STRAIGHTPATH.

CONNECTING PEOPLE WITH INTEGRITY

A StraightPathTowards5G

Straight Path Communications Inc.

Septembelf6, 2015



TABLE OF CONTENTS

1 EXECULIVE SUMIMAIY.......uiiiieiiiieeeiiieemee sttt e e e e e e e e s sk m e e e et e e e e e e s s sn s e neasssbnsreeeeaeeeaaannes 3.
2 Sraight Path 5G ViSION......ccoiiiiiiiiiii ettt e e e s e e e 4
I Y =T G B B )Y =T £ 30 (0] T TP PUPPPR PP 5
4 Technology ENABIErs fOr 5G.......ccovveiiiiiiiiiiiiiiin e mnme e 8
4.1 MmWave Mobile Broadband TranSCEeIVELS...........uuuiiiiiiiiiiimmree e eeeeaes 11
4.1.1 F N Q1= oL E= U = |/ PP PUTPP P PPPRT 11
4.1.2  Printed CirCUIt BOAI.........ccoiiiiiiiiiiie ettt e e e e s smmme e 13
4.1.3  MFE QNA RFIC... ..ottt iiiceeeiie et e e nens s e e e e e e e e e s e nssse s annnsssseeeeaaaeens 13
4.1.4  RF Phase Shifting vs. LO Phase Shifting vs. IF Phase Shifting..................ccceeeueee. 14

4.2 MmWave & Massive MIMO' A Match Made in Heaven............ooocvvviiivieecieeieeee e 16
4.3  Small Cellsi Small Base Stations, NOT so Small FOOIPLnt............cevvvviviieeieeeieeeeenn. 18

R ST TR 1T ox (1] o 4 ISP 21
6 5G StaNdardiZatiQn............uueeeiiiieeiiice et rmme e e e e amne e aaaa e s 25
I O] 1o 11 ] o] o PR 28
Appendix Ai Examples of 39 GHz Mobile Network Link BudgetL...........cccuvviiiiiieeniieeeeeeiiiieee, 29



1 EXECUTIVE SUMMARY

In this white paper,wpr esent Str ai glebpsMabitith 6s 5G vi si on

We begin withour observations ofmacroinformation and communications technolodZT)
trends that are relevant &5, namely, the&eonvergence of the information technolaggustry andthe
communicatiosindustry,theinnovationthroughouthe economy spurred by the advancement in ICT, and
the making of theibiquitousbroadbandnfrastructure Together with globaliz&in, these macro trends are
powerful forces thaarereshang the ICT industryyet againand transforimg societiesand economies
worldwide.Amid these macro trends, we beliekie tnobile industry catfrive by focusing orthestrongest
andmost distinctive value proposition of 5G quantunieap in mobile broadband characterizedB@0x
capacity increase over 4G and Ghps user experience in a mobile environment.

Content, commerce, and mobilgernet of ThingslpT) areamongthe strongestnarket drives
for 5G mobile broadbandVhile content driveamobile traffic growth mobile commerce increases value
added Mobile IoT, with autonomous vehicles in particulatresents the greatest opportunities for 5G to be
a strongcatalyst of disruptiom nd t o f oster new ftkesmattphone.appl i cati on

The fundamental technologies that deadiGincludemmWave, massive MIMO, and small cells.
MmWave technologies maki¢ possible to utilize the vast amount wimWave spectrum for mobile
communcation; massive MIMO exteisdhe range and increasspectral efficiency in these frequencies by
employinga large number of antennas; small cell technologies praviéeneans to deploy a wide area
mobile network withalarge number of small cejlscalalle backhaulandproper interference coordination.
Collectively, these technologies enable 5G mobile broadbamamlVavespectrum with much larger
capacity, much higher data rate, and much denser deployment than 4G.

We alsodiscuss the spectrum bands f@,3aking into consideration the spectrum reefd5G,
andthe tradeoff between spectrum availability and technology feasilWigybelieve the prime spectrum
for 5G is between 24 GHz and 57 GHz from btik regulabry and technoloigal perspective. We
recommendhatthe industry prioritize bands in the 25.26 29.5 GHz and the 36 40.5 GHz frequency
blocks as primary targets to secure for 5G in WEC

As in previous generational evolutioos mobile communicationthereshouldbe dual tacks of
standardization effortsone for theongoingevolution of previous generation and the other for the new
generation. We recommettigiat the industrgontinue the 4G LTE evolution path under 6 GHz in parallel
with 5G standardization for mmWave mobile broadaban

The best way to predict the future is to make it happen. Ultimately, 5G is what the industry makes
it to be.5G represents the best opportunity in the next decade for the mobile communication industry to
succeedind contribute to the continuih@T revdution thatwill touch every human life and transform the
world. Along with industry partners and regulatory bodies, Stragih looks forward to contributing to
the success of 5@ith our extensive mmWave spectrum portfolio and strong 5G technicatieeper



2 STRAIGHT PATH 5G VISION

At Straight Path, 5@eangGbps Mobility.

ThelCT revolution isat aninflection pointwherewe will seeaccelerategroliferation ofICT in
every part of the economy and the worlthe next decadéosteringprofoundeconomic and social chargye
Severaltechnology and market forces are going to shape the ICT industrplaanédn important role in
this transfornation

First, the convergenas theinformation technology industry and the communication industry will
accelerate This trend has been exemplified by the seismic shitheiCT industry landscape since the
advent otheiPhone in 2007, whicturnedtheindustryfocus to mobile computing and reshuffled émdire
lineup ofmobile device manufacturers. As wmve beyond 4G@Gnobile computing will continue to be one
of the major growthdriversin ICT. Demand forlarger capacity anch betteruserexperienceén mobile
broadbandwill continue to grow, indicating opportunities for significant value creabgrenhancing
mobile broadband in 5@his trend has been observed by many indwestperts leading toaggressive 5G
performance targets including 1000x capacity increase over 4G and Gbps user experience.

Second,advancement in ICT will spunnovation in tke rest of the economyCT is a general
purpose technologyhat improve productivity across the entire econonitg. impactcan be seen by the
proliferation of applications and services built on @& platform such assoogle (advertisingAmazon
(retail), PayPal (payment), Priceline (travel), Airbnb (hospitality), Uber (t&%@) ,Despite the remarkable
innovationand growth irrecentdecades hie ICT industryonly accounts for less than 5% of GDP in most
pars of the world. As thedvancenent inICT is leveragedy the other 95% of the economy, we expect to
seefurtherdisruptions and significant value creati@md destructionin multiple industries This trend can
also be seen in theo-called Internet of Thingsin which computing andommunication are enabled in
more devicemndmachines due to the continudnsreasan capabilitycoupled with thedeclinein cost,
size, and power consumption BT technologiesThis proliferation of ICT technologiewill in turn
provide virtuous feedbackfor further technology advancement in ICT as more markets provide more
revenue, andewapplicationgequiredifferentperformancemetrics

Last but not least, broadbandl become one 0§ o ¢ i mdstjuddamentalnfrastructure. The
world hasdeveloped an insatiable appetite for connectedtesdothe success of Internet, difd Wide
Web, and mobile InternetA variety of communication, networking, and connectivity technologdiage
been developetb meet these demandheseinclude wired comunication and networking technologies
that provide the optical fiber and routers for the Intérnet b a dilkebamchcable connectisfor fixed
broadband access, and Ethernet cables for local area networks in buildings, offices, andteseaso
include asuite of wireless technologiesich as3G and 4Gcellular technologies fowide area mobile
broadband, WFi technologies fomdoor and hotspot connectivity, Bluetoddr low power,short range
connectivity etc More devices wilhavebuilt-in connectivityin the coming decades as ICT technadsg
continue toimprove and proliferateMost of these devices willltimately be connected to a single
converged, interconnected, and yet heterogenamasiband infrastructur&his broadband fnastructure
will be ubiquitous in nature dsroadbandecomes aecessity in lifeupon which many of the social and
economic activities reldustlike the power grid has higholtage and lowvoltage transmission lines, and
the transportation system hagliways and local streets, the broadband infrastruciuilie also be
heterogeneous in nature as devices choosedeectivitytechnology that best suitbeir applicatios.

IRichard G. Lipsey, Kenneth I . Carlaw, and Clifford
Technol ogies and Long Term Economic Growth, o Oxford
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Although we envision ainglebroadband infrastructuithat comects everythingof mostthings) we do
not believe a single communication technology @@mnshould)satisfythe communication need of every
devicei noteven 5G.In fact, manyenvisioned loTapplicationsderive the bulk of their valuthrough
innovative system integration and business modéis existingwired communication infrastructure and
wireless communicatiotechnologieswith ingenious network architectyrand power and form factor
optimization, caralreadysatisfymuch of the commuoation need of manyloT applications

The success oICT has also become the catalyst another important trend asur time i
globalization. As the world becomes increasingly connected, social and business interactions with
customers and business pants across thglobe can be almost as interactive and rich as-tadace
meetings. The value creatéy this global connectivityis enormous and has thus enabhedny new
businessethat in the past would not have been possiblebalization als@reates many opportunities and
challergesfor existing businesseassit bringsplayers from the whole world into the same aréda.one
hand the global market mwwithin reachandon t he ot her Idcamadketsdrondwaldisp any 6 s
now exposed taumerous competitors from all across the globe. dibddity of market globalizatiomlone
has caused significant chaisge thebusiness landscape in the global economy.

Although Straight Path would likBG to beassuccessful agossible we caution agast thevision
thatpredics 5G to bethefibe allandend alb solutionto every business opportunity theICT industryfor
next decadeThis vision distortsvhat 5G really is andlistract the industry from focusg onthe key
challenge®f 5G. Instead othrowing everything onto the 5G bandwagae would like to clearly define
5G as the next generation mobile broadblaeybnd 4G whichwe believes the mostvalue addegart of
the broadband infrastructure for the increasingly connected wotlteinext decaddt is apparent that
plenty of business opportunities exist outside this narrow definition of 5G. For example, a network
infrastructure vendor may expand horizontally by developing new equipment, software, and systems that
support a varigt of 1oT applicationsIt may expand vertically into managing and operating part of the
broadband infrastructurdt may provide solutions or even run servides certain verticals such as
monitoring oil fields, refineries, railways, etddowever, webelieve thesesfforts deserve their own
buzzwords. Putting them under tinabrellaof 5G will not do them justice, analill dilute the meaningful
discussion foboth5G and these business opportunitiggfocusingonthe mobile broadband positioning
for 5G, we believe the wireless industmll be able tocreate thgreatestaluein its 5G endeavay making
mobile broadband better, stronger, and more pervaangpotentiallyenablingnew disruptios thatcan
transformthe world

3 MARKET DRIVERS FOR 5G

The ICT industry has been one of the main drivers for productivity and GDP growth in the past
three decaded’ he advance# ICT have fundamentally changed how humgenerate, communicate,
access, analyze, and utilize information. Studiaslshown thaa flourishing ICT industry and a solid
information technology infrastructure not only benefit the ICT induatrgstimulategrowth within the
industry, but also benefit thentireeconomy. AccordingttheEur opean Commi ssi onds at
digital eonomyin2007, il CT contri buted nearly 50% of EU prod
Mobile communication, in particular, has been a strong driver of worldwide economic development.

2 hitp://europa.eu/rapid/presslease |IFD7-453 en.htm?locale=en
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AccordingtoGSMA, At he mobi |l e i ndu sctly)cpntripued ardund®8.6% adglobdl y and

gross domestic product (GDP) 2013, equivalent to ove2$ trillion. This figure is expected to increase
to 5.1% of gl obal GDP by 2020. 0

Going forward, mbile computingwill continue to bea strongmarket driver for 5G. As mobile
computing continues to grow in market penetration and the applications and services it can provide, there
will be greaterdemand for better, faster, and more pervasive mobile broadNanterous studiebave
prediced the &plosive growth ofmobiletraffic (e.g, Cisco VisualNetworkIndex and Ericsson Mobility
Report). For mobile broadband as a business, howeverntbstrelevantquestion is not the growth in
traffic, but the growth irrevenue The value proposition of abile broadband can bexpandedn the
following two ways:creating more valuin existing marked, andservingnew markes.

Existing Markets for Mobile Broadband

Among existing markets for mobile broadbanujltimediacontentis one ofthe strongesgrowth
drivers in the largestxisting marketi smartphong A variety of gplicationsand services have been
createdo enablesmartphonausers to better create and consumssic, radiophoto,and videocontent
Online streaming services such as Netiixd Pandora are aggressively expanding their offering onto
smartphonesNew services such as Snapchat and Instagram are inherentlg medtitic. New types of
contentincluding4K/8K video, 360 video,andVirtual Realityare emergingThese new types abntent
often providea better and more immersive user experieice require higher bandwidthan traditional
multimedia Moreover, @& mobile broadband becomes readily available, more services start torechbed
content Thetraffic growthdue tomultimediacontentincreases the value of mobile broadbamdnduses,
but alsodemand largercapacity and higher data rati® ensuregood user experienseln the end, this
translates intademand fora 5G mobile broadband networnkith significantly improved performance
metrics:largercapacity higherdata rags, andbetter coverage

Mobile commerceis anothemarketdriver that addssignificantvalueto mobile broadbandlhe
growth of mobile commerce comes frdaoth theexpansiorof existing eCommerce busirgs models onto
mobile platformsand from thecreation ofnew business models enabled by mobile broadtzxanples
of the formenarelnternet ompanies (Google, Amazon, etc.), whetpandrom online shopping to mobile
shoppingand from online advertising to mobile advertisiBgxamples of the latteénclude new business
models such as Uber and Lyfthichrely ontheexchang of customer8and driverdlocation information
in real time va mobile broadband he growth of mobile commerce correlatasth thegrowing impact of
ICT on other industriesand theemergence of broadband as a fundamental infrastructusodal and
economic activitiesAs more commercbecomegonducted online vienobile broadbandonnectionsthe
value of5G mobile broadband increaséote thatmany mobile commerce applications and services may
have different requirements in terms of mobile broadband provision. For example, mobile bankieg ser
may have stringent requiremsiain security while video streaming services require a lot of bandwitth
is crucial that te broadband infrastructure, including 5G mobile broadband, should be architected with
scalability and flexibilityso that apjfications and services with different capacity, data rate, coverage,
reliability, and security requiremestan be supportedithout overbearing complexity and cost

In short,in the existing market of mobile broadbaiod smartphone userspntent drivegraffic
growth while commerce increases value added. Both increase the value of a faster and more robust mobile

SGSMA, AThe Mobi | letp/Ewe.umsoampbilediodspnd

4 Cisco Visual Network Index, available fatp://www.cisco.com/c/en/us/solutions/servim@vider/visual
networkingindexvni/index.html

5 Ericsson Mobility Report, available attp://www.ericsson.com/mobilityeport
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broadbad network with larger capacity. Soroger the top (OTTapplications and services may be able

to create value disproportional to the required bandwalth, messaging servicggVeChat, What&pp,

etc.) The bulk of the valuereated by these servicedl beaccruednostlyto the servicethemselveand

lesssoto the network providerdn certain cases, some of the OTT services may even competth&vith
legacy businessof network providers. For example, many popular messaging services suppodhatice
features, which reduce the value of voice services fietwork operators. This, in our view, is yet another
reason why network operators need to aggressively grow the mobile broadband value proposition before
the revenue streamdim legacy services becosierelevant

New Markets for Mobile Broadband

Among potentialnew markes, mobile 0T presentghe most promisingopportunitiesto creae
value for 5G mobile broadbandanyof the loT opportunities that require fixed wireless access can already
be addressed by todayos tséMidhtn®d omgo/r ewi tthh eni walru e nghr
opportunities often lies idesign innovationsystem integratignand industryspecific expertise, not so
much on the broadband acce$herefore,although these I0T business opportunities may be great for
entrepeneurs system integratorsand niche market players with specific industry expertise do not
believe these opportunities can create signifieanhomic benefitfor mobile broadbandgroviders.

The core valugropositionof mobile broadbandles in its namesaké,e., the ability to provide
broadband connéeity in mobility environmens, as exemplified by the phenomenal success of
smartphong Going forward into the next decadse believeautonomousnobile device§ especially
autonomousehicles represent the single largest opportunity in mobile 10T that can fundamentally change
how we live our livesDriving a carrequires significant commitment frohumans and comes wittthe
high costof inevitablehuman errorSelf-driving and/or remotely agrolled carcan save peopleours of
commutetime every dayAutonomous vehicles can also liberpsople(e.g, kids or seniorsyvith no or
limited driving capabilitiesfrom confinementor dependencyAs world population ageghis value
propositionwill becomeparticularly attractive to a growing customer b&dereover, atonomousehicles
should notbe limited totransportingpeople For example, trucking and deliyeare big businesss that
could potentially be transformedby autonomous vehicles. In additiam,long list of retail and service
businesses can benefit from a loast unmanneghickup anddelivery service such agyrocery, food,
pharmacydry cleaningwaste management, ef@elivery by autonomous vehiclesay dsrupt the retail
industryyet againasit can enable traditional retail companies to leverage their large presence of brick and
mortar stores for quickulfillment, an advantage thagannot be matched by pure online retail operations.
5G mobile broadbanid a key enabler cdutonomousehicles By enablingsG mobile broadbanth and
from millions of autonomous vehiclethiese vehicles are constantlgpdatedwith the latest traffic, route,
and task informatiorAn autonomousehiclecan inform the contrtgr (possibly a cloud server, or a remote
driver, or both)of the vehiclés status andiriving conditionin real time Some information exchange
between the autonomous vehialedits controler areso critical thatheyrequire both high reliability and
low latency (e.g.driving directions from contradlr to vehicle), while others may requigesignificant
amount of bandwidth (e.g., video feed from vehicle to cortfjoA 5G system that can provide higheed
low-latency mobile broadband connectiazam add significant value to autonomous transportatowl
will be a key enabler for the mass adoption of autonomous vehicles

Technology trends and market foregi not only drive the demand for 5G mobile broadband, but
alsoreshape the industry landscaps.the industry matures, specialization and horizontalizatidhbe

5Christensen, Clayton M., and Michael E. Raynor, AThe |
Growth, o Harvard Business School Press, 2003

7



the main theme in thi€T ecosystem dynamicslowever,opportunitiesalsoexist for vertical integration,
especially in emerging loT business@&s onehand, technology trends and market forces provide ample
opportunities for ICT companies to grow and compete regardless of their current position in the ecosystem.
For examplenetwork operators, infrastructure vendasgdservice providersnay find themslees well
positioned to not only provelaccessequipment, or servicebut also to provideghe entire solution in

certain vertical marketsThis allows these playerso enter different parts of the ecosysténthey find
opportunities aligned with theoverall business strategyn the other hand, tHast pace of innovation

and rapidly changing industry dynamics constantly challenge conventional wisdom and threaten the very
existence of many traditional businesgeg, voice services)While the overlivalue of mobile broadband

will grow, the changes inndustry landscape will inevitably create winners and logérs. best winning
strategy for individual companies is to innovate and compete, which collectivelg thrnbest out of the

whole industryby creating a 5G ecosystem that achieves the egettchnology advancemehysiness
success, and economic and social impact.

4 TECHNOLOGY ENABLERS FOR 5G

The industry has right set aggressive targets for 5&bpsmability and 1000x capacity increase
over 4G1 becauseary incremental improvement over 4G would not justify the significant capital
expendituremeeded tmverhaul the existing mobile broadband network, nor would it be able to meet the
mobile traffic growthor create nevbusiness possibilities to expand the ecosystem

As the lower frequency bands beamiopngested, it is very difficult to secure the amount of
spectrum needed for 5G in these batodsieet the capacity and data rate tardeen ifalimited amount
of spectrum can be made available at these frequencies, the cost of the spectrum is going to be so
prohibitively high that it will hinder the economics of a successful mass market adoptiorFair®s3ample,
in the recent AWS3 spectrum auon in the U.S.pperatorpaid nearly $45 billion for 65 MHz of spectrum
around1.7/2.1 GHz.” In contrast millimeter wave bands anmuch less congesteghd can potentially
provide themulti-gigahertzspectrunrequired by5G atamuch lowercost In recent years, there have been
promising developmerg of 5G technologies, including Millimetavave Mobile Broadbarfy massive
MIMO?, and small celtechnologie¥. Millimeter-wave Mobile Broadbanthakesit possible to utilize the
vast amount of millimetewave spectrum for mobile communication; massive MIMO technologies extend
the range and increase spectral efficiency in these frequencies by empltaiigg number of antennas;
small cell technologiegrovide means to deploy a wide area mobile network afiinge number of small
cells that can provide good coverage with scalable backhaul and proper interference coordination.
Collectively, these technologies enable 5G mobile broadband in milliwatex spectrum with much
larger capacity, much higher data sa@nd much denser deployment than 4G.

7 http://www.fiercewireless.com/story/itsverfccs-aws 3-spectrumauctionendsrecord449b-bids/201501-29

8 Zhouyue Pi; Khan, F., "An introduction to millimetefave mobile broadband systems," Communications
Magazine, IEEE , vo0l.49, no.6, pp.10107, June 2011

9 Marzetta, T.L., "Noncooperative Cellular Wireless with Unlimited NumbersasgBStation Antennas," Wireless
Communications, IEEE Transactions on , vol.9, no.11, pp.B58D0, November 2010

0 Bhushan, N.; Junyi Li; Malladi, D.; Gilmore, R.; Brenner, D.; Damnjanovic, A.; Sukhavasi, R.; Patel, C.;
Geirhofer, S., "Network densifidan: the dominant theme for wireless evolution into 5G," Communications
Magazine, IEEE , vol.52, no.2, pp.8389, February 2014
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There are three primary factdrathave made millimeter wave bands attractive for 5G.

First, the sophisticated antenna arrays required for 5G are bestyed higher banddn 2011,
aMillimeter-wave Mobile Broadban@MB) systemwas shown to achiewalink budget sufficient for 4
km distancein a mobie environmentat 28 GHz and 72 GHhy utilizing large number of antennds
Practical designs of antea arraysvith compact form factdior MMB were alsademonstrated? The same
results could not be achieved in lower bands because the larger antennas required in lower bands would
make the use of antenna arrayith hundreds of antenna elememtgeasible.In 20127 2014, a series of
channel measurement campaigns were conducted for millimeter wave frequencies in outdoor cellular
environments for 28 GHz, 38 GHz60 GHz, and 73 GHZ In these papers, the authors fotinalt with
transmitter and keiver antenna beamforming, less than 20% of the transimtteiver links within 200
meters are in outage, and the outage locations can be easily predictegpgdfte planning. Around the
same timeframe, many papers were also published to adilyeak @ocessing and system aspects of a
mmWave massive MIMO system with practical system designs and transceiver algorithms that can
efficiently utilize the transmitter and receiver antenna arrays to significantly improve signal noise ratio
(SNR) and thraghput. These activities have laid a strong foundation for millimeter wave 5Gbistim
communication theory and system research perspective.

Second, device technology has progressed sufficiently to support the commercial production of
base statiom and mobile devicesin mmWavebands. In the past, the available devicesnimmWave
frequenciesvereeither too bulkyfoo expensive, otoo inefficientto be used for commercial base stations
or mobile devices. The advances of Gallium Arsenide (GaAs) and Irfelnosphide (InP) Higlelectron
mobility Transistor (HEMT) and Heterojunction Bipolar Transistor (HBT) devices made it possible for
solid state power amplifiers to transmit a few Watts of power with power added efficiency around 20% at
mmWavefrequencie®. These devices are monolithic and can be assembled inghigtimodules and
surface mount packages, which allows the wihateWavetransceiver to be integrated on a single printed
circuit board, enablingimWavebase station and mobile station transceivetsetonasgproduced at low
cost. The recent interegt 60 GHz further accelerated the development of hightggrated lowcost
mmWavecircuits. Standardompliant WiGig/11ad transceivers at 60 GHz are already fully integrated into
a single CMOS radio freguncy integrated circuit (RFI&) Phased array RFICs for up to 16 channels have

11 Zhouyue Pi; Khan, F., "An introduction to millimeterave mobile broadband systems," Communications
Magazine, IEEE , vol.490.6, pp.101 107, June 2011

2 Rajagopal, S.; AbBurra, S.; Zhouyue Pi; Khan, F., "Antenna Array Design for Malips mmWave Mobile
Broadband Communication," Global Telecommunications Conference (GLOBECOM 2011), 2011 HRHBecS5

2011

B Rappaport, TS.; BenDor, E.; Murdock, J.N.; Yijun Qiao, "38 GHz and 60 GHz arggpendent propagation for
cellular & peerto-peer wireless communications,” Communications (ICC), 2012 IEEE International Conference on ,
vol., no., pp.4568,4573, 106 June 2012

14 Nie, Shuai; MacCartney, George R.; Sun, Shu; Rappaport, Theodore S., "28 GHz and 73 GHz signal outage study
for millimeter wave cellular and backhaul communications,” Communications (ICC), 2014 IEEE International
Conference on , pp.4856,4861-10 June 2014

15 Hadziabdic, Dzenan; Krozer, Viktor, "Power Amplifier Technology at Microwave and Millim&fave

Frequencies: an Overview," Microwave Conference (GeMIC), 2008 German , pp-18M#rch 2008

16 Tsukizawa, T.; Shirakata\.; Morita, T.; Tanaka, K.; Sato, J.; Morishita, Y.; Kanemaru, M.; Kitamura, R.; Shima,
T.; Nakatani, T.; Miyanaga, K.; Urushihara, T.; Yoshikawa, H.; Sakamoto, T.; Motozuka, H.; Shirakawa, Y.;
Yosoku, N.; Yamamoto, A; Shiozaki, R.; Saito, N., "A fullyeégrated 60GHz CMOS transceiver chipset based on
WiGig/IEEE802.11ad with buiin self calibration for mobile applications," Sol@tate Circuits Conference Digest

of Technical Papers (ISSCC), 2013 IEEE International , pp.230,2321 Féb. 2013
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also been successfully implemented in CMOS and SiGe processes for tranSmittereceivers for a

wide range ofnmWavefrequencies. These circuit technology advances allow miniature devices to drive
sophisticated antenna arrays wattarge number of antenna elements and RF transceiver chains, enabling
massive MIMO transmission and reception at both the base stationohild station.

Third, Analog to Digital Converters (ADCs) habeendeveloped in a manner that will now support
Gbps mobile communicationTo delivera multi-Gbps experience 5G, multiple channels of Analet-
Digital Converters (ADCs) witla samplingrateof a few hundred MHz to a few GHz are needed. Just a
few years ago, these ADCs would consume a few Watts of power, making Gbps communication impractical
for mobile devices. The statd-the-art ADCs today with GHz sampling ratand up to &it resoldion
can be achieved with a few milliwat®f power consumption. On the digital circuits, the latest mobile
application processors integrate multiple caedcellular & Wi-Fi modems on a single chip with more
than 1 billion transistors, achieving thersalevel of complexity as the most advanced personal computer
CPUs just a few years ago, but with a size and power budget manageable on a smartphone. With the ever
increasing demand of higher speed and wider bandwidth for mobile communication, we etina@sion
performance of these circuits will be at least another order of magnitude better when 5G hits the market.

Since Millimeterwave Mobile Broadbartfiwas proposed in 201iany major industry players
have announced progress in millimeter wave technologies for 5G. In March 2013, DoCoMo announced 10
Gbps uplink transmissiom the 11 GHz barid; in May 2013, Samsung announced 1 Gbps downlink
transmissionn the 28 GHz bartg, in July 2014, Ericssomnnouncedemonstrabn of 5 Gbps transmission
in the 15 GHz barfd, in October2014, Samsung again demonstratethe 28 GHzband with 7.5 Gbps
transmission in a stationary environment and 1.2 Gbps transmission with a vehicle travelieg 200
kmph?24In the meantime, leading researchers in the industry and academia are also pushing the technology
envelo by developing fundamental technologies and engineering ¥maws crucal to the success of
mmWave5G systems.

In the est of this setion, we share some insight inlareefundamental technologies thditelp
enable5G mobile broadband immWave spectrum, namely, mmWave mobile broadband transceivers
mmWavemassive MIMO, and small cells.

7 Kwang-Jin Koh; May, J.W.; Rebeiz, G.M., "A Millimetavave (4045 GHz) 16Element Phasedrray
Transmitter in 0.18um SiGe BiCMOS Technology," Soliitate Circuits, IEEE Journal of , vol.44, no.5,
pp.1498,1509, May 2009

18 Natarajan, A; Reynolds, S.K.; MiADa Tsai; Nicolson, S.T.; Zhan,-B.C.; Dong Gun Kam; Duixian Liu; Huang,
Y.-L.O.; ValdesGarcia, A; Floyd, B.A, "A Fullyintegrated 1&lement PhaseArray Receiver in SiGe BiCMOS
for 60-GHz Communications," Soliétate Circuits, IEEE Journal of , vol.46, Bopp.1059,1075, May 2011

B Kull, L.; Toifl, T.; Schmatz, M.; Francese, P.A; Menolfi, C.; Brandli, M.; Kossel, M.; Morf, T.; Andersen, T.M.;
Leblebici, Y., "A 3.1 mW 8b 1.2 GS/s Singlghannel Asynchronous SAR ADC With Alternate Comparators for
Enhanced Sged in 32 nm Digital SOl CMOS," Soligitate Circuits, IEEE Journal of , vol.48, no.12, pp. 3049
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4.1 MMWAVE MOBILE BROADBAND TRANSCEIVERS

Just like ittook a superheterodyrteansceiver to make FM radio a realiyit takes an innovative
mmWave transceiver toaccomplish the quantum leap from stiiGHz for 1/2/3/4 G to mmWave
frequencies for 5GT'he mmWave transceiver for 5G incleddew key componest antenna arrayprinted
circuit board (PCB)mmWavefront end(MFE) andRFIC. The antenna array is the device that can radiate
and capture mmWave signals over the air. By judiciously settingrimitudeand phase of the signals
among antenna elementbe antenna array can selectively ampliynWave signa in certain spaal
directions while suppressirigemin othes. The MFE includes the power amplifier (PA) for transmitting
mmWave signals, the low noise amplifier (LNA) for receiving mmWaignals, and the transmitter
receiver switch (1R switch) thatconnectghe antenna arrayith the PA (or theLNA) in transmitting (or
receiving) timeslots. Note that we assume a TDD system for 5G for a number of reasons that we have
explained in our coment®to the 5G NOI bythe FCC.The RFIC is the device that conwettte signals
from mmWave frequencie® baseband and vice versa. In 5G transceivers where RFICs need to drive
antenna arrays, the RFIC has an additional function of beamformioifpdnwords, the RFIGs the device
that se$ the amplitude andphase of signalamong antenna elements, thereby achieving beamforming
towards certain spatial directions.

4.1.1 Antenna Array

The current applications of mmWave frequencies include {p@ipbint, pointto-multi-point, and
satellite communications. These systems all use some form efjaiglantennas to overcome the limited
PA outputpower in these frequencies. For example, the goipbint microwave and mmWave links often
useadish antenna with gain up to #®0 dB. These dish antennas are large and heavy, making it impossible
to use inmobile devices, especially handsdter successful commercialization of 5G, the antenna array
for both base stations and mobile statioesd to be lowcost, lowprofile, and highly efficientWe discuss
a few popular choicesf mmWave antenndesigrs as follows:

1 Hornantennd This is a choice under consideration because horn antennas have been used in past
systems at mmWave frequenciesg( pointto-multi-point systems in LMDS). However,endo
not favor horn antenna for a few reasons. First, they are expensive to manufacture. The
complicated waveguide structure often requires precision molding and milling, which cannot be
manufactured claply and has limited scalability to mass production. Secondly, the launch or feed
network to these arrays nexsah array of waveguide connectors, which are also expensive and
bulky. While performance of these arrays could be good, we expect these atvaysrtiers of
magnitude more expensive than other solutibastly, in order to achieve beamforming, an array
of horn antennas would be needed, whighuld likely be too big to be suitable for 5G devices
(including base stations).

1 Antenna array orprinted circuit board PCB) i This is our currenpreferreddesign choice,
especially on the base station side. Patch antenna arrays on PCB can be easily manufactured at low
cost. They are essentially copper patches on the top metal layer of the PCB. Notertet fior
the antenna array and the feed network to have good efficiency, the material and thickness of the

25 https://enwikipedia.org/wiki/Edwin_Howard _Armstrong
26 Straight Path comment to FCC 5G NOI, availabletat://apps.fcc.gov/ecfs/document/view?id=60001013744

11


https://en.wikipedia.org/wiki/Edwin_Howard_Armstrong
http://apps.fcc.gov/ecfs/document/view?id=60001013744

top metal layer and the substrates underneath need to be carefully*tlrasezxample, een with

the best PCB materials, the loss expected on B@Bout 1 dB per inch for 39 GHz. THisnits

how long the feed lines can bessuning we would like to limit the feed loss ®dBfrom thePA
output to the antennghe feed line can be at most 2 inches long (~5 cm). Assuming a86&td
efficiency for the patch antenna elemaitpgetherthat is alreadya 3-dB loss of thePA output
power. In other words, onl%0% of the output power of the PAs is actualigiatedover the air.
That 6s a pGepeeratlyPPAstoi frgnt éndedsilés) arglaced around the antenna array

if they are on the same side of the PTBe limit on the feed line length will in turn limit the size

of the antenna array to around 5 ~ 10 cm in each dimerdiieffectively limits the maximum
number of elerantsper array tseverahundred. As a rule of thumb, @recommend the maximum
antenna array size to be more than 256 (16x1&)r the antenna arraynd®CB approach. If larger
arraysare neededye can always tile up multiple antenna arrays in the sso®r, andely on
digital MIMO processindgo achieve the extideamforminggain needed

Antenna array in package In this approach, antennas are embedded on the package that
encapsulate the MFEhip or multichip-module (and possibly the RFIC as welln order to
achieve high efficiency and low loss, the package is typically made of ceramics or liquid crystal
polymer (LCP). In order to achieve good interconnection betweell##RFIC pinoutandthe
antenna, theVIFE/RFIC is often flipchip attached tdahe bottom of the package in which the
antenna array is integraf@din comparison with patch antenna array on PCB, this design is much
more compact and has the potential to significantly reduce the overall form fattetmainsceiver

This approach iparticulaly interesting for 5G mobile stations where real estate is at a premium
while output power requiremes#nd thermal challengarelower thanthose of5G base statian

Note his approach requires careful-design of theMFE/RFIC and the packagConsiderations

and requirements derived from the overall device design (size, shape, location, orightatiaed
considerationetc) shouldbe taken into accouias well

Antenna array on chip So far his optiondoes notppear to be a goatésignchoicefor 5G due

to the poor antenna efficien@n silicon substratat mmWave frequencie8ecause of the low
resistivity and high relative permittivity of the silicon substratechip antennsaoften result in

low efficiency and low gainWe believe the mmWave frequencies most suitable for 5G are below
40 GHz (more on that later). For frequencid® GHz the antenna elements are still fairly sizeable
in comparison with the die sizManufacturing antenna elements on chip would greatlyease

the die size and cost, especially for large antenna akfayigtions of this approach such as antenna
arraysin superstrate on top of the die could solve the antenna efficiency issue but magustill re
in large die size and increase ttest of tle chip. Moreover, the benefit of this approach does not
seem to be clear in comparison with the antenna array in package approach.

In summary, antenna array on PCB and antenna array in package are two good solutions for 5G antenna

arrays, with antenna agran PCB the preferred approach for 5G base stations, and antenna array in package

the preferred approach for 5G mobile stations (and possibiptaver 5G base stations).

2’JohnCoonrod AiChoosing circuit materials for millimeter

https://www.rogerscorp.com/documents/26 todéarticles/Choosin€ircuit-Materialsfor-Millimeter-Wave
Applications.pdf

28 Dong Gun Kam; Duixian Liu; Natarajan, A.; Reynolds, S.; Floyd, B.A., "lamst antenn@n-package solutions
for 60-GHz phasedhrray systems," Electrical Performance of Electtdackaging and Systems (EPEPS), 2010
IEEE 19th Conference on, pp.93,96;250Oct. 2010
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4.1.2 Printed Circuit Board

High frequencycircuit materials such as RO3000 or RO4Q&0es should be used as the RF
substrateThese materials are ceranfiibled PTFE composites that offer excellent electrical and mechanical
properties suitable for multayer PCB for high frequency applicatiorfsor example, te RO3003or
RO3203substrate aabe used at relatively high frequencies because of its low dielectric loss (dielectric
constant around 3.0). With a Coefficient of Thermal Expansion (CTE) matichbkdt of copper and FR4
in the XY plane, RO3000/FR4 hybrid constructions can be fabdcatéably, leading to a low cost
construction of PCB that can support frequency usOt&HZ®. The thickness of the top metal layer and
the RF substrate should be carefully chosen to optimize the patch antenna array efficiency (asstming pa
antenna arraon PCB. The routing of high frequency signals should stay on the top metal lageoitb
lossy transitiorto and from the inndayers Even so, the loss for the best high frequency material available
is still around 1 dB per inch for 39 GHz. This nvatiesa compact design wittmall PCB sizeln addition,
to reducefeedloss, theMFE/RFIC should beplacedclose to the antenna array. This motivates a right
choice of the levebf integration foithe MFE/RFIC.

4.1.3 MFE and RFIC

There are3 main functions of the transceiver chain: signal amplification, frequency conversion,
and analog beamforming. The signal amplification is done b Ah@n the transmitter side) and thHA
(on the receiver side). The frequency conversion is done byikee. rRorsuperheterodynransceivers,
the frequency conversion &complishedn two stages RF mixing and IF mixing (I/Q modulatiod
demodulation). In directonversion transceivers, the frequency conversion and/@enbdulation is
combined into oe stepj.e., the signal is converted directly between the RF frequencies and the baseband
I/Q signals. Analog beamforming can be done eitharRF beamforming, or IF beamforming, or LO
beamforming We will discuss the pros and cons of each scheme later.

An appropriate integration level should be selectethieMFE andRFIC. On one handhere are
strong reasons why we should integrasenanycomponents into a singMFE IC or RFIC as possible
The cost can be gréatreduced The PCBcan be smallemore robust, and less prone to manufacturing
error. The performance can be improved becansegrationreduces the interconném betweeniCs,
which can be lossy fanmWave frequencie©n the other handhere are reasons why distributing active
deviceson multiple locations on the PCB also has melriterder to achieve good coveragajltiple watts
of output power is requireat 5G base stationghich means a few tens (if not hundreds) of watts of heat
that needs to be dissipated. For the same anajumtat, distributed heat sources make thermal design
easier, which translates into mechanical design benefits (less heat sink, no fan, smaller and lighter units,
etc.).Moreover, b minimize loss of power, tHdFE should be placed as close to the antexlaments as
possible. If theMFE for all antenna elementgereintegrated into a singlehip, it will result in long feed
lines between th&FE IC pinouts andat leastsome antenna elements, causimgslof output powerofy
Tx) or degradation osignalquality (on Rx). Another issue of having too much integration ii&k 1C
is routing congestion. Since the signals betweerMRE IC and the antenna elements are at mmWave
frequencies, the interconnection between them must be routed on the top metal daed vias to and
from the innemetallayers that can cause significant loss. Having a large number of input or outputs at
mmWave frequencies on a singf#-E IC makes the routing angblanning of the whole PCB very difficult.

®John Coonrod, AChoosing circuit material for milli met e
https://www.rogerscorp.com/documents/2610/acm/articles/Cho@dncgit-Materialsfor-Millimeter-Wave

Applications.pdf
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As a rule of thumbdr artenna arragon PCB, theMFE IC should integrate noore than 8 transceiver
chains. Note this guideline should be revidifeantenna arrays are eithar package or on chip, although
the same set of tradeoffs still apply.

There are two parameters defigithe level of integration for MFE ICs and RFICs: integration
breadth and integration depth. By integration breadth we mean how many parallel chaiviets|&nor
RFIC integrates. By integration depth we mean how many steps along the transceiver btteni&nor
RFIC integratesA few guidelines drive our desigrecommendationsFirst of all, as we mentioned
previously, theMFE ICsshould beplacedas close to antenna elements as possible. Secondly, we would
like to minimize the routes and interconnentiothat mmWave signak travel. Table 1 shows our
recommendatiofor the integration breadth and depth figrical MFE ICs and RFIG.

Tablel. Recommended integration breadth and depth for MFE IC and RFIC

MFE IC RFIC
Integration depth | PA, LNA, TR | RF gain blocks, RF phase shifters,
switch switch, RF combiner/splitter, RF mixer|

Integration breadth| 21 8 channels | 21 8 channels

It is certainly possible to integrate the RFIC andNtieE IC. The result will be greater integration depth

from the antenna poaitl the wayto IF or basebandn orderto maintain close proximity of tHdFE to the

antenna element#e integation breadth must be limited this caseand thusmultiple MFE/RFICs are

needed to drive the antenna array. ThedBebangborts of the multipleVIFE/RFICs can be connected to

another frequency conversion stage or directly to baseband. From baseband modem standjigitat, the

MIMO processing is very much likbe 4G LTE system with multiple MIMO channel$he number of

parallel IF/baseband channelsosld beno morethan 16.The practicalbenefit of more than 16 digital

streams idimited at besbecause the number of users requesting simultaneous transmissions tend to be low

i n small cell s, and anly bave auceuple @f slomamthpathsnf@ ImmWagen d s t o
frequencies.

4.1.4 RF Phase Shifting vs. LO Phase Shifting vs. IF Phase Shifting

The biggest benefit of Rphase shiftings that the RF signals from multiple antenna elements can
be combined before going into the RF mixer. This architeatguires a smaller number of RF mixers than
the number of RF channels in the front end. For LO phase shifting and IF phase shifting, the number of RF
mixers required is the same as the number of RF ¢haiimethe combining can only be done afieF
mixing. The benefit of LO phase shifting, however, is pgiease shifis frequency agnostic. It is often
difficult to build agood phase shifter with flat response across a wide bandwidth in all phase shifting states.
LO phase shifting bypassthis problemby applying the phase change to the LO frequency, thereby
achieving the same phase for the whole signal bandwidtta $@rsystem with hundreds of megahertz or
even gigahertz of bandwidth, the frequency flatness of phase shifting can be better acleébhed RF
phase shifting or LO phase shiftinghile this is consideralgl more challenging for IF phase shifting
because the percentage bandwidth is so much lartfer

If LO or IF phase shifting is used, thareeds to benultiple RF mixers for RF channels thail
eventually be combined during analog beamformiaigzat care must be exercised in the clock generation
and distribution for the multipl®F mixers used in the phased array transceilrergeneral, a single
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reference clock should be used to derive the multiple LO signals for RF mixied1.O signals for multiple

RF channelshat are combined fa a single IF or baseband streahouldbe synchronized in phasand

thus should come from a single frequency syn#iees{PLL). Note that lhe LO output from different
frequency synthesizers cannot guarantee phase synchronizatem if these PLLs share the same
reference clockThis is because for each phase of the reference clock that is running at a much lower
frequency, there can be multiple phases of the V@ partwithin the PLL that generates the IS@na)

that can reach the steady state of the phase lock loop. In other words, multiple PLLs can achieve phase
locking to the reference clock at the referenceguemcy, but the phases of these PLLs can actually be
different.Using LO derived from multiple PLLs for mixing multiple RF channels that are combined during
analog beamforming leads to unpredictable phase incoherence that destroys the analog beamiiorming ga
and results in random beamforming pattern. This design flaw can be fatal for the phased array receiver as
there is no way to recover the beamforming gain once incoherent signals are comlutiezt.words, any

RF channels that are combined in the agalomain must use the same frequency synthesizer to derive
their LO for frequency conversion.

However, there are advantages in using multiple frequency synthesizers. For example, it can
shorten the routes from a frequency synthesizer to the RF mixerévéss, thus reducing loss and
maintainng good phase noise of the LOId1OK to use different frequency synthesizers for different digital
baseband signals as long @®perreference signals are provided. Digital signals that are frequency
converted ugag different frequency synthesizers must use separate reference sigrsaiimate the channel
coefficients whichembedhe phases of the frequency synthesizers at both the transmitter and the receiver.

This issue of the PLL phasgnchronizatioralso has important implicatisin RFIC integration.
It is often tempting to integrate PLL together with the RF mixer so that onirémuency reference clock
needs to be routed on the board. However, based on the analysis above, this also meassghat an
beamforming cannot be applied between an RFIC aitimtegrated PLL and another RFIC wihother
integrated PLL. This limitation must be carefully evaluated at the system level to make sure this does not
fundamentally limit the intended beamformiswigd MIMO operationg=romthemobile station perspective,
this limitation maynotbe an issue as there are relatively fewer antenna elements and RF kchamdgr
to mitigate antenndalockingdetuning due to human bodynd to capturglominantpathsin a scattered
environmentamobile station should have a few antennaauhys that are distributedthin the device,
with each antenna stdiray havinga small number of antenna elements. For example, one possible
configuration is to have 4 antenna sanmys with each suhbrray consisting of 4 antenna elements. Each
antenna suarray can be driven by achannel RFIC with integrated mixer and PLL. Analog beamforming
is achievedwithin each RFIC while digital MIMO processirgan beappliedacrossmultiple RFICs. In
base statios) however,it is a bit tricker because the antenna asayetypically larger. So, whether to
integrate a PLL in an RFIC depends on whether analog beamforming is desired acrossRiuEipIEor
anantenna subarray that ne¢d achieve analog beamformifg all of its antenna elementa single PLL
should be used to derive the liynal for all theRFICs usedo drive the antenna subarrdfymultiple
RFICs are usedhesinglePLL is then preferablputside of the RFIE In the case when a single RFIC is
used, the PLL can be integrated into the RFIC.

Note RF phase shifting doewt have thisPLL phasesynchronizationissue because analog
beamforming is done in RF domain. There is only one RF mixer for the multiple RF chgoimgl through
the same analog beamformer. This is yet another advantage of RF phase shifting.
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4.2 MMWAVE & MAssIVE MIMO 7 A MATCH MADE IN HEAVEN

Significant synergies exist between mmWave frequencies and massive MIMO techniltgjies.
mmWavemakes massive MIMO practical, massive MIMO makes mmWave viabladbile broadband

On one hand, mmWave 5G systems have to rely on antenna arrays and analog beamforming to
achieve the desiretkll radius ofL00 mi 1 kmfor wide area coverag@&he linkbudget that 5G system
needs toachievesuch a cell radius in an urban environment is aroundi1480 dB. At mmWave
frequencies,his can only be achieved withrge number ofntenna (and massive MIMO processingh
both the base station and the molsilation.On the other hand, massive MIMO needs a large number of
antennado work which is only feasible in practice when the carrier frequency is high and the antenna
elements are small. Goingto mmWave frequencies maké possible to have hundred$ antenna
elements at the base station and a few tens of antenna elements at the mobile station within the same or
smaller form factor as the base stations and mobile stations we haveRoda&yample, at 39 GHz, a
16x16 patchantenna arrayill only have dimension around 60 mm x 60 mmhich can be easily
accommodated in a base station or access point form feectmmparison, a 16x16 patch antenna array at
3 GHz would have a size around 800 mm x 800 making the antenna arragry difficult to manuécture
and install.

Massive atenna arrays providie ability to exploit the spatial domain in much finer granularity
t han what 6s legaoyselulamsyseemsA few rmuliile antenndaechnologiesalreadyexistto
unleastthe power omassiveantenna array The first technology is beamforming, by which the transmitter
and receiver can find and track the most advantaggmatialdirectiors to transmit and receive signals.
One form of this technology has been implemented in the WiGig/11adbstanvhich is proven effective
in shortrange ith footprint similar asor smaller thanVi-Fi hotspot} and lowmobility (stationaryto
pedestrian speednvironment However, 5G will require a new design supportbeamforming in a
mobility environmentwith much larger coverag&he second technology is MIMO. While beamforming
can enable the transmitter and receiver to transmit and receive along the most advantageous path thus
increasing signal and reducing interferenddO providesthe ability totransmit and redee multiple
spatial streams, whiahnultiply thethroughput (and thus spectral efficiendglivered in the same piece of
spectrum.

MIMO technology has been well reseagdland deployed in mobile communication systems since
its inception®*® There are two main challenges that makes the extension of MIMO technology to massive
antenna arrays not as straightforwasdwe would like. First, the MIMO technology developed in the past
2 decades for mobile communication largely focused on sophestigaocessing of multiple streams of
digitized signals This is manageable for 2, or 4, or 8 streams with each stream omhg 28 i 100
megahertz of bandwidtlas in the case of LTE or LFEdvanced. However,a complete digitization of
received signalrom all antenna elements for 5G is not practical with the circuit technology tAdan
examplefor a moderate base station configuration of 64 antenna elements, converting all received signals
to baseband would require 64 complete transceiver ctieons mmWave frequencieso baseband.
Secondly to digitize all received signals, 64 ADC would be required. Since we envision 5G system
bandwidthwill be around 100 megahertz to 1 gigahertz, each ADC would need to operate-gfigallértz
sampling rateT herefore a bruteforce implementation ainall-digital transceiver would have 64 complete
mmWavetransceiver chaingnd 64ADCs operating at muHlgigahertz sampling rat@his design while

30 Gerard. J. Foschini and Michael. J. Gans, "On limits of wirelessmunications in a fading environment when
using multiple antennas," Wireless Personal Communications, vol. 6, no. 3, pp33,11998
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not technologically impossible, would push the complexity and cost of devices so high that will severely
limit the market and commercial succes$6f

RF Transmitter

Baseband RF Receiver Baseband

MIMO = e MIMO MIMO TX MIMO
Detector = 1.3 Spatial Precoder Streams
P ~ 4" Channel

Rx MIMO
Streams

Tx Beamformer
Rx Beamformer

Figurel. Analog & Digital Array Processing Technique (ADAPT)

The solution @ this problem lies in the harmonious combination of digital MIMO processing with
analog beamformingwhich we callAnalog & Digital Array Processingrechnique (ADAPT) This is
achieved by partitioning the antenna array into multiple subarrays, with aredogforming within each
subarray and digital MIMO processing across subarrags illustrated inFigure 1. The analog
beamforming stage can be udedalign the transmitter and receiver beams towards the dominant spatial
paths, while the digital MIMO processing can further resolve the channel and egttimiransmission
and receiving MIMO strategy based on the effective MIMO channel as a redudt gfpatial channel and
the analog beamformin§ome of the early ark has showtthe asymptotic optimality of this approach as
the number of antenna elements approach infiiityevertheless,he ADAPT approach loses some
flexibility in MIMO processing comared with the aitigital MIMO processingWithin each antenna
subarray,tiere is no flexibility in applying different beamforming to different frequencies withigytstem
bandwidth On the other handhe benefit of analog beamforming is that the resgtisignal from multiple
antennas are combined into one ind@halogbeamforming process, reducing the number of streams to be
digitized and processed in the basebémdddition, analog beamforming also reduces the reference signal
overheady reducing he number of digital MIMO streanieecause each digital MIMO stream requires its
own reference signafer the receiver t@stimate the channel.

In a typical cellular system, radio waves travel along a few dominant spatial directions between the
transmitterand the receiver. This is particularly the casenfionWaves, whose propagation characteristics
is more specular than lower frequisc In5G systems, base stations are typically installed on locations
with good clearance to achieve good coverage. As a rdsellhase station can concentrate transmission
power to a specific direction when transmitting to a mobile staHomever this is oftennot the case at
the mobile station. Mobile stations are often surrounded by many objects, such as buildings, walls, trees,
pedestrians, vehicles, efthe radio waveto and from these mobile stations are often dispersed and exhibit
much weaker spatial ooentration than that at the proximity of base stations. As a result, there is less spatial
gain to be had at mobile stations. This observation suggests that we should have higher gain (and thus
larger) antenna arrays at the base station than thosemadltile station, whichvorks out nicely for 5G as
it matches with the fact that general there is space fopreantenna elements at the base station tfen
at the mobile station.

The spatial characteristics of a channel, such as angles of arriva$)(And angles of departure
(AoDs), typically are dictated by treurroundingenvironmenthat changesslowly (on the order of 10 ~
100ms) Forexample, a vehicle moving at 120 kmph (75 mph) will take 30 ms to move about 1 meter, at

31El Ayach, O.; Rajagopal, S.; ABBurra, S.; Zhouyue Pi; Heath, R.W., "Spatially Sparse Precoding in Millimeter
Wave MMO Systems," Wireless Communications, IEEE Transactions on , vol.13, no.3, pl3#39March 2014
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which point a change ¢dng-term channel characteristioight occur,e.g, the vehiclenaymove into the
shadow of a building. This kind of lotgrm fading can be well tracked and adapted using analog
beamforming. The sheterm fading of the channel oceumuch faster, typilly on the order of half of the
wavelength of the carrier frequency. For a 39 GHz system, the channel can experience significant variation
of channel coefficients if the vehicle moves half of the wavelength, which is about 3.75 mm. For a vehicle
moving at1l20 kmph, that only takes about 106. irortunately, we can design the 5G system to adapt digital
MIMO processing at that rate. Note this is also why the time slot duration in mmWasgstens needs

to be around 100su With adaptation at this ra@ndthe flexibility of digital processing, channel sensitive
scheduling and MIMO adaptation can be achieved to exploit the chizclirad in time, frequency, and

space.

Coincidentally, he 2stage ADAPT with analog beamforming and digital MIMO processing
matchesrery wellwith the longterm fading and sheterm fadingnatureof the spatial channéelrhe analog
beamformers can be used to track the {@mig fading inAoDs and AoAsSince these changes are slow,
the analog beamformers for a mobile statioly @hanges on the order of 10 ~ 1®88. From 5G system
perspective,the adaptation of analog beamformers shoptidferably be impementedvia mobility
management mechanisites ensure relialiity. The digital MIMO processing can be used to maximize
spectralefficiency by transmitting and receiving multiple MIMO streams on the effective spatialathann
formed by analog beamforminiyote the channel coefficients changeg to shorterm fading can be fast
(with a time constant on the order of 10€). The trasmitter needs to transnstfficient demodulation
reference signals to aid the receiver in detectingdifggal MIMO streams.Table 2 summarizes our
recommendatianon how to utilizeADAPT most effectively to track and resolve the ladimensional
spatial channel with massive transmitter and receiver antenna arrays.

Table2. Design guidelines for usingDAPT to track spatial ciinnel for massive antenna arrays

ADAPT Stage Channel State Time Potential5G Spec Impact Reference
Information resolved | constant Signal needed
Analog Long-term / slow 10 ~ MAC Mobility Managemen& Common
beamforming fading 100 ms | PHY Control Channel Signaling reference signal
Digital MIMO Shortterm / fast 100 us | PHY Control Channel Signaling Demodulation
processing fading ~1ms reference signal

4.3 SMALL CELLST SMALL BASE STATIONS, NOT sOoSMALL FOOTPRINT

As the link budgeginalysig? shows,the mmWavesG cells are going to be small with cell radius
ranging between 100 m and 1 khiowever, these small cells are not to be confused with the notion of
femto cells, whicthas about the same footprint as afVaccess point and are typically used in indoor
environment. The 5G small celteed to bdig enough to providgoodcoverage in metropolitan areas and
suburban areadn rural areas where the weather is dry and there is no heavy foliage, 5G small cells can
achieve cell radius well beyond 1 km and bareconomically viable for areas with low population density.
The distinctive technical merit and competitive advantage of 5G is the ability to prwaidearea Gbps
mobility. This is a crucial point that the mobile industry should keep in minesearcing anddeveloping
standards and products, deploying networks, and marketing and providing services to customers.

32SeeA p p e n d Examples of FEHz mobile network link budget

18



First of all,a bit deliveredn anoutdoormobile environmenis more valuable than a bit delivered
indoor or in short rang& he vdue of wireless connectivity indoor the freedom for theisersnot to be
tetheredo a fixed station to communicate or consume information. This value proposition, however, has
been excelled by an alternative technolod¥i-Fi. Focusing on that valueggosition means pitching 5G
against WiFiinWi-Fi 6 s stronghol d, whi c h Thasis notdo sayhhere issomar t 1
place for indoor 5G deployment, or indoor cellular deployment in general. However, the mobile industry
should not expedhati i.e., indooror hotspotGbps connectivity to be the main valuor revenuegriver
for5G.Operatorb6s preference i n depl oyFi(orgthebuBlicdhsed ot he
technology) should solely be based on which technolagysrior in providing the desired user experience
with lower CAPEX and OPEX. From cost perspective;RMnas a strong advantage because of the cost of
equipment is low, and spectrum is free.

Cellular (including 5G)excekwhere WiFi fails. L e dtaie the Dallagort WorthMetroplex as an
example TheMetroplex encompasses 9,286 square miles (24,1680aad has an estimated population of
6.9 million (2014 U.S. Censui$)In order to provide 5G coverage in the city, about 9,000 5G cells would
be regquired (assuming-km cell radius). Try that with WFi. Assume 50 meter coverage for eachFi
hotspot (hich is alreadya verygenerousassumption). It will take about 3.6 million V# hot spots.
Basically, you have to install one Wi access pointfo every two Apotential 6 cus
not an economically viable solution.

The moral of the story is that cellular and-Rfieach has its strength, and its place in providing the
next generation broadband experiendederstanding what 5G shidl be, in consideration of the strength
and weakness of WRi technologies and other communication technologies and systems (Bluetooth,
Bluetooth low power, GSS satellite communication, LEO satellite communication, balloonss etagial
in maximizirg the commercial success and retumirivestment for 5Glt is unlikely for Wi-Fi, or any
unlicensed technology for that matterd, LTE-U), to provide the meaningful user experience upgrade in
a wide area mobility environment that can justify ageimratu pgr ade of a mobil e br oc¢
network.Wi-Fi and other unlicensed technology, however, can be useful complements in filling coverage
holes or providing extra capacity in hot spots.

The core value of 5G is tlguantum leapf user experience in wide area mobility environment.
This value propositiosan onlybe realized by a significant increase of guaranteed, typical, and peak data
rate that a user can enjoy, and a significant incrieasgpacity. This point has been wedtognized in the
industry. Hence the discussion in the industry about 1000x capacity improvement féos&er, there
is still plenty of work in 4G evolution thas continuously improving the capabilities and feaswELTE
based systems. Thgtuation is no different than what has happenedhiapastgenerationsWhen 3G
(WCDMA) wasunder development, 2G continued its evolution with GPRS, ERG&EEDGE+. When
4G (LTE) was under development, 3G continued its evolution with HSPA+. We expect 4Gntiitiue
to evolve below 6 GHayith enhanced capabilities and featutdewever, we expect these enhancement
to be rather limited in comparison with existing 4G systems (LTE or-Adi#anced). For example, it is
expected FEMIMO, a key technology for furthheevolution below 6 GHz, to be able to provide up to 2x
spectral efficiency improvement over LTE. With limited spectrum available below 6 GHz, this cannot
achieve thel000x capacity improvememind Gbps user experienage expect from 5G. Moreover, the
spe¢rum below 6 GHz has become exceedingly expensigeinstance, perators in the US spent $45
billion on 65 MHz of spectrumin the AWS3 band averagng more than$2 per MHz-POR In order to
deliver Gbps user experienegefew hundred megahertz sgfectrum would be needed. In the US wiithre

33 hitps//en.wikipedia.org/wiki/Dallas%E2%80%93Fort_Worth _metroplex
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than300 million population, the cost of sptrum wouldoe a few hundred billion dollafer such a system.

In other words, e spectrum cost alone, f@bps mobile broadband system below 6 GHz, wdilkly
make the system economically unvialfeo |, | et 6 s m® kldz isigteat forl pedding moBile b
broadband coveragen the order of 10 Mbps 100 Mbps But for Gbps mobile toadband experience,
mmWaveis the solution.
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Figure2. Path loss of mmWave in urban aréas

In rural areas wherdere is no frequent heavy rain failheavy foliage, 5G small cells can achieve
acell radius well beyond 1 km and can be economically viable for areas withojpwation densityAs
shown inFigure3, much of the world land mass falls undain regiors A i M, which experience rainfall
intensity greater thaB2 mm/hr less than 0.1% of the tinkeor 5G communication at 39 GHz, 22 mm/hr
translates into around 6 dB/km rain loss. In rural areas where line of sight or near line of sight can often be
established, a 5G system with 150 dB link budget can achievadiit of3 km (25 km? area coverage).
As an example, assume annual ARPU of $500, and annualized CAPEX + OPRBkgie$ cell, an
operator would need on averagé0fubscriberper cellto break even. Assumirtf% market penetration,
an operatowill need250 potential subscribers withireachcell to break even, which translates into a
population density of0 person / kri Luckily, thevast majority of population in the United Stasesl the
rest of the worldive in areas with population density higghthan thatNote that with the 5G system
configuration as shown ithe link budget analysis 300 Mbps can be achieved with 150 dB link budget.
The system coverage can be further extendibgitwith reduced level of services or level of availability.

34 Akdeniz, M.R.; Yuanpeng Liu; Samimi, M.K.; Shu Sun; Rangan, S.; Rappaport, T.S.; Erkip, E., "Millimeter
Wave Channel Modeling and Cellular Capacity EvaluatiS@efected Areas in Communicat&rEEE Journal on
vol.32, no.6, pp.1164,1179, June 2014

35 SeeAppendixA , Exdimples of 3%GHz mobile network link budget
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In summary, it isuttedly importart for the industryto recognize thammWave 5G is a widarea
mobility solution,nota femto celbr hot spotechnologylt is on the value proposition of wide area mobile

broadband that 5G has the greatest competitive advantpgddnmance and cost against other alternatives.

It is also on this value propositidhat 3G and 4G mobile broadband have achieved great cammer
success, which 5@ustcontinue to focus and excel.

5 5G SPECTRUM

Which spectrum to focus on heavily dependstibavalue 5G toaddto the ICT ecosystemAs
discussed above, the distinct value proposition of 8&bjss mobility The key metrics are 1000x capacity
increaseover 4G, andsbps useexperiencan mobile environmentThese metrics can only be achieved
with alarge amount of spectrum on the orderl60 megaherta 1 gigahertzper systemWith multiple
operators, we gect at least 2 3 gigahertzof spectrumwill be needed eveim the initial phase 0bG
deploymentThe 5G NOI proceeding frotine FCC*” andthe 5G CFI fronthe Ofcon?® demonstrate that
it is extremely difficult, if not impossible, tobtainthat amount of spectrum below GHz.

36 http://leleivre.com/rf_mmwavelink.html
37 Use of Spectrum Bands Above@HAz For Mobile Radio Services, et,dllotice of Inquiry,
29 FCC Rcd. GNDOBOQ , ( 20 hdpd:/atnd.fec.ge/edocs public/attachmatch/BHAC

154A1.pdf
%8 fiLaying the foundations for next generation mobile services: Update on bands abovée 6 GHa v ai | ab | e

http://stakeholders.ofcom.org.uk/binesiconsultations/abov@ghz/5G_CFl_Update_and_Next_Steps.pdf
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In order for 5G to be competitive asmmbile broadband technology, 5G cells need to have large
coverage. Weecommend the footprint &G cellsto be at leas? orders of magnitudrger than WiFi
hotspotsin other words, for the same coverage area that reeéels hundredVi-Fi access pointg single
5G cellshould suffice This positioning providga non-overlapping value propositidmetween cellular and
Wi-Fi, and collectively creates the largest possibleevétu thewirelessindustry. This alsomeans the
solid state electronics in 5G frequency needdtiver a few watts of power aradsimilar levé of EIRP
(~60 dBm)as cellular systeni In addition, the transceiver needs to dfficient enough that the heat
generategher base statios less tharl00Wattsin orderto allow compact form factors f&G base stations
to facilitate successful deploymentalfarge number 056G small cellsin other words, the power amplifier
efficiency need to be on the order of 2020% when operating ithe linear region(with improvement to
207 40%efficiencyin future iterations All theserequirements collectively medhat it will be extremely
difficult to make 5Gtechnically viablen bands beyonthe 60 GHzband (starting from 57 GHaeyond
which the oxygen absorption exceeds 10 dB/krhe power amplifiers above 60 GHz can rarely deliver
more than 1 Watt of power, with linear efficiency on the order of a few percent. The additioralrioss
the system (feed lines, interconnects, package, etc.) are also noticeably larger. Given ththetate aff
solid state electroniagechnology today, we believe 60 GHz and abzam be better utilized famlicensed
technologies and poktib-point microwave communication.

Therefore we believethe prime spectrum forG is between 2 GHz and57 GHz fromboththe
regulationandtechnologyperspectiveWhile this rangds already mucharrowerthan the 3 300 GHz
range that was originally proposed foillimeterwave mobile broadbarfdwe still need to identifyactual
frequency bands that can be made available fowBk@n this range FromthelTU perspective, about 21
gigahertz of spectrum in the 2467 GHz range has primary mobile allocation across all 3 ITU regions (See
Figure4). Howeer, many other services (FSS, MSS, terrestrial fixed services, radio astronomy, etc.) also
have primary allocation in these bands. This often leads to different regulation in different countries,
complicating the global harmonization of 5G spectrum.

39 SeeAppendixA , Ex@mples of 3%GHz mobile network link budgét
40 Zhouyue Pi; Khan, F., "An introduction to millimeterave mobile broadband systems," Communications
Magazine, IEEE , vol.49, no.6, pp. 10107, June 2011
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Figure4. Candidate bands for mmWave 5G

It will be of great valueto the industryif at least some bands can be made (mostly) globally
availablefor 5G. For example, the 900/1800 MHz band for GSM in EMERU Region 1)and APAC
(ITU Region 3)and the 850/1900 MHz for GSM in Americd¥U Region 2)have greatly contributed to
the commercial success of GSM this end,hie bands within 2# 57 GHz range in which mobile services
are primaryacross all 3 ITU regionare a good startingomt. These bands give theghest chance of
success in global harmonizatioso far lmth FCC and Ofcom have proposed bands between 24 and 57
GHz to be considered for 5G mobile broadband. The FCC proposal in its initial 5G NOI includéd 27.5
28.35, 29.11 29.25, 31i 31.3, 37i 40, and 42 42.5 GHz within the 24 57 GHz range. The Ofcom
proposal in its updated 5G CFI included 31.83.4, 40.5 43.5, and 45.5 48.9 GHz within the 24 57

GHzrangeTheFCCbds proposal i n c¢ oadbandireWR&ld inauded 27f52%95 mo b i |
3771 40.5, 47.21 50.2, 50.4i 52.6 GHz within the 24 57 GHz rang.** These candidate bands are
pictorially shown inFigure 4. Note that FCCbs proposal (both in

consideration in WRE9) are well aligned with ITU allocatisrin which mobile service is primany all
3 ITU regions.

Amongthese bandseing proposedve reommendha themobileindustry prioritize bands within
the 252571 29.5 GHz and th86 1 405 GHzfrequency blocks as primary targets to secure fon3@GRC-
19. These two frequency blocksethe two lowest multigigahertz frequency blocksgith primary mobile
allocation across the 3 ITU regions in thei 27 GHz rangeThese frequency blocks arestlydesirable
primarily because of theolid statedevice capabilityn these frequencielt has been demonstrated thz
desiredper PAoutput (107 20 dBmlinear powe) and efficiency(>10%)can be achieveby GaAs, SiGe,
and even CMO$ower amplifieran theserequentes The commercial success of 5G hinges not only on
designing and demonstrating the technological feasibility of mobilentorication in mmWave
frequencies, but also on achieving the aspiring performance goals at lower cost than previous generations.
While this notion might invite suspicion, complaint, or even ridicule from telecom old timers, this is nothing
new in the IT indstry as computing has been getting cheaper and more powerful for decades. As the world

“Tom Wheel er, FCC Chairman, fiLeading towards Next Genert
https://www.fcc.gov/blog/leadinrtpwardsnextgeneratiorbg-mobile-services
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continues to observe and experience the convergence of IT and telecom, this is something that players in
the converged ICT industry have to get used to and live withtHerefore imperative for us as an industry

to measure the investment required and risk associated with the technology innovations needed to
accomplish this quantum leap.

The industryalreadyhas a lot of fundamental technologicatonomical andbusinesshallenges
ahead in order to make 5G successful even in theséequency blocks, a few of which dmeghlighted
as follows:

1 Improvethe performance of the solid state electronics (especially linear efficiency of power
amplifiers) in these freq@ncies by at lea@x at the desiretinearoutput power level of 1D
20 dBm per PA

1 Increasdntegration level of front end ICs by ~10x while at the same timéng down the
costby another ~10x (with total BOM cost reduction of ~1®8@xthe front enyl

9 Drive down cost per site by ~10x with all cost inclusive, including equipment cost, real estate
cost, backhaul, power, and cooling (if needed), and densify the network by ~10x

1 Developn ew #fA ki | | ethatlavpragib® to maximiaerth valugropositionof Gbps
mobility, e.g, autonomousehicles

Starting 5G deployment without any bands in th2529.5 GHz and the 3640.5 GHz frequency blocks
will significantly increase the technology challesg®d business riskhat may jeopardize ¢heconomic
viability of 5G in its entirety, andfundamentally deprive the world of a much better broadband
infrastructurewith enormougconomicand social benefit©n thecontrary, a coordinated effdsy nations
prior to and during WR€.9 to make several bands in these two frequency blocks globally available will
greatlyincrease economied scaleand economic surplus for 5G theitl ultimately benefit consumgand
econonies of these nationdn the future, a device technology improves andtesffic demand malsit
economically viable tdurtherincrease 5G networttensity, it may become possiltteexpand intdigher
spectrunbeyondthese two frequency blocks future evolutions of 5G.

Even in these two frequency blocks, many services aeady allocated and operations have
commenced. These include fixed terrestrial services, fixed satellite services, mobile satellite services, radar
detectors, high altitude platform station (HAPS), etc. To complicate things further, the allocation and
utilization of these frequencies are different @oantry by country basigor examplein the United States,
in addition to the poirto-point and pointo-multipoint deploymenbf backhaul and wireless broadband
access in the LMDS bands (27.88.35, 29.1 29.25, and 31 31.3 GHz)the 252571 29.5 GHz frequency
block hosts airport body scannettse NASA Tracking and Data Relay Satellite Systéihe NASA Deep
Space Network, O3bViaSat, EchoStar XVII (Jupiter 1and Iridium, with a few other servicegnder
development or beingonsidered? These existingperatios and rights of incumbetitenseeseed to be
protected while we expand mobile services into these frequeAcfesy approaches could be considered
to achieve such a gaal

1. Expansion of service rules to include mobile serviBegulatory bodies can consider expagd
the service rules to allowhe licensee of existing fixed servicés additionally provide mobile
servicesif there isonly a single licensee ia certainfrequency andyeographical arealhis is
relatively straightforward if there is already a geographic service area based licensing mechanism
in place, ass the case i the LMDS and the 39 GHz basith the United State In certain parts
of the world €.9.ITU Region 1), some of the bands in these two frequency blocks are extensively

42 Seehttp://www.spetrumwiki.com/wiki/SelectEntries.asifar frequency range of 25500 MHZz29500 MHz
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used by operatoras backhaul linksfor mobile communication network&undamentallythese
operatorsare likely towelcome making these spectrurandsadditionally available for mobile
servicesf they can retain the existing fixed operation while gaining the rights to deploy mobile
services in the same spectruim.case there are multipleensees irthe same frequency and
geographic service aréanost likely for pointto-point links), frequencyswapping or reassignment
can be considered to reduce the number of licensedsepgeiencyper geographic service area.
Certain incentive mechagis can be introduced to facilitate consolidation of frequencies used by
stations of a single licensee. For exampieeach geographic service areegulators camive
favorable consideration tthe licensee with the most number of stations in a single frequency
channelwhile expandingservice right to include mobile serviaen that frequency channel.

2. Incentive auction & migrationlf there are still multiple licensees in sofnequencychanneldn
certain geographic service areas after channel swapping and / or reassigroastive auctios
migrationto other bands can be considerfédr example,dr many of the pointo-point links with
distance less than 1 km;band (717 76 and 81 86 GHz) will be a good migration destination as
the technology is sufficiently mature and cost effectivéhat bandor pointto-point links with
much wider bandwidth and higher data rate.

3. Grandfathering & exclusion zonel§.there are still multiple licengs in some channels in certain
geographic service areafter incentive auction and migratiograndfathering & exclusin zones
can be consideretb protect the legacy statiomsd a sufficiently longsunset period can be
considered to allow continuing egation of these legacy stations.

Despiteall of the aforementionedhethodsijt is not realistic to expedll of the 25.25 29.5 and
the 361 40.5 GHz frequency blocks bemade availabléor 5G. Nevertheless;urrentutilization of these
frequenciess relativelylow across all 3 ITU regions comparison with spectrum below 3 GH¥e are
hopeful & least a portion of these two frequency blocks can be made availabig fdrile still satisfying
the current and future needs of other services.

6 5G STANDARDIZATION

As was the case witbrevious generations, a global standard will be needed before 5G networks
and devices can be developed aegloyed. This task is undertaken by ITU and Standard Development
OrganizationsARIB, ATIS, CCSA, ETSI, TSDSI, TTAand TTC) worldwidevia the partnership project
3GPP. Recently, ITU publishea timeline for IMT2020( A 5 Go ) , which calls for
IMT -2020 technology by Work Package 5D meeting #32 (June 2019) and final cgigxifisubmission
by meeting#36 (October 2020%3

BfAiWwWor kplan, timeline, process and deliverables for the
http://www.itu.int/en/ITUR/studygroups/rsg5/rwp5d/im2020/Documents/Antipatefime-Schedule.pdf
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Detailed Timeline & Process for IMT-2020 in ITU-R
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Figure5. IMT-2020 Timeliné*

In March 2015, 3GPP announcatkentative5G development timeline in 3GRPhown inFigure
6 below)* 3GPP decided to submit the final specifications at theRTWP5D meeting in February 2020
based on functionally frozen specs available in December 2019. This early submission will allow enough
time for the transposition of the specifications by the Organizational Partners of 3GPP prior to their own
submissions into the IMT 2020 process befomtober 2020.

44i.d.
3GPPSPL50149, A65G0 ti mel http/évwi.3nppIG/RPoRsy Galtegvsa/TSIGa bi/Decs/a t
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Figure6. 5G timeline in 3GP#

Some 5G related actives in 3GPP are already underway:

1 3GPP BG RAN will hold a 5G workshoproSeptember 18 19, 2015 cdocated with RAN
plenary meeting #69 in Phoenix, ArizonaS.A.

1 3GPP TSG RAN plans to start channel modeling activity for operations above 6 GHz in
September 2015, and identify key bands of interest in Q4. 2ZBfbchannel modeling activity
will be done o an aeéhodparallel sessioso asotto impact Release3lschedule

1 A RAN Study Item for next generation radio technology is expected to open in December 2015
to define use cases and requirement$Mdr-2020 6G).

1 Discussion could start in tH@AN working groups in March 2016ontingent upon the dime
completion of Release 1&¢ Release 13 spec is expected to fregekéarch 2016).

As in previous generational evolutions, there will be dual tracks of standardization efforts, one for
the continuous evolution ¢ifieprevious generation and the othertfug new generation. This has been the
case in 3G evolutigrduring which an active GS® EDGEC EDGE+ evolution path was ongoing. This
has also been the case for 4G L. Vilhich wasaccompanied by 3G evolutions such as HSRAe.expect
the 4GLTE evolution pathunder 6 GHz will also continue in parallel with 5G standardization.

Although ITU targets to commercialize 5G worldwide by 2020, the global race to be the first in 5G
is already on. South Korea and Japan haweounced planto demoandtrial 5G technologyin the
PyeongChang Olympic Ganfés February 2018 and ithe Tokyo Olympic and Paralympic Gantém
the summerof 2020.More recently Verizon announced plans to begin field trials on 5G in 20¥ée

46i.d.

47 http://www.koreatimesus.com/Swetworkdefinedby-itu-as20-gbsperseconddemaeby-2018olympics/
48 https://www.nttdocomo.co.jp/english/info/media_center/pr/201%2083.html

49 http://www.cnet.com/news/verizeto-hold-worlds-irst-crazyfast 5g-wirelessfield-testsnextyear/
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expect these activities to foster healthy competition among major industry players in developing and
standardizing 5G technologies, and have positive impatteobG standardization schedule and equipment
availability.

7 CONCLUSION

Innovation in the ICT idustrywill continue to flourishin the coming decadandwill touch upon
every part of thglobaleconomy andnany aspectsf our lives 5G is a golden opportunity for tmsobile
communication industry tonake mobile broadband one of the mosatluablepaits of theubiquitous
broadband infrastructur@o that endthe industry has set overarching goals for 66, Gbps mobility
user experience a0 capacity increase over 4@ this white paper, we detailed our 5G vision and
explained why mmWavmobile broadbandnabled by higlefficiencymmWavetransceiverandmassive
MIMO signal processings the bessolution to that challengieom the perspectives aharket, technalgy,
and spectrumWe believe thenmostdistinctvalue propositiorandthe strongest point of differentiatioof
5G is Gbps mobility, whose value proposition cannteximally leveragedy applications in mobile
content, mobile commerce, and autonomous transportation.

Internationally we see a great opportunity for indugitstyersand regulators twin effortsto make
some of the bands in the 251289.5 GHz and the 3640.5 GHz blocks¢ h e f g | softwr 8G. Makirgn d
multi-gigahertz spectrunglobally available in these two frequency blocisscritical to achieing the
capacity, data rate, coverage, and economics that are fundamental to the succédssoflAG5G timeline
that target June 2019 atheinitial submission deadline tfieIMT -2020 proposalbringsclarity to the 5G
timeline discussionThe global sindardizationis well underway with 3GPP expected to kick off 5G
standardization activity in the 5G workshimpSeptembe2015 The global race tbe the first in5G is
fully onwith South Korea and Japan announcing plans to demo and trial 5G techindlog?yeongChang
Olympic Gams in 2018 and the Tokyo Olympic aRdralympic Games in 202@nd Verizon announcing
plans tabegin fieldtrials on5G in 2016.
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APPENDIX AT EXAMPLES OF 39GHz MoBILE NETWORK LINK BUDGET

. . Downlink Uplink Downlink i
39 GHz mobile network link budget | ., edge cgll edge | cell center gg:IZZnter
PA output power (dBm) 20 18 20 18
Number of PAs 64 16 64 16
Total output power (dBm) 38 30 38 30
Number of Tx antenna element 256 16 256 16
Tx antenna element gain (dB) 6 6 6 6
Antenna & feed network loss (dB) | 3 5 3 5
Total Tx antenna array gain (dB) 27 13 27 13
EIRP (dBm) 65.14 43.08 65.14 43.08
Distance (m) 1000.00 1000.00 100.00 100.00
Path loss = 72 + 29.2log10(d) (dB) | 159.60 159.60 130.40 130.40
Received powerdBm) -94.46 -116.52 -65.26 -87.32
Bandwidth (MHz) 500.00 500.00 500.00 500.00
Thermal noise (dBm) -87.01 -87.01 -87.01 -87.01
Noise Figure (dB) 5.00 5.00 5.00 5.00
SNR (dB) per Rx antenna element | -12.45 -34.51 16.75 -5.31
Number of Rx antenna element 16 256 16 256
Rx antenna element gain (dB) 6 6 6 6
Rx antenna feed network loss (dB) | 5 3 5 3
Total Rx antenna array gain (dB) 13 27 13 27
SNR after beamforming (dB) 0.60 -7.42 29.80 21.78
Implementation loss (dB) 3.00 3.00 3.00 3.00
Number of MIMOstreams 1 1 8 8
Spectral efficiency (bit/channel use) | 0.66 0.13 47.40 27.06
System overhead 40% 40% 40% 40%
Duty cycle 62.50% 37.50% 62.50% 37.50%
Throughput throughput (Mbps) 122.86 14.09 8887.91 3044.15

50 Akdeniz, M.R.; Yuanpengiu; Samimi, M.K.; Shu Sun; Rangan, S.; Rappaport, T.S.; Erkip, E., "Millimeter
Wave Channel Modeling and Cellular Capacity Evaluati®elected Areas in Communications, IEEE Journal on

vol.32, no.6, pp.1164,1179, June 2014
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