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| ntroducti on

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

Major developments this past year include not only 3™ Generation (3G) ubiquity , but rapid
deployment of 4™ Generation ( 4G) networks ; deepening smartphone capability ; tablets
outselling laptops; and ever more sophisticated approaches for addressing data demands ,
which continue to grow  unabated . The need for additional spectrum remains urgent , with
new initiatives by industry and government to either make more spectrum available or to use
existing spectrum more efficiently

Through constant innovation, Universal Mobile Telecommunications System (UMT S) with
High Speed Packet Access ( HSPA) technolo gy has established itself as the global mobile
broadband solution. Building on the phenomenal success of Global System for Mobile
Communications  (GSM), the GSM-HSPA ecosystem has become the most successful
communications technology family ever. Through a process of constant improvement, the
GSM/Third Generation Partnership Project ( 3GPP) family of technologies has not only
matched or exceeded the capabilities of all competing approaches but has significantly

extended the life of each of its member technologies.

To leverage operator investments in HSPA, the 3GPP standards bod y has develope d a series
of enhancements called either AHSPA EvolouthiHSPA +. 0 + HeSpAmds on the
Wideband Code Division Multiple Access (WCDMA) approach and is complementary with the
new 3GPP radio platform called 3GPP Long Term Evolution (  LTE).

LTE, which uses Orthogonal Frequency Division Multiple Access (OFDMA), is seeing
widespread deployment , particularly in the U  nited States , which is leading the world in LTE
deployment . Simultaneously, = 3GPPd recognizing the significant worldwide investments in
GSM networks & has significantly increase d Enhanced Data Rates for GSM Evolution ( EDGE)
data capabilities through an effort called fiEvolved EDGE. 0

Important aspects of radio technology evolution are techniqgues and  architectures that
increase capacity and improve performance at the cell edge. These include ever more
complex fAsmart a nd deaterogeseous networks ( HetNet s), and user equipment

communicating simultaneously with multiple base stations.

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 ), previously called System Architecture Evolution
(SAE); and evolving means of integrating Wi-Fi, CDMA2000 and other non -3GPP
technologies. These advances will 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.

This paper discusses the evolution of EDGE, HSPA enhancements, and LTE, as well as the
capabilities of these technologies and their position s relative to other primary competing
technologies. It explains how these technologies fit into the International
Telecommunications Union ( ITU) roadmap that includes International  Mobile
Telecommunications -Advanced ( IMT -Advanced ) and beyond .
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The following are some of the important observations and conclusions of this paper:

¢

Mobile broadband i encompassing networks, devices, and applications i 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.

Consumer and business applications hav e driven data demand until now, but
machine -to-machine, also called Internet of Things, will generate progressively higher
volumes of traffic in the future.

Cloud computing is an ever -larger factor in data demand, involving data
synchronization, backup , cloud -based applications, and streaming.

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 , and offload

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

LTE has become the global cellular -technology platform of choice for both GSM -UMTS
and Code Division Multiple Access (CDMA)/Evolved Data Optimized (EV-DO)
operator s. Worldwide Interoperability for Microwave Access ( WIMAX) operators are

adopting LTE-Time Division Duplex (LTE -TDD).

The wireless technology roadmap now extends through IMT -Advanced , with LTE -
Advanced defined to meet IMT -Advanced requirements. LTE  -Advanc ed is capable of
peak theoretical throughput rates that exceed 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.

HSPA+ provide s a strategic performance roadmap advantage for incumbent GSM -
HSPA operators. Features such as multi -carrier operation, Multiple Input Multiple
Output (MIMO), and higher -order modulation offer operators numerous options for
upgrading their networks , with many of these features ( including  multi -carrier,
higher -order modulation) being available as network software upgrades. With all

planned features implemented, HSPA+ peak rates will eventually reach a top
theoretical speed of 336 Mbps on the downlink and 69 Mbps on the uplink

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

Wi-Fi is playing an ever more important role as a means to increase data capacity.
Innovation s include tighter coupling to mobile broadband networks, automatic
authentication and network selection, and more secure communications.

EDGE tech nology has proven extremely successful and is widely deployed on GSM
networks globally. Advanced capabilities with Evolved EDGE can double and
eventually quadruple current EDGE throughput rates , halve latency , and increase
spectral efficiency

EPC will pro vide a new core network that supports both LTE and interoperability with
legacy GSM -UMTS radio -access networks and non -3GPP-based radio access networks
As part of EPC, p olicy -based charging and control flexibly manages quality -of-service
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(QoS), enabling n ew types of applications as well as more granular billing
arrangements.

¢ Innovations suchas EPCand UMTSone -t unn el architecture wildl
simplifying deployment and reducing latency.

This paper begins with market trends , deployment s, and other market statistics. It then
examines the evolution of wireless technology, particularly 3GPP technologies , including
spectrum considerations and spectrum policy developments , core -network evolution, and

broadband -wireless deployment consideratio ns. Next, the paper discusses other wireless
technologies , including CDMA2000 and WiMAX. Finally, it compares the different wireless
technologies technically, based on performance, spectral efficiency, and other features

The appendix explains in detail th e capabilities and workings of the different technologies
including WCDMA !, HSPA, HSPA+, LTE, LTE-Advanced, IMT-Advanced , Carrier Aggregation,
Coordinated Multipoint Processing, heterogeneous networks , EPC, Wi-Fi integration, IMS,
cloud RAN and network vir tualization, broadcast/multicast services , EDGE and Evolved EDGE |,
TV white spaces, and backhaul

YAlthough many use the terms AUMTS0 and AWCDMAO® interchan

when referring to the radio interface technology used
system. HSPA is an enhancement to WCDMA. LTE with EPCisac ompletely new architecture.
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Data Expl osi on

Broadband communication is becoming a foundational element of the economy, supporting
enti re industries and transforming not only how people wo rk, 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 global 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 industry 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 Cons umption

Modern Mobile Computing Platform:

* Multiple wireless connection types
+ Extremely high-resolution display
* Application platform

+ HTML 5

* Multimedia

*+ Sync to cloud/enterprise

* Navigation

* Hotspot for other devices

Internet
and
Cloud

Data Consuming Activities:
*  Music streaming

* Video streaming

» Social networking

*» Cloud sync/apps

*»  Web browsing

» Content downloading

2For example, see | TUbds Al mpact of Broadband on the Economy,
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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 applications , 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.

Table 1: Data Consumed by Different Streaming Applications

Audio or Music 0.1 58 0.5 0.9
1.0 17
2.0 3.5
4.0 6.9
Small Screen Video 0.2 90 0.5 1.4
{e.g., Feature Phone) 1.0 2.7
2.0 54
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 54.0
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 Metflix HD) 1.0 67.5
20 135.0
4.0 270.0
Blu Ray Quality 16.0 7200 0.5 108.0
{4k video will be higher) 1.0 216.0
20 432.0
4.0 864.0
The hours of video add up. Sandvine, in its 2013 Global Internet Phenomena Report,
shows mean usage in North America of 44.7 gigabytes (GB) per month. * This author,

% Data based on Rysavy Research analysis. Note that on May 2013, Netflix account settings indicated:
AfGood quality (up to 0.3 GB (up®0.7 GBoperrhour); B&equalite (up tgluda | i
GB per hour or up to 2.3 GB per hour for HD). O

“Sandvine, fAGlobal Internet Phenomena Report,o 1H 2013.

Mobile Broadband Explosion, Rysavy Research/4 G Americas, August 2013 Page 8




reasonably technologically oriented, consum es about 1 GB per month on his smartphone,
10 GB per month on his laptop, and 50 to 100 GB per month on movie streaming

Alcatel Lucent reports that average LTE users consume 46 megabytes ( MB) per day,
amountingto 1.4 GB per month. °

Figure 2 shows a Cisco projection of global mobile data growth through 2017 , measured
in exabytes (billion gigabytes) per month , demonstrating traffic growing at a compound
annual rate of 66 % & resulting in thirteenfold growth over that period

Figure 2: Global Mobile Data Growth 6

Cisco Global Mobile Data

=
Pt

/
E /

=+
[ ]

Exabytes (Billion Billion Bytes)
per Month
Ti

2012 2013 2014 2015 2016 2017

Year

Figure 3 shows another data projection, predicting 50% annual growth in data for the
2012 to 2018 period, resu Iting in twelvefold growth.

Source: Al c a tL&H netiarks: ¢ha gatewafi for application addiction ,0 April 22, 2013.

5Source: Ci sco, AiCi sco Visual N et wota Kraffic groretastdpdate, 2062 o b a | Md
2017, 06 February 6, 2013
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Figure 3: Global Mobile Traffic for Voice and Data

2010 to 2018 !

18 e
Spurce: Ericsson (June 2013)
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2010 2011 2012 2013 2014 2015 206 2017 2018

Cloud Computing

Another trend that  increases traffic is cloud computing, which can result in increase d data
flow through multiple types of services, as shownin  Table 2.

Table 2: Types of Cloud Services

Type of Cloud Service

Examples

Data synchronization and backup

Dropbox , Google Drive, Apple iCloud,
Microsoft SkyDrive, 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 providers

Mobile commerce

Cloud -based wallets ( Apple Passport,
Google Wallet, PayPal, Square), loyalty
programs

"Source: Ericsson, AEricsson

Mobility Report on the Pulse

Mobile Broadband Explosion, Rysavy Research/4 G Americas,

August 2013 Page 10

of



Technology Drives Demand

Although it might seem that a more efficient technology would address escalating

demand, the more efficient technology generally also provides 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 repo rts 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 applications, 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 higher resolution. Fortunatel Y,
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 Techn  ology Creates New Demand.

Expanded
Usage

W
i

- i =
NS a\
Initial Technology Initial Usage &\)

-

Enhanced Technology to
Respond to Expanded Usage

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

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.

SAl catel ILTEmetwotks: theiga teway for application addiction , 0 April 22, 2013.
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The overwhelming global success of mobile telephony and now the growing adoption of

mobile data conclusively demonstrate the desire for mobile -oriented communications.
Mobile broadband combines high -speed data services with mobility. Thus, the
opportunitie s are vast when considering the many diverse markets mobile broadband can
successfully address. Developed countries continue to show tremendous uptake of mobile

broadband services. Additionally, in developing countries, there is no doubt that 3G and
4G tec hnology will cater to both enterprises and consumers for whom mobile broadband
can be a cost -effective option competing with wireline for home use.

Relative to wireless networks, wireline networks have always had greater capacity and
historically have deli vered faster throughput rates. Figure 5 shows advances in typical
user throughput rates and illustrates  a consistent 10x advantage of wireline over wireless
technologies.

Figure 5: Wireline and Wireless Advances

100 Mbps FTTH 100 Mbps /

ADSL2+ 25 Mbps

10 Mbps — LTE 10 Mbps
ADSL 3 to 5 Mbps HSPA+ 5 Mbps
1 Mbps |— ADSL 1 Mbps — HSDPA 1 Mbps ——
|SD/ EDGE 200 kbps
100 kbps | 128 kbps

GPRS 40 kbps

10 kbps g
2000 2005 2010

While wireless networks can provide a largely equivalent broadband experience for many
applications, for ones that are extremely data intensive, 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, there are approximately 1 ,100 subscribers , on average ,
per cell site °, hence about 360 for each of the three sectors commonly deployed in a cell

° Sourc e : Dr . Robert F. RNeilt BTeA, GTIAL Wiseless Indu€r§ Indices, November 2010,
at 161 (providing mid  -year 2010 results and calculating 1,111 subscribers per cell site).
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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, an LTE cell sector could support
only one user.

Even if mobile users a re 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 never 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 bandwi dth than the entire
usable radio spectrum  to 100 GHz , as illustrated in  Figure 6.'° Meanwhile , the mobile
computing indust ry currently has access to only .5% of this radio spectrum , growing

to possibly 1% by 2020  .**

Figure 6: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

10 For further explanation, see pages15 -16 of Rysavy Research, AiNet Neutrali
r

Operational and Engineering Il mplications fo Wi reless

January 14, 2010.  http://www.rysavy.com/Articles/2010_01 Rysavy Neutrality.pdf

11 5% is calculated by approximating 100 GHz of usable radio spectrum and 500 MHz currently

allocated to the mobile industry. The FCC National Broadband Plan calls for doubling this amount by
2020.
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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 wirele ss networks.

Mobile broadband networks  are best thought of as providing access to higher -capacity
wireline networks. The key to improving performance and bandwidth per subscriber is
reducing the size of cells and minimizing the radio path to the wireline n etwork , thus
improving signal quality and decreasing the number of people whom each cell must
serve. These are the motivations for Wi -Fi offload and small -cell architectures that use
picocells and femtocells.

Despite some of the inherent limitations of wireless technology relative to wireline, its
fundamental appeal of providing access from anywhere means these limitations have not
constrained market growth. As the decade progresses, the lines between wireline a nd

wireless networks will blur.

Bandwidth Management

Given huge growth in usage, mobile operators are combining multiple approaches to
manage bandwidth :

¢ 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 unpaired 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.

¢ Increased spe ctral efficiency. Newer technologies are spectrally more efficient,
meaning greater aggregate throughput in the same amount of spectrum. Wireless
technologies such as LTE, however, are reaching the theoretical limits of spectral
efficiency , and future gain s will be quite modest, allowing for a possible doubling of
LTE efficiency over currently deployed versi
for a further discussion.

¢ Smart antennas. Through higher -order MIMO and beamforming, smart antennas
gain adde d sophistication in each 3GPP release and are the primary basis for
increased spectral efficiency (bps/Hz) .

¢ 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 the
capacity of separate radi o0 channels.

ons.

12 See htt p://www.rysavy.com/papers.html . See also this 4G Americas paper

Miracle T A 4G Americas Blueprint for Securing Mobile Broadba

2011.
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¢ 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

consider licensing just downlink spectrum in some cases

¢ Small cells and heterogeneous networks . Selecti ve addition of picocells to

macrocells to address localized demand can significantly boost overall capacity

, with a

linear increase in capacity relative to 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 interferen ce 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 13 u ser distribution,

and any small -cell selection bias that might be applied.

¢ Wi-Fi offbad . Wi-Fi networks offer another means of offloading heavy traffic

especi ally with more  Wi-Fi hotspots and more seamless connections . 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 pe r square meter across the coverage area.

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

¢ Off -pe ak hours.  Operators can 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 , can occur with lower priority, thus not affecting other active users.

¢ Innovative data plans. Tiered pricing or slowing down throughput after certain data
use thresholds are reached can make plans affordable for most users
discouraging exce ssive or abusive use.

¢ Exploration of new methods for the future. Policy makers are evaluating

spectrum might be shared between government and commercial entities. Although a

potentially promising approach for the long term, sharing raises complex issue

di scussed further in the section fiSpectrum Devel

Figure 7 demonstrates 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

while

how

S, as

downlink and 10 MHz on the uplink relative to the number of simultaneous users

accessing the network. The 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.

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

14 An example of vertical layering would be a 3X1 layer at ground level and a separate 3X1 layer for
higher levels of surrounding buildings.
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Figure 7:Ben efits of Additional Spectrum and Offload
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Market and Deployment

By July 2013, more than 6.2 billion subscribers were using GSM  -HSPA™3 87% of

wo r | @.b billion population. ' By the end of 201 8, the global mobile broadband market

the

is expected to include more than 8.5 billion subscribers , with 7.5 billion us ing 3GPP

technologies, representing about 90 % market share. '

Clearly, GSM-HSPA has

established global dominance. Although voice still constitutes most cellular revenue ,
wireless data worldwide now comprises a significant percentage of average revenue per
user ( ARPU). In the United States, wireless data in Q1 of 2013 represented 45 % of

industry revenu es and is forecast to exceed 50% of revenues in 2013, while growing
$90 billion for the year .8

Nearly all of the 534 GSM networks in approximately 198 countries support EDGE. In
addition, UMTS has been established globally and nearly all WCDMA handsets are also
GSM capable , allowing WCDMA users access to the worldwide base of GSM/EDGE
networks and ser vices.

The evolution of UMTS to HSPA has gained a customer base of more than 1.4 billion
people on more than 524 commercial networks. 332 HSPA networks have been upgraded

“Source: Informa, AWCIS+,0 July 2013.
16 Source: US Census Bureau,  http://www.census.gov/main/www/popclock.html , July 2013
YSource: I nforma, fWCNGethatt hd 018 mobil® Hraadband market figures include

GSM/EDGE, since most GSM networks are likel y to include Evolved EDGE, which provides mobile
broadband capability.

18 Chetan Sharma, US Mobile  Data Market Update i Q1 2013.

to
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to HSPA+ in 131 countries.  *° With the maturation of HSPA+, deployment or upgrading to
HSPA+ involves minimal incremental investment.

All major U.S. operators will offer an impressive LTE footprint by the end of 2013. LTE

has also been chosen by U.S. national public -safety organizations in the as their
broadband technology of choice. In 2012 , legislation passed in the U nited States that
allocated the D Block spectrum for a nationwide public -safety LTE network.

1% Source: 4G Americas, July 2013.
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Spectrum Devel opment s

Spectrum continues to challenge theindustry. Given this limited resource, the industry is:

¢ Deploying technologiesthath ave higher spectral efficiency.

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

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

¢ Designing car rier aggregation techniques in HSPA+ and LTE -Advanced that bonds
together multiple radio channels (both intra - and inter -frequency bands) to improve
peak data rates and efficiency.

¢ 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.

2 and

The FCC released a report in October 2010 that projected U.S. spectrum requirements
concluded that 275 MHz of additional spectru m 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 technologies. Credit Suisse reported in 2011 that U.S.

wireless networks were already oper ating at 80% of capacity. 2

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 the frequency -
dependent portions of the radios must change. As other frequency bands become available

for deployment, standards bodies are adapting UMTS -HSPA and LTE for these bands as well.
This includes bands such as 450 MHz and 700 MHz. The FCC auctioned the 700 MHz band in

the U nited States in 2008, and a number of operators are now deploying LTE in this band.

Canada will auction the 700 MHz band in 2013.

The 1710 -1770 uplink was matched with the 2110 -2170 downlink to allow for addition al
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 providing operators additional deployment options and could eventually

provide a means for LTE roaming in the Americas. Rogers is already deploying LTE in this

band , and other U.S. operators are expected to do so as well. In addition , many countries in
Latin America have allocated this band for mobile broadband.

%see FCC, fMobile Broadband: The Benefits of Additional S

2l Source:Cr edi t SuGlobal Wire Ifiess Capex Survey,fA July 2011. See
http://www.fiercemobilecontent.com/pages/credit -suisse -wireless -network -utilization -levels -globally -
are -threshold -le
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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 forthcoming 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. Unfort unately, different band
plans in different parts of the world will complicate roaming on this band. Globally, operators
are also refarming spectrum by limiting the spectrum used for 2G (cellular and PCS bands)
to create space for 3G and 4G deployments

Unfortunately, the process of identifying new spectrum and making it available for the
industry is a lengthy one, as shown in Figure 8.

Figure 8: Spectrum Acquisition Time 23
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The FCC is pursuing multiple avenues to make more spectrum available in the future. In the

near term, the agency is repurposing 40 MHz of Mobile Satellite Services (MSS) spectrum for
terrestrial use for what will be called the AWS -4 band.

The biggest opportunity areas for ne w spectrum in the U nited States currently are incentive
auctions of TV -broadcasting spectrum, government spectrum from 1755 to 1850 MHz
managed by the National Telecommunications and Information Administration (NTIA) , and

t he pr opos ecde |Ifil somfabha3d®ds0 to 3650 MHz.

In June 2013, the Obama Administration announced new Administration 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.

2 For further details, s e e Wirdlds< Comrkunicayonsl Gervice i (WGES) )
http://www.fcc.gov/encyclopedia /wireless -communications _-service -wcs.

2 source for historical data, http://www.broadband.gov/plan/5 -spectrum/; future expectations based

on Rysavy Research analysis.

Mobile Broadband Explosion, Rysavy Research/4 G Americas, August 2013 Page 19

o



http://www.fcc.gov/encyclopedia/wireless-communications-service-wcs

Incentive Auctions

The incentive auctions  will reallocate up to 120 MHz of UHF channels in the 600 MHz band

that are currently used by TV broadcasters. The auctions, for which the FCC is currently
developing ru les, will be more complicated than past spectrum auctions , when the FCC

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

In the first of three steps, the FCC will conduct a reverse auction to determine how
spectrum broadcasters might wish to relinquish in exchange for how much compensation.

much

It is unclear at this time how many broadcasters will participate  and in what markets
spectrum will be relinquished. The reverse auction is intended to provide answe rs to

these unknowns, making it an unprecedented auction design

The second step is to completely reorganize and repack the relinquished channels ,

as well

as channels needed for broadcasters that want to keep broadcasting , SO as to make
useful blocks of s pectrum for mobile broadband. This process will also be complicated.

The FCC's goal is to design an auction which will result in a uniform nationwide band
plan, but in some markets there may be variations from that plan.

Finally in the third and final step, mobile operators will bi d for spectrum in a forward

auction, similar to past spectrum auctions. As Commissioner Ajit Pai stated at 4G World

in 2012, doing any one of t hese st e pdeing wttremn lind
conjunction wil!/l be daunting i ndeette final Jubtiens ih CC

2014, but given the complexity of the process , this date may prove optimistic. 24

NTIA-Managed Spectrum

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
MHz involves a large number of government systems either migrating to other spectrum
or possibly co-existing with commercial systems by using as-yet -undefined

1850

sharing

approaches. One portion, 1755 to 1780 MHz, could po tentially be paired with 2155 to

2180 MHz and could come to auction relatively soon. The 2155 to 2180 MHz portion
legally must be auctioned and licensed by February 2015. A bill introduced by Stearns

and Matsui in April 2012 seeks to repurpose the 1755 to 1780 MHz band from federal to

commercial use. The industry is currently working with government to evaluate the
feasibility of spectrum sharing between commercial networks and select government
systems.

3550 to 3650CHKWHE O 8Small

The 3550 to 3650 MHz band inthe U nited States is now also being discussed for potential

licensing . Although how useful this band will be in light of the higher frequencies involved
remains to be determined , one potential application is LTE small cells . The FCC has
propose d a three -tier model with incumbent access, priority access, and general

24 For further details, refer to the Notice of Proposed Rulemaking,
http://www.fcc.gov/document/broadcast -television -spectrum -incentive -auction -nprm
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25

authorized access. Incumbent access will include government radar systems. The

Licensed Shared Access (LSA) approach mentioned

applicable to this ba nd. LSA proposes a simpler two -tier model consisting of incumbents
and licensed users  sharing the spectrum

Table 3 summarizes current and future spectrum allocations.

Table 3: United States Current and Future Spectrum Allocations.

Frequency Amount of Comments

Band Spectrum
700 MHz 70 MHz Ultra-High Frequency (UHF).
850 MHz 64 MHz Cellular + Specialized Mobile Radio.
1.7/2.1 GHz 90 MHz Advanced Wireless Service (AWS) -1.
1.9 GHz 130 MHz Personal Communications Service (PCS).
2.3 GHz 20 MHz Wireless Communications Service (WCS).
2.5 GHz 194 MHz Broadband Radio Service.
(Closerto 160 MHz actually deployable.)
FUTURE
1.9 GHz 10 MHz PCH H band (1915-1920MHz UL and 1995-2000MHz DL).
1695-1710 MHz 15 MHz Reallocation from federal to commercial use by 2015.
2128%0tf;t§220%23h2 40 MHz Mobile satellite services (MSS). To become AWS-4.
600 MHz Up to 120 MHz | Incentive auctions.
FCC 2014 auction goal ambitious.
1755 to 1780 25 MHz Could be combined with 2155 to 2180 to create
MHz AWS-3. May require spectrum sharing.
3.5561_:3 3.65 100 MHz Small-cell band, shared.
z

Harmonization

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

As regulators make more spectrum available, it is important that they follow guidelines
such as those espoused by 4G Americas ~ 2°:

BZFor further detail s, Emmirg Inhokative @l Cep ldsg m, 8.5 GHZ Band NPRM &

Order, i Dec e mber htt@2/wiv2fcc.gov/document/enabling -innovative -small -cell-use-35-ghz -

band -nprm -order .

% Source: 4G Americas, fiSust ai ni ng t he iMoo AmescadvBluepsnt for&ecuri ng Mobile
Broadband Spectr um i n this Decade, 0 March 2011.
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Configure licenses with wider bandwidths.
Group like services together.
Be mindful of global technolog  y standards.

Pursue harmonized/contiguous spectrum allocations.

o M Wb PE

Exhaust exclusive use options before pursuing share d use.
6. Because not all spectrum is fungible, align allocation with demand.

Emerging technologies such as LTE benefit from wider radio channels. These wider radio

channels are not only spectrally more efficient, but offer greater capacity . Figure 9 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 9:LTE Spectral Efficiency as Function of Radio Channel Size 2
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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. For instance, initial US deployments will be at 700

MHz, in Japan at 1500 MHz, and in Europe at 2.6 GHz. Thus, with so many varying
spectrum bands, roaming operation will most likely need to be based on GSM or HSPA on
common region al or global bands.

The organization tasked with global spectrum harmonization is the International
Telecommunications Union, which periodically holds World Radiocommunications
Conferences (WRC). %

27 Source: 4G Americas member company analysis.
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Harmonization occurs at multiple levels:

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

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

3. Development of detailed technical specifications and standards, including system
performance, RF performance, and co -existence with other systems in neighboring
bands.

4. Assignment for frequency blocks with associated technical conditions and
specifications to appropriate operators and service providers. 29
Figure 10 shows the harmonization process.

Figure 10 : Spectrum Harmonization 0
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- Radio Access Technology(RAT)
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Operators (spectrum - Network design and deployment Consumers

owners) is critical to - design and deployment with
prevent fragmentation

Low cost multi-band multi-mode device is
the key for economies of scale

2 5ee | TWOrd Rdtliocommunication Conferences (WRC) ., @ittp://www.itu.int/ITU -
R/in dex.asp?category=conferences&rlink=wrc&lang=en

29 3source: International Telecommunications Union Radiocommunication Study Groups, “Technical

Perspective On Benefits Of Spectrum Harmonization for Mobile Services and IMT," Document 5D/246 -E,
January 2013.

30 source: 4G Americas member contribution.
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The ITU WRC is planning its next conference for 2015. 3

Unlicensed Spectrum

Wi-Fi, an unlicensed wireless technology, has experienced 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.

For mobile operators, Wi  -Fi can offload a ce rtain amoun t of data traffic, relieving 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
bel ow i n mor e dN-Fidniegratienmrtie rDaté 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 cal Fedthafilmwedaege Woverage 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 broad band available. *

Spectrum Sharing

In 2012, the Presidentds Counci l of Advisors on S
titled, AReali zing the Ful FHeld®$pecounmt tb Spur Ewdnomi@o v e r n m
Growt h, 0 which recommended s pe gavarnment anch@mmercigl bet we
entities.

On the surface, spectrum sharing between 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 for only some of the time. From a technical
perspective, sharing may eventually lead to more efficient spectrum use, but excessive
emphasis on sharing in the short term could needlessly slow deployment and use of
productive spectrum.

Assessing the many param  eters involved in a shared approach will take significant time.

For instance, the AWS 1755 -1780 MHz spectrum band controlled by the U.S. National
Telecommunications and Information Administration (NTIA) represents an opportunity to

provide additional inter  nationally harmonized spectrum to the mobile broadband industry

and could be shared initially with wireless carriers. Yet some initial investigations into

spectrum sharing in the 1755 -1780 MHz band reveal that technol
how to measure me aningful interference to incumbent systems.

Hence, focusing on a small number of bands so that government and industry can
together learn how best to share seems prudent. In this regard, the proposed 3.55 GHz

small -cell band appears to be an ideal candidat e, but regulators must be careful not to
overreach. If rules are too restrictive or complex , or if availability of spectrum is too

31 Agenda available at  http://www.itu.int/dms_publ/itu -r/oth/12/01/R12010000014A01PDFE.pdf

32 For further analysis, see Rysavy Resear ¢ h ,White spaces networks are not &uper 6nor even Wi -Fi, 0
March, 2013. http://gigaom.com/2013/03/17/white -spaces -networks -are -not - super -nor -even -wi-fi/ .
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unpredictable, operators may choose to look elsewhere , resulting in underuse of the

spectrum.
Spectrum sharing models can range from simple to extremely complex:

Geographical (already occurs in the AWS band using exclusion zones).

Temporal (easy if times are well - defined, otherwise potentially complex).

Database -driven (requires new infrastructure as shown in Figure 11.) A spectrum

market system is an optional component, and would add to complexity.

Figure 11 : Spectrum Sharing Architecture

Spectrum Spectrum
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The Eur opean Telecommunications Standards Institute (ETSI) is developing standards to
support spectrum sharing under an approa®h called
For further discussion, refer to a Rysavy Research 2012 paper on spectrum sharing. 3

% See ETSI Technical Report TR 103 113, fAElectromagnetic ¢

(ERM); System Reference document (SRdoc); Mobile broadband services in the 2300 MHz
frequency band under Licensed Shared Access regime.

34

Rysavy Research report , iSpectrumheSh@&mriomg s e and t

http://www.rysavy.com/Articles/2012 07 Spectrum_Sharing.pdf

-2400 MHz

he Real ity
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Wi rel essl|l dggwlonati on

This section discusses 1G to 4G 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 3GPP has occurred in multiple phases, first with EDGE and then UMTS, followed
by t o da erhaiced 3G capabilities , such as HSPA, HSPA+ , which is continually evolving ,
and LTE, which is evolving to LTE -Advanced , with work already occurring on specification
releases beyond the initial one for LTE -Advanced . Meanwhile, underlying approaches have
evolved from Time Division Multiple Access (TDMA) to CDMA, and now from CDMA to

OFDMA, which is the basis of LTE.

Transition to 4G

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 which introduced services such as short messaging and
lower -speed data. CDMA IS-95 and GSM are the primary 2G technologies, while
CDMA2000 1xRTT is technically a 3G technology because it meets the 144 Kbps mobile
throughput requirement. EDGE, however, also meets this 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 E V-DO are the primary 3G technologies,
although WIMAX has also been designated as an official 3G technology. 3G technologies

began to be deployed last decade.

The ITU issued requirements for IMT -Advanced in 2008 , which many people used as a
definition of 4G. Requirements include operation in up -t0-40 MHz radio channels and
extremely 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 theoret ical
throughput rate of 1.5 Gbps. Previous to the publication of the requirements, 1 Gbps was
frequently cited as a 4G goal.

In 2009 and 2010 , t he term fi4G0 became associated wi
broadband technologies 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 fthe 4Gt erm for systems that provided a substantial
level of improvement in performance and capabilities over initial 3G systems. %

Table 4 summarizes the generations of wireless technology through 4G. The
requirements for 5G are yet to be de termined.
% Source: I TU Pr es $TU Werld e &kadecommuhication Seminar highlights fu ture

communi cati on t ehtph/wwenmito.igt/het/messoffice/press_releases/2010/48.aspx
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Table 4:1Gto 4G
Generation Requirements Comments
1G No official requirements. Deployed in the 1980s.

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 and

GSM.
3G | TUG s-2000/r€quired 144 Primary technologies
Kbps mobile, 384 Kbps include CDMA2000 1X/EV -
pedestrian, 2 Mbps indoors DO and UMTS -HSPA.
WIMAX now an official 3G
technology.
4G (Initial | TUG®G s-Atlvdhted No commercially deployed
Technical requirements include ability to technology meets
Designation) operate in up to 40 MHz radio requirements today.
channels and with very high
spectral efficiency. IEEE 802.16m and LTE -
Advanced meet the
requirements.
4G (Current Systems that significantly exceed Todaybdés HSPA+,
Marketing the performance of initial 3G WIMAX networks meet this
Designation) networks. No quantitative requirement.

requirements.

Despite rapid deployments of LTE networks, it will be the middle of the decade before a
large percentage of subscribers will actually be using LTE (or LTE -Advanced). During
these years, most networks and devices will support the full scope of the 3GPP fam ily of

technologies (GSM -EDGE, HSPA, HSPA+, and LTE). The history of wireless -network
deployment provides a useful perspective. GSM, which in 2009 was still growing its
subscriber base, was specified in 1990 , with initial networks deployed in 1991. The UMT S
Task Force established itself in 1995, Release 99 specifications were completed in 2000,

and HSPA+ specifications w  ere completed in 2007. Although it has been more than a
decade since work began on the technology, only now is UMTS deployment and adoption

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

peak usage *, which is consistent with the history of GSM technology. Similarly, mobile
broadband technologies coming online now may not see their peak adoption until 2030.

Figure 12 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 of UMTS/HSPA subscribers, and the are a
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 innovation. 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  -Advanced will also acquire continual
improv ements that include both faster speeds and greater efficiency.

Figure 12 : Relative Adoption of Technologies 37
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These technology platform shifts every 10 years are similar to the computing industry,

which has experienced the following major shifts:

¢ 1950s First commercial computers

36

http://www.4gamericas.org/UserFiles/file/4G%20Americas%20at%204G%20World/Peter%20Carson,%
20Qualcomm,%20Building%20the%20Ecosystem - Chipsets%20and%?20Devices.pdf

%7 Source: Rysavy Research projection based on historical data.
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3GPP Evolutionary Approach

3GPP standards development falls 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 t o recogni ze t he
technology and to exploit the unique ¢ apabilities of each one accordingly. GSM, based on

a TDMA approach, is mature and broadly deployed. Already extremely efficient, there are

nevertheless opportunities for additional optimizations and enhancements , including

AEvol ved &HXk Bbecame available for deployment in 2011. Evolved EDGE more
than doubles throughput  over current EDGE systems  while halving latency and increasing
spectral efficiency

Meanwhile, CDMA was chosen as the basis of 3G technologies including WCDMA for the
frequency div ision duplex (FDD) mode of UMTS and Time Division CDMA (TD -CDMA) for
the time division duplex (TDD) mode of UMTS. The evolved data systems for UMTS,

namely HSPA and HSPA+, introduce enhancements and optimizations  that help CDMA -
based systems largely match the capabilities of competing systems, especially in 5 MHz
spectrum allocations

Dual -carrier HS PA, explained in detail in the appendix section AEvol uti on of
(HSPA+) ,0 coordinate s the operation of HSPA on two 5 MHz radio carriers for higher
throughput rates. In combination with MIMO, dual -carrier HSPA will achieve peak network

speeds of 84 Mbps , and quad -carrier HSPA will achieve peak rates of 168 Mbps . Release

11 defines 8-radio -carrier downlink operation that will double maximum theoretical
throughput rates to 336 Mbps.

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 wha t 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
systems and 2G systems , with devices capable of 2G, 3G, and 4 G 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 like CDMA2000 and Wi -Fi.
The combination of EPC and  LTE is referred to as the Evolved P acket System (EPS).

The cost for operators to deliver data ( for example, cost per GB) is almost directly
proportional to the spectral efficiency of the technologies. LTE has the highest spectral

efficiency of any specified technology to date , making it one of the essential technologies

as the market matures.
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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
techniques . Specifically :

¢ 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 handover 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 moment um because it

efficiently delivers 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 compared with the logistical challenges of adding antennas for MIMO to
existing deployments of 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 network), 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 , will be important  for deployments in which
paired spectrum is unavailable. LTE TDD will be deployed in China, will be available for
Europe at 2.6 GHz, and will operate in the U.S. Broadband Radio Service (BRS) 2.6 GHz
band .

To addr ess FAbvadriced regdifements, 3GPP  has specified LTE-Advanced, a
technology that will have peak theoretical 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 just the beginning of a
series of innovations that will increase performance, efficiency, and capabilities, as

depicted in Figure 13. The enhancements shown in the 2013 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 13 and 14, however, will continue
innovating through the end of this decade.

%8 20 MHz would constitute  four downlink radio carriers, each 5 MHz.

% From a strict standards -devel opment point of vAdcwandaedd treefne risL TtEo t h
features: carrier aggregation, 8X8 downlink MIMO, and 4XN uplink MIMO with N the number of receive
antennasinth e base station. o
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Figure 13 :LTE to LTE -Advanced Migration
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Although later se ctions quantify performance and the appendix of
presents functional details of the different technologies, this section provides
as a frame of reference , beginning with
technologies and their characteristics.

this white paper
an overview
Table 5, which summarizes the key 3GPP

Table 5: Ch aracteristics of 3GPP Technologies

Technology Characteristics

Name

Typical
Downlink

Type Typical Uplink

Speed

Speed

GSM TDMA Most widely deployed cellular
technology in the world. Provides
voice and data service via
GPRS/EDGE.

EDGE TDMA Data service for GSM networks. 160 Kbps 80 Kbps
An enhancement to original GSM to 200 Kbps to 160 Kbps
data service called GPRS.

Evolved EDGE | TDMA Advanced version of EDGE that 175 Kbps 150 Kbps
can double and eventually to 350 Kbps to 300 Kbps
quadruple throughput rates , expected expected
halve latency and increase (Single Carrier)
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Technology Type Characteristics Typical Typical Uplink
Name Downlink Speed
Speed
spectral efficiency 350 Kbps
to 700 Kbps
expected (Dual
Carrier)
UMTS CDMA 3G technology providing voice 200 to 300 200 to 300 Kbps
and data capabilities. Current Kbps
deployments implement HSPA
for data service.
HSPA? CDMA Data service for UMTS networks. 1 Mbpsto 500 Kbps
An enhancement to original 4 Mbps to 2 Mbps
UMTS data service.
HSPA+ CDMA Evolution of HSPA in various 1.9 Mbps to 1 Mbps to
stages to increase throughput 8.8 Mbps 4 Mbps
and capacity and to lower in 5+ 5 MHz in5+ 5MHz orin
latency. 10+ 5 MHz
3.8 Mbps to
17.6 Mbps with
dual carrier in
10+ 5 MHz.
LTE OFDMA New radio interface that can use 6.5 to 26.3 6.0 to 13.0 Mbps
wide radio channels and deliver Mbps in in
extremely high throughput rates. 10+ 10 MHz 10+ 10 MHz
All communications handled in IP
domain.
LTE- OFDMA Advanced version of LTE Increased over Increased over
Advanced designed to meet IMT -Advanced original version original version
requirements. of LTE of LTE

User achievable

rates and additional

40 HSPA and HSPA+ throughput rates are for a 5+5 MHz deployment.

THE+5

MHz o

means

5 MHz wused for

t

details on typical rates are covered in

he downl

nk and 5

MH z
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Table 6 i n t he

s Patat Throughpuf

,0 later in this paper

evolution of the different wireless technologies and their peak network performance

capabilities.

Figure 14 : Evolution of TDMA, CDMA, and

OFDMA Systems

Figure 14 shows the
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Throughput rates are peak theoretical network rates for that technology release.
Dates refer to expected initial commercial network deployment except 2012, which shows technologies that year.
There are no public announcements of deployment of WiMAX Rel 1.5 nor IEEE 802.16m.
X+Y MHz indicates X MHz used on the downlink and Y MHz used on the uplink.

The development of GSM and UMTS-HSPA happens in stages corresponding to  3GPP
specification releases, with each release addressing multiple technologies. For example,
Release 7 optimized Voice over Internet Protocol ( VolP) for HSPA but also significantly
enhanced GSM data functionality with Evolved EDGE. A summary of the different 3GPP

releases is as follows: *2

42 After Release 99, release versions went to a numerical designation instead of designation by yea r.
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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. HSD PA. First phase of Internet Protocol Multimedia
Subsystem ( IMS). Full ability to use IP -based transport instead of just
Asynchronous Transfer M ode (ATM) in the core network.

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

Release 7 : Completed. Provides enhanced GSM data functionality with Evolved

EDGE. Specifies HSPA+, which includes higher order modulation and MIMO.
Performance enhancements, improved spectral efficiency, increased capacity, and

better resistance to interference. Continuous Packet Connectivity (CPC) enables

ef fici ent-omMda rviweand enhanced uplink UL VolP capacity , 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 optimization 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 w ith 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 | TUG®6-advanddd project.  Key features include carrier aggregation, multi -
antenna enhancements such as enhanced downlink MIMO and uplink MIMO ,
relays , enhance d LTE Self Optimizing Network (  SON) capability , eMBMS, HetNet
enhancements that include enhanced Inter -Cell Interference  Coordination (elCIC),
Local IP Packet Access, and new frequency bands . For HSPA , includes quad -carrier
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 ¢ ancellation,
development of the Enhanced Physical Downlink Control Channel (EPDCCH), and
further enhanced elCIC including devices with  CRS (Cell - specific Reference Signal)
interference cancellation . The release includes further DL and UL MIMO
enhancements for LTE. For HSPA, provides 8 -carrier on the downlink, uplink
enhancements to improve latency, dual -antenna beamforming and MIMO,
CELL_Forward Access Channel (FACH) state enhancement for smartphone -type
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traffic, four -branch MIMO enhancements and transmissi ons for HSDPA, 64 QAM in
the uplink, downlink multipoint transmission, and noncontiguous HSDPA carrier

aggregation. 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 the end of 2014

Enhancements  include improved small c ells/ HetNets for LTE; LTE multi -
antenna/site technologies , including 3D MIMO/beamforming and further
CoMP/MIMO enhancements;  new procedures and functionalities for LTE t 0 support
diverse traffic types; enhancement s for interworking with Wi -Fi; enhancements for

Machine Typ e Communications ( 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 ; addition of Web Real Time
Communication (WebRTC) to IMS; energy efficiency; more flexible carrier
aggregation;  further enhancements for HSPA +, including further DL and UL
improvements and  interworking with LTE; improved link budget for MTC ; small
cells/ HetNets ; and Scalable -UMTS.

Architecture Evolution and Heterogeneous Networks

The architecture of wireless networks is evolving through changes to both the radio -
access network and the core network.

One of the most important developments in radio -access architecture is heterogeneous
networks , with multiple types of cells serving a coverage area, varying in frequencies
used, radius, and even radio technology u sed. HetNet s offer significant increases in
capacity and improvements in user:

¢ 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 means to absorb
traffic in areas where there are higher concentrations of users. This could inc lude
business locations, airports, sports arenas, and so forth.

¢ Smaller cells can also improve signal quality 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 appendix covers technical aspects of HetNet s in the section,
fiHeterogeneous Networks and Self -Opt i mi z awhileopromising in the long term, one
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 15 depicts the ¢ hallenges.
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Figure 15:Small -Cell Challenges
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As for the core network, 3GPP is defining a series of enhancements to improve network
performance and the range of services provided , some of which wi Il stem from a shift to
all-1P arch itectures.

One way to improve core  -network performance is through flatter architectures. The more
hierarchical a network, the more easily it can be managed centrally; the tradeoff

however, is reduced performance, especially for data communications, becaus e packets
must traverse and be processed by more nodes in the network.

In Release 8, 3GPP defined an entirely new core network, called the EPC, previously
referred to as SAE. The key features and capabilities of EPC include:

¢ Reduced latency and higher data performance through a flatter architecture.

¢ Support for both LTE radio -access networks and interworking with GSM-HSPA
radio -access networks.

¢ The ability to integrate non -3GPP networks such as WiMAX  and Wi -Fi.
¢ Optimization for all services provided via IP.

C Sophisticated, network  -controlled, quality - of-service architecture.
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Another core network development is the new infrastructure to support voice in the
packet domain through the IP Multimedia Subsystem (IMS). IMS also en ables new
services and applicati ons, as discusse d in the next section.

This paper provides further details in the sections in the appendix on HSPA Evolution
(HSPA+) , LTE, EPC, and IMS .

Wi-Fi Integration and Data Offload

As data loads increase, operators are seeking to offload some data t raffic to other
networks, particularly Wi  -Fi networks. Some Wi -Fi integration technologies reduce
demand on the radio -access network, some reduce demand on the core network, and

others make the use of Wi -Fi more seamless for users , meaning user devices
aut omatically and securely connect to desired Wi -Fi networks . Some people consider Wi -
Fi as part of HetNet s, while others do not . For now, we will discuss them separately

The IEEE 802.11 family of technologies has experienced rapid growth, mainly in private
deployments. The latest 802.11 standard, 802.11ac, offers peak theoretical throughputs

in excess of 1 Gbps and improved range through use of higher -order MIMO.
Complementary 802.11 standards increase the attraction of the technology : 802.11e for
QoS enable s VoIP and multimedia ; 802.11i provides robust security ; 802.11r delivers
fast roaming, necessary for voice handover across access points ; and 802.11u enables

better hotspot operation

Leveraging this success, operators 0 including cellular operators 0 are of fering hotspot
service in public areas including airports, fast -food restaurants, shopping malls, and
hotels.

One 4G Americas member estimates that 40% of traffic can potentially be offloaded
based on the following observations 4.

¢ About 80% of traffic is indoors .

¢ About 80% of traffic is from smartphones

¢ About 80% of smartphones have Wi -Fi.

¢ About 80% of smartphone users take advantage of Wi -Fi connections .

Different amounts of traffic can be offloaded depending on the assumptions used. Over
time, however, an increasing percentage of traffic will be carried by small cells , Whether
Wi-Fi or cellular .

Wi-Fi has huge inherent capacity for two reasons. First, a large amount of spectrum

(approximately 500 MHz) is available across the 2.4 GHz and 5 GHz bands. Seco nd, the

spectrum is used in small coverage areas, resulting in high frequency reuse and much

higher throughput rates per square meter of coverage versus wide -area networks.

Nevertheless, due to huge demand, many public Wi -Fi networks at airports, hotels,

convention centers, and other areas are experiencing congestion. Although offloading

onto Wi -Fi can reduce traffic on the core network, the Wi -Fi network does not necessarily
®Source: Nokia Siemens Networks white paper, fADepl oyment

2012. 80% X 80% X 80% X 80% = 40%.
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have greater spare capacity than the cellular network. The goal of future integrat ed
cellular/Wi -Fi networks is to intelligently load balance between the two technologies.

One recently completed industry initiative is Hotspot 2.0, also called Next Generation
Hotspot. Using the IEEE 802.11u standard that allows devices to determine what services
are available from an access point, HotSpot 2.0 simplifies the process by which users
connect to hotspots, automatically identifying roaming partnerships and simplifying

authentication and connections. “ |talso provides for encrypted communication s over the
radio link. ** Devices and networks based on Release 1 of HotSpot 2.0 are available , and
work has begun on Release 2, under which the network , rather than the device, will

control connections.

Integration between mobile broadband and Wi -Fi network s can either be loose or tight.
Loose integration means data traffic routes directly to the Internet and minimizes

traversal of the operator network. This is called flocal breakout. 0 Tight integration means
data traffic, or select portions, may traverse th e operator core network. This is beneficial

in situations in which the operators offer value -added services ( such as internal portals)

that can be accessed only from within the core.

Essential to successful data offload is providing a good subscriber exper ience. This
mandates measures such as automatically provisioning subscriber devices with the
necessary Wi -Fi configuration options and automatically authenticating subscribers on
supported public Wi -Fi networks. There are many stakeholders working toward t ighter
integration between Wi  -Fi and cellular networks. See t he sWieH Integratiofi 0
the appendix for technical details on 3GPP and other industry standards and initiatives.

Service Evolution

Not only do 3GPP technologies pr  ovide continual improvements in capacity and data
performance, they also expand available services , including Fixed Mobile Convergence
(FMC), IMS, and broadcasting technologies. This section provides an overview of these

topics, and the appendix goes into greater detail.

FMC refers to the integration of fixed services (such as telephony provided by wireline or

Wi-Fi) with mobile cellular  -based services. For users, FMC simplifies how these services
communicate , making it possible for them to use one device at work , where it connects
via a Wi -Fi network or macrocellular network , and at home , where it might connect via a
Wi-Fi network or femtocell . Users can also benefit from single voice mailboxes and single
phone numbers , as well as controling how and with whom they communicate. For
operators, FMC allows the consolidation of core services across multiple -access networks.
For instance, an operator can offer complete VolP -based service s that operate over
Digital Subscriber Line ( DSL), Wi-Fi, or mobile broadban d. FMC can also offload data -
intensive applications like video streaming from the macro network.

There are various approaches for FMC, including Generic Access Network (GAN), formerly
known as Unlicensed Mobile Access (UMA ); femtocells ; and IMS. With GAN, GSM-HSPA

4 For example, user devices can be authenticated based on their SIM credentials. Or users can register
or click through  an agreement , and then not need to redo that with future associations

% The IEEE 802.11i standard has provided encryption for 802.11 communications for many years;
however, most hotspots have not implemented this encryption, whereas Hotspot 2.0 does.
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devices can connect via Wi -Fi or cellular connections for both voice and data. UMA/GAN is
a 3GPP technology, and it has been deployed by a number of operators , including T -
Mobile in the United States.

An alternative to using Wi -Fi for t h eortidnf of KMCdi® femtocells , tiny base
stations that cost little more than a Wi -Fi access point , and, like Wi -Fi, leverage a
subscriber's existing wireline -broadband connection (for example, DSL). Instead of
operating on unlicensed bands, femtocells uset he operatords | icensed
power levels. The key advantage of femtocell s is that any single -mode, mobile -
communications device a user has can access the femtocell .

IMS is another important convergence technology , offering access to core services and
applications via multiple  -access networks. IMS is more powerful than GAN because it not
only supports FMC but also a much broader range of potential applications. Although
defined by 3GPP, the Third Generation Partnership Proje ct 2 (3GPP2) , CableLabs and
WIMAX have adopted IMS. IMS is the VolP platform for CDMA 2000 EV -DO, WIiMAX,
HSPA, and LTE networks.

IMS allows the creative blending of different types of communications and information ,
including voice, video, instant messagi ng (IM), presence information, location, and
documents. Application developers can create applications never before possible, and
users can communicate in entirely new and dynamic ways.

For example, during an interactive text -based chat session, a user co uld launch a voice
call. Or during a voice call, a user could suddenly add a simultaneous video connection ,
or start transferring files. While browsing the Web, a user could decide to speak to a

customer -service representative. IMS will be a key platform f or all -IP architectures for
both HSPA and LTE. Although IMS adoption by cellular operators was initially slow
deployment will accelerate as operators make packet voice service available for LTE.

Rich Communications Suite

An initiative called Rich Communic ations Suite (RCS), supported by many operators and
vendors, builds on IMS technology to provide a consistent feature set, as well as
implementation guidelines, use cases, and reference implementations. RCS uses existing
standards and specifications from 3 GPP, OMA, and GSMA and enables interoperability of
supported features across operators that support the suite. RCS supports both circuit
switched and packet -switched voice and can interoperate with LTE packet voice.

Core features include:

¢ User capability exchange or service discovery with which users can know the
capabilities of other users.

¢ Enhanced (IP-based) messaging (supporting text, IM, and multimedia) with chat
and messaging history.

¢ Enriched calls that include multimedia content ( such as photo or video sharing)
during voice calls. This could become the primary way operators offer video
calling.

Multicast and Broadcast

Another important new service is video streaming via multicast or broadcast functions.
3GPP has defined multicast/broadcast capabilities for both HSPA and LTE. Altho ugh
Mobile TV services have experienced little business success so far, the fact remains that
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broadcasting uses the radio resource much more ef ficiently than having separate point -

to-point streams for each user. For example, users at a sporting event might enjoy
watching replays on their smartphones. The technology supports these applications ;itis
a matter of operators and content providers fin ding appealing applications.  The appendix

covers technical aspects in more detail.

Voice Support

While 2G and 3G technologies were deployed from the beginning with both voice and

data capabilities , LTE networks can be deployed with or without voice support . Moreover,
there are two meth ods available : circuit -switched fallback (CSFB) to 2G/3G and VolIP.
Most operators  deploying LTE now are using CSFB initially and migratingto VolP methods
with Voice over LTE (VOLTE) that uses IMS , and which will see initial deployments at the
end of 2013 and volumes ramping up in 2014 to 2015

For the time being, 3GPP operators with UMTS/HSPA networks will continue to use

circuit -switched voice for their 3G connections, although packet voice over HSPA
(VOHSPA) methods have been defined. VOHSPA can increase efficiency and is under
active consideration , as are enhancements to WCDMA circuit -switched voice .*°

Using VOLTE, operators are planning high - definition (HD) voice using the new  Adaptive
Multi -Rate Wideband (AMR -WB) voice codec . HD voice not only improves voice clarity and
intelligibility , it better suppresses background noise. HD voice will initially function only
between callers on the same network , however .

Other advantage s o f LTE®&s p adgck éntlide éeng able to combine it with other
services , such as video calling ; faster call setup ; and high voice spectral efficiency.

See the appendix for more detail on HSPA and LTE voice support.

Backhaul

As radio link throughput increases, the circuits connecting cell sites to the core network

must be able to handle the increased load. With many cell sites today still serviced by
just a small number of T1 ~ /E1 circuits, each able to carry only 1.5 /2.0 Mbps, operators are
in the process of upgrading backhaul capacity to obtain the full benefit of next -generation
wireless technologies. Approaches include  very -high -bit-rate digital subscriber line
(VDSL), optical Ethernet , point -to-point microwave systems , millimeter -wave rad io, and

potentially even mesh  -based Wi -Fi.

An LTE system with 1.4 bps per hertz (Hz) of downlink spectral efficiency in 10 MHz on
three sectors has up to 42 Mbps average downlink cell throughput. Additionally, any

technol ogyds abil ity ettraom effiei@ncyhs somevehat poatendent enpthe
systembs ability to reach the instantaneous peak
For example, a system claiming spectrum efficiency of 1.4 bps/Hz (as described above)

might rely on the ability to reach 100 Mbps instantaneously to achieve this level of
spectrum efficiency. Any constraint on the transport system below 100 Mbps will restrict

the range of achievable throughput and , in turn , impact the spectral efficiency of the
system. To provide the greate st flexibility in moving forward with LTE -Advanced , which
“®For further details, see the 4G Americas paper, fADeliveri
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will need even greater backhaul capability, many operators are planning 1 Gbps backhaul
links. See the appendix for additional backhaul discussion.

Network Deployment

While early 3G deployment s used separate 2G/3G  Serving GPRS Support Nodes (SGSNs)
and Mobile Switching Centers (  MSCs), all -new MSC and/or SGSN products are capable of

supporting both GSM and UMTS-HSPA radio -access networks.  Similarly, new HSPA
equipment is upgradeable to LTE through a software upgrade.

A candidate feature for Release 12 is scalable UMTS, which uses one-quarter or one -half
the normal 5 MHz radio channel width. This flexibility could facilitate UMTS deployment

for some operators, particularly those refarming GSM spectrum , which operates in
smaller spectrum allocations. Scalable UMTS scales the chip rate via a method referred to

as fitime dilation. 6%

The upgrade to LTE has proven relatively straightforward, with new LTE infrastructure

having the ability to reuse a significan t amount of the UMTS -HSPA cell site and base
station infrastructure, including using the same shelter s, tower s, antennas, power
supplies, and climate control. Some vendors have different |, so-cal | ed -flfomearpa i nt

solutions that allow operators to use emp ty space to enable reuse of existing sites

without the need for new floor space.

An operator can add LTE capability simply by adding an LTE baseband card. New multi

standard radio units (HSPA and LTE), as well as LTE -only baseband cards, are
mechanically ¢ ompatible with older building practices, so operators can use empty space

in an old base station for LTE baseband cards, thus enabling reuse of existing sites

without the need for new floor space, as mentioned previously.

Base station equipment is availabl e for many bands , including 700 MHz, 1.7/2.1 GHz

AWS, 1900 PCS, and 2.6 GHz BRS. On the device side, gear with multimode chipsets can

easily operate across UMTS and LTE networks.

Figure 16 presents various scenarios for deploying LTE, including operators that today are

using CDMA2000, UMTS, GSM , and WIMAX. For example, as shown in the first bar,
CMDAZ2000 operator in  Scenario A could defer LTE deployment to the longer term

Scenario B, in the medium term , the ope rator could deploy a combination of 1XRTT,

a
. In
EV -

DO Rev A/B , and LTE, and, in the long term , migrate EV -DO data traffic to LTE. In

Scenario C, a CDMA2000 operator with just IXRTT could introduce LTE as a broadband
service and , in the long term, migrate 1XRTT users to LTE , including voice service.

““For further details, refer t o -QMIs)licSolationfor Freymented b |
Spectrum Refarming, o February 2013.

e UMTS (

Mobile Broadband Explosion, Rysavy Research/4 G Americas, August 2013
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