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Abstract— Sensor networks and communication usually in- limits on how weak signals individual sensors can detect
tersect with the communication being used by the network to [8], [9]. While some of these noise uncertainties are from
communicate sensed information for some application’s pur- ithin the devices themselves or from unintentional errstte

poses. Cognitive radio provides an interesting twist: the sensed . . A
information is used to benefit the communication network, by nearby [10], a major component is potential interferencentr

collectively identifying and allocating the communication degrees Other opportunistic spectrum users. Because these ummt&rta
of freedom that can be used by the network itself. In this paper, are not stochastic in nature, mere aggregation of sensar dat

we explore how space, time, and knowledge interact to make this cannot overcome them. Instead, coordination among nearby
a fundamentally challenging task. cognitive radios is required to control this uncertainty. W&h
this coordination can take a form similar to a traditional ®IA
protocol for data communication, its role is different iratht

Rather than reviewing the entire background in depth, vegms toreduce the uncertainty about interference rather than
merely cite references to some of our earlier work on thjgst reducing the interference itself [?].
topic. The reader is directed there for additional refeesnas  The degree of coordination required varies with the com-
well as detailed explanations of the results. plexity of the sensors and the extent of their knowledge ef th

Under the current system of spectrum allocation, rigid pakegacy signals. The simplest sensing strategies end upmgeed
titioning has resulted in vastly underutilized spectrunmd® the most coordination, while more complex strategies wwol
even in urban locales [1], [2]. In order to increase utiliaatof ing adaptive coherent processing and interference piedict
this spectrum, new approaches to spectrum sharing are theeclen be individually more robust and thereby reduce the need
that bridge the vast gulf in time and space scales betwef@n coordination [?]. If individual cognitive radios havefized
regulation and potential us€][ However, any such approachtransmit power, the tradeoffs can be expressed in termseof th
must also maintain robust performance guarantees foriegistexistence of aninimum coordination radius [11]. In essence,
legacy systems. Cognitive radios have been proposed aghig minimum radius can be used to rule out very local schemes
way to exploit this underutilized spectrum in an opporttinis [11].
manner by sensing spectrum opportunities and then commuThus, even if cognitive radio system itself only wants to
nicating over them [3]. Architectural questions are keyehersupport very short range communication (WLAN, PAN, etc.),
This paper addresses the core question of whether thisresquthe sensor network supporting it must extend beyond if it is
a sensor or a sensor network perspective? to operate fairly and with high efficiency [11]. So far, our

In order to guarantee non-interference with the legacy,userodel has implicitly considered a local sensor network that
cognitive radios must detect very weak legacy signals matnas a total extent that is large enough to enable independent
of random fading [4]-[6]. Because fading — especially shadealizations of the shadowing/fading, but is essentiathak
owing — models are also inaccurate, robustness also reguihen compared to the legacy system’s radio footprint. It is
the sensing system’s performance to be made insensitiveeto hatural to consider sensor networks that exist on a spatial
model uncertainty — particularly uncertainty to the tailtbeé scale that is comparable to the legacy systems themsetves. |
fading distribution [7]. Thisrequires cooperation and taking a such cases, the coupling between communication and sensing
sensor network perspective. The sensor network perseecitan be significantly weakened and there is a strong case that
also helps reduce the required sensitivity from individualpectrum sensing should be considered as infrastructure in
sensors, although once again the limits of trust (or confidensupport of communication rather than a required function of
in the model) again introduces a limit on both how insensitivommunicating nodes themselves. In such a large network,
we can be to the tail model of the fading distribution as welle assume that some sensor nodes are close enough to the
as how much the sensitivity can be reduced [7]. legacy transmitter so as to determine their service areatsnd

Fading and path-loss are not the only inaccurate parts adrresponding no-talk zones. The only question is how dense
any model. Uncertainties in the noise+interference lav@lice the infrastructure must be in order to properly acceptateje

|. BACKGROUND



requests from cognitive radios wishing to use the frequencye Since an infrastructure node can only distinguish between
in question. nodes inside and outside its footprint, we have

Il. INFRASTRUCTUREDENSITY REQUIREMENTS FOR

REQUESTS
The infrastructure must be dense able to accept radio 1N€ reqlilreld_ infrastructure density to guarantee admis-
sion control is:

requests to join the network. Being able to accept requests 1

involves being able to hear the cognitive radio that wants 1D = R2
. . . . . ™ ac

to contact the infrastructure. Some diversity is required t

account for possible fading between the sensing infratstrec ] ] V. NUMERIC E)_(AMPLES )
and the cognitive radios wanting to use the band. In this section, we have two simple examples that illustrate

the qualitative effect.

Roc=1n —1p — (17, = 75)
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— 0 - Required Sensitivity (eg. 5dB SNR) . /e
— A - Fading margin (eg. 10dB SNR) 0y =4008
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The infrastructure must also be dense enough to as to
disambiguate the positions of cognitive radios. After alFig- 1. FOfalar@Jg Iegagybsystzm_(la_r@% andrp) infrastralﬁll;e density
H . el _eqwrements are dictate y admission request constr structure
It must ,determme _Whethe,r or not they are within the ,n,ddensity requirements from admission control are very relaxed it makes
talk radius or outside of it. We assume that the cognitiv&nse to have a sensing infrastructure.
radios do not have any other positioning technology and that

furthermore, the environment is richly scattering enough o

N
o>-

the architecture is simple so that no triangulation is dulesi 2 Fm=1000m ]
Positioning accuracy is therefore limited by the density of % rp= 950m Infrastructure Density (Admission Control)
secondary nodes. O’ ¢
o Key parameters: > Radio Density (N)
— N - Node Density of secondary users (elgm?) <0k
— D - Power Density of secondary us€i@ = N x P,) N
— a9 - Path loss exponent for secondary-to-primary %m% P=40dB
transmissions g 1
— 7, - No Talk Radius Sl £=20dB
— r, - Protected Radius < / A B
~ pu - Protection Margin (2.9. 5dB) % X / Infrastructure Densit (AdmisERe ues
« For a given value of,, —r,, there exists a certain critical 510 ] y ques
density (O.;;) above which protection margin cannot be QO i Derit = -43dBW/m2

=
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ensured. -55 -50 -45 -40 -35 =30 -25 20 -15 -10

« CalculateD,,;; as maximumD such that: Secondary Density (dBW/m2)

D K (ag) (1, — 1) 79172 < (1010 — 1) 02
Fig. 2. For a small primary system (small andr,) infrastructure density
« For D < D.,;;, we have some slack which can be usetquirements are dictated by admission control. The twoaistales are very
: ; close. In this case it makes sense to have radios perform dteirsensing
to overcome Ipcatloq urlcerta}mty' . i within their own ad-hoc network or to have radios equippethwocation
« Hence for a givenD, if r;, —r;, were is required values, awareness devices.

! !
then slack =r,, —r, — (1], — 77,).

|
@
S



(1]
(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]
(20]

[11]

REFERENCES

NTIA, “U.S. frequency allocations.” [Online]. Availdb: http://www.
ntia.doc.gov/osmhome/allochrt.pdf

R. W. Broderson, A. Wolisz, D. Cabric, S. M. Mishra, and
D. Willkomm, “White paper: CORVUS: A Cognitive Radio Approach
for Usage of Virtual Unlicensed Spectrum,” Tech. Rep., 2004.
[Online]. Available: http://bwrc.eecs.berkeley.edus@arch/ MCMA/CR
White_paperfinall.pdf

FCC, “FCC 04-113,” May 2004. [Online]. Available: htffhraunfoss.
fcc.gov/edocsgublic/attachmatch/FCC-04-113A1.pdf

A. Sahai, N. Hoven, and R. Tandra, “Some fundamental limitxog-
nitive radio,” in Forty-second Allerton Conference on Communication,
Control, and Computing, Monticello, IL, Oct. 2004.

N. Hoven and A. Sahai, “Power scaling for cognitive ratlia Proc. of
the WirelessCom 05 Symposium on Signal Processing, Maui, HI, June
13-16 2005.

N. Hoven, “On the feasibility of cognitive radio,” Maste thesis,
University of California, Berkeley, 2005.

S. M. Mishra, A. Sahai, and R. W. Broderson, “Cooperative
sensing among cognitive radios,” I€C 2005, Istanbul, Turkey, June
11-15, 2006. [Online]. Available: http://www.eecs.bdeyeedur~smm/
ICCO6.paper.pdf

R. Tandra and A. Sahai, “Fundamental limits on detectiotoim SNR
under noise uncertainty,” iRroc. of the WirelessCom 05 Symposium on
Sgnal Processing, Maui, HI, June 13-16 2005.

R. Tandra, “Fundamental limits on detection in low SNR,” dfler's
thesis, University of California, Berkeley, 2005.

D. Cabric, A. Tkachenko, and R. W. Brodersen, “Experitaéstudy of
spectrum sensing based on energy detection and networleciimm,”
iEEE MILCOM 2006.

A. Sahai, R. Tandra, S. M. Mishra, and N. Hoven, “Fundataletiesign
tradeoffs in cognitive datio systems,” ifirst International Workshop
on Technology and Policy for Accessing Spectrum, Boston, MA, Aug.
2006. [Online]. Available: http://www.eecs.berkeleyédsahai/Papers/
tapas06.pdf



