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5G 6G (or xG) Vision : Pervasive Computing

Digital Economy is the future !
« Global transformation: all economies, all sectors (at different rates)

« ICTs accelerate, amplify, and augment changes. Disrupt.

« Digital & "analog” elements of society/economy (laws, institutions,
processes, skills, behavior, ....) must co-evolve

Everything, everywhere, always connect(able) to
computing and networked resources

« 5G is the networking infrastructure to enable

« Clouds, IoT, BigData, AI, robots, Autonomous vehicles, Augmented
Reality...."everything as a Service” (XaaS)

« Smart-X smart highways & vehicles; greener energy grids;
healthcare; supply chains; natural resource mgmt.; finance &
payments, etc.

« Real and Virtual World Convergence
5G is (vision of) the networking infrastructure to enable!



5G vision: Order magnitude performance improvement
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.. We realize the future as we
move toward the horizon



5G: global CAPEX $872B. (1.7 x 4G capex 2019-2030)

“$9B 5G Fund for Rural Broadband”
(FCC announced, Dec2019)



5G Global Economic Impacts
$Trillions of Smart-X potential growth across entire economy

* many such studies.... all are
bets on a future that depends
on lots more than 5G...

IHS (2017) study:

“5G will enable $12.3 trillion
in sales, generating $3.5
trillion in additional global
output that will support 22
million jobs by 2035”

“Annual global investment of
$200B per year”



Meeting the 5G challenge

- Small cells: CAPEX increases, backhaul challenge
« Enable Spectrum reuse, MEC, Energy efficiency, mmW spectrum
« When cells smaller, spectrum more fungible (e.g. mid-band, high-band, etc.)
« Spectrum smaller share of per-cell cost (site, power, backhaul, etc.)

- Intelligent Core Network : Softwarization & Virtualization

« Expanded flexibility, customizability, scalability ("network-as-a-service”).
Accessibility of cloud services.

» Delocalization control =» realize scale/scope economies.
« via aphabet soup of tech: NFV, SDN, MEC, Slicing

- Shared Spectrum : everyone wants more so have to share
« DSA: dynamic, granular shared RF in all dimensions (time, space, context, ...)
« Heterogeneous users/uses/networks co-exist. Active/passive uses.
« 5Gis NOT just 3GPP (LTE) but also WiFi (802.11x), satellite, etc.
« Regulatory = markets: continuum from licensed to unlicensed (e.g., CBRS)



Future BB Competition: intensifying competition

- Specialized and Local Facilities-based Entry (new)
« Venues: Stadiums, Campuses, Shared-tenant-networks
« Small cells (access/site control bigger issue)
« Shared costs, virtualize infrastructure/functionality (delocalized, network-as-a-service)
« End-user deployed < new vector for competition (e.g., WiFi, Muni-nets, etc.)

« MVNO competition intensified (seen this before, but new flavor)
« 3 MNOs with excess capacity =» robust wholesale market.
« Edge providers integrate forward for enhanced control of user experience. Rise CDNs.
« 5G vertical niches as SmartX drives need to vertically-integrate. New specialized MVNOs

* Fixed-Mobile Convergence (been coming for a while)
« Intensified intermodal competition. Mobile closer substitute to fixed.
« Revenue drivers: Cord-cutting, OTT rise. Falling prices mobile.
« Rise WiFi (Google Project Fi, Comcast Xfinity). 5G traffic more nomadic, less fast-mobile.
« Smaller cells < CAPEX looks more similar for fixed/mobile
« Converged Landscape: MNOs are smaller part of overall picture



Will the Internet survive Covid-19? (press coverage March 2020....)

Ookla Speedtest Data : relatively stable performance s of 3/30/2020)

“Despite massive traffic increases — particularly
across consumer last-mile networks — we have

not seen a significant corresponding spike in
Internet outages.



5G & Platforms in a (post) Covid World

Internet and Broadband rise to the challenge (mostly)

« Network traffic increase 30-40% during peak
Broadband, IXPs, Clouds, Applications, etc.

Increased video-conferencing, video-streaming, gaming
Drop in business traffic as work shifted to home helped
Cloud shift for VPNs helped

WiFi replaced cellular

« Congestion some, outages few
« Local bottlenecks, Configuration errors, Older equipment
« Applications (e.g., Zoom, Microsoft Teams) and Websites (e.g., employment sites)
saw unanticipatible short-term growth.

« Cyberattacks increase, Privacy & Surveillance

Long -term effects (??)

Accelerate traffic trends already under way : virtual life a step closer...
« Shift to Clouds and CDNs, Private replace public networks, flatter topology

« More Telemedicine, FinTech (ePayments), Remote Collaboration,

« Demand shock & Supply Response — Government must lead
» Digital Divide =» 5G should be for everyone. Push for Universal Service public subsidies

» Supply response =» Economic recovery (??) and scarcity private capital. Revenue pressure.

* More (or less) regulation?
« Digital platform antitrust, Network Neutrality, Privacy, etc.



Summing Up: 5G & Wireless Ecosystem....

Autonomy = Real/Virtual world convergence

5G = platform for Pervasive Computing

Everything connectable does not mean everything should/will be connected
Like the Internet, control & ownership will be distributed/decentralized

$Trillions of future Smart-X potential

Transformation wi// be disruptive. Adjustment costs will be significant
Realization depends on co-evolution of digital & analog elements

Covid-19, Climate Change, Globalization, ....
might not be threats in world without computers
but our ability to respond surely depends on continued advances

wlehr@mit.edu
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Additional Material --- not used
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Convergence of WLAN (802.11x) and Cellular (3GPP)

« Data rates
« Cell size
« Support for multi-APs and standalone deployment

Source: Elayan, H., Amin, O., Shihada, B., Shubair, R.M. and Alouini, M.S., 2019. Terahertz band: The last piece of RF spectrum puzzle for
communication systems. IEEE Open Journal of the Communications Society, 1, pp.1-32.
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Spectrum sharing
Citizen Band Radio Service (CBRS) 3.5GHz

« High-value mid-band spectrum for 5G

« History:
« WH (2010): “clear 500MHz Federal spectrum in 10 years”. NTIA (2010) Fast-track report
« FCC (2012) NPRM identifies CBRS. PCAST (2012) report.

« FCC (2015) CBRS rules announced
« September 2019, GAA commercial begins; June 2020 PAL auction
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Citizen Band Radio Service (CBRS) 3.5GHz

Business models
MNQO capacity augmentation, e.g., using carrier aggregation
New CBRS MSO entrant (e.g., Cable, new) to build out new LTE network
Neutral Host RAN: manage interconnection, shared resources, multiple networks
Enterprise Private LTE: improvement over DAS, Wi-Fi
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5G v. 6G (one perspective...)

Service: 3D VR/AR v. Tactile
« Max data: 35Gbps v. 100Gbps
* Max spectrum: 90GHz v. 10THz
« Massive MIMO v. Intelligent surface

15



16



17



M2M connections dominate 5G connections grow fast, small share still by 2023

$/GB falling steeply

Source: Rysavy (2018), “"LTE to 5G: the Global Impact of Wireless Innovation,” 5G Americas/Rysavy Research White Paper, August 2018.
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