WIRELESSSYSTEMSRESEARCH IN2020

Wireless systems research is the subfield of wisetesearch that studies networks of computingcdevi
that communicate over a wireless medium. The mbaracteristic of this subfield is its emphasis on
practical design, implementation, and empiricalleaton. In the last few decades, wireless systems
research has played a key role in advancing weelesmmunication. Its contributions include:
ALOHANEt, which is the world’s first computer communicatiogtwork; packet radio networks, which is

the predecessor of today's WLANSs; Carrier Sensetibplal Access (CSMA), which is the mechanism
used by today's computers to access a wirelessonietand Software-Defined Radios (SDRs), which are
the key enabler of cognitive communication systeRecent years have witnessed a great momentum that
led to innovations along multiple axes: (i) disiuptnetwork designs have emerged including sensor
networks, delay tolerant networks (DTN), vehiculetworks, and cognitive networks, (i) system
research has shown an unprecedented breadthnésations now encompass signal processing at the
physical layer as well as novel environment-awayplieations, (iii) and a long-awaited convergence
between empirical system research and informatieory has arisen delivering the first implementagio

of wireless network coding, physical-layer securéityd interference alignment.

GREAT OPPORTUNITIES

Wireless systems research has traditionally pratgedbility to cut across many disciplines and axin
hardware and radio advances with useful applicatéomd social services. Further, because of its agiph
on practical design and empirical evaluation it lpagven the vehicle that delivers basic science to
industrial success. As a result, it is today poséd to contribute to multiple critical servicegttttan
affect all aspects of human lives such as:

HealthI T: Body area networks (BAN) allow a continuous moriiitg of a patient condition in her/his own
natural environment. Small radios with sensing dewiare likely to be implanted under the skin to
measure various body functions and report them aweireless network to wearable radios. The latter
collect the measurements and deliver them wirglagssh central unit, eventually to reach appropriat
medical experts in a hospital. This process extéeddthcare beyond the hospital, reducing its cosd,
significantly increasing its efficiency.

Broadband for all: High bandwidth Internet access is becoming a rsitges today’'s world. Various
studies have shown that people with rich Interoenectivity have access to diverse information asel
such information to significantly improve their smcand economic conditions. Today, barely 25%hef t
world’'s population has any Internet access, leadinga widening standard-of-living gap with the
remaining 75%. This inequality has created a nemfof socio-economic disparity, referred to as the
digital divide. Given the prohibitive costs of deping a wired Internet infrastructure to every arof
the inhabited world, it is anticipated that a dagset of wireless technologies will be the onbsfble
means that can realize the "broadband for all'rdrea

Smart Grid: Efficient and clean energy usage may be improvied abetter understanding and tighter
control of energy consumption. A smart grid enaldasrgy sources, carriers, and consumers to better
understand and control various processes in thegemgid. Hence, it can help reduce waste, improve
efficiency, and divert energy usage during emerigsnto where it is most needed. This vision reguire
entities in the energy grid, including each induatl power outlet, to be remotely accessed and
manipulated. Because of its tetherless nature)egisenetworks have been proposed as the likelyumedi
for such communication.



Smart transportation systems: People regularly move from place to place as nsgen before in human
history. Wireless communication systems are likelplay an important role in making various modés o
transportation safer and more efficient. Commuriocabetween pilots and air traffic control, navigat
satellite systems, safety mechanisms that detéatrdiatigue, and systems that can provide autotnate
safeguard between vehicles, all depend on improving robustness and quality of wireless
communication.

Understanding our environment: An increasing number of mobile devices are equdpgith a rich array

of sensors, including cameras, microphones, aarakters, electronic compasses, and GPS receivers.
While each such sensor can facilitate new apptinatiin these devices, in aggregate they open up
unprecedented opportunities of understanding our@amments. If data from billions of such sensoas ¢

be effectively collected, they can serve as a idbrmation telescope for the world. For example,
chemical sensors in future mobile phones can tepeckad of pollutants within a city, feeds from user
cameras can provide immediate feedback on outlotédeest fires and their nature, and GPS receivers
in phones can pinpoint locations of trapped indiaild after a devastating earthquake.

GREAT CHALLENGES: INFINITE BANDWIDTH, INFINITE MOBILITY, INFINITE DATA

With great opportunities come great challenges. dpyications described above place greater demands
on wireless networks that are hard to satisfy wottay’'s technologies. We envision that researctinén
coming ten years should try to answer the followtimge big challenges:

 How do we obtain unbounded wireless bandwidth?

So far, wireless bandwidth has always lacked behimdd bandwidth. But the future is likely to make
wireless the dominant medium for connectivity; ooty will it be used for Internet access but alswill
replace the piles of wires at home and in the effidhe scarcity of the wireless spectrum is thenma
factor that limits the vision for wireless accesgrgwhere anytime, and perhaps the toughest clgglen
that wireless research has to undertake. Overcothiaghallenge requires innovations in variousagare
including novel ways for spectrum sensing and rephanisms for using higher frequencies suclas 6
GHz and the visible light, novel ideas for dealimigh interference, high-density MIMO, and generally
more efficient protocols and systems.

* How do we deal with fast and continuous mobility?

While full mobility is the main premise of wirelessmmunications, current wireless networks fallrsho
of delivering that vision. Today, 802.11 and otbemputer networks provide a nomadic mode in which
users can occasionally move from one place to anoffhey cannot however support fast continuous
mobility. Cellular networks are better at suppatmobile users but they pay for this feature vagnly

in terms of efficiency with today's 3G systems hgva low spectral efficiency about 1 bit/s/Hz. The
problem is that fast movements cause unpredictabiations in channel SNR that could be as high as
15-20 dB. These SNR variations make it difficulstect the right modulation and FEC for transrissi
The net result is that existing wireless networikiseg give up on fast mobility (802.11 WLAN) or mgt

to a very conservative design (cellular network&ddressing this problem requires innovations at al
levels of the network stack.

* How does a network deal with humongous amount tza



The future will carry a plethora of sensors thamnitar every event anywhere. Some will be carried by
human users including cameras and microphonesr wiitiedoe embedded in the environment including
sensors that monitor our energy grid, our factpdesl our transportation systems. The result isafof
sensor readings, some of which have a very rickeodincluding video. Understanding this informatio
and eliminating the huge correlation and redundaac\stitute a major challenge. Furthermore, given t
size and speed at which information is generatezlnetwork cannot simply carry the information to a
centralized destination where it is processed. fdte/ork itself has to actively participate in peesing
the information to eliminate redundancy locallyartsform the information into more manageable
formats, and route it to where it is most useful.

GREAT INNOVATIONS REQUIRED: GET PHYSICAL, GET VISIBLE, AND GET AWARE
In order to address the above challenges, wirelestems research needs to innovate along multigle a

GET PHYSICAL

Connection between the PHY and higher layers. Conventional wireless design has a strict contract
between the layers of the network stack. Specijicéhe PHY and lower layers deliver fully correct
packets and the higher layers route these packétadrested destinations. Recent studies have rshow
that such strict separation between layers leatismer throughout and reliability. Future applicais are
likely to emphasize this trend. For example, impdrand wearable radios proposed for HealthIT canno
afford inefficiencies that stem from a traditiofeyered network stack. Innovative designs of aelbgs’
network stack that avoids most protocol overheati#ewmaintaining robustness are highly desirable.
Significant research is needed to design systemsghioh applications and other traditional higheela
components are made aware of the physical layeactaiistics, i.e., a PHY-aware stack. Similantyisi
also important to seek innovative PHY layer desitpas leverage application context and treat thigeen
network as the communication channel.

Connection to theory: The battle to push network efficiency to capaliitits needs to continue unabated.
Breakthroughs that will impact practical systeme axpected to arise from collaboration between
information and communication theorists and theeeéxpentalists represented by wireless systems
researchers. This is likely to leverage ongoingaades and collaboration at the physical layetuting
those in the areas of interference alignment, fietence cancellation, and high density MIMO. Thé ne
result could be an information-theory driven preaitiPHY design, where the most advanced theoris ar
realized under practical constraints of feedbac&rtowad, limited synchronization, and unknown and
quickly changing environment.

Connection to devices and technologies. The future also depends on innovative uses ofrasbewireless
technologies and devices in networked systems. Biognideas include using 60 GHz links to eliminate
wiring in datacenter, or the use of UWB radiosgpectrum sensing and access. Other innovativedfises
directional antennas, MIMO, and energy-scavengialios are also important.

Connection to security: Physical-layer security is a new field that hashbsystems and theoretical
foundations. It advocates new PHY-based securitghan@sms that augment the existing repertoire of
cryptography-based techniques. For example, thindagatterns on a wireless channel can create a
source of randomness to hide private informatiba,aharacteristics of the wireless channel canskd u

to generate device identity, and frequency hoppamgbe used to combat jamming.

GET VISIBLE

Free space optics and high frequencies. Spectrum scarcity will continue to be the biggdsallenge for
wireless networks. As a result, there is a gretrést in exploiting higher frequencies such aseho
around 60 GHz and in the visible light range. BRrpig this part of the spectrum, however, requires



novel network solutions to overcome fast degradatib the signal over distance, and its inability to
penetrate obstacles in the line of sight. Innoveticould cast traditional network protocols in a
completely new light such as having visible-lighgtworks route data using controllable mirrors and
lenses.

Spatial spectrum: MIMO technology promises a linear gain in capaeityh the number of antennas.
Unfortunately, for RF communication, this linearrgatops after a few antennas. This is because the
linear gain is dependent on the antennas beingatepaby at least half a wavelength. For 2.4 aid 5.
GHz networks, the wavelengths are on the ordees$ bf centimeters, which prevents packing many
antennas on a small device. In contrast, the wag#ie in the visible light range are much smaller
allowing the packing of millions of antennas onnaall device. This is apparent from today's cameras
and LCD, which carry millions of pixels. These LGIDd cameras can be used as high density MIMO
transmitters and receivers, capable of deliveringctmhigher throughput than existing RF MIMO
channels. Leveraging such channels requires intiveveesearch that combines networking with image
processing technigqueknovations in this direction could extend the &R frequency spectrum with a
spatial spectrum that captures spatial frequen€&iegher, since transmissions in the visible ligdrige

are highly directional and do not suffer major ifeeence, the spatial spectrum expands with thaiphaly
space.

GET AWARE

Cognitive communication: Today, the available spectrum is fragmented acaosamber of incumbents
governed through strict control mechanisms. Appieado facilitate dynamic access to the spectrum in
an unlicensed manner without interfering with érigincumbents can yield a significantly more et
spectrum usage. Cognitive communication acrossspdictrum bands has the potential to enable
broadband-for-all. There are many ongoing actisitiethe domain of spectrum sensing, spectrum acces
and cognitive radios that are focused towards gioial. More research is needed however to address
guestions like: how do we detect and avoid occugdreduencies? How can a user communicate
efficiently over a highly fragmented spectrum? Hdwwwe leverage frequency selectively for increased
throughput?

Context awareness. Wireless networks can leverage context-awaremedsdrease overhead and increase
information utility. For example, nodes in a MANHEay use their accelerometer readings to detect
mobility, which gives a coarse indication of theeeg at which the channel may change, and hence how
fast the routes need to be recomputed. Also, imréicppatory sensing application, roaming users and
vehicles may participate in monitoring the occucef a forest fire. To decide whether this appidca
should report data, the node has to realize theually high temperature around a specific regidnis T
might cause the camera to be turned on to taketargi Further, the node uses its GPS readingsde ¢
tag each piece of information. Finally, all otheerts in the area close to the forest fire get aonaatic

alert based on their geo-locations as well. Infigeatvays for leveraging context-awareness can {ead
novel and useful applications.

From data-networks to information-networks: Future sensing applications are likely to generate
humongous amount of data to be communicated oeewiteless medium. Much of this data however is
highly correlated and, in principle, could be coeysed. The problem however is that compressiorsneed
to occur at the sensors themselves before the adaisumes the wireless bandwidth. Said differently,
there is a need to move from traditional networkigie, which focuses on packet delivery to a more
encompassing design that addresses informatiovedgliRecent advances in compressive sensing have
the potential of addressing this issue but theylnede integrated with network design. Future aeste
should provide innovations that allow a network dotively participate in compressing the data,
manipulating the information, understanding it, aogting it to where it is needed.



REQUIREMENTS: PLATFORMS, BENCHMARKSAND EDUCATIONAL SUPPORT

Various platforms and activities can enable theelegs community to address the above challenges and
produce the necessary innovations.

Testbeds and platforms. Many past successes were enabled by the acdiggsibtestbeds and wireless
platforms. Without implementation measurements t@stbed evaluation, wireless research risks losing
its ability to provide practical and realistic dgss. However, over time, the complexity and hernee t
cost of studied wireless technologies has signiflgancreased. For example, while a traditionaleléss
node composed of a PC and an 802.11 card costs laufedred dollars, a MIMO software radio can cost
as much as ten thousand dollars. To continue prayicutting-edge experimental wireless researah, th
funding agencies should incorporate this cost éir tmodel.

Additionally, the choice of platform will impact welther other researchers can reproduce the results o
leverage the produced software. It is important thare is some form of standardization in choite o
hardware, software codebase, and testbed topologiesh like NSF NOSS program supported and
encouraged the use of Berkeley Motes and FIND pragwill encourage use of GENI, wireless systems
research should encourage use of common platforhis.will build a consistent and coherent body of
research results, and ensure high-impact of theastgm research activities.

Reproducibility: To build a consistent body of research resultdchvican be reproduced, verified and
advanced by independent researchers, it is impadxatevelop common metrics and benchmarks. While
there is a common understanding of relevant mesrich as loss rate, throughput, and SNR, it iscdiff

to translate these metrics into concrete benchnaekause such benchmarks need to involve the whole
network setup and the interaction between differemtes. Furthermore, no good characterization £xist
of the common case behavior, e.g., typical lossepa or hidden terminal probability in operational
WLANSs. Characterizing the range of behavior in 8rgs wireless networks is an important area that
needs major research efforts. Such characterizdtmmever requires monitoring a large number of
academic and enterprise networks of various sizlss, it will require the involvement of a large
fraction of the community and the support of thedimg agencies.

Sustainability: A major problem that hampers efficient and faseegch outreach is that every research
group has to build its experimental effort fromadch. Ideally, codebase produced by a researchqtrig]
made publically accessible to other researchers.tlis to happen however research groups need
engineering staff, who can package the softwar@didtic release and maintain the package over time
continue to work with new software releases. A Eimiargument applies to the sustainability of
platforms. More generally, projects and platfortmast thave significant community impact and are @luci
for the success of wireless systems research shmmuklpported as community assets beyond project
support years. This will ensure that there is anterrupted support of the hardware and codebase.

Educational support: Traditional courseware describes wireless systeyngartitioning them into silos
(e.g., network protocols and applications vs. imfation and communication theory) and do not colver t
inter-disciplinary skills crucial for future cuttipedge wireless research. There is a need for-inter
disciplinarily classes as well as hands-on couasesworkshops to equip students with a complemgntar
set of skills that allows them to understand antkse@n the whole network stack from the PHY lager t
the network and application layers.



