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Abstract—Design of an efficient medium access control proto-

col is critical for proper functioning of a distributed cognitive
radio network and better utilization of the channels not beng

used by primary users. In this paper, we design a contention

based distributed medium access control (MAC) protocol forthe

of the channels being sensed, the radios might need consid-
erable amount of duty-cycle for the sensing process itself.
Therefore, oftentimes the sensing process is de-coupded fr
the other functions of cognitive radio where dedicated gens

secondary users’ channel access. The proposed MAC protocol@reé used solely for the purpose of spectrum sensing. Such

allows collision-free access to the available data chanrseland
eventually their utilization by secondary users, with spetrum
sensing part being handled by exclusive sensing nodes. Wether
introduce the provision of reservation of free channels by econ-
daries for extended periods to increase utilization withoticausing
harmful interference to primaries. We demonstrate how such
extended access to resources can be tuned to provide diffat&l
quality of service to the secondary users. The effectivenge®f the
protocol is evaluated by performing analysis and simulatio. We
use blocking probability, secondary usage of a secondary es
and performance degradation caused to primary incumbents s
performance metrics. We obtain the conditions for such exteded
access and try to gauge the resulting increase in utilizatim Under
optimal conditions, the proposed scheme enables the secamgd
network to utilize all available channels. The proposed sobme
is shown to outperform the most sophisticated existing MAC
schemes for distributed secondary networks.

I. INTRODUCTION

sensors continuously scan the spectrum usage (i.e., figenti
which channels are currently being used and which channels
can potentially be used) and broadcast the usage statistics
the other cognitive radios. With the knowledge of the usable
channels, the secondary users contend among themselves to
acquire those channels to be used for data transmissiote Sin
there is no central entity to dictate which secondary usets g
what channels, the cognitive radios need to resort to some
medium access control (MAC) protocol to decide on their
share of the usable channels.

The absence of any central entity or a repository containing
up-to-date information about usable channels necessithée
need for a contention based MAC protocol where there cannot
be any presumption on node-to-node coordination. Though
there have been MAC protocols developed for single chan-
nel [2] and multi-channels [3], [4] for distributed ad hoc

Radio spectrum allocation and management have tradind sensor networks, they are not directly applicable to the
tionally followed a ‘command-and-control’ approach whereognitive radio networks because of two reasons: i) the et o
chunks of spectrum are allocated for specific services undamilable channels for communication is always changing wi

restrictive licenses. The restrictions specify the tedbgies to

time because of dynamic primary activity, and ii) the set of

be used and the services to be provided, thereby constgainavailable channels for every node could be different based o
the ability to make use of new technologies and redistributieeir spatial location. The cognitive radios either cangim
the spectrum to higher valued users. There have been expehieose to transmit data packets on some channel hoping that

mental studies that reveal that the spectrum utilizatictmig

there would not be any collision, or they can choose to go

and space dependent and that most parts of radio spectthnough a contention phase where the nodes first agree on

are highly underutilized. These limitations have motidase
paradigm shift from static spectrum allocation towards thamo

which channel(s) each must use.

Related Work

of dynamic spectrum management where secondary netwofks
users (SUs) (non-license holders) can ‘borrow’ idle speotr  There are several MAC protocols in the literature that
from the primary network users (PUs) (license holders) witlare proposed for cognitive radio networks (CRNs), broad
out causing harmful interference to the latter. Secondaeyau classification of which can be found in [5]. MAC protocols
equipped with cognitive radio enabled devices will faait can be broadly classified as those meant for distributed and
such dynamic spectrum access (DSA) where the cognitigentralized CRN. In a distributed CRN, the SUs coordinates
radios continuously monitor the presence of primary useds aamong themselves and access channels in a distributed manne
opportunistically access the unused or under-utilizeehsed without a central authority unlike the centralized CRNs[@h
bands [1]. a MAC protocol for distributed CRN was defined, which
The cognitive radios undergo sensing, channel contenti@tdied the effects of random sensing policy and negotiated
data transmission, and reception. Depending on the gnatyulasensing policy on the throughput of secondary users. Howeve



how the co-ordination is maintained among the secondari@s Contributions of this work

regarding chan_nel sensing has r.10t. been- discussed. In [7]We consider a cognitive radio based dynamic spectrum
the authors designed an opportunistic multi-channel MAC f%ccess network where stationary sensors are deployed solel

QoS provisioning. Authors in [8] presented different cohtr for the purpose of gatherina and sharing the spectrum usade
channel implementations for multi-channel MAC protocals i purb g nd g peciium isag

. _ tatistics with the cognitive radios that are randomly tecatl
CRN. Their performances were analyzed approximately an(i

. f effici died. Auth in 191 disti Jer the area of interest. With an aim to increase the channel
comparison of efficiency were studied. Authors in [9] IStInusage efficiency, we design a contention based MAC protocol

Shhere the secondary nodes contend over a common control

based (DAB.) and dynamic spectrum access (DSA)'Thefoml:eﬂannel for data channel access. Such messaging through
group consists MAC protocols where the secondaries try 30 common control channel is prevalent in cognitive MAC

access the unused spectrum without any global optimizati otocols [7], [24], [11]; the alternative being phase spli

In such s_cheme_s, the sole purpose of each secondary pa n'a [25], [26] when control messaging is performed in the
to maximize their own usage. Most of the these protocols fecious channel idle time, thus reducing efficiency. Wiigni
contention based namely HC-MAC [10], DOSS [11] and C he contention allows the secondary nodes to gain access to
MAC [12]. In HC-MAC [10], the authors propose a contentio, e sahle data channels. Our approach takes the best of both
bas_ed DAB pr_otocol that represents the SENSING Process ay @l orids: DAB and DSA. Our proposed MAC protocol
optlmgl StOmeg problem in order tq determine how Ior_lg .3mp0wers each secondary pair to greedily decide on a channel
cognitive radio should observe th? wireless bands to OPEMIy ¢ also increases the overall secondary usage and idl@ehan
its expected throughput. Dynamic Open Spectrum Sha”ﬂglization.
E(I)Dncésbsa)n%g]rgSeispI?)i?ezﬁa;ob%n;r{azeC?:r:)trrr?rlnir;?:z;?(lhaQ% r?aﬁusvle analyze _and simulate the p_e_n_‘ormance of the proposed
: . N "Wac protocol in terms of probabilities of blocked channels
and contention, respectively. However, the effectivenefss ess attempt, idle channel grabbing, secondary usagellas

DOSS is reduced due to the requirement of two se ara}CC
! u u qui W pargie rimary quality of service (QoS) degradation. We intczlu
bands (control channels) to manage busy tones and com éP

: : provision of using the free channels for extended sessio
information exchange. In COMAC [12], the secondary use . L .
contend for the access of the licensed bands but in underg%/the contention winning secondary users provided pradng

de by limiting the interf d sence of primaries on the channels. We also define condi-
mode Dy fimiling the Interierence caused. tions for unequal extensions to secondaries for their idiffe

DSA protocols are those that exploit optimization algo 0S requirements. We demonstrate higher channel utdizati

rithms to achieve a_gl_obal purpose. Va_riou_s techniques h Shieved by such provision. We compare our scheme with
been adopted to optimize such global objectives, namedpfgr two competitive multi-channel MAC protocols [7] and [27]

t_heory b.aSEd [13], [14], game th?ory baged [15], [16], saseh which are better performing than the other MAC schemes in
tic algorithms based [17], genetic algorithms based [18§ a0 are we compare the performance in terms of average

swarm intelligence based algorithms [19]. secondary usage, system throughput, and primary degoadati
B. Motivation caused by misdetection. The key features and the benefits of

Designing efficient MAC protocols for distributed CRNsthe proposed MAC pr_otc_>co| are: _ o
requires a tight coupling between the spectrum access mé@ The data transmission phase is free from any collision
ule and the component responsible for managing spectrum @Mong secondary nodes. It ensures a higher temporal
availability. This requires the spectrum access moduledo b utilization of avallable_ data channels as the conten_non
continuously aware of the surrounding physical environimen ~ t@kes place on a dedicated control channel. The gain in
Conventionally, the existing body of work [5]-[19] assuntles temporal utilization is 33% over t_hat in [7] and 75% over
secondaries to be sensing capable. However, recent rasearc that in [27] for best case scenarios. _ _
has shown that de-coupling sensing from secondary content{?) An optimal length of contention window is obtained for
results in an improved primary channel usage. Moreover, Maximum secondary usage. _
the recent trend is more towards ‘query and use’ which {§) It separates channel sensing from contention and channe
facilitated through radio environment maps [20], [21], 22 _ &ccess which increases secondary access probability.
and spectrum databases [23]. Therefore, it is essential tf It allows differential QoS provisioning for secondarie

cognitive routing protocols leverage such up-to-date spet based on their according to demands. -
information in building efficient and robust protocols. aJs (€) It achieves near-complete utilization of channel ideet
with the increasing demand for low cost secondary nodes, it for Poth equal and differential QoS. _

is imperative that sensing capability is de-coupled froguter () It limits the degradation to primary users’ quality of
secondary devices, thus motivating the need for spectrum S€rvice within a tolerable range.

repository look-ups. We seek to design a MAC protocol that L

not only achieves such de-coupling, but is also flexible ghouD' Organization

to employ either the use of spectrum database or distributedrhe remainder of the paper is organized as follows. In Sec-
spectrum sensing for spectrum availability information. tion I, we discuss the system model and state the assunsption



We present the multi-channel MAC protocol in Section lllalso references that show primary activities to be expaalgnt

The performance of the proposed MAC protocol is presentdistributed [32], [33], [34], [27], [35]. We consider the e

in Section IV. The provision of multiple data-slots resdima monly used primary activity ON-OFF model [36]. According

by the secondary users and facilitating differential Qo8dse to this model, every channel has two states: ON (channe)busy

are discussed in Section V. Numerical study along with trend OFF (channel idle) depending on primary user activity.

results are presented in Section VI. Conclusions are drawn@N and OFF period duration are independently exponentially

the last section. distributed with parameters, and,,. Thus, for any channel,
The paper is an extension of a previously published cotire duration of ON period: is an exponentially distributed

ference paper [28]. This journal version mainly adds th@andom variable with meaFi— and is given by

analysis of primary degradation, effects of sensing ermor o Ne T Y >0

interference caused to primary, provision for differenGeS, f@) =4 4" V<0 (1)

and performance comparison of the proposed protocol W'thS|m|IarIy,

the duration of OFF period denoted by the random
state of the art MAC protocols.

variabley with meanﬂi has the distribution,
P

Il. SYSTEM MODEL AND ASSUMPTIONS h) ppe MY Yy >0 @
We consider a set of secondary users randomly scattered 2= 0 Vy<o0
over a relatively small area of interest. Due to their phgisic
proximity, we assume that all nodes experience the same I1l. THE PROPOSEDOMAC PROTOCOL

primary activities. Although secondary users’ spectrureerb
vation depends on the dynamism of the primary network andWe propose the MAC protocol by describing the frame
the size of the area under consideration, Spectrum datbasgteucture, channel access method, mode of operation, and
such as Google’s [23] have shown that even in metropolitalesign optimizations.
downtown areas, vast areas (tens of square kilometers) have
the same set of free channels. Now, as the secondary u
do not undergo the sensing process themselves, a centra
located dedicated sensor is used that continuously sensefAIe assume that there is one common control channel that
the primary activities. These sensors can also be dedicatedused for the beacon broadcasts by the sensor as well
nodes which periodically build/query a spectrum database for the contention among the secondary nodes. The sensor
a radio environment map and update the current spectrgands a beacon periodically eveFy seconds indicating the
availability scenario. The sensor also periodically bzets channels that are idle at that point of time. The beacon turat
beacons containing primary usage information on a comm@nT,. The time between two beacons (i.€.,) is divided
control channel. These beacons contains time synchramizatinto three equal sized windows for RTS, CTS, and ACK
information for all secondaries under purview of the sensas shown in Fig. 1. The RTS, CTS, and ACK windows are
and binary vectors for each channel ID denoting if the chinnéurther divided intoNg mini-slots each. The time-slotted data
are occupied or unoccupied. These beacons are heard bg alldhannels are synchronized with the common control channel.
secondary users under the sensor. On hearing these beaddodes acquiring data channels after winning contentions ge
the secondary users go through a contention process toracqtg transmit during thenext data slot which is of duration
data channels before they can begin data transmissions. T, = T.+T,. The packets transmitted by the secondary nodes
Assumptions: We make the following additional assumptiongare assumed to be of fixed duration of one data slot.
on the system settings:
1) All secondary users under a sensor are time synchronized, o
which is achieved through the same sensing beacons. 28@ | 1 1
2) All channels have identical propagation charactesstic : : —-oo---
and there is no preference for any particular channel. T
3) Each secondary is allowed to contend for only one mini- 1 T d |
slot per contention window. - !
4) The secondaries are allowed to grab only one channel ﬁentrol
data transmission slot. N - - -
5) To aid increased secondary user throughput, the sec- ‘//NS Ng NS
ondary users can be equipped with two radios, one for' ‘ ‘ !
contention and another for simultaneous data transm|sH ‘f - — f‘ | ‘ ‘f - = f‘ | ‘ ‘f - = —‘ |
sion. Availability of more than one transceivers has shown, | | |

to increase secondary throughput [29]. RTS CTs ACK
Primary ON-OFF Model: Availability of spectrum depends Fig. 1. MAC frame structure
on the activity of the primaries. Though there is some ewigen
that the primary activities are heavy-tailed [30], [31fetb are

rsI'he frame structure




B. The contention process D. Mode of operation

0The design of the MAC protocol is flexible enough to

The secondary users that want to transmit data must % q ¢ S o h
through the contention process to acquire data channdls. \{pport two mo es o operf_;\tpn. ) transm|35|on on t. e next
data slot only, and ii) transmission on multiple succesdiz@

such contending nodes randomly pick one of tkie mini- . !
slots in the RTS window. In that mini-slot, a secondary usé#Ots' Choice of the mode depends on the traffic of secondary

transmits its intention of transmission and who the intehd&S€'S _coqten_dmg .for m|q|-slots. Further insight on the enod
receiver is. Of course, more than one secondary node mi%ﬁ{ecthn_ IS given in Sectl_on lll-E. However, a secc_)nda@/rus
decide to transmit during the same mini-slot. In such cas gnsmitting tthUQh multiple data S.|0ts needs to listethto

of RTS collisions, the colliding nodes try again in the neﬁeacons_follc_)wmg every dgta slot n _order o _make sure the
RTS window. Also, there might be RTS mini-slots that arghannel is stil free from prlmary_actmty. If a primary ares
chosen by none; those RTS mini-slots go idle. Thus, a RFE @ data channeluring an ongoing secondary transmissjon

mini-slot is successful, if one and only one secondary ustg\Bn the secondary user hf”‘s to relinquish that channgl at the
contends on that mini-slot, just like a successful transiois €"d Of the data transmission slot. Thus, the durafignis

in slotted-ALOHA suitably chosen to keep the interference caused to primary
' within a tolerable range.

Upon receiving a successful RTS from a transmitting We assume, the structure of control frames is derived
secondary user, the intended receiver transmits CTS in r#we f

2 ; . m the typical RTS/CTS/ACK frame structure used in IEEE
same mini-slot in the CTS window. Thus, only the successéB 11 MAC. A20 byte long RTS frame and4 bytes long
RTS mini-slots would have their corresponding CTS MPETS frame are similar to typical 802.11 MAC structure. Only

slot transr_nlssmns. Onc.e the transmitter receives th_e qTSthe ACK frame has an extra byte to denote the channel ID to
responds in theame mini-slot of the ACK window confirming ;
rpeake it15 bytes long.

which particular channel is to be used among the usab
channels. The ACK also contains a network allocation vectBr Design optimizations

(NAV) specifying the duration for which the channel willbe i g4 far, the discussion on the design of the MAC protocol
use so that (i) no other node tries to use that data chanril, 3s peen on its working principle. To achieve the best

(ii) the sensor node is aware of the data channel being usgdformance, some of the protocol design parameters need to
by a SU transmitter-receiver pair. The NAV also contains thgs optimized, which are discussed here.

category of the secondary based on its priority/demand for

multiple data-slots reservation discussed in Section V. Length of contention window: The length of the contention

Later this paper, we will show how the optimal lengtivindow (effectively 3Ns) is determined by the number of
of the contention window, i.e., effectiveli)Vs is determined mini-slots Ng when we assume that each mini-slot duration is
by factors like probability of available channels, numbér dixed. It is easy to see that, if the length of contention windo
contending secondaries etc. If the optimé} is fixed for the is too small, then the RTS contention probability will be hig
lifetime of the network, then it can be easily programmed ithus adversely affecting the number of winning secondaries
the system. However, for more dynamiig;, an estimatedVs  thereby decreasing the secondary utilization. Howevegéo

can be designed and included in the beacons. contention window will waste the available channels forgen
periods and increase the probability of primary arrivalugh
C. Data channel grabbing and transmissions an optimalNg is required considering several system variables

and optimizing either secondary usage or primary internfeze
The outcome of the contention process marks each mioi- both.

slot as either ‘successful’ or ‘unsuccessful’. The winnefs One versus multiple data slots:Once a data channel is
the contention grab the available data channels in a sequierduccessfully acquired and transmission begins, the quresti
manner. Thus, the winner of the first successful mini-slthat arises is whether the transmitting node should reigigu
gets to pick one of theV, channels, wheréV, is defined the channel after one data slot or should use the same
as the number of available channels. The ACK contaictannel for multiple successive data slots. If multipleadat
the information of the channel grabbed; thus the remainistpt transmission is allowed, then how many can be reserved
winners refrain from grabbing that channel. The second ainnat a time? The answer is a determinant of the net utilization
gets to pick next and informs others about the channel gchblid the available channels. It is intuitive that low secordar
through the ACK. Thus, as long as the number of winners &tivity would allow longer retention of the data channels.
less than or equal t&V4, all winners are guaranteed to gralWith increase in secondary activity, the number of datasslot
a data channel. IfV4 is less than the numbers of winnersthat can be reserved should decrease. However, later we
then the firstNV 4 winners will get one data channel each. Thwill observe that there exists a convexity of the probapilit
remaining winners will be blocked (i.e., they run out of dataf winning the contention with the number of contenders.
channels). After the data channels are grabbed, the segondéerefore, with very high secondary activity, the number of
transmitters start transmission on the channel grabbeten tontention winners becomes less and less number of data slot
next data slot. reservation will lead to inefficient utilization in such ess



Thus, the number of data slots reservation should be a imctof z is obtained as:
of the number of secondary users winning the contention. fz(2) = fx(z) * fy (y)
+oo

- [ Fx(z = o) fy (w)dy

IV. ANALYSIS OF THE PROPOSEIMAC PrROTOCOL
_ )\P:up[eiApTC _ ei‘upTc] (4)
(Ap — #p)

The commonly used notations are shown in Table I.

We analyze the performance of the proposed MAC protocol
in terms of some of the commonly used metrics. First, we

provide their definitions in our context. TABLE |
Definition 1: (RTS Success Probability) This is the prob- NOTATIONS USED
ability of successfully winning a RTS mini-slot by any sec-

Nt Number of total channels in the spectrum of interest
ondary node. Ng | Number of mini-slots in RTS contention window
Definition 2: (Idle Channel Grabbing) This is a measure of _Na mumger OI a"_ai_'a?'f Cha””,e'sRiT”th? Sapec“um of interest
umper or mini-siots won In windaow
how_many channels the secondary nod_es have grabbed am C‘Z Number of channels grabbed i a contenion SIof
the idle channels after successfully winning the contentio —N.,, | Number of channels utilized in a data slot
It is calculated by the expected number of channels success¥ps | Number of consecutive data-slots reserved by a winning SU

; ton Average PU ON time per contention window: (1/);)
fully grabbed through the contention slot (regardless eirth o1 Average PU OFF fime per contention window (/1)

eventual utilization in the data transmission slot). N | Secondary rate of contention per min-siot (Poisson)
Definition 3: (Blocking Probability) The blocking probabil- __ 7. | Duration of contention window
ity is defined as the probability that a contending secondary_L« | Data ransmission slot duration

. . - Ty Beacon duration
will be deprived of a channel even after winning the con=—,; T Frobability of a successful RTS contention

tention. This is calculated as the ratio of total deprived or p. Probability of selecting a free channel

blocked winners to the total number of contending secoedari Pine ;mbgb”m’f of a Cza”_”e' beift‘g idd_'e I
in the Contention WindOW. umber ol seconaaries contending per winaow

Definition 4: (Secondary Usage) Secondary usage is the
number of channels that are successfully utilized by the -
secondary users without any interruption from primary sod®- RTS success probability
for at least one data transmission slot. Winning a RTS mini-slot is just like transmissions in
Definition 5: (PU QoS Degradation) We define PU Qo% slotted ALOHA system where a successful transmission
degradation as the amount of time the primary user expeoicurs if and only if there is one node transmitting during
ences interference from any secondary node either contiguslot. With secondary users generating request at a rate of
ously or intermittently, i.e., the time after which the perg  \; per RTS mini-slot, the RTS success probability is given by

does not perceive any interference from secondaries whatgp = \,e ¢, where), = NAS
ever. In order to find the condition for maximum number of con-

tention winners, we equate the derivative of success pilityab
to 0, i.e.,e (1 — \,) = 0, resulting in\, = 1 Therefore,
A. The primary ON-OFF model the maximum success probability is achieved whes Ng.

The probability of any channel being idle in the contentiog. |dle channel grabbing

window (p;q;) is the steady state probability of that channel ) )
in OFF state. As already mentioned, the ON and OFF durationCetting hold of idle channels by the secondary nodes

are exponentially distributed random variables. Using tHring the ACK window depends on how many mini-slots
Gilbert-Elliott 2-state classical Markov model, we get, have been successfully won by the secondaries in the RTS

is i indow. Successfully winning a mini-slot means that only
.a1e = Prob{a channel is in OFF staje win i- .
e ot 3 one secondary has selected that mini-slot. We defiagy

__ torr  _ 1/ pp __ M (3) as the expected number of successful mini-slots won by the
ton +torr 1/ Ap+1/ump  Ap+ip secondaries in the RTS window.
Therefore, the average number of available channels in the Nsw = Ng X ps (5)

SystemNN is expressed ady = pigie X Nz, whereNr is Therefore, the expected number of channels grabbed by the

the total numb(.ar of cha.nnt?ls |.n the §ystem.. ) secondaries in a contention windoWw¢) is the minimum
We seek to find the distribution of inter-arrival times of theyt xg,,, and N 4. Thus,

ON/OFF periods from traditional ON-OFF model. The random N V Naw < N

X . . . A . SW sw = N4
variable representing the primary inter-arrival timis the sum E[ldle channel grabbingE N = {

of two independent random variables for ON and OFF periods

x andy respectively, i.e.z = x+Yy. Therefore, the distribution (6)

Ny otherwise



TABLE I

D. Blocking probability PUARRIVALS AND CORRESPONDING CHANNEL GRABBING AND
Successfully winning a RTS mini-slot does not necessarily SECONDARY USAGE

mean that .th_e winner will get a data channel. T.h|s is becauFQ)ases Primary Primary Grabbing in | Usage in
the RTS mini-slot winners claim data channels in a sequlentia Arrival Departure 1st cont. slot | 2nd data slot
manner starting with the winner of the first mini-slot. By the! Be;me B1 B]?thfe B o N8 N8
time the winner of thejth mini-slot tries to claim a data| " Betore By g‘egreng N N
channel, there might not be any channel available, as thmg After B, & | After Bz & | YES NO
previous ones (i.e., the winners of mini-slaétthrough(j—1)) Before B Before B3
could grab all the available data channals. However, if the | 'V Qfetfgre%l2 & | After By VES NO
nqmber of available channe_NA is more than the number of v After B, & | Before B, YES YES
mini-slots Ng, then all the winners grab channels and there |is Before By
no blocking Vi After By & | After B3 YES YES

) Before Bs

Since each RTS mini-slot is won independently of each
other, each with probability,, the expected number of slot
winners is Ngy. When Ny > Ngyw, then blocking prob-
ability is 0 as all N, winners are bound to grab channelst.h
However, for Ny < Ngw, only the first N4 winners will

The probability of no primary interruption from the start of
e second data slot (tin@) till the end of that slot (time5),

2 . . P’, is given by,
grab channels and the remainidgsyy — Na winners will ;o
be blocked. Therefore the average blocking probabilityhef t . P’ = Prob{Case \} + Prob{Case VI (8)
system is, Detailed calculation of”’ can be found in appendix.
Therefore
0 VYV No> N, ’
BP = {NSWNA othef;V\;se sw ) E[Secondary usage} Nog x P’ 9
AsxNs Later in Section VI, we use Eqgn. (9) to evaluate the optimal
E. Secondary usage Ng in order to maximize the utilization. Possible values of

We argue that in order to utilize an idle channel, winning th&s and other design variables are also evaluated.
contention and grabbing the channel is not enough. A grabqupu QoS Degradation
channel is defined to be utilized if that secondary is allowed
uninterrupted access (i.e., without any primary activity)that When a PU initiates transmissions on its licensed channel,
channel in the following data transmission slot. Therefarsy there can be two arrival scenarios for the PU: either during a
grabbed channel needs to be free from any primary activ ntention slot or during a data slot. These scenarios lead t
from the start of the next transmission slot till the end dfifferent degradation depending on the presence of seepnda
that slot (i.e., 7, duration) to be successfully utilized by anedes on that channel. We illustrate the PU degradation
secondary user. Interestingly, the PU can even arrive gurifice€narios using Fig. 2.
the contention slot (duratiofi,) when that idle data channelCase I: PU arrives during the contention slot betwe€rand
is being contested for. But the channel will only be utilized @ in Fig. 2. In such a case the PU will find the channel to
the PU vacates the channel before start of the following ddtg free as contention for that channel is going on among
transmission slot. the secondary nodes. However, depending on the result of
Through Fig. 2 and Table 11, we show all the different case¥®ntention, the channel may be used by a secondaryfor
of primary arrivals and departures within two inter-beacofuration (from@ to .S) causing PU degradation (average
periods (i.e., two data-transmission periods) with respec value % + T;) or may not be used at all with no PU

secondary usage. We also point out the idle channel grabbﬂﬁfﬁradati_on- It is to be noted that such PU arrival will be
and possible usage in such scenarios. reflected in beaco®; resulting the channel being vacated by
secondary beyond.
B B B

1 2 3
Case ll: PU arrives at any time during the data slot (between

. First contention slot. Second contentions- @ and S in Fig. 2). The channel can be either free or
busy resulting in no or some degradation (average v%k)e
respectively.
: In order to evaluate the expected PU QoS degradation
! ! (Dpy), we first calculate the probabilities of the above two
.. scenarios. The probability of PU arriving betweBrand( is
given by,

P Q R s

First Data Slot Second Data Slot P—Q
Pp, % =Prob{z <T,}

Fig. 2. Consecutive data and contention slots )\pefypTc _ Mpef)\pTc

- (Ap — Hp)

(10)



Similarly, the probability of PU arriving betwee) and S is is expressed as,

given by, 85 = Perr (Prob{PU leaves before SU sta}&[PU deg.]
05 /\pe—ltpTd _ ‘upe_)‘PTd 1
Ppy™ =1- Ap — fip) (11) + Prob{PU stays beyond SU sta}&[PU deg.D
As degradation occurs only when a secondary nodes grabs
the PU channel, we need to find the probability of a secondary = Perr(PfOb[x < Ta} x 0+ Prob{z > Ty} x Td/2)
node grabbing such a channel (either Case | or Il). The events  — ), x ¢=*7Ta T, /2 (15)

of PU arrival on a channel and secondary node winning

the contention and grabbing the same channel are mutually
independent. Thus,

Prob{Secondary grabbing a chanf®ll arrival on the same
channe} = Prob{Secondary grabbing a chanhellherefore
probability of secondary grabbing a channéls() is ex-

pressed as,

Psyr = Prob{SU winning any slot} x Prob{k < N4}

V. DIFFERENTIAL QOS THROUGH MULTIPLE SLOTS
RESERVATION

In this section, we determine the relation between the num-
ber of contention winning secondary users and the number of
successive data-slots to be reserved by each winning saigond
user. Utilization of an idle channel is evaluated for botge

1 VvV N4 > Ng and multiple data-slots reservation scenarios.
=ps X { <A (N4), 1 1
s k Na—k H
e I otherwise .
kz::l < k )(NS) ( Ns) A. Multiple Data-slots
12) 14
. e secondary users always have to resort to the content
Thergfore, the expected PU QoS degradatidiy, is ex- process irrespective of their traffic intensity. For low dsa
pressed as, PO i.e., when there are plenty of data slots for the contending
Dpy = E[PU deg. for Case Ik Pp; secondary users, it does not make sense for the secondary
+ E[PU deg. for Case Ik PIC;?;S users to contend for each and every data slot. The posgibilit
_ [E[PU deg. when ch. is grabbed] Py reserving consecutive data slots by a secondary user ataslic

i the need for slot by slot contention. In terms of utilizing
P—Q
+E[PU deg. when ch. '? freef (1 - PSU)} Ppy channel idle time, such reservation ensures utilizationato
+ [E[PU deg. when ch. is grabbed] Psy least that many data slots. The number of data slots to be
+ E[PU deg. when ch. is free] (1 — Psy)] ng—>S reserved depends on the number of secondary users that have
won the contention rather than the total number of contepdin

= [(% +T4) x Psy + 0 x (1 — Psy)] Pg;Q secondaries. A secondary user can easily gauge the number
T, 0oss of w?nner_s in a content?on windoyv by the number of NAVs
+ [7 x Psy + 0 x (1 — Psy)| Pgy; received in the ACK window. Using number of contenders
T, as a metric to reserve multiple slots can be misleading as

= Psu [(% + Ta) x Pff(?"? + D) X PS;S} (13)  higher number of contenders does not necessarily meanrhighe
number of winners. It is the winners who have the prerogative
_ of utilizing the idle channels.

When a sensor node fails to detect the presence PU ORrpg gesigned multiple slot reservation scheme serves three
a channel, the channel is denoted as free in the subsequgfifoses: it is fair to the contention winners, maximizes
beacon to the SUs. Failure to detect primaries on a chanpgl channel utilization and minimizes signaling overhead
might result in interference with the primaries if seconel&r gqteq ALOHA like contention process incurs such sigrglin
were to start transmission on that channel. To measure J@.rhead when the secondary users have to resort to con-
what extent primary QoS is degraded, we assyme 10 beé (ontion jrrespective of their load/traffic intensity. Bylating
the probability of primary detection failure. We assumesthigecondaries to reserve channels for multiple data slotswe s

to be same for all the channels. Such a sensing error leadi§iiple such contentions, thereby saving signaling osach
to a collision between primary and secondary transmission,, .. New > N4, the number of winners are more

only if that particular channel is grabbed by a SU transmitteth n the number of channels available. Therefore, not all th
receiver pair and the PU continues to use the channel bey% '

. _ . . ‘Yhtention winners get channels, i.e., only the fivst winners
the contention _v_vmdovy following the beacon. We defﬁ_%t re allowed to grab channels. In such cases, to ensuredajrne
as the probability of interference caused to an ongoing F%

t ission by SUs due t . Theref e winning secondary users are allowed to use the free
ransmission by SLs due o sensing error. Theretore, channels only for one data slot. The right to use the channels
—Pi’n,t = Perr X Prob{x > Td} X PSU

for the next data slot is determined by another contention.
= Perr X € 14 x Py (14) In case of Ngyw < Ny, i.e., when there are less winners
Expected PU degradation on a channel due to sensing etf@n available channels, each winner is allowed to reserve
assuming there is always a SU communication on that chanokannel for| N4 /Ngsw | slots. Therefore, the number of data

G. Effects of sensing error



slots reserved by a winning secondais is given by, slots reservation provisioning. We see that in thi data slot
1 YV Now > Ny there are three winners who grabbed channels. Howeverpdue t
Nps =19 na , (16) differential QoS provisioningSU/12, SU28 and SU9 reserve
{ J otherwise .
Nsw three, two and one data slots respectively. In the-(1)th data
B. Differential QoS slot we seeCh4 and ChN are grabbed by new winners of
he previous{:th) contention slot and are allowed to reserve

Sometimes it is required to allow unequal share of the id[ . i
channels to different secondary users. Such differenti Q Re channel for different duration. Im(+ 4)th slot, there are

) ) . ; i i i i i angdy >
is necessitated when secondaries have different bandwiglf ¢ ic'= IN companson to previous slots > Na

. . .condition is satisfied. Therefore, all the channels are lggdb
requirements. In our proposed MAC protocol such differnti

QoS is manifested through reservation of data channels P&lr §econdar|es and each is allowed to use the channel for only

: : : .~ a single slot. HowevelsU2 is allowed to continue using'h3
multiple slots rather than allowing secondaries reservéimu . .
; . .~ for the duration reserved im{+ 3)th slot.
ple data channels. However, unlike allowing all the winning
secondaries to reserve same number of channels (i.e.,monéz Idle Channel Utilization

discussed in Section V-A), we allow the secondaries to veser |dle channel utilization is defined as percentage of the

slots according to their demands or priorities. ~channel idle time that is utilized by a secondary. Therefore
Let us assume that there akeclasses of secondaries inthe steady state idle channel utilization is the number ¢4 da

the system withw,, ws, .....wy, being their priorities/demandssiots reserved as a fraction of total available channs, i.
based on the MAC design. Our work is flexible to such

categorization; these_ classes along with their priorities can E[ldle Channel Utilization]= Nps x Nea (19)
be either pre-determined or dynamic and based on the demand A

of the winning secondaries. In the latter case, the winningWe compare idle channel utilization for both single and
secondaries advertise their demands)(in the NAVs. We multiple slot reservation scheme in Section VI and show
assume that the number of winners in classs n;, i.e., almost 100% utilization through multiple slots reservatio

S™n; = Ngw. The number of data slots reserved by a winning It is to be noted that the proposed MAC protocol also

secondary in clas is given by, ensures fairness among the contending SUs. If classes of SUs
are not considered, then all the SUs are subject to the same
) 1 V Ngw > Ny . ) i
Npg = ws , (17) environment and in the long run, all will observe the same
_ {NA X Zwm_iJ otherwise o success rate. When classes are considered, the highezsclass
The relation between equations 16 and 17 is given as, are allocated multiple data slatsly when the load is lowi.e.,
Y multiple slots are not allocated by sacrificing others. Athe
Npg = =—£=2 (8) .. . L . .
Neg differential QoS provisioning categorizes the SUs accaydi
to their demands. More successive data slots are given yo onl
mth slot m+1th slot m+2th slot ~ m+3th slot m+4th slot ~ m+5th slot those Winners WhO ask fOI’ more. Therefore the MAC does

,,,,, not treat any contending SU unfairly or preferentially.

VI. PERFORMANCE EVALUATION

We conduct numerical simulation in MATLAB to evaluate
the proposed MAC protocol. We then compare our results

ch2==5t fo, SUID

77777 : | against selected state of the art cognitive MAC protocols.
As inputs, we assumé&’; = 30, T, = 7../100 unless stated

””” otherwise. We vanp,q. from 0.3 to 0.9 and assume varied

Ch3 . .

77777 range of A\, to emulate low and high density of secondary

contenders.

Channel Grabbing: It is intuitive that channel grabbing and

secondary usage will be maximum at peak value of the num-

ber of contention winners. Therefore, for the aforemergibn

performance metrics, we simulate their characteristiesrain-

‘ ‘ peak value ofpg, i.e., atAy # 1

! ! We investigate the nature of expected idle channel grabbing
‘ — e against the number of mini-slots for different valuespgf..

CchN ﬁ@}cﬁu‘ié&géo ptigfgg@;a:v Nee shows steady increase with number of slots grabbed

————— e e === -~ Ngw till it reaches the point wher&/gy, crosses the number

of available channelsV, which becomes the steady state

value. For higher values gf; 4., the value of N4 increases

Figure 3 shows an illustrative example with multiple datand so does the steady state value.

Fig. 3. A scenario with multiple data-slots reservation
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In Fig. 5, we show how idle channel grabbing varies with th

0.35

rate of secondary contention per mini-slot. The nature @smi
typical slotted-ALOHA throughput curve. Higher probatyili 0.3
of p;a1e results in higher peak value df¢¢. Here we keep %
Ny fixed at 100. g 0.25
s
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o
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L%- 5 | Fig. 7. Average blocking probability wittv;- = 30, A =1

We notice that for low values ofVg, average blocking
Numger of secondaries contending pe?mini—slot 10 probability value is zero asll the winning secondaries are
able to grab channels. After a certalvyy, when total num-
Fig. 5. Idle channel grabbing characteristics with- = 30 and Ng = 100 ber of winning mini-slots go beyondv, (for a particular
Didie), average blocking probability becomes non-zero. The
Blocking Probability: The nature of average blocking probaaverage blocking probability continues to increase with
bility with mean secondary arrival ratg,, is shown in Fig. 6. till it reaches the saturation point when most of the winning
We see that the convexity mimics the nature of exponenticondaries are blocked. With highey;., such saturation
distribution with average blocking probability peakinggater- point for average blocking probability is reached at a highe
tain )\, and then exponentially decreasing. This characteristiés and also has a lower peak value as an increasgdesults
can be attributed to the fact that for a certain numbeNg@f in more winning secondaries to grab channels.
when the total number slot winne¥sy, reaches the peak, Secondary UsageNature of secondary usage with number
blocking probability is also has the maxima at that point ag mini-slots is demonstrated in Fig. 8. We see that with
maximum number of winners are blocked at that However the increase in number of mini-slots, the usage increases
with more contending secondaries, we have less winners dinearly till it reaches the inflection point. The existence
to contention resulting in a sharp decline in average blagkiof the maxima for a particulap;q. is @ measure of the
probability. optimal number of slots for the system. Such convexity exist
In Fig. 7, we show how the average blocking probabilithecause larger contention window leads to higher protgbili
varies with number of mini-slots in each contention windovef primary arrival (higher value oPZ;%)and thus less usage.
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occurring at the same value 6fs. However, this critical value

of Ng is much higher that the optimals obtained from Fig. 8
In Fig. 9, we see that the nature of secondary usaff8 maximum utilization.

with varying number of secondaries is similar to that of

channel grabbing in Fig. 5. However the peak value of averana

Fig. 8. Average secondary usage withy = 30 and\s = 3

secondary usage for eaghy. is less than that of average = ,s5* 10 : : : ‘
channels grabbed as some channels will encounter intadere g’
from primaries. ks
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0 200 umber of kctive seoendary users 000 Effect of sensing error: Effects of sensing error on probability
of interference to ongoing PU transmission is shown in F&g. 1
Fig. 9. Average secondary usage with- = 30 and Ng = 100 The figure shows the nature &%, from Eqn. (14) with vary-

ing pe,- We observe than even with relatively high probability

Primary Degradation: In Fig. 10, we show how PU QoS of sensing errof.1, the chances of a secondary interfering
degradation varies with number of secondary users contgndwith an ongoing primary communication is relatively small
per contention window. We see that the normalized peak val(ie the order of10~3). Later in Fig. 17, we will show how
of the degradation is very small. We also notice that thensuing quantitative PU degradation fares with other sihte
maxima are obtained & = Ng = 100 for all values ofp;q.. the art MAC protocols.
At A = Ng, we have maximum RTS success. This signifigdultiple slots reservation: Consequences of multiple data
maximum channel grabbing and eventual peak usage resultshgts reservation are demonstrated in Fig. 13 and Fig. 14.
peak PU degradation. In Fig. 13, the number of data slots reserv&gs by each

In Fig. 11, we see that with varying number of mini-slotsvinning secondary is shown for differedt The magnified
the average PU degradation increases linearly and thetyslogection (values 0-10) shows that far < 10, each winning
starts to decrease. We notice the peak value fgr;all values SU is allowed to reserve more than one data slots. This is
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Fig. 14. Average idle channel utilization for single and tiplé data-slots
with N7 = 30 and Ng = 100
because in this cas®& sy < N4. However for the region
10 < A < 400, Ngw < N4 and therefore each winning gyPerformance comparison: We compare the performance of
is given only one data slot. Beyond= 400, because of large our proposed scheme with two of the latest MAC schemes,
number of average contending SUs per mini slot, the expectf@portunistic sensing based MAC (OS-MAC) [27] and OMC-

number of contention winneNgy;, comes sharply below, MAC [7]. Both these work consider common control channels
and each winning SU is given more data slots. for control messaging and claim better performance thaeroth

existing schemes in the literature. For the comparison,eepk

piaie = 0.5 for all schemes andvg = 100.
350 ‘ ‘ ‘ ‘ In [27], the authors evaluated the performance of their
proposed scheme through implementing the OS-MAC in their
simulation environment. In Fig. 15, we compare the steady
state throughput of our proposed scheme with that of OS-MAC
shown in Fig. 8(a) of [27]. For fairness of comparison, we
assumedVy = 40, tony = torr = 300s, and transmission

300r

BRe e e
SRERSENI RSN

250r

slots for each winning secondary

200f
5 rate for data channel to beNbps These values are same as
150y 2T o 7 what were used in [27]. The figure shows that the proposed
£ 5 R T— / scheme clearly outperforms OS-MAC in terms of steady state
10 L Number of active secondary users - th ro u g h put.

In Fig. 16, we compare the average secondary usage of our

Number of data-slots for each winning secondary t

of ! ) .

proposed scheme with OMC-MAC against different number
0 ‘ i of secondary users contending per contention window. For
0 200 400 600 800 1000

Number of active secondary users OMC-MAC, we used the values @fg;, tprrs, tsirs, o, B,
Tspe and T, equal to the values used in [7]. We compare
Fig. 13. Number of successive data-slots reserved by win@is with our results with OMC-MAC having variabl&pr as that is
Ny =30 and Ng = 100 proved to be better performing than fixd4. We see that
for different values of Ny, our proposed scheme performs
Comparison between idle channel utilization for single arteetter than OMC-MAC not only in terms of number of channel
multiple data slot reservation schemes is shown in Fig. 1dtilized, but also OMC-MAC has higher decay with more
We see that multiple slot is either better or same in terms dannels in the system. This happens because in OMC-MAC,
utilization for all the values of\; and therefore\ as well. sensing of channels is performed in the same cycle of beacon
Single slot scheme looses ground when there are too mamerval with contention and transmission. Such seriéitira
contenders and therefore less winners. However, multipte s takes its toll on the average secondary usage when there are
scheme ensures almost 100% utilization for all values\.of more channels to scan as the sensing takes up considerable
The instances where utilization is lower is because of thiene from beacon interval duration.
floor function in Egn. 16. Although theoretically multipleots Fig. 17 compares the proposed MAC protocol with OMC-
should ensure complete utilization, we are wasting sone idMAC in terms of normalized primary degradation against
channel time for indivisibility of data channels. varying probability of sensing error. Primary degradation
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our proposed MAC is a function ok, whereas, OMC-MAC
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Fig. 17. Normalized primary degradation comparison with ©MAC with
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VII. CONCLUSIONS

In this paper, we present a MAC protocol for secondary
users in a distributed cognitive radio networks who contend
among themselves for accessing data channels not being used
by the primaries. We de-couple the sensing mechanism from
reception and transmission by having fixed dedicated ssnsor
that are responsible for detecting presence of primaries in
various channels and broadcasting that information to sec-
ondary users. The proposed protocol is flexible enough to use
either distributed spectrum sensing or referring to a spetct
map/databse for such primary detection. Through a comatenti
based signaling comprising RTS, CTS, and ACK, the users
get access to available data channels. The proposed protoco
is flexible enough to allow multiple classes of secondarysise
and takes into consideration, different QoS criteria, \Wwhic
include primary user service interruption rate, secondesgr
interruption rate, and blocking probability. Through siation
experiments, we show that the proposed scheme outperforms
existing MAC schemes in terms of system throughput and
average channel utilization. The proposed MAC protocol is
also more robust to misdetection of primaries than other

is not. Therefore, we show the nature of primary degradation
for different A values. We observe that although the degr
dation in OMC-MAC does not depend ok, the normalized
primary degradation in our proposed scheme for different [1]
values is much less than that of OMC-MAC. Therefore, our

proposed MAC outperforms OMC-MAC in terms of primary

degradation caused by sensing error. 2]

To summarize, the results section showed the nature of
channel grabbing, blocking probability, and secondarygasa
with Ng. We have shown how optimd/s can be evaluated [3]
by maximizing secondary usage and minimizing primary
degradation. The effect of sensing error on probability 0[4]
interference to primaries is also shown. We also demorestrat
how the proposed protocol performs better than state of the
art MAC protocols in terms of secondary usage and primar
degradation.

g_opular MAC schemes.
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APPENDIX

= Prob{Case \} + Prob{Case V}

= Prob{PU arrives after P and leaves beforé Q
+ Prob{PU does not arrive between Q angl S
= Prob{PU arrival+ ON duration< 7.}

+ (1 — Prob{PU arrival < T;})

= Prob{z+x < T.} 4+ (1 — Prob{z< Ty})
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