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Abstract—Most existing studies on cognitive radio networks to derive and analyze network performances. For example,
assume that cognitive users can switch to any available chaal, jn [19-23], Markov chains are used to model and study the
regardless of the frequency gap between the target channel g caq termination and blocking probabilities of CUs in a
and the current channel. However, due to hardware limitatios, .. . . .
cognitive users can actually jump only so far from where the p- cognitive rrjultlchannel access system consisting of _pl}_vmar
erating frequency of their current channel is. This paper sudies and cognitive users. However, one common unrealistic as-
the performance of cognitive radio networks while consideng sumption made in these existing works that we address in this
realistic channel handoff agility, where cognitive users an only paper is that CUs, when accessing the multichannel system
switch to their nelghbo_rlng channels. We use continuous-tie opportunistically, are allowed to switch/jump to any asble
Markov process to derive and analyze the forced termination h Lin th ’ t dl fthe f batw
and blocking probabilities of cognitive users. Using theseéerived channelin the system, regardiess ot the requency gap batwe
probabilities, we then study and analyze the impact of limied the target and the current channels [24]. But due to hardware
spectrum handoff agility on cognitive spectrum access effiency. limitations, CUs can actually jump only so far from where
We show that accounting for realistic spectrum handoff agity the operating frequency of their current channel is, given a
reduces performance of cognitive radio networks in terms of 4ccentable switching delay that users are typically cairstd
spectrum access capability and efficiency. by [25]. Therefore, in this paper, we study the performance
~ Index Terms—Dynamic spectrum access; performance model- of cognitive radio networks, but while considering readist
ing and analysis; spectrum handoff agility. channel switching (or handoff) agility, where CUs can only

switch to channels that are immediate neighbors of their

. INTRODUCTION current operating channels.
Cognitive radio access paradigm allows cognitive users The rest of the paper is organized as _follows. In Section
(CUs) to exploit unused licensed spectrum on an instant-bj- We state the system model. In Section I, we model

instant basis, so long as it causes no harmful interferemce?!d derive analytically the forced termination and blogkin
primary users (PUs). For this, CUs must ensure that liceng@@babilities. Section IV vahdates_ the den_ved re_sulted_ a
bands are vacant before using them, and they must vacafi@lyzes the performance behaviors. Section V invesggate
them immediately upon the return of any PUs to their licensé@® impact of spectrum handoff agility on spectrum access
bands. Cognitive radio access, also referred to as dynarfticiency. Finally, in Section VI, we conclude our work.

or opportunistic spectrum access, has great potentialnfier i

proving spectrum efficiency and increasing achievable okw II. MULTICHANNEL ACCESSSYSTEM MODEL

throughput of wireless communication systems. The rebearc We consider a cognitive radio multichannel access system
issues and topics that have been addressed in these reggit , primary bandsB,...,B,,, Where each band is com-
years are numerous, ranging from fundamental networkip@sed ofn sub-bands, giving a total efin sub-bands, termed
issues to practical and implementation ones. A few examplgs,... 4,,,. Two types of users are present in the system.
of such issues and topics are spectrum access managemenpfimary users (PUs) who have exclusive access right8;to
4], adaptive and learning technique development [5-8] aggl B,,, and cognitive users (CUs) who are allowed to use the
spectrum prediction models [9-14]. Research efforts his@ a4, to A,,, sub-bands, but in an opportunistic manner; i.e.,
been given to deriving models and studying behaviors 8b long as they do not cause any harmful interference to PUs.
the cognitive radio access performance [15-18]. Generalfjhroughout this work, we assume that CUs are equipped with
most of these performance studies model cognitive radithgle-radio devices.
access by means of Markov chains, and use these modgisile PUs have strict priority to use the spectrum bands,
Manuscript received April 2, 2013; revised June 24, 2018epted August CUs afre a”OW.ed to use a §Ub_band .O.nly when th? sub-band's
19, 2013. The associate editor coordinating the review @ ffaper and associated p”marY_band is vacant; i.e., not being used by
approving it for publication was Yi Qian. any PUs. Here, we ignore the spectrum handoff and spectrum
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always aware (with some bounded dela_y) of t_he presence ere s/ — —1 and ‘%k (i — i) = i; if user is not
PUs, and that as soon as any PUs reclaim their band, CUs are  ’ 1= F,i#j

capable of immediately (or with some bounded delay) vagatifiorced to terminate. User access termination occurs whae no
the band and switch to another idle sub-band, if any exisg. the adjacent bands can accommodate the cognitive user
In our model, we assume that, during spectrum handoff [14fjat is required to vacate baryd Thus, the next states are
CUs can jump to any channel/band situated at no morethafiit; -, &g, -y @55 ooy Ty s o im) Whered; = —1and §; = n
bands away from its current operating band; the set of piessiBr i; = —1) for j —k <1 < j + k. When the user is forced
channels to which a CU is able to jump to is referred to as th@ terminate, the transition rate is,, and when there is no
target handoff channel seSpecifically, if a CU is currently termination, the transition rate is as follows

using a sub-band belonging to primary baBd the CU can i
only jump to any sub-band from®;_;, to B;., when handoff ok
is initiated. 1 ij

'ys/ == Ap ) H . J .

itk i — g
2% — 3 1 1=0,l#k N Jd—k+l
I11. M ODELLING AND CHARACTERIZATION =ikt =1
=j—kyil=
We model the channel selection process as a continuous- (1)

time Markov process, defined by its states and transiti@sratwhere~;, denotes the transition rate from statdo states’,

In this section, we define the states and calculate the stateeres = (i1, ...,im,) and s’ = (i1,...,ip,). Thus far, we
transition rates. As stated previoustyp sub-bands are sharedcomputed the transition rates, and we were able to determine
by both PUs and CUs. Thus, we define each state as anthe transition rate matrixQ. One can solve the system of

tuple (i1, ...,4») in which 4;, for j = 1,2,...,m, indicates equations .

the number of CUs in bangif i; > —1, otherwisei; is equal (nt2)

to —1, indicating that band is occupied by a PU. Note that 7.Q =0 and Z mi =1 @)
takes on values betweenl andn (i.e., —1 < i; < n). Thus, =1

the total number of states {& + 2)™ and all these states arewherem; is the stationary probability of stateand = is the
valid. We assume that arrivals of CUs and PUs both follo@tationary probability matrix.

Poisson processes with arrival rates and ), respectively, ~ Note that only transition rates that are calculate€Case 4

and the service times are exponentially distributed witega depend on the valug since spectrum handoff is expected to
ue and p,, respectively. There are four cases/events undegcur only in this case. In the other three cases, no spectrum
which a state changes, and thus we only have to consié@ndoff occurs, and hence, next states do not depend on the
these four cases to compute the transition rate ma@yidn value of k. Thus, in terms of model complexity, we can say
what follows, let(iy, ..., i,,) be the current state. that the construction of the transition mati§y depends on
Case 1:First, consider that a CU arrives to the system aribe valuek, because ag increases, the number of possible
selects spectrum bangl The next possible states are thetransitions increases and hence so is the number of non-zero
(i1, .rij + 1,...,0p) for all =1 < i; < n. Assuming that the entries ofQ. The size ofQ which is (n +2)™ x (n +2)™
number of these statesds the transition rate froni,, ...,i,,) does not, however, depend énTherefore, the complexity of

to (i1,...,7j + 1,...,45,) iS then\./a. The states whose; solving Eq. (2) may not depend a@nif general algorithms are
value is either—1 or n do not change, because the CU wilused. But if customized algorithms (those that take adggnta
be blocked and denied access to the system in this case. Nt&natrix sparsity) are used instead, such a complexity may

that & might be different for different states and it can bée reduced depending on the valuekof
Now, the forced termination probability; of a cognitive

calculated viax = z:1.,;1:<il<n L user can be defined as

Case 2:Second, consider that a CU leaves spectrum band S meyS

In this case, the next possible states @re...,i; — 1, ..., %) P, — (s,8)ET 3
for all ; > 0. Thus, the transition rates frotfii, ..., i,,) to f= (1= P)A ®)

(il, ey ij — 1, ey Zm) is ij/Lc.

Case 3:Third, when a PU leaves banyd the next states are
(i1, .+s1%, .., im) Wherei’;, = 0 andi; = —1. Assuming that

the number of occupied bands by PUssisvhich means that
the number of next states is algh the transition rate from
(i1, ey im) 1O (i1, .0y @, oy i) IS thenp, /3, where as stated
earlieri’, = 0 andi; = —1 Note thats might be different for

where T' is the set that contains all state paifs s’) in
which a user is forced to terminate when transitions from
s to s/, and P, is the blocking probability to be defined
later. Formally, T can be defined ag" = {(s,s') =
((1, ooy im), (87, ooy iy ))|Ne(s) > Ne(s') and Np(s) <
N,(s')} where N.(s) and N.(s') are the numbers of CUs
m in state s and s/, respectively, andV,(s) and N,(s") are
different states and it can be calculated yia= > 1. the numbers of PUs in state and s’, respectively. The

I=15=—1 ; s .
Case 4:Fourth, consider that a PU arrives to spéctrum bafymber of CUs in states = (i1 im), Ne(s), can be

4. Note that PUs do not select any band upon their arrivalgfitten as N.(s) = > ;.  Similarly, the number

since they already have their predeflned bands to operate on. J=1ii# 1

this case, the next states dfe, ..., 7 ey -/‘7 o ]+k7“'7lm) of PUs in states = (i1,...,%m), Np(s), can be written as



Ny(s) = > 1. When a new CU arrives to the system  o.05
j=Lij=—1

and cannot find any empty sub-band, because the bands

occupied by either PUs or any other CUs, the user is denie

access to the system. In this case, we say that the CU

blocked, and the blocking probabilit], can then be written

>—k=1
004t O k=2

Forced Termination Probability

as 3
P=Y (4)
S€B i
where B is the set of all the states in which blocking occurs 01

when a new CU arrives to the system, and is define® as Primary User Arrival Rate: A,

{s=(i1,.,im)|¥j 1 <j<m, —1<i; <n}.

It is worth mentioning that although the focus of this work
is on analyzing how the value affects the forced termination 0.05
and blocking probabilities and not so much on how one
choosesk, one can first set (decide on) acceptable/predefine
blocking and forced termination probabilities, and them us
Egs. (3) and (4) to find the value &fthat meets such prob-
abilities. Basically, setting upper (lower) bounds on liag
and forced termination probabilities results in a set ofigal
for k that satisfy these upper (lower) bounds.

(a) Analytic results

o n
W N

——
004k ~©-

~ X =~

Forced Termination Probability

IV. ANALYTIC RESULT VALIDATION AND ANALYSIS

In this section, we validate our derived analytic results Primary User Arrival Rate: A
via MATLAB simulations, and analyze the performance of
cognitive radio spectrum access systems with limited calann (b) Simulation results

hand_Oﬁ by StUdy'_n_g the Impact of the tar_get_ handoff Chan_n%b. 1. Forced termination probability as a function of thigrary arrival rate
set size on cognitive users’ forced termination and blogkimn, for & = 1,2,3: m = 7 andn = 2 (up = 0.06, Ac = 0.68, p. = 0.82)

probabilities.

. L . respectively. In these simulations, we compute the actual

A. Impact of Handoff Agility on Termination Probability forcped termyination probability of cognitive users, measur
Fig. 1(a) plots the derived forced termination probabilitys the ratio of the number of terminated users to the total

of cognitive users as a function of the primary user arrivglymber of accepted users. Fig. 1(b) shows the values of

rate A, for three different values of the number of targeforced termination probabiliies of the simulated cogymiti

handoff channelsk. The termination probability is definedyadio spectrum access network again for three values. of

as the probability that a cognitive user, already accesaimty Opserve that the simulated performance behaviors of degnit

using a channel whose PU has returned, is forced to ceag8tems in terms of the forced termination probability matc

communication as a result of none of the channels in ifge|| those obtained via our analytic results. This validaar

target handoff channel set is vacant. First and as expectgérived models.

observe from the figure that as the primary user arrival rate

(i.e., PU load) increases, the probability that cognitieers g Impact of Handoff Agility on Blocking Probability

(already using the system) are forced to leave the systenw

due to not finding an available band in their target handoﬁ = now study the__impact of _c_hannel handof_'f agility on
the blocking probability of cognitive users, defined as the

channel set increases. Second, for a given primary useahrri . . .
obability that a cognitive user, attempting to access the

rate \,, the greater the number of target handoff channef%r, : - i
the lower the forced termination probability. Again, thisrtd multichannel system, is denied access to the system due to no

of performance behavior is expected, as having more ch qu_dln_g any avall_a}ble chann(_el.s. Fig. 2(2) depicts Fhe ddrive
nels to switch to, increases the chances of cognitive us |18Ck'ng probability of cognitive users as a function of the

finding available bands, which explains the decrease in t gmary user arrival rate\, for three different values of the

- o . - ber of target handoff channels= 1, 2, 3.
forced termination probability of cognitive users. Thitthe num A .
gap between the forced termination probabilities for défe First, observe that, as expected, the blocking probabaity

numbers of target handoff channel set sizes increases \Afi%g?'yve ustehrs m;_:reafses.wnh the primary user ?r:nvaé.trva\:t K
the primary user arrival rate. To validate the derived amaly at1s, as ne rade 0 prllma(rjy dusers :Pcre_asi_s,h ebTe k_or
results, we use MATLAB to simulate a multichannel acceéasecomes more and more loaded, resulting In higher blocking

system with primary and cognitive users arriving to the eyst {orob_abllt!ty. Secgngfl_fbs;rvebtlhatk_unl|ke Lheb_rtase d of f;)rced
according to Poisson process with arrival ragsand A, ermination: probability, the blocking probabliity: does tno
depend on the level of spectrum agility; i.e., the valuekof



0.12 previous sections to evaluate the efficiency of cognitivecsp

trum access while considering different levels of spectrum
0.1} ——k=1 p -
> co-Kkeo hand_off aglll_ty,k. N N N
2 008 o k=3 We first begin by defining and deriving the cognitive spectrum
8 access efficiency while assuming no limited spectrum hdndof
s * agility. This will serve as an upper bound on the maximal
£ o004t 1 achievable spectrum efficiency when considering limiteicha
o . . . .
@ off agility. Let us assume that there is no limited spectrum
0.02¢ handoff agility, meaning that cognitive users are allowed t
0 : : switch to any available band without any handoff restrictio
0.05 0.1 0.15 0.2 0.25 . ; . . .
Primary User Arrival Rate: A Using classic Markovian analysis [27], one can write the
probability p; that j bands (out ofm bands) are occupied
(a) Analytic results by PUs asp; = R — (here only PUs are considered).
gtz pt/i
i=0
012 s wherep = A,/ andp = 1, = pic. It follows that the average
01} -o-Kk=2 numberE, of spectrum bands occupied by PUs can be written
z o ok=3 asE, =p— —L"
g 0.08r P m! 3 pi/j!
Q j=1
£ o006l Similarly, the a\J/erage numbéf, of bands occupied by either
é” oodl PUs or CUs can be writterllas (now both PUs and CUs are
- considered)E, = p. — —55—— wherep. = (A, + Ac)/p.
0.02r m! 3 pe/3!
=
o0 4 ‘ ‘ Note that here both PUs and CUs are treated the same,
0.05 0.1 0.15 0.2 025 in that both types are allowed to use the spectrum with

Primary User Arival Rate: A, equal access rights and opportunities. Again, this sineglifi

cognitive spectrum access is introduced so that it can be use

as an upper bound on the maximum achievable spectrum

Fig. 2. Blocking probability as a function of the primaryisal rate ), for ~ €fficiency when considering realistic cognitive networkess,

k=1,2,3:m="7andn =2 (up = 0.06, Ac = 0.68, p1c = 0.82) where PUs have spectrum access priority over CUs, and when
CUs have limited spectrum handoff agility.

We now define thedeal cognitive spectrum access efficiency,

This is because any new cognitive user wanting to access (o cognitive spectrum access efficiency with no limited
system does so by selecting any available channel, whicls Ie%pectrum handoff agility) as

to the same chances of being able to find an available channel,

regardless of how agile spectrum handoff is for existingsise n= E.—Ep (5)
(users that are already using the system). m — Ep

Like the case of termination probability studied in the poe8 In Fig 3, we measure the cognitive spectrum access efficiency
section, we now validate our analytic results of blockingith limited handoff agility, normalize it with respect the
probability using MATLAB. We simulate a multichannel sysideal spectrum access efficiency (given in Eq. (5)), and show
tem with primary and cognitive users arriving to the systemfor various values of primary user arrival rates whes- 1,
according to Poisson process with arrival ratgsand \., %k = 2, andk = 3. The values of blocking and termination
respectively. In these simulations, we compute the actystobabilities used in this study are extracted from theltgesu
blocking probability of cognitive users, measured as th®@rashown in the previous section. First, observe that as the
of the number of blocked users to the total number of arrivggtimary user arrival rate increases, the spectrum effigierfic
users. We show in Fig. 2(b) the blocking probabilities ofognitive radio network access with limited channel hahdof
the simulated cognitive network for three values of channehpability reduces, and this is regardless of the value ef th
handoff set sizek = 1,2,3. Observe that the simulatedparametek: of handoff agility. Second, note that the efficiency
blocking probability performance behaviors of cognitiwess of cognitive spectrum access depends on how agile spectrum
tems, shown in Fig. 2(b), match well those obtained via owandoff is, and the higher the agility, the higher the speotr
analytically derived results, shown in Fig. 2(a). This slaties efficiency. For example, when, = 0.8, having a spectrum
the analytic blocking probability performance that we ded handoff agility of valuek = 3 yields a cognitive spectrum

(b) Simulation results

in this work. efficiency of about0% of the ideal efficiency (obtained when
channel handoff is not limited té channels), whereas, when
V. SPECTRUMEFFICIENCY EVALUATION handoff is limited tok = 1, the efficiency reaches aboig%

In this section, we study the impact of spectrum handd® the ideal efficiency only. Third, the figure also shows that

agility on cognitive spectrum access efficiency. We use tﬁlée difference between achievable spectrum_eﬁicienciele_mn
blocking and forced termination probabilities derived et differentnumbers of target handoff channels increasets

primary user arrival rate. That is, the higher the arrivéd r¢he



in terms of users’ blocking and termination probabilities,

< 100—— :

2\; - [ k=1 as well as cognitive spectrum access efficiency. This work
S 80- Etzg 1 demonstrates the cognitive radio performance implicatioh

8 i the commonly made spectrum-handoff agility assumption of
”EJ 60" 1 allowing cognitive users to switch to any available band,

2 regardless of how far the target band is from the current band
5:1 40k ] Our findings in this work show that the achievable per-

2 formance of cognitive radio networks in terms of spectrum
;u; 20 H l access capability and efficiency can be significantly lesser
g H than what existing works usually claim, due to the limited

2 0 nature of spectrum handoff agility that most works do not

0.2 0.4 0.6 0.8

. . _ account for. We conclude that making unrealistic assumptio
Primary User Arrival Rate: )\p

regarding the spectrum handoff agility may lead to very
inaccurate and misleading results, and it is then impex aitiat
performance studies of cognitive radio networks do accfmrnt
the restricted agility of channel switching when modelimgl a
assessing the performance of such networks.

Fig. 3. Spectrum efficiency as a function of the primary alrrate \,, for
E=1,2,3.

higher the gap between the spectrum efficiency urider 3
and that undek = 1. Note thatk = 3 is the case that there is VII. ACKNOWLEDGMENT

no limited spectrum handoff agility sinoce = 7. To summa-  This work was made possible by NPRP graatNPRP 5-
rize our findings, in this work, we demonstrate the impact @f19-2-121 from the Qatar National Research Fund (a member
the commonly made assumption of considering that cognitigg¢ Qatar Foundation). The statements made herein are solely
users can handoff/switch to any available band, regardiessthe responsibility of the authors.
how far the target band is from the current band, on the
performance behaviors of cognitive radio spectrum acgess s REFERENCES
tems. Our results show the importance of considering tealis o
[1] G. Gur, S. Bayhan, and F. Alagoz, “Cognitive femtocelltwagrks:

spectrum handoff ag'“ty (|'e" W'th_ reSt“Ctedll_'m'tedrget an overlay architecture for localized dynamic spectrumessg IEEE
handoff channel set) when assessing the achievable network wireless Communicationsol. 17, no. 4, 2010.

performances and the spectrum access efficiency of cogniti{2] L. Chen, S. lellamo, M. Coupechoux, and P. Godlewski, ‘Auction

. . . framework for spectrum allocation with interference coaisit in cog-
radio networks. We found (bOth analytlca”y and numerm” nitive radio networks,” inProceedings of IEEE INFOCOM2010.

that the achievable cognitive radio performance in terms 8] L. Duan, J. Huang, and B. Shou, “Competition with dynarsgectrum
system access capability and spectrum access efficiency can !easing,” inProceedings of IEEE DySPARO010.

be sianifi v | th hat i Ilv claimed in éxist 4] M. Alkaee Teleghan and B. Hamdaoui, “Efficiency-reveragimality
e signincantly lesser than what 1S usually claimed In &xs tradeoffs in dynamic spectrum allocation,” Rroc. of IEEE GLOBE-

works, due to the limited nature of spectrum handoff agility cowm, 2010.
that most works ignore and do not take into account. Wé] B. Hamdaoui, "Adaptive spectrum assessment for oppistic access

. L in cognitive radio networks,"IEEE Transactions on Wireless Commu-
therefore conclude that making unrealistic spectrum hfindo iztions Feb. 2009,

assumption may lead to very inaccurate and misleadingtegsul[6] J. Unnikrishnan and V. V. Veeravalli, “Algorithms for dgmic spectrum
and it is then imperative that performance studies of cognit access with learning for cognitive radiolEEE Transactions on Signal

. . e Processingvol. 58, no. 2, August 2010.
radio networks do account for the restricted ag'“ty of afmein [7] K. Liu and Q. Zhao, “Distributed learning in cognitivedi@a networks:

switching. multi-armed brandit with distributed multiple playersyi Submitted to
IEEE Int. Conf. on Acousitcs, Speech, and Signal Proces&dg0.

[8] M. NoroozOliaee, B. Hamdaoui, and K. Tumer, “Efficientjettive
VI. SUMMARY OF FINDINGS AND CONCLUDING REMARKS functions for coordinated learning in large-scale distiél osa systems,”

; ; IEEE Transactions on Mobile Computing, To appear
This paper models and analyzes the performance behaw%f X. Li 0. C. Zhao, X. Guan, and Lf’ Tongg, “Op‘:ﬁnal cognitiveccess

of cognitive radio networks enabled with dynamic multichan "~ of markovian channels under tight collision constraint€EE Journal
nel access capability, but while considering realisticrnoied on Selected Areas in Communications, Special Issue on Aedsan

i ; . Cognitive Radio Networks and Communicatiofie Appear 2011.
handoff agility assumptions, where cognitive users cary o hO] K. gLiu, Q. Zhao, and B. Krishnamachari, p“Dyngﬁqic multannel

switch to vacant channels that are immediate neighbors 0f access with imperfect channel state detectidfEE Trans. on Signal
their current channels. Using Markov chain analysis, weehod  Processingvol. 58, no. 5, May 2010.

cognitive access networks with restricted channel hand&ffl Y: Chen. Q. Zhao, and A. Swami, *Joint design and sefmnarinciple
for opportunistic spectrum access in the presence of sgresirors,

agility as a continuous-time Markov process, and anall§ica IEEE Trans. on Inf. TheoryMay 2008.
derive the forced access termination and blocking probiasil [12] S. H. A. Ahmad, M. Liu, T. Javidi, Q. Zhao, and B. Krishnaafari,

i . “Optimality of myopic sensing in multi-channel opportutiisaccess,”
of cognitive users, and evaluate the spectrum access afficie IEEE Transactions on Information Theor009.

of cognitive networks. Using MATLAB simulations, we also[13] H. Kim and K. G. Shin, “Efficient discovery of spectrum mgtunities

validate our analytically derived performance results. with MAC-Iak))/Tr sensing in cognitive radio networks|EEE Transac-
; ; ; tions on Mobile ComputingMay 2008.
Our obtained results demonstrate the impact and |mporta|?ﬁﬁ Chong Feng, Wenbo Wang, and Xiao Jiang, “Cognitivelzm-based

of considering realistic channel handoff agility in cogret spectrum handoff for cognitive radio networkyiternational Journal of
radio access on the cognitive radio network performances Computer and Communication Engineeringl. 1, November 2012.



[15] Y. Ma, D. I. Kim, and Z. Wu, “Optimization of OFDMA-baseckllular
cognitive radio networks,IEEE Transactions on Communicationsl.
58, no. 8, 2010.

P. F. Marshall, “Dynamic spectrum access as a mechafustransition
to interference tolerant systems,”Rtoceedings of IEEE DySPAKO010.
Z. Feng and Y. Yang, “Throughput analysis of secondaepworks
in dynamic spectrum access networks,” Iroceedings of IEEE
INFOCOM, 2010.

S. Mangold Y. Xing, R. Chanddramouli and S. Shankar, riByic
spectrum access in open spectrum wireless networkEEE J. Sel.
Areas Commun.yol. 24, pp. 626-636, March 2006.

Lianfeng Shen Xiaorong Zhu and Tak-Shing Peter Yum, &akmis
of cognitive radio spectrum access with optimal channeémedion,”
IEEE COMMUNICATIONS LETTERS®oI. 11, no. 4, pp. 304-306, April
2007.

W. Ahmed, J. Gao, H. A. Suraweera, and M. Faulkner, “Ca@nts on
analysis of cognitive radio spectrum access with optimainciel reser-

[16]

[17]

(18]

[19]

[20]

Bechir Hamdaoui received the Diploma of Grad-
uate Engineer (1997) from the National School of
Engineers at Tunis, Tunisia. He also received M.S.
degrees in both Electrical and Computer Engineering
(2002) and Computer Sciences (2004), and the Ph.D.
degree in Computer Engineering (2005) all from the
University of Wisconsin at Madison. In September
of 2005, he joined the RTCL Lab at the Univer-
sity of Michigan at Ann Arbor as a postdoctoral
researcher. Since September of 2007, Dr. Hamdaoui
has been a faculty member in the School of EECS
at Oregon State University where is presently an associaeséegsor. His
research focus is on cross-layer design, distributed dgdiion, resource &
service management, parallel computing, cooperative &itivg networking,
cloud computing, and distributed mobile sensing. He has wun NSF
CAREER Award (2009), and is presently an Associate Editar IEEEE
Transactions on Vehicular Technology (2009-present) BHEansactions on

vation,” IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONSVireless Communications (2013-present), and Wirelessr@amications and

vol. 8, no. 9, pp. 4488-4491, September 2009.

Yi Song and Jiang Xie, “Performance analysis of spenthandoff for
cognitive radio ad hoc networks without common control ct@mnder
homogeneous primary trafficINFOCOM, 2011.

Vamsi Krishna Tumuluru, Ping Wang, Dusit Niyato, and iV8ong,
“Performance analysis of cognitive radio spectrum acceitls priori-

[21]

[22]

Computing Journal (2009-present). He also served as anciassoEditor
for Journal of Computer Systems, Networks, and Commuicati(2007-
2009). He served as the chair for the 2011 ACM MobiCom's Sitide
Research Competition (SRC), and as the program chair/aiv-ohthe Perva-
sive Wireless Networking Workshop (PERCOM 2009), the WiMMXBro
Services and QoS Management Symposium (IWCMC 2009), thadband

tized traffic,”[EEE TRANSACTIONS ON VEHICULAR TECHNOLQGYWireless Access Symposium (IWCMC 2010), the Cooperative @ognitive

2012.

Yong Yao, Said Rutabayiro Ngoga, David Erman, and AdRopescu,
“Performance of cognitive radio spectrum access with indrad inter-

handoff,” IEEE ICC, 2012.

H. Harada, “A software defined cognitive radio protatypin Proc. of

IEEE PIMRG 2007.

H. Harada, “A feasibility study on software defined ciiye radio

equipment,” inProc. of IEEE DySPAN2008.

Jelena Misic and Vojislav B. Misic, “Performance of gavative sensing
at the mac level: Error minimization through differenti@nsing,” |IEEE

TRANSACTIONS ON VEHICULAR TECHNOLQ®GWI. 58, June 2009.
[27] N. F. Mir, Computer Communication NetworkBrentice Hall.

[23]

[24]
[25]

[26]

MohammadJavad NoroozOliaeereceived the B.S.

capabilities.

Networks Workshop (IWCMC 2011 & 2012), the Internet of ThéndVia-
chine to Machine, and Smart Services Applications Worksf@pS 2012),
the International Conference on Communications (ICC 20a#y several
others. He also served on technical program committees of iizEE/ACM
conferences, including INFOCOM, ICC, GLOBECOM, and PIMRde is
a senior member of IEEE, IEEE Computer Society, IEEE Comupafiuns
Society, and IEEE Vehicular Technology Society.

Xiuzhen Chengreceived her MS and PhD degrees
in computer science from the University of Min-
nesota - Twin Cities, in 2000 and 2002, respec-
tively. She is a full professor at the Department of
Computer Science, The George Washington Univer-
sity, Washington DC. Her current research interests
focus on cognitive radio networks, mobile hand-
set networking systems (mobile health and safety),
wireless and mobile computing, sensor networking,
wireless and mobile security, and algorithm design
and analysis. She has served on the editorial boards
of several technical journals and the technical programroiti@es of various
professional conferences/workshops. She also has clssvedal international
conferences. She worked as a program director for the U MatiScience
Foundation (NSF) from April to October in 2006 (full time)ydfrom April
2008 to May 2010 (part time). She received the NSF CAREER Awar
2004. She is a senior member of IEEE and a member of ACM.

Dr. Znati main research interests are in the de-
sign and analysis of evolvable, secure and resilient
network architectures and protocols for wired and
wireless communication networks, and the design of
new fault-tolerant mechanisms for energy-aware re-
siliency in data-intensive computing. He is also inter-
ested in bio-inspired approaches to address complex
computing and communications design issues that
arise in large-scale heterogeneous wired and wireless
networks. Dr. Znati has served as the General Chair
of several main conferences, including GlobeCom

degree in Computer Engineering from Sharif Univer-2010, IEEE INFOCOM 2005, SECON 2004, the first IEEE confeeena
sity of Technology, Iran, in 2009. He also receivedSensor and Ad Hoc Communications and Networks, the Annuallgiion
M.S. degree in Computer Science from Oregon Stat8ymposium, and the Communication Networks and DistribuBydtems
University. He is currently pursuing his PhD degreeModeling and Simulation Conference. He also served or otlyreserves as
in Computer Science at Oregon State University. Hi& member of Editorial Boards of a number of networking, disted system
research focus is on the design and developmesind security journals and transactions.

of distributed coordination techniques for wireless

networking systems with dynamic spectrum access



Mohsen Guizani (S'85-M'89-SM'99-F'09) is cur-
rently a Professor and the Associate Vice President
for Graduate Studies at Qatar University, Doha,
Qatar. He was the Chair of the Computer Sci-
ence Department at Western Michigan University
from 2002 to 2006 and Chair of the Computer
Science Department at University of West Florida
from 1999 to 2002. He also served in academic
positions at the University of Missouri-Kansas City,
University of Colorado-Boulder, Syracuse Univer-
sity and Kuwait University. He received his B.S.
(with distinction) and M.S. degrees in Electrical Engiriegr M.S. and
Ph.D. degrees in Computer Engineering in 1984, 1986, 196d, 1990,
respectively, from Syracuse University, Syracuse, NewkYatis research
interests include Computer Networks, Wireless Commuinicatand Mobile
Computing, and Optical Networking. He currently serves ba editorial
boards of six technical Journals and the Founder and EIC aofeleés
Communications and Mobile Computing” Journal publishedJbfin Wiley
(http://www.interscience.wiley.com/jpages/1530-866He is the author of
eight books and more than 300 publications in refereed gsrand con-
ferences. He guest edited a number of special issues in IBH&als and
Magazines. He also served as member, Chair, and General @rmhumber
of conferences. Dr. Guizani served as the Chair of IEEE Conications
Society Wireless Technical Committee (WTC) and Chair of BAGechnical
Committee. He was an IEEE Computer Society Distinguishecturer from
2003 to 2005. Dr. Guizani is an IEEE Fellow and a Senior mensb&CM.




