of $3.6 billion to $3.8 billion for fiscal 2017.

Regarding our guidance for cash capital expenditures, excluding lease devices, we continue to expect spending
to increase significantly year-over-year but now expect CapEx to be near the low end of our guidance of $3.5
billion to $4 billion. We continue to expect CapEx to increase to $5 billion to $6 billion in fiscal 2018.

Lastly, we are raising our guidance for adjusted free cash flow to $500 million to $700 million versus our previous
expectations to be around breakeven, reflecting our strong performance year-to-date.

Thank you. I now turn the call back to Jud to begin the Q&A.

Jud Henry
Vice President & Head of Investor Relations, Sprint Corp.

Thanks, Michel. In just a moment, we will begin the Q&A. Cindy, please inform our participants on how to queue
up for the question-and-answer session.
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4�
7KDQNV��JX\V��7ZR��LI�,�FDQ��)LUVW��0DUFHOR�FDQ�\RX�WDON�DERXW�6SULQW
V�UROH�LQ�WKH�6RIW%DQN�HFRV\VWHP"�:KDW�
V\QHUJLHV�GR�\RX�VHH�ZLWK�WKH�$50��2QH:HE��%ULJKWVWDU��8EHU�DQG�RWKHUV"�$QG�LV�WKHUH�DQ\WKLQJ�WKDW
V�ORVW�LQ�
KDYLQJ�D�SXEOLF�6SULQW�VWXE"�$QG�WKHQ�RQH�IRU�0LFKHO��ZHOFRPH�DERDUG��\RX�SRLQWHG�RXW�WKDW�SUHSDLG�UHYHQXH�LV�
JURZLQJ�QRZ��FDQ�\RX�JLYH�XV�DQ�XSGDWH�RQ�KRZ�\RX�VHH�WRWDO�VHUYLFH�UHYHQXH�WUHQGLQJ"�&DQ�WKLV�VWDELOL]H�LQ�WKH�
QH[W�IHZ�TXDUWHUV"�7KDQNV��
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$�
7KDQNV�IRU�\RXU�TXHVWLRQ��6R�ZKHQ�ZH�VLW�GRZQ�DQG�ZH�VWDUW�ILQGLQJ�DUHDV�WKDW�PDNH�6SULQW�GLIIHUHQW�WKDQ�WKH�UHVW�
�RU�ELJ�GLIIHUHQWLDWRUV��ZH�SRLQW�RXW�WR�WZR��ULJKW"�2QH�LV�RXU�VXE���*+]�VSHFWUXP�WKDW�ZH�VSRNH�LQ�WKH�FDOO��DQG�
WKH�DELOLW\�IRU�XV�WR�EH�WKH�RQO\�FRPSDQ\�WKDW�FDQ�GHSOR\�D�PRELOH��*�LQ�HDUO\�������
�
$QG�WKDW�LV�TXLWH�LPSRUWDQW�EHFDXVH�RQFH�\RX�KDYH�WKLV�DGYDQFHG��*�HFRV\VWHP��WKHQ�\RX�VWDUW�WKLQNLQJ�
GLIIHUHQWO\�RQ�KRZ�GR�\RX�ILW�ZLWKLQ�WKH�6RIW%DQN�HFRV\VWHP��$V�\RX�NQRZ��6RIW%DQN�LV�WKH�ODUJHVW�VKDUHKROGHU�LQ�
PDQ\�ULJKW�VKDULQJ�FRPSDQLHV�DQG�WKH�IXWXUH�RI�ULJKW�VKDULQJ�REYLRXVO\�LV�OLQNHG�WR�FRQQHFWHG�FDUV��DXWRQRPRXV�
FDUV�ZKLFK�UHTXLUH��*�W\SH�RI�QHWZRUNV��:KHQ�\RX�ORRN�DW�WKH�IXWXUH�RI�,R7��$50�SOD\V�D�NH\�UROH�LQ�WHUPV�RI�
GHILQLQJ�WKH�IXWXUH�RI�ZKDW�LV�,R7�JRLQJ�WR�EH�OLNH��DQG�LW
V�GHILQLWHO\�YHU\�KHOSIXO�IRU�6SULQW�WR�KDYH�D�FORVH�
UHODWLRQVKLS�DV�WKH\
UH�ERWK�PDMRULW\�RZQHG�RU�LQ�WKH�FDVH�RI�$50��FRPSOHWHO\�RZQHG��:KHQ�\RX�ORRN�DW�RXU�
ORQJHU�WHUP�SURMHFW�VXFK�DV�2QH:HE�DQG�WKH�SRWHQWLDO�ODXQFK�LQ�H[FHVV�RI�����VDWHOOLWHV�LQ�WKH�ORZ�RUELW�VDWHOOLWH�LQ�
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Operator: [Operator Instructions] Your first question comes from Philip Cusick from JPMorgan Securities.

Philip A. Cusick
Analyst, JPMorgan Securities LLC

Thanks, guys. Two, if I can. First, Marcelo can you talk about Sprint's role in the SoftBank ecosystem? What
synergies do you see with the ARM, OneWeb, Brightstar, Uber and others? And is there anything that's lost in
having a public Sprint stub? And then one for Michel, welcome aboard, you pointed out that prepaid revenue is
growing now, can you give us an update on how you see total service revenue trending? Can this stabilize in the
next few quarters? Thanks.

Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

Thanks for your question. So when we sit down and we start finding areas that make Sprint different than the rest
— or big differentiators, we point out to two, right? One is our sub-6 GHz spectrum that we spoke in the call, and
the ability for us to be the only company that can deploy a mobile 5G in early 2019.

And that is quite important because once you have this advanced 5G ecosystem, then you start thinking
differently on how do you fit within the SoftBank ecosystem. As you know, SoftBank is the largest shareholder in
many right-sharing companies and the future of right-sharing obviously is linked to connected cars, autonomous
cars which require 5G type of networks. When you look at the future of loT, ARM plays a key role in terms of
defining the future of what is loT going to be like, and it's definitely very helpful for Sprint to have a close
relationship as they're both majority owned or in the case of ARM, completely owned. When you look at our
longer-term project such as OneWeb and the potential launch in excess of 900 satellites in the low orbit satellite in
the next couple of years; that could be an amazing supplement to a rural strategy that we have.

So when you look at ARM, OneWeb and other right-sharing companies, we're now starting to work all together to
figure out how we can leverage each other's position for strength. But I will say more importantly is for Sprint to
build a network that is going to satisfy their needs. The same applies to other robotic companies that SoftBank
has acquired, and if you look at all those companies, all of  them need the type of connectivity that we plan to
bring, which is blazing gigabit speeds with most importantly low latency which is basically the future of 5G and the
future of connecting the Internet of Things.

Michel Combes
President, Chief Financial Officer & Director, Sprint Corp. A
On the second question. First, thanks, Phil. As I pointed out, wireless services revenue of $5.6 billion was down
less than 1% sequentially and down 2% year-over-year, which shows that we have had our lowest year-over-year
decline in the last 15 quarters when normalizing for the change in devices insurance program. So I guess that it's
fair to expect that we should reach growth in service revenue by the end of fiscal year 2018. It's always a little bit
difficult to predict quarter-on-quarter, but what we have seen during this quarter, the sequential decline of only
$30 million, the fact that we have reignited growth in prepay, I guess that we have the report to come to this
outcome by the end of 2018.
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UH�FUHDWLQJ�E\�KDYLQJ�D�KLJKHU�FKXUQ��
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Q3 2017 Earnings Call

Philip A. Cusick
Analyst, JPMorgan Securities LLC

Corrected Transcript
02-Feb-2018

Q
Thanks, Michel. Marcelo if I can follow up, do you see anything lost in having a public stub at Sprint? As you said,
SoftBank is an investor in a lot of companies where it's not a full owner. Is there any difference with Sprint?

Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

So the going-private question is one that we get asked a lot of times, and I'll refer you that the ultimate question
that is for SoftBank. [ph] First (35:30) SoftBank had been buying shares in the open market as a result of their
strong belief in the Sprint future value, and becoming a wholly-owned subsidiary of SoftBank could be a
possibility, but that obviously would depend 100% on Masa and I will let Masa answer that question. I guess he
has an earnings call very soon.

Philip A. Cusick
Analyst, JPMorgan Securities LLC

Thanks very much.

Q
Operator: Your next question comes from Amir Rozwadowski from Barclays Capital.

Amir Rozwadowski
Analyst, Barclays Capital, Inc

Thank you very much, and good morning, folks. Thanks for taking the questions. Marcelo, maybe the first in terms
of your commentary around how you approach churn going forward, you mentioned that you're happy to run it a
higher level, but do you believe that given some of the initiatives that you have in place as you mentioned that you
should see churn reduce on a year-over-year basis going forward?

Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

So let's talk about churn, and that's always a hot topic of our calls. First let me — let's admit that there are further
improvements to our network that needs to be made and those are going to reduce our churn. And let me walk
you through something that we call QOE or quality of experience. What we have done is we've put close to 45
million retail customers, we have [ph] assigned an score (36:56), and that's based on the network experience that
they're getting, based on the applications that they're using. And it took us a long time to basically — and this is a
statistical dynamic model.

But what that allows us to do is in places where we're offering the quality of experience greater than three or four,
this is one to five score, basically our churn falls in the range of 1% to 1.3%, which is exactly where we want to
run our business. So what we need to do is we basically have to build — continue to build our network. But it's —
we've done enough studies that basically show, if we provide the right quality of experience, a Sprint customer will
stay with us and in many cases the churn is the same as our competitors. So that's one.

Now, there's also certain things that we do to have a higher churn, and we run the business from a value creation
model. For example, when you're running a business model that allows customers to be out of a contract after 18
months because you're running an 18-month lease, that you have more customers out of contract meaning you're
going to have a higher churn. However, the positive value of leasing is significantly higher than the cost of — than
based on the churn — than the cost that you're creating by having a higher churn.
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WKHP�DUH�JRLQJ�WR�EH�GRLQJ�VPDOO�PLOOLPHWHU�ZDYH�ODXQFKHV��ZKLFK�LV�JRLQJ�WR�EH�YHU\�GLIIHUHQW��
�
6R�ZH�DUH�PRUH�H[FLWHG�WKDQ�HYHU�LQ�WHUPV�RI�SXWWLQJ�6SULQW�EDFN�DW�WKH�IRUHIURQW�RI�WHFKQRORJ\�E\�KDYLQJ�ZKDW�,�
EHOLHYH�ZLOO�EH�WKH�ILUVW�PRELOH� �WKH�ILUVW�PRELOH��*�QHWZRUN��
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

4�
7KDQN�\RX�YHU\�PXFK�IRU�WKH�LQFUHPHQWDO�FRORU��
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�

<RXU�QH[W�TXHVWLRQ�LV�IURP�-HQQLIHU�)ULW]VFKH�IURP�:HOOV�)DUJR��
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Sprint Corp. (S)
Q3 2017 Earnings Call

Corrected Transcript
02-Feb-2018

The same applies with certain customers who we don't voluntarily reach out to them, that they're on higher priced
plans. If they proactively come to us, we will take them to a lower plan, but we're not proactively telling customers
that they're at a higher rate plan. Those customers are at a higher churn but the additional revenue that would
generate from those customers is significantly higher than the cost of churn. Now, as we predict churn, as we look
at our churn models, obviously we're going to look at churn coming down in the next few years as we do our
investment in our network and as we roll out our 5G network. So we know exactly what churn is going to be. We
can predict it and we feel that next year churn will be better than this year's churn.

Amir Rozwadowski
Analyst. Barclays Capital, Inc

That's very helpful. And then a follow up in terms of your network strategy. You folks are targeting 5G network
based on 2.5 GHz in the first half of 2019. How do we think about sort of the approach to the rollout here? I mean,
are you seeing standard base equipment in terms of timing? And then, obviously, you've made a number of
announcements with cable providers to get you the necessary densification and backhaul infrastructure that you
need. Just trying to assess do you believe that you have the pieces in place at this juncture to really push forward
with that first half 2019 target?

Raul Marcelo Claure
Chief Executive Officer & Director Sprint Corp.

Yes. So obviously our priority is to launch mobile 5G, a true nationwide mobile 5G network in 2019. So in order for
that to happen, we basically have to have agreements with three different type of vendors. The first one is with
our network vendors and through the strategy that we have of deploying Massive MIMO first and then converting
that to 5G and Dr. Saw can speak a little more to that. That had been confirmed.

The second one was basically speaking to Qualcomm and whether they're able to build a chipset that will allow
the different phone manufacturers to be ready on time, and we have come to an agreement with Qualcomm that
they are going to be able to release this towards the later end of 2018, the new chipset, so this is going to be
positive for us.

And we have had a conversation with a manufacturer, a leading Korean manufacturer to basically have devices
ready by the first half of 2019. So we have the three parts that we need in order to make a commitment to launch
by first half of 2019, and this is very different than the networks that our competitors are announcing, due to the
fact that this is going to be in our 2.5 GHz band in which we have over 100 megahertz of capacity to dedicate to
5G. There are very few companies in the world that are going to be able to launch a mobile 5G network. Most of
them are going to be doing small millimeter wave launches, which is going to be very different.

So we are more excited than ever in terms of putting Sprint back at the forefront of technology by having what I
believe will be the first mobile — the first mobile 5G network.

Amir Rozwadowski
Analyst, Barclays Capital, Inc.

Thank you very much for the incremental color.

Operator: Your next question is from Jennifer Fritzsche from Wells Fargo.
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Q
Thank you. Two, if I may. Can you talk a little bit about the insurance program? I believe you said in the write-up
that half of the decline in wireless service revenue is due to this, although I know this could be accretive to
EBITDA. When will this abate a little bit or will that go until we see the point of growth at the end of this year? And
then a second maybe for Michel. When should we expect the next iteration of Spectrum LeaseCo? I guess the
question would be do you expect any hurdles or restrictive covenants? And you mentioned other markets. Should
we assume other financing to be in the high yield market? Thank you.

Raul Marcelo Claure
Chief Execufive Officer & Director, Sprint Corp.

Hi Jen, this is Marcelo. Could you repeat your first question for me?

A
Jennifer M. Fritzsche
Analyst, Wells Fargo Securities LLC

Q
Sure. On the insurance program, I believe that accounted for half the decline in wireless service revenue. Should
that abate soon, that insurance impact?

Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

I think we're getting close to a year of actually having rolled out the new Asurion programs, so I think going
forward, if the calculations year-over-year should be — you shouldn't take into — it shouldn't take into consideration
the changes on insurance.

A

Jud Henry
Vice President & Head of Investor Relations, Sprint Corp.

Yeah, Jennifer. This is Jud. That program went into effect on January 1, so this fiscal third quarter was the last
quarter we will see a material impact there and you should have a pretty clean view as we go into our fourth fiscal
quarter here.

Jennifer M. Fritzsche
Analyst, Wells Fargo Securities LLC

Great. Thank you. And if I could on the Spectrum LeaseCo and high yield.

Q
Michel Combes
President, Chief Financial Officer & Director, Sprint Corp.

Yes. So I guess that, in terms of funding our business, our strategy, as you know, is to diversify our sources of
funding in order to allow our cost of capital and spectrum interest expenses. So as I have alluded to, the intent is
obviously to go for the second tranche of our spectrum financing in the next coming weeks. So that's something
that we contemplate and that we intend to do. And what I have just mentioned is that as the market is quite good,
we might also contemplate to tap other compartments of the financial market to [ph] tread higher yields (43:51).

Jennifer M. Fritzsche
Analyst, Wells Fargo Securities LLC

Great. Thank you very much.
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Brett Feldman
Analyst, Goldman Sachs & Co. LLC

Thanks for the question. If we can talk about your cable partnerships a little bit. Obviously, the relationships
you've created with Altice and Cox are going to give you access to dense broadband infrastructure, particularly
fiber infrastructure, in the markets where those companies operate, but that's still a subset of the country. So I
was hoping you could maybe expand upon how you're going to ensure that Sprint has access to the fiber that you
need to densify the sites for a mobile 5G network and I'm particularly interested in whether you think there is
opportunity to work with the other major cable companies. Thanks.

Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

Q

A
Okay. So let's recap the two partnerships that we have. The first one is with Altice, and Altice is a combination of
an MVNO partnership combined with them giving us access to their cable infrastructure. We are, I think, the first
proof point is going to be on Long Island, as we're massively densifying Long Island utilizing our technology and
utilizing their infrastructure.

Secondly, as part of the legal settlement with Cox, we have come to a similar agreement. It is not an MVNO
agreement. It is basically — it gives us access at highly preferred rates to their infrastructure and it allows us to
have a second proof point. We've always been very bold that we believe in fixed wireless convergence in the
future and this is just another proof point that we want to make sure that we can prove to ourselves and prove to
the market that a combination of our wireless spectrum combined with cable infrastructure is a winning
combination in the U.S. like it's a winning combination in the rest of the world.

As it relates to how we plan to build our network in the future and whether we see other potential partnerships
with cable companies, I think that's wide open and I think they have — I believe that they have expressed the
same — the same potential partnerships for the future. But I think what we want to do this time is we want to prove
the model. We want to prove that you can build an incredibly dense network by leveraging each other's assets.
And we're doing that in two maybe smaller markets that could potentially serve as a proof point for any future
potential partnership with cable company.

Brett Feldman
Analyst, Goldman Sachs & Co. LLC

Thanks for that color. And just as a quick follow up. When you think broadly about the fiber options available to
you, how do you feel about other third-party options and is there a component of that $5 billion to $6 billion that
you're targeting for next fiscal year that actually involves fiber densification?

John C. B. Saw
Chief Technology Officer, Sprint Corp.

Brad, John Saw here. The answer is yes. We are working aggressively with a lot of other fiber providers,
companies like Zayo where we are bringing a lot of dark fiber to our sites. And this is especially important now as
we roll out more and more sites requiring Massive MIMO to support 5G as well, that we do this even more
aggressively. So a chunk of our CapEx spend is actually upgrading our backhaul networks using dark fiber,
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getting better lit fiber pricing [indiscernible] (47:01) gigabit per second, as well as continuing to use microwave
backhaul where it makes sense.

Brett Feldman
Analyst, Goldman Sachs & Co. LLC

Great. Thanks for the color.

John C. B. Saw
Chief Technology Officer, Sprint Corp.

Yeah.

Q

A
Operator: Your next question comes from John Hodulik from UBS Securities.

John C. Hodulik
Analyst, UBS Securities LLC Q
Great. Thanks. Two, if I may. Maybe first for Michel. You talked about some potential new areas for cost savings.
Sprint has wireless margins now of about 35%. I realize you're sort of looking at it with a new set of eyes here, but
do you see, given your experience, that there's some potential for meaningful margin accretion from here? Even
with the new costs that should come on with the network build-out? And then maybe for Marcelo, maybe just
some general comments on what you're seeing in terms of the competitive environment. In past quarters you've
talked about the ability or the need to raise prices. Is that still where Sprint is? And if you could talk about that as it
relates to ongoing ARPU trends of the company, that'd be great.

Michel Combes
President, Chief Financial Officer & Director, Sprint Corp.

Thanks, John. So on your first question, I guess first is, we should recognize that great work has been done up to
now as we are on track to deliver the fourth year in a row of at least $1 billion of net reductions to our cost of
services and SG&A. So which is quite a significant achievement. We are currently working with the team on new
initiatives for 2018 and the years beyond in order to let's say continue to decrease our cost structure in the next
coming years. I am very confident that there are lots of areas where we can still dig in while let's say of course
preserving our investments in the three priorities which have been outlined by Marcelo.

So from my experience in other places, I see a lot of, let's say, potential there. And I will provide more specifics on
next quarter call in conjunction with our annual guidance. You can expect that that there is still room of maneuver
to decrease and to invest in the future of our business.

John C. Hodulik
Analyst, UBS Securities LLC

Great.

Q
Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

So as it relates to the competitiveness in the market, it is competitive. Everybody has moved to buy one phone,
get one free, and throw in a lot more into their unlimited. We feel we're in a very good position. If you look at our
gross adds growth, year-over-year has been — we've been having it now four years, in which we continue to grow
our gross adds pretty much on the last three years. So we have absolutely no problem in getting our share of the
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market when you look at our share of gross adds, close to the 20% range. And anytime you have a 20% share of
gross adds with a market share of 12%, that is absolutely good.

What I can tell you is as a company, we could not be more excited that 5G is coming, right, and we see 5G as a
very important milestone in the history of Sprint because we have the spectrum to basically lead on 5G and lead
in a different way.

So we look at from other carriers, it is going to be very difficult for competitors to increase the price of unlimited,
but we're going to have a lot of room to increase our price of unlimited to get to similar prices as Verizon and
AT&T in the future. And you get that by having an amazing network. And you get that by being the first one to
launch 5G. So we're looking at 5G as an amazing opportunity for the company not only to again to lead from a
value proposition, lead with a great product, but potentially be able to charge for the blazing fast speeds.

Also something that allows you to do that is when you look at 5G, you have a significant reduction on your cost
per gig, and that is also another — that's also another advantage that will allow us to potentially get in the place
where we'd like to be, and that is be able to charge for our services while at the same time be able to reduce cost
or having the lowest cost per bit.

As we relate from now till the time we launch our 5G network, which we're looking at a year, we have already
increased our price. We used to be basically the first two lines for $90, now the second two lines are for $100 and
then we're going to continue to look at the market and be able to see if there's extra room in order for us to be
able to capture that share of gross adds that we feel comfortable plus minus 20%, while at the same time being
able to charge the most amount that we can for our services.

John C. Hodulik
Analyst. UBS Securities LLC

Got you. Thanks, guys.

Q
Operator: Your next question comes from Michael Rollins from Citigroup Investment Research. Michael Rollins
from Citigroup.

Jud Henry
Vice President & Head of Investor Relations, Sprint Corp.

Mike, you there? All right. Cindy, let's go to the next question.

A
Operator: Your next question comes from Matthew Niknam from Deutsche Bank.

Matthew Niknam
Analyst, Deutsche Bank Securities, Inc.

Hey guys. Thank you for taking the question. Just one on leasing and then just one housekeeping item. On
leasing, I think Marcelo you referred to it as a driver of some of the pressure this quarter on churn. In the past, I
think you've actually referred to it as a churn killer about a year or a year-and-a-half ago when it was first
introduced. So can you maybe talk to what's changed there? And then secondly, on CapEx, if you could just shed
more light on what's driving some of the lower CapEx expectation this year, and then whether this is more of a
deferral into fiscal 2018? Thanks.
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Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

Yes, our leasing program is working. It's actually working great, and it's giving us the profitability that we had
expected when you have — when you're the only carrier with a leasing program. A couple of things that are
important for us as it relates to leasing.

A

Before, we used to have a 24-month lease. We've moved to an 18-month lease with the ability of customers to
upgrade after one year with an iPhone Forever or a Galaxy Forever. So in that case, you are going to have a little
more churn because you have a larger amount of customers off contract, and this basically hasn't changed in our
industry. Once a customer [ph] hit (53:42), they're off contract, they basically shop around, and in many cases,
they will decide to go somewhere else if the offer is better.

Now, the customers that are within our — the customers that are upgrading within our 12-month program, we're
seeing incredible low churn rates, and our goal is going to be over the course of the next few years to perfect the
model where a customer is upgrading prior to their 18-month when their contract expires. So obviously there's
different ways to get ahold of our customers. Leasing is new, but those customers absolutely, I mean, they are —
they have a great churn profile.

Where things — where churn gets a little higher, it's basically when the customer is out of the contract after 18
months, and we're working on moving the least amount of customers there. So as I said before, we're very happy
with leasing. The profit that we get from leasing, it's positive. The ability to pick up millions of used iPhones or
used Galaxys and be able to remanufacture them and put them into our both our prepaid and postpaid
businesses and be able to either subsidize less or use less cash in bringing those phones and bringing those
customers is positive. So we've got to let the cycle of leasing basically to continue.

Michel Combes
President, Chief Financial Officer & Director, Sprint Corp.

On network CapEx, so as I have mentioned, we have $200 million year-over-year increase, so — which has been
driven by the ramp-up of our network improvement initiatives and densification program. We will see an
acceleration in next quarter. While it says in the guidance that I gave you implies a minimum of $1 billion spent in
fiscal Q4 2017, and we should see an acceleration in 2018. This is driven by the fact that we're moving to more
expensive upgrades, new sites built which are, let's say, are going to kick in, and a Massive MIMO, which will also
start to roll out in the next coming quarters.

So that's what will pave the way for the next iteration of our CapEx spend in the next coming quarters, and that's
why we are comfortable with the indications that I gave you for next year.

Raul Marcelo Claure
Chief Executive Officer & Director Sprint Corp. A
Let me give you a follow-up answer as it relates to leasing churn build-out and all those. So we're going through a
cycle right now where we have the highest amount — where we've had over the last quarters the highest amount
of customers off a contract, and that has created a higher churn than what we had before.

At the same time, as our competitors have launched unlimited, we are going to invest a lot of money into our
network to basically deploy our 5G network. So when we look at our churn curve over the course of the next few
years, what we've seen is this has been a year with a higher churn than last year. We expect this to peak in fiscal
2018, and then after that, basically for our churn to come down to similar levels that we've had in the past.
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So we have very aggressive churn reductions over the course of the next few years. And I'll tell you, what l'ye
learned and what has been an eye opening for us and hope would have realized it before, is the ability of
launching our quality of experience and be able to pretty much forecast that Sprint has the ability to get down to
churn levels that are similar to our competitors once we're offering a great quality of experience. So we're going to
work hard in terms of lowering churn over the course of the next few quarters and years.

Matthew Niknam
Analyst, Deutsche Bank Securities, Inc.

Marcelo, if I could just follow up, I just want to clarify. So you're saying that for the fiscal 2018, churn will peak
before trending lower in fiscal 2019?

Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

That is correct.

A
Matthew Niknam
Analyst, Deutsche Bank Securities, Inc.

Thank you.

Q
Jud Henry
Vice President & Head of Investor Relations, Sprint Corp.

All right. Cindy, that's all the time we have for questions today, but before we close, I'd like to turn the call back to
Marcelo for some closing comments. If you have any additional questions following the call, please contact the
Sprint Investor Relations team.

Marcelo?

Raul Marcelo Claure
Chief Executive Officer & Director, Sprint Corp.

Great. I want to thank everyone for joining us today and for your support of Sprint. Our fiscal third quarter results
demonstrate continued progress in our five-year turnaround plan. We have improved profitability, delivering our
highest fiscal third quarter adjusted EBITDA in 11 years, our eighth consecutive quarter of operating income, and
positive adjusted free cash flow in eight of the last nine quarters. We delivered positive postpaid phone net
additions for the tenth consecutive quarter and continue to grow our prepaid business for the fourth consecutive
quarter.

I cannot emphasize enough how excited I am about the future of Sprint as we deploy our Next-Gen Network, we
expand our physical distribution, and enhance our value proposition and continue to transform our cost structure.
I'm excited for Sprint to take the leadership position as the first nationwide mobile 5G network and devices in the
U.S. I look forward to sharing more info of our transformation success on our future calls. Thanks everybody for
joining us today, and have a great day.

Operator: This concludes today's conference. You may now disconnect.

FACTSET: cal Ist reet
1-877-FACTSET www.callstreet.com

18
Copyright © 2001-2018 FactSet CallStreet, LLC



6SULQW�&RUS��(6��
4�������(DUQLQJV�&DOO�

&RUUHFWHG�7UDQVFULSW
���)HE������

�
������)$&76(7���ZZZ�FDOOVWUHHW�FRP�

��
&RS\ULJKW�������������)DFW6HW�&DOO6WUHHW��//&

�

�

�

�

�

�

�

�

�

�

�

Sprint Corp. (S)
Q3 2017 Earnings Cali

Corrected Transcript
02-Feb-2018

Disclaimer
The information herein is based on sources we believe to be reliable but is not guaranteed by us and does not purport to be a complete or error-free statement or summary of the available data.
As such, we do not warrant, endorse or guarantee the completeness, accuracy, integrity, or timeliness of the information. You must evaluate, and bear all risks associated with, the use of any
information provided hereunder, including any reliance on the accuracy, completeness, safety or usefulness of such information. This information is not intended to be used as the primary basis
of investment decisions. It should not be construed as advice designed to meet the particular investment needs of any investor. This report is published solely for information purposes, and is
not to be construed as financial or other advice or as an offer to sell or the solicitation of an offer to buy any security in any state where such an offer or solicitation would be illegal. Any
information expressed herein on this date is subject to change without notice. Any opinions or assertions contained in this information do not represent the opinions or beliefs of FactSet
CallStreet, LLC. FactSet CallStreet, LLC, or one or more of its employees, including the writer of this report, may have a position in any of the securities discussed herein.

THE INFORMATION PROVIDED TO YOU HEREUNDER IS PROVIDED "AS IS," AND TO THE MAXIMUM EXTENT PERMITTED BY APPLICABLE LAW, FactSet CallStreet, LLC AND ITS
LICENSORS, BUSINESS ASSOCIATES AND SUPPLIERS DISCLAIM ALL WARRANTIES WITH RESPECT TO THE SAME, EXPRESS, IMPLIED AND STATUTORY, INCLUDING WITHOUT
LIMITATION ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, ACCURACY, COMPLETENESS, AND NON-INFRINGEMENT. TO THE
MAXIMUM EXTENT PERMITTED BY APPLICABLE LAW, NEITHER FACTSET CALLSTREET, LLC NOR ITS OFFICERS, MEMBERS, DIRECTORS, PARTNERS, AFFILIATES, BUSINESS
ASSOCIATES, LICENSORS OR SUPPLIERS WILL BE LIABLE FOR ANY INDIRECT, INCIDENTAL, SPECIAL, CONSEQUENTIAL OR PUNITIVE DAMAGES, INCLUDING WITHOUT
LIMITATION DAMAGES FOR LOST PROFITS OR REVENUES, GOODWILL, WORK STOPPAGE, SECURITY BREACHES, VIRUSES, COMPUTER FAILURE OR MAL FUNCTION, USE,
DATA OR OTHER INTANGIBLE LOSSES OR COMMERCIAL DAMAGES, EVEN IF ANY OF SUCH PARTIES IS ADVISED OF THE POSSIBILITY OF SUCH LOSSES, ARISING UNDER OR
IN CONNECTION WITH THE INFORMATION PROVIDED HEREIN OR ANY OTHER SUBJECT MATTER HEREOF.

The contents and appearance of this report are Copyrighted FactSet CallStreet, LLC 2018 CallStreet and FactSet CallStreet, LLC are trademarks and service marks of FactSet CallStreet, LLC.
All other trademarks mentioned are trademarks of their respective companies. AII rights reserved.

FACTSET: callstreet
1-877-FACTSET www.calistreet.com

19
Copyright © 2001-2018 FactSet CallStreet, LLC



�
������ǣ� �ǤͳͺǦͲǦͲͳͳ������ǤͳͺǦͲǦͲͳʹ�
�
�������ǣ� ��������������
�
����ǣ� ��������ǡ�ʹͲͳͻ�
�
� �

�

�

�

������������������������
�

����������Ǧͷ�
ǲ�Ǧ����������������������������������������������ͲͲʹǡ�

���������ʹǦʹǳ�

�

�

�
�

Docket: A.18-07-011 and A.18-07-012

Witness:

Date:

Cameron Reed

January 7, 2019

Public Advocates Office

Exhiba CR-5
"T-Mobile Response to Cal Advocates Data Request 002,

Question 2-2"





Mbps or higher. These speeds are fast enough to enable New T-Mobile to compete
successfully with landline broadband services in these areas. The New T-Mobile in-
home service will be priced below wired broadband services of the incumbent cable and
wireline companies.

(b) New T-Mobile customers using the mobile 5G service as a wireless substitute for in-
home fixed broadband do not require any additional equipment beyond their mobile
devices. New T-Mobile customers subscribing to the in-home broadband service offering
that is a replacement for wired broadband service will use customer premises equipment
("CPE"), much like a wireless router, to convert New T-Mobile's wireless network signal
finto a Wi-Fi signal. Unlike other in-home broadband offerings, the wireless nature of the
offering will empower customers to avoid installation appointments and related charges
as they will be able to self-provision the necessary in-honre equipment. New T-Mobile
will extend the Un-carrier customer care model to its in-home broadband offering,
providing consumers with high-quality 24-7 customer support.

(c) For its mobile wireless broadband service that serves as a substitute for in-home fixed
broadband, T-Mobile refers to the maps provided in its Second Supplemental Response
to Cal PA DR 1-6. See also Wireless Application, Confidential Exhibit I. New T-
Mobile's in-home replacement service will be offered where capacity is available.
Nationally, T-Mobile estimates that the in-home service will be made offered in 52
percent of the zip codes.

(d) Based on the FCC's defmition of "rural," T-Mobile forecasts that IBHC-AE01  IEHC-
AE01 percent of California's rural PoPs will be covered by its mobile broadband 5G
service by 2024. See also Initial and Supplemental Responses to Cal PA DRs 1-6 and 1 -
122. T-Mobile estimates that the New T-Mobile in-home replacement service will be
offered in 20 to 25 percent of the country's rural areas.

(e) New T-Mobile plans to use a combination of macro cells and small cells to provide 5G
service. The reach of a small cell or macro cell site will depend on a variety of factors
that affect propagation, and on an individual basis, the operating radius of a cell site may
be impacted by its physical environment. Macro cell sites are used to cover greater arcas,
while small cells, which have smaller operating radii, are better suited to urban arcas.
Both can be used to provide 5G services. In  general tercos, the reach of a cell site
depends on the frequency of spectrum on which the signals are transmitted and the
technical roles dictated by the FCC for that spectrum. New T-Mobile's network will use
low-band, mid-band, and high-band spectrum for 5G services.

Low-band spectrum (below 1 GHz) allows for broader coverage, both in-building and in
rural arcas. Spectrum below 1 GHz can support a macro cell site with an operating radius
of up to 18 miles, allowing for broad coverage without the need for as much capital
expenditure, especially in rural markets.

Mid-band spectrum (from 1 to 6 GHz) provides high capacity with some reduction in
coverage capabilities as compared to sub-1 GHz spectrum bands. Because there is more
spectrum in the mid-band, there is more capacity that can be delivered from a single cell
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site, and it is well-suited for urban and suburban markets where consumer demand for
more capacity is highest. Because the propagation in the mid-band is more limited
(operating radii of approximately up to 4 miles around cell sites) the band is not optimal
for rural area coverage, as it requires more capital expenditures to cover those
geographies.

High-band spectrum (aboye 20 GHz) is best utilized in dense urban markets where there
are extreme capacity demands, need for low latency, and surging use of high-speed data
applications. High-band spectrum cell operating radii are significantly less than one-half
of one mile, making use of this spectrum only economical in very densely populated
areas. The positive attributes of high-band spectrum are that it has large bandwidths
available, enables the use of very small antennas, and can be readily reused within a
market area. These features enable high-band spectrum to deliver much higher data rates
and lower latency than mid-band or low-band spectrum.

New T-Mobile will leverage the variety of spectrum at its disposal to deploy greater
quantities (more spectrum per cell site) more densely (to more cell sites throughout the
network). New T-Mobile will be able to deploy a capacity layer of 2.5 GHz spectrum to
provide much higher 5G data rates to consumers. Moreover, the combined company will
be able to deploy more spectrum in more cell sites, providing a much more consistent
signal strength throughout the coverage area. Signal strength is one of the best
approximations of the actual user experience—the stronger and more consistent the
signal strength, the more likely the consumer will have a steady and robust data and voice
connection. For this reason, signal strength is directly related to the actual data rates
delivered to a customer.

Typically, mobile broadband infrastructure is shared by users connected to a cell site, and
in-home broadband users will also share access to a cell site. However, capacity in the
new nationwide 5G network will be ample to support these users as such capacity will
rival and often surpass that of wired broadband.

The Company expects that New T-Mobile will provide its in-home wireless broadband
offering consistent with T-Mobile's Un-carrier approach, which eliminated service
contracts and strict monthly data caps for mobile wireless service. Final parameters for
the in-home product, however, have not been fmalized.
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Massive MIMO and Beamforming: The Signal 
Processing Behind the 5G Buzzwords
By Claire Masterson

Share on

Massive MIMO can be considered as a form of beamforming in the more 
general sense of the term, but is quite removed from the traditional form. 
Massive simply refers to the large number of antennas in the base station 
antenna array. MIMO refers to the fact that multiple spatially separated 
users are catered for by the antenna array in the same time and frequency 
resource. Massive MIMO also acknowledges that in real-world systems, 
data transmitted between an antenna and a user terminal—and vice 
versa—undergoes filtering from the surrounding environment. The signal 
may be reflected off buildings and other obstacles, and these reflections 
will have an associated delay, attenuation, and direction of arrival, as 
shown in Figure 2. There may not even be a direct line of sight between 
the antenna and the user terminal. It turns out that these nondirect 
transmission paths can be harnessed as a power for good.

× × × ×
× × × ×
× × × ×
× × × ×

Figure 2. Multipath environment between antenna array and user.

In order to take advantage of the multiple paths, the spatial channel 
between antenna elements and user terminals needs to be characterized. 
In literature, this response is generally referred to as channel state 
information (CSI). This CSI is effectively a collection of the spatial transfer 
functions between each antenna and each user terminal. This spatial 
information is gathered in a matrix (H), as shown in Figure 3. The next 
section looks at the concept of CSI and how it is collected in more detail. 
The CSI is used to digitally encode and decode the data transmitted from 
and received by the antenna array.
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Introduction
Our thirst for high speed mobile data is insatiable. As we saturate the 
available RF spectrum in dense urban environments, it’s becoming 
apparent that there’s a need to increase the efficiency of how we transmit 
and receive data from wireless base stations.

Base stations consisting of large numbers of antennas that simultaneously 
communicate with multiple spatially separated user terminals over the 
same frequency resource and exploit multipath propagation are one 
option to achieve this efficiency saving. This technology is often referred 
to as massive MIMO (multiple-input, multiple-output). You may have 
heard massive MIMO described as beamforming with a large number of 
antennas. But this raises the question ... what is beamforming?

Beamforming vs. Massive MIMO
Beamforming is a word that means different things to different people. 
Beamforming is the ability to adapt the radiation pattern of the antenna 
array to a particular scenario. In the cellular communications space, many 
people think of beamforming as steering a lobe of power in a particular 
direction toward a user, as shown in Figure 1. Relative amplitude and 
phase shifts are applied to each antenna element to allow for the output 
signals from the antenna array to coherently add together for a particular 
transmit/receive angle and destructively cancel each other out for other 
signals. The spatial environment that the array and user are in is not 
generally considered. This is indeed beamforming, but is just one specific 
implementation of it. 

× × × ×
× × × ×
× × × ×
× × × ×

Figure 1. Traditional beamforming.
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Introduction
Our thirst for high speed mobile data is insatiable. As we saturate the
available RF spectrum in dense urban environments, it's becoming
apparent that there's a need to increase the efficiency of how we transmit
and receive data from wireless base stations.

Base stations consisting of large numbers of antennas that simultaneously
communicate with multiple spatially separated user terminals over the
same frequency resource and exploit multipath propagation are one
option to achieve this efficiency saving. This technology is «ten referred
to as massive MIMO (multiple-input, multiple-output). You may have
heard massive MIMO described as beamforming with a large number of
antennas. But this raises the question what  is beamforming?

Beamforming vs. Massive MIMO
Beamforming is a word that means different things to different people.
Beamforming is the ability to adapt the radiation pattern of the antenna
array to a particular scenario. In the cellular communications space, many
people think of beamforming as steering a lobe of power in a particular
direction toward a user, as shown in Figure 1. Relative amplitude and
phase shifts are applied to each antenna element to allow for the output
signals from the antenna array to coherently add together for a particular
transmit/receive angle and destructively cancel each other out for other
signals. The spatial environment that the array and user are in is not
generally considered. This is indeed beamforming, but is just one specific
implementation of it.

Figure 1. Traditional beamforming.

Massive MIMO can be considered as a form of beamforming in the more
general sense of the term, but is quite removed from the traditional form.
Massive simply refers to the large number of antennas in the base station
antenna array. MIMO refers to the fact that multiple spatially separated
users are catered for by the antenna array in the same time and frequency
resource. Massive MIMO also acknowledges that in real-world systems,
data transmitted between an antenna and a user terminal—and vice
versa—undergoes filtering from the surrounding environment. The signa)
may be reflected off buildings and other obstacles, and these reflections
will have an associated delay, attenuation, and direction of arrival, as
shown in Figure 2. There may not even be a direct line of sight between
the antenna and the user terminal. It turns out that these nondirect
transmission paths can be harnessed as a power for good.

Figure 2. Multipath environment between antenna array and user.

In order to take advantage of the multiple paths, the spatial channel
between antenna elements and user terminals needs to be characterized.
In literature, this response is generally referred to as channel state
information (CSI). This CSI is effectively a collection of the spatial transfer
functions between each antenna and each user terminal. This spatial
information is gathered in a matrix (H), as shown in Figure 3. The next
section looks at the concept of CSI and how it is collected in more detail.
The CSI is used to digitally encode and decode the data transmitted from
and received by the antenna array.
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Figure 3. Channel state information needed to characterize a  
massive MIMO system.

Characterizing the Spatial Channel Between Base 
Station and User
An interesting analogy is to consider a balloon being popped at one 
location and the sound of this pop, or impulse, being recorded at another, 
as shown in Figure 4. The sound recorded at the microphone position is a 
spatial impulse response that contains information unique to the particular 
position of both the balloon and the microphone in the surrounding 
environment. The sound that is reflected off obstacles is attenuated and 
delayed compared to the direct path.

Figure 4. Audio analogy to demonstrate spatial characterization of a 
channel.

If we expand the analogy to compare to the antenna array/user terminal 
case, we need more balloons, as seen in Figure 5. Note that in order to 
characterize the channel between each balloon and the microphone, we 
need to burst each balloon at a separate time so the microphone doesn’t 
record the reflections for different balloons overlapping. The other direction 
also needs to be characterized, as shown in Figure 6. In this instance, all 
the recordings can be done simultaneously when the balloon is popped at 
the user terminal position. This is clearly a lot less time consuming!

Figure 5. Audio analogy to downlink channel characterization.

Figure 6. Audio analogy to uplink channel characterization.

In the RF space, pilot signals are used for characterizing the spatial 
channels. The over-the-air transmission channels between antennas and 
user terminals are reciprocal, meaning the channel is the same in both 
directions. This is contingent on the system operating in time division 
duplex (TDD) mode as opposed to frequency division duplex (FDD) mode. 
In TDD mode, uplink and downlink transmissions use the same frequency 
resource. The reciprocity assumption means the channel only needs to be 
characterized in one direction. The uplink channel is the obvious choice, as 
just one pilot signal needs to be sent from the user terminal and is received 
by all antenna elements. The complexity of the channel estimation is 
proportional to the number of user terminals, not the number of antennas 
in the array. This is of critical importance given the user terminals may 
be moving, and hence the channel estimation will need to be performed 
frequently. Another significant advantage of uplink-based characterization 
means that all the heavy duty channel estimation and signal processing is 
done at the base station, and not at the user end. 
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Figure 3. Channel state information needed to characterize a
massive MIMO system.

Characterizing the Spatial Channel Between Base
Station and User
An interesting analogy is to consider a balloon being popped at one
location and the sound of this pop, or impulse, being recorded at another,
as shown in Figure 4. The sound recorded at the microphone position is a
spatial impulse response that contains information unique to the particular
position of both the balloon and the microphone in the surrounding
environment. The sound that is reflected off obstacles is attenuated and
delayed compared to the direct path.
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Figure 4. Audio analogy to demonstrate spatial characterization of a
channel.

If we expand the analogy to compare to the antenna array/user terminal
case, we need more balloons, as seen in Figure 5. Note that in order to
characterize the channel between each balloon and the microphone, we
need to burst each balloon at a separate time so the microphone doesn't
record the reflections for different balloons overlapping. The other direction
also needs to be characterized, as shown in Figure 6. In this instance, all
the recordings can be done simultaneously when the balloon is popped at
the user terminal position. This is clearly a lot less time consuming!

Figure 5. Audio analogy to downlink channel characterization.
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Figure 6. Audio analogy to uplink channel characterization.

In the RF space, pilot signals are used for characterizing the spatial
channels. The over-the-air transmission channels between antennas and
user terminals are reciprocal, meaning the channel is the same in both
directions. This is contingent on the system operating in time division
duplex (TDD) mode as opposed to frequency division duplex (FDD) mode.
In TDD mode, uplink and downlink transmissions use the same frequency
resource. The reciprocity assumption means the channel only needs to be
characterized in one direction. The uplink channel is the obvious choice, as
just one pilot signal needs to be sent from the user terminal and is received
by all antenna elements. The complexity of the channel estimation is
proportional to the number of user terminals, not the number of antennas
in the array. This is of critical importance given the user terminals may
be moving, and hence the channel estimation will need to be performed
frequently. Another significant advantage of uplink-based characterization
means that all the heavy duty channel estimation and signal processing is
done at the base station, and not at the user end.
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Figure 7. Each user terminal transmits orthogonal pilot symbol.

So now that the concept of collecting CSI has been established, how is 
this information applied to data signals to allow for spatial multiplexing? 
Filtering is designed based on the CSI to precode the data transmitted from 
the antenna array so that multipath signals will coherently add at the user 
terminals position. Such filtering can also be used to linearly combine the 
data received by the antenna array RF paths so that the data streams from 
different users can be detected. The following section addresses this in 
more detail.

The Signal Processing that Enables Massive MIMO  
In the previous section we’ve described how the CSI (denoted by the matrix 
H) is estimated. Detection and precoding matrices are calculated based 
on H. There are a number of methods for calculating these matrices. This 
article focuses on linear schemes. Examples of linear precoding/detection 
methods are maximum ratio (MR), zero forcing (ZF), and minimum mean-
square error (MMSE). Full derivations of the precoding/detection filters 
from the CSI are not provided in this article, but the criteria they optimize 
for, as well as the advantages and disadvantages of each method are 
discussed. A more detailed treatment of these topics can be found in the 
references at the end of this article.1, 2, 3

Figure 8 and Figure 9 give a description of how the signal processing 
works in the uplink and downlink respectively for the three linear methods 
previously mentioned. For precoding there may also be some scaling matrix 
to normalize the power across the array that has been omitted for simplicity.
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Figure 8. Uplink signal processing. H denotes the conjugate transpose.
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Figure 9. Downlink signal processing. T denotes the transpose. * 
denotes the conjugate.

Maximum ratio filtering, as the name suggests, aims to maximize the 
signal-to-noise ratio (SNR). It is the simplest approach from a signal 
processing viewpoint, as the detection/precoding matrix is just the 
conjugate transpose or conjugate of the CSI matrix, H. The big downside of 
this method is that inter user interference is ignored.

Zero forcing precoding attempts to address the inter user interference 
problem by designing the optimization criteria to minimize for it. The 
detection/precoding matrix is the pseudoinverse of the CSI matrix. 
Calculating the pseudoinverse is more computationally expensive than the 
complex conjugate as in the MR case. However, by focusing so intently on 
minimizing the interference, the received power at the user suffers. 

MMSE tries to strike a balance between getting the most signal 
amplification and reducing the interference. This holistic view comes 
with signal processing complexity as a price tag. The MMSE approach 
introduces a regularization term to the optimization—denoted as ȕ in 
Figures 8 and 9—that allows for a balance to be found between the noise 
covariance and the transmit power. It is sometimes also referred to in 
literature as regularized zero forcing (RZF).

This is not an exhaustive list of precoding/detection techniques, but gives 
an overview of the main linear approaches. There are also nonlinear 
signal processing techniques such as dirty paper coding and successive 
interference cancellation that can be applied to this problem. These offer 
optimal capacity but are very complex to implement. The linear approaches 
described above are generally sufficient for massive MIMO, where the 
number of antennas gets large. The choice of a precoding/detection 
technique will depend on the computational resources, the number 
of antennas, the number of users, and the diversity of the particular 
environment the system is in. For large antenna arrays where the number 
of antennas is significantly greater than the number of users, the maximum 
ratio approach may well be sufficient.

The Practical Obstacles Real-World Systems Present 
to Massive MIMO
When massive MIMO is implemented in a real-world scenario, there are 
further practical considerations to be taken into account. Consider an 
antenna array with 32 transmit (Tx) and 32 receive (Rx) channels operating 
in the 3.5 GHz band as an example. There are 64 RF signal chains to be put 
in place and the spacing between the antennas is approximately 4.2 cm 

■
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Figure 7. Each user terminal transmits orthogonal pilot symbol.
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So now that the concept of collecting CSI has been established, how is
this information applied to data signals to allow for spatial multiplexing?
Filtering is designed based on the CSI to precode the data transmitted from
the antenna array so that multipath signals will coherently add at the user
terminals position. Such filtering can also be used to linearly combine the
data received by the antenna array RF paths so that the data streams from
different users can be detected. The following section addresses this in
more detail.

The Signal Processing that Enables Massive MIMO
In the previous section we've described how the CSI (denoted by the matrix
H) is estimated. Detection and precoding matrices are calculated based
on H. There are a number of methods for calculating these matrices. This
article focuses on linear schemes. Examples of linear precoding/detection
methods are maximum ratio (MR), zero forcing (ZF), and minimum mean-
square error (MMSE). Full derivations of the precoding/detection filters
from the CSI are not provided in this article, but the criteria they optimize
for, as well as the advantages and disadvantages of each method are
discussed. A more detailed treatment of these topics can be found in the
references at the end of this 2 3

Figure 8 and Figure 9 give a description of how the signal processing
works in the uplink and downlink respectively for the three linear methods
previously mentioned. For precoding there may also be some scaling matrix
to normalize the power across the array that has been omitted for simplicity.
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Maximum ratio filtering, as the narre suggests, aims to maximize the
signal-to-noise ratio (SNR). It is the simplest approach from a signal
processing viewpoint, as the detection/precoding matrix is just the
conjugate transpose or conjugate of the CSI matrix, H. The big downside of
this method is that inter user interference is ignored.

Zero forcing precoding attempts to address the inter user interference
problem by designing the optimization criteria to minimize for it. The
detection/precoding matrix is the pseudoinverse of the CSI matrix.
Calculating the pseudoinverse is more computationally expensive than the
complex conjugate as in the MR case. However, by focusing so intently on
minimizing the interference, the received power at the user suffers.

MMSE tries to strike a balance between getting the most signal
amplification and reducing the interference. This holistic view comes
with signal processing complexity as a price tag. The MMSE approach
introduces a regularization term to the optimization—denoted as R in
Figures 8 and 9—that allows for a balance to be found between the noise
covariance and the transmit power. It is sometimes also referred to in
literature as regularized zero forcing (RZF).

This is not an exhaustive list of precoding/detection techniques, but gives
an overview of the main linear approaches. There are also nonlinear
signal processing techniques such as dirty paper coding and successive
interference cancellation that can be applied to this problem. These offer
optimal capacity but are very complex to implement. The linear approaches
described aboye are generally sufficient for massive MIMO, where the
number of antennas gets large. The choice of a precoding/detection
technique will depend on the computational resources, the number
of antennas, the number of users, and the diversity of the particular
environment the system is in. For large antenna arrays where the number
of antennas is significantly greater than the number of users, the maximum
ratio approach may well be sufficient.

The Practical Obstacles Real-World Systems Present
to Massive MIMO
When massive MIMO is implemented in a real-world scenario, there are
further practical considerations to be taken into account. Consider an
antenna array with 32 transmit (Tx) and 32 receive (Rx) channels operating
in the 3.5 GHz band as an example. There are 64 RF signal chains to be put
in place and the spacing between the antennas is approximately 4.2 cm
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given the operating frequency. That’s a lot of hardware to pack into a small 
space. It also means there is a lot of power being dissipated, which brings 
inevitable temperature concerns. Analog Devices’ integrated transceivers 
offer a highly effective solution to many of these issues. The AD9371 will 
be discussed in more detail in the next section.

Previously in this article, the application of reciprocity to the system to 
drastically cut the channel estimation and signal processing overheads 
were discussed. Figure 10 shows the downlink channel in a real-world 
system. It is split into three components; the over-the-air channel (H), the 
hardware response of the base station transmit RF paths (TBS), and the 
hardware response of the user receive RF paths (RUE). The uplink is the 
opposite of this with RBS characterizing the base station receive hardware 
RF paths and TUE characterizing the users transmit hardware RF paths. 
While the reciprocity assumption holds for the over the air interface, it does 
not for the hardware paths. The RF signal chains introduce inaccuracies 
into the system due to mismatched traces, poor synchronization between 
the RF paths, and temperature-related phase drift. 

RUETBS

M
Antennas

Channel State
Information H K Users

Figure 10. Real-world downlink channel.

Using a common synchronized reference clock for all LO (local oscillator) 
PLLs in the RF paths and synchronized SYSREFs for the baseband digital 
JESD204B signals will help address latency concerns between the RF 
paths. However, there will still be some arbitrary phase mismatch between 
the RF paths at system startup. Temperature-related phase drift contributes 
further to this issue and it is clear that calibration is required in the field 
when the system is initialized and periodically thereafter. Calibration allows 
for the advantages of reciprocity such as maintaining the signal processing 
complexity at the base station and uplink only channel characterization 
to be kept. It can generally be simplified so that only the base station RF 
paths (TBS and RBS) need to be considered.

There are a number of approaches to calibrating these systems. One is to 
use a reference antenna positioned carefully in front of the antenna array 
to calibrate both the receive and transmit RF channels. It’s questionable 
whether having an antenna placed in front of the array in this way is 
suited to practical base station calibration in the field. Another is to 
use mutual coupling between the existing antennas in the array as the 
calibration mechanism. This may well be feasible. The most straight 
forward approach is probably to add passive coupling paths just before 
the antennas in the base station. This adds more complexity in the 
hardware domain, but should provide a robust calibration mechanism. To 
fully calibrate the system a signal is sent from one designated calibration 
transmit channel, which is received by all RF receive paths through the 
passive coupled connection. Each transmit RF path then sends a signal 
in sequence that is picked up at the passive coupling point before each 
antenna, relayed back to a combiner, and then to a designated calibration 
receive path. Temperature related effects are generally slow to change, so 
this calibration does not have to be performed very frequently, unlike the 
channel characterization. 

Analog Devices’ Transceivers and Massive MIMO
Analog Devices’ range of integrated transceiver products are particularly 
suited to applications where there is a high density of RF signal 
chains required. AD9371 features 2 transmit paths, 2 receive paths, 
and an observation receiver, as well as three fractional-N PLLs for RF 
LO generation in a 12 mm × 12 mm package. This unrivaled level of 
integration enables manufacturers to create complex systems in a timely 
and cost-effective manner.

A possible system implementation featuring multiple AD9371 transceivers 
is shown in Figure 11. This is a 32 transmit, 32 receive system with 16 
AD9371 transceivers. Three AD9528 clock generators provide the PLL 
reference clocks and JESD204B SYSREFs to the system. The AD9528 is 
a 2-stage PLL with 14 LVDS/HSTL outputs and an integrated JESD204B 
SYSREF generator for multiple device synchronization. The AD9528s are 
arranged in a fanout buffer configuration with one acting as a master 
device with some of its outputs used to drive the clock inputs and the 
SYSREF inputs of the slave devices. A possible passive calibration 
mechanism is included—shown in green and orange—where a dedicated 
transmit and receive channel are used to calibrate all the receive and 
transmit signal paths through a splitter/combiner, as discussed in the 
previous section.

given the operating frequency. That's a lot of hardware to pack into a small
space. It also means there is a lot of power being dissipated, which brings
inevitable temperature concerns. Analog Devices' integrated transceivers
offer a highly effective solution to many of these issues. The AD9371 will
be discussed in more detail in the next section.

Previously in this article, the application of reciprocity to the system to
drastically cut the channel estimation and signal processing overheads
were discussed. Figure 10 shows the downlink channel in a real-world
system. It is split into three components; the over-the-air channel (H), the
hardware response of the base station transmit RF paths (TBs), and the
hardware response of the user receive RF paths (R„). The uplink is the
opposite of this with RBS characterizing the base station receive hardware
RF paths and T„ characterizing the users transmit hardware RF paths.
While the reciprocity assumption holds for the over the air interface, it does
not for the hardware paths. The RF signal chains introduce inaccuracies
into the system due to mismatched traces, poor synchronization between
the RF paths, and temperature-related phase drift.
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Using a common synchronized reference clock for all LO (local oscillator)
PLLs in the RF paths and synchronized SYSREFs for the baseband digital
JESD204B signals will help address latency concerns between the RF
paths. However, there will still be some arbitrary phase mismatch between
the RF paths at system startup. Temperature-related phase drift contributes
further to this issue and it is clear that calibration is required in the field
when the system is initialized and periodically thereafter. Calibration allows
for the advantages of reciprocity such as maintaining the signal processing
complexity at the base station and uplink only channel characterization
to be kept. It can generally be simplified so that only the base station RF
paths (TBS and RBS) need to be considered.

There are a number of approaches to calibrating these systems. One is to
use a reference antenna positioned carefully in front of the antenna array
to calibrate both the receive and transmit RF channels. It's questionable
whether having an antenna placed in front of the array in this way is
suited to practical base station calibration in the field. Another is to
use mutual coupling between the existing antennas in the array as the
calibration mechanism. This may well be feasible. The most straight
forward approach is probably to add passive coupling paths just before
the antennas in the base station. This adds more complexity in the
hardware domain, but should provide a robust calibration mechanism. To
fully calibrate the system a signal is sent from one designated calibration
transmit channel, which is received by all RF receive paths through the
passive coupled connection. Each transmit RF path then sends a signal
in sequence that is picked up at the passive coupling point before each
antenna, relayed back to a combiner, and then to a designated calibration
receive path. Temperature related effects are generally slow to change, so
this calibration does not have to be performed very frequently, unlike the
channel characterization.

Analog Devices' Transceivers and Massive MIMO
Analog Devices' range of integrated transceiver products are particularly
suited to applications where there is a high density of RF signal
chains required. AD9371 features 2 transmit paths, 2 receive paths,
and an observation receiver, as well as three fractional-N PLLs for RF
LO generation in a 12 mm x 12 mm package. This unrivaled level of
integration enables manufacturers to create complex systems in a timely
and cost-effective manner.

A possible system implementation featuring multiple AD9371 transceivers
is shown in Figure 11. This is a 32 transmit, 32 receive system with 16
AD9371 transceivers. Three AD9528 clock generators provide the PLL
reference clocks and JESD20413 SYSREFs to the system. The AD9528 is
a 2-stage PLL with 14 LVDS/HSTL outputs and an integrated JESD20413
SYSREF generator for multiple device synchronization. The AD9528s are
arranged in a fanout buffer configuration with one acting as a master
device with some of its outputs used to drive the clock inputs and the
SYSREF inputs of the slave devices. A possible passive calibration
mechanism is included—shown in green and orange—where a dedicated
transmit and receive channel are used to calibrate all the receive and
transmit signal paths through a splitter/combiner, as discussed in the
previous section.
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Figure 11. Block diagram of 32 Tx, 32 Rx massive MIMO radio head 
featuring Analog Devices’ AD9371 transceivers.

Conclusion
Massive MIMO spatial multiplexing has the potential to become a game 
changing technology in the cellular communications space, allowing for 
increased cellular capacity and efficiency in high traffic urban areas. The 
diversity that multipath propagation introduces is exploited to allow for 
data transfer between a base station and multiple users in the same time 
and frequency resource. Due to reciprocity of the channel between the 
base station antennas and the users, all the signal processing complexity 
can be kept at the base station, and the channel characterization can be 
done in the uplink. Analog Devices’ RadioVerse™ family of integrated 
transceiver products allow for a high density of RF paths in a small space, 
so they are well suited to massive MIMO applications.
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Massive MIMO spatial multiplexing has the potential to become a game
changing technology in the cellular communications space, allowing for
increased cellular capacity and efficiency in high traffic urban areas. The
diversity that multipath propagation introduces is exploited to allow for
data transfer between a base station and multiple users in the same time
and frequency resource. Due to reciprocity of the channel between the
base station antennas and the users, all the signal processing complexity
can be kept at the base station, and the channel characterization can be
done in the uplink. Analog Devices' RadioVerseTM family of integrated
transceiver products allow for a high density of RF paths in a small space,
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1. Executive summary
Beamforming is an attractive solution to boost mobile network performance while reusing existing 
base station sites. It can use active antennas, simplifying installation and minimizing site impact. Nokia 
VLPXODWLRQV�DQG�ƬHOG�PHDVXUHPHQWV�VKRZ�WKDW�EHDPIRUPLQJ�FDQ�SURYLGH�DQ�HLJKW�IROG�LQFUHDVH�LQ��SHDN�
FHOO�WKURXJKSXW�DQG�XS�WR�D�ƬYH�IROG�LPSURYHPHQW�LQ�WKH�DYHUDJH�FHOO�FDSDFLW\�DW�����*+]�EDQGV�ZLWK�/7(��
7KH�JDLQV�ZLOO�EH�HYHQ�PRUH�VXEVWDQWLDO�ZLWK��*�DV�FRQWURO�FKDQQHOV�DOVR�VXSSRUW�EHDPIRUPLQJ��

7KH�KLJKHU�IUHTXHQF\�EDQGV�DW�PLOOLPHWHU�ZDYHV�HQDEOH�EHDPIRUPLQJ�ZLWK�FRPSDFW�DQWHQQDV��ERWK�DW�WKH�
base stations and also in the devices. Beamforming uses massive MIMO (Multiple Input Multiple Output) 
WHFKQRORJ\��ZKLFK�LV�VXSSRUWHG�E\�WKH�ODWHVW��*33�VSHFLƬFDWLRQV�IRU�/7(�DQG�ZLOO�EH�VXSSRUWHG�LQ��*�IURP�
WKH�ƬUVW�GHSOR\PHQWV��*HQHUDOO\��PDVVLYH�0,02�SURYLGHV�ERWK�FRYHUDJH�DQG�FDSDFLW\�JDLQV�DW�VXE��*+]�
IUHTXHQF\�DQG�FRYHUDJH�JDLQV�DW�PP:DYH�IUHTXHQFLHV�IRU��*�

1RNLD�LV�WKH�OHDGHU�LQ�WKHVH�WHFKQRORJLHV��WHVWLQJ�DFWLYH�DQWHQQDV�LQ�WKH�ƬHOG�LQ������DQG�GHSOR\LQJ�
FRPPHUFLDO�EHDPIRUPLQJ�ZLWK�7'�/7(�LQ�������1RNLD�%HOO�/DEV�LQYHQWHG�PDVVLYH�0,02�WHFKQRORJ\��ZKLOH�
1RNLD�$LUVFDOH�UDGLR�LV�GHVLJQHG�WR�IXOO\�H[SORLW�WKH�EHQHƬWV�RI�EHDPIRUPLQJ�LQ�/7(�DQG�LQ��*�QHWZRUNV��

2. Introduction 
Network capacity can be increased by using more spectrum, more sites or by using more antennas to 
LPSURYH�VSHFWUDO�HƯFLHQF\��6LQFH�VSHFWUXP�UHVRXUFHV�ZLOO�VRRQ�EH�IXOO\�H[SORLWHG��WKHUH�LV�D�JURZLQJ�QHHG�
IRU�DQWHQQD�HYROXWLRQ��%HDPIRUPLQJ�XVLQJ�PDVVLYH�0,02�DQWHQQDV�LV�WKH�PDLQ�WHFKQRORJ\�RƪHULQJ�D�
VLJQLƬFDQW�LPSURYHPHQW�LQ�VSHFWUDO�HƯFLHQF\��

7KH�XQGHUO\LQJ�SULQFLSOH�RI�EHDPIRUPLQJ�LV�LOOXVWUDWHG�LQ�)LJXUH����7KH�WUDGLWLRQDO�VROXWLRQ�WUDQVPLWV�GDWD�
over the whole cell area, while beamforming sends the data to users over a narrow beam transmission. 
With massive MIMO, the same resources can be reused for multiple users within a sector, interference can 
be minimized and cell capacity can be increased.

)LJXUH����%HDPIRUPLQJ�HQKDQFHV�UDGLR�FDSDFLW\�DQG�FRYHUDJH�

N O K I A

1. Executive summary
Beamforming is an attractive solution to boost mobile network performance while reusing existing
base station sites. It can use active antennas, simplifying installation and minimizing site impact. Nokia
simulations and field measurements show that beamforming can provide an eight-fold increase in peak
cell throughput and up to a five-fold improvement in the average cell capacity at 2.6 GHz bands with LTE.
The gains will be even more substantial with 5G as control channels also support beamforming.
The higher frequency bands at millimeter waves enable beamforming with compact antennas, both at the
base stations and also in the devices. Beamforming uses massive MIMO (Multiple Input Multiple Output)
technology, which is supported by the latest 3GPP specifications for LTE and will be supported in 5G from
the first deployments. Generally, massive MIMO provides both coverage and capacity gains at sub-6GHz
frequency and coverage gains at mmWave frequencies for 5G.
Nokia is the leader in these technologies, testing active antennas in the field in 2009 and deploying
commercial beamforming with TD-LTE in 2011. Nokia Bell Labs invented massive MIMO technology, while
Nokia Airscale radio is designed to fully exploit the benefits of beamforming in LTE and in 5G networks.

2. introduction
Network capacity can be increased by using more spectrum, more sites or by using more antennas to
improve spectral efficiency. Since spectrum resources will soon be fully exploited, there is a growing need
for antenna evolution. Beamforming using massive MIMO antennas is the main technology offering a
significant improvement in spectral efficiency.
The underlying principie of beamforming is illustrated in Figure 1. The traditional solution transmits data
over the whole cell area, while beamforming sends the data to users over a narrow beam transmission.
With massive MIMO, the same resources can be reused for multiple users within a sector, interference can
be minimized and cell capacity can be increased.

- 1 1  Beamforming active antenna

I I I I U s e r  specific beamforming

Device support for beamforming

UE1 U E 2  U E 3  U E 4  U E 5  U E 6
EOP

Figure 1. Beamforming enhances radio capacity and coverage.



Although beamforming has been widely studied in academic circles for years, it has not been widely 
used in real networks because there was no urgent capacity need, there were no supporting devices and 
active antenna implementation was not commercially feasible. All these factors are now changing and 
EHDPIRUPLQJ�LV�DGYDQFLQJ�DQG�EHLQJ�DGRSWHG�LQ�FRPPHUFLDO�QHWZRUNV��VHH�)LJXUH����

7KH�ƬUVW�EHDPIRUPLQJ�DQG�LWV�DGYDQFHG�LPSOHPHQWDWLRQ�ZLOO�WDNH�SODFH�LQ�7'�/7(�QHWZRUNV��,W�LV�H[SHFWHG�
WKDW�EHDPIRUPLQJ�LQ�/7(�ZLOO�EH�XVHG�PDLQO\�WR�LPSURYH�FDSDFLW\��ZKLOH�LW�ZLOO�EH�WKH�PDLQVWUHDP�VROXWLRQ�LQ�
�*�IRU�LQFUHDVHG�FRYHUDJH��SDUWLFXODUO\�DW�KLJK�IUHTXHQFLHV�

$�QXPEHU�RI�GLƪHUHQW�WHUPV�DUH�XVHG�LQ�EHDPIRUPLQJ��7KH�PDLQ�RQHV�LQFOXGH��

8VHU�VSHFLƬF�EHDPIRUPLQJ��(DFK�XVHU�KDV�D�GHGLFDWHG�EHDP�FUHDWHG�LQ�WKH�GLJLWDO�GRPDLQ�EDVHG�RQ�WKH�
feedback from the device and/or based on the uplink channel measurements. 

*ULG�RI�EHDPV��$�QXPEHU�RI�Ƭ[HG�EHDPV��7KH�GRZQOLQN�WUDQVPLVVLRQ�XVHV�RQH�EHDP��SURYLGLQJ�FDSDFLW\�
and coverage gains with low overhead and low complexity. 

'LJLWDO�EHDPIRUPLQJ��(DFK�DQWHQQD�HOHPHQW�KDV�D�WUDQVFHLYHU�XQLW�ZLWK�WKH�DGDSWLYH�7[�5[�ZHLJKWV�LQ�WKH�
EDVHEDQG��HQDEOLQJ�IUHTXHQF\�VHOHFWLYH�EHDPIRUPLQJ��'LJLWDO�EHDPIRUPLQJ�ERRVWV�FDSDFLW\�DQG�ƮH[LELOLW\�
DQG�LV�PRVW�VXLWHG�WR�EDQGV�EHORZ���*+]�

$QDORJ�%HDPIRUPLQJ��7KHUH�LV�RQH�WUDQVFHLYHU�XQLW�DQG�RQH�5)�EHDP�SHU�SRODUL]DWLRQ��$GDSWLYH�7[�5[�
ZHLJKWLQJ�RQ�WKH�5)�LV�XVHG�WR�IRUP�D�EHDP��7KLV�LV�EHVW�VXLWHG�IRU�FRYHUDJH�DW�KLJKHU�PP:DYH�EDQGV�DQG�
RƪHUV�ORZ�FRVW�DQG�FRPSOH[LW\��

+\EULG�EHDPIRUPLQJ� Combination of analog and digital beamforming. When some beamforming is in the 
analog domain, the number of transceivers is typically much lower than the number of physical antennas, 
ZKLFK�FDQ�VLPSOLI\�LPSOHPHQWDWLRQ��SDUWLFXODUO\�DW�KLJK�IUHTXHQF\�EDQGV��7KLV�WHFKQLTXH�LV�VXLWHG�WR�EDQGV�
DERYH���*+]�

0,02��0XOWLSOH�,QSXW�0XOWLSOH�2XWSXW�PXOWL�DQWHQQD�WUDQVPLVVLRQ�DQG�UHFHSWLRQ��0RVW�/7(�GHYLFHV�DQG�
QHWZRUNV�XVH��[��0,02��ZKHUH�WZR�SDUDOOHO�GDWD�VWUHDPV�FDQ�EH�WUDQVPLWWHG��6RPH�RI�WKH�ODWHVW�GHYLFHV�
DQG�QHWZRUNV�DOVR�VXSSRUW��[��0,02�ZKLFK�GRXEOHV�WKH�SHDN�UDWH�FRPSDUHG�WR��[��0,02�DQG�LQFUHDVHV�
WKH�DYHUDJH�UDWHV�E\�DW�OHDVW����SHUFHQW��7KH�FXUUHQW�/7(�0,02�LV�D�VLQJOH�XVHU�YHUVLRQ�ZKHUH�WKH�SDUDOOHO�
data streams are sent to a single device. 

0XOWLXVHU�0,02��08�0,02���3DUDOOHO�0,02�GDWD�VWUHDPV�DUH�WUDQVPLWWHG�WR�GLƪHUHQW�XVHUV�DW�WKH�VDPH�
WLPH�IUHTXHQF\�UHVRXUFHV���

)LJXUH����%HDPIRUPLQJ�PDVVLYH�0,02�LV�KDSSHQLQJ�QRZ�

Capacity requirements 

•� Most macro networks will 
become congested  

•� Spectrum <3 GHz and base 
station sites will run out of 
capacity by 2020 

Technology capability 

•� Active antenna is becoming 
technically and commercially 
feasible  

•� Massive MIMO requires active 
antennas 

 

3GPP specs support 

•� 3GPP brings mMIMO support in 
Releases 13-14 for LTE and in 
Release 15 for 5G 

All three components are happening now 
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Although beamforming has been widely studied in academic circles for years, it has not been widely
used in real networks because there was no urgent capacity need, there were no supporting devices and
active antenna implementation was not commercially feasible. All these factors are now changing and
beamforming is advancing and being adopted in commercial networks, see Figure 2.
The first beamforming and its advanced implementation will take place in TD-LTE networks. It is expected
that beamforming in LTE will be used mainly to improve capacity, while it will be the mainstream solution in
5G for increased coverage, particularly at high frequencies.

Capacity requirements

• M o s t  macro networks will
become congested

• Spect rum <3 GHz and base
station sites will run out of
capacity by 2020

Technology capability

• A c t i v e  antenna is becoming
technically and commercially
feasible

• Massive MIMO requires active
antennas

All three components are happening now

Figure 2. Beamforming massive MIMO is happening now.

3GPP specs support

• 3 G P P brings mMIMO support in
Releases 13-14 for LTE and in
Release 15 for 5G

A number of different tercos are used in beamforming. The main ones include:
User specific beamforming: Each user has a dedicated beam created in the digital domain based on the
feedback from the device and/or based on the uplink channel measurements.
Grid of beams: A number of fixed beams. The downlink transmission uses one beam, providing capacity
and coverage gains with low overhead and low complexity.
Digital beamforming: Each antenna element has a transceiver unit with the adaptive Tx/Rx weights in the
baseband, enabling frequency selective beamforming. Digital beamforming boosts capacity and flexibility
and is most suited to bands below 6 GHz.
Analog Beamforming: There is one transceiver unit and one RF beam per polarization. Adaptive Tx/Rx
weighting on the RF is used to forro a beam. This is best suited for coverage at higher mmWave bands and
offers low cost and complexity.
Hybrid beamforming: Combination of analog and digital beamforming. When some beamforming is in the
analog domain, the number of transceivers is typically much lower than the number of physical antennas,
which can simplify implementation, particularly at high frequency bands. This technique is suited to bands
aboye 6 GHz.
MIMO: Multiple Input Multiple Output multi-antenna transmission and reception. Most LTE devices and
networks use 2x2 MIMO, where two parallel data streams can be transmitted. Some of the latest devices
and networks also support 4x4 MIMO which doubles the peak rate compared to 2x2 MIMO and increases
the average rates by at least 50 percent. The current LTE MIMO is a single user version where the parallel
data streams are sent to a single device.
Multiuser MIMO (Mi-MIMO): Parallel MIMO data streams are transmitted to different users at the same
time-frequency resources.



0DVVLYH�0,02� A large number of controllable antenna elements is considered as massive MIMO and 
ZKHUH�WKH�QXPEHU�RI�FRQWUROODEOH�DQWHQQD�HOHPHQWV�LV�PXFK�JUHDWHU�WKDQ�HLJKW��7KH�WHUP�PDVVLYH�0,02�
RULJLQDWHV�IURP�7KRPDV�0DU]HWWD�RI�1RNLD�%HOO�/DEV��0DVVLYH�0,02�EHFRPHV�PRUH�SUDFWLFDO�DW�KLJK�EDQGV�
VLQFH�DQWHQQDV�EHFRPH�SK\VLFDOO\�VPDOOHU�ZLWK�KLJKHU�IUHTXHQF\��7KH�QXPEHU�RI�WUDQVPLVVLRQ�SRUWV�FDQ�EH�
KLJKHU�WKDQ�WKH�QXPEHU�RI�0,02�VWUHDPV��IRU�H[DPSOH�����WUDQVPLW�SRUWV�DQG����0,02�VWUHDPV��

�'�EHDPIRUPLQJ���)XOO�GLPHQVLRQ�0,02��7KUHH�GLPHQVLRQDO�EHDPIRUPLQJ�UHIHUV�WR�WKH�XVH�RI�PDVVLYH�
MIMO for steering beams both in the horizontal and vertical dimensions. It is also known as full dimension 
MIMO.

,QWHUIHUHQFH�5HMHFWLRQ�&RPELQLQJ��,5&�� Uplink reception where both signal and interference levels 
DUH�FRQVLGHUHG�ZKHQ�FRPELQLQJ�VDPSOHV�IURP�PXOWLSOH�DQWHQQDV��7KH�DLP�LV�WR�PD[LPL]H�VLJQDO�WR�
LQWHUIHUHQFH�UDWLR��(VVHQWLDOO\��,5&�FDQ�FUHDWH�QXOOV�WRZDUGV�WKH�LQWHUIHULQJ�XVHU��7KH�WUDGLWLRQDO�VLPSOH�
solution considers only signal levels and cannot avoid interference.

$FWLYH�DQWHQQD��$FWLYH�DQWHQQD�UHIHUV�WR�WKH�LQWHJUDWLRQ�RI�VPDOO�5)�XQLWV�LQVLGH�WKH�DQWHQQD��$Q�DFWLYH�
DQWHQQD�LV�UHTXLUHG�LQ�SUDFWLFH�WR�LPSOHPHQW�PDVVLYH�0,02�HƯFLHQWO\��

���%HDPIRUPLQJ�EHQHƫWV�EHORZ���*+]
%HDPIRUPLQJ�XVLQJ�PDVVLYH�0,02�FDQ�DOVR�SURYLGH�VXEVWDQWLDO�FDSDFLW\�EHQHƬWV�LQ�IUHTXHQFLHV�EHORZ���
*+]��7KH�DLP�LV�WR�HQKDQFH�UDGLR�QHWZRUN�SHUIRUPDQFH�ZKLOH�UHXVLQJ�H[LVWLQJ�EDVH�VWDWLRQ�VLWHV�E\�DGGLQJ�
QHZ�DFWLYH�EHDPIRUPLQJ�DQWHQQDV��:H�ƬUVW�VKRZ�VLPXODWLRQ�UHVXOWV�DQG�WKHQ�LOOXVWUDWH�ƬHOG�SHUIRUPDQFH��
%HDPIRUPLQJ�ZLWK�PDVVLYH�0,02�ZLWK���7;�VLPXODWLRQ�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH����7KLV�DVVXPHV�
7'�/7(�����ZLWK����0+]�EDQGZLGWK��7KH�UHIHUHQFH�FDVH�LV��7;��ZKLFK�LV�WKH�EDVHOLQH�LQ�PDQ\�7'�/7(�
QHWZRUNV��7KH�DYHUDJH�JDLQV�DUH�WKUHH�IROG��FHOO�HGJH�JDLQV�DUH�GRXEOHG�DQG�LQ�WKH�YHU\�EHVW�FDVH�HYHQ�
LPSURYHG�E\�D�IDFWRU�RI�ƬYH��7KH�JDLQV�GHSHQG�RQ�WKH�QXPEHU�RI�DQWHQQDV�DQG�WKH�ORDG�RI�WKH�QHWZRUN��,I�
WKH�UHIHUHQFH�FDVH�LV��7;�FRQƬJXUDWLRQ��WKH�JDLQV�ZRXOG�EH�HYHQ�KLJKHU��

%HDPIRUPLQJ�VXSSRUW�DSSOLHV�ERWK�IRU�7LPH�'LYLVLRQ�'XSOH[��7''��DQG�)UHTXHQF\�'LYLVLRQ�'XSOH[��)''���
%HDPIRUPLQJ�LQ�7''�FDQ�UHO\�RQ�WKH�XSOLQN�FKDQQHO�PHDVXUHPHQWV�GXH�WR�FKDQQHO�UHFLSURFLW\��ZKLOH�)''�
XVHV�IHHGEDFN�IURP�WKH�GHYLFH���*33�5HOHDVH������VXSSRUWV��7;��5HOHDVH����VXSSRUWV���7;�DQG�5HOHDVH�
���VXSSRUWV���7;�LQ�/7(��,W�LV�SRVVLEOH�WR�XVH���7;�LQ�7'�/7(�IURP�5HOHDVH���GXH�WR�FKDQQHO�UHFLSURFLW\�

)LJXUH����0DVVLYH�0,02�JDLQV�ZLWK���7;�FRPSDUHG�WR��7;�IRU�7'�/7(�
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Massive MIMO: A large number of controllable antenna elements is considered as massive MIMO and
where the number of controllable antenna elements is much greater than eight. The term massive MIMO
originates from Thomas Marzetta of Nokia Bell Labs. Massive MIMO becomes more practical at high bands
since antennas become physically smaller with higher frequency. The number of transmission ports can be
higher than the number of MIMO streams, for example, 64 transmit ports and 16 MIMO streams.
3D beamforming / Full dimension MIMO: Three-dimensional beamforming refers to the use of massive
MIMO for steering beams both in the horizontal and vertical dimensions. It is also known as full dimension
MIMO
Interference Rejection Combining (IRC): Uplink reception where both signal and interference levels
are considered when combining samples from multiple antennas. The aim is to maximize signal-to-
interference ratio. Essentially, IRC can create nulls towards the interfering user. The traditional simple
solution considers only signal levels and cannot avoid interference.
Active antenna: Active antenna refers to the integration of small RF units inside the antenna. An active
antenna is required in practice to implement massive MIMO efficiently.

3. 3eamforming benefits below 6 GHz
Beamforming using massive MIMO can also provide substantial capacity benefits in frequencies below 6
GHz. The aim is to enhance radio network performance while reusing existing base station sites by adding
new active beamforming antennas. We first show simulation results and then illustrate field performance.
Beamforming with massive MIMO with 64TX simulation results are shown in Figure 3. This assumes
TD-LTE2600 with 20 MHz bandwidth. The reference case is 8TX, which is the baseline in many TD-LTE
networks. The average gains are three-fold, cell edge gains are doubled and in the very best case even
improved by a factor of five. The gains depend on the number of antennas and the load of the network. If
the reference case is 2TX configuration, the gains would be even higher.
Beamforming support applies both for Time Division Duplex (TDD) and Frequency Division Duplex (FDD).
Beamforming in TDD can rely on the uplink channel measurements due to channel reciprocity, while FDD
uses feedback from the device. 3GPP Release 9/10 supports 8TX, Release 13 supports 16TX and Release
14 supports 32TX in LTE. It is possible to use 64TX in TD-LTE from Release 9 due to channel reciprocity.
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Figure 3. Massive MIMO gains with 64TX compared to 8TX for TD-LTE.
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While massive MIMO can provide attractive gains in LTE, the performance benefits will be even higher with
5G. New 5G radios will exploit beamforming in the first release to provide the following potential benefits
for massive MIMO:
• 5 G  supports more transmission branches. 5G will initially support at least 64TX, while LTE supports up

to 32TX in Release 14
• 5 G  also supports beamforming for common channels and control channels, see Figure 4
• 5 G  has no legacy device limitations that would not support beamforming
• 5 G  devices are likely to have more receiver antennas, particularly at high frequency bands, which also

enables beamforming in the device receiver.

Beacon

RACH

Beam switching

Figure 4. Common channel beamforming in 5G with beam switching.

Figure 5 illustrates the typical spectrum use for 5G. The most common spectrum globally will be
3.5 GHz covering up to 500 MHz from 3.3 to 3.8 GHz. Additionally, Japan will use 4.4-4.9 GHz. The
spectrum around 3.5 GHz is attractive for 5G because it is available across the world and there is a
high amount of spectrum available. The aim is to match the coverage of existing LTE1800/2100/2600
with 5G massive MIMO beamforming at 3.5 GHz. This allows the reuse of existing base station sites
and provides virtually full urban, high data rate coverage for 5G. Therefore, beamforming is an
essential technology in 5G networks.

A

563500

LTE1800

Massive MIMO coverage boost

Figure 5. Beamforming can help 5G at 3.5 GHz to match LTE1800 coverage.
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massive MIMO technology. 
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4. Field performance below 6 GHz
Field measurements can provide useful information about massive MIMO performance. The gain of a
narrow beam transmission depends on the propagation environment and on the user locations. We show
field measurements with 32TX using TD-LTE2600 and 20 MHz bandwidth in an urban environment in a
macro cell network. The cell throughput was 88 Mbps with 8TX without massive MIMO, increasing to 360
Mbps with massive MIMO, with four times more throughput. The average user throughput in drive testing
increased by three times from 17 Mbps to 52 Mbps. These results illustrate the great practica) potential of
massive MIMO technology.

Massive MIMO OFF: 88 Mbps

e  0 .
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Figure 6. Massive MIMO performance in the field with TD-LTE2600 using 32TX.

Working with Sprint, USA, Nokia demonstrated 3D Beamforming using the Nokia AirScale Massive MIMO
64T64R active antenna. The downlink performance can be improved considerably but even more
importantly, the demonstration shows up to an eight-fold improvement in uplink in TD-LTE 2600 using
existing commercial devices. The uplink beamforming improvements were the result of 64 receive
antennas with Nokia's innovative interference rejection algorithms. These promise benefits not only in the
downlink, but also in the uplink.
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5. 3eamforming benefits aboye 20 GHz
5G radio is designed to support low bands starting from 400 MHz and high bands up to 90 GHz. The high
frequencies aboye 30 GHz are commonly known as millimeter waves (mmW) as the wavelengths are in the
order of millimeters long. Frequencies aboye 20 GHz are also sometimes counted as millimeter waves. The
size of the antenna is dependent on the wavelength. When the wavelength gets shorter, the antenna also
becomes smaller. Therefore, it is possible to design massive MIMO antennas in a compact format at mm
waves.
Table 1 shows the differences between low bands and mm waves. The total aggregated bandwidth in low
bands is typically limited to 100-200 MHz and cells are large. The main challenge is inter-cell interference
control and a large number of simultaneous users.
The challenges are completely different for mm waves: high data rates and high capacity can be provided
by using large bandwidth up to 2,000 MHz. There is no real need for multi-stream MIMO to increase user
data rates. The challenge is that the propagation is limited and the cell size remains small. At high bands,
beamforming is mainly needed to enhance the link performance and to increase cell size. The number of
simultaneous users tends to be low. These characteristics explain why the massive MIMO solution at mm
waves needs to be different compared to that used for low bands below 6 GHz.

Bandwidth

Interference

Cell size

BTS antenna ports

UE antenna ports

Simultaneous UEs

Below 6 GHz

Up to 100-200 MHz

Interference limited

Large >1 km

Few antenna ports

Low number of ports

High number of UEs

Beamforming for interference control to
enhance efficiency

Table 1. Differences between low bands and mm waves.

Aboye 20 GHz

Up to 1000-2000 MHz

Coverage (noise) limited

Small <0.2 km

Many antenna ports

Several ports feasible

One or just a few

Beamforming for link gain to enhance
cell range

An example antenna array configuration for mm waves is shown in Figure 8. The base station antenna uses
cross-polarized antenna elements in a 16 x 16 array, giving a total of 512 transmit points. The device array
is 2 x 4 with cross polarized elements and a total of 16 transmit points.
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Active antennas also simplify installation, since there are no cables between the antenna and the radio 
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6. Fixed Wireless Access aboye 20 GHz
5G presents an opportunity for CSPs to offer massive broadband access to homes in areas where
conventional fiber-to-the-home (FTTH) is difficult or expensive to deploy. Figure 9 illustrates the expected
user data rates for a fixed wireless access use case with beamforming antennas at 28 GHz and a 100-
300 meter inter-site distance. Heavy foliage is assumed, which makes the results worst case. The average
user data rate is 400-550 Mbps in all cases and at the cell edge is 130-240 Mbps with a 100-200 meter
inter-site distance. This shows that 28 GHz spectrum with beamforming can provide attractive practical
performance. If the distance increases to 300 meters, the cell edge data rate drops to 50 Mbps. Without
interference from foliage, the cell edge data rate would be more than 200 Mbps in all cases.
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Figure 9. Data rates with 28 GHz fixed wireless access with beamforming.

7. Active antennas and site solution
Active antenna combines a large number of small RF units inside the antenna. The traditional solution has
been a passive antenna and a separate RF unit. Active antenna technology enables the implementation
of practical beamforming when phasing of the small power amplifiers can be controlled with digital
processing. A typical number of RF units is 32, 64 or 128 inside the active antenna. If the total power is
200W, each power amplifier has just 1.6 - 6.4W. If the total power is 20W in 128TRX antenna, each power
amplifier has just 0.16W, similar to the power of the device amplifier.
Active antennas also simplify installation, since there are no cables between the antenna and the radio
units. The power efficiency can also be enhanced since there are no losses in RF cables and connectors.
Essentially, active antennas bring the benefits of digitization to antennas, which have traditionally been
simply passive elements.
Nokia active antenna with 64TRX is shown in Figure 10. Nokia AirScale massive MIMO Antenna for 2.6 GHz
is less than half the height of a traditional 8Tx, reducing wind loading. It includes radio plus antenna and
can deliver three carriers from single unit. The transmit power is 25 percent lower than 8Tx, yet it matches
the coverage of the lower band.
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WR�WKH�GHYLFHV��7KH�VXEVHTXHQW��*33�UHOHDVHV�KDYH�JUDGXDOO\�LPSURYHG�WKH�EHDPIRUPLQJ�FDSDELOLW\��VHH�
)LJXUH�����

�7;�GRZQOLQN�IRU�7''�ZDV�LQFOXGHG�LQ�5HOHDVH���ZLWK�7UDQVPLVVLRQ�0RGH����70�����7;�GRZQOLQN�ZLWK�
IHHGEDFN�LQ�5HOHDVH����ZLWK�7UDQVPLVVLRQ�0RGH����70���DQG�PXOWL�FHOO�&RRUGLQDWHG�0XOWLSRLQW��&R03��LQ�
5HOHDVH�����0DVVLYH�0,02�IRU�/7(�LV�FRYHUHG�LQ�5HOHDVHV����DQG����IRU���7;�DQG���7;��$OO�/7(�UHOHDVHV�DUH�
EDFNZDUGV�FRPSDWLEOH��DOORZLQJ�WKH�QHZ�0,02�IHDWXUHV�WR�EH�GHSOR\HG�RQ�WKH�VDPH�IUHTXHQF\�DV�DQ\�OHJDF\�
GHYLFHV��5HOHDVH����EULQJV�WKH��*�QHZ�UDGLR�ZLWK�HQKDQFHG�EHDPIRUPLQJ�FDSDELOLWLHV�IRU�DOO�QHZ�GHYLFHV��

)LJXUH�����0XOWL�DQWHQQD�IHDWXUH�HYROXWLRQ�LQ��*33�UHOHDVHV�
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Nokia active antenna minimizes OPEX through simple installation and reduced maintenance. If one or even
a few power amplifiers out of 64 fail, there is just a marginal loss of RF power and a marginal increase in
side lobe level. Digital algorithms can adjust the transmission weights to minimize the impact of failed
units. There is no need to replace the antenna simply because of a few faulty units inside the antenna.
Even if several units fail, there is still no urgent need for maintenance. In contrast, if the power amplifier
fails in the traditional RF head, replacement work needs to be scheduled immediately.

64 RF units inside compact antenna

Figure 10. Nokia active antenna.

8. V assiveV V O in 3GPP
The latest 3GPP specifications enable beamforming. The first LTE specifications in 3GPP Release 8
supported single user MIMO with 2x2 and 4x4. Multi-antenna uplink was supported because it is transparent
to the devices. The subsequent 3GPP releases have gradually improved the beamforming capability, see
Figure 11.
8TX downlink for TDD was included in Release 9 with Transmission Mode 8 (TM8), 8TX downlink with
feedback in Release 10 with Transmission Mode 9 (TM9) and multi-cell Coordinated Multipoint (CoMP) in
Release 11. Massive MIMO for LTE is covered in Peleases 13 and 14 for 16TX and 32TX. AII LTE releases are
backwards compatible, allowing the new MIMO features to be deployed on the same frequency as any legacy
devices. Release 15 brings the 5G new radio with enhanced beamforming capabilities for all new devices.

Release 8

• 4x4M1M0
• 4x2M1M0
• 8 R X  uplink
• U p l i n k  CRAN

Release 12

•
• N e w  4TX codebook

Downlink eCoMP

Release 9

• 8 T X  TM8

Release 13

• Mass ive  MIMO 16TX

Release 10

• 8 T X  TM9

Release 14

• Mass ive  MIMO 32TX

Release 11

• Down l i nk  CoMP (TM10)

Release 15+

• 5 G  massive MIMO 64TX+

Figure 11. Multi-antenna feature evolution in 3GPP releases.



���&RQFOXVLRQV�
%HDPIRUPLQJ�XVLQJ�0DVVLYH�0,02�IRU����*�DQG��*�ZLWK�KLJK�VSHFWUDO�HƯFLHQF\�RƪHUV�VLJQLƬFDQW�
LPSURYHPHQWV�LQ�QHWZRUN�FDSDFLW\��FRYHUDJH��LQVWDOODWLRQ�DQG�RSHUDWLRQ�ZLWK�UHGXFHG�23(;��,W�LV�VXSSRUWHG�
E\��*33�VSHFLƬFDWLRQV�DQG�FRPPHUFLDOO\�YLDEOH��LQLWLDOO\�IRU�7'�/7(�DQG�ODWHU�IRU�)''�/7(��
%HDPIRUPLQJ�IRU�/7(�LV�PDLQO\�XVHG�IRU�FDSDFLW\��ZKLOH�IRU��*�LW�LV�XVHG�DOVR�IRU�FRYHUDJH��%HDPIRUPLQJ�IRU�
�*�RƪHUV�HYHQ�PRUH�EHQHƬWV�WKDQ�/7(��SURYLGLQJ�KLJKHU�VSHFWUDO�HƯFLHQF\�

����)XUWKHU�UHDGLQJ
1RNLD�ZKLWH�SDSHU��p�*�0DVWHU�3ODQq�KWWSV���SDJHV�QRNLD�FRP��J�PDVWHU�SODQ�KWPO
1RNLD�ZKLWH�SDSHU��p�*�IRU�0LVVLRQ�&ULWLFDO�&RPPXQLFDWLRQq�KWWSV���SDJHV�QRNLD�FRP�*&�������KWPO
1RNLD�ZKLWH�SDSHU��p7UDQVODWLQJ��*�XVH�FDVHV�LQWR�YLDEOH�EXVLQHVV�FDVHVq 
KWWSV���UHVRXUFHV�H[W�QRNLD�FRP�DVVHW�������
1RNLD�ZKLWH�SDSHU��p'\QDPLF�HQG�WR�HQG�QHWZRUN�VOLFLQJ�IRU��*�ZKLWH�SDSHUq 
KWWSV���SDJHV�QRNLD�FRP�*&�������KWPO
1RNLD�ZKLWH�SDSHU��p�*�6\VWHP�RI�6\VWHPV�ZKLWH�SDSHUq�KWWSV���SDJHV�QRNLD�FRP�*&�������KWPO

����$EEUHYLDWLRQV
CoMP Coordinated Multipoint
CQI Channel Quality Indicator
)''� )UHTXHQF\�'LYLVLRQ�'XSOH[
,5&� ,QWHUIHUHQFH�5HMHFWLRQ�&RPELQLQJ
/7(� /RQJ�7HUP�(YROXWLRQ
MIMO Multiple Input Multiple Output
08�0,02� 0XOWLXVHU�0,02
23(;� 2SHUDWLQJ�([SHQVHV
5)� 5DGLR�)UHTXHQF\
5;� 5HFHLYHU
7''� 7LPH�'LYLVLRQ�'XSOH[
70� 7UDQVPLVVLRQ�0RGH
7;� 7UDQVPLWWHU
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9. Conclusions
Beamforming using Massive MIMO for 4.9G and 5G with high spectral efficiency offers significant
improvements in network capacity, coverage, installation and operation with reduced OPEX. It is supported
by 3GPP specifications and commercially viable, initially for TD-LTE and later for FDD LTE.
Beamforming for LTE is mainly used for capacity, while for 5G it is used also for coverage. Beamforming for
5G offers even more benefits than LTE, providing higher spectral efficiency.

10. Further reading
Nokia white paper: "5G Master Plan" https://pages.nokia.com/5g-master-plan.html
Nokia white paper: "5G for Mission Critical Communication" https://pages.nokia.com/GC200007.html
Nokia white paper: "Translating 5G use cases into viable business cases"
https://resources.ext.nokia.com/asset/201152
Nokia white paper: "Dynamic end-to-end network slicing for 5G white paper"
https://pages.nokia.com/GC200339.html
Nokia white paper: "5G System of Systems white paper" https://pages.nokia.com/GC200012.html

11. Abbreviations
CoMP C o o r d i n a t e d  Multipoint
CQI C h a n n e l  Quality Indicator
FDD F r e q u e n c y  Division Duplex
IRC I n t e r f e r e n c e  Rejection Combining
LTE L o n g  Term Evolution
MIMO M u l t i p l e  Input Multiple Output
MU-MIMO M u l t i u s e r  MIMO
OPEX O p e r a t i n g  Expenses
RF R a d i o  Frequency
RX R e c e i v e r
TDD T i m e  Division Duplex
TM T r a n s m i s s i o n  Mode
TX T r a n s m i t t e r
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5G deployment below 6 GHz

Ubiquitous coverage for critical communication 
and massive IoT

White Paper

There has been much attention on the ability of new 5G radio to make use of 
KLJK�IUHTXHQF\�VSHFWUXP��VXFK�DV�PP:DYH�EDQGV��DV�DQ�HƪHFWLYH�ZD\�WR�SURYLGH�
huge amounts of capacity to meet rocketing demand. Yet the early phases of 
commercial 5G are more likely to be deployed on lower frequency spectrum, 
especially sub-6 GHz.

7KLV�1RNLD�SDSHU�H[SODLQV�WKH�UHDVRQV�DQG�WKH�EHQHƬWV�RI�GHSOR\LQJ��*�RQ�
these low bands below 6 GHz, as well as describing the technology and practical 
solutions.

NOIC IA

5G ceploymentpelow 6 GHz

Ubiquitous coverage for critical communication
and massive loT

White Paper

There has been much attention on the ability of new 5G radio to make use of
high frequency spectrum, such as mmWave bands, as an effective way to provide
huge amounts of capacity to meet rocketing demand. Yet the early phases of
commercial 5G are more likely to be deployed on lower frequency spectrum,
especially sub-6 GHz.

This Nokia paper explains the reasons and the benefits of deploying 5G on
these low bands below 6 GHz, as well as describing the technology and practica)
solutions.
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1. Executive Summary
�*�LV�WKH�ƬUVW�UDGLR�V\VWHP�GHVLJQHG�WR�VXSSRUW�DQ\�VSHFWUXP�EHWZHHQ�����0+]�DQG����*+]��7KLV�ZLGH�
range of spectral options provides the best combination of high capacity, high data rates, ubiquitous 
coverage and ultra-reliability. 

The low bands below 6 GHz meet the needs of wide area coverage and data rates of up to a few Gbps. 
Reliable coverage is important for providing connectivity for Internet of Things (IoT) devices and for critical 
communications like remote control or automotive applications. 

7KH�PDLQ�VSHFWUXP�RSWLRQV�IRU��*�LQ�LWV�HDUO\�SKDVHV�DUH�DURXQG�����*+]�DQG�����*+]�DQG�PLOOLPHWHU�
ZDYHV�DW�������*+]�DQG����*+]�ZLWK�7LPH�'LYLVLRQ�'XSOH[��7''��WHFKQRORJ\��7KH�LQLWLDO�SKDVH�DLPV�WR�XVH�
H[LVWLQJ�EDVH�VWDWLRQ�VLWHV�IRU���������*+]�WR�VLPSOLI\��*�LQWURGXFWLRQ���*�DW�����*+]�ZLWK�PDVVLYH�0,02�
�0XOWLSOH�,QSXW�0XOWLSOH�2XWSXW��EHDPIRUPLQJ�DQWHQQDV�FDQ�PDWFK�WKH�FRYHUDJH�RI�H[LVWLQJ��*�QHWZRUNV�
using the 2 GHz band with traditional passive antennas. Peak data rates up to 2 Gbps can be achieved with 
�*�E\�XVLQJ�����0+]�RI�EDQGZLGWK��SURYLGLQJ�D�FDSDFLW\�XS�WR����WLPHV�JUHDWHU�WKDQ��*��0LOOLPHWHU�ZDYH�
VSHFWUXP�RƪHUV�XS�WR���*+]�SHU�RSHUDWRU�WR�HQDEOH�SHDN�UDWHV�RI�XS�WR����*ESV�DQG�YHU\�KLJK�KRWVSRW�
capacity. 

�*�FDQ�DOVR�XVH�VXE���*+]�)UHTXHQF\�'LYLVLRQ�'XSOH[��)''��EDQGV�WR�SURYLGH�ZLGH�DUHD�FRYHUDJH��LQFOXGLQJ�
GHHS�LQGRRU�SHQHWUDWLRQ��7KH�ORZ�EDQG�VSHFWUXP�FDQ�WDNH�DGYDQWDJH�RI�WKH�QHZ�����0+]�DOORFDWLRQ�LQ�
(XURSH�RU�����0+]�DOORFDWLRQ�LQ�86$��DV�ZHOO�DV�WKH�UHIDUPLQJ�RI���������0+]�UHOHDVHG�E\�PLQLPL]LQJ�
WKH�XVH�RI�OHJDF\��*��*�VSHFWUXP��7KH�DJJUHJDWLRQ�RI�WKH�GLƪHUHQW�VSHFWUXP�EDQGV�IURP�VXE���*+]�WR�
millimeter waves provides the best combination of coverage, capacity and user data rates.

�*�FDQ�DOVR�EH�GHSOR\HG�RQ�VKDUHG�VSHFWUXP��OLNH�WKH�����*+]�LQ�86$��DQG�LQ�XQOLFHQVHG�VSHFWUXP��OLNH���
*+]��7KLV�DSSURDFK�RSHQV�QHZ�RSSRUWXQLWLHV�IRU�HQWHUSULVHV�DQG�LQGXVWULHV�WR�EHQHƬW�IURP��*�WHFKQRORJ\�
without the need for licensed spectrum. 

(YROYLQJ��*�WR����*�SURYLGHV�DQ�H[FHOOHQW�SDWK�WR��*��1HZ��*�WHFKQRORJLHV�ZLOO�GHOLYHU�HYHQ�JUHDWHU�
SHUIRUPDQFH�LQ�WHUPV�RI�ODWHQF\��VSHFWUDO�HƯFLHQF\��PDVVLYH�0,02�RSWLPL]DWLRQ��HQHUJ\�HƯFLHQF\�DQG�
reliability, encouraging the refarming of existing spectrum to 5G. 

7KH�ƬUVW�SKDVH�RI��*33��*�VSHFLƬFDWLRQV�ZLOO�LQFOXGH�WKH�5)�UHTXLUHPHQWV�IRU�WKH�QHZ�VSHFWUXP�
allocations and for refarming most current frequencies. 

2. Spectrum below 6 GHz
6SHFWUXP�LV�WKH�NH\�DVVHW�IRU�D�FRPPXQLFDWLRQV�VHUYLFH�SURYLGHU��&63���7KH�DYDLODEOH�VSHFWUXP�KDV�D�PDMRU�
LPSDFW�RQ�KRZ�D�QHWZRUNoV�PD[LPXP�FDSDFLW\�DQG�FRYHUDJH�DUH�GHƬQHG��

7KH�PDLQVWUHDP�VSHFWUXP�ZLOO�EH�����*+]�ZLWK�XS�WR�����0+]�DYDLODEOH�IURP�����WR�����*+]��LQFOXGLQJ�
�*33�EDQGV����DQG�����$GGLWLRQDOO\��&KLQD�ZLOO�XVH�����WR�����*+]�DQG�-DSDQ�����WR�����*+]��

7KH�VSHFWUXP�DURXQG�����*+]�LV�DWWUDFWLYH�IRU��*�EHFDXVH�LW�LV�DYDLODEOH�JOREDOO\�DQG�RƪHUV�D�KLJK�DPRXQW�
RI�VSHFWUXP�s�SRWHQWLDOO\�PRUH�WKDQ�����0+]�RI�FRQWLJXRXV�VSHFWUXP�SHU�&63��%XW�ZLWK�����*+]�VSHFWUXP��
the cell range is limited because radio propagation reduces as the frequency increases. Therefore, 3.5 
*+]�SURYLGHV�OHVV�FRYHUDJH�WKDQ�WKH���*+]�XVHG�E\��*�QHWZRUNV��+RZHYHU��GHSOR\LQJ�PDVVLYH�0,02�
EHDPIRUPLQJ�DQWHQQDV�DW�����*+]�FDQ�PDWFK�WKH�FRYHUDJH�RI�H[LVWLQJ�/7(�����������HƪHFWLYHO\�HQDEOLQJ�
full urban coverage with 5G. 
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1. Executive Summary
5G is the first radio system designed to support any spectrum between 400 MHz and 90 GHz. This wide
range of spectral options provides the best combination of high capacity, high data rates, ubiquitous
coverage and ultra-reliability.
The low bands below 6 GHz meet the needs of wide area coverage and data rates of up to a few Gbps.
Reliable coverage is important for providing connectivity for Internet of Things (loT) devices and for critical
communications like remote control or automotive applications.
The main spectrum options for 5G in its early phases are around 3.5 GHz and 4.5 GHz and millimeter
waves at 24-28 GHz and 39 GHz with Time Division Duplex (TDD) technology. The initial phase aims to use
existing base station sites for 3.5/4.5 GHz to simplify 5G introduction. 5G at 3.5 GHz with massive MIMO
(Multiple Input Multiple Output) beamforming antennas can match the coverage of existing 4G networks
using the 2 GHz band with traditional passive antennas. Peak data rates up to 2 Gbps can be achieved with
5G by using 100 MHz of bandwidth, providing a capacity up to 10 times greater than 4G. Millimeter wave
spectrum offers up to 1 GHz per operator to enable peak rates of up to 20 Gbps and very high hotspot
capacity.
5G can also use sub-1 GHz Frequency Division Duplex (FDD) bands to provide wide area coverage, including
deep indoor penetration. The low band spectrum can take advantage of the new 700 MHz allocation in
Europe or 600 MHz allocation in USA, as well as the refarming of 850/900 MHz released by minimizing
the use of legacy 2G/3G spectrum. The aggregation of the different spectrum bands from sub-1 GHz to
millimeter waves provides the best combination of coverage, capacity and user data rates.
5G can also be deployed on shared spectrum, like the 3.5 GHz in USA, and in unlicensed spectrum, like 5
GHz. This approach opens new opportunities for enterprises and industries to benefit from 5G technology
without the need for licensed spectrum.
Evolving 4G to 4.9G provides an excellent path to 5G. New 5G technologies will deliver even greater
performance in terms of latency, spectral efficiency, massive MIMO optimization, energy efficiency and
reliability, encouraging the refarming of existing spectrum to 5G.
The first phase of 3GPP 5G specifications will include the RF requirements for the new spectrum
allocations and for refarming most current frequencies.

2. Spectrum below 6 GHz
Spectrum is the key asset for a communications service provider (CSP). The available spectrum has a major
impact on how a network's maximum capacity and coverage are defined.
The mainstream spectrum will be 3.5 GHz with up to 400 MHz available from 3.4 to 3.8 GHz, including
3GPP bands 42 and 43. Additionally, China will use 3.3 to 3.4 GHz and Japan 4.4 to 4.9 GHz.
The spectrum around 3.5 GHz is attractive for 5G because it is available globally and offers a high amount
of spectrum - potentially more than 100 MHz of contiguous spectrum per CSP. But with 3.5 GHz spectrum,
the cell range is limited because radio propagation reduces as the frequency increases. Therefore, 3.5
GHz provides less coverage than the 2 GHz used by 4G networks. However, deploying massive MIMO
beamforming antennas at 3.5 GHz can match the coverage of existing LTE1800/2100, effectively enabling
full urban coverage with 5G.



5G can also use sub-1 GHz spectrum to provide deep indoor penetration, a reliable uplink and large 
coverage. Extensive coverage is important for new uses cases like IoT and critical communications. Low 
data rate IoT connectivity can be supported with wider coverage using various extension solutions. 

7KH�ORZ�EDQG�FRXOG�PDNH�XVH�RI�����0+]�VSHFWUXP��ZKLFK�KDV�EHHQ�PDGH�DYDLODEOH��RU�ZLOO�VRRQ�EHFRPH�
DYDLODEOH��LQ�YDULRXV�FRXQWULHV��$QRWKHU�RSWLRQ�LV�����0+]��ZKLFK�LV�PDLQO\�RFFXSLHG�E\��*�DQG��*�WRGD\��
0RVW�&63V�DUH�OLNHO\�WR�NHHS��*�DQG��*�UXQQLQJ�XQWLO������EXW�ZLOO�PLQLPL]H�WKH�DOORFDWLRQ�RI�VSHFWUXP�IRU�
OHJDF\�UDGLRV�LQ�RUGHU�WR�PDNH�URRP�IRU��*��$QRWKHU�RSWLRQ�IRU�WKH��*�ORZ�EDQG�LQ�WKH�86$�LV�����0+]��

7\SLFDOO\��WKH�HDUO\�SKDVHV�RI��*�ZLOO�XVH�PP:DYHV�WR�SURYLGH�XS�WR����*ESV����������*+]�WR�RƪHU�XS�WR���
*ESV��DQG�ORZ�EDQGV�IRU�XELTXLWRXV�FRYHUDJH�UXQQLQJ�DW�PRUH�WKDQ�����0ESV�WKURXJKSXW��

)LJXUH����2YHUYLHZ�RI��*�VSHFWUXP�RSWLRQV��WKH�PDLQ�WHFKQRORJLHV��)''��7''��DQWHQQDV��DQG�WKH�PDLQ�XVH�
DUHD��FRYHUDJH��FDSDFLW\���7KH�ORZ�EDQGV�DUH�)''�EDVHG�DQG�SURYLGH�FRYHUDJH��ZKLOH�WKH�KLJK�EDQGV�DUH�
7''�EDVHG�DQG�RƪHU�KLJK�FDSDFLW\�ZKHQ�XVHG�ZLWK�PDVVLYH�0,02�

)LJXUH����7\SLFDO��*�VSHFWUXP�XVH�LQ�WKH�HDUO\�SKDVHV�RI��*��P0,02 PDVVLYH�0,02��
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5G can also use sub-1 GHz spectrum to provide deep indoor penetration, a reliable uplink and large
coverage. Extensive coverage is important for new uses cases like loT and critical communications. Low
data rate loT connectivity can be supported with wider coverage using various extension solutions.
The low band could make use of 700 MHz spectrum, which has been made available, or will soon become
available, in various countries. Another option is 900 MHz, which is mainly occupied by 2G and 3G today.
Most CSPs are likely to keep 2G and 3G running until 2020 but will minimize the allocation of spectrum for
legacy radios in order to make room for 5G. Another option for the 5G low band in the USA is 600 MHz.
Typically, the early phases of 5G will use mmWaves to provide up to 20 Gbps, 3.5/4.5 GHz to offer up to 2
Gbps, and low bands for ubiquitous coverage running at more than 200 Mbps throughput.

5G mm-waves

5G 3500
mMIMO

LTE1800

LTE800

5G
<1 GHz

5G loT

Extreme local data rates 2 0  Gbps

High rates with
1800 MHz grid 2 Gbps

Deep
indoor

Figure 1. Typical 5G spectrum use in the early phases of 5G (mMIMO=massive MIMO).
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Figure 2. Overview of 5G spectrum options, the main technologies (FDD, TDD, antennas) and the main use
area (coverage, capacity). The low bands are FDD-based and provide coverage, while the high bands are
TDD-based and offer high capacity when used with massive MIMO.



2.1. Coverage and beamforming
%DQGV�EHORZ���*+]�SURYLGH�H[FHOOHQW�FRYHUDJH�ZLWK�W\SLFDO�/7(�DQWHQQD�FRQƬJXUDWLRQV�NQRZQ�VXFK�DV��[��
0,02��,Q�DGGLWLRQ��W\SLFDO�)''�GHVLJQV�LQ�WKHVH�ORZ�EDQGV�SURYLGH�JRRG�FRYHUDJH�DQG�ORQJ�VLJQDO�WUDYHO�
times, enabling tens of km of extended cell radii. The large wavelengths below 1 GHz, however, limit the 
RSWLRQ�WR�XVH��*�IHDWXUHV�OLNH�PDVVLYH�0,02��7KDWoV�EHFDXVH�KDQGKHOG�GHYLFHV�DUH�W\SLFDOO\�QRW�ODUJH�
enough to accommodate more than two sub-1 GHz antennas, while size, weight, wind load and visual 
impact considerations limit the number of deployable antenna elements at base stations. This does mean, 
though, that sub-1 GHz 5G coverage can be implemented relatively easily and with minimal technological 
risk.

Coverage in and around the 3.5 GHz band can be enhanced by using beamforming antennas and lower 
IUHTXHQF\�EDQGV�IRU�WKH�XSOLQN��)LJXUH���LOOXVWUDWHV�WKH�UHODWLYH�RXWGRRU�FRYHUDJH�IRU�WKH�GLƪHUHQW�
IUHTXHQFLHV�FRPSDUHG�WR�D������0+]�XSOLQN��7KH�FDOFXODWLRQ�DVVXPHV�WKH�2NXPXUD�+DWD�SURSDJDWLRQ�
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LTE and 5G sharing an uplink may restrict practical 5G deployment. The same antenna direction is required 
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21. Coverage and beamforming
Bands below 1 GHz provide excellent coverage with typical LTE antenna configurations known such as 2x2
MIMO. In addition, typical FDD designs in these low bands provide good coverage and long signal travel
times, enabling tens of km of extended cell radii. The large wavelengths below 1 GHz, however, limit the
option to use 5G features like massive MIMO. That's because handheld devices are typically not large
enough to accommodate more than two sub-1 GHz antennas, while size, weight, wind load and visual
impact considerations limit the number of deployable antenna elements at base stations. This does mean,
though, that sub-1 GHz 5G coverage can be implemented relatively easily and with minimal technological
risk.
Coverage in and around the 3.5 GHz band can be enhanced by using beamforming antennas and lower
frequency bands for the uplink. Figure 3 illustrates the relative outdoor coverage for the different
frequencies compared to a 2100 MHz uplink. The calculation assumes the Okumura-Hata propagation
model, a downlink that is 8 dB better than the uplink, and a massive MIMO (mMIMO) gain of 6 dB compared
to 2x2MIMO. This calculation shows that 5G at 3500 MHz downlink with massive MIMO can exceed LTE1800
MHz 2x2M1M0 coverage.
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Figure 3. Outdoor coverage difference compared to 2100 MHz uplink.

Macro network coverage is uplink limited because the 0.2W maximum output power of devices is much
lower than the base station power which can be in excess of 100W. Therefore, a 3500 MHz uplink falls
short of LTE2100 or LTE1800 coverage.
One solution is to deploy 5G at low bands which are then aggregated with the 3.5 GHz band. Another
option is to share the uplink frequency between 5G and LTE, for example, at 1800 MHz or 800 MHz. Figure
4 illustrates this latter configuration. Spectrum utilization on the uplink is generally lower than on the
downlink because traffic is asymmetric with downlink traffic volume typically ten times higher than uplink
traffic because of the use of video streaming. Therefore, it is feasible to also use part of the LTE uplink
spectrum for 5G.
LTE and 5G sharing an uplink may restrict practica! 5G deployment. The same antenna direction is required
for LTE and 5G, while changes to the existing LTE equipment are likely to be needed. Using a dedicated low
band for 5G would be a more flexible solution.



2.2. Capacity below 6 GHz
Higher capacity can be provided by using more bandwidth and deploying more antennas. Combining these 
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Figure 4. 5G uplink in lower band together with LTE.

2.2. Capacity below 6 GHz
Higher capacity can be provided by using more bandwidth and deploying more antennas. Combining these
two measures boosts capacity substantially. Figure 5 illustrates a simplified view of cell capacity at 3.5 GHz
compared to the existing 4G cell capacity. This assumes that the 3.5 GHz band has 100 MHz of bandwidth
available while LTE1800 has 20 MHz. Massive MIMO can improve spectral efficiency by a factor of two
to four. The new 3.5 GHz band is the most efficient way of increasing the capacity of existing cell sites,
achieving an increase of 10-20x.
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Figure 5. 5G versus 4G capacity per cell.

3.5 GHz

100 MHz

4-8 bps / Hz

400-800 Mbps cell
throughput

3500 with massive
MIMO beamforming



Massive 
machine  

communication 

Extreme 
Mobile 

Broadband 

Critical  
machine  

communication 

6XE���*+]�FDSDFLW\�LV�OLPLWHG�E\�WKH�FRPSDUDWLYHO\�QDUURZ�EDQGZLGWKV�DYDLODEOH��W\SLFDOO\��[����0+]�)''��
DQG�WKH�OLPLWHG�RSWLRQV�IRU�XVLQJ�DGYDQFHG��*�DQWHQQD�WHFKQRORJ\��+RZHYHU��WKLV�GRHV�QRW�DƪHFW�WKH�
performance of most of the new 5G services that require moderate data rates, but does enable them to 
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power with lean carriers, and the seamless integration of small cells with the macro network. 

Low bands become even more important where high power levels are not feasible to boost coverage. 
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5G will enable extreme mobile broadband, massive IoT connectivity and ultra-reliable critical 
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massive IoT and critical communications, see Figure 6. Therefore, low bands are highly important for the 
success of 5G. 

Figure 6. IoT and critical communication requires ubiquitous coverage.
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Sub-1 GHz capacity is limited by the comparatively narrow bandwidths available, typically 2x 10 MHz FDD,
and the limited options for using advanced 5G antenna technology. However, this does not affect the
performance of most of the new 5G services that require moderate data rates, but does enable them to
benefit from the excellent coverage properties of these bands.
Future network deployments, especially high capacity sites, need to take into account Electromagnetic
Field (EMF) limits in terms of maximum allowed Equivalent Isotropic Radiated Power (EIRP). These limits are
country specific, which calls for flexibility in the way that solutions can be deployed. Nokia solutions achieve
this flexibility by enabling dynamic power sharing in multiband RF units, minimizing average transmission
power with lean carriers, and the seamless integration of small cells with the macro network.
Low bands become even more important where high power levels are not feasible to boost coverage.

3. The benefits of running 5G on low bands
5G will enable extreme mobile broadband, massive loT connectivity and ultra-reliable critical
communications. Ubiquitous coverage is the most important aspect of reliable connectivity, especially for
massive loT and critical communications, see Figure 6. Therefore, low bands are highly important for the
success of 5G.
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Figure 6. loT and critical communication requires ubiquitous coverage.
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Nokia expects 5G to be able to provide lower latency, lower IoT power consumption, higher network energy 
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5G radio can substantially improve network performance and efficiency, as summarized in Figure 7.
Yet some of these gains can also be obtained with 4.9G, which is an evolution of existing LTE networks.
Nokia expects 5G to be able to provide lower latency, lower loT power consumption, higher network energy
efficiency and enhanced spectral efficiency. The values in Figure 7 are based on the following assumptions:
• T h e  shortest transmission time in 5G is 0.125 ms, which enables a round trip time of 1 ms.
• l o T  average power consumption of 7 mW with one transmission per minute
• Efficiency energy use is based on a 3-sector 100 MHz macro base station with a busy hour average

throughput of 1 Gbps, 7 percent busy hour share, 200 W base station average power consumption, and
20 percent of base stations carrying 50 percent of traffic. These assumptions deliver an average base
station utilization of less than 15 percent.
The five-fold efficiency improvement over LTE is obtained through power saving techniques used at low
loads and with a wideband carrier of up to 100 MHz at 3.5 GHz. 5G technology has built-in components
to minimize energy consumption compared to a similar LTE configuration, although the absolute power
consumption per base station in 5G may be higher than in LTE because of high power massive MIMO
transmission.

• A  spectral efficiency of 10 bps/Hz/cell assumes the use of massive MIMO beamforming and four
antenna devices. By comparison a typical LTE downlink efficiency is 2 bps/Hz/cell in live networks and
30-50 percent more with 4x4MIMO.
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4. Example deployment in a large city
Let’s now look at a potential deployment and spectrum utilization for early phase 5G implementation.

7KH�VFHQDULR�LV�ORFDWHG�LQ�D�PDMRU�(XURSHDQ�FLW\�DV�VKRZQ�LQ�)LJXUH����7KH�ORZ�EDQG�����0+]�OD\HU�LV�XVHG�
to provide wide area coverage and indoor penetration. The low band enables low latency communication 
for ultra-reliable use cases and for IoT connectivity. 

$FURVV�WKH�ODUJHU�PHWURSROLWDQ�DUHD��QHZ��*�DSSOLFDWLRQV��VXFK�DV�DXWRPDWHG�GULYLQJ�DQG�VPDUW�JULGV��FDQ�
EHQHƬW�IURP��*�FRYHUDJH��

7KH�����0+]�QHWZRUN�FDQ�UHXVH�H[LVWLQJ���������0+]�EDVH�VWDWLRQ�VLWHV��7KH�GHQVH�XUEDQ�FRYHUDJH�DQG�
KLJK�GDWD�UDWHV�DUH�SURYLGHG�E\�WKH���������*+]�EDQG�ZKLFK�VXSSRUWV�HQKDQFHG�PRELOH�EURDGEDQG�ZLWK�
much more capacity. Existing base station sites around 2 GHz can also be reused. 

Extreme hotspot capacity and data rates are provided by 25 GHz mmWave bands. The millimeter wave 
coverage is focused on stadiums, airports and other areas with high usage density, as well as research and 
development centers to allow interested parties to develop, implement and test new 5G applications. 
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4. Example deployment in a large city
Let's now look at a potential deployment and spectrum utilization for early phase 5G implementation.
The scenario is located in a major European city as shown in Figure 8. The low band 700 MHz layer is used
to provide wide area coverage and indoor penetration. The low band enables low latency communication
for ultra-reliable use cases and for loT connectivity.
Across the larger metropolitan area, new 5G applications, such as automated driving and smart grids, can
benefit from 5G coverage.
The 700 MHz network can reuse existing 800/900 MHz base station sites. The dense urban coverage and
high data rates are provided by the 3.4-3.8 GHz band which supports enhanced mobile broadband with
much more capacity. Existing base station sites around 2 GHz can also be reused.
Extreme hotspot capacity and data rates are provided by 25 GHz mmWave bands. The millimeter wave
coverage is focused on stadiums, airports and other areas with high usage density, as well as research and
development centers to allow interested parties to develop, implement and test new 5G applications.
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Figure 8. Example early phase 5G deployment in a European city.



���6KDUHG�DQG�XQOLFHQVHG�VSHFWUXP�
3GPP technologies have traditionally been deployed only on licensed spectrum bands, but future 
GHSOR\PHQWV�ZLOO�EH�GLƪHUHQW���*�LV�GHVLJQHG�IRU�OLFHQVHG��XQOLFHQVHG�DQG�VKDUHG�VSHFWUXP��7KLV�RSHQV�XS�
a wide range of possibilities for enterprises and industries to take advantage of reliable 5G connectivity 
without the need for a spectrum license. 
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���&RQFOXVLRQ�
While the deployment of 5G on high frequency bands in the mmWave range will provide extreme capacity, 
the roll out of 5G in sub-6 GHz low bands will characterize early commercial phases, providing a capacity 
boost and wide coverage to support most applications.
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spectrum to build capacity and ubiquitous coverage. 
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being used to meet the needs of extreme hotspots like event stadiums.
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5. Shared and unlicensed spectrum
3GPP technologies have traditionally been deployed only on licensed spectrum bands, but future
deployments will be different. 5G is designed for licensed, unlicensed and shared spectrum. This opens up
a wide range of possibilities for enterprises and industries to take advantage of reliable 5G connectivity
without the need for a spectrum license.
The unlicensed band plans in 3GPP are shown in Figure 9. 5G can also be deployed on shared spectrum like
3.5 GHz in USA where 5G can access a large amount of spectrum without affecting incumbent services.
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Figure 9. Unlicensed spectrum with 5G.

6. Conclusion
While the deployment of 5G on high frequency bands in the mmWave range will provide extreme capacity,
the roll out of 5G in sub-6 GHz low bands will characterize early commercial phases, providing a capacity
boost and wide coverage to support most applications.
A selection of technologies is available to help CSPs evolve smoothly to 5G and use existing and new
spectrum to build capacity and ubiquitous coverage.
5G is most likely to be first deployed on newly available 3.5 GHz and 4.5 GHz spectrum, sub-1 GHz
spectrum released by the digital switch-off on spectrum made available by refarming 2G and 3G
frequencies, and using new unlicensed spectrum. In addition, we will see 25-39 GHz mmWave spectrum
being used to meet the needs of extreme hotspots like event stadiums.
This flexibility of 5G to be able to use a vast range of different spectral bands is an attractive benefit for
CSPs and enterprises, one they have not enjoyed with any previous mobile radio standard.
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1RNLD�ZKLWH�SDSHU��p'\QDPLF�HQG�WR�HQG�QHWZRUN�VOLFLQJ�IRU��*�ZKLWH�SDSHUq�KWWSV���SDJHV�QRNLD�FRP�
*&�������KWPO

1RNLD�ZKLWH�SDSHU��p�*�6\VWHP�RI�6\VWHPV�ZKLWH�SDSHUq�KWWSV���SDJHV�QRNLD�FRP�*&�������KWPO

$EEUHYLDWLRQV
EIRP  Equivalent Isotropic Radiated Power
(0)� � (OHFWURPDJQHWLF�)LHOG
)''�� � )UHTXHQF\�'LYLVLRQ�'XSOH[
IoT  Internet of Things
LTE  Long Term Evolution 
P0,02� 0DVVLYH�0,02
7''�� � 7LPH�'LYLVLRQ�'XSOH[�
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Further reading
Nokia white paper: "5G Master Plan" https://pages.nokia.com/5g-master-plan.html
Nokia white paper: "5G for Mission Critical Communication" https://pages.nokia.com/GC200007.html
Nokia white paper: "Translating 5G use cases into viable business cases" https://resources.ext.nokia.com/
asset/201152
Nokia white paper: "Dynamic end-to-end network slicing for 5G white paper" https://pages.nokia.com/
GC200339.html
Nokia white paper: "5G System of Systems white paper" https://pages.nokia.com/GC200012.html

A3 3 reviations
EIRP E q u i v a l e n t  Isotropic Radiated Power
EMF E l e c t r o m a g n e t i c  Field
FDD F r e q u e n c y  Division Duplex
loT I n t e r n e t  of Things
LTE L o n g  Term Evolution
mMIMO M a s s i v e  MIMO
TDD T i m e  Division Duplex
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Introduction
:LUHOHVV�GDWD�WUDƯF�ZLOO�JURZ��������IROG�ZLWKLQ�WKH�QH[W����\HDUV�
GXH�WR�XOWUD�KLJK�UHVROXWLRQ�YLGHR�VWUHDPLQJ��FORXG�EDVHG�ZRUN��
HQWHUWDLQPHQW�DQG�LQFUHDVHG�XVH�RI�D�YDULHW\�RI�ZLUHOHVV�GHYLFHV��
7KHVH�ZLOO�LQFOXGH�VPDUWSKRQHV��WDEOHWV�DQG�RWKHU�QHZ�GHYLFHV��
LQFOXGLQJ�PDFKLQH�W\SH�FRPPXQLFDWLRQV�IRU�WKH�SURJUDPPDEOH�ZRUOG��

7R�PHHW�GHPDQG��1RNLD�HQYLVLRQV��*�DV�D�V\VWHP�SURYLGLQJ�VFDODEOH�
DQG�ƮH[LEOH�VHUYLFHV�ZLWK�D�YLUWXDOO\�]HUR�ODWHQF\�JLJDELW�H[SHULHQFH�
ZKHQ�DQG�ZKHUH�LW�PDWWHUV��,Q�DGGLWLRQ���*�ZLOO�SURYLGH�DW�OHDVW�D 
WHQ�IROG�LPSURYHPHQW�LQ�WKH�XVHU�H[SHULHQFH�RYHU��*��ZLWK�KLJKHU�
SHDN�GDWD�UDWHV��LPSURYHG�pHYHU\ZKHUHq�GDWD�UDWHV�DQG�D�WHQ�IROG�
UHGXFWLRQ�LQ�ODWHQF\��

�*�PRELOH�FRPPXQLFDWLRQV�ZLOO�KDYH�D�ZLGHU�UDQJH�RI�XVH�FDVHV�DQG�
UHODWHG�DSSOLFDWLRQV�LQFOXGLQJ�YLGHR�VWUHDPLQJ��DXJPHQWHG�UHDOLW\��
GLƪHUHQW�ZD\V�RI�GDWD�VKDULQJ�DQG�YDULRXV�IRUPV�RI�PDFKLQH�W\SH�
DSSOLFDWLRQV��LQFOXGLQJ�YHKLFXODU�VDIHW\��GLƪHUHQW�VHQVRUV�DQG 
UHDO�WLPH�FRQWURO��6WDUWLQJ�ZLWK�WULDOV�LQ������DQG�WKH�GHSOR\PHQW�
RI�ƬUVW�XVH�FDVHV�LQ�������WKH�IXOO��*�V\VWHP�ZLOO�EH�LQWURGXFHG�
LQ���������DQG�ZLOO�EH�LQ�XVH�ZHOO�EH\RQG��������*�DOVR�QHHGV�
WKH�ƮH[LELOLW\�WR�VXSSRUW�IXWXUH�DSSOLFDWLRQV�WKDW�DUH�QRW�\HW�IXOO\�
XQGHUVWRRG�RU�HYHQ�NQRZQ��

,Q�DGGLWLRQ�WR�WKH�PRUH�WUDGLWLRQDO�FHOOXODU�DFFHVV�EDQGV�EHORZ 
��*+]���*�LV�H[SHFWHG�WR�H[SORLW�WKH�ODUJH�DPRXQW�RI�VSHFWUXP�DERYH�
��*+]��2QH�RU�PRUH�QHZ�UDGLR�LQWHUIDFH�WHFKQRORJLHV�ZLOO�EH�QHHGHG�
WR�DGGUHVV�WKLV�UHJLPH�RI�IUHTXHQF\�EDQGV�GXH�WR�GLƪHUHQW�FKDQQHO�
FKDUDFWHULVWLFV��([WHQGLQJ�WKH�/7(�DLU�LQWHUIDFH�WR�IUHTXHQFLHV�DERYH 
��*+]�PD\�EH�FRQVLGHUHG��EXW�D�VLPSOHU�DQG�PRUH�HƯFLHQW�DLU�
LQWHUIDFH�FDQ�EH�GHVLJQHG�WR�DGGUHVV�VSHFLƬF�FKDOOHQJHV�

)RU�WKH�HQG�XVHU���*�VKRXOG�EH�WUDQVSDUHQW�DQG�VHHQ�DV�RQH�V\VWHP�
JXDUDQWHHLQJ�D�FRQVLVWHQW�H[SHULHQFH��)XUWKHUPRUH��PRELOH�QHWZRUN�
RSHUDWRUV�H[SHFW�VWUDLJKWIRUZDUG��*�GHSOR\PHQW�DQG�RSHUDWLRQ��
7KLV�FDOOV�IRU�WLJKW�LQWHJUDWLRQ�RI��*�OD\HUV�ZLWK�H[LVWLQJ�V\VWHPV�VXFK�
DV�/7(�DQG�WKHLU�HYROXWLRQ�YLD�6LQJOH�5DGLR�$FFHVV�1HWZRUN��5$1��
VROXWLRQV��7KLV�DSSURDFK�ZLOO�VLPSOLI\�QHWZRUN�PDQDJHPHQW�IURP��*�WR�
�*��DQG�ZLOO�DOVR�HQDEOH�D�JUDGXDO�LQWURGXFWLRQ�RI��*�

7KH�QHWZRUN�DQG�GHSOR\PHQW�ƮH[LELOLW\��DV�ZHOO�DV�WKH�DLU�LQWHUIDFH�
GHVLJQ��ZLOO�KHOS�FXUE�WKH�JURZWK�RI�HQHUJ\�FRQVXPSWLRQ��7KH�
FRQVXPHG�HQHUJ\�SHU�GHOLYHUHG�ELW�PXVW�IDOO�GUDVWLFDOO\�DW�ERWK�HQGV�RI�
WKH�UDGLR�OLQN��IRU�H[DPSOH��WKH�HQHUJ\�XVHG�E\�XQFRQQHFWHG�GHYLFHV�
DQG�LQ�QHWZRUN�QRGHV�QRW�RSHUDWLQJ�DW�FDSDFLW\�

$�KROLVWLF��ƮH[LEOH�GHVLJQ�DQG�WLJKW�LQWHJUDWLRQ�RI�H[LVWLQJ�WHFKQRORJLHV�
DUH�NH\�1RNLD�SULRULWLHV�

Page 3 www.nokia.com

N O K I A

introduction
Wireless data traffic will grow 10,000 fold within the next 20 years
due to ultra-high resolution video streaming, cloud-based work,
entertainment and increased use of a variety of wireless devices.
These will include smartphones, tablets and other new devices,
including machine type communications for the programmable world.
To meet demand, Nokia envisions 5G as a system providing scalable
and flexible services with a virtually zero latency gigabit experience
when and where it matters. In addition, 5G will provide at least a
ten-fold improvement in the user experience over 4G, with higher
peak data rates, improved "everywhere" data rates and a ten-fold
reduction in latency.
5G mobile communications will have a wider range of use cases and
related applications including video streaming, augmented reality,
different ways of data sharing and various forms of machine type
applications, including vehicular safety, different sensors and
real-time control. Starting with trials in 2016 and the deployment
of first use cases in 2017, the full 5G system will be introduced
in 2019/20 and will be in use well beyond 2030. 5G also needs
the flexibility to support future applications that are not yet fully
understood or even known.
In addition to the more traditional cellular access bands below
6 GHz, 5G is expected to exploit the large amount of spectrum aboye
6 GHz. One or more new radio interface technologies will be needed
to address this regime of frequency bands due to different channel
characteristics. Extending the LTE air-interface to frequencies aboye
6 GHz may be considered, but a simpler and more efficient air
interface can be designed to address specific challenges.
For the end user, 5G should be transparent and seen as one system
guaranteeing a consistent experience. Furthermore, mobile network
operators expect straightforward 5G deployment and operation.
This calls for tight integration of 5G layers with existing systems such
as LTE and their evolution via Single Radio Access Network (RAN)
solutions. This approach will simplify network management from 2G to
5G, and will also enable a gradual introduction of 5G.
The network and deployment flexibility, as well as the air interface
design, will help curb the growth of energy consumption. The
consumed energy per delivered bit must fall drastically at both ends of
the radio link, for example, the energy used by unconnected devices
and in network nodes not operating at capacity.
A holistic, flexible design and tight integration of existing technologies
are key Nokia priorities.
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 Improving network capacity
7KH��������IROG�LQFUHDVH�LQ�QHWZRUN�FDSDFLW\��DORQJ�ZLWK�D�WHQ�
IROG�LPSURYHPHQW�LQ�XVHU�H[SHULHQFH��UHDFKLQJ�����0ELW�V�HYHQ�LQ�
XQIDYRUDEOH�QHWZRUN�FRQGLWLRQV��ZLOO�EH�DFKLHYHG�WKURXJK��

� ��� 0DVVLYH�GHQVLƬFDWLRQ�RI�VPDOO�FHOOV�

� ��� 0RUH�VSHFWUXP�

� ��� ,QFUHDVHG�VSHFWUDO�HƯFLHQF\�

'HQVLƫFDWLRQ�
7KH�GHQVLƬFDWLRQ�RI�QHWZRUN�GHSOR\PHQWV�LV�D�WUHQG�DOUHDG\�DSSDUHQW�
LQ��*�DQG��*���*�ZLOO�HQDEOH�WKH�GHVLJQ�RI�D�ƮH[LEOH�V\VWHP�IURP�D�
FOHDQ�VODWH�DQG�DOORZ�RSWLPL]DWLRQ�IRU�FHOO�VL]HV�EHORZ�D����P�LQWHU�
VLWH�GLVWDQFH��,Q�FRQWUDVW�WR�/7(��ZKHUH�WKH�VPDOO�FHOO�GHVLJQ�LV�EDVHG�
RQ�WKH�ULJLG�ZLGH�DUHD�PDFUR�FHOO�GHVLJQ��WKH�FOHDQ�VODWH�DSSURDFK�
DOORZV�D�KLJKHU�GHJUHH�RI�RSWLPL]DWLRQ�DQG�DGDSWDWLRQ�WR�VPDOO�FHOO�
VL]HV��,W�LV��KRZHYHU��LPSRUWDQW�WKDW�ZKLOH�RSWLPL]LQJ�WKH�GHVLJQ�IRU�
XOWUD�GHQVH�QHWZRUN�GHSOR\PHQWV�ZLWK�VPDOO�FHOOV���*�DOVR�EULQJV�ZLGH�
DUHD�PDFUR�FHOO�GHSOR\PHQWV��IXUWKHU�XQGHUOLQLQJ�WKH�QHHG�IRU�GHVLJQ�
ƮH[LELOLW\�

 Spectrum
7KH�IUHTXHQFLHV�DOORFDWHG�RU�XQGHU�GLVFXVVLRQ�IRU�DGGLWLRQDO�
EDQGZLGWK�IRU�FHOOXODU�XVH�KDYH�VR�IDU�DOO�EHHQ�EHORZ���*+]��PRVWO\�
GXH�WR�WKH�IDYRUDEOH�ZLGH�DUHD�FRYHUDJH�SURSHUWLHV�RI�WKH�ORZHU�
IUHTXHQFLHV��:KLOH�PRUH�VSHFWUXP�EHORZ���*+]�LV�QHHGHG�DQG�WKHUH�
DUH�SURPLVLQJ�WHFKQLTXHV�WR�LQFUHDVH�WKH�XVH�RI�DOUHDG\�DOORFDWHG�
IUHTXHQFLHV��WKHUH�ZLOO�DOVR�EH�DQ�LQFUHDVLQJ�QHHG�WR�XQORFN�QHZ�
VSHFWUXP�EDQGV��7KHVH�EDQGV�ZLOO�KHOS�WR�PHHW�WKH�KLJK�FDSDFLW\�
DQG�GDWD�UDWH�UHTXLUHPHQWV�RI�WKH��*�HUD��%DQGV�DERYH���*+]�FDQ�
EH�EURDGO\�VSOLW�LQ�WZR�SDUWV��FHQWLPHWULF�ZDYH�������*+]��DQG�
PLOOLPHWULF�ZDYH���������*+]���EDVHG�RQ�GLƪHUHQW�UDGLR�SURSDJDWLRQ�
FKDUDFWHULVWLFV�DQG�WKH�FDUULHU�EDQGZLGWK�SRVVLEOH�LQ�WKH�GLƪHUHQW�
IUHTXHQF\�UDQJHV��

7KH�FHQWLPHWULF�ZDYHV�EHKDYH�VLPLODUO\�WR�WUDGLWLRQDO�FHOOXODU�EDQGV�
�IRU�H[DPSOH��UHƮHFWLRQV�DQG�SDWK�ORVV�H[SRQHQWV���EXW�VRPH�
HƪHFWV�ZLOO�EH�GLƪHUHQW��VXFK�DV�WKH�RYHUDOO�SDWK�ORVV�DQG�GLƪUDFWLRQ��
SDUWLFXODUO\�DW�WKH�KLJKHU�HQG�RI�WKH�FHQWLPHWHU�ZDYH�EDQG��7KH�
FRQWLJXRXV�EDQGZLGWK�WKDW�LV�SRWHQWLDOO\�DYDLODEOH�ZLWK�WKH�FHQWLPHWULF�
ZDYH�EDQG��URXJKO\���������0+]��LV�ZLGHU�WKDQ�/7(�$GYDQFHG�LV�
GHVLJQHG�IRU�DQG�WKH�/7(�DLU�LQWHUIDFH�GHVLJQ��RSWLPL]HG�DW�DURXQG 
��*+]��LV�QRW�ZHOO�VXLWHG�IRU�FHQWLPHWULF�ZDYH�IUHTXHQFLHV�
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improying network capacity
The 10,000 fold increase in network capacity, along with a ten-
fold improvement in user experience (reaching 100 Mbit/s even in
unfavorable network conditions) will be achieved through:

1. Massive densification of small cells
2. More spectrum
3. Increased spectral efficiency

Densification
The densification of network deployments is a trend already apparent
in 3G and 4G. 5G will enable the design of a flexible system from a
clean slate and allow optimization for cell sizes below a 200m inter-
site distance. In contrast to LTE, where the small cell design is based
on the rigid wide-area macro cell design, the clean-slate approach
allows a higher degree of optimization and adaptation to small cell
sizes. It is, however, important that while optimizing the design for
ultra-dense network deployments with small cells, 5G also brings wide
area macro cell deployments, further underlining the need for design
flexibility.

Spectrum
The frequencies allocated or under discussion for additional
bandwidth for cellular use have so far all been below 6 GHz, mostly
due to the favorable wide area coverage properties of the lower
frequencies. While more spectrum below 6 GHz is needed and there
are promising techniques to increase the use of already allocated
frequencies, there will also be an increasing need to unlock new
spectrum bands. These bands will help to meet the high capacity
and data rate requirements of the 5G era. Bands aboye 6 GHz can
be broadly split in two parts, centimetric wave (3-30 GHz) and
millimetric wave (30-300 GHz), based on different radio propagation
characteristics and the carrier bandwidth possible in the different
frequency ranges.
The centimetric waves behave similarly to traditional cellular bands
(for example, reflections and path loss exponents), but some
effects will be different, such as the overall path loss and diffraction,
particularly at the higher end of the centimeter wave band. The
contiguous bandwidth that is potentially available with the centimetric
wave band, roughly 100-500 MHz, is wider than LTE-Advanced is
designed for and the LTE air interface design, optimized at around
2 GHz, is not well suited for centimetric wave frequencies.
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$W�PLOOLPHWULF�ZDYHOHQJWKV��VWDUWLQJ�IURP����*+]��WKH�UDGLR�SURSDJDWLRQ�
DQG�5)�HQJLQHHULQJ�LV�GLƪHUHQW�IURP�WKH�VXE���*+]�VSHFWUXP�UDQJH�
LQ�VRPH�UHVSHFWV��VXFK�DV�KLJKHU�GLƪUDFWLRQ�DQG�KLJKHU�IROLDJH�DQG�
VWUXFWXUH�SHQHWUDWLRQ�ORVVHV��+RZHYHU��UHFHQW�PHDVXUHPHQWV�KDYH�
VKRZQ�WKDW�PLOOLPHWULF�ZDYH�IUHTXHQFLHV�DUH�DOVR�VLPLODU�WR�WKRVH�EHORZ�
��*+]�LQ�RWKHU�UHVSHFWV��VXFK�DV�UHƮHFWLRQV�DQG�SDWK�ORVV�H[SRQHQWV��
)XUWKHUPRUH��1RNLD�KDV�UHFHQWO\�GHPRQVWUDWHG�YHU\�KLJK�GDWD�UDWHV��IRU�
H[DPSOH�����*ESV��ZLWK�D�SURRI�RI�FRQFHSW�V\VWHP�RSHUDWLQJ�DW����*+]�
ZLWK�D���*+]�EDQGZLGWK���(YHQ�WKRXJK�WKHUH�LV�D�ZHOO�GHƬQHG�EXƪHU�RI�
���*+]�EHWZHHQ�WKH�FHQWLPHWULF�ZDYH�DQG�PLOOLPHWULF�ZDYH�EDQGV����FP�
ZDYHOHQJWK���WKH�UDGLR�SURSDJDWLRQ�FKDQJHV�PRUH�VPRRWKO\�DQG�WKHUH�LV�
QR�VKDUS�WUDQVLWLRQ�SRLQW�LQ�UDGLR�SURSDJDWLRQ�FKDUDFWHULVWLFV�

,Q�DGGLWLRQ�WR�WKH�OLFHQVHG�VSHFWUXP��WKH�H[LVWLQJ�XQOLFHQVHG�VSHFWUXP�
EDQGV�FDQ�DOVR�RƪHU�JRRG�SRWHQWLDO�DV�DGGLWLRQDO�FDSDFLW\�IRU�IXWXUH��*�
GHSOR\PHQWV��

7KH�5DGLR�&RPPXQLFDWLRQ�6HFWRU�RI�WKH�,QWHUQDWLRQDO�7HOHFRPPXQLFDWLRQ�
8QLRQ��,78�5���ZRUNLQJ�RQ�WKH�DOORFDWLRQ�DQG�JOREDO�PDQDJHPHQW�RI�UDGLR�
VSHFWUXP��LV�ZRUNLQJ�WRZDUGV�UHDOL]LQJ�WKH�IXWXUH�p,07�����q�YLVLRQ�
�D�N�D��p�*q��RI�PRELOH�EURDGEDQG�FRPPXQLFDWLRQV�

&XUUHQWO\��:3��'��DQ�,78�5�VXE�JURXS��LV�ZRUNLQJ�RQ�YDULRXV�UHSRUWV�WR�
SURYLGH�JXLGDQFH�RQ�ZKDW�PD\�EH�H[SHFWHG�LQ�WKH�IXWXUH�GHYHORSPHQW�RI�
,07�IRU������DQG�EH\RQG��LQFOXGLQJ�V\VWHPV�RSHUDWLQJ�DERYH���*+]��

7KH�:RUOG�5DGLR�&RQIHUHQFH�:5&����GHFLGHG�RQ�WKH�DJHQGD�LWHPV�IRU�
:5&�����:5&����ZLOO�GHFLGH�RQ�WKH�EDQGV�EHWZHHQ����s����*+]��DV�
VKRZQ�LQ�)LJXUH����IRU�IXWXUH��*�GHSOR\PHQWV�DQG�UHODWHG�VKDULQJ�DQG�
FRPSDWLELOLW\�VWXGLHV�DUH�EHLQJ�FDUULHG�RXW�
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)LJ������6SHFWUXP�EDQGV�WR�EH�VWXGLHG�IRU��*�IRU�,78�5�:5&���
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���� ��� ��� 2 1 3 ������ �� �

+DYH�DOORFDWLRQV�WR�WKH�PRELOH�VHUYLFH
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At millimetric wavelengths, starting from 30 GHz, the radio propagation
and RF engineering is different from the sub-6 GHz spectrum range
in some respects, such as higher diffraction and higher foliage and
structure penetration losses. However, recent measurements have
shown that millimetric wave frequencies are also similar to those below
6 GHz in other respects, such as reflections and path loss exponents.
Furthermore, Nokia has recently demonstrated very high data rates, for
example, 15 Gbps, with a proof-of-concept system operating at 73 GHz
with a 2 GHz bandwidth. Even though there is a well-defined buffer of
30 GHz between the centimetric wave and millimetric wave bands (1 cm
wavelength), the radio propagation changes more smoothly and there is
no sharp transition point in radio propagation characteristics.
In addition to the licensed spectrum, the existing unlicensed spectrum
bands can also offer good potential as additional capacity for future 5G
deployments.
The Radio Communication Sector of the International Telecommunication
Union (ITU-R), working on the allocation and global management of radio
spectrum, is working towards realizing the future "IMT-2020" vision
(a.k.a. "5G") of mobile broadband communications.
Currently, WP 5D, an ITU-R sub group, is working on various reports to
provide guidance on what may be expected in the future development of
IMT for 2020 and beyond, including systems operating aboye 6 GHz.
The World Radio Conference WRC-15 decided on the agenda iteras for
WRC-19. WRC-19 will decide on the bands between 24 - 86 GHz (as
shown in Figure 1) for future 5G deployments and related sharing and
compatibility studies are being carried out.

20-30 GHz

3.25

30-40 GHz

t 6
24.25 2 7 . 5  3 1 . 8  3 3 . 4

3.5

40-50 GHz
42.5 47.2

37 4 0 . 5  4 3 . 5  4 5 . 5  47

50-60 GHz
50.4

50.2 5 2 . 6

g H a v e  allocations to the mobile service

■  May require additional allocations to the mobile service

Fig. 1. Spectrum bands to be studied for 5G for ITU-R WRC-19

60-70 GHz

66

70-80 GHz

10
76

80-90 GHz

5
81 86
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:5&����ZLOO�QRW�DGGUHVV�WKH�EDQGV�EHORZ����*+]��8VLQJ�WKHVH�EDQGV�
ZRXOG��KRZHYHU��EH�D�ORJLFDO�VWHS�IRU�FHOOXODU�DFFHVV�DV�WKH\�DUH�FORVHU�
WR�FXUUHQWO\�XVHG�IUHTXHQF\�UDQJHV��:KLOH�WKH�JOREDO�KDUPRQL]DWLRQ�RI�
WKH�EDQGV�EHORZ����*+]�LV�SRVWSRQHG��LW�PD\�EH�SRVVLEOH�WR�LQWURGXFH�
WKRVH�EDQGV�IRU��*�QDWLRQDO�XVH�DV�D�ƬUVW�VWHS��,W�LV��WKHUHIRUH�
LPSRUWDQW�WR�FRQWLQXH�IXWXUH�VWXGLHV�DOVR�RQ�WKRVH�EDQGV�WR�IXOO\�
FKDUDFWHUL]H�UDGLR�SURSDJDWLRQ�ZLWKLQ�WKHP�

,W�LV�HVVHQWLDO�WKDW�WKH�LQGXVWU\�DQG�UHJXODWRUV�ZRUN�WRJHWKHU�WR�VHFXUH�
VXƯFLHQW�VSHFWUXP�IRU�PRELOH�FRPPXQLFDWLRQV�EH\RQG�������7KLV�ZLOO�
IDFLOLWDWH�WKH�GHYHORSPHQW�RI�WKH�WHFKQRORJ\�DQG�ZLOO�LPSURYH�VRFLHW\�
DQG�HFRQRPLF�GHYHORSPHQW�

�6SHFWUDO�HƯFLHQF\
6SHFWUDO�HƯFLHQF\�LV�D�PHDVXUH�RI�KRZ�HƯFLHQWO\�VSHFWUXP�FDQ�EH�
XVHG�GXULQJ�GDWD�WUDQVPLVVLRQ��LQ�RWKHU�ZRUGV��KRZ�PDQ\�ELWV�SHU�
+]�SHU�VHFRQG�WKH�V\VWHP�LV�DEOH�WR�GHOLYHU�RYHU�WKH�DLU��$�V\VWHP�
LV�GHVLJQHG�ZLWK�YDULRXV�VSHFWUDO�HƯFLHQFLHV�LQ�PLQG��VXFK�DV�SHDN��
DYHUDJH�XVHU�DQG�FHOO�HGJH��%\�LQFUHDVLQJ�WKHVH�VSHFWUDO�HƯFLHQFLHV��
WKH�FDSDFLW\�RI�WKH�QHWZRUN�LQFUHDVHV�ZLWKRXW�WKH�QHHG�WR�DGG�PRUH�
FHOO�VLWHV�RU�WR�XVH�PRUH�VSHFWUXP��0XOWLSOH�FRPSRQHQWV�DƪHFW�
WKH�VSHFWUDO�HƯFLHQF\�RI�WKH�UDGLR�OLQN��IRU�H[DPSOH�PRGXODWLRQ��
PXOWL�DQWHQQD�RSHUDWLRQ��VLJQDO�ZDYHIRUP��DQG�WKH�HQWLUH�V\VWHP��
LQFOXGLQJ�FRRUGLQDWLRQ�EHWZHHQ�QRGHV��LQWHUIHUHQFH�VXSSUHVVLRQ��DQG�
FROODERUDWLYH�UDGLR�UHVRXUFH�PDQDJHPHQW��/7(�DOUHDG\�KDV�D�KLJK�UDGLR�
OLQN�VSHFWUDO�HƯFLHQF\��EXW�WKH�VSHFWUDO�HƯFLHQF\�RI�WKH�V\VWHP��RU�
DUHD��VWLOO�DOORZV�LPSURYHPHQWV�WKDW�DUH�OHVV�H[SHQVLYH�EXW�DOVR�XVH�
OHVV�HQHUJ\�DQG�DUH�VLPSOHU�RYHUDOO���

$�NH\�WHFKQLFDO�FRPSRQHQW�IRU��*�LQ�JHQHUDO�DQG�WR�LPSURYH�VSHFWUDO�
HƯFLHQF\�LQ�SDUWLFXODU�LV�PDVVLYH�0,02��

,QWHJUDWLQJ�ODUJH�VFDOH�DQWHQQD�DUUD\V�LQWR�WKH�DLU�LQWHUIDFH�GHVLJQ�RI�
�*�V\VWHPV�LQ�WKH�FHQWLPHWULF�ZDYH�RU�PLOOLPHWULF�ZDYH�EDQGV�ZLOO�VKRZ�
VLJQLƬFDQW�GLƪHUHQFHV�WR�WKH�0,02�VROXWLRQV�FXUUHQWO\�GHSOR\HG�LQ�
�*�V\VWHPV��)LUVWO\��WKH�PRUH�QRLVH�OLPLWHG�QDWXUH�RI�KLJK�EDQGZLGWK�
V\VWHPV�DW�FHQWLPHWULF�ZDYH�RU�PLOOLPHWULF�ZDYH�EDQGV�ZLOO�DOORZ�VLPSOH�
VROXWLRQV�WKDW�GR�QRW�QHHG�WR�DFWLYHO\�PLWLJDWH�RWKHU�FHOO�LQWHUIHUHQFH���
6HFRQGO\���*�V\VWHPV�DW���*+]�DQG�EHORZ�DUH�EDQGZLGWK�DQG�
LQWHUIHUHQFH�OLPLWHG��VR�WKH�HPSKDVLV�ZLWK�0,02�WHFKQRORJ\�LQ�WKRVH�
V\VWHPV�KDV�EHHQ�WR�LQFUHDVH�VSHFWUDO�HƯFLHQF\�WR�RYHUFRPH�WKHVH�
OLPLWDWLRQV��
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WRC-19 will not address the bands below 24 GHz. Using these bands
would, however, be a logical step for cellular access as they are closer
to currently used frequency ranges. While the global harmonization of
the bands below 24 GHz is postponed, it may be possible to introduce
those bands for 5G national use as a first step. It is, therefore
important to continue future studies also on those bands to fully
characterize radio propagation within them.
It is essential that the industry and regulators work together to secure
sufficient spectrum for mobile communications beyond 2020. This will
facilítate the development of the technology and will improve society
and economic development.

Spectral e[[iciency
Spectral efficiency is a measure of how efficiently spectrum can be
used during data transmission, in other words, how many bits per
Hz per second the system is able to deliver over the air. A system
is designed with various spectral efficiencies in mind, such as peak,
average user and cell edge. By increasing these spectral efficiencies,
the capacity of the network increases without the need to add more
cell sites or to use more spectrum. Multiple components affect
the spectral efficiency of the radio link, for example modulation,
multi-antenna operation, signa) waveform, and the entire system,
including coordination between nodes, interference suppression, and
collaborative radio resource management. LTE already has a high radio
link spectral efficiency, but the spectral efficiency of the system (or
area) still allows improvements that are less expensive but also use
less energy and are simpler overall.
A key technical component for 5G in general and to improve spectral
efficiency in particular is massive MIMO.
Integrating large scale antenna arrays into the air interface design of
5G systems in the centimetric wave or millimetric wave bands will show
significant differences to the MIMO solutions currently deployed in
4G systems. Firstly, the more noise-limited nature of high-bandwidth
systems at centimetric wave or millimetric wave bands will allow simple
solutions that do not need to actively mitigate other-cell interference.
Secondly, 4G systems at 3 GHz and below are bandwidth and
interference limited, so the emphasis with MIMO technology in those
systems has been to increase spectral efficiency to overcome these
limitations.
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7KH�KLJK�EDQGZLGWK�V\VWHPV�DW�PLOOLPHWULF�ZDYH�EDQGV�PD\�QRW�EH�
EDQGZLGWK�RU�LQWHUIHUHQFH�OLPLWHG��EXW�WHQG�WR�EH�SDWK�ORVV�OLPLWHG��
$V�D�UHVXOW��WKH�HPSKDVLV�ZLWK�0,02�WHFKQRORJ\�ZLOO�LQLWLDOO\�EH�RQ�
SURYLGLQJ�SRZHU�JDLQ�WKURXJK�EHDP�IRUPLQJ��6SDWLDO�PXOWLSOH[LQJ��FULWLFDO�
WR�KLJK�SHUIRUPDQFH�LQ��*�V\VWHPV��ZLOO�QRW�EH�WKH�PDLQ�HPSKDVLV�
ZLWK�PLOOLPHWULF��PP:DYH��V\VWHPV�GXH�WR�WKH�QHHG�WR�RYHUFRPH�
SDWK�ORVV�OLPLWDWLRQV��DOWKRXJK�DW�D�PLQLPXP��VLQJOH�XVHU�UDQN�WZR�
VSDWLDO�PXOWLSOH[LQJ�EDVHG�RQ�SRODUL]DWLRQ�GLVFULPLQDWLRQ�ZLOO�EH�D�NH\�
FRPSRQHQW�DW�DOO�IUHTXHQF\�EDQGV��7KH�FHQWLPHWULF��FP:DYH��V\VWHPV��
KRZHYHU��ZLOO�RSHUDWH�VRPHZKHUH�LQ�EHWZHHQ��*�V\VWHPV�DQG�PP:DYH�
V\VWHPV�ZLWK�UHJDUGV�WR�EDQGZLGWK�DQG�LQWHUIHUHQFH�OLPLWDWLRQV��7KLV�
PHDQV�WKDW�FP:DYH�V\VWHPV�ZLOO�OLNHO\�LQFRUSRUDWH�ERWK�WKH�0,02�DQG�
EHDP�IRUPLQJ�WHFKQRORJ\�HOHPHQWV�IRXQG�LQ��*�DQG�PP:DYH�V\VWHPV��

7KLUGO\��ZLWK�WKH�VPDOO�VFDOH�DQWHQQD�DUUD\V�GHSOR\HG�LQ��*�V\VWHPV�
DW���*+]�DQG�EHORZ��IRU�H[DPSOH��DUUD\V�ZLWK�HLJKW�RU�IHZHU�DQWHQQD�
SRUWV��DQG�WZR�RU�IRXU�UHFHLYH�DQWHQQDV�DW�WKH�XVHU�GHYLFH��VLQJOH�XVHU�
VSDWLDO�PXOWLSOH[LQJ�SURYLGHV�PRVW�RI�WKH�JDLQV�DYDLODEOH�IURP�VSDWLDO�
PXOWLSOH[LQJ�RQ�WKH�GRZQOLQN��:LWK�VPDOO�VFDOH�DUUD\V��PXOWL�XVHU�VSDWLDO�
PXOWLSOH[LQJ�SURYLGHV�OLWWOH�JDLQ�RYHU�VLQJOH�XVHU�PXOWLSOH[LQJ�RQ�WKH�
GRZQOLQN��:LWK�ODUJH�VFDOH�DUUD\V�EHORZ�����*+]��PXOWL�XVHU�0,02�ZLOO�EH�
UHTXLUHG�WR�SURYLGH�VLJQLƬFDQW�JDLQV�RYHU�VPDOO�VFDOH�DUUD\V��

08�0,02�LV�DOVR�LPSRUWDQW�WR�ERRVW�VSHFWUDO�HƯFLHQF\�IRU�FDUULHU�
IUHTXHQFLHV�EHORZ���*+]�E\�VHUYLQJ�D�ODUJH�QXPEHU�RI�8(V�RQ�WKH�VDPH�
WLPH�IUHTXHQF\�UHVRXUFHV��EXW�VSDWLDOO\�VHSDUDWHG��7KHRUHWLFDOO\��WKH�
XSSHU�OLPLW�IRU�WKH�VSHFWUDO�HƯFLHQF\�LV�GHWHUPLQHG�E\�WKH�GHJUHHV�RI�
IUHHGRP�SURYLGHG�E\�WKH�PDVVLYH�0,02�DUUD\��WKH�PD[LPXP�QXPEHU�RI�
FRQFXUUHQWO\�VFKHGXOHG�8(V�DQG�WKH�DFFXUDF\�RI�WKH�FKDQQHO�NQRZOHGJH�
XVHG�WR�EHDP�IRUP�PXOWLSOH�GDWD�VWUHDPV��+RZHYHU��PDVVLYH�0,02�
ZLWK�08�0,02�DORQH�FDQQRW�WDFNOH�WKH�LQWHUIHUHQFH�OLPLWDWLRQ�W\SLFDO�
IRU�XUEDQ�PDFUR�VFHQDULRV�EHORZ���*+]��1RNLDoV�YLHZ�RI�WKH��*�V\VWHP�
FRQFHSW�IRU�EHORZ���*+]�LV�EDVHG�RQ�WKH�FRPELQDWLRQ�RI�FRRSHUDWLYH�
QHWZRUN�PDVVLYH�0,02�ZLWK�D�KROLVWLF�LQWHUIHUHQFH�PLWLJDWLRQ�IUDPHZRUN�
IRU�ERWK�LQWUD�FHOO�DQG�LQWHU�FHOO�LQWHUIHUHQFH��:LWK�SURSHU�GHVLJQ�RI�WKH�
V\VWHP�GHWDLOV��WKH�SRVVLEOH�JDLQV�DUH�VLJQLƬFDQW�DQG�WKHUHIRUH�WKH�QRYHO�
FKDQQHO�HVWLPDWLRQ�DQG�UHSRUWLQJ�VFKHPHV�DUH�LPSRUWDQW�HQDEOHUV�RI�
KLJKHU�VSHFWUDO�HƯFLHQF\��7KH�,78�WDUJHW�IRU�,07������VSHFWUDO�HƯFLHQF\�
LV�WKUHH�WLPHV�WKDW�RI�,07�$�DQG�PDVVLYH�0,02�ZLOO�EH�LQVWUXPHQWDO�LQ�
DFKLHYLQJ�WKLV�s�IRU�VRPH�FDVHV�WKLV�FDQ�HYHQ�EH�H[FHHGHG�

,Q�FRQWUDVW��IRU�PP:DYH�V\VWHPV�ZLWK�ODUJH�VFDOH�DUUD\V��PXOWL�XVHU�
0,02�ZLOO�QRW�EH�D�PDLQ�HPSKDVLV�GXH�WR�WKH�QHHG�WR�RYHUFRPH�SRZHU�
OLPLWDWLRQV��)RU�FP:DYH�V\VWHPV��ERWK�VLQJOH�XVHU�DQG�PXOWL�XVHU�VSDWLDO�
PXOWLSOH[LQJ�ZLOO�OLNHO\�EH�LQFRUSRUDWHG�LQWR�WKH�V\VWHP�GHVLJQ��$OVR��WKH�
KLJKHU�WKH�IUHTXHQF\�EDQG��WKH�VPDOOHU�WKH�DQWHQQD�VL]H��DQG�KHQFH�
ZLWK�FP:DYH�V\VWHPV�DQG�HVSHFLDOO\�ZLWK�PP:DYH�V\VWHPV��ODUJH�VFDOH�
DQWHQQD�DUUD\V�ZLOO�EH�UHODWLYHO\�VPDOO�FRPSDUHG�WR�WKH�VPDOOHU�VFDOH�
DQWHQQD�DUUD\V�RI�FXUUHQW��*�V\VWHPV�
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The high bandwidth systems at millimetric wave bands may not be
bandwidth or interference limited, but tend to be path-loss limited.
As a result, the emphasis with MIMO technology will initially be on
providing power gain through beam forming. Spatial multiplexing, critical
to high performance in 4G systems, will not be the main emphasis
with millimetric (mmWave) systems due to the need to overcome
path loss limitations, although at a minimum, single-user rank-two
spatial multiplexing based on polarization discrimination will be a key
component at all frequency bands. The centimetric (cmWave) systems,
however, will operate somewhere in between 4G systems and mmWave
systems with regards to bandwidth and interference limitations. This
means that cmWave systems will likely incorporate both the MIMO and
beam forming technology elements found in 4G and mmWave systems.
Thirdly, with the small scale antenna arrays deployed in 4G systems
at 3 GHz and below (for example, arrays with eight or fewer antenna
ports) and two or four receive antennas at the user device, single user
spatial multiplexing provides most of the gains available from spatial
multiplexing on the downlink. With small scale arrays, multi-user spatial
multiplexing provides little gain over single user multiplexing on the
downlink. With large scale arrays below 3-6 GHz, multi-user MIMO will be
required to provide significant gains over small scale arrays.
MU-MIMO is also important to boost spectral efficiency for carrier
frequencies below 6 GHz by serving a large number of UEs on the same
time-frequency resources, but spatially separated. Theoretically, the
upper limit for the spectral efficiency is determined by the degrees of
freedom provided by the massive MIMO array, the maximum number of
concurrently scheduled UEs and the accuracy of the channel knowledge
used to beam form multiple data streams. However, massive MIMO
with MU-MIMO alone cannot tackle the interference-limitation typical
for urban macro scenarios below 6 GHz. Nokia's view of the 5G system
concept for below 6 GHz is based on the combination of cooperative
network massive MIMO with a holistic interference mitigation framework
for both intra-cell and inter-cell interference. With proper design of the
system details, the possible gains are significant and therefore the novel
channel estimation and reporting schemes are important enablers of
higher spectral efficiency. The ITU target for IMT-2020 spectral efficiency
is three times that of IMT-A and massive MIMO will be instrumental in
achieving this - for some cases this can even be exceeded.
In contrast, for mmWave systems with large scale arrays, multi-user
MIMO will not be a main emphasis due to the need to overcome power
limitations. For cmWave systems, both single user and multi-user spatial
multiplexing will likely be incorporated into the system design. Also, the
higher the frequency band, the smaller the antenna size, and hence
with cmWave systems and especially with mmWave systems, large scale
antenna arrays will be relatively small compared to the smaller scale
antenna arrays of current 4G systems.
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)RXUWKO\��ZLWK�ODUJH�VFDOH�DUUD\V�GHSOR\HG�DW�PLOOLPHWULF�ZDYH�EDQGV��
REWDLQLQJ�FKDQQHO�HVWLPDWHV�IRU�HDFK�DQWHQQD�ZLOO�EH�GLƯFXOW�GXH�WR�
WKH�LQKHUHQW�SRZHU�DQG�SDWK�ORVV�OLPLWDWLRQV��$V�D�UHVXOW��WKH�0,02�
EHDP�IRUPLQJ�WHFKQLTXHV�DW�PLOOLPHWULF�ZDYH�EDQGV�ZLOO�LQLWLDOO\�RSHUDWH�
ZLWK�SHU�EHDP�FKDQQHO�NQRZOHGJH�UDWKHU�WKDQ�SHU�DQWHQQD�FKDQQHO�
NQRZOHGJH��ZKLFK�ZLOO�QHFHVVLWDWH�VLJQLƬFDQW�FKDQJHV�LQ�WKH�3+<�OD\HU�
FRPSDUHG�WR�FXUUHQW��*�V\VWHPV��7KH�GLƯFXOW\�ZLWK�DFTXLULQJ�SHU�
DQWHQQD�LQIRUPDWLRQ�PHDQV�XVHU�VSHFLƬF�EHDP�IRUPHG�GHPRGXODWLRQ�
UHIHUHQFH�VLJQDOV��'056��ZLOO�EH�XVHG��UDWKHU�WKDQ�FRPPRQ�UHIHUHQFH�
VLJQDOV��&56���7KH�ODFN�RI�&56�LPSURYHV�HQHUJ\�HƯFLHQF\��VLQFH�SLORWV�
ZRXOG�EH�WUDQVPLWWHG�RQO\�ZKHQ�LQIRUPDWLRQ�LV�EHLQJ�WUDQVPLWWHG��
$OVR��WKH�XVH�RI�EHDP�IRUPHG�XVHU�VSHFLƬF�SLORWV�DGGV�ƮH[LELOLW\�IRU�
HQKDQFLQJ�08�0,02�SHUIRUPDQFH�

)XUWKHUPRUH��WKH�VHYHUH�SDWK�ORVV�OLPLWDWLRQV�FDQ�EH�PLWLJDWHG�WKURXJK�
WKH�XVH�RI�D�EHDP�EDVHG�DLU�LQWHUIDFH��ZKHUH�DOO�VLJQDOV�DUH�EHDP�
IRUPHG�ZLWK�KLJK�JDLQ��QDUURZ�EHDP�ZLGWK�EHDPV���,Q�VXFK�D�V\VWHP��
WKH�FRPPRQ�FRQWURO�FKDQQHO�FDQ�EH�WUDQVPLWWHG�LQ�D�EURDGFDVW�PDQQHU�
E\�PHDQV�RI�D�EHDP�VZHHSLQJ�SURFHVV��ZKHUH�WKH�FRQWURO�LQIRUPDWLRQ�
LV�UHSHDWHG�RQ�PXOWLSOH�QDUURZ�EHDP�ZLGWK�KLJK�JDLQ�EHDPV�LQ�D�
7'0�RU�FRPELQDWLRQ�7'0�)'0�IDVKLRQ���7KH�FRPPRQ�FRQWURO�FKDQQHO�
WUDQVPLWWHG�RYHU�D�KLJK�JDLQ�EHDP�ZRXOG�EH�FRPSOHWHO\�VHOI�FRQWDLQHG�
DQG�ZRXOG�LQFOXGH�DOO�WKH�QHFHVVDU\�V\QFKURQL]DWLRQ�VLJQDOV�IRU�QHWZRUN�
HQWU\�DQG�OLQN�PDLQWHQDQFH�DQG�UDQGRP�DFFHVV�RSSRUWXQLWLHV��7KH�
EHDP�VZHHSLQJ�SURFHVV�IRU�WKH�FRPPRQ�FRQWURO�ZRXOG�EH�UHSHDWHG�
SHULRGLFDOO\�DQG�ZRXOG�DOVR�EH�XVHG�WR�XSGDWH�DQG�WUDFN�WKH�EHVW�EHDP�
IRU�D�8(���$OVR��ZLWK�ODUJH�VFDOH�DUUD\V�GHSOR\HG�DW�WKH�EDVH�VWDWLRQ��
WKHUH�LV�WKH�SRWHQWLDO�IRU�GHSOR\LQJ�ODUJH�QXPEHUV�RI�DQWHQQDV�RQ�D�8(��
HVSHFLDOO\�DW�WKH�FHQWLPHWULF�DQG�PLOOLPHWULF�EDQGV�ZKHUH�WKH�DQWHQQD�
VL]HV�EHFRPH�UDWKHU�VPDOO��8(�EHDP�IRUPLQJ�FDQ�EH�FRPELQHG�ZLWK�
WKH�EHDP�IRUPLQJ�DW�WKH�EDVH�VWDWLRQ�WR�IXUWKHU�LPSURYH�FRYHUDJH�DQG�
FDSDFLW\�SHUIRUPDQFH���$�EHDP�EDVHG�DLU�LQWHUIDFH�FDQ�EH�DOVR�XVHG�WR�
SURYLGH�HQKDQFHG�FRYHUDJH��QRW�MXVW�DW�WKH�PLOOLPHWULF�RU�FHQWLPHWULF�
EDQGV��EXW�DOVR�DW�WKH�ORZHU�FDUULHU�IUHTXHQFLHV��IRU�H[DPSOH��EHORZ 
��*+]�IRU�GHHS�LQ�EXLOGLQJ�FRYHUDJH�

:KHUHDV�PDVVLYH�0,02�LV�D�JRRG�WHFKQLTXH�WR�LPSURYH�ERWK�OLQN�VSHFWUDO�
HƯFLHQF\�DQG�FRYHUDJH�UHOLDELOLW\��V\VWHP�VSHFWUDO�HƯFLHQF\�JDLQV�
FDQ�EH�DFKLHYHG�E\�EHWWHU�XWLOL]DWLRQ�RI�UDGLR�UHVRXUFHV��,QWHUIHUHQFH�
UHMHFWLRQ�LV�RQH�WHFKQLTXH�DLPHG�DW�ERRVWLQJ�V\VWHP�VSHFWUDO�HƯFLHQF\��
7KLV�ZRUNV�E\�UHSODFLQJ�D�ZHOO�NQRZQ�PHFKDQLVP�RI�FRRUGLQDWLQJ�LQWHU�
FHOO�LQWHUIHUHQFH�s�IRU�H[DPSOH��E\��WU\LQJ�WR�XVH�WKH�OHDVW�LQWHUIHUHG�
UDGLR�EORFNV�LQ�/7(�RU�DSSO\LQJ�IUHTXHQF\�UHXVH�JUHDWHU�WKDQ�RQH�
EHWZHHQ�QHLJKERULQJ�FHOOV���ZKLOH�DFFHSWLQJ�WKH�LQWHUIHUHQFH�DQG�ODWHU�
VXSSUHVVLQJ�LW�LQ�WKH�UHFHLYHU��,QWHUIHUHQFH�UHMHFWLRQ�FRPELQLQJ�LV�DOUHDG\�
NQRZQ�DQG�XVHG�LQ�/7(�DQG��*�LV�DQ�RSSRUWXQLW\�WR�GHVLJQ�D�V\VWHP�
RSWLPL]HG�IRU�XVLQJ�LW��$QRWKHU�WHFKQLTXH�IRU�RSWLPL]LQJ�VSHFWUXP�
XWLOL]DWLRQ�LV�G\QDPLF�7''�RSHUDWLRQ��ZKLFK�DOORFDWHV�WKH�VSHFWUXP�
EHWZHHQ�WKH�XSOLQN�DQG�WKH�GRZQOLQN�EDVHG�RQ�LPPHGLDWH�WUDƯF�QHHGV�
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Fourthly, with large scale arrays deployed at millimetric wave bands,
obtaining channel estimates for each antenna will be difficult due to
the inherent power and path-loss limitations. As a result, the MIMO/
beam forming techniques at millimetric wave bands will initially operate
with per-beam channel knowledge rather than per-antenna channel
knowledge, which will necessitate significant changes in the PHY layer
compared to current 4G systems. The difficulty with acquiring per-
antenna information means user-specific beam formed demodulation
reference signals (DMRS) will be used, rather than common reference
signals (CRS). The lack of CRS improves energy efficiency, since pilots
would be transmitted only when information is being transmitted.
Also, the use of beam formed user-specific pilots adds flexibility for
enhancing MU-MIMO performance.
Furthermore, the severe path loss limitations can be mitigated through
the use of a beam-based air interface, where all signals are beam
formed with high-gain, narrow beam width beams. In such a system,
the common control channel can be transmitted in a broadcast manner
by means of a beam sweeping process, where the control information
is repeated on multiple narrow-beam width high-gain beams in a
TDM or combination TDM/FDM fashion. The common control channel
transmitted over a high gain beam would be completely self-contained
and would include all the necessary synchronization signals for network
entry and link maintenance and random access opportunities. The
beam sweeping process for the common control would be repeated
periodically and would also be used to update and track the best beam
for a UE. Also, with large scale arrays deployed at the base station,
there is the potential for deploying large numbers of antennas on a UE,
especially at the centimetric and millimetric bands where the antenna
sizes become rather small. UE beam forming can be combined with
the beam forming at the base station to further improve coverage and
capacity performance. A beam-based air interface can be also used to
provide enhanced coverage, not just at the millimetric or centimetric
bands, but also at the lower carrier frequencies, for example, below
6 GHz for deep in-building coverage.
Whereas massive MIMO is a good technique to improve both link spectral
efficiency and coverage reliability, system spectral efficiency gains
can be achieved by better utilization of radio resources. Interference
rejection is one technique aimed at boosting system spectral efficiency.
This works by replacing a well-known mechanism of coordinating inter-
cell interference - for example, by trying to use the least interfered
radio blocks in LTE or applying frequency reuse greater than one
between neighboring cells - while accepting the interference and later
suppressing it in the receiver. Interference rejection combining is already
known and used in LTE and 5G is an opportunity to design a system
optimized for using it. Another technique for optimizing spectrum
utilization is dynamic TDD operation, which allocates the spectrum
between the uplink and the downlink based on immediate traffic needs.
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 Latency
5DGLR�ODWHQF\�LV�WKH�RQH�ZD\�WUDQVLW�WLPH�EHWZHHQ�D�SDFNHW�EHLQJ�
DYDLODEOH�DW�WKH�,3�OD\HU�LQ�HLWKHU�WKH�GHYLFH���5$1�HGJH�QRGH�DQG�WKH�
DYDLODELOLW\�RI�WKLV�SDFNHW�DW�WKH�,3�OD\HU�LQ�WKH�5$1�HGJH�QRGH���GHYLFH��
7KH�UHOHYDQFH�RI�ODWHQF\�LV�RIWHQ�RYHUORRNHG�E\�SHRSOH�IRFXVLQJ�
RQ�DFKLHYDEOH�GDWD�UDWHV��EXW�ZLWK�KLJK�ODWHQF\��HYHQ�WKH�IDVWHVW�
FRQQHFWLRQV�FDQQRW�SURYLGH�D�JRRG�H[SHULHQFH�IRU�LQWHUDFWLYH�VHUYLFHV��
)XUWKHUPRUH��ZKHQ�WKH�7&3�SURWRFRO�LV�XVHG��KLJK�ODWHQF\�ZLOO�DOVR�
DƪHFW�WKH�DFKLHYDEOH�WKURXJKSXW��

2QH�FXUUHQW�H[DPSOH�RI�D�VHUYLFH�WKDW�UHTXLUHV�ORZ�ODWHQF\�LV�RQOLQH�
JDPLQJ���+RZHYHU��LQ�IXWXUH��WKH�SRRO�RI�LQWHUDFWLYH�DSSOLFDWLRQV�ZLOO�
EURDGHQ�YHU\�TXLFNO\�DV�ZH�VHH�WKH�ULVH�RI�DXJPHQWHG�UHDOLW\��ZRUN�DQG�
HQWHUWDLQPHQW�LQ�WKH�FORXG��DXWRPDWHG�FDUV�DQG�UHPRWHO\�FRQWUROOHG�
URERWV��$OO�RI�WKHVH�DSSOLFDWLRQV�UHTXLUH�H[WUHPHO\�ORZ�ODWHQFLHV�IRU�
ZKLFK�D��*�V\VWHP�QHHGV�WR�EH�GHVLJQHG�

5HGXFLQJ�WKH�UDGLR�ODWHQF\�LV�QRW�RQO\�LPSRUWDQW�IRU�WKHVH�LQWHUDFWLYH�
VHUYLFHV�EXW�LV�DOVR�DQ�HQDEOHU�IRU�KLJK�GDWD�UDWHV�DQG�WKH�RYHUDOO�
UHVSRQVLYHQHVV�RI�WKH�V\VWHP��$FKLHYLQJ�KLJK�GDWD�WKURXJKSXWV�LQ�
QHWZRUNV�ZLWK�KLJK�ODWHQF\�PHDQV�WKDW�WUDQVPLWWHU�EXƪHUV�QHHG�WR�EH�
ODUJH��LQFUHDVLQJ�WKH�GHYLFH�FRVW��5HGXFLQJ�WKH�QHWZRUN�ODWHQF\�PHDQV�
WKDW�EXƪHUV�DUH�HPSWLHG�IDVWHU�DQG�KHQFH�FDQ�EH�VPDOOHU�DQG�FKHDSHU��
$OVR��WKH�VSHHG�RI�DOO�QHWZRUN�SURFHGXUHV��VXFK�DV�V\VWHP�DFFHVV�RU�
KDQGRYHU��UHOLHV�RQ�UDGLR�ODWHQF\�

5HGXFHG�DLU�LQWHUIDFH�ODWHQF\�DQG�KLJK�GDWD�UDWHV�FRQWULEXWH�WR�
ORZHULQJ�WKH�GHYLFHoV�EDWWHU\�FRQVXPSWLRQ��)DVW�WUDQVLWLRQV�EHWZHHQ�
VOHHS�DQG�DFWLYH�PRGHV��PLFUR�VOHHS�ZLWKLQ�D�IUDPH�ZKHQ�GDWD�LV�QRW�
WUDQVPLWWHG�RU�UHFHLYHG��D�VKRUW�DFWLYH�WLPH�ZLWK�KLJK�GDWD�UDWHV�DQG�
D�ORZ�VOHHS�PRGH�SRZHU�FRQVXPSWLRQ�DOO�FRQWULEXWH�WR�LPSURYLQJ�WKH�
HQHUJ\�HƯFLHQF\�RI�WKH�GHYLFH�

7KH�ODWHQF\�RI��*�/7(�LV�VXSHULRU�WR�WKDW�RI��*��EXW�VWLOO�LQIHULRU�WR�
ZKDW�FDQ�EH�DFKLHYHG�ZLWK�WKH�ZLUHG�,QWHUQHW��2QH�ZD\�WR�UHGXFH�UDGLR�
LQWHUIDFH�ODWHQF\�LV�E\�XVLQJ�G\QDPLF�7''�ZLWK�D�VKRUW�IUDPH�GXUDWLRQ�
DQG�DQ�DGDSWLYH�IUDPH�VWUXFWXUH��'\QDPLF�7''�LQYROYHV�GLƪHUHQW�
FHOOV�LQ�WKH�QHWZRUN�HPSOR\LQJ�GLƪHUHQW�XSOLQN�GRZQOLQN�7''�VSOLWV�
EDVHG�RQ�WKH�WUDƯF�ORDG�IRU�WKHLU�FHOO��,W�LV�H[SHFWHG�WKDW�WKH�PDLQ�
PRGH�RI�RSHUDWLRQ�IRU��*�XOWUD�GHQVH�QHWZRUNV�RSHUDWLQJ�DERYH���
*+]�IUHTXHQF\�EDQGV�ZLOO�EH�G\QDPLF�7''��'\QDPLF�7''�LV�DWWUDFWLYH�
IRU�XVH�LQ��*�VPDOO�FHOOV�DV�LW�DVVLJQV�WKH�IXOO�VSHFWUXP�DOORFDWLRQ�WR�
ZKLFKHYHU�OLQN�GLUHFWLRQ�QHHGV�LW�WKH�PRVW��$�7''�WUDQVFHLYHU�LV�DOVR�
HDVLHU�DQG�FKHDSHU�WR�EXLOG�WKDQ�D�)''�WUDQVFHLYHU��
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Latency
Radio latency is the one-way transit time between a packet being
available at the IP layer in either the device / RAN edge node and the
availability of this packet at the IP layer in the RAN edge node / device.
The relevance of latency is often overlooked by people focusing
on achievable data rates, but with high latency, even the fastest
connections cannot provide a good experience for interactive services.
Furthermore, when the TCP protocol is used, high latency will also
affect the achievable throughput.
One current example of a service that requires low latency is online
gaming. However, in future, the pool of interactive applications will
broaden very quickly as we see the rise of augmented reality, work and
entertainment in the cloud, automated cars and remotely controlled
robots. All of these applications require extremely low latencies for
which a 5G system needs to be designed.
Reducing the radio latency is not only important for these interactive
services but is also an enabler for high data rates and the overall
responsiveness of the system. Achieving high data throughputs in
networks with high latency means that transmitter buffers need to be
large, increasing the device cost. Reducing the network latency means
that buffers are emptied faster and hence can be smaller and cheaper.
Also, the speed of all network procedures, such as system access or
handover, relies on radio latency.
Reduced air interface latency and high data rates contribute to
lowering the device's battery consumption. Fast transitions between
sleep and active modes, micro-sleep within a frame when data is not
transmitted or received, a short active time with high data rates and
a low sleep mode power consumption all contribute to improving the
energy efficiency of the device.
The latency of 4G/LTE is superior to that of 3G, but still inferior to
what can be achieved with the wired Internet. One way to reduce radio
interface latency is by using dynamic TDD with a short frame duration
and an adaptive frame structure. Dynamic TDD involves different
cells in the network employing different uplink-downlink TDD splits
based on the traffic load for their cell. It is expected that the main
mode of operation for 5G ultra-dense networks operating aboye 6
GHz frequency bands will be dynamic TDD. Dynamic TDD is attractive
for use in 5G small cells as it assigns the full spectrum allocation to
whichever link direction needs it the most. A TDD transceiver is also
easier and cheaper to build than a FDD transceiver.
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:LWK�VRPH�OLPLWDWLRQV�LQ�DGDSWLQJ�WKH�'/�8/�DOORFDWLRQ��G\QDPLF�7''�
ZDV�DOUHDG\�LQWURGXFHG�LQ�/RQJ�7HUP�(YROXWLRQ�$GYDQFHG��/7(�$���
+RZHYHU��WKH�DLU�LQWHUIDFH�ODWHQF\�RI�7''�/7(�$�LV�OLPLWHG�E\�LWV�
SK\VLFDO�IUDPH�VWUXFWXUH��,W�LV�SRVVLEOH�WR�LQFOXGH�XS�WR�WZR�XSOLQN�
GRZQOLQN�VZLWFKLQJ�SRLQWV�LQVLGH�RQH����PV�UDGLR�IUDPH��ZKLFK�VHWV�
WKH�KDUG�OLPLW�IRU�WKH�DLU�LQWHUIDFH�ODWHQF\��7KLV�LV�FOHDUO\�QRW�DFKLHYLQJ�
WKH��*�UDGLR�OD\HU�ODWHQF\�WDUJHW��

(YROXWLRQV�RI�/7(�$�ZLOO�QRW�EH�DEOH�WR�VXSSRUW�PDMRU�ODWHQF\�
UHGXFWLRQV�GXH�WR�WKH�UHVWULFWLRQV�RI�LQFUHPHQWDO�HYROXWLRQ��)RU�
H[DPSOH��FKDQJHV�LQ�WKH�QXPHURORJ\�DQG�IUDPH�VWUXFWXUH�GHVLJQ�
WR�HQDEOH�UHGXFHG�ODWHQF\�FDQQRW�EH�LQWURGXFHG�IRU�EDFNZDUGV�
FRPSDWLELOLW\�UHDVRQV��7KH�VWXGLHV�FXUUHQWO\�FRQGXFWHG�LQ��*33�RQ�
VKRUWHU�77,V��7UDQVPLVVLRQ�7LPH�,QWHUYDO��IRU�/7(�$�HYROXWLRQ�DUH�
FRQVLGHULQJ�WKH�SRVVLELOLWLHV�WR�UHGXFH�77,�OHQJWK�XS�WR�RQH�VORW�IRU�
/7(�7''�DQG�HYHQ�VKRUWHU�IRU�/7(�)''��ZKLOH�PDLQWDLQLQJ�EDFNZDUGV�
FRPSDWLELOLW\���

&RQVHTXHQWO\��D�QHZ��*�DLU�LQWHUIDFH�LV�QHHGHG�WR�HQDEOH�WKH�UHTXLUHG�
SK\VLFDO�OD\HU�ODWHQFLHV��$�JRRG�IUDPH�VWUXFWXUH�FDQGLGDWH�LV�RQH�
ZLWKRXW�DQ\�VZLWFKLQJ�SRLQW�UHVWULFWLRQV�VR�WKDW�DQ\�VXEIUDPH�FDQ�
EH�HLWKHU�XSOLQN�RU�GRZQOLQN��DQG�LQ�DGGLWLRQ��WKH�IUDPH�VWUXFWXUH�
DOORZV�IRU�EL�GLUHFWLRQDO�FRQWURO�VLJQDOLQJ�RQ�WKH�QHFHVVDU\�EDVLV��,W�LV�
DOVR�SRVVLEOH�WR�VHUYH�D�GLUHFW�GHYLFH�WR�GHYLFH�OLQN�RU�SURYLGH�VHOI�
EDFNKDXOLQJ��$�IUDPH�VWUXFWXUH�SURYLGLQJ�VXFK�ƮH[LELOLW\�LV�VKRZQ�LQ�
)LJXUH���
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)LJ������$�IUDPH�VWUXFWXUH�IRU�ƮH[LEOH�7''

N O K I A

With some limitations in adapting the DL/UL allocation, dynamic TDD
was already introduced in Long Term Evolution Advanced (LTE-A).
However, the air interface latency of TDD LTE-A is limited by its
physical frame structure. It is possible to include up to two uplink/
downlink switching points inside one 10 ms radio frame, which sets
the hard limit for the air interface latency. This is clearly not achieving
the 5G radio layer latency target.
Evolutions of LTE-A will not be able to support major latency
reductions due to the restrictions of incrementa) evolution. For
example, changes in the numerology and frame structure design
to enable reduced latency cannot be introduced for backwards
compatibility reasons. The studies currently conducted in 3GPP on
shorter TTIs (Transmission Time Interval) for LTE-A evolution are
considering the possibilities to reduce TTI length up to one slot for
LTE TDD and even shorter for LTE FDD, while maintaining backwards
compatibility.
Consequently, a new 5G air interface is needed to enable the required
physical layer latencies. A good frame structure candidate is one
without any switching point restrictions so that any subframe can
be either uplink or downlink, and in addition, the frame structure
allows for bi-directional control signaling on the necessary basis. It is
also possible to serve a direct device-to-device link or provide self-
backhauling. A frame structure providing such flexibility is shown in
Figure 2.

Control14--->

Time

Data
(entirely DL or entirely UL)

1 1 1 1

t

GP O F D M  symbol

Fig. 2. A frame structure for flexible TDD
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7KH�IUDPH�OHQJWK�RI�RQH��*�)OH[LEOH�7''�77,�LV�DVVXPHG�WR�EH�VRPH�
HLJKW�WLPHV�ORZHU��WKDQ�/7(���7KLV�DOORZV�WKH�RYHUDOO�ODWHQF\�WDUJHW�RI�
�PV�WR�EH�PHW�WR�VDWLVI\�QHZ�XVH�FDVHV�VXFK�DV�DXWRPRWLYH�VDIHW\��WKH�
WDFWLOH�,QWHUQHW�RU�UHDO�WLPH�FRQWURO��7UDQVPLWWLQJ�FRQWURO�VLJQDOV�ƬUVW��
IROORZHG�E\�WKH�GDWD��DOORZV�WKH�SURFHVVLQJ�RI�WKH�FRQWURO�LQIRUPDWLRQ�
GXULQJ�UHFHSWLRQ�RI�WKH�GDWD�SDUW��7KLV�SLSHOLQH�SURFHVVLQJ�LV�GHOD\��
DQG�FRVW�HƯFLHQW�DQG�IXOƬOOV�WKH�DLU�LQWHUIDFH�GHOD\�UHTXLUHPHQW�RI�
�PV��DOORZLQJ�KLJK�GDWD�UDWHV�DQG�JRRG�RYHUDOO�V\VWHP�UHVSRQVLYHQHVV��
)XUWKHU���WKH�FRQVLGHUHG�IUDPH�VWUXFWXUH�DOVR�VXSSRUWV�WKH�ƮH[LELOLW\�LQ�
WKH�+$54�VFKHGXOLQJ�ODWHQFLHV��ZKLFK�HQDEOHV�WKH�HƯFLHQW�VXSSRUW�RI�
YDULRXV��*�VHUYLFH�VFHQDULRV�DQG�GHYLFHV�

)OH[LEOH�7''�DFFHVV�DOVR�PHDQV�PXFK�EHWWHU�VSHFWUXP�XWLOL]DWLRQ��
DV�WKH�IXOO�EDQGZLGWK�FDQ�EH�DOORFDWHG�WR�HLWKHU�OLQN�GLUHFWLRQ�EDVHG�
RQ�LPPHGLDWH�WUDƯF�QHHGV��DQG��ZLWK�WKH�ULJKW�GHVLJQ��HQDEOHV�
VLJQLƬFDQWO\�UHGXFHG�UDGLR�OD\HU�ODWHQF\��)XUWKHUPRUH��XVLQJ�WKH�VDPH�
DFFHVV�WHFKQLTXH�IRU�ERWK�XSOLQN�DQG�GRZQOLQN�HQDEOHV�HDV\�PXOWL�
KRS��VHOI�EDFNKDXOLQJ�DQG�GLUHFW�GHYLFH�WR�GHYLFH�FRPPXQLFDWLRQ�LQ�
D�FRVW�HƯFLHQW�ZD\��2)'0�DQG�F\FOLF�SUHƬ[�VLQJOH�FDUULHU��WRJHWKHU�
ZLWK�D�7'0$�FRPSRQHQW��RƪHU�JRRG�PDVVLYH�0,02�DQG�EHDP�IRUPLQJ�
H[WHQVLRQ�SURSHUWLHV�DQG�D�FRVW�HƪHFWLYH�LPSOHPHQWDWLRQ��7KHVH�
WHFKQLTXHV�ZLOO�SURYLGH�D�KLJK�VSHFWUDO�HƯFLHQF\�DQG�D�PD[LPXP�
UDQJH��HVSHFLDOO\�ZLWK�KLJKHU�IUHTXHQFLHV��ZKLFK�DOORZV�PRUH�DQWHQQDV�
LQ�WKH�VDPH�VSDFH��

�(QHUJ\�HƯFLHQF\
7KH�DLU�LQWHUIDFH�DQG�V\VWHP�VROXWLRQV�GHYHORSHG�IRU��*�PXVW�EH�
YHU\�HQHUJ\�HƯFLHQW�IRU�GHYLFHV�LQ�JHQHUDO�DQG�HQDEOH�\HDUV�RI�
QR�FKDUJH�RSHUDWLRQ�LQ�VXSSRUW�RI�ORZ�FRVW�ZLGH�DUHD�,QWHUQHW�RI�
7KLQJV�DSSOLFDWLRQV��7KH��*�UDGLR�V\VWHP�PXVW�EH�GHVLJQHG�ZLWK�
WKHVH�UHTXLUHPHQWV�LQ�PLQG��DQG�ZLOO�DOVR�EHQHƬW�IURP�G\QDPLF�
7''��SDUWLFXODUO\�LQ�WKH�LPSURYHPHQW�WR�GHYLFH�EDWWHU\�FRQVXPSWLRQ�
UHVXOWLQJ�IURP�PRUH�HƯFLHQW�GRUPDQF\�F\FOHV�

$V�ZHOO�DV�DGGUHVVLQJ�GHYLFH�HQHUJ\�HƯFLHQF\���*�ZLOO�EH�WKH�ƬUVW�
UDGLR�V\VWHP�GHVLJQHG�WR�LPSURYH�LQIUDVWUXFWXUH�HQHUJ\�HƯFLHQF\��
SDUWLFXODUO\�LPSRUWDQW�IRU�UHGXFLQJ�HQYLURQPHQWDO�LPSDFW��,W�ZRXOG�
DOVR�EH�HFRQRPLFDOO\�LPSRVVLEOH�WR�GHOLYHU�ODUJHU�DQG�ODUJHU�DPRXQWV�
RI�RYHU�WKH�DLU�WUDƯF�ZLWKRXW�D�VLJQLƬFDQW�UHGXFWLRQ�LQ�WKH�HQHUJ\�
SHU�ELW�GHOLYHUHG��)XUWKHUPRUH��ZKHQ�FRQVLGHULQJ�XOWUD�GHQVH�QHWZRUN�
GHSOR\PHQWV��WKH�SRZHU�FRQVXPHG�E\�HDFK�EDVH�VWDWLRQ�FDQ�RQO\�EH�D�
VPDOO�IUDFWLRQ�RI�WKH�SRZHU�QHHGHG�LQ�WKH�ODUJH�ZLGH�DUHD�PDFUR�EDVH�
VWDWLRQV�RI�WRGD\�

N O K I A

The frame length of one 5G Flexible TDD TTI is assumed to be some
eight times lower, than LTE. This allows the overall latency target of
lms to be met to satisfy new use cases such as automotive safety, the
tactile Internet or real time control. Transmitting control signals first,
followed by the data, allows the processing of the control information
during reception of the data part. This pipeline processing is delay-
and cost-efficient and fulfills the air interface delay requirement of
lms, allowing high data rates and good overall system responsiveness.
Further, the considered frame structure also supports the flexibility in
the HARQ/scheduling latencies, which enables the efficient support of
various 5G service scenarios and devices.
Flexible TDD access also means much better spectrum utilization,
as the full bandwidth can be allocated to either link direction based
on immediate traffic needs, and, with the right design, enables
significantly reduced radio layer latency. Furthermore, using the same
access technique for both uplink and downlink enables easy multi-
hop, self-backhauling and direct device-to-device communication in
a cost-efficient way. OFDM and cyclic-prefix single carrier, together
with a TDMA component, offer good massive-MIMO and beam forming
extension properties and a cost-effective implementation. These
techniques will provide a high spectral efficiency and a maximum
range, especially with higher frequencies, which allows more antennas
in the same space.

Energy eiciency
The air interface and system solutions developed for 5G must be
very energy efficient for devices in general and enable years of
no-charge operation in support of low-cost wide-area Internet of
Things applications. The 5G radio system must be designed with
these requirements in mind, and will also benefit from dynamic
TDD, particularly in the improvement to device battery consumption
resulting from more efficient dormancy cycles.
As well as addressing device energy efficiency, 5G will be the first
radio system designed to improve infrastructure energy efficiency,
particularly important for reducing environmental impact. It would
also be economically impossible to deliver larger and larger amounts
of over-the-air traffic without a significant reduction in the energy
per bit delivered. Furthermore, when considering ultra-dense network
deployments, the power consumed by each base station can only be a
small fraction of the power needed in the large wide-area macro base
stations of today.
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7KH�ORZHU�WUDQVPLW�SRZHU�XVHG�E\�VPDOO�FHOOV�LQ�XOWUD�GHQVH�
GHSOR\PHQWV�QDWXUDOO\�EULQJV�GRZQ�WKH�SRZHU�SHU�EDVH�VWDWLRQ�
FRPSDUHG�WR�WKH�ZLGH�DUHD�EDVH�VWDWLRQ��$V�DQ�H[DPSOH��D�PRGHUQ�
SLFR�FHOO�EDVH�VWDWLRQ�FRQVXPHV�D�IHZ�:DWWV�RU�WHQV�RI�:DWWV��ZKHUHDV�
D�ODUJH�EDVH�VWDWLRQ�FRQVXPHV�VHYHUDO�KXQGUHG�:DWWV��EXW�RI�FRXUVH�
ZRXOG�DOVR�VHUYH�D�KXQGUHG�WR�D�WKRXVDQG�WLPHV�PRUH�XVHUV�RYHU�D�
YDVWO\�ODUJHU�JHRJUDSKLFDO�DUHD��

7KH�OD\HUHG�QHWZRUN�DUFKLWHFWXUH�GHVFULEHG�EHORZ�RƪHUV�D�JRRG�ZD\�
WR�SURYLGH�FRYHUDJH�DQG�EDVLF�FDSDFLW\�ZLWK�ZLGH�DUHD�EDVH�VWDWLRQV�
DQG�DGGLWLRQDO�FDSDFLW\�DW�KRW�VSRWV�ZKHQ�QHHGHG��:KHQ�KRW�VSRW�
WUDƯF�UHTXLUHPHQWV�DUH�ORZ��IRU�H[DPSOH��DW�QLJKW�LQ�D�VKRSSLQJ�
PDOO�RU�D�EXVLQHVV�GLVWULFW���WKH�VPDOO�FHOO�OD\HUV�FDQ�EH�SDUWLDOO\�
SRZHUHG�Rƪ�DQG�WXUQHG�RQ�DJDLQ�ZKHQ�QHHGHG��7KH�QHHG�IRU�VXFK�
D�IHDWXUH�KDV�DOUHDG\�EHHQ�UHFRJQL]HG�DQG�DGGUHVVHG�ZLWK�/7(�5HO�
���VPDOO�FHOO�RQ�Rƪ�VZLWFKLQJ�DQG�FDQ�EH�LPSURYHG�ZLWK��*��$Q�
HƯFLHQW�DLU�LQWHUIDFH�GHVLJQ��OLNH�G\QDPLF�7''��WKDW�GRHV�QRW�UHTXLUH�
FRQVWDQW�WUDQVPLVVLRQV�RQ�DOO�FDUULHUV�IRU�GHWHFWLRQ�SXUSRVHV�DOORZV�
WUDQVPLWWHUV�DQG�UHFHLYHUV�WR�EH�VZLWFKHG�Rƪ�HYHQ�GXULQJ�WKH�VKRUWHVW�
LQVWDQFHV�RI�]HUR�WUDƯF��7KH�HƪHFW�RI�WKH�WUDQVPLW�VLJQDO�ZDYHIRUP�
RQ�WKH�SRZHU�DPSOLƬHUoV�SRZHU�HƯFLHQF\�LV�DQRWKHU�DVSHFW�WR�EH�
FRQVLGHUHG��HVSHFLDOO\�ZKHQ�ORRNLQJ�DW�WKH�XSSHU�HQG�RI�WKH�IUHTXHQF\�
UDQJH��7KLV�LV�EHFDXVH�WKH�KLJK�HƯFLHQF\�WUDQVODWHV�WR�ERWK�ORZHU�
SRZHU�FRQVXPSWLRQ�DQG�EHWWHU�DFKLHYDEOH�FRYHUDJH�

System integration
7KH�XOWUD�GHQVH�QHWZRUN�RI�WKH�IXWXUH�ZLOO�RQ�DYHUDJH�KDYH�RQO\�D�
IHZ�XVHUV�SHU�FHOO�IRU�ZKLFK��*�UHTXLUHPHQWV�QHHG�WR�EH�IXOƬOOHG�DW�
DQ\�JLYHQ�WLPH��+RZHYHU��XVHUV�DUH�H[SHFWHG�WR�XVH�D�ZLGH�UDQJH�
RI�GLƪHUHQW�VHUYLFHV�DQG�DSSOLFDWLRQV�ZLWK�YHU\�GLƪHUHQW�WUDƯF�
UHTXLUHPHQWV��+HQFH��WKH�QHWZRUN�QHHGV�WR�DGDSW�ƮH[LEO\�WR�WKH�WUDƯF�
FRQGLWLRQV�LQ�HDFK�FHOO��7KH�VPDOO�FHOO�OD\HU�RU�OD\HUV�SURYLGLQJ�FDSDFLW\�
DW�DERYH���*+]�VSHFWUXP�EDQGV�VKRXOG�KDYH�IHDWXUHV�VXFK�DV�G\QDPLF�
7''�ZLWK�VKRUW�77,�DQG�ORZ�RYHUKHDG�IUDPH�VWUXFWXUH��PDVVLYH�0,02�
EHDP�IRUPLQJ�ZLWK�SKDVHG�DUUD\V�DQG�GLUHFW�GHYLFH�WR�GHYLFH�OLQNV�LQ�
RUGHU�WR�DFKLHYH�WKLV�DGDSWDELOLW\��

N O K I A

The lower transmit power used by small cells in ultra-dense
deployments naturally brings down the power per base station
compared to the wide-area base station. As an example, a modern
pico cell base station consumes a few Watts or tens of Watts, whereas
a large base station consumes severa) hundred Watts, but of course
would also serve a hundred to a thousand times more users over a
vastly larger geographical area.
The layered network architecture described below offers a good way
to provide coverage and basic capacity with wide area base stations
and additional capacity at hot spots when needed. When hot spot
traffic requirements are low (for example, at night in a shopping
mal) or a business district), the small cell layers can be partially
powered off and turned on again when needed. The need for such
a feature has already been recognized and addressed with LTE Rel
12 small cell on-off switching and can be improved with 5G. An
efficient air interface design (like dynamic TDD) that does not require
constant transmissions on all carriers for detection purposes allows
transmitters and receivers to be switched off even during the shortest
instances of zero traffic. The effect of the transmit signal waveform
on the power amplifier's power efficiency is another aspect to be
considered, especially when looking at the upper end of the frequency
range. This is because the high efficiency translates to both lower
power consumption and better achievable coverage.

System integration
The ultra-dense network of the future will on average have only a
few users per cell for which 5G requirements need to be fulfilled at
any given time. However, users are expected to use a wide range
of different services and applications with very different traffic
requirements. Hence, the network needs to adapt flexibly to the traffic
conditions in each cell. The small cell layer or layers providing capacity
at aboye 6 GHz spectrum bands should have features such as dynamic
TDD with short TTI and low-overhead frame structure, massive MIMO/
beam forming with phased arrays and direct device-to-device links in
order to achieve this adaptability.
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7KH�LQWHJUDWLRQ�RI�WKH�VPDOO�FHOO�IUHTXHQF\�OD\HU�WR�WKH�ZLGH�DUHD�
OD\HU��RU��ZKHUH�WKHUH�DUH�PXOWLSOH�VPDOO�FHOO�IUHTXHQF\�OD\HUV��WKH�
LQWHJUDWLRQ�RI�GLƪHUHQW�IUHTXHQF\�OD\HUV��LV�HVVHQWLDO�IRU�ERWK�HƯFLHQW�
UHVRXUFH�XWLOL]DWLRQ�DQG�HQHUJ\�HƯFLHQF\��&RQVLGHU�D�QHWZRUN�ZLWK�D�
ZLGH�DUHD�FRYHUDJH�OD\HU�GHSOR\HG�DW�VXE���*+]�IUHTXHQFLHV�XVLQJ�
VHYHUDO�WHQV�RI�0+]�RI�EDQGZLGWK��D�PLFUR�FHOOXODU�FDSDFLW\�OD\HU�RQ�
FHQWLPHWULF�ZDYH�EDQGV�ZLWK���������0+]�EDQGZLGWK�DQG�DQ�LQGRRU�
FDSDFLW\�OD\HU�RQ�PLOOLPHWULF�ZDYH�EDQGV�ZLWK�����*+]�EDQGZLGWK��
,Q�WKH�VLPSOHVW�FDVH��WKH�GHYLFH�ZRXOG�EH�FRQQHFWHG�WR�RQH�OD\HU�
DW�D�WLPH��GHSHQGLQJ�RQ�WKH�FRYHUDJH�DYDLODELOLW\�DQG�WKH�QHHGV�RI�
WKH�VHUYLFHV�XVHG��+RZHYHU��LQ�VRPH�FDVHV��VXFK�DV�ZKHQ�QHHGLQJ�
H[WUHPH�UHOLDELOLW\�ZLWK�FRQVWDQW�ODWHQF\��D�VLPSOH�RQH�OD\HU�DW�D�WLPH�
FRQQHFWLYLW\�LV�QR�ORQJHU�VXƯFLHQW�DQG�D�WLJKWHU�FR�RSHUDWLRQ�EHWZHHQ�
WKH�OD\HUV�LV�QHHGHG�WR�LPSURYH�WKH�V\VWHP�SHUIRUPDQFH�

7KH�ZLGH�DUHD�OD\HU�KDV�WKH�SRWHQWLDO�WR�DFW�DV�WKH�FRRUGLQDWLRQ�OD\HU��
VLPSO\�E\�GLUHFWLQJ�WKH�GHYLFHoV�FRQQHFWLRQ�GRZQ�WR�FRRUGLQDWLQJ�WKH�
VFKHGXOLQJ�RI�GLƪHUHQW�FHOOV�LQ�WKH�VPDOO�FHOO�OD\HU�V��IRU�EHVW�XVH�RI�
UHVRXUFHV��7KH�ZLGH�DUHD�OD\HU�FDQ�DOVR�DFW�DV�WKH�VLJQDOLQJ�FRQQHFWLRQ�
OD\HU��PDLQWDLQLQJ�FRQWURO�SODQH�FRQQHFWLYLW\�ZKLOH�WKH�XVHU�SODQH�LV�
KDQGHG�RYHU�WR�WKH�VPDOO�FHOOV��7KLV�DUFKLWHFWXUH�JLYHV�DGYDQWDJHV�LQ�
WHUPV�RI�PRELOLW\�DQG�UHOLDELOLW\��VLQFH�WKH�GHYLFH�KDV�D�Ƭ[HG�DQFKRU�
SRLQW�IRU�D�ODUJH�DUHD�DQG�WKH�QXPEHU�RI�PRELOLW\�HYHQWV�LV�JUHDWO\�
UHGXFHG�
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The integration of the small cell frequency layer to the wide area
layer, or, where there are multiple small cell frequency layers, the
integration of different frequency layers, is essential for both efficient
resource utilization and energy efficiency. Consider a network with a
wide area coverage layer deployed at sub-6 GHz frequencies using
severa) tens of MHz of bandwidth, a micro-cellular capacity layer on
centimetric wave bands with 100-200 MHz bandwidth and an indoor
capacity layer on millimetric wave bands with 1-2 GHz bandwidth.
In the simplest case, the device would be connected to one layer
at a time, depending on the coverage availability and the needs of
the services used. However, in some cases, such as when needing
extreme reliability with constant latency, a simple one-layer-at-a-time
connectivity is no longer sufficient and a tighter co-operation between
the layers is needed to improve the system performance.

WA layer

cmWave
layer

mmWave
layer

WA-UDN-layer
coordination

Multi-layer-
connectivity

Fig. 3. Illustration of multi-layer 5G network

The wide area layer has the potential to act as the coordination layer,
simply by directing the device's connection down to coordinating the
scheduling of different cells in the small cell layer(s) for best use of
resources. The wide area layer can also act as the signaling connection
layer, maintaining control plane connectivity while the user plane is
handed over to the small cells. This architecture gives advantages in
terms of mobility and reliability, since the device has a fixed anchor
point for a large area and the number of mobility events is greatly
reduced.

Control/data
split
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Summary
�*�ZLOO�EH�DQ�XOWUD�IDVW�DQG�XOWUD�YHUVDWLOH�FRPPXQLFDWLRQ�QHWZRUN�
LQFOXGLQJ�GLƪHUHQW�WHFKQRORJLHV��EXW�ZLOO�EH�WUDQVSDUHQW�IRU�WKH�HQG�
XVHU�DQG�HDV\�WR�PDQDJH�IRU�WKH�RSHUDWRU��$GGLWLRQDOO\���*�QHHGV�
WR�DGGUHVV�WKH�SUHGLFWHG�ODUJH�LQFUHDVH�LQ�GDWD�WUDƯF�DQG�ZLOO�KDYH�
WR�IXOƬOO�WKH�FDSDFLW\��GDWD�UDWH�DQG�ODWHQF\�UHTXLUHPHQWV�RI�QH[W�
JHQHUDWLRQ�GHYLFHV�

7R�HQDEOH�WKH�FDSDFLW\�DQG�GDWD�UDWH�UHTXLUHPHQWV�IRU��*��QHZ�
VSHFWUXP�EDQGV�DUH�UHTXLUHG��DORQJ�ZLWK�WKH�PDVVLYH�GHQVLƬFDWLRQ�
RI�VPDOO�FHOOV��8OWUD�GHQVH�VPDOO�FHOOV�ZLOO�EH�D�NH\�HOHPHQW�RI��*�
GHSOR\PHQW�DQG�WKHVH�VPDOO�FHOOV�QHHG�WR�EH�GHSOR\HG�RYHU�D�ZLGH�
IUHTXHQF\�UDQJH��+HQFH�WKH�GHVLJQ�QHHGV�WR�EH�ƮH[LEOH�HQRXJK�VR�
WKDW�WKH�V\VWHP�FRXOG�EH�GHSOR\HG�LQ�EDQGV�UDQJLQJ�IURP���*+]�XS�WR�
���*+]��%RWK�WKH�FHQWLPHWULF�DQG�PLOOLPHWULF�ZDYH�OD\HUV�ZLOO�VXSSRUW�
D�VHW�RI�FRPPRQ�IHDWXUHV�VXFK�DV�G\QDPLF�7''��PDVVLYH�0,02�EHDP�
IRUPLQJ��GHYLFH�WR�GHYLFH�FRPPXQLFDWLRQV�DQG�D�IUDPH�VWUXFWXUH�
ZLWK�ORZ�RYHUKHDG�DQG�VKRUWHU�IUDPH�VL]H��:KHUH�WKH�OD\HUV�GLƪHU�LV�
RQ�WKH�XVH�RI�PRGHUDWH�RU�KLJK�EDQGZLGWK��LPSOHPHQWDWLRQ�RI�0,02�
EHDP�IRUPLQJ�VFKHPHV�DQG�LQWHUIHUHQFH�FR�RUGLQDWLRQ�DQG�PLWLJDWLRQ�
VFKHPHV��

0RUHRYHU��ƮH[LELOLW\�LV�UHTXLUHG�WR�VXSSRUW�D�ZLGH�UDQJH�RI�VHUYLFHV�DQG�
UHTXLUHPHQWV��7KH�QHWZRUN�QHHGV�WR�VXSSRUW��IRU�H[DPSOH��H[WUHPH�
UHOLDELOLW\�IRU�FULWLFDO�FRPPXQLFDWLRQV��IRU�H[DPSOH�LQ�YHKLFOH�WR�
YHKLFOH�FRPPXQLFDWLRQV��EXW�DOVR�YHU\�ORRVH�UHOLDELOLW\�UHTXLUHPHQWV�
IRU�ORZ�FRVW�,QWHUQHW�RI�7KLQJV�DSSOLFDWLRQV��VXFK�DV�UHSRUWV�IURP�
KXPLGLW\�VHQVRUV��+LJK�GDWD�UDWH�PDFKLQH�WR�PDFKLQH�DSSOLFDWLRQV�
FDQ�EH�VXSSRUWHG�ZLWK�FP:DYH�RU�PP:DYH�V\VWHPV�EXW�ORZ�FRVW�
,QWHUQHW�RI�7KLQJV�DSSOLFDWLRQV�UHTXLUH�ORZ�SRZHU��ZLGH�DUHD�QHWZRUNV��
7KH�VHOHFWLRQ�RI�WHFKQRORJ\�FRPSRQHQWV�IRU��*�QHHGV�WR�FDUHIXOO\�
FRQVLGHU�WKH�HQHUJ\�HƯFLHQF\��DV�ZHOO�DV�WKH�FRVW�RI�LQIUDVWUXFWXUH�DQG�
HQG�XVHU�HTXLSPHQW��

7KH�ƬQDO�FKDOOHQJH�LV�WR�FRPELQH�WKH�YDVW�YDULHW\�RI�VROXWLRQV�IRU�WKH�
PDQ\��*�XVH�FDVHV�DV�ZHOO�DV�PXOWLSOH�SUHYLRXV�JHQHUDWLRQ�QHWZRUN�
OD\HUV�LQWR�D�XQLIRUP�XVHU�H[SHULHQFH�ZLWK�XQLƬHG�FRQWURO�RI�WKH�
QHWZRUN�RSHUDWLRQ��'LƪHUHQW�OD\HUV�RI��*�ZLOO�EH�LQWHJUDWHG�LQWR�RQH�
V\VWHP�WRJHWKHU�ZLWK�RWKHU�H[LVWLQJ�UDGLR�WHFKQRORJLHV�DQG�WKHLU�
HYROXWLRQ��$OO�RI�WKHVH�UDGLR�DFFHVV�OD\HUV�ZLOO�FROODERUDWH�WLJKWO\�ZLWK�
HDFK�RWKHU�WR�HQVXUH�WKH�EHVW�XVHU�H[SHULHQFH�
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Summary
5G will be an ultra-fast and ultra-versatile communication network
including different technologies, but will be transparent for the end
user and easy to manage for the operator. Additionally, 5G needs
to address the predicted large increase in data traffic and will have
to fulfill the capacity, data rate and latency requirements of next-
generation devices.
To enable the capacity and data rate requirements for 5G, new
spectrum bands are required, along with the massive densification
of small cells. Ultra dense small cells will be a key element of 5G
deployment and these small cells need to be deployed over a wide
frequency range. Hence the design needs to be flexible enough so
that the system could be deployed in bands ranging from 2 GHz up to
86 GHz. Both the centimetric and millimetric wave layers will support
a set of common features such as dynamic TDD, massive MIMO/beam
forming, device-to-device communications and a frame structure
with low overhead and shorter frame size. Where the layers differ is
on the use of moderate or high bandwidth, implementation of MIMO/
beam forming schemes and interference co-ordination and mitigation
schemes.
Moreover, flexibility is required to support a wide range of services and
requirements. The network needs to support, for example, extreme
reliability for critica) communications, for example in vehicle-to-
vehicle communications, but also very loose reliability requirements
for low cost Internet of Things applications, such as reports from
humidity sensors. High data rate machine-to-machine applications
can be supported with cmWave or mmWave systems but low cost
Internet of Things applications require low power, wide area networks.
The selection of technology components for 5G needs to carefully
consider the energy efficiency, as well as the cost of infrastructure and
end user equipment.
The final challenge is to combine the vast variety of solutions for the
many 5G use cases as well as multiple previous generation network
layers into a uniform user experience with unified control of the
network operation. Different layers of 5G will be integrated into one
system together with other existing radio technologies and their
evolution. All of these radio access layers will collaborate tightly with
each other to ensure the best user experience.
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