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Whitespace Identification

+ Regions not covered by any
Eramsmitter

+ Applications:
- Ici@.v\&bfv “dead zones”
— Areas sofe for CR Eransmission



Svs%@.m Model

¢ Consider n ramiomiv deptcwjeci SeNSoTs
+ Sensing radius r,

: m > Sensing radius r,

4 \/
@ @ @ /7 Primary Transmitter
@ Q/ Sensor detects
G m / whitespace
Sensor detects

\/ \/ prlmarytransmltter
\l(a\uemae' QPE sensing radius + min, error?
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Approar:h

» WLOCG, consider L = [0,1] as the
reqgion of interest

* Delpoy n senmsors uniformly at
random on L

+ Each sensor returis 1 if there is
a pri. tx. within 2r, and © o/w

+ Whitespace recovered

= uhion Onf 2r, regions around

sensors that return ©



Main Resulks

1. Both the whitespace recovery
error {to be defined) & r,
optimally scale as Log(n)/in

2. TﬁLs holds even if sensors make
erroneous measuremenks!

3. Derive opkimal r, in terms of sum
Ex. localization error
1. Needs btxs ko have a min, sepam&on
2. Involves estimating num. txs also

4 . Derive the sensor disktbw. Ehak
min, the Prmiss a bx)



Commenks on the Resulks

* The resulks hold “with high
prubabitiﬁj” as W =» 0
+ For ex., we show that f r =0 (=)

n

we have a localization err. o (=)
with prob. -» 1 as n —> o0

e The results extend ko 24
—Just have square roots of 1d resulks
—For simpliciby, will focus on 1d here




Svs%@_m Model

» Unit length seqment L
+ M pri. bx,, arbitrarily located
— Will consider random Locs Later

* 1 sensors thrown uniformly At
random locakions (UARL) o L

- Sensors rebn, b=1 if there is a pri.
Ex. within r(n), b=0 otherwise

- Whitespace = union of regions

around sensors thatk rebtin, ©



Problem Stakement

+ If x, and b, are sensor Locs and
their readings, i = 1, 2, ..., i

n

Ayoid = U(l — b;)min(xz; — rs, 0), max(x; + 7, 1)].

¢ Lek 1) = Jeeade
« We are inkteresked i

min lim P ((1 — Ayiq) < €(n)) =1

rs(n),e(n) n—oo o



Result on 1-Coverage
[Kumar eb. al. MobiComo4 ]

e Consider n sensors UARL on L
- Radio range r{n)

+ A pt. x is “covered” if there is at
least 1 sensor th [x-r(n), x+r{n)]

e Lenanma 1; Iﬂf lim,, o @ > ()
e Then "

lim,,_,o, P(all points in £ are covered) < ¢

* Where ¢, < 1



Lower Bound

* Theorem 1: For the whitespace
recovery problem, i lim, . 22 -0
or lim, . =% ’

ogn
n

P((l — Avoid) < 6(71)) < 1



Proot

» Subfices to let #i=1
» To have (1-A4__.) £ €(n), need

uncertainity region uncertainity region

€(n) €()/2 €(n)
N NN -2 =
MEEENNNNEER A R NN\ *
r (n) 14(n)
(A) (B)

* That is, heed all intervals of
length r,(n) and €(n) to have at
least 1 sewnsor



* We now use Lemma 1

+ I either 2r. () ore(n) is less
than O( Log n/n ), then there
exists an interval of width 2r.(n)
or €(n) with prob. at least 1-¢, » ©

» Thewn, either (A) or (B) will not
happem

o+ Thus, f lim, o 220 — 0 or lim, o 22 — 0
cannoct have

P((1— Ayig) <e(n)) <1

n n



A Chernoff Bound

+ Lemama 2: Lebk X, X,, ..., X, be
Lid. Bernoulli with m = £(X)
e Lebt X =37 X,

* Then, for 0 « d < 1,
AX < (1-d)m) € exp(-ndtm/2)



The Lower Bound is Tight!

« Theorem 2: If r.(n) = 0 (&) | bhewn
wikth ¢n) =0 (loi”),
P (1 — Avoid < e(n)) — 1
. Proof: Let rs(n) = ¢ log nm
» Divide L inko nom-—-ovartappivxg

seqments Zys 05 Z{n/fe log ns each
0{3 length ¢ log n/i

« Lek z, contain N, sensors




From Lemwama 2, P(N, < ©22) < n=/®
Union bound:

P(N, < Clozg” for any k) < cyn'=</®

¢4 scales logarithmically with n

Choose ¢ big enough: all
intervals z, contain 2 ¢ log n/2
SeNSoTS w..kqp‘

Since there are M kx,, there are
at least (2.) -s3v ntervals with

clogn

all sensor reacdings = ©
* Tk%S; Avoid > (( n )—SM) (Cl(;gn) 5 or

clogn

(1 — Ayoig) < 3M (<951

n




Unreliable Sensors

+ Sensors make errs w/ prob. N

- Theorem 3: If r.(n) =0 (222)  Ehen
wikthe(n) =0 (222), P (1 — Ayoig < €(n)) — 1
asym &oﬂaaﬁv LA

» Proot: Omitted.,

- Uses a majority rule for making
o/1 decision about each z, and
bounds its error prob.




Transmitter Localizakion

Wank to estimate the number of

Eransmitbters M & their locakions

Estimating M:

—Num, Ex = num. disjoint region
with sensors bthabk returned 1

—Tx. locations = qeom. centroids of
regions w/ sensors that returned 1

Issue: A region with sensors that
reburied 1 could have > 1 Exs



OPRMQL Scaling Kesulk

Assume an rimary bxs m‘e
separated B:j least 5 (n) >

Wank to solve:

max{M,M}
in lim P v, —Ti| <e€n)| =1
rs(n),6(n),e(n) n—o0 Z ‘ | ( )

1=1
Tke_orem 4:
if - n) = © (k). P (SR g ) < () 1
Mam message U the min,
separo&mm » Llog n/n, the

Localization error is thvariant to
the knowledqge of num. bx.



Optimum Distribution of
Sensor Locatiowns

* Suppose we Know the
distribution of pri. bxs.

« Want op&mum sensor distbn fi(2)

. Specbfma\uv, we wish to solve

1
Pr—  min / (1= 2, fr(2))" Fy (2)dz
f,\(CB)Zfolf)\(ZE)dCB:1 0
« Solution

Pl = (1 : <2nr8?x(x)>nll) 2108



M inaunma 'P,f

e Can show Ehak
(opt) (1 — er)n
1y

i (@) da

» When 13 = (logn)/n, ¢ is
Lmversetv prapor&omat ko n?



Sinmulakion Resulks
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Cownclusions

Derived Limiting behavior of whitespace
1"@.@0\/&1‘3 error as  =» X

Whitespace recovery error and sensor
radio range op&ima l.'j scale as log n/n
Exbkensions

— Unreliable sensors

— Transmitter localizakion error

~ Optimal distribution of sensors

Fubture work

— Handling fading/shadowing

— Temgorat vartations

~ Sensor/primary transmitter mobai.i,&v



