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Abstract—The November 2008 FCC ruling allowing access to
the television white-spaces prompts a natural question. Wt
is the magnitude and geographic distribution of the opportunity
that has been opened up? This paper takes a semi-empirical pe
spective and uses the FCC’s database of television transrts,
USA census data from 2000, and standard wireless propagatio
and information-theoretic capacity models to see the distbution
of data-rates available on a per-person basis for wirelessternet
access across the continental USA. To get a realistic evatien of
the potential public benefit, we need to examine more than jus
how many white-space channels have been made available. & i
also important to consider the impact of wireless “pollutian” from
existing television stations, the self-interference aman white-
space devices themselves, the population distribution, dnthe
expected transmission range of the white-space devices. Fig. 1. A color-coded map of the continental USA with an estienof the

The clear advantage of the white-space approach is revealed humber of white-space channels allowed by the FCC’s Nov 208, ruling
through a direct comparison of the Pareto frontier of the new accounting for both co-channel and adjacent-channel gifote This map
white-space approach and that corresponding to the traditnal simply plots by latitude and longitude and does not use ahgrqgprojection.

- - . The color legend is to the right and for comparison, the 62 Midmber is
appr_oach (.)f refarming pgnds_ between television anc_i W.'reIESdata marked so that the white-space opportunity can be compardidet number
service. Finally, the critical importance of economic invetment

: . ' : . of channels opened up in the 700MHz proceeding for wirelesa providers.
considerations is shown by considering the status of ruralersus
urban areas. Based on technical considerations alone, whner

we consider long- or short-range white-space systems, pdep . . . .
in rural areas would seem to be the main beneficiaries of for white-space devices operating on adjacent channes). |

white-space systems. A power-law distribution even appearthat [3], the political tradeoff between the two candidate uses
suggests that many rural customers could enjoy tremendousada-  (broadcast television and white-space devices) was digghti
rates. However, the fundamental need to recover investmest in the native currency of politics: people. By looking at how

by wireless ISPs couples the range inversely to the populati | - ¢ hit h |
density. This clips the tail of the power-law and shows that than many peopie on average gain access to white-space-channels

and suburban areas can actually get significant benefit fromhe @S compared tC_) hOW many people on average lose access to
TV white-spaces. broadcast-television channels, we get a sense of the ffadeo

Overall, the opportunity provided by TV white-spaces is shwn  petween the two groups of users. In [3], it is shown that
to be potentially of the same order as the recent release of yis political tradeoff is fundamentally better for whispace
“beachfront” 700MHz spectrum for wireless data service. . . . .

operation than it would be for the more traditional alterreat
of reassigning a channel from broadcast television over to
|. INTRODUCTION hypothetical unlicensed wireless internet service prendd

On November 14, 2008, the FCC released rules openingHowever, a very important issue remained open in [2]-[4]:
up the digital television bands to the operation of cogaitiv the relative importance of “pollution.” While the abovedesff
radio devices [1]. In [2], we give an estimate for how muckmphasizes the issue of primary user protection, theresgs al
spectrum — measured in the number of channels — the F@& white-space device’s perspective. As mentioned in43],
rules open up based on the 2000 USA Census and TV towke television white-spaces are not “white” in the sense of
data extracted from the FCC database. Figure 1 shows twmpletely clean bands: they can have substantial “potiti
results in the form of a color-coded map of the continental them due to the presence of digital television signaldirat
United States showing how many MHz of white-space hagance, this seems contradictory: after all, the whitecepare
been made available. locations where TV signals cannot be successfully recéived

In [3], [4], we gave a systematic framework that helps ikowever, there is no contradiction. As indicated in [5], the
understanding the underlying policy dials: the FCC choosdscodability threshold for digital television stationsabout
an allowed transmit power for white-space devices and aAdB — that means that the TV signal is abd2 times
“erosion margin” that determines how much extra interfeeenstronger than noiseat the edge of where it can be decoded.
to allow in the digital television bands, and this erosiorrgia  Given the substantial height of television towers, the aign
determines which television receivers are deemed pratecte remains significantly stronger than noise for a long distanc
well as how physically far away white-space devices must bbeyond that point. Thus, a straight comparison is not fair
from them (both on the channel itself and a separate distarmween the channels available to white-space devices and

MHz




those obtained by first kicking out televisions (as is theecadata rate with a pretty heavy tail. The mean and median data
in the 700MHz bands after the digital TV transition). rate differ by an order of magnitude.

In [3], [4], this important issue was left open in the form  gaction v then switches perspective from the FCC's rules
of how much pollution a white-space device was willing, the oy underlying policy tradeoff that is identified in][3

to accept. There is more useful white-space available fgpe rejative impacts of pollution, co-channel protectiand
devices that tolerate more pollution. However, this is haath adjacent-channel protection are shown for short- and long-

acceptable point at which to leave the story. After all, SpED 546 wireless data service. The pollution-sensitivityooig-

is not itself a consumer good that can be directly enjoyed 0fnqe communication is seen quite clearly. In additionetar
its own terms by users. Instead, it is an input that is used R¥ntiers are illustrated comparing the average number of
wireless systems to provide another intermediate comyiodihrgadcast channels received by people to the wirelessraleta-
data-rate delivered to the consumer. Diverse wireless-dglat can be delivered. The frontier expansion enabled bgewhi

applications in turn use the data-rate to enable delivery gh,ce operation as compared to traditional band realtoeati
desirable content actually enjoyed by the citizenry. is seen quite clearly.

While an ideal tradeoff between TV and white-space devices ) ) o .
The last part of this paper, Section VI, revisits the issue

would occur at the level of the desirability of the final cartte

itself, there are many issues that make it hard to proce@frange. When range is fixed, hyper-rural areas seem to get
in a definitive way along that path. After all, TV receptiorpetter per-person data rates. However, this misses the fact

is multicast and presents only a finite set of choices to 2t communication range cannot be an exogenous variable
consumer at any given time. Wirelessly delivered persaedli When we take an economic perspective. A new model is used

content is drawn from a potentially much larger set of nichd@ Which towers can only be built based on the number of
(compare what you can see by searching on YouTube verSystomers available to amortize their operational costés T

flipping through the over-the-air channels right now). ThEESUltS in higher tower-densities where the populatiorsign
complex realities of content distribution agreements ared t'S higher and this has the effect of partially equalizingadat
illegal — while simultaneously ubigquitous — nature of mucliates across the continental United States. The real lasers

Internet-accessible content makes it hard to even begitiga € Very sparsely-populated areas: their economicallpleia
a meaningful comparison. Instead, we focus here on using fR89€S cannot technically support a high data rate.
delivered data-rate itself to enable a decent evaluatiomef Finally, a word on our methodology. Because of the in-
value of the white-spaces. tended audience of this paper, we do not dwell much on
It turns out that a variety of issues must be addressedhow the maps and plots were calculated. Standard models
do such a comparison. And so, after reviewing some prietere used throughout and the actual Matlab source-code and
work on white-space evaluation in Section Il, we show how t@w data used is posted [6] to enable replication and follow-
evaluate the white-spaces from a data-capacity point af.vieon work by other groups. Methodologically, there are a few
The story is built up in stages using maps similar to Figurelimitations of this study that should be pointed out. Firstl
to illustrate the magnitude and geographic distributioringf to calculate the available white space we assumed thateall th
opportunity. licensed transmitters in the FCC high power DTV transmstter
In Section lll, we start with a pollution-only perspectivedatabase [7] and the master low power transmitter databbase a
that completely ignores the need to protect primary usesd| transmitting [8] and there are no other relevant trassmi
but does reveal the important role that thange of the sions. As in [2], there is no counterpart in our study to some
wireless data system plays. The FCC's protection rules arkthe clauses from the FCC ruling: we neglected both wiseles
added to the mix, and then the critical role of self-intezfare microphones and the more stringent emission requirements f
among white-space devices themselves is addressed to tijet 602-620MHz bands (Section 15.709 [1]) while making
a more realistic estimate of the data-rate available on a pghis map. We also neglected the differences between the
square-kilometer basis. This captures the extreme pdrsordannel eligibility for fixed versus portable devices, andtj
ization of Internet-style data-rate as contrasted withnfzess- assumed that all channels are available to fixed devices. We
consumption delivery of television. Wireless-data usexarhy also neglected the locations of cable headends, fixed basadc
must figuratively share the “tube” among themselves rathauxiliary service (BAS) links, and PLMRS/CMRS devices
than consume the same content. For illustrative purpokes, {Section 15.712 [1]). In addition, we assume that the ITU
map is then redrawn not in terms of data-rate, but in terms pfopagation models predict the reality on the ground to 1a fai
the effective MHz in clean 700MHz that would be needed tdegree [9]; this is particularly dubious in many areas due to
achieve the same data-rate per area at the same range. the presence of mountain ranges, hills, 2finally, we are
In Section 1V, the key issue of the non-uniform distributiomverestimating the number of people served by broadcasters
of population across the United States is introduced. Theday by assuming that everyone in the noise-limited cantou
data-rate per area is normalized by the population densitydan and does receive a TV signal successfully.
give maps showing the per-person average data-rate deailab
for different ranges. Curves are then shown that reveal the
distribution Of_tlleS data-re.lte _over the .pOpUIatlon an_d ¢hes Lin particular, we are ignoring unlisted TV towers that migpet across the
show a surprising new finding: that if the range is hel@qrger in Canada or Mexico.
constant, there exists a power-law distribution for therage  2we also round HAATSs for television towers up to 10m.



1. PRIOR WORK IN ESTIMATING AVAILABLE WHITE -SPACE  authors effectively assume a uniform population densitpss

Theré has been prior work in estimating the amount ghe L_Jnited State_s! For such an ar_tificial unif(_)rm population
white-space available, but this has usually been done B§NSity, our estimate of the median bandwidth per person
lobbyists or by people who work for lobbyists. The problem ifF scenario X is~186MHz while that for scenario Z, it is
that both the language and methodology used by previous work02MHz. These numbers closely resemble the results in [13]
does not properly distinguish between the pollution (whicfihe slight discrepancy in these cases is due to the facfit&ht
channels are attractive to use for us) and protection (whitf€S the FCC database which yields a much higher number of
channels are safe to use without bothering others) viewpoitPWers — 12339 versus 8071). _
and this is the source of much confusion. There is evenAS far as we are aware, there has been no prior work on
variation among those that focus on protection. estimating the data-rates that might be available througtew

In [10], the author estimates that the average amount Y}aCes.
white-space available per person is 214MHz. This is based on
the FCC's estimate that the average American can recei@ 13. Ill. THE BASIC STORY. CAPACITY PER UNIT AREA
channels and there are 49 total DTV channels of 6MHz eaghl. A single link

This line of reasoning tends to wildly overestimate whipace Claude Shannon established a key relatiorfship

availability. For example, the FCC website [11] revealst th"i’nformation-theory'O — Wlog,(1 + SNR) whereW is the

X . ) C = 9
Berkeley, CA can receve 23 DTV channgls. This woul_d Impllﬁandwidth in MHz and the resulting data-rate is measured in
that the remaining 24 channels are available for white-sp bits/sec. For our purposel; is 6MHz and theS N R term is
usage. However, only 5 channels are actually available fpfo oiiq of the received power from the desired signal ttha

wh_|te_-space use when the FCC's white-space ru_Ies are “Pp' ower in thermal noise and undesirable signals (what we call
This is because the FCC rules extend protection to adjac

h | d : Ik radius | han the G llution” here) received within this channel. The capgci
channels and require a no-talk radius larger than the Gradgyq across different channels and we use the propagation

B [()jrotecged contour ,[1]' Furthgrmorz, ,IOW powt()er T\é Stationﬁmdels specified in [1] here to calculate both the propagatio
and TV booster stations are ignored in [10], but these mygf o\ gesired signal (transmitting at 4W ERP in each 6MHz

also be prote_cted. dati so h h _ ; a/ide TV channel and from the maximum permitted height
New Amencf’;\ Foundation also has anpt er _est|mate 0 t ?SOm) as well as the pollution coming from the television
amount of white-space available in major cities [12]. Th|§

dv similarl . h ¢ whi pt tations registered with the FCC. The spillover from adijace
study similarly overestimates the amount of white-spacal-av channels is assumed to be attenuated5bgiB within our

at.>llleb(for e_>|<ag)‘r|1p|le,sthey assume the;t. 19 V\;]hne—spr?cde lchanf% te-space devices. The noise-figure is assumed to becperfe
will be available In san Eranusco). Ince the metho olagy Tyt room-temperature thermal noise is still present as. well
computing available white-space has not been described, we

cannot explain the discrepancy between our paper and [12].
In [13], the authors claim to use the actual population data
to quantify the amount of white-space available under dffie
scenarios. The authors extract transmitter details franbC
database (they did not use the High Power DTV transmitter
list available from the FCC) as was done to prepare the plots
in [14]. However, the authors assume that all locations hdyo
a station’s protected contour can be used as white-space
The authors have estimated the amount of white-space undel
different scenarios. For scenario X (all DTV, Class A stasio
and TV translators; co-channel rules only) [13] estimates t
median bandwidth to be-180MHz while our estimate in [2]
of the median bandwidth per person is 126MHz. Similarly fafig. 2. A color-coded map of the continental USA with an estienof the
scenario Z (a|| DTV, Class A stations and TV translators; cdaw single-link capacity at akm range just treating the existing TV channels

channel and adjacent channel rules) [13] estimates theamedi® pollution.

bandwidth to be~78MHz while our estimate in [2] of the Figures 2 and 3 show the capacity distribution for a single

median bandwidth is-36MHz. isolated wireless link operating across the mainland ahla li

The major discrepancy can best be understood by a deegfé\{ance oftkm and10km respectively. Notice just how much

inspection of the use of population density data in [13]. Tr\t% er the capacity is for shorter-range communicatioris Th
authors estimate the size of each census block to be arour%g pacity 9

16 square miles. Each census block contains an average'so?|ue o the significantly stronger signal atllm range as
1300 people. For each transmitter the number of people in tI;torr_lpared to d0km one.
' SfF|gures 4 and 5 only allow the use of those TV channels

protected region can be estimated by taking the number of = g i )
census blocks that fit into its protected contour times 130%§rm|tted under the white-space rules [1]: we are not péedhit

While this may sound reasonable, the consequence is that th@jgtice that here we are going to completely neglect the rbleitipath

fading and the possibility of using multiple-antennas toréase capacity
3This section is largely copied from [2] to make this papef-sehtained. and/or reduce interference.
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e is low and so thdog function is essentially linear arourid
Channels on which television can actually be received ae th
500 worth less than 10% of a clean channel in terms of capacity,
150 and so their exclusion due to the need to protect primary
g users is not that painful. However, the need to protect adjac
0 - channels is still painful since those would be attenuated by

50dB in terms of pollution.

B. A white-space network

The last section’s ridiculously high capacities possiloled
single link using white-spaces are misleading. This is bsea

Fig. 3. © A color-coded map of the continental USA with an eamof yha aconomic value of the white-spaces is not in enabling one

the raw single-link capacity at &0km range just treating the existing TV

channels as pollution. link, but in enabling coverage across the entire countrys Th
means that the white-spaces need to be shared. In sharing,
2500 there are two effects. First, the signal from any given white
space tower is intended for one person at a time and hence the
500 tower’s capacity has to be divided by its footprint. Whileasit

tempting to think that the white-space tower’s footprinjuist
defined by its transmission range, this misses an important
effect: the interference that a white-space receiver vesei
that is coming fromother white-space users transmitting in
the neighborhood. This is related to the important idea of
frequency reuse in cellular systems [15]. Adjacent cells do
not tend to use the same frequencies.

150

Mbps
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Fig. 4. A color-coded map of the continental USA with an estienof the
raw single-link capacity at dkm range treating the existing TV channels
as pollution and respecting the FCC white-space rules fotepting TV
channels.

(&}

to use channels 3, 4, and 37 nor may we transmit within
14.4km of the protected contour of a co-channel or within
0.74km on adjacent channels. Notice that the FCC-rules do
take a substantial bite out of the capacity, particulariytfee
short-range case. This is because at short-range, theredcei
power from the white-space transmitter is high and so the _ _ _
| & nature of thdoe function makes Shannon Fig. 6._ .A coIor—coded map of the_ continental USA W|_th an estien of
strong_y Conc‘?‘v . -og the optimized capacity per square-kilometer assumingsinédtters at alkm
capacity relatively more sensitive to how many channels wnge following FCC rules and optimizing the coexistencéhwieighboring

have access to. By contrast, at long range, the receivedrpoWgite-space devices.
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Fig. 5. A color-coded map of the continental USA with an estimof the Fig. 7. A color-coded map of the continental USA with an estienof
raw single-link capacity at 40km range treating the existing TV channelsthe optimized capacity per square-kilometer assumingsinétters at alOkm

as pollution and respecting the FCC white-space rules fotepting TV ~ range following FCC rules and optimizing the coexistencéhwieighboring
channels. white-space devices.



Formally, we define an exclusion-radius that tells othet 20W ERP on a clean channel to calculate the data-rate per
radios to keep out of this channel, and it is this exclusiosgquare-kilometer that would be available. Figures 8 anc: th
radius (not the range) that properly defines the footprinthef show the effective number of such MHz that the white-spaces
white-space tower from the perspective of resource sharimgpresent. Here, we see something that seems countavimtuit
This exclusion-radius can be optimiZedo maximize the at first. Although TV channels are often touted as “beachfro
capacity per area. The results are illustrated in Figurespéoperty” in terms of their better propagation charactiss
and 7. Notice the scales here: #m we are talking about the TV white-spaces turn out to be less valuable in thesesterm
rates in the MBits/sec per square kilometer and1@km for longer-range because at that range, the pollution is als
it is in the hundreds of kilobits/sec per square kilometesignificant and turns out to dominate. However, the size ef th
The variation across locations is due to both the number @bportunity is still quite significant.
channels availabland the differing amounts of pollution. The
pollution level impacts the footprints: where there is a lot IV. A HUMAN-CENTRIC PERSPECTIVE
of pollution from TV signals, we do not mind having more
nearby white-space devices either. This technical effgctoi
our knowledge, new.

In the end, white-space devices are going to be used by
people. So, the population distribution needs to enter the
picture. We used the Census data from the year 2000 that lists
the population by zip code [16]. The zip code is specified
350 as a polygon [17], and we assume the population is uniformly
300 distributed within that polygon. The white-space capacity per
area can then be divided by the population density to get a
long-term average capacity per person.
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Fig. 8. A color-coded map of the continental USA with the efifee number
of MHz of spectrum opened up by the FCC white-space rulesnaisgu
transmitters at dkm range.
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Fig. 10. A color-coded map of the continental USA with the a@fy per
200 person in the spectrum opened up by the FCC white-space asgsming
transmitters at dkm range.
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Fig. 9. A color-coded map of the continental USA with the efifee number
of MHz of spectrum opened up by the FCC white-space rulesnaisgu
transmitters at 40km range.

To compare the size of this opportunity to a known reference - 0
point, we take the recent 700MHz proceeding that released

62MHz of clean wireless data spectrum nationwide. Highﬁrg. 11. A color-coded map of the continental USA with the axity per

transmit powers are allowed and so we use a 40m high antepsaon in the spectrum opened up by the FCC white-space asfsming
transmitters at 40km range.

5A detail: in reality, interference does not just come fromirgke tower
next door. It also comes from others at the same range. Forthe, there These per-person capacities are mapped in Figures 10. 11

are contributions from those that lie even further beyorid, Bumerically, . .
we optimize using a toy packing with 6 neighbors at a distance2 further @nd 12 for the white-spaces with a presumiéah range, a

neighbors at a distancgr, 18 even further neighbors at a distartee and

then 24 distant neighbors at a distariege Numerically, going beyond rings 6So we are ignoring both the diurnal variation in populatismaany people
makes very little difference because the signals have wted too far by commute to work and school as well as the finer structure ofevtesidences
then. are within each zip code.
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presumedlOkm range, and for the clean 700MHz channelsig. 14. The distribution of data rate per person assumirigniéange to
at a 10km range. The kbits/sec rates at the longer rangeansmitters.

can seem disappointing until we realize that these are long-

term averages. If we assume that people only use the network

to actively transport data for say 20 minutes in a day, thé:r?untry&des" where very few people live and so they get a

10kbits/sec turns into a much more reasonable 720 kbits/ﬁveﬁ,ry_hi%h ?fﬁa rate per r:jersog: The conseq(ljj_?rnce (:ffthe powe;]r-
while they are using it and about 3 gigabytes per month. aw's that the mean and median are very different from eac

other — as we see quantitatively in the next section.

V. THE POLICY TRADEOFF
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Fig. 13. The distribution of data rate per person assuming t&nge to g 2 )
Fade margin (dB)

transmitters.

The me}ps showmg th,e qual_ltatlve beh?‘VIO_r are COmplEi_g. 15. How the data-rate varies with the erosion margin tieermines
mented with probability distribution curves in Figures I&la how much the TVs have to sacrifice for 1km-range wireless datsice in
14 that reveal the distribution across people and compare the white-spaces.
white-spaces to the 700MHz bands. Notice the qualitative
difference between the center and the tails. For most peopleSo far, the FCC rules have been taken as a single set of rules,
the 700MHz channels represent a larger opportunity than thet one possibility drawn from a family. As discussed in [3],
white-spaces, although the difference is slimmer atken [4], there is a natural way to parametrize the potentialgule
range than at thea0Okm range. However, for the rare peoplen terms of how much we allow white-space use to decrease
who get high data rates, the white-spaces represent a bigther effective signal-reach of television transmittersisTik in
opportunity. This is because in these hyper-rural are@sethterms of the erosion margin, and by varying it, we can see
are also more channels available in general. the range of possibilities in figures Figures 15 and 16. The
We also observe that there is a power-law that governs thertical axis shows the median data-rate available on a per-
per-person capacity. In a sense, this is the flip side of tHe wperson basis. The top represents what a clean channel would
known power-law governing the population of cities. Ex¢epallow, and then we see the amount of data-rate lost to poiiuti
this is a power-law that governs theck of population in rural co-channel exclusions, and adjacent-channel exclusieiusdy
and wilderness areas. Just as there are far more mega-cieing at what median data rate we can deliver. Increasing
than the average would suggest, there appear to be “metle erosion margin can do nothing about pollution, but itsdoe
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how much the TVs have to sacrifice for 10km-range wirelesa datvice in
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Fig. 18. The production-possibility frontiers for the temdf between TV
viewers andaverage wireless data-rate for 10km-range wireless data service
in the white-spaces.

diminish the losses due to the need to protect the primany use
Notice also the qualitative effect of the range: pollutisrfar
more significant for long-range communication.
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Fig. 17. The production-possibility frontiers for the temdf between TV
viewers andaverage wireless data-rate for 1km-range wireless data service -
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The core tradeoff is better understood in terms of the
average number of TV channels received and the data-rate
received by the white-space device users. These are depicte
in Figures 17 and 18 for the mean data-rate at 1km and
10km respectively, and in Figures 19 and 20 for the median
data-rate. Notice that the mean data-rates are subshantial 3
higher (an order of magnitude) than the medians. This is a \\
consequence of the underlying population power-law. Irheac °r L
case, the channels are removed in two orders: orderl anc Ny
order10. Orderl is the sequence optimizéat the 1km case o : — - — —
and similarly order10 is optimized for a 10km range. Median kbps

The more significant observation is that the white-space

approach can do better than the standard approach of talﬁépgg 20. The production-possibility frontiers for the teadf between TV

viewers andmedian wireless data-rate for 10km-range wireless data service
“Channels are ranked according to their potential mediza ¢ (assum- in the white-spaces.
ing thermal noise only) versus their number of TV viewers.
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channels away from TV and giving them to wireless data
providers — as was done in the 700MHz band. However,

this only holds if we are unwilling to take away reliable g M—
reception for many TV channels. Once we are willing to lose 2 = e A SR T
a significant number of TV channels, it is worth just taking e,
lightly-used channels away from TVs and reallocating them
to wireless data.

Zoom-ups on the interesting corner of the Pareto frontier ar
shown in Figures 21 and 22. Here, the interesting thing te not
is that the FCC’s chosen point seems to reflect the integestin 51
part of the white-space tradeoff. The fact that it lies ofoof
tradeoff curve is explained in [3], but the key reason is that
here we are not assuming any directional antennas on the par %%y 508 o o1s
of the primary TV receivers, while the FCC does. This allows Median kbps
the FCC to allow white-space device operation a bit closer to
TVs than our model will allow because the TVs are capabigy. 22. zoomed up production-possibility frontiers foetiradeoff between
of rejecting some of the white-space interference throbgirt TV viewers and median wireless data-rate for 10km-rangesless data
directional antennas. Notice that while the chosen FCCtpoff§'vice in the white-spaces.
is above the conventional refarming curves for the mean data
rate at both ranges, it is located below the TV-channel-ka&ho
lines in Figures 20 and 22. So this issue of the mean versus
median seems to be affecting our evaluation of the wisdom of 60
the FCC'’s choice of tradeoff. o R DL P :
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2000 people to support one toweand cap the range to the
o 21 7 g ducii ity frontiers foe tradeof betw nearest tower by 100km, even in the most remote redions
TI\E/J.viev;/ersO:rT:iemeudF:a%r(\)/vi;ngégg ggtsas-lra:tgyforrofkﬁrjar?gel:s';gataierSiire]z Figure 23 shows the resulting capacity per person across the
in the white-spaces. USA and the distribution is shown in Figure 24. Notice that
the power-law is completely eliminated. The core reason for
this is demonstrated in Figure 25 where we can see how even
for clean channels, the capacity per person achieves a peak
V1. ECONOMIC EFFECTS INFRASTRUCTURE IS FOR for each channel given a certain population density. Lower
PEOPLE channels peak at lower densities, but the peaks are roughly i

To get a better understanding, we must therefore deciéit¢ same place.
whether the data-rate power-law is real or an artifact of our In Figures 26 and 27, the tradeoff between TV viewers
model. From a technical point of view, the deployment dgnsiend data-rate is re-examined using this tower distribution
of wireless data towers is an exogenous choice. Howeven frénodel. TV channel removal has been optimized using the
an economic point of view, it cannot be so. These towers

i . s . . .
are expensive and their costs must be shared over a base gfe guesstimate assumes that it costs $50K per year to dpaidite
wer, families have 4 people in them, families are willitgy pay an

a
customers. Where there are fewer people, we can only affg{glemental $30 per month for white-space data servicetamaireless data
a few towers. Where there are more customers, we can placgiders want a healthy profit margin assuming 50% totaketgsenetration.
more towers. A uniform deployment density across a non-"When using one tower pe2000 people, this cap affects approximately

if lati K . 10.4% of locations. However, at a range of 100km, the data-ratealraady
unirorm population makes no economic sense. collapsed due to the exceedingly weak received signalshiSacap does not

For the purpose of illustration, we assume that it takesally matter.



same method as before. Notice that the mean and median
data-rates are now of the same order of magnitude and agres
qualitatively. We see in Figure 28 that in many areas this

corresponds to roughly 62 MHz of spectrum, the same amount

released in the recent 700MHz proceeding.

T —‘-1 Clean 7p0 MHz, réal pop. density ! !
09 4
08 ! H )
=
5 o7) 2 ]
s 5
S 06 Q 2 = o 1
8. g Whitespace, uniform pop. density
Zost 8
5
= A
2o =
s o
L 03 e
[
8
02} o ¢ ¢
04 Whitespace, real pop. density |
0 | i i i |
0 5 10 15 20 25 30 35 40 45 50
kbps
10° g
S
10"k : & |
e f g
c b S
<] & &
= o
5 £ &
S 10°) 3 @ Hi Soo i
a , 5| g 28O
Q L Ei) = &Q
o R
= @
5 g ls e
3 £l |8 &
9 10°L 5|8 & 4
3 Sl
I EJH 1
w Nl |
=l L.
= |=
10"} gl.48 H £
~ ~
g ) o
©
2
(51 (3]

10"

kbps

the bottom is logarithmic.

REFERENCES

[1] “In the Matter of Unlicensed Operation in the TV Broadcd&ands:

Second Report and Order and Memorandum Opinion and Order,

Federal Communications Commision, Tech. Rep. 08-260, 12608.
[Online]. Available: http://hraunfoss.fcc.gov/edogaiblic/attachmatch/
FCC-08-260A1.pdf

[2] S. M. Mishra and A. Sahai, “How much white space has theofpened
up?” To appear in I[EEE Communication Letters, 2010.

[8] ——, “Pollution vs protection in determining spectrum i@spaces:
a semi-empirical view,"Submitted to |IEEE Transactions on Wireless
Communication, 2010.

[4] ——, “How much white space is there?” Department of Eleetr

Engineering and Computer Science, University of CalifarBierkeley,

Tech. Rep. EECS-2009-3, Jan. 2009. [Online]. Availabletp:ht

Ilww.eecs.berkeley.edu/Pubs/TechRpts/2009/EECS-200ml

Y. Wu, E. Pliszka, B. Caron, P. Bouchard, and G. Chouind&bm-

parison of terrestrial DTV transmission systems: the ATSZSB,the

DVB-t COFDM, and the ISDB-t BST-OFDM,JEEE Trans. Broadcast.,

vol. 46, no. 2, pp. 101-113, Jun. 2000.

(5]

6]
version 0.2.” [Online]. Available: http://www.eecs.bet&y.edut sahai/
new_white_spacedata and code.zip

Fig. 25.

Capacity per person in Mbps

. .
10" 10°

;
10"

Population density (people/kmz)

For a clean channel, how the capacity per persores/asith

population density if we want to keep000 people per tower and adjust
the range accordingly. Notice how the 700MHz number varigh antenna

height.

Average TV channels

Fig. 26.

Pollution only (median)
Pollution only (mean)

0
{Mean, median) kbps

The production-possibility frontiers for the temdf between TV

viewers and wireless data-rate if wireless range scalesetsepre 2000 people

Fig. 24. The data-rate distribution available per persahéfwireless range Per tOwer.
scales to preserve000 people per tower. The top is on a linear scale while

”

Average TV channels

{Mean, median} kbps

Fig. 27. Zoomed-up production-possibility frontiers foettradeoff between

K. Harrison and S. M. Mishra, “White space code and datal V viewers and wireless data-rate if wireless range scalgsréserve 2000

people per tower.



320
160

MHz

Fig. 28. A color-coded map of the continental USA with theeefive number
of MHz of spectrum available if the wireless range scalesrasg@rve 2000
people per tower.

[7] “Memorandam Opinion and Order on Reconstruction of trevehth
Report and Order and Eighth report and Order,” Federal Conizau
tions Commision, Tech. Rep. 08-72, Mar. 2008. [Online]. ifalzle:
http://hraunfoss.fcc.gov/edagsublic/attachmatch/FCC-08-72A1.pdf

[8] “List of All Class A, LPTV, and TV Translator Stations,” deleral
Communications Commision, Tech. Rep., 2008. [Online]. ilade:
http://www.dtv.gov/MasterLowPowerList.xls

[9] “Method for point-to-area predictions for terrestrigérvices in the fre-
quency range 30 mhz to 3 000 mhz,” International Telecomoations
Commission (ITU), RECOMMENDATION ITU-R P.1546-3, 2007.

[10] J. Snider, “The Art of Spectrum Lobbying: America’s $48illion
Spectrum Giveaway, How it Happened, and How to Prevent it
From Recurring,” New America Foundation, Tech. Rep., Aug02
[Online]. Available: http://www.newamerica.net/pulaieons/policy/art
spectrumlobbying

[11] F. Communication Commission, “DTV Reception Maps.” nibe].
Available: http://www.fcc.gov/imb/engineering/maps/

[12] B. Scott and M. Calabrese, “Measuring the TV 'White Sgjakvailable
for Unlicensed Wireless Broadband,” New America Founahgtitech.
Rep., Jan. 2006.

[13] C. Jackson, D. Robyn, and C. Bazelon, “Comments of @hatl.
Jackson, Dorothy Robyn and Coleman Bazelon,” The Brattleu@r
Tech. Rep., Jun. 2008. [Online]. Available: http://fjabik.fcc.gov/prod/
ecfs/retrieve.cgi?nativer_pdf=pdf&id_document=6520031074

[14] A. Sahai, S. M. Mishra, R. Tandra, and K. A. Woyach, “DSPpphca-
tions: Cognitive radios for spectrum sharingZEE Sgnal Processing
Magazine, Jan. 2009.

[15] D. Tse and P. Viswanathrundamentals of Wireless Communication,
1st ed. Cambridge, United Kingdom: Cambridge UniversitgsBr
2005.

[16] United States Census, “USA Census 2000 Gazetteer” fll@sline].
Available: http://www.census.gov/geo/www/gazetteladps2k.html

[17] ——, “US Census Cartographic Boundary files.” [Onlinéjvailable:
http://www.census.gov/geo/www/cob/st2000.html#ascii



