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An Introduction to pCell

pCell is a revolutionary new approach to wireless, drambgicacreasing the
spectral efficiency of LTE and WHi systems, while remaining compatible with
standard LTE and WA devices. This White Paper describes pCell technology in
detail, including vision, history, architecture, applications, performance and
comparison to conventional wireless technologies.
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1 pCELL: 5G Now

I NISYAan LY Sttun GSOKy2f 238 A aindreasdghdReapadifof y Sg |
LTE and Wi networks by over an order of magnitude, while dramatically improving Quuility

Service (QoS) and maintaining -tfe-shelf compatibility with unmodified LTE and -Wi

devices, such as iPhone, iPad and Android devp€sll meets proposed 5@erformance
targetstoday, while remaining compatible with 4G devices.

pCell technology @omplishes thishrough an entirely new approacko wireless:rather than

avoiding interference like cellular or Wi systems pCell embracesinterference, utilizing
interfering transmissions to synthesize a tipgrsonal cel | & LY St f ¢ ZividbaNER dzy R
user device, enabling every user to utilize the full capacity of the spectrum at mstead of

many users sharing the limited capacity of one cell, resulting in steadily declining datasates

new subscribers join the networkvith pCell technlmgy, each user gets a personal c8lb,no

matter how many users are sharing the same spectreath user is able texperiencethe full

capacity of the spectrum concurrently with other users.

pCell has a wide range of advantages over conventional \sgéézhnologs

T Leapfrog in spectral efficiencL. TE networks today achievespectra efficiency(SE) of
1.7 bps/HZ. PracticalpCell systems today achievaverage spectral efficiency &0
bps/Hz a X leapfrogwith unmodified standard LTE devigcesch as iPhon&/6 Plus
iPadAir 2and Android devices, aswellas- @ik RS@AOSad LY St f Qa &LJS«
indefinitely, while remaining compatibleith legacy devices.

1 Consistent, reliable data rateCellular or WAFi data rate drops offapidly from cell
center (e.qg.100 Mbp9g to cell edge (e.gl Mbps) resulting in highlyariable and
unreliable service quality. With pCell the data rate remains uniformly near peak
throughout the coverage are@cluding vertically in tall buildingenablingQoSservice
offerings, such as 4¥HD video.

1 Low deployment, operations cosiCellular radios must be carefully placedsipecific
locationsg A (U KA Y | (récénhfiguréible by SGWK not) with antennas carefully
aimedto avoid interference and dead zes pCell deployment is fast with minimal real
SadlradsS FtyYyR FNRYyGKI dz O 2 & fadio heafsOdardne Placady S E LIS
anywhere in the coverage area, allowing carriers to choose -tmst real estate
locations that have lin@f-sight (or lowcost fber) paths for fronthaul

AnIntroduction to pCell Patents, Patent®ending 6
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1 Easily scalable capacitAdding radios to a cellular system to increase capacity requires
complex andpreciseplacement so as not to interfere with the existing cell plan. pCell
capacity scales easily by simplyding newpWaveradio heads into the coverage area
whereverit is inexpensive and convenient. Each added pWave increases the aggregate
data capacity of the pCell system.

1 Highly robust for public safetyDuring a crisis, if a cell tower is disabled, or if there is a
surgein demand that overwhelms the cell, mobile service in the coverage area of the
tower will be unavailable. With pCell, many pWave antennas overlap throughout the
coverage area, so even if several pWave antennas are disabled or if there is a sudden
surge indemand, mobile service is maintained.

1 Physically secure communicationSince cellular transmissions can be received from
anywhere within the coverage area, anyone who gains access torypéographickeys
can intercept communicatiofts With pCell, the @nsmitted data only physically exists
at the point of reception, providing physicaigcurecommunications.

1 Lower power consumptionat the user device Uplink signals are received by many
pWave antennas at on¢@nabling user devices to transmit at lowgower and save
battery life.

1 Lower costuser devices. While pCell is compatible with unmodified standard LTE
devices, the same pCell infrastructure simultaneously sugariower costand lower
power user deviceautilizing pCelbptimized protocolsin the same spectrunas LTE
enabling carriers to offer far lowaostSy 0 NB LI2 Ay (da | yR &dzLJL2 NI

1 Low latencycloud hosting. Under heavy load, pCell maintain0Oms latency with LTE
devices, and <1ms latency with Wi and pCelbptimized potocols Fast storage and
reaktime computing resources are available in pCell data centers with direct access at
these latencies.

1 Accuratelocation positioning: pCell can provide highly preci8® location information,
whether indoors(including tallbuildings)or outdoors, enabling locatichased services
(e.g. E911 for public safélywhere GPS is unavailabte vertical position data is
needed.

pCell is a major step forward with wireless, but it is also a very different way of thinking about
wireless.Details of these pCell advantages are described in the sections that follow, along with
perspective about how pCell stands to transfame communications landscape worldwide.

AnIntroduction to pCell Patents, Patent®ending 7
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2 Background

Artemis beganpCelldevelopmentover a decade ago as a projentthe Rearden Companies
incubatorwith the goalto establishwirelessinternet asa globalubiquitous utility for the 21™
century, much as electricity became a ubiquitous utility the developed worllin the 20"
century.

A decade aganobile data traffic was minimabut given the simultaneous trends ¢&) video
moving from broadcast/physical media to Internet streaming, @nginternet usage moving
from wired to mobil&, we projected mobile datalemandto roughly duble each year, or
about 1000X growth per decadé&. quickly became apparent that the biggest challenge we
would be facingwasthe physics limit of wireless capacity (i.e. spectral efficiehdyd Y { 9 €

Givenprojected growth it was quite clear that molel data demand would far excedtle SE
limits of all known wireless technoldgg, even if all usable spectrUrwas allocated to mobile.

The severity of the problerwasonly widely acknowledgerecentlyand dubbed thed { LIS O (i NHzY
| NXz. Ok 20D, the FCQeleased the datagraphedin Figure 1, projecting U.S. mobile
demand exceeitig capacityin 2013, and-apidlygetting worse thereaftef.

1200 %

Traffic Growth per cell site

1250%
800 925%
600 612%
300 v
=

2009 2010 201 2012 2013 2014
400 MHz

377
- I W
- ANE _
| -0 |
=200 !

Spectrum surplus/deficit

Figurel: U.S. Mobiledata demand vsspectrumavailallity [FCC 200]

The FC@rojections wereaccurate In 2013,U.S mobile statistics should have been enviakle

a. TheU.Shadmore LTEsubscriberghan all other countries in the world combind
b. LTEepresentd 24.5%of allU.S.mobile connectionscomparedo 2.9% globalfi.
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ARTEMIS
c. At 65% penetration, theJ.S.was the only region of the worldwith mostly smart

devicesSmart deviceslevour mobile data, accounting f88% of globamobiletraffic'?
d. Mostof U.Smobile traffic was videbs Sy | 6f SR 6 & snfartd@viréd appsLIS SR |

Xodzi AyadSlIR 27  $SahbhiledderandiaiSektEeadIépestrdnsccapacity,
causingU.S.average LTE download speéa plummet from 2013to 2014by 32% to 6.5Mbps
by far one of the slowest LTE speadn the world™, per Figure2. As a comparison, 38SPA
achieves faster speeds than 6.5Mbps

®w Q12013 mQl2014

N
o

30
140 136

24,5
221
21.0 o1
19.6 -
19.1 181 19.3 19.2 18.6
17.3
16.4
11.8
9.6
71 I
0 . .

6.5
Australia Hong Kong Denmark Canada Sweden South Korea Germany Japan USA

Download speed (Mbps)
S

Figure2: Average LTE download speed by country 2013 vs. J@ipknSignal 2014

Ironically, $ow U.S.LTE data rateare a consequence df ¢ 9 Q& si¥ckesSThe game result

is seen worldwideJapaf2 R TTDOCOMOQaunched LTE two years before competitors and old
awidemarketleadd ¢ KS 02y &S| dzS$ ys@fvedde dowiléad speadnttitatod & ¢

later JapanL.TE marketdoptersthat havefar smaller subscriber bas8salmost as slow &d.S.

LTEThe unfortunate reality of cellular technologyrnsarket success results in declining service

guality, ultimately reaching the point where service becomamostunusable. Such results are

already seen in dense cities like New York and Chiatjew spectrum deployments may

briefly mitigate congestiolf, but given the inexorable growth of mobile data demdfdata

rates ultimately decline with market succédsvVerizon CEQowell McAdam put it bluntly to

Ay @Sai2NB A yphysicEMolzi aoXNBIIQEa (KBX&2dz 2dzad  NHzy 2 dz

Costly efforts to increase cell density wisimallcells (or tightly packed WFi access poinfs
havebeen unable to mitigate the performancedine. Smalicellssuffer from increased inter
cell interference and handoff overhe#d ultimately exceeding capacity gains whégtablishes
a practical upper limit for cell densjtyeven disregarding the economic considerations of

AnIntroduction to pCell Patents, Patent®ending 9
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backhaul, power, physal access, et&o, as observed by the F&@& Verizonthe only known
option to significantly increase capacityto allocate more spectrum for mobile use.

Unfortunately, the world is almost out of mobile spectru@nlya narrow range of frequencies
that can efficiently penetrate obstaclese suitable for mobif&. Even if all of these frequencies
were allocated for mobile, it would only accommodateee years ofmobile data growtHf*.
After that, all mobile spectrum would be gorfer decades with mobile congestion getting
worseeveryyear. As noted in a October2013Wall Street Journal epd commemorating the
40" anniversary of cellulaiechnologyd X ¢ A NG f S84 Sy3aAySSNE 6Af ¢
way to use the finite amount of spectrum they eddy have. If they don't, soon enough your
smartphone will remind you of the diglzLd & LISSR& 2£F (KS mMddbna dé

Any doubtsas to theseverityof the mobile spectrumcrunchhavebeen brushed aside e
sky-high bids inthe recent FCC AWS spectrumauction US$41.9 billion was bid for 65 MHz of
U.S.mid-band spectrum more than two times thaJSR2 billionthat the most bullish analysts
had projected for the auctidfi. US®4.9billion aimost equals the totataised inall prior FCC
spectrum auctions including aations for far better low-band spectrurfi’t over the last 20
years®,

Cell phone pioneer Martin Coogéand FCC Commissioner Jessica Rosenwducelerscored
the urgency of the spectrum crisis in a September 2014&d}, noting spectrum is a finite
natural re®urce that is quicklypeing exhausted:

Spectrum is the basis olur new wireless world. But the laws of physics being
what they are, we cannot create more. So we need to find ways to use the
airwaves we have more efficiently.

They proposed to award 10 Mkt mobile spectrum (worth billions of U.S8ollarg for the first
to develop a practical technology that increases current spectral efficiency by 50 times.

As industry and governmengse finally coming to thenescapableonclusionthat 4G is unable

to meet mobiledata demand today, let alonecatch up to growing demands the future, they
are urgentlyturning to new 5G technologies to overcome the spectrum cruralthe last year
severalheavilyfunded 5G research effortsvere initiated, with projected3GPP standardization
efforts starting in 201& and deployment dates ranging from the early mid-2020s>. All are
preliminary R&D efforts exploring a wide range of directions, with no practical prototypes
operatingtoday®*. So, it isuncertainthat 5G whatever it ends up being will be deployableby

the mid-2020s, let alone be capable of overcoming what will then be a massive spectrum deficit

AnIntroduction to pCell Patents, Patent®ending 10
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relative to mobile data demandgven if a viable 5G solution does arrigesome point inthe
2020s, between now anthen, mobile congestioomay well becomanore than 100X worse
than it is today

2.1 pCell: Meeting5G requirements todayin compliancewith 4G devices

In the early 2000s, we came to the sanmescapableconclwsion that most of the wireless
industry has onlyrecently recognized all known wirelesstechnologies hitSEupper limits far
belowwhat is required tomeet skyrocketingwirelessdata demand. Fundamental R&D and a
complete rethink of wirelesare necessary to achiewbhe requiredleapfrog inSE

So, while most wireless research worldwide over the last decadeused onevoltionary
improvements oknown wireless technologigsesultingin standards like LFE and 802.11ac)
we had concluded evolutionary approaches would fall short of SErequirements,and were
entirely focused onrevolutionary approaches that would leapfrog th8Elimits of known
wireless technology and continue to scale to not just meet projedtaffic demands, but
continue to keep up with growthThe outcome of our researchpCelltechnology, did indeed
require a revolutionary approach to wirelesend not only exceeded the original goals of the
research, but opened up new avenues of inquiry that lednemy advantages in performance,
power and cost over conventional wireless techogyin addition toLJ/ S ledpftdg inSE

In fact,LY S &ctuddgerformance today conforms closely to proposg@ performance for the
2020s.In 2014theL ¢ | Q-202Q (8Q) Promotion Group presented¢@mnprehensivevision for
what 5G would look like ithe 20208° which is largely consistent with other recent 5G
visions®and establishes an expert consensus on goals for the next generationobile
services.Tablel lists some IM2020 requirements for 5G in th&020s.

Target  Traffic Connection Min Min Min
Spectral Density| Density
Efficiency perknf  per knf

User

Density QoS Peruser Latency Device Device

Data Rate Cost Power

Tablel: IMT-2020proposedrequirementsfor 5G[IMT 202Q

At the heart of the proposetMT-2020goals is a huge leapfrog in averdgigo 45 bps/Hz 15X
beyond thelMT-AdvancedaverageSEof 3 bps/Hzhat LTEA is targeting®

ThelMT-2020 SEgoals reflect the inescapable conclusion that the world has almost exhausted
its supply of practical mobile spectrum, and that the only hope to achieve such a leapfrog

AnIntroduction to pCell Patents, Patent®ending 11
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would be a revolutionary approach to wirele$®elatedto SE are IMR020 goals for traffi¢
connectiorr and userdensity as well as reliable and consistent QoS to make such performance
predictable. The minimum perser data rate reflects the expectation of a cellular architecture
with celledge performanceof at least 100Mbps, so that at least 100Mbps is available
consistently throughout the coverage area.

pCell has been extensively tested with unmodified LTE devices in bands 38, 39, 40 and 41 as
well as with lab LTE devices in 900 MHz and 400 MHz bantisinblobr and outdoor. pCetlan

meetall of thelight green IMT2020 targets infablel today on offthe-shelf LTE devices. pCell

is compatible with unmodified LTE Release 8 and above devices such as iPakxy6,S5,

iPad Air2, and LTE donglepCellachieves consistent and reliable SE throughout the coverage
area in excess of the 5G target SEamlel, and can maintain a consistent and reliable-pser

data rate inexcess of 100 Mbps with LTE devices capable of that $hgu@ell far exceeds all

of the Density requirements of able 1, not only supporting devices at stadium/subway
densities, but supporting densities of dewscgeparated by only a few centimeters.

pCell supports new protocols concurrently in the same spectrum as LTE aAddeViEes such
as protocols that would meet thelark green IMT2020 targets inTable 1, which arenot
achievable within the LTE proto&dlAs such, pCell futurproofs spectrum to allow concurrent
use with yetto-be finalized (or yeto-be-conceived) standards.

Qurrent 5G R&D efforts, such as millimeter waves and massive Malk&dy earlyprototyping
stages andface numerous technical challengéefore they can be considered for actual
deployment Initial experimental testbedsre far from achievingMT-2020 spectral efficiency,
traffic and device density, and reliability go&ts?

To our knowledge, @ell is the only technology deployable in this decade, let alone in the next
year, that can keep pace with mobitiata demandor come close tachievng IMT-2020 5G
performance goalsDespite this enormous performance advantage over LTE networks, pCell is
actually less expensive and much faster to deploy, and far lower cost to operate than LTE
networks, while maintaining compatibility with LTE devicésow pCell not only leapfrogs LTE
performance, but also dramatically lowers CAPEX and OPEX is detaidddanquent sections

of this white paper

Thenext sectionexplainswhy current wireless systems have hit upper Ismit SE and Density
and why a radical approach to wireless such as pCell is necessary to overcome these limitations.

AnIntroduction to pCell Patents, Patent®ending 12
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3 The Limis of CellularArchitecture

One of the greatest revolutions in wireless history began on April 1973 when the first cellular
phone call was made by the inventor Martin Cooper at the original Motatolporation. The

first cellular systems began commercialization in HieéS.a decade later in October 1983,
ultimately defining the modern era of wireless. just three decades, cellulanas connected

half ofthe people on Earth, evolving from exclusively voice traffic thirty years ago to primarily
videotraffic today®®. ButOSf f dzf | NDa &dz00S&a KIFa |faz SELIRA&ASR

Within the scope of this white paper we will disctisgee fundamental limitations to cellular:

1. Inconsistent data rates du® rapid decay of Rpowerwith distance
2. Limited SE gain, relyingpon multipaths for spatialmultiplexing(micro-diversitylimits)
3. Poorcelledge performancelue to intercell interferencglmacro-diversitylimits)

3.1 Inconsistent data rates

Cellular networks are plannefly designso that power within each cell drops off by the cell
edge, and as power dps, SINK and data rate drop Ericssof® shows the practical
implications of thiseffect upon 4G cellular networks Figure3: 10 Mbps is availableat cell
center®, at mid-cell it drops by 1@ to 1 Mbps, and by cell edge it drapanother 1 to 0.1
Mbps. Thuscellulararchitecturehasa 100:1 data rateatio from cell center to cell edge.

Video, Downloads Music, Web Voice, Text

y N& X
R 7\ 7\ /7

(w5 33

Figure3: Steep declineof cellular data rates [Ericsson 2013
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The largedynamc rangeof 100:1results inenormous data rate inconsistent¢igroughout the

coverage areaThis is visuallyllustrated inFigure4 as a3D signalto-interferenceplusnoise

ratio (SINR heat map showingcellular base stationsin an ideal layouf®. Transmit power
attenuatesproportiondly to the nth power of the distanceNB & dzf G Ay 3 Ay sheped @2t Ol
for each cell. The center eachvolcano has peak (red) SINR a@hd edge has minimun(blue)

SINR.

N L e .
Z:INR( B) @Y @ Cellular User Data Rate

20
gso
o
220
o
’ I l . [ ]
0 — - - - — - -

Figure4: Cellular data rate distribution:Hexagonabase station layoutSparse users

Theuser data ratgdepicted in a histogram to theght of Figure4) drops with SINRDepending
on the location some users experience data ratelose tothe peak data rate 066 Mbps™*
(e.g., user at the cell cente)y, whereas othergxperienceonly 7 Mbps (e.g., user at the cell
edge) Thiscellular heat map hasevenusers in a sparse arrangement, with onewuger cellin

a randomlocation. As can be seen, evenith only one user per cell and ideal conditions,
cellular data rate is enormously variable.

SINR (dB) = 2 T

25 Cellular User Data Rate

D
o

20

N W B WU
o O O

o

Data Rate (Mbps)

=
o o

-
018 8 @ B8 B @

Figure5: Cellulardata rate distribution:Hexagonabase station layoutClusteed users

The same ideal cellulabase stationayoutis depicted in~igure5, but showng all sevenusers
clustered within one cell. Now, the data rafier each user is not only impacted by how far it is

AnIntroduction to pCell Patents, Patent®ending 14



ARTEMIS NETWORKS WHITE PAPER )\
Feb 015
ebruary?2

from the ell center, it isalsoaffectedby the large number afisers sharing the same spectrum
and data capacitgvailablein the one cellThe result is extremely low data rates for all users
shown in the histogram to the right. This is why areas with highsiies of users, such as
stadiums, airports, tourist attractions, etc. suffer from such poor dataspéz user.

An arbitrary base stationplacement with a sparse user arrangement is depictegiinre6 to
illustrate how poorly cellular performs whepase stationsre not placed in accordance with an
ideal cell plan for exampleto accommodate practical real estate restrictior@elular base
stations typically limitransmit power to avoid interfeencewith adjacent cellsso inconsistent
spacing resultsn cells withrapid dropoff in SINR/data rateand large deadzones between
cells For example, users &,and6 are all in large dead zone&though some are fairly close to
base stationsthey have suboptimhperformance because of the rapid SINR dofip e.g., at
the same distance from cell center in the larger cell§igtire4, user 1 would have higher data
rate. Figure 6 clearly illustrates boththe sensitivity of cellular architecture to base station
placement and how intecell interferencdimits SINR performance

SINR (dB)
25

Cellular User Data Rate

. = B

18 8 @08 E O

Figure6: Inefficient Cellulardata rate distribution: Arbitrary base statiomayout, Sharse users
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In summary, celluladata ratehas anextremely variablel00:1 dynamic ranggerforms poorly
in areas with high user densjtandis highly dependent ospecific base station placement.

Cellular 100:1data rate variability isvery ineficient for video traffic, whichrepresentsmore

than 50% of U.S. mobiteaffic and is growing @ 69% CAGR globaflyVideo requires high and
consistent data rate throughout the coverage areaesulting inextremely disproportionate

cell capacity consuption toward the celledge.For example5G specifications, such as IMT
2020 inTablel, in planning for very heavy video trafficecognize theneed for minimum
performance of 100 Mbps throughout the coverage ar@éth cellular that mandatesa 100

Mbps celledge requirement, and thus a 100 * 100 Mbp4G Gbpscellcenter requirement”

which not only must be supported by the cell base station, but by every user device near cell
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center. Thus, a 100 Mbps consistenogquirement becomesa 10 Gbps performance
requirement, anextremely high performance amabwer burden particularly for user devices.

3.2 The limits of cellular micraliversity

Qurrent cellular systems utilize multiple antennas at transmit and receive sidésao
communication link to increase 3y exploiting multipaths in the propagation channéle.,
space diversity, or in particulanicro-diversity®) via multiple-antennaspatial processingThe
simplest form of spatial processing originated at the begignof 20th century with initial
experiments on phased arra¥and later in the1980s with digital beamforminy, utilizing
multiple transmit antennas to focus wireless energy to combat signal fading and reduce
interference. In 1992, pioneering work by K#iland Paulraf enabled transmission of multiple
independent data streams ovemultiple-input multiple-output (MIMO) links via spatial
multiplexing®, followed in 2001 by the first commercial MIMOFDM system by loap
Wireless founded by Paulra,j.

Multi-antenna techniques are used in cellular systems either to improve coverage (via
beamforming or diversity schemes) or to increase SE (via spatial multiplsotiregney®°™.
Figure 7% shows the average SE achieved thgbuan evolution of increasingly efficient
standard protocolsand technologiesthat exploit micrediversity Note that the primary
approachto improve SHn current and future LTE releases is to increase the Mivtier (i.e.,
number of antennasat the basestation anduser devics.

Future
improvements

4x4 MIMO
with IRC

4x2 MIMO

LTE

Futlse 2x2 MIMO

1.2 improvements
1.1 MIMO

0.9 64 QAM, DC

0.8 HSDPA
0.7 MRxD
0.6 Equalizer

Spectral Efficiency (bps/Hz)

HSDPA

0.1 UMTS R'99

UMTS/HSPA/HSPA+ LTE

Figure7: Evolution of average DL SE through cellular standgdRigsavy 204]
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Whilet in theoryt SEscales linearly with MIMO ord®} in practiceMIMO multiplexing gain is
achieved only ira high SINRr high SNRegimé™ (e.g., close to the base statioahd inspace
selectivechannel§®. Channekpace selectivityefers to statistical variations of wireless signal
amplitude at differentpoints in spacelue to constructiveand destructive interference of dao
waves as they propagate through mygiath environment®. Space selectivity depends on the
characteristics of the antenna arrays (e.g., spacing, polarization, radiation pattern, etc.) and the
multi-path channel (e.g., number of paths, angles of depatarrival of the radio waves).

Since the array geometry is constrainedtbg limited real estate availablfor commerciabase
stations and user devicg MIMO performance mostly relies on the mytaths available in the
propagation channeb 2 NJ & N& 352 L gérieralfar a given MIMO order, the number of
resolvable paths defines the channel space selectivity and is proportional to the number of
AYRSLISYRSydG RIEGE adaNBrya GKFG OFy o0S asSyida 02
3 8¢

In outdoor tests, the 2003GPP studin Figuresd found betweenl1 and 6 resolvable pathsith

an average of between 2 and 4 resolvable paths, dependinfp@environment These results
are consistent with an Ericss®01F° outdoor LTE MIMO 8x8 study showing at mosxadin

due to MIMO multiplexing, despite having eight antennas that theoretically could yield up to 8
multiplexing gain if eight resolvable paths exisfed

0.4 1 — — -
® Urban Macro
09+

0.35 MW Suburban Macro
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0.25 06
x
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0.0 04k /
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w
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Figure8: Probabilty of resolvablepropagation Figure9: CDF of MIMQlata rates
paths BGPP 2003 [EricssorMIMO 2013

In indoor environments, 2004 IEEE 802.11n stddfound between 2 and 6 propagation paths.
These results are consistenttivian Ericsson 2013 LTE MIMO 8x8 indstaidy in Figure 9
which, despite having eight antennas (that theoretically could yieddh8ltiplexing gain if eight
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resolvable paths existed), achieved only an averagendltiplexing gain with a peak ofx6".
Commercial WFi MIMO 4x4 systemisave shown toonly achieve up to 2indoors, despite a
theoretical peak of # with performance dramatically degrading with distance from the access
point”. Therefore, in practical MIM®ystems, multiplexing gain does not scale linearly with the
number of antennas due to limited number of resolvable paths.

MIMO has other limitations such as: (@phly variableperformance throughout the cell (e.g.,
cell center vs. edge)soMIMO camot be relied uponfor servicesrequiring sustained high data
rates, such asvideo, which today make up théulk of mobile traffi€®, (b) MIMO cost grows
rapidly withMIMO order, as eaclantennarequiresa closelyspaced, but isolatedRF chairand
computationalcomplexity grows dramatically and (c)performance degrades due tDoppler
effects and channel agindgrom user and environment motidA Despite these limitations
currently MIMO remains thebest availablesolutionto increaseaverageSEof cellularsystens,
albeit limited to average multiplexing gaof at most4xin practical systems

A number of other approaches to MIMO have been explored to improve space selectivity and
achieve higher multiplexing gain®@ne solution is to separae the receiving antenas as in
multi-user MIMO (MUMIMO) systems. MWMIMO links areestablishedbetween abase station
antenna array and multiple users equipped with one or multiple antennas. The theory behind
MU-MIMO systems was formulated in thersinal work by Caire and Shaiff followed by Yu

and Cioffi*®°and Goldsmith et d&**6 I 8 SR 2y G(KS ARSI 2 8 RANI &

One of the first commercial systems employing IMUMO technology was designed by
ArrayComm using space division multiple access (SDMA) technates individual focused
beams to different usefS. The MU-MIMO schemeis part d the LTE standardimited to a
maximum of four users with only lovesolutionchannel state informationGS) availablé’.

Another technique thahasemerged in the lastk NS S & S| N& A #%4Tidbasia A &S
concept ofmassive MIMO i havefar more base station antennas than users and exploit the
excess antennas to increase space selectivity and create independent spatial channels to
multiple concurrent users viadamforming. Massive MIMO s still in early stages of academic
research and only recently a limited number of propagation studies have been published to
show its performance with two types of array configurations (i.e.edmand cylindrical
arraysj°. Thae measurement campaignerified experimentallythat indeedthe limited space
selectivity achievable inMIMO channels(due to collocation of antenrsawithin limited real
estate)can be compensated by a very large number of excess anteBodst is yet uclear
whether the multiplexing gain achievable through massive MIMO can scale linearly with the
number of user antennas to achieve high spectral efficiency requiredext generation
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wireless systemsOther practical limitations are: i) highly compl&ease stationsequipped with
many tightly-packed, but isolatedRF chainsincreasingdesign cost and power efficiency
requirements ii) degradation due topilot contamination as the technology is implemented
within a cellularframework;iii) degradation dugo Doppler effectsand channel aginffom user
and environment motionandiv) undefinedinteroperability with existingellular networks and
devicesthat may delay practical deploymert§>®.

Because MIMO performance is inherently unpredictable in practeployments, MIMO can

2yte 0SS RSLI-RBBRE Ha@f Sty Syrkd y OSY S y-imputsidgleo I & St A
output) performance. Thus, while MIMO increases the peak and average data rate of a wireless
network, cellular multi-antennas system®nly margnally increasethe minimum data rate

(through beamforming providing higher SINRyhich is still defined by SiS@erformance

(typically at the cell edge)Services reliant on consistent data throughput, such as streaming

videar the majority of data trafficodayt cannotrely upon MIMO enhancements.

In summary, practical MIMO systems can achieve an average multiplexingugeatio 4x,

peaking atx, which is not sufficient to meet the target SE of next generation wireless systems
Moreover, MIMO performance iighly variable and unpredictable, arbitrarily determined by

the characteristis of objects in the environmenthe distance from celtenter and user and
environment motion While MIMO increases the peak and average data rate of a wireless
network,the M Y A YdzY RFGF NI} OGS A& adAaftf RSFAYSR o0& {1
for services reliant on consistent data rate, such as streaming video.
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3.3 The limits of cellular macraliversity®

In cellular networks, aa user device moveaway from its senwng cell it is handed offto the
adjacentO S fsérgingbase station for uninterrupted servic&/irtually all mobile networks

utilize this basiccelular network I NOKA 0 SOGdzZNBE oG2 GKS LRAYyld 6KS
GOSft f dzf I NE | NB . WhileScRllulai arghitegtwreYragzeried the world well for

over thirty years,as netwoks have become denser, celluliarapproaching inherentapacity

limits.

Cellular systems seek to constrain RF propagation within 2D geometric layouts to minimize
interference between adjacent cellssrom leftto-right, Figure 10 illustrates the difference
between conceptualand realworld depictiors of cellular layous. The leftmost diagram shows

an ideal base station placemeriblue dots)with the ideal propagation that would occuvith
free-spacepath-loss.When the same carrigrequencyis used foradjacent cellsith universal
frequency euse” (as in current LTE systejniter-cell interferenceoccursin the overlapping
regions. The effect of intercell interference becomes more severe in rearld scenarios
characterized by irregular cell shapesthe middle diagramgue to shadowing from obstacles

in the propagation environment. Finally, on the far right is a diagram dipgiroaches reality,
where the base stations are in swiptimal locations and there are realorld obstacles,
resulting in not only irregular cell shapes, but different cell sizes and considerably more severe
inter-cell interference effects. Further, theghtmost diagramonly showsa snapshotin time;
realworld shadowing is variable, producinanging cell shapes aimterference patterng’.

Ideal propagation Real-world propagation Real-world propagation
Ideal placement Ideal placement Real-world placement

FigurelO: 2Dcell geometry:Conceptuako Realworld
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3.3.1 Small-cells and intercell interference coordination

Inter-cell interference effects exacerbate when cell density increasts support more
subscribersand heavier usag@er unit area, as wireless operatorsseek to increasetheir
network capacity. For example, in dense@lgpulated areas (g., downtown areas, shopping
malls, airports andtadiums) current cellular networksave been testingmallcells (e.g. pico
cellsand femteOSt f a0 |y R | S SNER 3Sy 8nerdasmallicelsiate dWeiail
within the macrocell umbrelldy. Sine smalicells arefar more dense thanmacrocells, the
number of overlapping regions with inteell interference depicted ithe rightmost diagram in
Figure10 increasessubstantially®. Further, smaitell base stdons are typically installedear
street level (e.g.lamp post3, which makes propagation highly unpredictable (unlike
conventional macrocells) with large signal variations between LOS pathsrifan ¢street
canyorst®®) and NLOS paths (e.gutdoor-to-indoor propagation througtbuildings}®, yielding
cell geometrieghat are far more irregulathan those showrnin the rightmost diagram ofigure
10.

In addition to intercell interference, hese complex propagatiorpatterns cause unnecessary
handoffs, which make mobility in smakll networks highly inefficienErequent handoffs may
trigger undesired radio link failures (due tiragging effed, when the network waits too long
before initiating handoff) or pingong effects (when handoff is initiated multiple times
unnecessarilypetween two adjacent cell§}*'%2 Depending on thepeed of mobilesubscribes,
the rate of handoff failure and pingong effecs can be as high as 60% and 80%, respectfely
yielding a large amount of control overhead that reduces cell throughptihese issues are
exacerbatedy the highly-degradedsmallcelledge performanceaused byextensiveinter-cell
interference®+10310¢

The LTE standar@ttempts to solve these issues througdelforganizng networks (SON),
consisting of one centraligeunit selfoptimizing the configuration of adjacent cells ¢mable
load balancingreduce handoff overhead anchitigate inter-cell interference. SON uséser-
cell interference coordination (ICI@s one nethod to mitigate intercell interferencg®’1%®
0 K NP deBdatonémoug a4 OKSYSa SYLX 28Ay3 RAFTTFEHNBWI
frequency reusehard frequency reusedractional frequency reugeor coordinated techniques
enabling cooperation betwen base stationgo coordinatethe allocation of time/frequency
resources ICIC does notemove interference; it only avoids interference by frequency
coordination, and consequently throughput gains amy limited. Feld trialswith SONhave

demonstratedonly marginakverage throughpuimprovementson the order of10%6°.
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In summary, as wirelessperators have turnedto smallcells and HetNetgo increase
subscriber densityincreased hanaff overhead and intecell interference quicklyrasreduced

the cgacity gains from higher cell density, ultimately hitting a limit to the capacity achievable
in a given areadespite the use of SON and ICIC techniqliége impracticality of smadlells is
reflected in weak market acceptance: despite widespread promatfosmalicells as a solution

to mitigate congestion, small cell adoption by mobile operators has been very limited, falling far
short of projection$™.

3.3.2 Network MIMO and CoMP

An alternative approach to mitigate inteell interference is to coordinate tramissions from
multiple base stations iso-calledd y S ¢ 2 NJ @ RAZ&NNIEO dZINT R4 / asistanhss
Network MIMO was first proposed in 2005 with the goal of improving SINR in cellular systems
to increase SE via MIMO spatial multiplexiigwhich only verks ina high SINR regime, as
described in theéSection3.2). Theoretical analysis of network MIMO in ideal complex Gaussian
channel$?and simulations in indoor channel modefsshowed significant gains in SE over
conventional ellular systemsalthoughthese gainsdo not grow linearly with the number of
base stations in the networlind are limited'*. While theoretical analysis of network MIMO
shows up to 5x gain over conventional systems using power control to mitigate interfesen
recent lab prototypes have demonstrated only up to & dain in SE® comparable to
conventional MIMOBase statiorcoordination has become part of the L-ABvanced standard

for 4G cellular systems witso-called coordinated multipoint (CoMP*'’ schemes namely
G22Ayid LINRBOSaaAiAy3aéd oWto |yR a0O22NRowbnlySR
enables cooperatiommong adjacent celland its performance degrades when kddnpliant
limited feedback mechanisms are employed, due to coarsely quantiz&€d'€SFurther, CoMP

is highly sensitive to Doppler effecesd channel agingrom motion bythe user andthe
environment®, Practical field tests have demonstrated at most 30% gain in avelagalink
throughput with CoMp#%123124125

3.4 Other limitations of cellularsystems
The following subsections describe other practical limits encountered in the deployment of
current and next generation cellular systems.

3.4.1 3D environments

I £ (0 K2 dz3tkus mSllas@eed 2D horizontal cellular layoutsthe real world is 3D with a
vertical dimension, resulting in additional challenges for cell planning, particutanyban
environments such as the examphliepictedin Figurell. Anindoor user in a highise building
might well experiencdOS from many cell base stations, with no base station having much
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different power than any otherBeyond the
challenge of deciding which cell shouddrve /\
the user device, the combined downlin 7
transmissions from interfering cells ressiin A
low SINR tothe user, while the usewuplink ¥
transmission interferes with whichever cell et N gl ’ /
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are not chosen to béhe serving celf®. Given »l / LA
L S /

and 53% of people live in urban areas (growi
about 0.5% every yed’f, challenges from oW

mobile usage in tall structures will have & / I p

increasing impact on global mobile capaci / /

and, accordingly, it has been consideredaas e S

case study by 3GPP LTE Réf°13 Figurel1: 3D highrise cellular challenges

that 80% of mobile Internet use is indodfs /

4

In general, cellular providesnly approximateuser location information, particularlyn dense
urban areas with large 3D structuresvhere accuracy errors can exceed 100 mét&rs
Accurate 3D location information (e.g. identifying the correct floor and room in a building) is
critical for first responders in emegency situations and also lwaruseful for personal and
commercialapplications

3.4.2 Qrisis situations

As payphones and landlines haveapidly vanished from public locations homes and
businesses?, the world has become almost entirely reliant upon mobile communications in

crisis situatns. Because cellular architecture inherently divides the coverageiat@ largely
non-overlappingcells, if asinglecellular base station fails for any reason (elgss of power or

backhaul, orif it is damaged or destroyed), the entire cell loseserage.Power loss can be

mitigated by batteries or generators, but if an incident results in physical harm to a base station

2N AGa O2yySOGA@AGes GKS ol asS &aWheielopeyators O2 @S
share mobile infrastructuré® damageto a shared cell tower or its backhaul can result in the

loss of all mobile service in the surrounding gras shown irrigurel?.
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Figurel2: Cellular coverage loss in a crisis situation

A crisis situation at a given location can result in a vast number of peopihe affected area
attempting to initiate callsand once the news of the incident is widely known, a vast number
of people attemping to call into the affected area. First rgsonders urgently need
communications to and from thaffectedarea, potentially requiring video teleconferencing so
remotely-located specialists can make visual assessments of the situdian if the crisis
situation does not damage the cellular infrastture, agiven cellulaase station capacitis
sized for typical peak usage which assumes a small fraction of people within areell
concurrently engaged in communicationsAlthough there have been proposed SON
technologies to theoretically balancedds between adjacent small cells, a sudden surge of a
large percentage gbeople in theareaconcurrently attempting connectionwill overwhelmall
base statios servingthe areg regardless of how loads are balancgumtentially resulting in
little or no service for anyone.For example,n the wake of the Boston Marathon bombing in
2013, the sudden surge in mobile traffic in the area overwhelmed all major U.S. carriers
resulting in no service at aif.

As previously noted, cellulanetworks are only ableto provide very coarse location
information, soeven when base stations are not overwhelmed, they often are unable to
provide useful location information to find people who need help, particularly if they are
located in tall buildings. In contrasta landine call can typically pinpoint the location of the
caller at the installation address of the landline, whether an apartment in a tall building in a
dense city or a farmhouse in a rural ar€ellular technology is unable to come anywhere close
to this le\el of precision, particuldy in densely populated arsa

3.4.3 Security vulnerabilities

Transmission$y conventional wireless systems, including cellular, can be interceptechby a
eavesdroppinglevice within range of the transmitter. Current cellular systenilze keybased
cryptography to encrypt data transmissions. Even with the strongest encryption system, if the
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key is compromised, it is possible to intercept and decrypt data transmisdransexampleit

was recently reported the encryptiokeys ofpotentially most SIM cards in use todagvebeen
compromised®. Because cellular transmissions can be easily intercepted, this means that
possiblymost cellular communications in the world have been compromised, vividly illustrating
the inherent security vulnbility of cellular communications.

3.4.4 Millimeter wave performancein cellular networks

Millimeter waves are definedo be at frequencies much higher than those of conventional
cellular systems (e.ghetween 30 GHz and 300 GHz of #lectromagnetic spectmn), and
have been proposed fduture 5G cellular networksThe principle benefit of millimeter waves
is the vast amount of unusedillimeter wave spectrum available, but thdundamental
drawbackis millimeter waves incur high attenuation fromostnaturalobjects (including heavy
rain and fog)and manmade objects other than clear gld3% behaving much like light waves
Experiments with higigain directional antenna arrays (analogous temwseepingspotlight) have
been used to sweep through coverage aréasiemonstrate that many neobstructed areas
can be reached by millimeter wavé$ But millimeter waves, like light, are unable to reach
locations only reachable bypenetration of nontransparent objects requiring extensive
antenna placement throughout theoverage are&’ (analogous to installing enougipotlights
to illuminate everyoutdoor and indoor locatiomn the coverage arean a dark night).

Millimeter wave research thus far has largely been focused on propagation sautliet® date,

little work hasbeen done to assess the unique propagation characteristics of millimeter waves
within a cellular architectureWhile millimeter waves, eveas a focused beamare largely
blocked by walls, they propagate througir andclearglass very efficientlyresuting in highly
irregular cell shapesFor example a millimeter wave smadiell within a room might not
penetrate the walls of a room, but could extend very far through the open windows of the
room or through an open door, interfering with cells serving #rea outside of the room. If
shades are drawn or the door is closed, the millimeter waves would be blocked, dramatically
and dynamicallghanging the shape of the cell

It is unknown how long it will be beforemillimeter wave systems can be deployed am
commercial basi®r what form such networks and user devicedl take. Whether cellular
architecture can be useefficientlywith millimeter waves remains an open area of research.
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3.5 Summary:Cellulararchitecture has reached capacignd reliability limits
While cellular has served the world well for over 30 yeeetlular has reached its limitgjven
0 2 R lre§guizémentsfor wireless networks in terms of capacitg|iability, consistency, density
and public safety.

We summarize the fundamental limit$ cellular architecture as follows:

Inconsistent data rate throughout the coverage af@@0:1cell center to cell edge
Poor celledge performance further degraded by inteell interference

Poor performance imigh-densityuserscenariogiue to bandwidh sharing

Inability to scale capacity through smeélls due to uncontrolled intecell interference
Large handoff overhead, particularly in srall deployments

Limited and inconsistent capacity gains throddiMO (only up to 4x over SISO)

MIMO limitedto 4x average SE gain imealscenariosno gain in unfavorable scenarios
Spatial processing (MIMO, CoMP, beorming) highly sensitive to Dopplemobility
Inflexible antenna installation, requiring specific and expensive base station locations
Poor vetical 3D performance in highse buildings

Inability to accurately determine user location

Crisis situations result in loss of coverage and/or severe congestion

Cellular transmissions are vulnerable to interception and decryption

= =4 4 -4 4 8 -5 -4 -4 9 -2 -5 12

Despite these inherentrhitations, cellular istill taken as a given as the architecture for mobile
communications, and virtually all mobile wireless development is constraintinva cellular
framework and its limitations, resulting in marginal improvements at best.

The onlyway to overcome the above limitationsand all can be overcomeis to transition

from the traditionalcellular architecturgo a new architecture for wireless, designed from the
outsettoservell 2 R @ Qa NXBj dzA NB Y Sy (ihius ddlizenity schbeBconSistent v S 4 2
capacity in even highensity scenarios, and supporting public safety needs. And, on a practical
level,ideally thisnew wireless architecturevould remaincompatible with standard LTE and-Wi

Fi devicesand usereadilyavailable backhauinfrastructure so that it can be immediately
deployedandput into use.

This new wireless architecture is pCell.
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Figurel3: pCell technology can concurrently provide every user in this photo the full capacithef
samespectrum, including users in tall buildings and moving vehicles

4 pCell Technology

pCell isa new approach towireless that rather than avoiding interference likeonventioral
wireless systems exploits interference pCell technologyynthesizesa tiny personal cell(a
GLY Sttt é0 T2 Nihthdcovkragdziré&tildceRScipGelDi$ an independemadio link
each device in the coverage areaableto concurrentlyutilize the full capacity of thsame
spectrum dramatically increasing wireless capacity

pCell systems inherently have exceptional space selectivitynthesizingpCells that are
physicallyvery small 4 fraction of a wavelengtin diameter at practical mobile frequenci€d

with three-dimensional polarizatioli®, thereby maintaining independentiata links with user
antenna spacing on the order of millimeters at practical mobile frequefiiess a resultpCell
achieves orders of magnitude higher spectral efficiency than cellular, even at very high device
density.

Although pCeltechnologyis radicallydifferent than cellular or other interferencavoidance
technologies pCell is compatible witloff-the-shelf LTE and Wi devices pCell accomplishes
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