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Abstract—Open Spectrum systems allow fast deployment of neighboring secondary users. Similarly, secondary users suffer
wireless technologies by reusing under-utilized pre-allocated from unexpected interruptions to communications, making it

spectrum channels, all with minimal impact on existing primary  eytremely difficult to satisfy application requirements. They
users. However, existing proposals take a reactive sense-and-

avoid approach to impulsively reconfigure spectrum usage based have _no expectations of future spectrum avallak_)lllt_y to help
solely on the latest observations. This can result in frequent coordinate spectrum access or schedule transmissions. Delay

disruptions to operations of both primary and secondary users. due to improper channel searching, sensing and switching
In this paper, we propose aproactive spectrum accesgpproach |eads to undesired gaps in transmission.
wher_e _secondary users utilize past _cha}r)nel histo_ries to make In this paper, we propose proactive spectrum access
predictions on future spectrum availability, and intelligently ' . -
schedule channel usage in advance. We propose two channefPProach where secondary users proactively predict future
selection and switching techniques to minimize disruptions to Spectrum availability and intelligently schedule channel access
primary users and maintain reliable communication at secondary in advance. By adding limited “intelligence,” secondary users
users. Experiments show that the proactive approach effectively can take advantage of inherent patterns of primary users’
reduces the interferences to primary users by up to 30%, and gnectrym usage, and make predictions about future changes in
significantly decreases throughput jitters at secondary users. O s .
spectrum availability. They use these predictions, along with
current observations, to determine spectrum usage to avoid
disrupting primary users and maintain reliable communication.

Conventional spectrum management policies use static specthe proposed approach includes two modules. First, to min-
trum assignment to prevent interference. Over time, this hiagize disruption to primary users, secondary users proactively
led to the well-knowrartificial spectrum scarcityRecent sur- switch channel before any primary user appears. Second, to
veys have shown that licensed spectrum are overly-allocagglckly resume communication, secondary users intelligently
and yet critically under-utilized, often as low as 5-10% [11kelect another available (and reliable) channel. This paper
To overcome such artificial scarcity, the most promising senakes the following contributions:
lution is Open Spectrumsystems [2], [11], where devices (1) Proactive spectrum access framewolke propose a
skip the licensing process and instead use next generatgfimework for proactive spectrum access and provide detailed
“Cognitive Radios” (CRs) [9], [14], becomingecondary users prediction methods assuming exponential and periodic traffic
that opportunistically access spectrum currently unused Rodels. We also propose different prediction and schedule
legacy orprimary users schemes using different sensing capabilities.

Initial proposals for Open Spectrum systems takee@-  (2) Experiments to compare reactive and proactive ap-
tive approach [12], [16], [17]. Secondary users reconfigui§oaches We compare the two approaches by evaluating
spectrum usages only after detecting changes in Spectifg disruption to primary users and the channel utilization
availability following some action by a primary user. Devicegt secondary users. The proactive approach leads to 30%
monitor spectrum channels through individual or collaborativ@duction of disruptions compared to the reactive approach.

sensing [3], [5], [7], [8], [10], [13]. When detecting a changerhe improvement depends heavily on the accuracy of spectrum
in spectrume.g.a primary user appears, secondary users payggilability prediction.

existing transmissions, relinquish the band and seek other
opportunities to resume communications [19]. Reconfiguration Il. BACKGROUND AND RELATED WORK
is impulsive and is based solely on the latest observations. ) ) ) _

Such passive “sense and react” approach results in frequerdf this section, we provide background on dynamic spec-
disruptions to communications of both primary and secondaiy'Mm access and related work.
users. Specifically, periodic sensing and adaptation meddgnamic Spectrum Availability = Secondary device’s spec-
there is an unavoidable window of possible interference ftnum availability depends on the activity of nearby primary
primary users. As a result, primary users can experience shavices. We start from describing a set of models in literature
term interference to transmissions before being detected doy primary user’s activity.

I. INTRODUCTION



The mostly used model is the alternative exponential ON- Switch

OFF model as studies have shown that it approximates the

spectrum usage pattern at public safety bands [18]. Each Channelj
channel alternates between two modes: ON (the channel is Semse
occupied by a primary user) and OFF (the channel is idle). N

The durations of the ON and the OFF period are independently Channeli N
exponentially distributed. For a channelthe duration of ON Disruption
periody; follows an exponential distribution with mea;y#:

Fig. 1. An example of secondary user’s spectrum access. The user first

)\Ye—Ayiyaz oy >0 senses channélwhich is idle. After a transmission session, it senses again
f(yz) = ‘ 0 - - 0 and detects a primary user. The user then switches to chareral repeats
U< the process. For each channel, a bold line illustrates the dynamic spectrum

usage of primary users.

Similarly, for each channel, its length of OFF periodX;
follows an exponential distribution with meakriﬁ The second <

model is the periodic ON-OFF model where each channel History & Model Sensing
displays a fixed pattern of busy and idle period. In this
model, after a long-term observation, secondary users can Proactive Channel
make accurate predictions of future spectrum availability. Prediotion Dedision

These models represent two extreme cases in terms of pre-
diction capability. The alternative exponential model is highly
random because of the “memoryless” nature of exponential Fig. 2. Architecture of the proposed proactive spectrum access.
distributions; while the periodic model can be accurately
predicted given adequate observation time. In this paper, wi
use the exponential distribution model as an initial step.
plan to investigate the proposed approach using real spect
measurement data in a future study. 0

Channel O Spectrum

Channel Switch

Transmission

V\?almmlze reconnection delay. Our proactive channel selection
nigue uses a channel ordering approach similar to that
10]. However, the main difference is that our approach

predicts future spectrum availability and schedules channel

Spectrum Sensing  With dynamic spectrum availability, g\yitch in advance rather than reactively switch after detecting
secondary users must monitor spectrum constantly and sw%qﬂ, primary user.

among channels to avoid disrupting primary users. Their

behavior depends on the sensing capability. In the simplest Ill. PROACTIVE SPECTRUMACCESS

case, each user uses one radio for both sensing and commwnder reactive spectrum access model, secondary users
nication. If the radio can only sense one channel any timswitch channels only after detecting a primary user, caus-
each secondary user must use a sequential sense-trandngtunavoidable interferences. Without expectations of future
sense approach. Shown in Figure 1, each user first sens&pectrum availability, secondary users can not make intelligent
channel and if it is idle, transmits for a short period and thesecisions on spectrum access. In this section, we show that
sense again. On the other hand, with an external spectriagn proactively predicting future spectrum availability, sec-
sensor, each user can monitor each channel continuously whitglary users can intelligently switch channels before primary
communicating. users’ re-appearance. By scheduling spectrum usage, they

Reactive Spectrum Access Figure 1 illustrates the reactiveCan maintain reliable high-throughput communication while
channel access model. Any secondary user communicatesfigimizing disruptions to primary users. Figure 2 illustrates
one channel until detecting any primary user. Because of tH€ proposed architecture, including two core modules:
inherent delay in detection, secondary users could disrupt the Proactive Channel Predictior Secondary users utilize

operation at nearby primary users. past channel observations to estimate future spectrum
_ availability.
A. Related Work on Proactive Spectrum Access « Intelligent Channel Switching Utilizing prediction re-

There have been several prior works on dynamic spectrum Sults, secondary users decide when to exit from a channel
access and sensing. The most relevant ones are [10], [15]. In and which channel to switch to.
[15] the authors proposed a proactive access scheme based We make the following assumptions. First, secondary users
the characteristics of TV-broadcast and explored the feasibilitge a separate control channel to coordinate with their commu-
of proactive access method. Our work extends this work tonécating peers to synchronize channel switches. Second, while
general primary user traffic modele., the exponential ON- secondary users can leverage knowledge on peer contention to
OFF model. Moreover, [15] mainly focuses on throughpugelect channels, our approach focuses on selecting a channel
maximization, while our work focuses on minimizing disturwith the least probability of encountering any primary users.
bance to primary users and providing fast recovery. We can combined the proposed approach with any distributed

The work of [10] proposed an adaptive sensing schemseordination approach [1], [4] to minimize contention among
to detect unused channels, and order the channel searcmtdtiple secondary users.



. .. TABLE |
A. Proactive Channel Prediction SUMMARY OF DIFFERENT SWITCHING BEHAVIORS

The first challenge we face is how to use past channel : -

b ti t timate future spectrum availability. Spe jpochavior Descrpton
9 servations 0 es . i p ’ . y PeCtReactive Switching| switch channel after detecting primary users
ically, we are interested in estimating the probability that [@Proactive  Smart] switch to a channel with longer remaining idle
channeli will be idle in the next time slot, referred to g. | Switching — time ;ha” ‘hs C“”‘;m Ch?””e'-
We assume that each secondary user can acquire statisti |?<:Cr:||\r/13| umbj switch to a busy channe
property of spectrum usage at nearby primary users. Th€S&oactive Dumb| switch to a channel with shorter remaining id
can be done offline through static traffic analysis, and magd&witching Ii time than the current channel.
available to secondary users through online databases. Given
primary user’s statistical traffic model and parameters, we need _ _
to determine how each secondary user predittsNext, we idle period than the current channel, which could reduce
outline the prediction algorithm for three traffic models. ~ its communication period. We summarize different switching
behaviors in Table I.

Our goal is to increase the use of smart switching and avoid
dumb switching. The key factor that differentiates smart and
AX_AfAY + A;jﬁ;y_ e~ Ox;tAvi)AL o — IDLE dumb switching is the accurate prediction of the remaining
P = Ay, + Ay, 16_(sz+xy,.,)mi s — BUSY idle period on each channel. If the remaining idle period in
Ax;tAy; T Ax Ay, ! the current channet is shorter than that in another channel
1, then switching from channel to i is smart. Assuming the
traffic of primary users follows alternative exponential model,
we propose two criteria to plan channel usage:

Proactive Planning I A user switches to a channehwith
the largest expected remaining idle period,

[©)

Alternative Exponential Model  Using renewal theory [6],
[10], we can calculate?; as:

@
whereAt; is the time gap from the last histogy to the next
time slot.

Periodic model  With sufficient observation time, secondar
users can always accurately predict the channel availabilit

Alternative Periodic-Exponential model This model is an
intermediate model between the previous two extreme cases. i = argmax Rl ©)
The duration of ON (or OFF) periods is fixed #3, and the i Ax,

duration of OFF (or ON) periods is exponential distributegroactive Planning Il
with A\. We can deriveP; as [20]:

A user switches from channel
to 4 if with high probability (> 0.5) that the length of the

[Atizz X R remaining idle period of is larger than that of, i.e..
1T S 7 A(Ati—a)" A (At—a)
p={ 1l X e M TVde, AL >T Ax
’ = i = argmax Prob(T; > T,) = argmax{P;—————P;P.}.
% OAt, e_,\(Ati—a:)dg37 At; <T g ¢ (] ) g ¢ { J )\Xj-f')\xc J }
@) 4

where At; = At; — nT.

While our prediction mechanisms are similar to that of [10],
we use the prediction results differently. While [10] uses = We use matlab-based simulations to evaluate both reac-
to compute an order to search available channels, we (i€ and proactive spectrum access schemes under differ-
these predictions to switch channel before “bumping” into ar@qt network Settings. Table Il summaries different reactive

primary users, and continuously upddein each time slot. and proactive schemes. Table Il summaries the simulation
parameters. To evaluate the performance of both secondary

B. Intelligent Channel Switching and primary users, we examine the average primary users’
Utilizing observations and predictions, secondary users céigruption rate (the number of disruptions per second) and the
schedule channel usage to avoid disrupting primary usé@yerage channel utilization by secondary users. We have also
and maintain reliable communication. Figure 3 compares tRgaluated the performance under various network settings, and
behavior of reactive and proactive spectrum access. In reacti@sified these results using a wireless testbed. Results from
access, secondary users inevitably “bump” into primary usetgese experiments are omitted due to space limit, but can be
while in proactive access, secondary users can avoid prim#&@ynd in [20].
users by switching channel prior to primary user’s appearance.
However, the effectiveness of proactive access depends
heavily on being able to predict spectrum accurately. Wheiternative Exponential traffic model  Figure 4 illustrates
predictions are imperfect, secondary users can make “duntbé CDF and average channel utilization and disruption rate
switches. In Figure 3 we show two examples of dumb switclof both proactive and reactive approaches. We see that the
ing. In type |, a secondary user falsely interprets channgloactive approach can improve channel utilization 33y,
j over i and switches to an occupied channel, and therebut reduce the disruption rate by up 30%. The proposed
suffers from unnecessary interruptions to its communicatioprediction based smart switch can further reduce up2%
In type Il, a user switches to a channel with shorter remainiraf disruption rate over that of (RP_HIS) [10].

IV. SIMULATION RESULTS

Reactive vs. Proactive Approaches
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in CDF and average; both assuming

TABLE Il .
SPECTRUMACCESSSCHEMES _ g o7
g g 06
Method Description § 3 05f
RE_RANDOM Reactive switching; random channel selection. g S oual
RE_P_HIS Reactive switching [10]; use (1) to derivg;, = £ 0a b
and choose the channel with the high&st > Dcf '
PRO I Proactive switching; use (1) to derivé; use (3) £ s 027}
to choose the channel with the longest expected S S o1t
remaining idle period=(T;). 2 o
PROII Proactive switching; use (1) to derivg; use (4)
to choose the channel with the largest probability
of having longer remaining idle period than that
of the current channel.
PRO_MULTI_SEN | Proactive switching with multi-channel sensirg
ability and perfect prediction of;; use (3) to
choose the channel with the longest expectation Fig. 5. Channel utilization and disruption rate of Fixed OFF-Exponential
of remaining idle periodr;. ON model.
PRO PERFECT | Proactive switching with perfect knowledge of
the current channel status and the remain|ng
idle period; switch to a channel with longest
remaining idle time; the Upper bound of system  traffic model. In this case, with multi-channel sensing ability,
periormance. secondary users can obtain perfect information of past and cur-
rent channel status, and make accurate prediction of the future
TABLE Il channel status. From Figure 5, we see that the performance of
SIMULATION PARAMETERS . -
proactive approach is almost perfect.
Parameter Value
Sensing Periods 20ms B. Smart Switching
Transmission Duratiof’s 180ms .
Switching DelayD, 10ms The proposed proactive schemes (PR@nd PRQII) are
Number of Channels 10

Primary user traffic models

(1/Ax, and1/\y;) uniformly
distributed in[min, tmaz)

Simulation Time

10000 s

Alternative Periodic-Exponential model

designed to increase the number of smart switching. In Table
IV, we examine the numbers of smart switching in different
proactive schemes over 10000s. We see that the amount of
smart switch is not large. This is because the imperfect predic-
tion over on exponential ON-OFF traffic. However, with multi-
channel sensing, the number of smart switching improves to

Figure 5 shows 30% due to improved estimation af;. However, because

the system performance when the primary user on ea@hthe imperfect prediction of the remaining idle period, the
channel follows the Fixed OFF and Exponential ON tim@umber of dumb switching type Il also increases significantly.



TABLE IV
THE PERCENTAGE OFPROACTIVE SWITCHING

We note that however, when primary user’s traffic display
large randomness, proactive approaches suffer from imperfect
predictions, and make unnecessary “dumb” channel switches.
Thereby it is necessary to first build sophisticated prediction
mechanisms, possibility using insights from offline traffic
analysis. We are currently researching on extending the proac-
tive approach to other network scenarios where primary user’s
traffic and spectrum usages have predictable patterns.

Method Switch No. | Smart | Dumb | | Dumb I
PRO | 10690 3.7% 5.2% 1.5%
PROII 10258 6.1% 2.9% 2.4%
PRO MULTI_CHAN 10269 30.0% 0% 21.8%
PRO PERFECT 5131 100% 0 0
90 ; T
sl
g -
< N
z =
g
5
]
o g ’
5 “PRO_I [1]
PRO_TI
PRO_MULTI_SEN ---s---
8 PRO_PERFECT ---»--
15 2 25 3 35 4 45 5 55 (2]
Hmax
07 : : : ‘ [3]
RE_RANDOM ———
_ RE_P_HIS
E] PRO_|
8 PRO_II = [4]
9] PRO_MULTI_SEN ---s---
K ]
£ [5]
2
©
24
5 [6]
|=%
7
[a)
8
Ll | | [8]
15 2 25 3 35 4 45 5 55
Hmax [9]

Fig. 6.
disruption

Secondary user’s channel utilization (top) and primary user's
rate (bottom) for differeni,,q. ranging from 1.5 to 5.5. [10]

C. Impact of Primary User Traffic (11]

Using the Alternative Exponential ON-OFF model, we gerii2]
eratel/)\; by using uniform distribution fromu. i, tmaz)s
fiXing fi/in t0 0.5, and varyingi,,.., from 1.5 to 5.5. Figure 6 [13]
shows the channel utilization and disruption rate for different
Limas- AS [imas iNCreases, primary users activity reduced!
thereby the channel utilization increases while the disruptigyy
rate drops. Similarly, proactive approaches achieve noticeable

improvement over the reactive approach. [16]

V. CONCLUSION AND FUTURE WORK

We propose a proactive spectrum access to exploit und%r7—]
utilized licensed spectrum. While convention reactive solutions
lead to disruptions to primary users because secondary usé&ts
can not foresee future spectrum availability, we propose to in-
telligently schedule spectrum usage using prediction of futup]
spectrum availability. Using past observations and knowledge
of primary user’s traffic statistics, secondary users can predigg
near future spectrum availability to switch channel prior to
any appearance of primary users. These smart decisions help to
avoid disrupting primary users and maintain reliable communi-
cation. Experimental results confirm that proactive approaches
can significantly reduce disruptions to primary users.
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