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Learning Center tools for professional development: http://learning.acm.org
• The Safari Learning Platform featuring the entire Safari collection of nearly 50,000 technical books,
video courses, O’Reilly conference videos, learning paths, tutorials, case studies
• 1,800+ Skillsoft courses, 4,800+ online books, and 30,000+ task-based short videos for software
professionals covering programming, data management, DevOps, cybersecurity, networking, project
management, and more; including training toward top vendor certifications such as AWS, CEH, Cisco,
CISSP, CompTIA, Oracle, RedHat, PMI.
• 1,200+ books from Elsevier on the ScienceDirect platform (including Morgan Kaufmann and Syngress
titles)
• Learning Webinars from thought leaders and top practitioners
• Podcast interviews with innovators, entrepreneurs, and award winners
Popular publications:
• Flagship Communications of the ACM (CACM) magazine: http://cacm.acm.org
• ACM Queue magazine for practitioners: http://queue.acm.org
The ACM Code of Ethics, a set of principles and guidelines principles and guidelines designed to help
computing professionals make ethically responsible decisions in professional practice:
https://ethics.acm.org
ACM Digital Library, the world’s most comprehensive database of computing literature: http://dl.acm.org
International conferences that draw leading experts on a broad spectrum of computing topics:
http://www.acm.org/conferences
Prestigious awards, including the ACM A.M. Turing and ACM Prize in Computing: http://awards.acm.org
And much more… http://www.acm.org.
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Future Wireless Networks

Ubiquitous Communication Among People and Devices

Next-Gen Cellular/WiFi
Smart Homes/Spaces
Autonomous Cars
Smart Cities
Body-Area Networks
Internet of Things
All this and more …

The Licensed Airwaves are “Full”
Also have Wifi

And mmWave
10s of GHz of Spectrum

Source: FCC

On the horizon, the Internet of Things
50 billion devices by 2020

 Different requirements than smartphones

 Low data rates and energy consumption
 Very low latency

What is the Internet of Things:
 Enabling every electronic device to be

connected to each other and the Internet

 Includes smartphones, consumer electronics,

cars, lights, clothes, sensors, medical devices,…

 Value in IoT is data processing in the cloud

Are we at the Shannon
capacity of wireless systems?
We don’t know the Shannon
capacity of most wireless channels
 Channels without models: molecular, mmW, THz
 Time-varying channels.
 Channels with interference or relays.
 Cellular systems
 Ad-hoc and sensor networks
 Channels with delay/energy/$$$ constraints.

Shannon theory provides design insights
and system performance upper bounds

Enablers for Increasing Wireless Data
Rates in 5G networks
 Wireless Network Design

 Rethinking cellular system design
 Software-defined wireless networking

 PHY/MAC Techniques

 Utilizing more spectrum (mmWave/THz)
 (Massive) MIMO
 New modulation, coding, and detection
 New MAC strategies

1971
1980s
2014

mmWave Massive MIMO
10s of GHz of Spectrum

Dozens of devices

Hundreds
of antennas

 mmWaves have large attenuation and path loss
 For asymptotically large arrays with channel state

information, no attenuation, fading, or interference
 mmWave antennas are small: perfect for massive MIMO
 Bottlenecks: channel estimation, complexity, propagation
 Ideal beamforming disappears with object scattering

ML in Wireless Systems
 We have shown that ML “trumps theory”:

 In equalization of unknown/complex channels
 In joint source and channel coding of text

 Application of ML to wireless system design







Detection in unknown channels (molecular, mmW, nonlinear)
Modulation and detection
Encoding and decoding
MIMO transmission and reception
Joint source and channel encoding/decoding
Network resource allocation

 ML algorithm and training optimization needed


That is where comm/network theory come in

Rethinking Cellular System Design
Small
Cell

CoMP

How should cellular
systems be designed?

Relay

DAS

Will gains be big or
incremental; in capacity,
coverage or energy?

 Cellular systems reuse channels/timeslots in different cells

 Traditional design assumes system is “interference-limited”
 Capacity unknown; upper bound based on BC/MAC with pooled antennas

 No longer the case with recent technology advances:
 MIMO, multiuser detection, cooperating BSs (CoMP) and relays
 Raises interesting questions such as “what is a cell?”

 Dynamic self-organizing networking (SoN) needed for optimization

Small cells are the solution to
increasing cellular system capacity
In theory, provide exponential capacity gain
Cloud
Optimization

 Cellular networks are
increasingly hierarchical
 Large cells for coverage

IP Network

Small cell BS
Macrocell BS

 Small cells for capacity and
power efficiency
 Cell resource optimization
is best done in the cloud

Can use cloud optimization for all wireless networks

Vehicle networks

mmWave networks

Cloud
Optimization

TV White Space &
Cognitive Radio

Software-Defined Wireless Network
AR and VR

Channel
Allocation

Self-Driving
Vehicles

Security

BeamForming

Power
Control

Ubiquitous
Sensing

Multiple
Access

App layer

Routing

Health and
Wellness

QoS

SW layer

UNIFIED CONTROL PLANE

Commodity HW
Distributed Antennas
WiFi

Cellular

mmWave

…

Satellite

SDWN Challenges
 Algorithmic complexity
 Frequency allocation alone is NP hard
 Also have MIMO, power control, CST, hierarchical

networks: NP-really-hard
 Advanced optimization tools needed, including a
combination of centralized (cloud) distributed, and locally
centralized (fog) control
Cloud Optimization
 ML can also play a role

Fog
Optimization

Next challenge:
optimizing caching
and edge computing

Small cell BS
Macrocell BS

Fog-Optimization vs. Centralized
 Use clustering technique to cluster BSs, then optimize
power allocation to maximize uplink sum rate
 Consider multiple clustering techniques (will also look at ML)
 Nonconvex approximation for optimization
Single-User Decoding per BS
Joint Decoding in Virtual Cell
10x loss

55% loss

“Green” Cellular Networks for the IoT
Pico/Femto
Coop
MIMO
Relay

DAS

How should cellular
systems be redesigned
for minimum energy?

Research indicates that
significant savings is possible

 Drastic energy reduction needed for IoT devices
 New Infrastuctures: cell size, BS placement, DAS, Picos, relays
 New Protocols: Cell Zooming, Coop MIMO, RRM, Scheduling,

Sleeping, Relaying
 Low-Power (Green) Radios: Radio Architectures, Modulation,
coding, MIMO

Where should energy come from?
• Batteries and traditional charging mechanisms
• Well-understood devices and systems
• Wireless-power transfer
• Poorly understood, especially at large distances and with
high efficiency
• Communication with Energy Harvesting Devices
• Intermittent and random energy arrivals
• Communication becomes energy-dependent
• Can combine information and energy transmission
• New principles for communication system design needed.

Chemical Communications

 Can be developed for both macro (>cm) and micro (<mm)

scale communications

 Applications: in-body, underwater, on-chip, and ad-hoc systems

 Greenfield area of research:

 Need new channel models, modulation schemes, channel

impairment mitigation, multiple acces, etc.
 Fundamental capacity limits also unknown

Current Work
 Slow dissipation of chemicals
 Significant intersymbol interference (ISI)

 Can use acid/base transmission to

decrease ISI
 Similar ideas can be applied for
multilevel modulation and multiuser
 Equalization requires machine
learning (no channel model)
 Applied to both SISO and MIMO
 Leads to a 10x data rate increase
 Currently reducing to nanoscale

Sending text messages with
windex and vinegar
Stanford Report:
November 15, 2016

The brain as a communications network

Epileptic Seizure Focal Points

 Seizure caused by an oscillating signal moving across neurons
 When enough neurons oscillate, a seizure occurs
 Treatment “cuts out” signal origin: errors have serious implications

 Directed mutual information spanning tree algorithm applied

to ECoG measurements estimates the focal point of the seizure
 Application of our algorithm to existing data sets on 3 patients
matched well with their medical records
ECoG
Data

Summary
 The next wave in wireless technology is upon us
 This technology will enable new applications that will change

people’s lives worldwide

 Future wireless networks must support high rates for
some users and extreme energy efficiency for others
 Small cells, mmWave massive MIMO, Software-Defined

Wireless Networks, and energy-efficient design key enablers.
 Machine learning is a promising new tool to use in receiver
design, multiple access, and resource optimization

 Communication tools and modeling techniques may
provide breakthroughs in other areas of science

Athena: Goddess of wisdom and war
 Thanks to ACM for this

grand honor and for
organizing this
webinar.
 Thanks to all my
students and
collaborators for being
the best part of my job

ACM: The Learning Continues…
• Questions/comments about this webcast? learning@acm.org
• ACM Code of Ethics: https://ethics.acm.org
• ACM’s Discourse Page: http://on.acm.org
• ACM Learning Webinars (on-demand archive): http://webinar.acm.org
• ACM Learning Center: http://learning.acm.org
• ACM SIGMOBILE: https://www.sigmobile.org/
• ACM-W: https://women.acm.org/
• ACM Queue: http://queue.acm.org

