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Current regulations

Transmitting

Spatial buffer VY  secondaries

\

TV station

\V4

Protected TV ﬁ
receivers

Plus...

e Power limits
* Height limits
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for all devices in 2010
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WVS access methods

Sensing

Favored in 2008
regulations

Conservative
threshold

Shown infeasible in
2009 paper [Mishra,
et al ]

No longer required
for all devices in 2010

Geolocation + databases

® Currently preferred
method

® Used for rest of talk

Whitespace
Location database
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How much white space
is there?
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Single-link data rates

12
11
* | km link
* Noise from TV stations only 0

“How much white space capacity is there?” :
' (Harrison, Mishra, and Sahai 2009) '



Single-link data rates

5 125 Blu-ray discs

11 25 Blu-ray discs

* | km link | Blu-ray disc
* Noise from TV stations only 0 (40 Mbps)

 “How much white space capacity is there?” |
' (Harrison, Mishra, and Sahai 2009) '
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Secondary interference
model

Assume nearby

cells same size Users scattered
randomly
Freq. reuse-| /I
(CDMA, OFDMA) oo o 0 S
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Cell size depends on population
Simple economic model: 2000 people per tower
e.g. 10% of people paying $20/month — $50k/year

Downlink only
(computational

limitations)
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Rates with interference
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A paradigm shift

(before)

Summary Analysis — White Space in Sample of U.S. Media Markets
(The full analysis of each market with channel data is available at www. spectrumpolicy.org. )

No. of Vacant Channels Percent of TV Band
Market Between Chs. 2-51 After Spectrum Vacant After
DTV Transition DTV Transition
Juncau, Alaska 37 74%
Honolulu, Hawan 31 62%
Phoenix, Arizona 22 44%
Charleston, West Virginia 36 72%
Helena, Montana 31 62%
Boston, Massachusetts 19 38%
Jackson, Mississippi 30 60%
Fargo, North Dakota 41 82%
Dallas-Ft. Worth, Texas 20 40%
San Francisco, California 19 37%
Portland, Maine 33 66%
Tallahassee, Florida 31 62%
Portland, Oregon 29 S8%
Scattle, Washington 26 52%
Las Vegas, Nevada 26 52%
Trenton, New Jersey 15 30%
Richmond, Virginia 32 64%
Omaha, Nebraska 26 52%
Manchester, New Hampshire 23 46%
Little Rock, Arkansas 30 60%
Columbia, South Carolina 35 70%
Baton Rouge, Louisiana 22 44%

“Measuring the TV “White Space” Available
for Unlicensed Wireless Broadband”
(New America Foundation, 2006)



A paradigm shift
;g;) | ; i (after)

(a) FOC (b) ECC

3

(c) FOC (d) ECC

Fig. 1: Spatial distribution of available channels by using (a)
FCOC (b) ECC rules. Capacity per arca for secondary cell size
d = 2 km and antenna height A = 30 m calculated based on
(c) FCC rules (d) ECC rules. For FCC the protection distance
for the co channel is 14.4 km and for the adjacent channel
0.74 km. For ECC the margins are MI+SM = 10 dB, and the
outage probability is O,, = 10%.

“Aggregate interference with
FCC and ECC white space

usage rules: case study in
Finland” (Jantti, et al. 201 1)



aradigm shift

(a) FCC (b) ECC
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(c) FOC (d) ECC

Fig. 1: Spatial distribution of available channels by using (a)
FOC (b) ECC rules. Capacity per arca for secondary cell size
d = 2 km and antenna height A = 30 m calculated based on ]
(c) FCC rules (d) ECC rules. For FCC the protection distance 0 4 & 12 18 20 24 22 32 M 40
for the co channel is 14.4 km and for the adjacent channel Navber of svallable TV channels

0.74 km. For ECC the margins are MI+SM = 10 dB, and the
outage probability is O,, = 10%.

Fig. 2. White space map of S(x) for 11 European countries.

“UHF white space in Europe
— A quantitative study into
the potential of the 470-790
MHz band”
(Beek, et al. 201 1)

“Aggregate interference with
FCC and ECC white space

usage rules: case study in
Finland” (Jantti, et al. 201 1)



(c) FOC (d) ECC

Fig. 1: Spatial distribution of available channels by using (a)
FCOC (b) ECC rules. Capacity per arca for secondary cell size
d = 2 km and antenna height A = 30 m calculated based on
(c) FCC rules (d) ECC rules. For FCC the protection distance
for the co channel is 14.4 km and for the adjacent channel
0.74 km. For ECC the margins are MI+SM = 10 dB, and the
outage probability is O,, = 10%.

“Aggregate interference with
FCC and ECC white space

usage rules: case study in
Finland” (Jantti, et al. 201 1)
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Fig. 2. White space map of S(x) for 11 European countries.

“UHF white space in Europe
— A quantitative study into
the potential of the 470-790
MHz band”
(Beek, et al. 201 1)

Ofcom 2013

consultation
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Fig. 1: Spatial distribution of available channels by using (a)
FCOC (b) ECC rules. Capacity per arca for secondary cell size
d = 2 km and antenna height A = 30 m calculated based on
(c) FCC rules (d) ECC rules. For FCC the protection distance
for the co channel is 14.4 km and for the adjacent channel
0.74 km. For ECC the margins are MI+SM = 10 dB, and the
outage probability is O,, = 10%.

“Aggregate interference with
FCC and ECC white space

usage rules: case study in
Finland” (Jantti, et al. 201 1)
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Fig. 2. White space map of S(x) for 11 European countries.

“UHF white space in Europe
— A quantitative study into
the potential of the 470-790
MHz band”
(Beek, et al. 201 1)

“Opportunities for white space usage in Australia”

Freyens a.ndI 5Loney, 2011

Ofcom 2013

consultation
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Motivating example
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® Fasy to use ® Reliable

® Free ® Flexible/extensible



Existing tools

Google Spectrum Database

Home Browse Spectrum Use the Database Register Protected Entity Download Data Learn More FAQ

Search for white space spectrum in Al vas ¢ Vo e A QUEDS g
your area: R .
Device type: (What's this?)

(Fixed (@)Portable

. matee
.

Address: L TR e Wyoming ST -
Search for a location

Latitude: Longitude: A A
A A
o

Vvl
e e

37 955 Wy e o ea

oooum_s

M Spectrum availability (as of November 16, 2013)

18



File View Help

Existing tools

Resources & Spectrum usage V/haespace capacty  Capacity statistics

View

© No¥ svaiable spectrum resources
MH22 svanlable spactrum resources Channel No.
Alowed WSD tansmit power TI8MHZ BMHz/ChannelSd v
Raw WSD capacity [ AGAEGWSDWpe |  BasicTXH! v
Done

|___ Colouiste Whitsapace Capacty |

Map
Show pnmary ransmiliers | P==—"u |
2 8
Ocat Viielsnd Wad Verel U——
c . Lincburg
Wiadden Loeuwarden . Groningen ~-a | Osterholz Scharmbeck 5
Sew A5 ' ! .Bremen
. Den Helder 3 -4 o Hen Pypenburg  Delmenhont " gy . verden e o oo
S Heererveon . / Y " syhe . 2
lemmer | poogeveen ’ Nlm Clopperbang Walirode
Alhrraur ; 8- . Neenburg Celle
. 'W. 2 .
ehstad  Zwolle & _Ungen e
-
Haardem ' Amsterdam g, Koy brameche Gwbsen  Hannover Wit
e . J Csnabrick | Manden Brunswict ! patertec
Leiden Am"?'oon Apeldcorn i:\'uh«.c!' = = kn:.:‘-hn""“’-“d“"om. p .
=ele B " Steindun TN Bieleteld " Salzgater
nde UtrecM - Amhem % MGester Hamele el 1
- s y - ok . .
dam ' Dordrecht * T INUmisgen “Bochek Cutersion P  Eonback :
. t.nonogm‘l:euh Wisel Mo Ham m Paderbon  Northeim Wernig

Brec
ang L TR 7 D:‘:"sburg_ ”“{"'.Donmund Massbarg JCottingen yo

LN SR JRPREF R e T Totte

“Software Tool for Assessing |
Secondary System 5
Opportunities in Spectrum
Whitespaces”

(WoWMoM 201 3)
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® Many tunable

parameters but still
targeting TVWS

“Software Tool for Assessing
Secondary System '
Opportunities in Spectrum

Whitespaces”
(WoWMoM 2013)



File View Help

Pamary Systlern

Existing tools

Resources & Spectrum usage V/heespace capacty Capaciy statistics

View

© No¥ svaiable spectrum resources

MH22 svanlable spactrum resources Channel No

Alowed WSD vansmit power TI8MMZ MMz ChannelSd .
Raw WSD capacity AJAEM WSD ype Basic TXHM -
Done

Calculate Whitespace Capacity !
Map

Show pnmary ransmliers -

~ 8
Ot Viiehind W . Vordd [ —
o Groningen Osterhols Scharrbeck . Luncburg
¥ -.i.:-#': JLeewwarden ) O‘dcnb-\rg_ o
v Dude A 2 .Bfemen
. Den Helder m iy Papenburg  Delmenhont "¢ ol . verden ¢ Sobas . Uelzen
3 e Y. . e T e
lemmer | o eveen . ¢ T’“‘ﬂ Cloppertang ke Wakisode
Nkrmasr F . Neenburg Celie
' rMeppen o -
2 Lehystad 3 IZwolle 2  Lngen Lohne
Haaddem . -Amsterdam g, e “"’S O arreche: Gubsen  Hannover . Welt!
: ) ’ : Os Manclen
I Apeldcaorn Enschede VSNSTENK . er'\S‘ﬁ!((. Helermtex
JSeiden] Amergfoort L8 » v gl Riciotn VP Fhl deshesm :
i 23 B Sneinhen > 8ieled » Salzgter
r vy . el g
Meer Utrech _Arnhe N\ Miaster Hameln Aol u
- J s . "
dam = Dordrecht Tl .':'fﬂﬂt,’ ~Bochel Citersioh Oetmod Embeck
. s-Hertogenbosch Winel N Ham Paderbosn , Northeim Werrnig
Breda Téburg .‘\ i H Ll .
. . = erne , Lot
g, Dujsburg. e Dortmund S JGottingen .
L 'l; "’\‘ 2 il ’ QArde i i o .0 g ™ "edt)

® Many tunable

parameters but still
targeting TVWS

® Based on Matlab

“Software Tool for Assessing
Secondary System '
Opportunities in Spectrum

Whitespaces”
(WoWMoM 2013)



File View Help

Pamary Systlern

Existing tools

Resources & Spectrum usage Y/heespace capacty Capaciy statistics

View

© No¥ avadable spectrum resources

MH2# svanlable spactrum resources Channel No
Alowed WSD vansmit power TI8MMz 8MHz/ChannelSd .
Raw WSD capacity AJAEM WSD ype Basic TXHM -
Done
-
Calculate Whiteapace Capacsty ‘
Map
Show primary ransmitiers | . |
% 8
Ot Viielsnd W : Verdd ——
Vadien Loewwarden , Groningen | Osterholz Scharmbeck _ Lineburg
e r ) Oldenburg
- : i _Bremen
. Den Helder Dudt.m JARA poenburg  Detmennont e ™\ Vorden ¢ Sobas . Wolzen
/ oL VLT e 'vr"ﬂ ' o Sohe . .
Lemimes Hoogeveen . ] Clopperbang Wakirode
A rrar ; 3 . Nenburg Celle
1 rMeppen . e
2 Lehystad Awolle o Lingen Lohne
Haadem | Amsterdam g, oy b amsctu: Gt Hannover . Weltt
: ) ) 3 Csnabri) *nden
y Apeldcaorn Enschede o | : e?UﬁSﬂ‘(l' ”"*F““
L Leiden Ame'}’w'! : e ag Rictoln < "Ml deshesm 4 2
e, - - JSneinden | - Bieleteld » Salzgatter
Meer Utrec _Amhz'r \_) Miaster n.rw' Al L
- J - . "
dam = Dordrecht Tl .'j’}‘"&t" ~Bochol Citarsioh Oetmod  Embeck
> t-thoganbcuh Wisel  Nad Ham Paderbodn .W‘"' Wernig
Breda, T 4 ) 1§ L : .
g Y 9 Dujsburg Hc:r.r . Dortmund Sardier . Gottingen Nordhe
f & —/- '.A‘ . : N @t v ‘ o . | ™ Todo

® Many tunable
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Existing tools

‘ ’ This repository ~ Explore Gist Blog Help ). kate-harrison B ¥ B

kate-harrison / whitespace-eval G'Watch + 0 s Star 0 [ Fork 0

This repository contains the code for the research done by Kate Harrison and Anant Sahai concerning cognitive

radios in the TV whitespaces. hitp//inst.eecs.berkeley.edu/~harriska/CRMwiki/ — Edit <> Code

91 1 0 ' 1 - ) Issues

I I'l Pull Requests
BAN P branch: master +  whitespace-eval /%

® \Written in Matlab

® Grew organically

20



WEST

(Whitespace Evaluation Sof Tware)

Written in... ﬂ pgthon ¥ matplotlib

Posted on... O GitHUb

west.kateharrison.net

21



Key features

Support for other bands
Free, easier to integrate (e.g. AWS)
Modular, extensible

Open-source with GPLv2

22



Use case: explore new

regions
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Use case: explore new
rulesets

Industry
Canada
2015

Available Whitespace (MHz)
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Use case: explore new
rulesets

Industry

Canada
2015

—
wn
o

Available Whitespace (MHz)

Increased Added taboo Added far-side
separation

Changed protected separation channel
contour radii Chimera distances Chimera exclusions Chimera distances
| ruleset 1 ruleset 2 ruleset 3
24




Use case: explore new
rulesets

Canada f+§
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Use case: explore new
rulesets
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Use case: number of
contiguous channels
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Other uses

Comments to regulators
Reproducible research
New economic models

Cloud-based for greater impact,
engagement

27



Design

Device

Portableffixed

Height

Geolocation?
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Protected entities:
TV stations

Protected entities:
radioastronomy
sites

Protected entities:
PLMRS sites

Protected entities: TV stations

TV station
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DataMap2D

Protected entities:
TV stations

Protected entities:
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sites
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Desi
Device: fixed Region: United States
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2D

Device: fixed

30



Device: fixed
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Device: fixed Region: United States

Ruleset: FCC

Channel number: 21

DataMap2D

Whitespace Whitespace delta CCDFs by area,
channel count map population
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.

z
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€

Average ® OF Whitespace Channels
After Efficient Reallocation
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Generating a
whitespace map

from west.data management import *

from west.data map import *

from west.boundary import BoundaryContinentalUnitedStates, \
BoundaryContinentalUnitedStatesWithStateBoundaries

from west.region united states import RegionUnitedStates

from west.ruleset fcc2012 import RulesetFcc2012

from west.device import Device

test device = Device(lis portable=False, haat meters=30)
datamap spec = SpecificationDataMap (DataMap2DContinentalUnitedStates, 200, 300)

region map spec = SpecificationRegionMap (BoundaryContinentalUnitedStates,
datamap spec)

is whitespace map spec = SpecificationWhitespaceMap (region map spec,
RegionUnitedStates,
RulesetFcc2012, test device)

is whitespace map = 1s whitespace map spec.fetch data ()

total whitespace channels = is whitespace map.sum all layers()

i1s in region map = region map spec.fetch data()

plot = total whitespace channels.make map(is in region map=is 1in region map)

plot.add boundary outlines (boundary=BoundaryContinentalUnitedStatesWithStateBoundaries())

plot.set boundary color('k')
plot.set boundary linewidth('1l")

plot.save ("Number of TVWS channels in the3§nited States.png")
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Qutline

Introduction to whitespaces
Quantifying whitespaces
Whitespace software

Whitespace policy

34



WWhitespace policy

; “What's better, whitespaces or refarming?” )

o Spectrum reallocation [ICC 2015]

® Architecture (brlefly) [ICC 2015]
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WWhitespace policy

; “What's better, whitespaces or refarming?” )

o Spectrum reallocation [ICC 2015]

“How can we make
devices/deployments

® Architecture (b Il efly) [ICC 2015] cheaper, easier, and faster!”

“How can we increase data rates
while protecting the primaries?”

“How can we make WS access more flexible,
robust without losing secondary QoS?”
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WWhitespace policy

o Spectrum reallocation [ICC 2015]
® Architecture (bl"leﬂ)’) [ICC 2015]
® Variable POWGI’ limits [DySpAN 201 I, DySpAN 2012]

Alternative methods for localization sy 2014
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Spectrum sharing
scenarios
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WWhitespace policy

o Spectrum reallocation [ICC 2015]
® Architecture (bl"leﬂ)’) [ICC 2015]
® Variable POWGI’ limits [DySpAN 201 I, DySpAN 2012]

Alternative methods for localization sy 2014
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WS architecture

Current mode]

M WSDB

Master Whitespace database
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WS architecture

Current mode]
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Device ID
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Master Whitespace database
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WS architecture

Current mode]
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Device ID
Operating
parameters

<

L P G || WSDB

Localization Packager Gateway Whitespace database
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Localization

WS architecture

Proposed model
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Main benefits

Leverages existing infrastructure (e.g. iPhones)

Shares infrastructure across whitespaces, reduces
burden to O(1) in some cases (scalability)

Increases flexibility for manufacturers, deployers
(modularity)

Upgrade/interchange components without
recertification (upgradability)

Can certify using unit tests (testability)
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Themes

Data-driven policy
Reproducible research

Spatial variation — interesting, important
challenges

Make whitespaces as attractive as possible

® Efficient use of spectrum, enable
Innovation
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