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Abstract— Open Spectrum systems offer an attractive solution at both primary users and secondary users. Primary users can
to the reuse of under-utilized licensed spectrum. Existing pro- suffer from short-term interference until they are discovered,
posals take a reactive sense-and-avoid approach to impulsively hije secondary users experience transmission interruptions

:@%%nrgigclgevsgeg:g%rgsg s:gre)rovggltwi\c/)gt S%?étrlznrgwéigggso;pfgrt.g;ihuntil they find other available channels and synchronize with

where secondary users utilize past observations to build pre- their peers.
dictive models on spectrum availability, and intelligently plan Disruptions occur when nodes in reactive systems can not

channel usage to maximize utilization and minimize disruptions foresee the occurrence of future events, and can only react
to primary users. Based on the characteristics of TV-broadcast, to current observations. In this paper, we propoggaactive

we develop a simple availability metric and apply a usability h wh d tivel timate fut
filter to eliminate unreliable channels with heavy and frequent approach where secondary USErs proactively estimate futlire

appearance of primary users. Our experimental results show SPe€ctrum availability by building a predictive model of primary
that the proactive approach can significantly reduce the number users’ spectrum usage based on past observations.

of disruptions. We also observe a clear tradeoff between the  Qur main contributions in this work are two-fold. We outline
disruption rate and the throughput at secondary users. By these next.

varying the usability filter threshold, we can control this tradeoff ] ) ) o
according to the constraints of primary users and the application Proactive Spectrum Acced#e build a simple statistical model

requirements at secondary users. to characterize the future usability of each spectrum channel
with an availability metric, and apply a usability filter to
avoid unreliable channels with frequent and heavy appearance

o o ) ) of primary users. Secondary users use the estimated channel
Existing spectrum management policies assign static spggailability to coordinate with peers to share available spec-

trum ranges to different technologies in order to prevegy,m while minimizing the number of reconfigurations.

interference. Over time, this has led to significant ovef- . . .
. o . xperiments in broadcast-TV scenariodVe also conduct
allocation and under-utilization of the licensed spectrum [1]:

Based on the flexible technology of Cognitive Radios [2 ,|mulat|on experiments on a simple TV-broadcast scenario

[3], Open Spectrum systems promaipportunistic spectrum ° eva_luate our proposeq a_lpproach. Results show that the
access where new wireless devices (aecondary usejs proactive approach can significantly reduce the occurrence of

access spectrum bands currently unused by legagyimary disruptions to primary users while achieving similar through-

users Successful deployments of Open Spectrum syster%%t performance. In addition, the use of usability filter allows

. - i, sécondary users to control the tradeoff between conservative
require secondary users to efficiently utilize unused spectrdm

while avoiding interference with primary users [4], [5]. spectrum access to reduce rate of disruptions and aggressive

. sgectrum access to maximize spectrum utilization.
Primary users can have spectrum usages that vary ov r . : .
he rest of the paper is organized as follows. Section Il

time, hence, secondary users experience dynamic spectrum . . .
A . . . rovides a brief overview of Open Spectrum systems and
availability and need to intelligently adapt their spectru

. . . existing solutions for spectrum sensing and coordination.
usage. Current solutions areactivewherein secondary USETSse ction 111 presents the proposed system architecture and the
monitor local spectrum through individual or collaborativé P prop y

sensing [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], implementation assumptions. We discuss the detailed system

: . ' t&j}esign in Section IV. We describe our evaluation methodology
and reconfigure their own spectrum usage according to thé

. . L in_Section V, followed by experimental results in Section VI.
spectrum usage by primary users. This adaptation is |mpuls%e

L . ; nally, we outline future work and conclude in Section VII.
and it is based on the current observations of primary users. On
detecting a primary user’s appearance on their current band in
use, secondary users pause transmissions, relinquish the band
and seek other opportunities to resume transmissions. WithouThe fundamental challenge in Open Spectrum systems is to
any expectations or prior information about future spectrusfficiently utilize and share unused spectrum among secondary
availability to help schedule transmissions, secondary usesers while avoiding interference to primary users. This sec-
can frequently encounter primary users. Due to non-negligildien provides a brief review of prior work in this area. We
delay of sensing and radio reconfiguration, such a spectrdiocus on sensing algorithms to identify primary users, and
access approach results in frequent transmission disrupticnsrdination algorithms to enable fair sharing of available

I. INTRODUCTION

Il. BACKGROUND AND RELATED WORK



among secondary users. We will describe a typical Open TV Station
Spectrum system where TV-receivers are the primary users, i//sensor

and outline the related research challenges and problems. _A—
i
A. Overview of Open Spectrum systems 5o ol4

A critical challenge in Open Spectrum systems is the 2 =
need for secondary users to detect neighboring primary users i

to avoid interfering with them. Secondary users perform ‘ :
spectrum sensing, individually or through collaboration with —— %I
Secondary E :

neighboring peers. They can periodically monitor spectrum
activity through energy detection [6], [7], [8], [9], [10], [11],
[12], and interference temperature measurement [16]. Others
apply cyclostationary feature detection [13] _tO identify perlIf:ig. 1. ABroadcast-TV scenario where secondary users are laptops and PDAs
odic spectrum usage patterns [15], and statistically charactefi#® communicate with each other. The primary user is the TV receiver, and a
spectrum usage intervals [14], [17] or available intervals [12jensor attached to it monitors its spectrum usage and broadcasts to secondary
To reduce sensing overhead, secondary users can lever&§e"

external sensors [18] to perform sensing and to broadcast the

sensed spectrum usage informati@ng, a sensor mounted )

next to primary receivers [19]. Using sensing informatiodocal oscillator (LO) leakage power [19] and broadcasts usage
secondary users must dynamically reconfigure their spectrifffprmation to neighboring secondary users (see Figure 1).
usage to avoid interference with primary users. TV-viewing patterns are dynamic, which makes local spec-

The second fundamental challenge is how to efficientfum availability fluctuate over time. Secondary users who
utilize the dynamically available spectrum. Prior work follow&PPly the reactive approach to schedule channel usage suffer
a reactive approach where secondary users react to currentfHH-T_‘ frequent disruptions due to variations of spectrum avail-
servations and dynamically reconfigure upon each occurrer@Rlity. Because of lack of knowledge about future spectrum
of spectrum variations,e., appearance of a primary user. They;;\vailability, secondary users search for charinels ti_iat are cur-
pause existing transmissions, relinquish the channel and ¥@0tly unused, but these channels can face immediate appear-
coordinate to find other available channels to resume transnfi§c€ Of primary users. Such blind and impulsive adaptation
sions. Along with non-negligible sensing and reconfiguratidf@ds to frequent disruptions because of the non-negligible

delay, this creates frequent disruptions to both primary aS§nSing and reconfiguration delay.
secondary users. There have been studies to build models of spectrum usage

In addition to configuring spectrum usage to maximiz& Order to identify and track primary users with periodic

utilization, secondary users also need to share available sg&t@9€ Or strong short-term temporal correlation [14], [15],
trum with other peers in order to coexist. Existing approach&k’]: These approaches model the duration of each primary
can be divided into two categories with different assumptioff&@nnel usage, or the duration of each channel availability.

on network infrastructure. Centralized approaches [18], [Zd]ihowever, th(.ay. are mostly suited for periodic spectrum access
[21], [22], [23], [24] use a spectrum broker to determindVith deterministic usage patterns, and do not address the

allocations among devices with the knowledge of glob&i€duency of spectrum being occupied and ways to select

topology. Distributed approaches [25], [26], [27], [28], [29]2M°N9 multiple channels given the knowledge. On the other

[30], [31] rely on device negotiations or competition to resolvBand. TV-viewing patterns are much more complex, and vary

conflicts and approach the results of global Optimizaﬂoﬁignificantly over time, and have strong temporal correlations

We can also leverage and extend conventional multi-chan@&|vVarious scales, such as “time-of-the-day” and “day-of-the-

MAC protocols that use periodic coordination to schedul€€k:” Hence, we need to develop general models of spectrum
transmissions [32], [33], [34], [35]. availability, and need to design adaptation mechanisms to take

advantage of this knowledge.

B. A Motivating Example: Broadcast-TV Spectrum I1l. PROACTIVE SPECTRUMACCESS

Recent policy development and technology advance-In order to achieve the goals of maximizing spectrum
ment promotes deployment of Open Spectrum systems wfilization while minimizing disruptions, we proposepeoac-
broadcast-TV spectrum. To avoid interference with primamtywe spectrum access approach to build predictive models of
users (TV receivers), secondary users can detect primapectrum availability and schedule channel usage to main-
transmitters and determine a no-talk zone through energyn reliable communications. Our approach consists of two
detectors [6], [7], [8]. Since TV-broadcast stations are alwagemponents, (1)building a predictive model of spectrum
transmitting, this approach identifies regional spectrum avadlvailability on each channeand (2)scheduling channel usage
ability rather than local availability around each primary TMo minimize disruptions and reconfiguration overheatle
receiver. An alternative is to mount a low-cost sensor on eaplopose to characterize each spectrum channel’s usability with
TV receiver that determines spectrum usage by monitoring the availability metric, and apply a usability filter to eliminate



“unreliable” channels with frequent and prolonged primary S
g pectrum Spectrum Spectrum
user appearance. Secondary users then coordinate to share Characterization|—>{ Usability | Coo dinaror
spectrum based on the knowledge of channel usability. Module Filter
In this paper, we address the problem of Open Spectrum Secondary Node

access in broadcast TV based systems described in Section,ll-2 Secondan Node Architecture: Each § de has a) S
[P P . 1g. 2. econdary Node Architecture. £ach secondary node nas a pec-

B. However, this is nOt_a limitation of our work. Our propose rum Characterization Module b) Spectrum Usability Filter and c) Spectrum

approach can be easily extended to more general scenari@srdinator.

and can be integrated with existing work on primary user

characterization [15] to refine predictive models based on prior

knowledge about primary users. We describe on-going Wogle assume the presence of an external sensor mounted next

to expand this approach in Section VII. to the TV receiver that detects and announces the spectrum
Next, we describe the architecture of the proposed systej,

i ) , gge at the receiver [19]. The sensor sends an alarm message
on each secondary device, and discuss the assumptions gAdn the TV receiver switches channels. Announcements are
implementation issues.

sent over a dedicated control channel to secondary users
with some propagation and processing delay, but without any
A. System Architecture transmission errors. Therefore, we assume that each secondary

Our proposed system is implemented on each secondHfgr has perfect knowledge of current channel in use.
device. It consists of the following three modules, located atWe further assume that upon entering the network, each
the MAC layer. secondary user is required to collect statistics of spectrum
Characterization. This module takes input from SpeC_availability through aggregating sensor broadcasts over a pe-

trum sensing results, and builds statistical models of spe[g':QOI Qf time. However, a significant amount of observatu_)n

trum availability on each channel. Since primary users (T\t/'-me is required t_o C"?‘Pt“re the Iong-term te_mporal correlation
receivers) have temporal correlations over different time scaffs SPECtrum availability. To addre;s this issue, we assume
(hour/day/week), we propose to build models with differe e existence of an external (regional) knowledge base that

time granularity and integrate them together to derive a co@? nstructs II(.) qg-tersm mogels of spectrurr:j ava|llabc|il|?r/] and st?re
prehensive characterization of spectrum availability. €m as policies. secondary USers can downioad these polices

. . , _from regional servers periodically to schedule spectrum usage.
Usability Filtering. This module applies a threshold based fil-

ter to examine spectrum availability and eliminate “unreliable(’:ommon Control Channehe assume Inatinere Is a dedicated

channels with frequent and heavy appearance of primary us&ga.mgil f03r Gseconr?ary ugest to d(_axchange cgntrol cijpfo:rna—
The filter threshold is reconfigurable, and offers the capabili{ n [34], [36], such as neighbor discovery and coordination

fo control the tradeoff between aggressive spectrum acol @R, > RIS U BELeRC T8 SRSl B
towards maximizing spectrum utilization, and conservati y P y

spectrum access for minimizing disruptions to primary use y reconfiguring themselves into a low-power ultra-wide-band

o . ) ) 7 777 (UWB) radio to exchange messages without affecting primary
Coordination. This module is responsible for coordinating,sers Similar approaches are proposed in [34].

spectrum usage among multiple co-located secondary users_to icati in th £ Pri T ittém
avoid peer interference. Secondary users utilize the knowle(%gmbmunéca |(t)ns In the pre;)senge Ot rtlrr:_ary rzimsm| i S it
of spectrum availability and information of neighbor conflict roadcast scenarios, broadcast stations aways transmi

to schedule and coordinate channel usage with their peé’}@”e individual TV receivers select channels to receive sig-
In essence, each user tries to select a channel with hig - We assume that secondary users apply sophisticated cod-

spectrum availability but least usage from other peers. ole techniques to mailntain reasqnable communication capacity
contribution is to integrate channel availability into the procéD the presence of high power interferers [19]. One example
dures of distributed coordination [33], [35]. Is thedirty papertype coding [37].

Figure 2 illustrates the proposed architecture on each sec-
ondary device. We will discuss the detailed design of spectrum IV. DETAILED SYSTEM DESIGN
characterization, filtering and coordination in Section IV. In this section, we present the detailed design of the

proposed approach.

B. Assumptions and Implementation Issues

Before we proceed to the detailed system design, we briefly Spectrum Characterization

describe design assumptions and implementation issues. We&gcondary devices utilize past observations to build predic-
argue that these assumptions arise naturally from the requiige models of spectrum availability. In order to characterize
ments of a cognitive radio based system. Having them helpg “quality” of each spectrum channel, we use a channel
to simplify our system design without affecting the generalityyajlapility metric that is defined as the expected channel
of our proposed solutions and results. free time after each primary user’s appearance. To capture
Spectrum SensingWhile sensing is not the focus of thistemporal correlations over different time scales, we propose
paper, the sensing performance has direct impact on tebuild multi-tier models using data collected with different
effectiveness of spectrum access algorithms. In this papabservation windows. For a given tiér with observation



window of lengtht;, the availability of channel is estimated primary users. Towards this goal, we propose to utilize us-
as ability filtering to eliminate unreliable channels with frequent
Total channel free duration over intervgl ~@nd prolonged appearance of primary users. .
wi(tk) = E{ #» - Number of primary user switches to channél We define a configurable parameter called the filter thresh-
old T (T > 0), where a channel can be considered for use
and 0 < w;(t) < 1. This metric captures both the averagenly if its usability metric is abové&'. The choice of threshold
duration of each channel availability and the frequency gf significantly impacts the system performance. Choosing a
interruptions from primary users. small T implies aggressive spectrum access where secondary
Based on logical expectations of TV viewing patterns, wgsers intend to maximize spectrum utilization by even using
build a three-tier model including availability statistics fronthannels with low availability. Choosing a largg leads
three types of observation windows. to conservative spectrum access that emphasizes on channel
(1) Immediate {;=1 minute) : This tier assumes strong immeteliability and minimization of disruptions.The optimal choice
diate correlation in TV-viewing patterns. If a channel is viewe@lf 7' depends on the tolerance of primary users and the
during the past 1 minute, the probability that it will be viewe@pplication requirements of secondary users. In this paper,

in the immediate future is expected to be high. we explore the impact of” through experiments, which is
e'summarized in Section V.

(2) Short-term {= 10 minutes) : This tier uses averag
availability over the last 10 minutes to predict the future
availability. C. Spectrum Coordination Module

(3) Long-term {3= 30 minutes over the past few weeks) : To support reliable communication in a multi-user sys-
This tier captures the long-term time-of-day and day-of-weeakm, secondary users in close proximity must share available
patterns. Secondary users can access this model from gpectrum and avoid interference with each other. Without
knowledge base or through long-term sensing. We propdsérastructure support, we propose the use of distributed
to integrate the availability metric at each tier to construcioordination where secondary users inform competing peers
a single metric to characterize spectrum availability. In thisbout their spectrum usage, and dynamically adapt their own
paper, we define the overalsability of channeli u; as channel usage accordingly to reduce the level of interference.
When two secondary users want to communicate with each
ui = wilty) - (@-wi(tz) + (1 —a) - wilts)), 0w <1, (1) ey, they also exchange individual assessment of channel

wherew; = 0 if the channel has been used in the immedia@/aila.bility,- and coordinate to select an appropriate channeI:
past,i.e, w;(t1) = 0. The parameters and1 — « are weights .Wh|le prior research [_25],_[33_] has Qemonstrated the fgasr

assigned to short-term and long-term statistics respectivéw.'ty of distributed coordination in static spectrum availability

The choice of weights depends on the relative level of coicenarios, the use of this approach in dynamic spectrum
relation on each layer, and can be configured adaptively. $#St€Ms needs to consider channel usability. We propose a
this paper, we determine the weights using simple heuristi¢gaPility-aware coordination approach where secondary users
and experimental training. In other complex scenarios, we c&®/€Ct channels based on the information of channel usability
apply online learning to adapt the weights according to trnd the level of existing traffic load from other peers on each

behavior of primary users. We are currently investigating thf§1annel. o o
approach and will include it in a future study. The proposed coordination procedure is similar to the

We note that our predictive model is simplistic, and i#PProach of [33], [35]. Before starting a data transmission, a
does not capture all the statistics of TV-viewing pattern§€condary transmitter sends a negotiation message TxRequest
This results in inevitable errors and model uncertainty, whidf it destination on the control chanheEach TxRequest
could impact the efficiency of spectrum scheduling. In additid}€SSage contains a prioritized channel list derived based on
to exploring more advanced and complex prediction mectf@-e channel z_ivallablllty, the I(_evel of existing traffic, qnd the
nisms [38] to improve the model accuracy, we also propoé!”ée”_ded trafflc_ volume: The intended receiver combines the
to develop recovery mechanisms to minimize the impact Bcfpelved statistics with its own assessment to select an appro-
errors. In this paper, secondary users recover by pausing tR§|pte channel and responds with a TxResponse message to the
transmissions and selecting other usable channels. In the wdi@gsmitter. The transmitter then sends a Confirm message and

case scenario where spectrum availability on every channefPl&rts data packet transmissions. Figure 3 illustrates a sample

statistically random, our proposed approach will fall back t&'€ssage flow. . . _ _
the conventional reactive approach. We also propose to reduce possible disruptions to primary

users by limiting the transmission duration at secondary users.
B - Each receiver estimates aamllowed transmission duration
B. Spectrum Usability Filtering (ATD) on the selected channélbased on the assessment of

Spectrum usability estimates the quality of each channghannel availability at the link pair,
Secondary users can use this metric to _schedul«_a their spectrum ATD — min(u; - MaxTxDur, RTD),
usage, such as selecting the channel with the highasietric
value. prever' there 'S_ no clear '_nd'catmn Of_Whether a1y this paper, secondary users periodically configure themselves into a
channel is safe to use without causing severe disruptionsu@B radio to perform coordination.



Sender Receiver users are transmitting UDP packets. This allows us to examine

_— TxRequest the impact of spectrum dynamics and the_ performance of the

Priortzed channel st proposed approach without the effect of higher-layer protocols

umber of packets A )

Bytes to transmit (e.g, TCP). Our simulation results are averaged over 10 runs
with different random seed values, and each simulation covers

TxRespon ..
/ I~ 3 hours of network activity.
Selected channel

Allowed transmit duration We implement the proposed proactive approach, and a
/ Confirm baseline approachdactive, no predictio)) where nodes ran-
P e on domly select channels to use, without any knowledge about
future dynamics. This approach applies the same three-way
Data handshaking procedure to negotiate channel usage, but does

not use any usability information to prioritize channels.

Fig. 3. Control message flow for data transfer negotiation.

A. TV Viewing Patterns

To the best of our knowledge, there are no simple TV-
viewing patterns publicly available. Hence, we generate TV-

where u; is the minimum of the availability on channel .~ X . .
. . : viewing patterns based on logical expectations and our daily
estimated by both the transmitter and the receiver, MaxTxD . : AR
. o : ife experience. We use a sitcom model where time is divided
represents the maximum allowed transmission duration of

mf%o half hour bins, with day-of-week and hour-of-day patterns.

secondary sender-receiver pair before the next coordinatLP > viewer has preferred channel sdor each half hour bin

period, and RTD represents the est|n_1ated time to t.ransmlt %l d selects channel from this set with high priority. Within
the packets requested by the transmitter. The receiver embeds, ™. . .

. . ..each bin, the viewer randomly switches across channels,
ATD in the TxResponse message to inform the transmitter.~ . . -
By eavesdropping on the TxResponse and Confirm messal seeéectlng a channel from the preferred set with probabyity

y Pping P 954 the rest with probability — p;.

neighboring secondary nodes can obtain estimates of existin S ;
4 o . ;The channel viewing time on the preferred and non-
traffic from other peers, and schedule transmission to avoid . _
) preferred channel#;, and F», are exponentially distributed
channels that are already occupied by other peers.

o . with means of 90 and 15 seconds, respectively. If the same
Upon being interrupted by an appearance of primary users, . . SR
S L channel is chosen over two consecutive viewing intervals, we
secondary users pause transmissions and wait till the ngx . . . .
e . . .. disregard the channel switch and consider it to be a single
coordination window to re-negotiate and resume transmissions. > .
. . -~ _~viewing interval. We have evaluated the system performance
Hence, having a large MaxTxDur might produce long inter-. . L
. : . with different values ofp; and have observed similar perfor-
ruptions at secondary users. To reduce disruptions, we can S, :
S mance trends. Hence, in this paper, we will yge= 0.8 as
limit the value of MaxTxDur and even fall back to per-packet . . - .
an illustrative example. Similar observations applyHp and

negotiation. However, this is at the cost of higher coordinatiog and we will use 90 and 15 seconds, respectively
overhead, and is only suitable for low-rate traffic. A moré \;Ve note that the TV-viewing model is' an empiricall model

intelligent solution is to adapt MaxTxDur to the average, provide preliminary evaluation of our proposed approach,

duration between two consecutive traffic bursts at primaE}{Jt it does not limit the scope of the pronosed approach
users. We plan address this issue in a future study. P prop PP '

B. Evaluation Metrics

] ] . We evaluate the system performance in terms of two
We implement the proposed approach using QualNet Wirggatrics: primary user channel hit ratiand secondary user
less network simulator [39]. We simulate a home networkghput These metrics examine the tradeoff between con-
scenario - a living room with one TV representing the primaryaryative spectrum access to minimize occurrence of dis-
receiver, and a number of wireless devices as the second@piions, and aggressive spectrum access to utilize as much

users (see Figure 1). We only consider single-hop communicgaiiaple spectrum as possible to maximize throughput and
tions because all the secondary users are assumed to be Withihnel utilization.

the transmission range of each other. Performance study i
multi-hop environment is part of our ongoing research.

V. EXPERIMENT SETUP AND EVALUATION METRICS

E’r?mary Channel Hit Ratio.This metric is defined as the ratio
% channel hits experienced by the primary user to the total

We assume that the spectrum space is divided into : ; :
P P number of primary user channel switches. A channel hit occurs

orthogonal channels, each capable of providing 1Mbps r?%Nthe primary user switches to a channel that is currently

data rate for secondary users. We only consider one primare/ .
. . occupied by some secondary users, and suffers from short-term
user (the TV receiver) that accesses one channel at a ti

e - X
We assume that each secondary user has knowledge Of'qhseruptlons due to the non-negligible sensing, broadcast and

long-term spectrum usage of the primary user, represenfﬁlgﬁéaggg ?e-e I?g:éL?szat?lzlté%rr]ntt?err)r(;rpii?érl:jetrigéssntjgtslzzzhtdh;
by w(ts3) at each time instance. We assume that secondarg/ P o : P . naary
user packet transmissions since they need to immediately

2This is equal to the length of the interval between subsequent configu?a\lacu.ate_the_ channel and resume transmissions in the next
tions to UWB. coordination interval.



Throughput. The throughput measures the system throughput 1
obtained by all secondary users. We only measure the long- o _
. . . c 0.8 | reactive R,
term throughput averaged over the simulation duration (3 g — —
hours). Since the coordination duration MaxTxDur is small 3 0.6
compared to the average viewing time, the impact of interrup- = o proactive with fixed T
tions is negligible. However, these interruptions cause packet § ™ 8-32
losses, which is reflected by the primary channel hit ratio. § 0.2 £ 0.90% e . proactive with
0.95 adaptive T
VI. EXPERIMENTAL RESULTS AND DISCUSSIONS 0 0 200 200 400 500 600 7
. 0 100 200 300 400 500 600 700 800

A. Comparison to the Baseline Approach Per secondary user throughput(kbps)

Figure 4 illustrates the primary channel hit ratio and thlg_a - _ , .
ig. 7. Channel hit ratio as a function of sustainable throughput using

aggregate throughput of all secondary users versus the nun}h}%errem threshold T) values.

of secondary user pairs. Our results show that the proposed

proactive approach can significantly reduce the number of hits

. . . T reactive | 0.0 0.3 0.6 0.9
over the baseline (reactive) approach. By selecting channels— =75 3=00 074 10561 0561 0551 052
with high availability, secondary users can avoid using chan- [« =05,5 =05 0.74 | 047 | 047 | 0.42 | 0.39
nels with frequent appearance of primary users. Hence, everf « =0.0,5=1.0 074 10441043 ] 042 0.18
without any usability filter, the proactive approach can reduce TABLE |
primary hit ratio by 20-30%. CHANNEL HIT RATIOS FOR PREDICTION BY SHORTTERM AND
We also observe a strong dependency of the performance on LONG-TERM USAGE CORRELATIONS

the filter threshold’. The use of largd” can effectively reduce

the hit ratio to 4%, particularly at high system load. When

a large number of users compete for spectrum usage, they

spread selections across channels to reduce peer interferefaie versus the throughput on each secondary link assuming 7

and even select channels that are frequently accessed byséeondary user pairs. The bold line represents this performance

primary users. Hence the use of higher threshold to restritadeoff by adapting the value df, where the throughput

the use of “unreliable” channels can effectively control the hifrows almost exponentially at small hit ratios (3-10%) but

ratios. Reduced throughput from higher threshold values is dslewly converges to linear growth as the hit ratio increases.

to multiple secondary pairs sharing fewer usable channels.This shows that if primary users can tolerate even a low
We also examine the impact @f with a fixed number of 7 degree of interference, it can lead to substantial improvement

secondary user pairs under different levels of traffic load. Froof spectrum utilization at the secondary users.

Figure 5, we see that increasing per-link load has no effectWe also observe from these results a non-linear relationship

on the hit ratio but it improves the system throughput. THeetween the threshol@ and the disruption rate. Secondary

use of highT' confines secondary users to “reliable” channelsisers can clearly benefit by using a detailed mapping of the

and system throughput saturates to the channel capacity astite values as a guideline to traverse this cost-performance

number of links increases. We also examine the performartcadeoff.

under a constant total traffic load of 800Kbps but with varying

number of communicating secondary user pairs. The results in

Figure 6 show a similar trend as that in Figure 4, where tf& Impact of Predictive Model Parameters

primary channel hit ratio increases "nearly with the number of The performance of the ava||ab|||ty model depends hea\/”y

secondary user pairs at sméllbut remains constant at largegn the choice ofa. We examine three cases with —

T. 1.0,0.5 and0.0, corresponding to short-term, mixed, and long-
We observe that the primary hit ratio is non-zero even farm based predictions. Note that the immediate £ 1s)

a lightly loaded system with a single secondary user linkpservation is directly embedded in the model since it will

This is because of the inherent random nature of our T\sad to an availability o). Table | summarizes the primary

viewing model, and the limitations of the prediction accuracyhannel hit ratios under an example scenario of 7 secondary

of the simple availability metric. In addition to triggeringyser pairs with 400kbps traffic per link. As expected, given the

recovery mechanisms at secondary users to quickly evacugi®ng long-term temporal correlation present in TV-viewing

the channels and resume communications, we can also agpitterns, the use of large leads to significantly improved
strict filtering to avoid the use of unpredictable channels. performance.

B. Adaptive Filtering VIl. CONCLUSION AND FUTURE WORK

_From Figures 4 and 5, we observe a tradeoff between th&p, this paper, we examine the performance of Open Spec-
disruption rate (primary channel hit ratio) and the secondagy,y systems in a TV-broadcast scenario. We observe from
user throughput. The use of largécan significantly reduce ;s \ork that the spectrum usage patterns of primary users
the occurrence of primary user hits but at the cost of reducsgve great impact on the performance of any Open Spectrum
throughput. Figure 7 plots this tradeoff as the channel hif.stem and should be incorporated when scheduling spectrum
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usage. Conventional approaches apply a reactive sense-@rgj-A. Fehske, J. D. Gaeddert, and J. H. Reed, “A new approach to signal

adapt solution based solely on current observations of primary
users. Disruptions occur when nodes using reactive spectryn

access can not foresee the occurrence of future events, and

can only react to current observations. We propose a proactid

classification using spectral correlation and neural networksPrac.
of IEEE DySPANNovember 2005.
H. Tang, “Some physical layer issues of wide-band cognitive radio

s}e/stem," inProc. of IEEE DySPANNovember 2005. .
. Challapali, S. Mangold, and Z. Zhong, “Spectrum agile radio: Detect-

ing spectrum opportunities,” ilnternational Symposium on Advanced

spectrum access approach where secondary users make US&adio Technologies (ISARTBoulder, CO, March 2004.

of past observations to build predictive models of spectruiifl
availability, eliminate unusable channels through a usabili%
filter, and schedule their spectrum usage to maximize spectrum
utilization while minimizing the occurrence of disruptions to
primary users. We observe a clear tradeoff between the rhid
of disruptions to primary users and the throughput achieved
by secondary users. By varying the usability filter charactdi]
istics, we observe that proactive spectrum access significaqyéﬁ
reduces disruptions to primary users while providing similar
throughput as the conventional reactive approach. The thresh-
old parameter allows us to control the tradeoff between tie
disruption rate and the desired throughput.

While our initial results demonstrate the feasibility of22]
proactive spectrum access in a simple scenario, the effec-
tiveness of this approach depends heavily on the accuragy
of the spectrum availability models. Our proposed statistical
model is simple and can incorporate multiple tiers of differeft
time granularities. However, in more complex scenarios, we
need to investigate more sophisticated predictive models and
apply intelligent self-tuning of system parameters to improdéﬂ
prediction accuracy. We are currently expanding our reseangh)

in this area.
[27]
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