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| ntroducti on

The mobile broadband market continues to explode thanksto pervasive adoption, ever more
powerful networks, spectacular new handheld devices, and more than two million mobile
applications. Not only is mobile  broadban d the leadi ng edg e in innovation and development
for computing, networking, Internet technology, and software , it is also transforming society.

Major developments this past year include rapid deployment of 4" Generation ( 4G)
networks ; LTE expansion to ¢ over nearly a Il of the U.S. population ; deepening smartphone
capability ; tablets outselling laptops; and ever more sophisticated approaches for addressing
data demand , which continue s to grow unabated . Urgent calls for additional spectrum have
led to licensing with com  plex considerations: incentive auctions of TV broadcasting spectrum

and spectrum sharing between government and commercial entities .

Through constant innovation, Universal Mobile Telecommunications System (UMTS) with

High Speed Packet Access ( HSPA) technol ogy has established itself as a global mobile
broadband leader . To leverage operator investments in HSPA, the 3GPP standards bod y has
developed a series of enhancements called either AHSPA EvolouiHSERA+. 0 +HSPA
expands on the Wideband Code Division Multiple Access (WCDMA) approach and is
complementary with  3GPP Long Term Evolution ( LTE).

LTE, which uses Orthogonal Frequency Division Multiple Access (OFDMA), is being deployed
globally . LTE-Advanced, already available in some networks , will continuall y advance in
capability through the remainder of this decade, increasing capacity through higher spectral
efficiency and greater flexibility in its use of spectrum through carrier aggregation and,
eventually , spectrum sharing

5G development has begun , with multiple organizations globally researching new radio
architectures and targeting the 2020 timeframe for first deployment.

Techniques and architectures that increase capacity and improve performance at the cell

edge are important aspects of radio technol ogy evolution. These include more complex
ismart a nd heterogareous networks ( HetNet s), and user equipment communicating
with multiple base stations simultaneously

Combined with these improvements in radio -access technology, 3GPP has also developed
major core -network architecture enhancements , such as the IP Multimedia Subsystem
(IMS); the Evolved Packet Core (EPC ); and means of integrating Wi-Fi, CDMA2000 , and
other non-3GPP technologies. These advances facilitate increased capacity, new types of
services, the integration of legacy and new networks, the convergence of fixed and wireless
systems, and the transition to packet -switched voice.

The following are some of the important observations and conclusions of this paper:

¢ Mobile broadband & encompass ing netw orks, devices, and applications 0 is becoming
one of the most successful and fastest -growing industries of all time.

¢ Computing itself is transitioning from a PC era to a mobile era. Many users will never
interact with a PC.

¢ Consumer and business appl ications have until now driven data demand, but
machine -to-machine communication , also called Internet of Things, will generate
progressively higher volumes of traffic in the future.
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Cloud computing is a  significant and growing contributor to data demand. Growth
drivers include cloud -based data synchronization, backup , applications, and streaming
media.

The wireless industry is addressing exploding data demand through a combination of

spectrally more efficient technology, denser deployments, small cells, HetNet s, self-
configuration , self-optimization , use of unlicensed spectru  m with Wi -Fi, and the future
possibility of LTE operation in unl icensed bands .

Initial LTE deployments have been faster than any wireless technology previously
deployed.

LTE has become the global cellular -technology platform of choice for both G lobal
System for Mobile Communication (G SM)-UMTS and Code Division Multiple Access
(CDMA)/ Evolution Data Optimized (EV-DO) operators. Worldwide Interoperability for
Microwave Access ( WIMAX) operat ors are adopting LTE-Time Division Duplex (LTE -
TDD).

The wireless technology roadmap now extends through International Mobile
Telecommunications (I MT)-Advanced , with LTE -Advanced defined to meet IMT -
Advanced requirements. LTE -Advanced is capable of peak th eoretical throughput
rates exceed ing 1 gigabit per second (Gbps). Operators began deploying LTE -
Advanced in 2013. Key capabilities include carrier aggregation, more advanced smart

antennas, and better ~ HetNet support.

5G research and development has started for possible networks in 2020 or beyond
Unofficial initial goals include a broad range of usage models, throughput speeds 100
times higher than what is possible today, sub-1-msec latency, and the ability to
harness spectrum at extremely high frequencies.

Despite industry best efforts to deploy the most efficient technologies possible,
overwhelming demand has already led to isolated instances of congestion, which will
become widespread unless more spectrum becomes available in the near future.

Operators ha ve begun installing small cells ; the industry vision is that millions of
small cells will ultimately lead to vast increases in capacity . However, to achieve cost -
effective deployment, complex issues must be addressed , including self -optimization,

interfere nce management, and backhaul.

Unlicensed spectrum  is playing an ever more important role as a means to increase

data capacity. Innovation s include tighter Wi-Fi coupling to mobile broadband
networks, automatic authentication and network selection, and more secure
communications. 3GPP is also studying a version of LTE that will operate in unlicensed
spectrum.

EPC will provide a new core network that supports both LTE and interoperability with

legacy GSM -UMTS radio -access networks and non -3GPP-based radio acc ess networks .
As part of EPC, the policy and charging control (PCC) architecture flexibly manages

quality -of-service (Qo0S), enabling new types of applications as well as more granular

billing arrangements.

New n etwork function virtualization (NFV) and soft ware -defined networking (SDN)
tools and architectures enable operators to reduce network costs, simplify deployment
of new services, and scale their networks.
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This paper covers the nature of the  mobile data explosion, spectrum developments, wireless
techno logy evolution, and other wireless technologies and compares wireless technologies,
considering attributes such as data throughput, latency, and spectral efficiency.

The appendix provides details on UMTS/WCDMA !, HSPA+, LTE, LTE -Advanced, HetNets , EPC,
Wi-Fi integration , IMS, broadcast/multicast services, backhaul, UMTS TDD, Time - Division
Synchronous Code Division Multiple Access ( TD-SCDMA), EDGE, and TV white spaces.

YAlthough many use the terms AUMTS®O and AWCDMAS® interchan
to the radio interface technology used within UMTS, and i
an enhancement to WCDMA. LTE with EPC is a completely new architecture.
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Data Expl osi on

Broadband communication is becoming a foundational element of the economy, s upporting
enti re industries and transforming not only how people work , but how they lead their lives.

Economists have correlated economic prosperity with the degree of broadband penetration. 2

As wireless technology represents an increasing portion of the ¢ lobal communications
infrastructure, it is important to understand overall broadband trends . Sometimes wireless
and wireline technologies compete , but in most instances , they are complementary. For the
most part, backhaul transport and core infrastructure for wireless networks , including cellular
and Wi -Fi, are based on wireline approaches, whether optical or copper.

To better understand the role of broadband, we discuss data consumption, wireless versus
wireline capabilities, and bandwidth management.

Data Consumption

Multiple factors contribute to explosive growth in data consumption , especially powerful
mobile computing platforms and fast mobile broadband networks. Despite the number of

vendors and platform types available on the device side, the industr y is converging on
what might be considered a fistandard o platform for smartphones and also one for
tablets . Even if implemented differently, these platforms have the capabilities shown in

Figure 1.

Figure 1: Modern Mobile Computing Platform and Data Consumption

Modern Mobile Computing Platform:
+ Multiple wireless connection types
+ Extremely high-resolution display
* Flexible application platform

+ HTML 5

* Multimedia

+ 8ync to cloud/enterprise

+ Navigation

*+ Hotspot for other devices

Data Consuming Activities:
*  Music streaming

* Video streaming

» Social networking

* Cloud sync/apps

*  Web browsing

Rysavy * Content downloading

Research

2 For example, see International Telecommunications Union, Impact of Broadband on the Economy
April 2012.

Beyond LTE: Enabling the  Mobile Broadband Explosion, Rysavy Research/4 G Americas, August 2014 Page 8




The rich capabilities of these mobile platforms enable the ir users to consume ever larger
amounts of data through music and video streaming , social networking, cloud -based
synchronization , Web applicat ions, Web browsing , and content downloading.

The question is : How much data do  streaming applications actually consume? Table 1
provides some values. Video rates are based on the use of advanced video compression
schemes such as H.264  and H.265 .

Table 1: Data Consumed by Different Streaming Applications

Audio or Music 0.1 58 0.5 0.9

1.0 1.7

2.0 3.5

4.0 6.9

Small Screen Video 0.2 90 0.5 14
{e.g., Feature Phone) 1.0 2.7
2.0 5.4

4.0 10.8

Medium Screen Video 1.0 450 0.5 6.8
{e.g., Smartphone, 1.0 13.5
Tablet, Laptop) 2.0 27.0
4.0 34.0

Larger Screen Video 3.0 1350 0.5 20.3
(e.g., 720p medium 1.0 40.5
definition) 2.0 81.0
4.0 162.0

High Definition 5.0 2250 0.5 33.8
(e.g., 1080p Netflix HD) 1.0 67.5
2.0 135.0
4.0 270.0
Ultra High Definition 15.0 6750 0.5 101.3
(e.g., Netflix 4K) 1.0 202.5
2.0 405.0
4.0 810.0
Video applications: telemedicine, education, social networking, entertainment.

The hours of video add up. Sandvine, in its Global Internet Phenomena Report, shows
mean usage in North America of 51.4 gigabytes (GB) per month. * Real-time
entertainment represented 63 % of downstream traffic.

% Data based on Rysavy Research analysis.
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Figure 2 shows a Cisco projection of global mobile data growth through 2018 , measured
in exabytes (billion gigabytes) per month , demonstrating traffic growing at a compound
annual rate of 61% 08 resulting in eleven -fold growth over that period

Figure 2: Global Mobile Data Growth >

Cisco Global Mobile Data

18

. /
12 /
10 /

Exabytes (Billion Billion Bytes)
per Month

[ R S I O = B v s |

2013 2014 2015 2016 2017 2018

Year

Figure 3 shows another data projection, predicting 45% annual growth in data for the
2013 to 2019 period, resultingin  tenfold growth.

4 Sandvine, Global Internet Phenomena Report 1H 2014 , May 2014.
5 Cisco, Cisco Visual Netwo rking Index: Global Mobile Data Traffic Forecast Update, 2013 12018,
February 2014
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Figure 3: Global Mobile Traffic for Voice and Data 2010 to 201

96

Global mobile traffic (monthly ExaBytes)
20

18

16 @ Data: mobile PCs, tablets and mobile routers
@ Data: mobile phones
14 Voica

12

10

2010 2011 2012 2013 2014 2015 2016

2017 2018

2019

Cloud Computing

Another trend that  increases traffic is cloud computing, which can
flow th rough multiple types of services, as shown in Table 2.

Table 2: Types of Cloud Services

result in increase d data

Type of Cloud Service Examples ‘

Data synchronization and backup Box, Dropbox , Google Drive, Apple iCloud,
Microsoft OneDri ve, enterprise data backup

Cloud - hosted applications Google Docs, Microsoft Office 365

Music and video streaming Netflix, Pandora, Spotify, Amazon Cloud
Player

Machine -to-machine Cloud -based service s from operators and

third - party provi

ders

Mobile comm erce Cloud -based
Google Wallet,
programs

wallets  (Apple

Passport,

PayPal, Square), loyalty

% Ericsson, Ericsson Mobility Report on the Pulse of the Networked Society

, November 2013.
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Technology Drives Demand

Although it might seem that a more efficient technology would address escalating
demand, the more efficient technology generally also prov ides higher performance, thus
encouraging new usage model s and increasing demand even further, as illustrated in
Figure 4. Operators have observed this with LTE deployments, in which monthly usage
amounts have been higher than for 3G networks . One vendor reported a 168% increase
of LTE data consumption over 3G: 46 MB per day versus 17 MB  perd ay.’

Not only are users more likely to use applications that consume more bandwidth when

given the opportunity, but an increasing number of appli cations, including Netflix and
Skype, adapt their streaming rates based on available bandwidth. By doing so, they can

continue to operate even when throughput rates drop. Conversely, they take advantage

of higher available bandwidth to present video at hig her resolution. Fortunately,
application developers are becoming sensitive to bandwidth constraints and are offering

options for users to reduce consumption. For example, Netflix has an account option that

limits the streaming rate.

Figure 4: Enhanced Technology Creates New Demand.

|::> |::> §i \ Expanded
Usage

over Time

Initial Technology Initial Usage

- i -

Enhanced Technology
Is More Capable and
Enables New Usages
thus Driving
Additional Demand

Enhanced Technology to

Respond to Expanded Usage Rysavy

Research
" Alcatel Lucent, LTE networks: the gateway for application addiction , April 2013. Available at
http://prd _-www -origin.alcatel -lucent.com/blog/corporate/2013/04/Ite -networks -gateway -application -

addiction .
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Wireless vs. Wireline

Wireless technology is playing a profound role in networking and communications, even
though wireline  technologies such as fi ber have inherent capacity advantages.

Relative to wi reless networks, wireline networks have had greater capacity and
historically have delivered faster throughput rates.

While wireless networks can provide a largely equivalent broadband experience for many
applications, for ones that are extremely data int ensive, wireline connections will remain

a better choice for the foreseeable future. For example, users streaming Netflix movies in
high definition consume about 5 Mbps. Typical LTE deployments use 10 MHz radio
channe Is on the downlink and have a spectral efficiency of 1.4  bps/ Hertz (Hz) , providing
LTE an average sector capacity of 14 Mbps. Thus, just three Netflix viewers could  exceed
sector capacity. In the U nited States, there are approximately 1 ,100 subscribers , on
average , per cell site 8 hence about 360 for each of the three sectors commonly deployed

in a cell site. In dense urban deployments, the number of subscribers can be significantly

higher. Therefore, just a small percentage of subscribers can overwhelm network

capacity. For Blu-ray video quality that operates at around 16 Mbps or Netflix 4K
streaming that runs at 15.6 Mbps , an LTE cell sector could support only one user.

Even if mobile users are not streaming full -length movies in high definition, video is
finding its way into many applications , including education, social networking, video
conferencing, business collaboration, field service, and telemedicine.

Over time, wireless networks will gain substantial additional capacity through the
methods discussed in the next section , but they will ne  ver catch up to wireline. One can
understand this from a relatively simplistic physics analysis

¢ Wireline access to the premises or to nearby nodes uses fiber -optic cable.

¢ Capacity is based on available bandwidth of electromagnetic radiation. The infra -
red frequencies used in fiber -optic communications have far greater bandwidth than
radio.

¢ Theresultisthatjusto  ne fiber -optic strand has greater bandwidth than the entire
usable radio spectrum  to 100 GHz , as illustrated in ~ Figure 5.°

8 Yearend 2013, the U.S. had 335.65M subscribers and 304,360 cell sites, resulting in an avera ge of

1103 subscribers per cell. CTI A, AAnnual Wireless SHEmda?2@2Begport, Year
http://www.ctia.org/your -wireless -life/lhow -wireless -works/annual -wireless -indu stry -survey, accessed

July 17, 2014.

° One fiber optic cable can transmit over 10,000 Gbps compared to all wireless spectrum to 100 GHz
that even at an extremely high 10 bps/Hz would have only 1,000 Gbps of capacity.

Beyond LTE: Enabling the  Mobile Broadband Explosion, Rysavy Research/4 G Americas, August 2014 Page 13




Figure 5:RF Capacity vs. Fiber -Optic Cable Capacity

Achievable Fiber-Optic Cable Capacity Per Cable (Area Denotes Capacity)

\

Achievable Capacity Across Entire RF Spectrumto 100 GHz Rysavy

Research

A dilemma of mobile broadband is that it can provide a broadband experience similar to
wireline , but it cannot do so for all subscribers in a coverage area at the same time.
Hence, operators must carefully manage capacity, demand, policies, pricing plans, and
user expectations. Similarly, application developers must be come more conscious of the

inherent constraints of wireless networks.

Mobile broadband networks  are best though t of as providing access to higher

- capacity

wireline networks. The key to improving  per-subscriber performance and bandwidth is

reducing the size of cells and minimizing the radio path to the wireline network

, thus

improving signal quality and  decreasing the number of people  active in each cell. These

are the motivations for Wi -Fi offload and small -cell architectures

Bandwidth Management

To manage bandwidth, one can either attempt to reduce demand or increase capacity.
With operators in some countries or m arkets shifting pricing for data usage from

unlimited to tiered, users have become more conscious of how much data they consume.
Application (a pp) developers have also provided tools for managing bandwidth

by, for

instance , allowing users to specify the ma ximum size of emails to automatically

download. Nevertheless, average usage keeps growing.

Three factors determine wireless network capacity, as shown in Figure 6: the amount of

spectrum, the spectral efficiency of the technology, and the size of the cell.
smaller cells serve fewer people in each cell and because there are more of them, small
cells are a major contributor to increased capacity.

Because

Beyond LTE: Enabling the ~ Mobile Broadband Explosion, Rysavy Research/4 G Americas, August 2014
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Figure 6: Dimensions of Capacity

Spectral Efficiency of Technology

>

Amount of Spectrum

Smallness of Cell (Amount of Frequency Reuse)

Rysavy Research

Given the relentless growth in usage, mobile operators are combining  multiple
approaches to increase capacity, as per the dimensions just discussed:

¢

More spectrum. Spectrum correlates directly to capacity, and more spectrum is
becoming available globally for mobile broadband. In the U.S. market , the FCC
National Broadband Plan seeks to make an additional 500 MHz of spectrum available

by 2020. Multiple papers by Rysavy Research and others '° argue the critical need for
additional spectrum.

Unpaired spectrum. LTE TDD operates in unpa ired spectrum. In addition,
technologies such as HSPA+ and LTE permit the use of different amounts of spectrum
between downlink and uplink. Additional unpaired downlink spectrum can be
combined with paired spectrum to increase capacity and user throughputs

Supplemental downlink. With downlink traffic five to ten times greater than uplink
traffic, operators often need to expand downlink capacity rather than uplink capacity.
Using carrier aggregation, operators can augment downlink capacity by combining
separate radio channels.

Spectrum sharing . Policy makers are evaluating how spectrum might be shared
between government and commercial entities. Although a potentially promising

approach for the long term, sharing raises complex issues, as discussed further i n the
section fASpectrum Devel opments. 0

Increased  spectral efficiency. Newer technologies are spectrally more efficient,
meaning greater aggregate throughput using the same amount of spectrum. Wireless
technologies such as LTE, however, are reaching the the oretical limits of spectral

10 See multiple papers on spectrum and capacity at  http://www.rysavy.com/writing
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efficiency , and future gains will be quite modest, allowing for a possible doubling of

LTE efficiency over currently deployed versions.

for a further discussion.

¢ Smart antennas. Through high er-order MIMO and beamforming, smart antennas
gain added sophistication in each 3GPP release and are the primary contributor to
increased spectral efficiency (bps/Hz) .

¢ Uplink gains combined with downlink carrier a ggregation. Operators can
increase network  capacity by applying new receive technologies at the base station
(for example, large -scale antenna systems) that do not necessarily require standards
support . Combined with carrier aggregation on the downlink , these receive
technologies produce a high -capacity balanced network, suggesting that regulators
should in some cases consider licensing just downlink spectrum

¢ Small cells and heterogeneous networks . Selective addition of picocells to
macrocells to address localized demand can significantly boost ove rall capacity , with a
linear increase in capacity relative to the number of small cells . HetNet s, which also
can include femto cells, hold the promise of increasing capacity gain s by a factor of
four and even higher with the introduction of interference cancellation in devices.
Distributed antenna systems (DAS), used principally for improved indoor coverage,
can also function like small cells and increase capacity. Actual gain will depend on a
number of factors , including number and placement of small cells 1 u ser distribution,
and any small -cell selection bias that might be applied.

¢ Wi-Fi offload . Wi-Fi networks offer another means of offloading heavy traffic . Wi-Fi
adds to capacity because it offloads onto unlicensed spectrum. Moreover, since Wi -Fi
signals cover only small areas, Wi  -Fi achieves both extremely high frequency reuse
and high bandwidth per square meter across the coverage area.

¢ Higher -level sectorization. For some base stations, despite the more complex
configuration involved, six sectors can p rove advantageous versus the more
traditional three sectors , deployed either in a 6X1 horizontal plane or 3X2 vertical
12
plane .

Strategiesto manage demand include:

¢ Off -pe ak hours.  Operators could offer user incentives or perhaps fewer restrictions
on large data transfers during off  -peak hours.

¢ Quality of service (Qo0S). Through prioritization, certain traffic, such as non -time -
critical downloads, could occur with lower priority, thus not affecting other active
users.

Figure 7 demonstrat es the gains from using additional spectrum and offload. The bottom
(green) curve is downlink throughput for LTE deployed in 20 MHz , with 10 MHz on the
downlink and 10 MHz on the uplink , relative to the number of simultaneous users
accessing the network. T he middle (purple) curve shows how using an additional 20 MHz
doubles the throughput for each user , and the top (orange) curve shows a further
possible doubling through aggressive data offloading onto Wi -Fi.

11 with small -cell range expansion using a large selection bias, small cells can be distributed uniformly.

12 An example of vertical layering would be a 3X1 layer at gr ound level and a separate 3X1 layer for
higher levels of surrounding buildings.
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Figure 7:Benefitsof A  dditional Spectrum and Offload
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Given a goal of increasing capacity by a factor of 1 ,000, 50X could roughly be achieved
through network densification ; 10X through more spectrum, including higher frequencies

such as mmWave ; and 2X by increases in spectral efficiency.

Market and Deployment

By July 2014, more than 6.2 billion subscribers were using GSM  -HSPA™3 87% of the
wo r | @.® billion population. ** By the end of 2019, the global mobile broadband market

is expected to include more than 8.5 billion subscribe rs, with 8.1 billion us ing 3GPP
technologies, representing about 9 6% market share. ' Chetan Sharma Consulti ng
anticipates 2014 U.S. cellular data revenues to exceed $100 billion 18

The evolution of UMTS to HSPA has gained a customer base of more than 1. 6 billion
people on more than 5 55 commercial networks ; 365 HSPA networks have been upgraded
to HSPA+in1 57 countries. *

LTE has experienced faster deployment than any mobile technology ever. All major U.S.
operators will offer nationwide LTE coverage by the e nd of 2014 . LTE has also been
chosen by U.S. national public -safety organizations as their broadband technology of

B Informa, WCIS+ , Jul. 201 4.

4 UscensusBureau, AU. S. and World Population Clock, o
http://www.census.gov/main/www/p opclock.html , accessed June 20, 2014.

5 Informa, WCIS+, July 201 4. Note that the 2018 mobile broadband market figures include
GSM/EDGE, since most GSM networks are likely to include Evolved EDGE, which provides mobile
broadband capability.

16 Chetan Sharma , US Mobile Data Market Update T Q1 201 4.

17 4G Americas, July 201 4.
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choice. In 2012, legislation passed in the U nited States that allocated the D Block
spectrum for a nationwide public -safety LTE network.

Cost to Provide Data

Many elements enter the equation of what it costs an operator to deliver data da
gigabyte , for instance . More efficient technologies reduce costs, as do smaller cells
because they are less costly to deploy.

Figure 8 shows total -cost-of-ownership figures , according to one major infrastructure
vendor , and how they vary depending on technology and topology.

Figure 8: Total Cost of Ownership Per GB (Euros) 18
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18 Nokia Solutions and Networks, Deployment Strategies for Heterogeneous Networks , January 2014.
Available at http://nsn.com/portfolio/services/services -for -heterogeneous -networks .
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Spectrum Devel opment s

Spectrum continu esto challenge the industry. Given this limited resource, the industry is:
¢ Deploying technologies that h ave higher spectral efficiency.

¢ Adapting specifications to enable operation of UMTS -HSPA and LTE in all available
bands.

¢ Designing both FDD and TDD ver  sions of technology  to take advantage of  both paired
and unpaired bands.

¢ Designing carrier aggregation techniques in HSPA+ and LTE -Advanced that bond
together multiple radio channels (both intra - and inter -frequency bands) to improve
peak data rates and ef  ficiency.
¢ Deploying as many new cells (large and small) as is economically feasible.
Although all of these industry initiatives greatly expand capacity, they do not obviate the

need for additional spectrum.

1% and

The FCC released a report in October 2010 that p rojected U.S. spectrum requirements
concluded that 275 MHz of additional spectrum would be needed within five years and 500
MHz of additional spectrum within 10 years. This forecast assumes ongoing increases in

spectral efficiency from improving techn ologies.

An important aspect of UMTS -HSPA and LTE deployment is for infrastructure and mobile

devices to accommodate the expanding number of available radio bands . The fundamental
system design and networking protocols remain the same for each band; only t he frequency -
dependent portions of the radios must change. As other frequency bands become available

for deployment, standards bodies adapt UMTS-HSPA and LTE for these bands as well.

The 1710 -1770 uplink was matched with the 2110 -2170 downlink to allow fo  r additional
global harmonization of the 1.7/2.1 GHz band. These new spectrum bands were reserved or
allocated harmoniously across North, Central , and South America . The Advanced Wireless

Services (AWS) band , at 1710 -1755 MHz (uplink) with 2110 -2155 MHz (downlink) in the
United States, is affording operators additional deployment options and could eventually
provide a means for LTE roaming in the Americas. Multiple U.S. operators are deploying LTE

in 1.7 GHz, as is Rogers in Canada . In addition, many countr ies in Latin America have
allocated this band for mobile broadband.

In 2012, the FCC changed the rules on the Wireless Communications Service ( WCS) band,
which constitutes 30 MHz of spectrum at 2.3 GHz, making 20 MHz available for mobile
broadband. %

The fo rthcoming 2.6 GHz frequency band in Europe , Asia, Latin America, and other parts of
the world will also be a common band for LTE deployment. Unfortunately, different band
plans in different parts of the world will complicate roaming on this band. Globally, operators

19 Fcc, Mobile Broadband: The Benefits of Additional Spectrum , October 2010.

XFor further details, see WiGlesCommbBiCatioBnSeryice|(Veose di.®d, Avai |l abl
at http://www.fcc.gov/encyclopedia/wireless -communications -service -wcs.
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are also refarming spectrum by limiting the spectrum used for 2G (cellular and  Personal
Communications Service[ PCS] bands) to create space for 3G and 4G deployments

Recently, the FCC repurposed 40 MHz of Mobile Satellite Services (MSS) spectr um for
terrestrial use in what it termed the fIAWS-4 band. 0

Unfortunately, the process of identifying new spectrum and making it available for the
industry is a lengthy one, as shown in Figure 9.

Figure 9: Spectrum Acquisition Time 21
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The biggest opportunity areas for new spectrum in the U nited States currently are incentive

auctions of TV -broadcasting spectrum at 600 MHz , government spectrum from 1755 to 1850
MHz and 1695 to 1710 MHz managed by the National Telecommunications and Information

Administration (NTIA) to be auctioned as part of AWS -3, and the pr opcoeslelddo fibsamad I

from 3550 to 3650 MHz and its possible extension to 3700 MHz

In June 2013, the Obama Administration announced new A dministration spectrum initiatives,
including directing Federal agencies to enhance the efficiency of their spectrum use , making
greater capacity available for commercial networks , and funding research into spectrum
sharing.

Table 3 summarizes current and future spectrum allocations in the United States  .%?

2L source for historical data, FCC, ANati onal Broadband Pl an,
http://www.broadband.gov/plan/5 -spectrum/ , accessed June 20, 2014. Future based on Rysavy

Research analysis.

22 For international allocations, refer to Wik - Consult, Study for the European Commission, Inventory
and r eview of spectrum use: Assessment of the EU potential for improving spectrum efficiency ,
September 2012. Available at http://ec.eu _ropa.eu/digital _-agenda/sites/digital -
agenda/files/cion_spectrum_inventory _executive_summary_en.pdf
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Table 3: United States Current and Future Spectrum Allocations

Frequency

Band

Amount of
Spectrum

Comments

700 MHz 70 MHz Ultra -High Frequency (UHF)
850 MH z 64 MHz Cellular and Specialized Mobile Radio
1.7/2.1 GHz 90 MHz Advanced Wireless Services (AWS) -1
1.9 GHz 140 MHz Personal Communications Service (PCS)
2000 to 2020, 40 MHz AWS-4 (Previously Mobile Satellite Service)
2180t0 220 O
MHz
2.3 GHz 20 MHz Wireless Communications Service (WCS)
2.5 GHz 194 MHz Broadband Radio Service (Closer to 160 MHz
deployable.)
FUTURE
600 MHz Up to 120 MHz Incentive auctions
1695 -1710 65 MHz AWS-3. 1755 to 1780 MHz to be combined with 2155
and 1755 to to 2 180 MHz. Spectrum sharing.
1780 MHz.
3.55t03.70 100 or 150 MHz Small -cell band with spectrum sharing
GHz
Above 5 GHz Multi GHz Anticipated for 5G systems in 2020 or later timeframe

The subsections below provide additional information about incentive auctions,
3.5 GHz fismall -celld6 abd, spectrum harmonization,

sharing.

unlicensed

Incentive Auctions (600 MHz)

The incentive auctions
that are currently used by TV bro
developing rules

, will be more complicated than

will reallocate up to 120 MHz of UHF channels in the 600 MHz band
for which the FCC is currently
, when the FCC

adcasters. The auctions,

past spectrum auctions

simply reassigned or designated spectrum for commercial mobile use and then conducted

an auction.

In the first

stage, the FCC will conduct a reverse auction to determine how much

spectrum broadcasters might wish to relinquish in exchange for how much compensation.

It is unclear

spectrum will be re
these unknowns, making it

at this time

how many broadcasters
linquished. The reverse auction is
an unprecedented auction design

will participate
intended
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In the second stage , mobile operators will bid for spectrum in a forward auction, similar
to past spectrum auctions. The FCC curr ently hopes to conduct the final auctions in
2015. %

Part of the auction process will be to reorganize and repack relinquished channels, as well

as channels needed for broadcasters that want to keep broadcasting, to make useful

blocks of spectrum for mobile broadband. The FCC's goal is to design an auction that will
result in a uniform nationwide band plan, but in some markets there may be deviations
from that plan.

AWS-3

The U.S. government controls the most spectrum of any entity in the U nited States , with
NTIA tasked to manage federal spectrum. NTIA-managed spectrum from 1755 to 1850
MHz involves a large number of government systems either migrating to other spectrum

or possibly coexisting with commercial systems by using as-yet -undefined sharing
approache s. One portion, 1755 to 1780 MHz , will be paired with 2155 to 2180 MHz and
combined with 1695 to 1710 MHz to create AWS -3, planned for auction in late 2014 . The
industry is currently working with government to evaluate the mechanics of spectrum
sharing bet ween commercial networks and select government systems. 24

3550to 37 00MHz n SGeall l 06 Band

The 3550 to 3650 MHz band , with a possible extension of 3650 to 3700 MHz in the U nited
States , is nhow also being discussed for potential licensing . The best use of this band could
be small cells and backhaul . The FCC has proposed a three -tier model with incumbent
access, priority access, and general authorized access. % Incumbent access will include
government radar systems.

The FCCbs April 2014 dposedtRblenrakiny contéemplateso f Pr
¢ Geographic exclusion zones to protect incumbents.
¢ A Spectrum Access System (SAS) that dynamically manages user access.

¢ Priority access (PA) licenses (second tier) that are for a specific amount of
bandwidth (10 MHz blocks) and managed by the SAS but not tied to a specific
frequency.

2For further details, s e & GeuhdbreakingeExantrfor tRer Boogdcastimelevigion,

Mobile Wireless, and Technology Sectors of the U.S. Ec onomy , 0
http://wireless.fcc.gov/incentiveauctions/learn - program/

24 For further details, see Rysavy Research and Mobile Future, Complexities of Spectrum Sharing: How

to Move Forward , April 2014. Available at http://www.rysavy.com/Articles/2014 -04 - Spectrum -Sharing -
Complexities.pdf

% For further details including Further Notice of Proposed Rulemak i ng, s e eFCERdosesiio Make
150 MHz of Spectrum Available for Broadband , @ttp://www.fcc.gov/document/fcc -proposes -make -

150 -mhz -spectrum -available -bro adband .
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¢ One-year duration for PA licenses with up to five renewals

5G Bands

As radio technology progresses, it can handle higher frequencies , and it occupies greater
bandwidth. 1G systems used 30 kHz rad io carriers, 2G in GSM uses 200 kHz carriers, 3G

in UMTS uses 5 MHz carriers, and 4G in LTE uses carriers of up to 100 MHz  through
carrier aggregation

Although 5G research and development is in its infancy, to achieve the 10 Gbps or higher
throughput rate s envisioned for 5G will require radio carriers of at least 1 GHz ,
bandwidths available  only at frequencies above 5 GHz . Researchers globally are studying

hig h-frequency spectrum options. For example, the 5G organization Mobile and wireless
communications Enablers for the Twenty -twenty Information Society (METIS) has

published a report on spectrum needs that evaluates the following frequency bands:
¢ 380 to 5925 MHz (current systems)
¢ 5.925 MHz to 40.5 GHz
¢ 40.5GHzto 95 GHz

¢ 95 GHzto 275 GHz (representing the upper limits of mmWave bands) %

Higher frequencies are well suited for ultra -dense small -cell deployments, but longer
propagation is also possible using antenna arrays and beamforming. For example,
Samsung has demonstrated 2 km line -of-sight transmissiona  t 28 GHz. *’

Harmonization

Spectrum harmonization delivers many benefits, including higher economies of scale,
better battery life, improved roaming, and redu ced interference along borders.

As regulators make more spectrum available, it is important that the y follow guidelines
such as those espoused by 4G Americas ~ %:

1. Configure licenses with wider bandwidths.

2. Group like services together.

3. Be mindful of global technolog y standards.

4. Pursue harmonized/contiguous spectrum allocations.

5. Exhaust exclusive use options  before pursuing share d use.

6. Because not all spectrum is fungible, align allocation with demand.
% METIS, Deliverable D5.1, Intermediate description of the spectrum needs and usage principles , Aug
2013. Available at  https://www.metis2020.com/wp -content/ uploads/deliverables/METIS_D5.1_v1.pdf

%’ samsung, Performances and Feasibility of mmWave Beamforming Prototype for 5G Cellular

Communications , Jun 2013. Available at http://faculty.poly .edu/~tsr/Publications/samsung.pdf

2 4G Americas, Sustaining the Mobile Miracle T A 4G Americas Blueprint for Securing Mobile Broadband
Spectrum in this Decade , March 2011.
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Emerging technologies such as LTE benefit from wider radio channels. These wider
channels are not only spectrally more efficient, they also offer greater capaci ty. Figure 10
shows increasing LTE spectral efficiency obtained with wider radio channels, with 20 MHz

on the downlink and 20 MHz (20+20 MHz) on the uplink  showing the most efficient

configuration.
Figure 10 : LTE Spectral Efficiency as Function of Radio Channel Size 29
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Of some concern in this regard is that spectrum for LTE is becoming available in different
frequency bands in different countries. Roaming in many casesis based on GSM or HSPA
on common regional or global bands.

The organization tasked with global spectrum harmonization , the International
Telecommunication Union, periodically holds World Radiocommunications Conferences
(WRC). *°

Harmonization occurs at multiple levels:

¢ Allocation of radio frequencies to a mobile service in the ITU frequency allocation
table.

¢ Establishment of global or regional frequency arrangements, including channel
blocks and specific duplexing modes.

2% AG Americas member company analysis.

® nternational Tel ec o mWarldRadiacomnumicatidmdonferencesi(\WRC) , 0
http://www.itu.int/[TU -R/index.asp?category=conferences&rlink=wrc&lang=en , accessed June 20,
2014.
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¢ Development of detailed technical specifications and standard s, including system
performance, RF performance, and coexistence with other systems in neighboring
bands.

¢ Assignment for frequency blocks with associated technical conditions and
specifications to appropriate operators and service providers. 3
Figure 11 shows the harmonization process.

Figure 11 : Spectrum Harmonization 3
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The ITU WRC is planning its next conference for 2015. 3

Unlicensed Spectrum

Wi-Fi, an unlicensed wireless technology, has exper ienced huge success due to high
throughput rates, ease of use for consumers, extensive deployment by businesses,
widespread availability in public places, and large amounts of available spectrum.

31 International Telecom munication Union Radiocommunication Study Groups, "Technical Perspective
On Benefits Of Spectrum Harmonization for Mobile Services and IMT," Document 5D/246 -E, January
2013.

32 4G Americas member contribution.

%  Agenda available at http://www.itu.int/dms_pub/itu -r/oth/12/01/R12010000014A01PDFE.pdf
Accessed June 20, 2014.
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For mobile operators, Wi  -Fi can offload data traffic, reliev  ing some stress from capacity

demands. To make offload work more effectively, the industry is working to more tightly
bind Wi -Fi functionality with cellular operation, as discussed below in more detail under

fiwi- Fi Integration and Data Offload . 0

Wi-Fi uses spectrum efficiently because its small coverage areas result in high -frequency

reuse and high data density (bps per square meter). Less efficient are white

-space

unlicensed networks someti mes c¢ al FFedthafilmyedaege coWrage areas,
because the throughput per square meter is much lower. While white -space networks
may be a practical broadband solution in rural or undeveloped areas, they face significant

challenges in urban areas that already have mobile and fixed broadband available.
the section on fAWhite Space Networkso in the

Advocates argue that unlicensed spectrum unleashes innovation and that government

¥ See
appendi

should allocate greater amounts of unlicensed spectrum. Although  Wi-Fi has been
successful, the core el ements that make  unlicensed spectrum extremely successful are

also the source of inherent disadvantages: local coverage and its unlicensed status. Local
coverage enables high data density and high frequency reuse but makes widespread
continuous coverage almost impossible. Similarly, unlicensed  operation facilitates

deployment by millions of entities but results in overlapping coverage and interference.

Wi-Fi cannot replace networks built using licensed spectrum. The two are complementary
and helpful to each other, as summarizedin  Table 4.%

Table 4: Pros and Cons of Unlicensed and Licensed Spectrum

Unlicensed Pros Unlicensed Cons Licensed Pros Licensed Cons
Easy and quick to Potential of other Huge coverage Expensive
deploy entities us ing same areas infrastructure

frequencies

Low - cost hardware Difficult to Able to manage Each operator has
impossible to quality of service accessto only a
provide wide -scale small amount  of
coverage spectrum

Some operators, such as Republic Wir el dsfisst 0 caphlfiliy r under WHikh
devices always attempt to use a Wi -Fi connection and fall back to a cellular connection
only if no Wi -Fi is available. Such cellular backup is essential because Wi -Fi, due to low -

power ope ration in many bands, is inherently unsuited for providing continuous coverage.
The sharp drop -off in signal strength makes coverage gaps over large areas inevitable,
especially outdoor  s.

%For further analysis, sVéhie sppages metwprks Rre so¢ a r Guper 6 nér even

Wi -Fi, 0

Gigaom, March 2013. Available at http://gigaom.com/2013/03/17/white -spaces -networks -are-not -

super -nor -even -wi-fi/ .

% For further analysis, s ebes Ry sneev yf oR e sae aR acthi, o nialfFti G@gaons,pect i
April, 2014. Available at http://gigaom.com/2014/04/27/its -time -for -a-rational -perspective -on-wi-fi/ .
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Figure 12 : Propagation Losses of Cellular vs. Wi-Fi%®
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A capability being discussed for Release 13 is LTE operating in unlicensed bands. Carrier
aggregation would combine a licensed carrier with an unlicensed 20 MHz carrier in the 5
GHz band as a supplemental channel . LTE uses channels differently than Wi -Fi, so
engineers are evaluating how LTE could be a fair neighbor in unlicensed bands and how it
could meet varying regulatory requirements for unlicensed bands in different parts of the

world.

LTE operating in unlicensed bands could eliminate hand offs to Wi -Fi, possibly creating a
more seamless user experience. Under heavy load, LTE is spectrally more efficient than
Wi-Fi, since it uses more sophisticated over -the -air scheduling algorithms.

Spectrum Sharing
In 2012, the Presi dentrdm Sceace and iTdchnaohy is&wkd a report

titled, iReal i zing t he Ful FHeld® $pectrumt tb &pur EwdnomiGo v e r n m

Growth . 0 The rrecpnonertded spectrum sharing between government and
commercial entities.

On the surface, spectrum sharing be tween a government application, such as radar or
satellite, and a commercial network appears to be efficient, especially if the government

application operates in only some areas or only some of the time. From a technical
perspective, sharing may eventuall y lead to more efficient spectrum use ; however, many

% Assumes 1.0 km radius for cellular and 100 meter radius for Wi -Fi.
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challenges remain to be solved. Excessive emphasis on sharing in the short term could
needlessly slow deployment and use of productive spectrum.

The U.S. government can designate spectrum for exclusive, shared, or unlicensed use, as
shown in  Figure 13. Shared use can be opportunistic, as with TV white spaces ; two -tier
with incumbents and licensed users ; or three tier, which adds opportunistic access. The

bands initially targeted for spectrum sharing include AWS -3 (two tiers) and the 3.5 GHz
band (three tiers).

The three -tier plan envisioned by the U.S. government for the 3.5 GHz band  gives more
entities access to the spectrum but at the cost of increased complexity.

Unlicensed Use

Figure 13 : Spectrum Use and Sharing Approaches

Opportunistic Two- Tier Three-Tier

(e.g., TV White Access: Access:
Space) 1. Incumbents 1. Incumbents
2. Licensed 2. Licensed
3. Opportunistic
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The European Telecommunications Standards Institute (ETSI) is the leading organization
standardizing cognitive radios. The most relevant effort is called Licensed Shared Access

(LSA), a two -tier spe ctrum sharing system that includes incumbents and licensed
secondary users that access shared spectrum via a database, as depicted in Figure 14.

The 2.3 GHz frequencies for LSA differ fromt he ones of interest in the U nited States , b ut
some LSA database mechanisms could potentially be applied to database approaches for

U.S. spectrum sharing . Fully standardizing such an approach for LTE would require
additional specification work by 3GPP.
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Figure 14 :Licensed Sh ared Access (LSA)
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The three -tier system expected for the 3.5 GHz band will be complex, necessitating a
real -time access system, the SAS, the design and development of which will encompass :

Algorithms and methods ;

Methods of nesting hierarchical SAS entit ies (federal secure SAS versus
commercial SAS es);

Coordination among multiple, competing commercial SAS managing entities ;
Interface definitions ;

Communication protocol definitions

Database and protocol security

Policy enforcement ;

Speed of channel alloc ation/reallocation

Time intervals for spectrum allocation ;

Effectively managing large numbers of Tier 3 GAA users ; and

O 0 o0 0 0 0 0 0 0

Data ownership, fees, rules, fairness, and conflict resolutions, all of which have
policy, regulatory, and business implications

TVWS d atabases available today address only a tiny subset of these requirements. 37

37 For further analysis, see Rysavy Research and Mobile Future, Complexities of Spectrum Sharing:
How to Move Forward , April 2014. Available at http://www.rysavy.com/Articles/2014 -04 -Spectrum -

Sharing - Complexities.pdf
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This section discusses 1G to 5G designations, the evolution and migration of wireless -data
technologies from EDGE to LTE , architecture evolution, Wi  -Fi integration and data offload,
Rich Communications Suite, multicast and broadcast, voice support, and backhaul.

Progress in the 3GPP family of technologies has occurred in multiple phases, first with GSM,
then GPRS, EDGE, UMTS, HSPA, HSPA+ through various versions , LTE, and now LTE-
Advanced in multiple versions. Underlying radio approaches have evolved from Time Division

Multiple Access (TDMA) to CDMA to OFDMA, which is the basis of LTE.

Transition to 5G

Cellular technologies span multiple generations. 1G refers to analog cellular technologies

that became available in the 1980s. 2G denotes initial digital systems that became
available in the 1990s and that introduced services such as short messaging and lower -
speed data. CDMA 1S-95 (cdmaOne) and GSM with GPRS are the primary 2G
technologies, while CDMA2000 1xRTT is technically a 3G technology because it meets the
144 Kbps mobile throughput requirement.

3G requirements were specified by the ITU as part of the International Mobile Telephone

2000 (IMT -2000) project, for which digital networks had to provide 144 Kbps of
throughput at mobile speeds, 384 Kbps at pedestrian speeds, and 2 Mbps in indoor
environments. UMTS -HSPA and CDMA2000 EV -DO are the primary 3G technologies,
although WIMAX has also been designa ted as an official 3G technology. 3G technologies
began to be deployed last decade.

In 2008, t he ITU issued requirements for IMT -Advanced, which many people used as a
definition of 4G. Requirements include operation in up -to-40 MHz radio channels and
extre mely high spectral efficiency. The ITU requires peak spectral efficiency of 15 bps/Hz

and recommends operation in up -to-100 MHz radio channels , resulting in a theoretical
throughput rate of 1.5 Gbps. Before the publication of the requirements, 1 Gbps was
frequently cited as a 4G goal.

INn2009 and2010 ,t he term fA4G0 became associated with mobij
deployed at the time, such as HSPA+ and WiMAX. In what seemed an acknowledgement

of these developments , the ITU on Dec. 6, 2010, stated in a press release that it
accepted the use o f the 4G term  for systems that provided a substantial level of
improvement in performance and capabilities over initial 3G systems. 8

LTE, as it functions now, is not the final version of LTE. Many enhancements are be ing
researched and specified in LTE -Advanced that will increase efficiency and performance
before 5G networks  could eventually become available.

%) nternational Tel ecommuni cat ilBhWoldrRadionommuication SemRa| ease, i
highlightsfu t ur e communi cation technologies, 0
http://www.itu.int/net/pressoffice/press_releases/2010/48.aspx . accessed June 20, 2014
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Standards bodies have not yet defined 5G requirements, but various groups are

discussing the possibilities of  what might constitute 5G for network deployments in 2020

or beyond , including such concepts and capabilities as:
¢ Datarates of 10 Gbps or higher, at least 10 times higher than 4G.
¢ More uniform user experience across the coverage area.

¢ Extremely low latency, 1 msec or less, ten times lower than 4G, enabling greater
real -time control of systems.

¢ Using h igh frequencies, above 5 GHz and including mmWave (30 GHz and
GHz).

Wide radio channels, 1  to 2 GHz, or even wider.
Extreme radio agility.

Antenna arrays of 64 or more elements.

O 0 0 0

Simultaneous connections between user equipment and multiple base stations,
spanning multiple access technologies and frequencies.

Hierarchical and ad hoc deployment models.
Use of licensed and unlicensed bands.

Advanced spectrum s haring.

O 0 0 0

Context -aware networking, in which networks perform functions automatically
based on user location or  activity.

¢ Adaptable to burgeoning deployment  of machine -to-machine
communications

higher

( M2M)

5G groups researching next - generation wireless architec  ture and requirements include ,

among others , t he International Telecommuni cation Union (ITU)**, t he European

5G Infrastructure Public  -Private - Partnership (5G PPP), the METIS Consortium (Mobile and
wireless communications Enablers for the Tw enty -twenty Information Society , and Next
Generation Mobile Networks (NGMN). NGMN plans to release a detailed paper by the end

of 2014 outlining requirements for technology that could potentially be deployed by 2020.
Finally, 4G Americas is actively involved in  devel oping the vision and requirements of
for North, Central, and South America

5G researchers must address significant challenges, including new radio techniques at the

5G

physical and medium -access layers, the cost and complexities of such new radios, RF

propagation limits at higher frequencies, and global spectrum regulation.

39

International Tel e c ommuWorkioga tParty n5SD (WPi 6D) , -t IMT Systems , 0

http://www.itu.int/[TU -R/index.asp?category=study -groupsé&rlink=rwp5d&lang=en , accessed June 20,

2014.
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Despite the challenges, wireless technology has progressed to the extent that significant
new capabilities are inevitable, making 5G a possible alternative to wireline broadband
form any subscribers .%°

Table 5 summarizes the generations of wireless technology through 5G.
Table 5:1Gto 4G
Generation ‘ Requirements Comments
1G No official requirements. Deployed in the 1980 s.
Analog technology.
2G No official requirements. First digital systems.
Digital technology . Deployed in the 1990s.
New services such as SMS
and low -rate data.
Primary technologies
include IS -95 CDMA
(cdmaOne) and GSM.
3G I TUG s-2000Ar€quired 144 Primary technologies
Kbps mobile, 384 Kbps include CDMA2000 1X/EV -
pedestrian, 2 Mbps indoors DO and UMTS -HSPA.
WIMAX.
4G (Initial I TUDOS s-Advahted IEEE 802.16m and LTE -
Technical requirements include ability to Advanced meet the
Designation) operate in up to 40 MHz radio requirements.
channels and with very high
spectral effici ency.
4G (Current Systems that significantly exceed Todaybs HSPA+,
Marketing the performance of initial 3G WIMAX networks meet this
Designation) networks. No quantitative requirem ent.
requirements.
5G None specified Term applied to generation
of technology that follows
LTE-Advanced , expected
next decade.

Qualcomm reports an 18 - to 20 -year period between introduction of a technology and its

peak usage *

, which is consistent with

the history of

Y“Rysavy
at http://www.rysavy.com/Articles/2014

R e s How wilt 3G, conpare to fiber, cable or DSL?
-05-5G-Comparison -Wireline.pdf .

GSM technology. Similarly, mobile

0 Fierce Wireless , May 2014. Available
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broadband technologies coming online now may not see peak adoption until 2030. Figure
15 shows the relative adoption of technologies over a multi -decadal period and the length

of time it takes for any new technology to be adopted widely on a global basis. The top

line shows the total number of subscribers. The GSM/EDGE curve shows the number of
subscribers for GSM/EDGE. The area between the GSM/EDGE curve and the UMTS/HSPA

curve represents the number o f UMTS/HSPA subscribers, and the area between the
UMTS/HSPA curve and LTE curve is the number of LTE subscribers.

The interval between each significant technology platform has been about 10 years.
Within each platform, however , there is constant innovatio n. For example, with 2G
technology, EDGE significantly improved data performance compared with initial General
Packet Radio Service (GPRS) capabilities. Similarly, HSPA hugely increased data speeds
compared with initial 3G capabilities. LTE and LTE  -Advance d are also acquiring continual
improvements that include both faster speeds and greater efficiency.

Figure 15 : Relative Adoption of Technologies 42

. Rysavy
4 Computing Platforms: Research
50s First commercial computers
60s Mainframes LTE | i _
70s Mini-computers, Unix LIJI'EOXQ |ons.d
0 80s Desktop PCs -Advance
i) 90s Internet
= UMTS/HSPA
5 00s Web
2 10s Mobile Innovations:
o }
? HSPA+
o
% GSM
E Innovations:
AMR
EDGE
—— - CDMA2000
1990 2000 2010 2020 2030
. Qualcomm/ 4G Americas, iBuil ding the Ec o sy spage ml2,
http://www.4gamericas.org/UserFiles/file/4G%20Americas%20at%204G%20World/ Peter%20Carson,%
20Qualcomm,%20Building%20the%20Ecosystem - Chipsets%20and%20Devices.pdf . accessed June 20,

2014.

42 Rysavy Research projection based on historical data.
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These mobile technology platform updates every 10 years are similar to the comput ing

industry, which has experienced the following major shifts:
1950s First commercial  computers

19 60s Mainframes

1970s Mini -computers , Unix

19 80s Desktop PCs

19 90s Internet

2000s Web

2010s Mobile

O 0 0 0 0 0 0

3GPP Evolutionary Approach

3GPP standards development fal Is into three principal areas: radio interfaces, core
networks, and services.

With respect to radio interfaces, r ather than emphasizing any one wireless approach,

3GPP6s evolutionary pl an i s to recogni ze t he st

technology and to exploit the unique capabilities of each one accordingly. GSM, based on
a TDMA approach, is mature and broadly deployed.

CDMA was chosen as the basis of 3G technologies including  WCDMA and Time Division
CDMA (TD -CDMA). Advances in HSPA, the data servic e for WCDMA, include d ual-carrier
HSPA, explained in detail in the appendix section AEvol ution of H& Bual
carrier technology coordinate s the operation of HSPA on two 5 MHz radio carriers for
higher throughput rates. In combination with MIMO, du al-carrier HSPA will achieve peak
network speeds of 84 Mbps , and quad - carrier HSPA will achieve peak rates of 168 Mbps
Release 11 defines eight -radio -carrier downlink operation that will double maximum
theoretical throughput rates to 336 Mbps.

- (HSP

Given some of the advantages of an Orthogonal Frequency Division Multiplexing ( OFDM)
approach, 3GPP specified OFDMA as the basis of its LTE effort. LTE incorporates best  -of-
breed radio techniques to achieve performance levels beyond what may be practical with
some CDMA approaches, particularly in larger channel bandwidths. In the same way that
3G coexists with 2G systems in integrated networks, LTE systems coexist with both 3G
and 2G systems , with devices capable of 2G, 3G, and 4G modes . Beyond radio
technology, EPC provides a new core architecture that is flatter and integrates with both

legacy GSM-HSPA networks and other wireless technologies , such as CDMA2000 and Wi
Fi. The combination of EPC and LTE is referred to as the Evolved Packet System (EPS).

The cost for op erators to deliver data (  for example, cost per GB) is almost directly
proportional to the spectral efficiency of the technologies in use . LTE has the highest
spectral efficiency of any specified technology to date , making it one of the essential
technologi es as the market matures.

Meanwhile , HSPA + is attractive to some operators because it maximizes the efficiencies
in existing deployments and provides high performance via the use of new advanced
technigues . Specifically :
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¢ Large Spectrum Utilization. HSPA+ can be deployed in wider bandwidths of 10
MHz and 20 MHz *®, increasing peak data rates and spectral efficiency

¢ Advanced MIMO . MIMO enhancements and  additional transmit and receive  antennas
improve spectral efficiency.

¢ Good Coverage Performance . Soft handov er and other techniques improve
coverage , especially at the edge of the cell.

As competitive pressures in the mobile broadband market intensify , and as demand for
capacity persistently grows, LTE is developing deployment momentum because it
efficiently del ivers high performance , especially in new spectrum. Specifically:

¢ Wider Radio Channels. LTE can be deployed in wide radio channels (for example,
10 MHz or 20 MHz). This increases peak data rates and uses spectrum more
effectively.

¢ Easiest MIMO  Deployment . By using new radios and antennas, LTE facilitates MIMO
deployment , in contrast to  the logistical challenges of adding antennas for MIMO to
existing legacy technologies. Furthermore, MIMO gains are maximized because all
user equipment supports it from the beginning.

¢ Best Latency Performance. For some applications, low latency (packet traversal
delay) is as important as high throughput. With a low tran smission -time interval (TTI)
of 1 millisecond ( msec) and a flat architecture (fewer nodes in the core networ k), LTE
has the lowest latency of any cellular technology.

LTE is available in both FDD and TDD modes. Many deployments will be based on FDD in

paired spectrum. The TDD mode , however, is important for deployments in which paired
spectrum is unavailable. Instances of TDD deployment include China, Europe at 2.6 GHz,

U.S. BRS spectrum at 2.6 GHz, and the forthcoming 3.5 GHz small -cell band.

To address the | T U6 s -Adlvéhted requirements, 3GPP has specified LTE-Advanced, a
technology that will have peak theore tical rates of more than 1 Gbps. See the appendix
section AL TE Ad v danadetdiléd explanation.

The version of LTE most widel y deployed today (Release 8) is justthe firstin a series of

innovations that will increase performance, efficiency, and capa bilities, as depicted in
Figure 16. The enhancements shown in the 2014 to 2016 period are the ones expected
from 3GPP Releases 10, 11, and 12 and are commonly referred to as LTE -Advanced. *

Subsequent releases , such as Release s 13 and 14, will continue innovating through the
end of this decade.

43 20 MHz would constitute four downlink radio carriers, each 5 MHz.

4 From astrictstan dards-devel opment point of vAdcwandeidkd treefme risL TtEo t h
features: carrier aggregation, 8X8 downlink MIMO, and 4XN uplink MIMO with N the number of receive
antennas in the base station.
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Figure 16 :LTE to LTE -Advanced Migration

2010 to 2012 2013 to 2016

/ Initial Deployments

- Higher Capacity/Throughput ﬂ\
and/or Efficiency

Wider Radio Channels: 20 MHz
Carrier Aggregation: up to 100 MHz
Advanced Antenna Configurations
More Advanced MIMO (Higher Order,
Multi-User, Higher Mobility)

5 or 10 MHz Radio Channels

2x2 Multiple Input Multiple

OUtPUt (MIMO) Antennas Coordinated Multipoint Transmission

. oo i Hetnets
Initial Self-Optlmlzatlon[ (Macrocells/Picocells/Femtocells)
organization for Auto Hetnhet Self Optimization/Organization
Configuration \Mnre Intelligent and Seamless O'I"flnad/

Greater Capabilities

Voice Widely Handled in the Packet Domain
Policy-Based Quality of Service

-

[ Enables more users, more applications and a better experience ]

Table 6 summarizes the key 3GPP technologies and their characteristics.

Table 6: Ch aracteristics of 3GPP Technologies

Technology Type Characteristics Typical Typical
Name Downlink Uplink Speed

Speed

Data service for UMTS networks.

HSPA® CDMA An enhancement to original 411, '\l\/l/lgp: 0 foog I:Ak;)pss
UMTS data service. P P
4 HSPA and HSPA+ throughput rates are for a 5+ 5 MHz deployment.
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Technology Characteristics Typical Typical
Name Downlink Uplink Speed
Speed
1.9 Mbpsto
8.8 Mbps
Evolution of HSPA in various in 5+ 5 MHz ¢ 1 Mbps to
stages to increase throughput 4 Mbps
HSPA+ CDMA and capacity and to lower 3.8 Mbps to in 5+ 5 MHz or
latency. 17.6 Mbps with in 10+ 5 MHz
dual carrier in
10+ 5 MHz.
New radio interface that can use
wide radio channels and deliver 6.5 to 26.3 6.0t0 13.0
LTE OFDMA extremely high throughput rates. Mbps in Mbps in
All communications handled in IP 10+ 10 MHz ¥/ 10+ 10 MHz
domain.
LTE- Advanced version of LTE Significant gains Significant gains
OFDMA designed to meet IMT -Advanced through carrier through carrier
Advanced X . .
requirements. aggregation. aggregation.

User achievable
fiData Throughput

rates and additional
,0 later in this paper

details on typical rates are covered
Figure 17 shows the evolution of the different

wireless technologies and their peak network performance capabilities.

Figure 17 : Evolution of CDMA and

OFDMA Systems

in the section

| 2013 | 2014 | 2015 | 2016 | 2017 | 2018 |
S
< Rel 10 HSPA+ Rel 11 HSPA+\ Rel 12 HSPA+ Rel 13 HSPA+
o DL: 168 Mbps DL: 336 Mbps DL: 336 Mbps DL: 336 Mbps
% UL: 23 Mbps UL: 69 Mbps UL: 69 Mbps UL: 69 Mbps
20+10 MHz 40+10 MHz 40+10 MHz 40+10 MHz
™ S
Rel 10 LTE
W DL: 1.2 Gbps J\ Rel 11 LTE Rel 12 LTE Rel 13 LTE
ar UL: 568 Mbps ‘V DL: = 1.2 Gbps DL: = 1.2 Gbps DL: = 1.2 Gbps
40+40 MHz
.
o
=1
[=]
5
(=]
(&
Throughput rates are peak theoretical network rates for that technology release.
Dates refer to expected initial commercial network deployment except 2013, which shows technologies that year.
X+Y MHz indicates X MHz used on the downlink and Y MHz used on the uplink.
Rysavy Research
“®f5+5 MHzo means 5 MHz used for he downlink and 5 MHz

47 4G Americas member company analysis for downlink and uplink. Assumes single user with 50% load
in other sectors. AT&T and Verizon are quoting typical user rate
Mbps on the uplink for their networks. See additional LTE throughput information in the section below,
ALTE Throughput.

o

s of 5 -12 Mbps on the downlink and 2 -5
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The development of GSM and UMTS-HSPA happens in stages corresponding to  3GPP
specification releases, with each release addressing multiple technologies. For example,
Release 8 defined dual -carrier operation for HSPA but also introduced LTE. A summary of
the different 3GPP releases  is as follows: *®

¢ Release 99 : Completed. First deployable version of UMTS. Enhancements to GSM
data (EDGE). Majority of deployments today are based on Release 99. Provides
support for GSM/EDGE/GPRS/WCDMA radio -access networks.

¢ Release 4 : Completed. Multimedia messaging support. First steps toward using
IP transport in the core network.

¢ Release 5 : Completed. HSDPA. First phase of Internet Protocol Multimedia
Subsystem ( IMS). Full ability to use IP -based transport inste ad of just
Asynchronous Transfer M ode (ATM) in the core network.

¢ Release 6 : Completed. HSUPA. Enhanced multimedia support through Multimedia
Broadcast/Multicast Services (MBMS). Performance specifications for advanced
receivers.  Wireless Local Area Network (WLAN) integration option. IMS
enhancements. Initial VolP capability.

¢ Release 7 : Completed. Provides enhanced GSM data functionality with Evolved
EDGE. Specifies HSPA+, which includes higher order modulation and MIMO.
Performance enhancements, improved sp  ectral efficiency, increased capacity, and
better resistance to interference. Continuous Packet Connectivity (CPC) enables
efficient-omial ssaygi ce anuplink Wh YaiPcoaphcity , as well as
reductions in call set -up delay for Push-to-Talk Over Cellular ( PoC). Radio
enhancements to HSPA include 64 Quadrature Amplitu de Modulation ( QAM) in the
downlink and 16 QAM in the uplink . Also includes o ptimization of MBMS
capabilities through the multicast/broadcast , single -frequency network (MBSFN)
function .

¢ Release 8 : Completed. Comprises further HSPA Evolution features such as
simultaneous use of MIMO and 64 QAM. Includes dual -carrier HS DPA (DC-HSDPA)
where in two downlink carriers  can be combined for a doubling of throughput
performance . Specifies OFDMA -based 3GPP LTE. Defines EPC and EPS.

¢ Release 9 : Completed . HSPA and LTE enhancements including HSPA dual -carrier
downlink operation in combination with MIMO |, HS DPA dual -band operation , HSPA
dual - carrier uplink operation , EPC enhancements, femtocell support, support for
regulatory feat ures such as emergency user -equipment positioning and
Commercial Mobile Alert  System (CMAS) , and evolution of IMS architecture

¢ Release 10 : Completed. Specifies LTE-Advanced that meet s the requirements set
by | TUD®&-advandddl project. Key features include carrier aggregation, multi -
antenna enhancements such as enhanced downlink MIMO and uplink MIMO ,
relays , enhanced LTE Self-Optimizing Network (  SON) capability , eMBMS, HetNet
enhancements that include enhanced Inter -Cell Interf erence Coordination (elCIC),
Local IP Packet Access, and new frequency bands . For HSPA , includes quad -carrier

48 After Release 99, release versions went to a numerical designation instead of designation by y ear.
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operation and additional MIMO options . Also includes femtocell enhancements,
optimizations for M2M communications, and local IP traffic offload.

¢ Release 11 : Completed. For LTE, emphasis is on Co -ordinated Multi -Point

(CoMP), carrier -aggregation enhancements, devices with interference cancellation,
development of the Enhanced Physical Downlink Control Channel (EPDCCH), and
further enhanced elCIC incl uding devices with  CRS (Cell - specific Reference Signal)
interference cancellation . The release includes further DL and UL MIMO
enhancements for LTE. For HSPA, provides eight -carrier on the downlink, uplink
enhancements to improve latency, dual -antenna beam forming and MIMO,
CELL_Forward Access Channel (FACH) state enhancement for smartphone -type

traffic, four -branch MIMO enhancements and transmissions for HSDPA, 64 QAM in

the uplink, downlink multipoint transmission, and noncontiguous HSDPA carrier

aggregati on. Wi-Fi integration is promoted through S2a Mobility over GPRS
Tunneling Protocol (SaMOG). An additional architectural element called Machine -
Type Communications Interworking Function (MTC - IWF) will more flexibly support
machine -to-machine communications

¢ Release 12 : In development, completion expected by the end of 2014
Enhancements include improved small c ells/ HetNet s for LTE, LTE multi -
antenna/site technologies (including Active Antenna Systems), Dual Connectivity
further CoMP/MIMO enhancements , enhancement s for interworking with Wi -Fi,
enhancements for MTC, SON, support for emergency and public safety,
Minimization of Test Drive s (MDT), advanced receivers, device -to-device
communication  (also referred to as proximity services ), group communication
enablers in LTE, addition of Web Real Tim e Communication (WebRTC) to IMS,
energy efficiency, more flexible carrier aggregation, further enhancements for

HSPA+, small cells/ HetNets , Scalable -UMTS, and FDD -TDD carrier aggregation

¢ Release 13 : Some of the items  under consideration include radio -access network

sharing, isolated operation for public safety, application -specific congestion
management, user -plane congestion management, enhancement to WebRTC

interoperability, architecture enhancement for dedicated co re networks,
enhancement to proximity -based services, mission -critical push -to-talk, group

communications, and enhanced circuit -switched fallback.

Smalls Cells and Heterogeneous Networks

Histor ically, increasing the number of cell sites has been the prima ry method for
increasing capacity, providing gains far greater than what can be achieved by
improvements in spectral efficiency alone. Today, network architects are examining

multiple ways to achieve extreme cell densification.

Central to small -cell suppor t is the heterogeneous network architecture, with multiple

types of cells serving a coverage area, varying in frequencies used, radius, and even
radio technology used. Figure 18 shows the transformation of networks , moving from
t o d alyT&-Advanced networks to future LTE -Advanced and eventually 5G networks.
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Figure 18 : Network Architectural Transformation 49

Wireless Network of the Present Wireless Network of the Future
Insufficient Spectrum Balanced Portfolio of Licensed and Unlicensed Spectrum
Capacity Constrained Significantly Greater Capacity
Competitive Alternative to Wireline for Some Competitive Alternative to Wireline for Many

Macro Cells Will Continue to Provide
Coverage

Selective, Well-Defined
¢ Spectrum Sharing with Some
- Government Systems

Wi-Fi Adds Capacity but Only in Subset
of Coverage Area

Small Cells at Higher
Frequencies for Capacity

Network Design: Network Design:
* Larger cells on average ¢ Smaller cells on average
*  Some small cells *  Many small cells
* Some advanced radio methods * Many advanced radio methods (smart antennas, etc.)
* Wi-Fi and cellular mostly operate independently * Unlicensed- and licensed-spectrum technologies work
¢ Limited sharing of spectrum with government together in integrated network
* Frequencies: current cellular (600 MHz to 2.5 GHz) * Selective sharing of spectrum with government
* Total spectrum used: approximately 1 GHz * Frequencies: current cellular bands and higher
frequencies, including mmWave
¢ Total spectrum used: many GHz Rysavy Research
HetNet s offer significant increases in capacity and improvements , including :

¢ Smaller cells , such as open femtocells ( home -area coverage) and picocells ( City -
block -area coverage) , inherently increase capacity because each cell serves a
smaller number of users.

¢ Strategic placement of picocells w ithin the macro cell provide s the means to
absorb traffic in are as where there are higher concentrations of users. Locations
can include business es, airports, stadiums , convention centers, hotels, hospitals ,

shopping malls , high -rise residential complexes, and college campuses

¢ Smaller cells can also improve signal qu ality in areas where the signal from the
macro cell is weak .

Essential elements for practical HetNet deployment are self - optimization and self -
configuration, especially as the industry transitions from hundreds of thousands of cells
to millions. The append ix covers technical aspects of HetNet s in the section s,

fiHeterogeneous Networks and SmallCells 6and A-9ptf mi zi ng Networ ks. o

“ See also Rysavy Research infographic, fiMobil e Broadban
Available at http://www.rysavy.com/Articles/2014 -05-Networks -of-the-Future -Infographic.pdf
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While promising in the long term, one immediate challenge in deploying a large number

of small cells is backhaul , since access to fiber is not necessarily available and line -of -
sight microwave links are not necessarily feasible . Management is another challenge.
Figure 19 depicts some potential difficulties

Figure 19 :Small -Cell Chal lenges

Despite the challenges, small cells will ultimately contribute greatly to increased network

capacity. But h ow will small cells evolve , and what co nfiguration will be most common ?

That is not yet clear because s  mall -cell ar chitectures are not yet m ature . Todayd s smal |
cell deployments are still in early stages . Expanding capacity with additional spectrum

remains a safer and more immediate solution , explaining why operators such as Verizon

are deploying LTE in AWS bands to augment 700 MHz LTE service s.

Table 7 lists possible configurations. Note that many of the se approaches can be
combined, such as using picos and Wi - Fi offload.
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