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Distributed and Coordinated Spectrum Access
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Abstract—Channel bonding (CB) is a technique that enables the interference environment due to uncoordinated competing
a wireless link to combine channels and achieve higher data ysers. Different users may have different CA/CB capabilities,
rates. In this paper, competition for efficient spectrum access 4nq this heterogeneity needs to be taken into account while
among autonomous users with heterogeneous CB capabilities is . g
considered. Specifically, we propose distributed and coordinated making CA/CB .deC|S|ons. M.oreover, recent works have shq\{vn
channel/bonding selection methods under signal-to-interference- that when multiple users with heterogeneous CB capabilities
plus-noise ratio (SINR) and collision-protocol models. In our independently employ CB in unlicensed or OSA bands, the

methods, users utilize only limited feedback to distributively performance may actually degrade due to adjacent channel
arrive at CB selections that minimize their probability of conflict. ;e rference (ACI) [3].

The proposed method utilizes a novelchannel quality metric, . . S .
which is based on the ratio of noise power to the sum of In this paper, we design distributed and coordinated CB

interference and noise power. It is shown that CB can lead to Methods under both signal-to-interference-plus-noise ratio
higher data rates, and it is most beneficial when users have a (SINR) and collision-protocol models. Under the SINR-
high SINR. However, it is also shown that as the ratio of users protocol model, when two or more simultaneous transmissions
to available channels increases, CB performance degrades. Ourqocr on the same channel, additional interference will be
results show that under certain scenarios, the proposed coor- . . . .
dinated and distributed channel/bonding selection schemes help expenenced at the respective repewers, and loss of commun.|-
users converge fast to conflict-free channel selections as comparedcation occurs when the sum of interference exceeds a certain
to the other channel/bonding selection schemes. Moreover, thethreshold [8]. In the collision-protocol model, all users are
proposed schemes result in considerably superior performance jn the same collision domain, and if two or more of these
to existing CB schemes in terms of network data rate. users transmit simultaneously on the same channel, a collision
Index Terms—Channel bonding, distributed users, hetero- occurs and the data frame is assumed to be lost. In practice,
geneous capabilities, collision-protocol model, SINR-protocol the SINR at each receiver is a function of the transmission
model, spectrum access system, opportunistic spectrum accessyqers of interfering users, and the channel characteristics,
such as path loss and fading. This makes the design problem
of autonomous OSA schemes under the SINR model funda-
I. INTRODUCTION mentally different from and the analysis considerably more

The use of carrier aggregation (CA) in licensed cellul&omplex than the same problem under the collision-protocol
bands and channel bonding (CB) in unlicensed bands HSdel-
been shown to increase network performance under certajfVe particularly focus on CB-based spectrum access tech-
conditions [1]-[3]. In CA, multiple contiguous and/or nonidues for scenarios Wherg users operate over wide swat_hes
contiguous subcarriers are utilized for parallel data transmf SPectrum and use a single-radio transceiver to combine
sion to or from the same user. Wireless systems such as Wijg!tiple channels. We consider two possible bonding models:
networks rely on CB techniques to combine multiple adjaceflp) US€rs can combine only adjacent chlannels to use them
channels to form larger channels. Recent advances in spect@firf Single pipe, as in some WLANSs [3]; and (2) users can
aggregation technologies allow the cellular industry to exte/f@MPbine both adjacent and non-adjacent channels to use them
CAJ/CB techniques to heterogeneous shared-spectrum barfs2 Single pipe. Note that from a hardware standpoint, it is
such as unlicensed spectrum in 2.4 and 5 GHz bands Hsaeficial for autonomous users to bond multiple channels and
opportunistic spectrum access (OSA) bands [4]-[6]. use them as a single pipe for datg trarjsmissi_on since this

In this paper, we consider CB scenarios for distributédPProach requires only one RF unit. This is different from
cognitive radio networks where secondary users compete M€ non-contiguous CA techniques that require multiple RF
opportunistic access in potentially available primary user (PYits for operating over aggregated non-adjacent frequency
channels. Techniques designed for conventional channel aggi&@nnels [9]. _ o _
gation in the licensed bands, such as CA techniques in LTE-AON€ special yet practically significant scenario for the
networks [7], cannot be directly applied to perform ca/cpinderlying problem is CB for downlink transmissions by small
in unlicensed and OSA bands. Unlike the licensed band€!l base stations/access points. These base stations/access

unlicensed and OSA bands exhibit high unpredictability iROINtS can be deployed by multiple, independent wireless

operators for data offloading purposes. Although we consider
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The main contributions and findings of this paper are &s be used as a baseline when making performance compar-
follows: isons. In Section V we evaluate the performance evaluation

of various CB methods in terms of convergence properties,

» We study the proplem of spectrum access among atﬂbcking rate, and data rate. The paper is concluded in Section
tonomous users with heterogeneous CB capabilities, yn-

der both the SINR and collision-protocol models. We
propose a distributed CB method and also a coordinated
CB method that allow wireless links to arrive at CB Il. RELATED LITERATURE
selections that minimize the likelihood of interference To address the so-called 1000X capacity challenge, wireless
between users. providers across the globe are aggressively seeking extending
« Under the SINR-protocol model, a CB selection methodneir cellular operation to license-exempt and OSA bands using
calledm™, where ‘Aut’ denotes autonomous, is proposeiinovative deployment of small cells with channel aggrega-
for scenarios where autonomous users (with heterog@n/bonding capabilities [4], [11], [12]. In [13], [14], the au-
neous CB capabilities) searching for spectrum opportthors considered adaptive OSA techniques under the collision-
nities can only utilize their own limited feedback in-protocol model, where users have no CB capabilities. In [15],
formation to arrive at CB selections that minimize thé&he SINR-protocol model was used to analyze the performance
probability of conflict. By limited feedback information,of autonomous OSA methods for capacity enhancement in
we mean information about a successful transmissionultihop cognitive radio networks, again considering that
loss of communication, or no transmission. The key ida#sers have no CB capabilities. The work in [16] considered
behind the proposet" is that an autonomous user isthe problem of channel selection in dynamic spectrum access
either in a ‘persist’ state, in which it will select the samécenarios under the collision-protocol model and multiple
CB selection with a certain probability that is a functior¢ollision domains, with emphasis on spatial spectrum reuse.
of the channel quality, or in an ‘explore’ state, where itn that work, users are considered to have no CB capabilities.
will explore a new CB selection. Recently, in [17] and [18] the authors considered guard-
« We compare the performance of"! to a coordinated band-aware channel aggregation assignments in OSA systems.
distributed method called®, where ‘Sig’ denotes a In contrast to [17] and [18], we consider the same problem
signal. 19 utilizes simple binary feedback from a specfor scenarios where channel selections are made autonomously
trum access system (SAS) [10] to arrive at CB alloc&nd adaptively by each user. In our setup, there is no central-
tions that reduce the likelihood of conflict among userized entity that can perform optimize channel/bonding selec-
Moreover, to provide a benchmark for the performandins. Moreover, unlike [17] and [18] where only collision-
of the proposed methods, we also compare them agaifggtocol model was considered, in our work we also consider
a centralized CB selection method. the SINR-protocol model. In [3], a measurement-based frame-
. To evaluate the proposed methods, we consider the f@lork was presented to investigate CB in unlicensed channels.
lowing metrics: (1) convergence time to conflict-free CBn [19], an analytical framework was proposed to investigate
selections; (2) blocking rate, defined as the ratio of useRe average channel throughput at the medium access control
who are unable to communicate successfully to the tofIAC) layer for OSA networks with CB. Unlike our work,
number of users; and (3) data rate of all users. WBe work in [19] considered the problem of CB under the
show that in some scenarios, such as under low us@dlision-protocol model.
density, ther®9 method converges faster to conflict-free The work in [20] presented two distributed protocols to
CB selections and enjoys a lower blocking rate comparé@l support channel bonding: Static Bonding Channel Access
to the fully distributed®™“ method. Howeven*" always Protocol (SBCA), which uses a fixed number of bonded basic
outperforms ther®9 method in terms of data rate, andchannels and requires finding all these basic channels empty
also in terms of blocking rate when user density is higipefore starting a packet transmission; and Dynamic Bonding
Our empirical results show that for all the proposefhannel Access scheme (DBCA), which dynamically adapts
methods, the expected number of rounds to converget® channel width to the instantaneous spectrum availability.
CB selections that reduce conflict is no more ti@fy,J, In Section V, we compare the performance of our proposed
where Onmax represents the maximum CB capability of dlistributed CB scheme with SBCA and DBCA.
user (due to its hardware limitations), ani the number
of users. I1l. SYSTEM MODEL
- We find that CB achieves higher data rates, and j§ Network Model
most beneficial when users have a high SINR. However
we also find that when the ratio of users to available

. ér/receiver wireless links) with fixed transmission powers.
channels increases, and users suffer from low SINR, t

erformance of CB in terms of data rates is decreased” S¢S exhibit different CB capabilities. They compete in a set
P ‘P of potentially available PU channels, whepe= {1,2,..., P}

The rest of the paper is organized as follows. Section Hépresent the indices of these channels. Each PU chpmn@l
summarizes relevant literature on the problem of CB in OSiA divided into a set of secondary user (SU) channels, which
systems. Section Il presents the system model. In SectionWé refer to as subchannefg = {1,2,...,Sp},p € P (see Fig.
we propose distributed CB methods and a centralized methbd Let Oy, k=1,2,...., represent the CB selection for a given

'We consider a set off autonomous users (transmit-
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Fig. 1: PU channels and SU subchannels.

user.O1 means no CB is implemented for the given user, ariel SINR and Collision-protocol Models

a user utilizes a single subchanr®$. means two subchannels

are bonded, and so on. Each usean bond up to a maximum Under the SINR model, if the received SINR is greater

of Omaxi subchannels. Note th&@maxi = 1 means user has than a thresholdp, a transmission is considered to be suc-

no CB capability andOmaxi = Sp means user can bond all cessful. The value ofp varies from one wireless system to

Sp subchannels. In our model, we consider both heterogeneansther. It depends on various parameters such as the transmit

and homogeneous CB capabilities. Under homogeneous @Byer, coding and modulation scheme, and bandwidth utilized,

Omaxi is the same for all users, whereas, in heterogeneais. In practiceyo should be selected to achieve reasonable

scenariomaxi can be different for different users. Moreovercommunication performance between users. For the SINR

our model also considers both contiguous and non-contigusuedel, we consider an additive white gaussian noise (AWGN)

CB capabilities. channel where the received signal strength at a receivem
transmitterj is [26]:

In sensing-based multiuser OSA, PUs with time-slotted

access have generated much interest (see [21], [22] and P _p ( dij ) )

references therein). In such a model, the PU network operates BTN doy;

with a fixed time slot periodgq;, where for each time slot the whered;j > dojj is the distance of receiverfrom transmitter

channel is either free or occupied by the PU for the duration ¢f The reference rece|ved power levig};; at the close-in

the tlme.slot To protect a .PU.from harmful mtgrference Sucﬁstancedo., _ max{ )\ ,Di,\i} of receiveri from transmitter

are required to perform periodic spectrum sensing so that wh & given by [26]: i

a PU becomes active, the SUs can vacate that channel. An G G2

determines whether the channel is free or occupied by the PU Poiij = P“til”zl (2)

at the beginning of every time slot by sensing the channel for (4T, )

a periodTsense The SU may utilize the channel only if it is Where D is the length of the receiver antenn, is the

determined to be free, and may subsequently transmit for tavelength of the center frequendy,; and G are the

remainder of the time Slofyata = Tslot — Tsense transmit power and transmit antenna gain, respectively, for
transmitterj, andG;; is the receive antenna gain. The SINR

Broadly speaking, two approaches can be taken to effext-the receiver of useris calculated as follows:

tively utilize available subchannels. One is the multi-channel Prij
- leE GV ; Yi = 3
technique in which multiple frequency channels are used for |
communications. The other is CB, in which multiple frequency ) 12#_ Prik | + NoW
=1k#]

channels are bonded into a single channel [23]. CB techniques
are widely used in shared channels, such as the 5 GWhere P is the interference power from transmittkrat

unlicensed band [24]. In our work, we focus on the secorificeiveri (depends on overlap of subchannel selectidw),
approach. When a user finds two or more (contiguous or ndh-noise power spectral density, aki is the bandwidth of
contiguous) subchannels free for communications, it bonH subchannel utilized by userLoss of communication only

these subchannels into a single channel and transmits a laRfeGurs wheny <yo. In Eq. (3), the interference power from
packet. transmitterk to receiveri is obtained as follow. We calculate

the fraction of the interferer's subchannels that the receiver is
In our model, SUs are assumed to be synchronized. Thézeiving on, either directly or through adjacent subchannels.
can be done using one of several available techniques. Far example, consider the situation at a receiver that is affected
example, synchronization beacons can be provided by a speg-only one interferer. Suppose that the interferer is transmit-
trum manager, such as the spectrum access system (St8) on subchannels 1 and 2 and the receiver is receiving on
suggested by FCC [25]. Another possibility is to utilize subchannels 2, 3, and 4. Assume that the interferer divides
primary systems’ beacon transmissions for synchronizatiagts transmit power equally over subchannels 1 and 2 then
Several wireless systems periodically broadcast beaconsthe receiver is directly impacted by 50% of the interferer’s
their users, and as SUs sense PU activity, they can overhigansmit power. Moreover, the receiver may also get adjacent
these beacons and use them to synchronize. channel interference (ACI) from interferer's subchannel 1,
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corresponding to 50% of the interferer’s transmit power scal@dderOy is therefore(g"’), and the number of all possible CB
down by the ACI factor (ACI factor will be 0 if ACI effect selections in a given clrkwannplfor any CB order (fronDy—; to
is not modeled). For example, if the ACI factor is 0.05 (-18x—may is z’k"jf(g‘l’(). Furthermore, the s&(P) of all possible
dB), the receiver for the above mentioned scenario is impacteé8 selections in a given channel for Ox—; t0 Ox—max iS
by 50% + 50%*0.05 = 52.5% of the interferer's power. If thasimply the set of all combinations of size=1,2,--- ,kmax
receiver is tuned to subchannel 3 only, it would only receive
ACI from subchannel 2 corresponding to 50%*0.05 = 2.5%
of the interferer’s power. IV. CHANNEL BONDING METHODS

We also consider a collision-protocol model when evalu-
ating the performance of our proposed CB methods. In thisWhen designing an efficient CB technique, one must con-
model all | users are assumed to be close to one anoth@ger how interference from other users impacts data reception
and they all can interfere with each other. When multip/@t & given user. In this section, we first consider the SINR-
transmitters transmit over the same channel or subchannePrgtocol model in the design of efficient distributed CB tech-
collision occurs, i.e., the data frames are lost for all collidingidues among users with heterogeneous CB capabilities. Later
users. In contrast to the SINR-protocol model, the collisio®, We consider the collision-protocol model in designing

protocol model does not take into account the SINR values $Hch techniques. Finally, for comparison purposes, we present
determining packet losses. a centralized method where a centralized entity makes CB

decisions.

C. Contiguous and Non-contiguous CB Selection Models

In our work, we consider two possible CB models: (1) usel§ Aut pmethod
select subchannels for CB such that selections are limited to
adjacent subchannels, as in some WLANS [3]. Moreover, theyln the proposed?™t, while searching for spectrum opportu-
are non-overlapping CB selections with respect to the gaBie nities, users utilize only limited feedback, specifically, indica-
order, where CB order represents the number of subchanntim of a successful transmission, collision, or no transmission,
bonded by a SU, andnaximum CB orderepresents the to autonomously arrive at CB selections that minimize the
maximum number of subchannels that a SU can bond; aliitelihood of harmful interference with one another. The flow
2) users can bond both adjacent/non-adjacent subchannels,diagram forrt is presented in Fig. 2. To account for traffic
the selections can be also made out of overlapping subchanig¢igamics, the CB algorithm can be executed periodically or
with respect to the same CB order. when triggered by changes in traffic. Existing CB selections
For the first model, the number of possible CB selectiomsin be used to initialize the algorithm so that at re-execution
for a given CB ordeOy is LoiJ- Let the set of all possible CB time, the currently used subchannels will be a subset of the
selections in a given channplfor Oy_1 to Ox_max be defined highest CB order.
as: We now explain the main steps im*' method and the

motivation behind the parameters used:
Set of O, selections Set of O, selections

® « Upon becoming active, SUsets its current CB order to
z :{ {1142} (S} {{1.21,{3.4}, ...} Omaxi, I-€., it first considers, its maximum CB capability,

e, 7 and it initializes its subchannel selection probabilities for

Set of Omax Selections a Channelp as:
1,2,...,Omax} {Omax+ 1, Omax+2, ... 20maxd -...... (p _ (1—6p) 1 1
{{ ,2,...,0max}, {Omax+ 1, Omax+ 2, .., 20max}, } P = [ o o ] |vpeP (5)
5 ST e
4 (S 8p) |0\ Zmax] 1OkCmaxd

For example, if any overlapping/non-overlapping combination p=1

of adjacent subchannels were allowed for a given CB order Where 8, is the average PU occupancy in chanmel
Oy—2, a user who bonds two out of four available subchannels and ol((p) is the set of ordek subchannel sets of PU

could also select the paif2,3) in addition to the non- channelp. In practice 8p can be provided by a spectrum
overlapping pairg1,2), and (3,4). However,(2,3) partially manager, such as a spectrum access system (SAS) as
overlaps with both(1,2) and (3,4). Hence, for total available proposed by the FCC. For example, recently the FCC
four subchannels and fdDx_p, only pairs(1,2), and (3,4) has suggested the use of environment sensing capability

are allowed under the first model. Under this model, by (ESC) devices in the vicinity of PUs [27]. These devices
limiting the CB selections to adjacent and non-overlapping measure the channel occupancy of PUs as well as the
subchannels, the complexity of the CB selection search is aggregate received power from SU transmissions to avoid
reduced. However, the number of available CB selections is any potential interference from SUs onto PUs. However,
also reduced. in the absence of knowledge 6f, an SU can initialize
The restrictions of the first model are relaxed in the second subchannel selection randomly with uniform distribution.
model, as users can now bond adjacent and non-adjacent After initialization the SU enters the ‘explore’ state and
subchannels and also overlapping ones. For the second CB setsf; = 1, wheref; refers to the statistical (long term)
model, the number of possible CB selections for a given CB average of;. 3 is the ratio of noise power at receivieio
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the sum of interference from all transmitters (excluding
its own transmitterj) and noise power at receiver

Bi I\,I'

>
k=1,k#]
Bi is measured by taking mean of tBe values sampled
across subchannels that have been visited by a user. As
the data rate is directly proportional to the SINR, it would
be logical for the channel quality metric to be a function
thereof; however, the SINR of the current subchannel
tells us nothing about the state of other subchannels.
Furthermore, a low SINR could be caused by a low
signal to interference ratio (SIR), by a low SNR, or by a
combination of both. For example, a low SINR could be
caused by the distance between transmitter and receiver
(low SNR). If the user is experiencing low SNR as a result
of this, then it is unlikely that switching subchannels will
result in any improvement in the data rate, and will in-

(6)

N + Pk

stead lead to increased system overhead through excessive
signalling. However, in the case of a low SIR caused by
high levels of interference, switching subchannels could
improve the data rate, provided that another subchannel
with a lower interference level is available. A low SIR
can also be related to a specific CB selection, as it is
possible that the SU made a poor CB selection due to
several other interfering users selecting all or some of the
channels in the CB selection. In this case, making other
CB selections can help improve the performance. The
proposed3; takes into account such SINR-related factors.
In some scenarios, low SNR could also be the result
of significant frequency-selective fading over the current
subchannel(s). Possible mobility of users (or changes in
the environment) will over time average out the fading
effect. In these cases, the SNR could be measured over
several time slots to average out fading, so that SNR
depends mainly on the transmitter-receiver distance for
all subchannels. Also, if the coherence bandwidth is much
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less than the subchannel bandwidth, then averaging out can lead to lower requirement for SINR tolerance.

of fading will occur in the frequency domain (different
subchannels will likely exhibit similar SNR values for

given distance) and no time-domain averaging is required.

To obtain 3, we need to measure the noise lenl

One way is to use receivers that can switch the input
chain to use internal termination, which greatly reduces
the incoming signals and provides mostly a signal-free
estimate of the noise level. Another way is to use signal

1~
I:)explore: C_Bi(l—ﬁi)Z (7)
\/ B
where{ > 0 is a constant, an@g represents a counter
which counts the number of time slots sinfgnew %

Bi old-

Motivation for the use of the channel quality metric f3;

processing techniques to locate signal-free samples and and Pexplor? .
use them for noise-floor estimation. One such technique is After making a successful CB selection, the user may

Minimum Value Processing (MVP), in which one obtains

a running average of the square of the received signal,
obtains a large number of samples of it, and selects their

minimum value. The key in avoiding a negative bias is to
use a sufficiently large averaging window. The obtained
minimum value is the estimated noise floor. Other noise-
floor estimation techniques include the forward consec-
utive mean excision (FCME) algorithm [28], which has
been used in many measurement studies [29].

Note that in the first time slot when a user becomes active,
it has no knowledge d; for different subchannels. In this
case, user can either start with a pessimistic value, e.g.,
Bi =0, or an optimistic value, e.gRj = 1. In our work,

we consider the optimistic value. Note that immediately
after becoming active, the user measuesor different

subchannels over next time slots and update its estimate.

In subsequent time slots, usercan be either in the
‘explore’ or ‘persist’ state. When useiis in the explore

later be able to identify better CB selection than the
current one. To take into account this, a user after success-
ful transmission enters the explore state with probability
Pexpiore It is important to note that to avoid constant
exploration (and hence constant subchannel switching),
Pexplore Must be decreased after making a successful CB
selection. The probability &piore takes into account the
data rate on the current subchannel and the likelihood
of discovering a better subchannel. This is achieved by
utilizing the proposed channel quality metifig. In the
presence of no interferend® equals to 1, while as in-
terference increasd} — 0. As the value of}; decreases,
the likelihood of achieving a higher data rate by changing
subchannel assignment increases. Therefdreeflects
how beneficial changing subchannel assignment can be,
while being strictly between the values of 0 and 1. The
constant{ > 0 is a weighting factor. Whed = 1, the
parameter has no impact on tRgore However, when

state, it randomly selects a subchannel CB set. When &> 1, Pexplore Starts decreasing. A careful choice ffs

useri is in persist state, it utilizes the previously used

required: if it is set to a very high value, then we may

subchannel set. The user then senses the associated PUNOt be able to achieve convergence to a state where users
channel of the selected subchannel set over the period €xperiences the highest valig on the other hand, if it is

Tsense One of two possibilities can occur: (1) The PU
channel is found to be occupied; or (2) The PU channel
is found to be free.

If the PU channel is found to be occupied, useemains
quiet and utilizes the remaining time period of the frame
to measure thg3; (see Eg. 6) over another PU channel
that is randomly selected from the remaining channels.
If the PU channel is found to be free, data is transmitted
for the durationTyata. One of two possibilities occur: 1)

Successful transmission; or 2) Unsuccessful transmission.

If the SINR at the intended receiver is greater than a
threshold valueyp, then the transmission is successful

set a too low value, then it encourages more exploration
and hence subchannel switching more often among the
usersf; reflects the state of the channels visited by a user
over period of time ang@; — 0 means that the channels
are of poor quality. In this case further exploration can in-
cur only overhead costs in terms of subchannel switching.
Hence, in Eq. 7 Bplore— 0 also asP; — 0. Moreover,
Pexplore Should also take into account the fact that if a
user after finding subchannel selections for utilization is
not able to find new subchannel selections offering an
improvement then the user should explore less often as
exploration incurs cost in terms of subchannel switching.

and an acknowledgement (ACK) will be sent to the user. * If the SINR at the intended receiver is less than the

In this case there are two possibilities: (1) the user is
currently in the explore state and will enter persist state;
and (2) the user is currently in the persist state and
will enter the explore state with probabilityeRiore It

is important to note that due to the relatively smaller size
of the ACK packets, it is less likely that the ACK packets

threshold valugy then the transmission is unsuccessful
and no ACK will be received by the user. In this case
there are two possibilities:

(1) The user has been successful in a previous trans-
mission using the subchannel selection and is currently
in persist state, it will persist after failure with the

could also experience packet losses. Also, to reduce Probability Ruersistin the next slot. Bersist for such cases

further ACK packet loses they may be transmitted with
more robust coding/modulation/control rate techniques.

For example, in [30] the authors have suggested the use

of low rate ACK transmission where packet ACK are sent
with lower control rate of 1Mbps. Lower rate for ACK

is given by:
1 1
Prersin =1~ <(Tscs— (Trai — 1)) gs) ®)

where Tscs is the number of time slots the user has
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been utilizing the current subchannel selection (SCS) set.
Note thatTscs after first failure is always greater than
one. T4 is the number of time slots the user has had
failed transmission on the current subchannel. Note that
Ppersist= 1 in the first time slot after a failed transmission,
and decreases with each further failed transmission.
Motivation for the use of Ppersist: Being in the persist

Motivation for the use of Prequce : Even in the presence

of no interference it is possible that channel quality
between a transmitter and its receiver is degraded due
to bad signal-to-noise (SNR) ratio. For example, it could
be caused by the distance between a transmitter and its
intended receiver (low SNR). In such scenarios it can be
less efficient to communicate with a higher CB selection,

state means the user has been previously successful on its as lower CB selection can improve the coverage. Reduc-

current subchannel set. When the user experiences a failed
transmission in the current time slot it can be that at least
one interfering user has attempted to utilize at least one
subchannel in the current set. There are two outcomes in
this case: 1) that all interfering users experienced a failed
transmission and were unsuccessful, or 2) at least one of
the interfering users had a successful transmission and has
entered persist state. In the first case, all the interfering
users will continue in explore state and attempt to utilize
different subchannel sets in the next time slot. This will
likely lead to a successful transmission as interfering
users will not select the same subchannel selection and
the user can get improved SINR. In the second case
where at least one of the interfering users is successful

ing the CB order in such scenarios may be desirable as
a transmitter may spend the same amount of power in
a smaller bandwidth and hence may improve its SNR.
The probability Requce €Nnsures that when transmissions
are failed the probability of reducing CB order is high
where; is high, in which case a low SNR is likely the
cause of the failed transmission. In the case of lower
values of 3; where interference may be the cause of
failed transmission, the probability of reducing CB order
increases with failed transmissions. This is due to the
reason that as a user explores channels it mostly measures
low values off3; which in turn decreases the estimge
Low values off3i means most of the subchannel are poor
quality and by reducing CB order a user may increase its

on the subchannel set and enters persist state, the current SINR.

user of the subchannel set may or may not continue toe
have failed transmissions as aggregate interference levels
may change depending on the subchannel selections of
other interfering users. As the number of sequential failed

transmissions increases, the more likely it is to be caused
by at least one persisting user in the current subchannel
set, and not users exploring the subchannel set. In this
case, it is desirable to enter explore state and find another
set of subchannels to utilize. We therefore base tlj?e

If a user enters explore state after a previously successful
transmission and finds a subchannel set on which it can
communicate successfully, it will persist with the new
subchannel set iB; of the new set is greater thds of

the previously utilized set. Otherwise it will persist with
the previous subchannel set.

Ther™9 Method with SAS Coordination

probability Bersist as a function offscsand Traj . To protect the PUs from interference and to facilitate the

2) The second possibility is that the user is in explore statisers seeking to utilize the spectrum for secondary usage,
and was unsuccessful on this subchannel. If the user lasent approaches to spectrum sharing have suggested the use
CB selectionOy, wherek > 1 it will reduce its CB order of a spectrum manager entity, such as SAS [10]. In SAS based
by 1 with probability Reguce it then sets the probability systems multiple independent users may be required to register
of accessing the current subchannel set in the next tirfeir information (which can include CB capabilities, location
slot to 0. Requce (the probability of reducing CB order by information, etc) and also to inform their subchannel selection

1) is given by: decisions to a SAS [10]. In our work, we ask the following
Bi +T“m(1_f3i) guestion. In the presence of a SAS system, which has such
Preduce= 5 (9) user information available; can it be utilized for efficient CB
whereT;i, is defined as: selections? We particularly focus on the scenarios where the
To information can be made available with minimum overhead.
Tiim = min{l, a‘g've} (10)  Under the collision-protocol model, where only a single

, i user can utilize a given channel when in interference range,
where Tactive iS the number of time slots the user hag gag entity with knowledge of user channel and subchannel
been active and > 0 is a parameter set sufficiently highggjections can help users to converge quickly to subchannel
that the estimated; accurately reflects the state of theg|ections that minimize the probability of collisions. This
channels in use. For example= 1 means that even whene,, e achieved withow overhead information exchanger

the user has been recently active in the network (actisgample, a SAS can inform users with a single bit if they
only a few time slots)B; will still have high influence opq,q utilize a given subchannel. A user can inform the SAS
on reducing the CB order when a user gets unsuccessfliys channel and subchannel selections only when it changes
in transmissions. Howevep; is statistical average and itjyq selection. This information exchange between the SAS
would be good for a user to collect more sampleof g tem and the users can be achieved using the concept of
to have better long term average value. Hence, a highgf horing the control channel which is recently proposed in
value ford allows a user to take decision of reducing CBg | this approach, through aggregation, the connectivity
order based on better estimates{if on the opportunistic access spectrum always comes with
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the connectivity on the more reliable spectrum. The contraPd Method
signaling always happens on the reliable channel such ag)&ach useri Module
licensed or an unlicensed channel with no incumbent. Note
that the proposed method does not allow for any information ,
. Initialize Oy—max, @and each element of the local binary subchannel status
exchange between users. Also, in the proposed method, Wgmap 10 0
consider interference range to be twice the transmission rangeJpdate binary subchannel status bitmap if new bit map received from
of a user. This is a typical assumption in standard literatureSAS . . .
. . . Selectuniformly at randomOy non-singleton subchannels associated with
when considering interference ranges. a PU channep
It is important to note that unlike the collision-protocol Inform Inform SAS of the subchannel selection
model, under the SINR-protocol model, a SAS entity using Sensethe PU channel associated with the selected subchannels
h b’ | head inf . ' h btain th if PU is presenthen
the above low overnead information exchange to obtain th€ gner state= persist, Return t@enseand wait for the next time slot
knowledge of all users’ SCS selections at a given time instantise _
can be of little help to users to converge quickly to those Iransmit data -
lecti that minimize th robability of interferen Thi if Successful communicatiothen
_Se ections that minimize the _p oba y O erere Ce: S Enter State= persist, Return td&Senseand wait for the next time
is due to the reason that different users can have different  slot
sets of interferers that can cause loss of communication, and /s
h the universal knowledge of SCS selections obtained b Enter State— explore ;
ence the u_ A g ~ Y Check for the availability of at least one other non-singleton sub-
the SAS entity (as explained above) may not lead to efficient  channel set of orde®y

SCS selections. ReduceQg — Ok-1 whenk > 2 and no non-singleton subchannel set
. . of order O is available.
SAS information exchange: Return to Update

Using knowledge of user locations, the SAS determines the end if
users that are within interfering range of a particular user.end if
Based on this, and the subchannel selections of the USETSAS Module
that are within interfering range of a user; the SAS generates
a subchannel status bit-map for each user. Each element of
the bit-map corresponds to a subchannel, where a value @O”e‘“ subchannel selections of every user
L L . . enerate bit-map of subchannel status, non-singleton channel subchannels
1 indicates that the subchannel is singleton, i.e., occupied bY. g singleton channels- 1
only a single user, that is within the interference range of theCommunicate bitmap to users
user. A value of 0 indicates that the subchannel is either free{Pdate subchannel selections when received from a user Rt to
or utilized by 2 or more users within the interfering range of enerate
the user.
The important steps involved in the proposet® method
are explained in detail in pseudocode tittgel9 Method.

if there are any interferers on this new subchannel set, it
attempts to relocate the interferers by trying all possible
subchannel sets (of their curre@f) assignments for the

C. 1®" centralized method for subchannel selection interferers. The method calculates data rate for each round
To establish a baseline for comparing the results obtained Of increase inOx. However, the subchannel assignments
from the proposed?™ and "9 methods, we consider @e" are only updated if the total data rate has increased. The

centralized method to the CB selection problem. A central- assignment that maximizes the data rate is utilized. The
ized CB and subchannel allocation solution that performs an above step of attempts to increade s repeated one by
exhaustive search over a set of all possible subchannel sets for one for all the users in the network.

| users with different distances, subchannel and interference Step 3:Once step 2 is performed for all users, the
conditions is computationally intensive and becomes numeri- method checks whether at least one user has a different
cally untractable beyond a certain number of users. fi¥f8 subchannel assignment after the current iteration. If this
method finds a subchannel assignment for all users in the is true then an improved subchannel assignment has been
network that maximizes the data rate of the network such found in the current iteration for at least 1 user, and
that each user is able to successfully communicate. The steps the method proceeds to the next iteration in which step
involved in ther®®" method are explained in detail as follows: 2 is repeated again. If this is false then no improved

. Step 1:The method works by first assigning a different ~ Subchannel assignments were found for any user in the
0, subchannel set to each of thesers. When no unused ~ current iteration, and the method ends.
subchannels remain, the centralized method goes througln Fig. 3 we show that the utilized“®" method performs
all subchannels one-by-one and assigns a subchannel thase to an exhaustive search, and hence can be utilized as a
maximizes data rate. benchmark for performance comparisons. Fig. 3 presents the
. Step 2:The method then attempts to incre@eby trying ratio of time average data rate obtained usingh#’ to the
one by one different CB order®y for a useri. For optimal solution, where the optimal solution is found by an
instance, if the useérhasOmaxi = 3 then the method first exhaustive search of subchannel assignments. For 100 random
tries all subchannel sets @k for the useli and then all network instances, we perform an exhaustive search over all
subchannel sets afs. While trying each subchannel setpossible subchannel allocations in the scenario fhigt= I.
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stochastic subchannel selection process in this case can be
modeled as a finite-state Markov chain with a finite $etet
Sz{nanflvnfza"'vl}v (11)

where each element of is a state representing the number
of users randomly selecting a subchannel in a time slotSSet
forms the state space of the subchannel selection process. For

0,98

Teen /Tnpt

0.961 . . 1 instance, when = 4 users operate in the network, there are
4 states in the Markov chaits, = {4,3,2,1}, a state(n = 4)
0.04] , means that all 4 users randomly perform a selection in a time

slot, a statén = 3) means that 3 users randomly select while 1
‘ ‘ ‘ ‘ user does not perform random selection in a time slot, a state
20 o e 80 100 (n=2) means that 2 users ra_ndom_ly select while 2 users do
not perform random selection in a time slot, and state- 1)
(a) 1 channel / 4 SUs is the state in which no user performs random selection.

0,92
0

Definition 1. A state i in a Markov chain is called absorbing
L T s T e if the chain must stay in state i with probability 1 once it has
- C ’ ' ' visited that state. The states that aren’t absorbing are called

0.998¢ transient.

5 0,996 o Definition 2. A Markov chain is called absorbing if every state
K i has a path of successors-i— i’ — i” — ... that eventually
09941 1 leads to an absorbing state.

The above Definitions 1 and 2 are given in [31]. The initial
state of the stochastic CB selection process4sl, in which
‘ ‘ ‘ ‘ all | users randomly perform a selection in a time slot. If the
20 & otk e 80 100 Markov chain is currently in stateit moves to statg at the
next step with a transition probability denoted By. We say
(b) 2 channels / 8 SUs that in a given time instant, the process moves forward when
Fig. 3: Ratio of time average data rate of the®" subchannel the number of users performing random selection changes due
assignment to the optimal assignment. to one or more users selecting singleton subchannel. It stays
in the same state if the number of users performing random
selection remains the same. For example, wher users, the
Because of the computational complexity of the exhaustipeocess starts in state= 4. In the next time slot, it will remain
search, which increases exponentially with the number of RbJstaten = 4 if no user selects a singleton subchannel, it will
channels, we consider the cases of only 1 and 2 potentialfyove to staten= 3, if one user selects a singleton subchannel,
available PU channels for comparison. It can be seen tlaid so on. When all users have selected a singleton subchannel
numerically the mean decrease in data rate forftf@ method then they settle down in terms of subchannel selections. Hence,
over the optimal solutions are found to be 0.0026%, arid the next time instants the network remains in that state.
0.0006% in the 1 and 2 channel cases respectively. Hence, the considered Markov chain is absorbing in which
state 1 is absorbing and all other states are transient.

0.992

0.99
0

V. PERFORMANCE ANALYSIS OFCB METHODS Proposition V.1. For an absorbing Markov chain, the proba-

A. Convergence evaluation of" and 9 methods bility that the chain eventually enters an absorbing state (and
In this subsection, we first show that the propose# stays there forever) is 1.

method allows the network to arrive at a conflict free channel

allocation within a finite time period. The proposed methog

converges for the scenarios where the number of usa *?s state 1, it stays there forever not being able to escape.

subrcha\r;\r/welslwnmrn Vtige ;?mexcollltsgnndr(:]rgalrn|.]lc§$,t|ir§ : IThis is due to the reason that when all users have selected a
USers. Ve aiso provide the expected numboer o < S%ﬁ‘%gleton subchannel, i.e., a subchannel occupied by only a
required to arrive at a conflict-free allocation using tid

thod. F tical vsi id single user, they settle down in terms of subchannel selections
method. For analytical convergence analysis, we ConsIdef gy,;q -qnflict-free state. Hence, in the next time instants the

difficult scenario where all users are within the same collision L .
network remains in that state. Hence, the considered Markov

domain, andSp| = 1. L N . _ _
Let E[T(n)] denote the expected number of time slot(s:ham 's absorbing in which state 1 is absorbing.

required for a network ofl users to arrive at a conflict- Proposition V.2. For an absorbing Markov chain, the time
free CB allocation, starting from the initial state When! that it takes for the chain to arrive at a certain absorbing
users operate in the network then using tt#¥ method, the state (a random variable) has finite expected value.

The staten=1 is called absorbing as transition probability
om state 1 to 1 is one. In other words, once the system
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The transition probability from any staido j, giveni # 1,
is greater than zero, and also the transition probability fron
the statei =2 to i = 1 is greater than zero. Hence, it takes
finite time to reach the absorbing state, i.e., the statel.

The above propositions 1 and 2 are proved in [31].

To calculate transition probability from statdo j for the
considered stochastic subchannel selection process, we ne
to consider the probability that when in a statajsers select
uniformly at random randomly out af subchannels, exactly
of these users will select singleton selections, i.e. a subchanr

—8— 199 Analytical [{
—v— 19 Simulated
B Simulated ||
" Simulated ||

=
N
T

[y
N
T

=
o
T

Number of Time Slots
o

occupied by only a single user. This probability is given by 4r
[32]: L ‘ ‘ ‘ ‘
n nl 2 1 (n—gns . 0 5 10 115 20 25 30
p(n.r) =2 (n—=s)!') (s=n)rt " (=D (12) _. . .
S=t ' o Fig. 4. Expected time to converge to conflict free subchannel
O<r<n selections of ther™9 and 8 methods as a function df
Let P represent the state transition probability matrix of ansers, under collision-protocol model. The number of available
absorbing Markov chain in canonical form: subchannel$sp| =1, andOmayi = 1Vi.
(3 1)
o ) subchannel§s| is equal to the number of usdrsThe method

wherel is an identity matrixO is a matrix with all zero en- proposed in [21], which we will refer to ag™®, considers

tries, R is the matrix of transition probabilities from transienutonomous selection of channels for users which utilize only
to absorbing states an@ is the matrix of transition proba

bilities between the transient states. The transition probabillfje!r own feedback information from their previous subchannel
matrix P for the absorbing Markov chain of subchannel seselections, and have no CB capabilities. It can be seen from

!cectioD EF%CGSS %a” bflf c?r}stéucted Uéinglgq 1f2-"|:0r examipgy, 4 that thet™>9 method allows the users to quickly converge
or =4, 1 can be calculated using £q. as foflows: to conflict-free selections, as compared to tHi€ method and

R L i
Q ™ method. The reason for this is as follows: In tie'9
state 4 state 3 state 2 state 1 . ) .
state 4 [ Py=p(4,0) P =p41) Psw=p(4,2) Py = p(4,4) method, users have additional binary feedback via an SAS
state 3 P3ys=0 P33 = D(3~, 0) P = p(371) Py = p(3: 3) i i i
—o2| Poo b0 Pc p(2.0) Pe — h(2.2) systeml, V}/hICh arl1lows them Bto dgtgjpme ;/]vh(;ch chann_ﬁls are
statelk Pu=0 Pz 0 P—0 | o currently free, whereas thef B an methods may utilize
o [ only their limited feedback from previous subchannel selec-

Using the standard theory of absorbing Markov chains (préons. For the distributed® method, we only numerically
sented in [31]), one can calculaEsT (n)] for the subchannel evaluate its convergence. Please note that providing closed
selection process starting from the initial states follows. form expressions or upper bounds for convergence times are
Let N be fundamental matrix which is given by= (I —Q)~1, difficult for the T as the complexity of the problem makes
wherel is an identity matrix and is the matrix of transition the analysis intractable.
probabilities between the transient states. In [31], it has been
shown that theij-entry of the matrixN gives the expected B. Numerical analysis model and results
number of times the Markov chain is in staje given that
it starts in statei. Hence, using the™? method, when the ;
network starts from the initial state= N, E[T(n= N)] until
convergence to a conflict-free allocation for the network
given by E[T(n = N)] = 3}, Ny ;Cj, whereNyj is the jth

Using numerical analysis, we evaluate and compare the
stributed and coordinated methods in terms of data rate of
all the users, user blocking rate, average CB selection utilized.
We also compare the methods in terms of data rate to the
\ : i ) centralized©®" method which serves as a benchmark in terms
entry of the first row of matrN, andC; is the jth entry of of the proposed methods performance. In Table | we present
Vecwr?- All entries of C are 1. _ . the main simulation parameters.
In Fig. 4, we compare the results given by the analytical 1) pata rate: In order to calculate data rate for each

expected time to convergence we derived in Section V-A apdyork iteration, we consider the subchannel selections of
the calculated expected time to convergence from a Monig sers after 1000 simulated time slots. Based on these final

Carlo simulation. Observe that the values calculated frogypchannel selections. we calculate data rate based on the
Monte-Carlo simulations agree perfectly with those obtainegsnnon capacity forn;ula:

from the presented analytical model. | O WL
In Fig. 4 we also evaluate and compare the expected time to Toum= Z(lf Op.) ki Vpi loga(1+ Vi), (13)

converge (E[TTC]) to conflict free subchannel selections (in i= 7 Spil

terms of time slots), of the'9 method both analytically and whereB,; is the average occupancy of PU chanpgDy; is

simulated, with a method proposed in [21], as a function ¢fie CB order of user, W, is the bandwidth of PU channel

| increasing users. Moreover, we consider a difficult scenanoused by usef, |Sp;| is the number of subchannels in PU

under collision-protocol model where the number of availabshannelp used by uset, andy; is the SINR of user on it's
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TABLE I: Simulation parameters

Site radiusNg 50 and 100 m
Minimum distance between transmitter and receiyeB m (High SNR) and
16 m (Low SNR)
Maximum distance between transmitter and receiver 40 m
Center frequency 2.4 GHz
PU channel bandwidth 20 MHz
Number of subchannels per PU channel 8
Maximum transmission power 30 mW
Transmitter and receiver antenna gain 1 dBi
Transmitter and receiver antenna length 5cm
PU channel occupancy rate 30%
PU channel occupancy model independently and
identically distributed
Path-loss exponert 3
SINR thresholdyg 5dB
Explore parametef 5
Reduce parameter 30
Simulation iterations 1000
Time slots per iteration 1000

current subchannel set. The total data rate result is plottedwithin interference range of one another to select the same
based on Monte Carlo simulations. In each simulation rusybchannels, whereas in té" method a user does not select

calculations are done using Eq. 13. a subchannel only when the SINR it experiences is below
the thresholdy, causing a collision. As a consequence, under
200 ‘ ‘ ‘ the /9 method users do not bond channels in circumstances
1907_°_§ixi2)52fhm where it may be beneficial in terms of data rate. It can be
— 150ll —0 % (ano) High SR also seen that the" (APS) due to its freedom to use both
8 ol - 0= (APS) Low SNR contiguous and non-contiguous CB selections outperforms the
= - A- 159 Low SNR TRt (ANO).
@ 160H ' (ANO) Low SNR
g / Moreover, in Fig. 5 we also evaluate the impact of SNR
© 1501 . : . . . .
g on the proposed methods. This is important, as even in the
£Mr O__.——“’ """ 9mmmmn gt l presence of little to no interference it is possible that channel
§13°’ ‘ quality between a transmitter and its receiver is degraded
g 120/ ,,:X:_ ' due to low SNR. One factor that can impact the SNR is the
10f o0 Tl distance between the users. We consider two scenarios, where
103 ” ‘ | "“3 """ Prrmnea A-eeee ;L the minimum distance of receivers from their transmitters
4 6 8 10 12 14 16 is no less than 8 m, and 16 m, respectively, and in both

Number of Users

cases a maximum distance is no more than 40 m (between a
Fig. 5: Average sum data rate achieved by ¥ andS9 transmitter and its intended receiver). The maximum distance
methods vs. number of users, Wimp| =8, Ngr = 50meters is selected so that at this maximum distance a user without
and users with heterogeneous CB capabilities, i.e, maxim@B can successfully communicate given that there is no
CB capabilities are uniformly selected fro@maxi = 1 to interference (based on the other parameters such as path loss
Omaxi = |Sp|- exponent). It is possible that a receiver may be located closer to
interfering transmitters than the 8 m / 16 m minimum distance.

Average data rate Comparison under h|gh and IOW SNR InCI’eaSing the minimum distance from 8 m to 16 m reduces
scenarios: mean SNR. We will refer to the case of 8 m minimum distance

In Fig. 5 we present a comparison of average data r&@ the high SNR scenario, and 16 m case as the low SNR
achieved using tha®! and ™9 methods as a function scenario from here on. It can been seen in Fig. 5 that under
of Number of users for a fixed number of subchanneldligh SNR ther (APS) achieves the highest gain in sum
Spl = 8. We consider tha?t method under two different data rate for the network.
scenarios: 1) users can only boka@djacent non-overlapping In Fig. 6 we depict the achieved total data rate of all users
subchannels, which we caf®™ (ANO); and 2) users can vs. time under®™!, SBCA and DBCA methods. It can be
bond any combination ok subchannels, which we catt® seen from the figure that of the three distriouted CB methods,
(APS), where APS means all possible selections. It can 8" method achieves the highest rate. The reason for this is
seen from the figure that of the two CB methods, tif#! as follows. The SBCA and the DBCA methods do not utilize
method achieves the highest sum data rate for the netwarky adaptation in their CB selections, whereas the proposed
under the both ANO and APS scenarios. The reason for thi&" method utilizes adaptive CB, such adaptation takes into
is as follows; ther™9 method does not allow users that araccount the channel quality metrfl;. ™ method enables
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4 6 8 10 12 14 16 capability which means that each user has the ability to bond
Number of Users all the subchannels.

90 : : i

Average Sum Data Rate [Mbit/sec]

Fig. 7: Average sum data rate achieved by th¥ under the
APS and ANO CB selections as a function of Number of users

I, where|Sp| =8, and ACI= 5%. Users are with heterogeneous pig ga shows that allowing maximum CB capability for all
CB capabilities. i.e, maximum CB capabilities are uniformly,o sers results in higher sum data rate for the network only
selected fromOmaxi = 1 0 Omaxi = [Sp|. when the network site radiudy is twice as considered before.
NR is the radius of network circle in which users are randomly
Average data rate under adjacent channel interference deployed. When compared with the sum data rate achieved by
(ACI): the ™t (APS) method under high SNR and the same network
In Fig. 7 we evaluate the impact of Adjacent Channghdius ofNg=50min Fig. 5. It can be seen that when there are
interference (ACI) on performance of tié' method under few number of users the sum data rate is increased when all
the APS and ANO CB selections. ACI is set to 5% whickthe user have maximum CB capability as compared to when
means 5% of a user’s transmit power is leaked to its adjacéey have heterogeneous capabilities as in Fig. 5. However, as
subchannels. We consider high SNR scenario (with the sathe number of users in the network increases it can be seen
parameters as used in Fig. 5. Comparing Fig. 5 and Fig thwat the heterogeneous CB capabilities scenario in Fig. 5 and
for the ™ method , it can be seen that ACI degrades ithe homogeneous maximum CB capabilities scenario in Fig.
performance. Howeverf™"! APS outperforms?™ ANO. 8a obtain the same sum data rate for the network.

Average sum data rate under maximum CB capabilities: Average CB Usage under maximum CB capabilities:
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Fig. 8b present average successful CB usage for a user urmfeéf andn®®" methods does however increase with the number
the """ method for the scenarios where all the users haeé users. For double the number of users, the performance of
maximum CB capabilities. It can be seen from the figure thtite "t decreases to approximately 77% of thfe®" method,
for network site radiusNg = 100m, and high SNR, allowing reducing further to 69% with 32 users.
maximum CB capability for all the users results in average 2) User blocking rate:lIt is logical that as the number of
successful usage between 3.5 bonded subchannels to 2 bongeds increases while the number of subchannels is constant,
subchannels when the number of users is varied from 4 users will experience higher levels of interference, and some
16. When network site radius is reducedMg = 50m while users will be left unable to communicate on any subchannels
keeping the other parameters same, then the average successtoly; > yo. We consider blocking rate to be the ratio of the
CB usage varies from 2.7 to 1.4 bonded subchannels undean number of blocked users per iteration to the total number
high SNR, and it varies from to 2.3 to 1.3 for low SNR. Thef users: —
results in Fig. 8 show that for the®"* method, the average Rolocking = Iblocked (14)
successful bonding order usage is greater than one for all stud- '
ied cases. However, it is also true that as the users to available
subchannels ratio (UCR) increases, the average bonding orc
that a user can successfully utilize goes down. As the UCI ——

. . . 9 High SNR
increases, ultimately there comes a point where CB becom: 4 (ANO) High SNR
of no benefit to a user due to high user density, i.e., the us: - A- 159 | 0w SNR A

o
®

o
3

can successfully utilize only one subchannel for access. Th o 12U (ANO) Low SNR *,——“*—
means that the proposed distributed CB method gives eithr & (| 01" (aPs) High SNR St
better performance or equal performance, compared to tt ﬂé) - -1 (APS) Low SNR A ,,«"
scenarios when no bonding is applied. It is important to nott £ *f A7 o
that this degradation in CB performance due to the increase S .. P
UCR is common to all channel bonding/selection technique @ .

0.2 A’

[3]. ' .

o
i

6 8 10 12 14 16
Number of users

1200

—¥—1°®" High SNR
- % -1C®" | ow SNR
1000 | —A— 1159 High SNR
-A-159 Low SNR
800} ™" (ANO) High SNR
T (ANO) Low SNR

l Fig. 10: User blocking rate of the®t and 9 methods as a
function of Number of users.

In Fig. 10 we present a comparison of the blocking rate
observed using the®'t under the APS and ANO selections,
and alsor™9 as a function ofl users withOmaxi = 3, again
considering both high and low SNR scenarios. The number
of subchannels is fixedSp| = 8. As previously mentioned,
users in the?" method do not select subchannels only when
SINR is below the thresholg. In the scenarios where a user
‘ ‘ is causing interference to others, but not experiencing high
4 8 12 16 20 24 28 32 interference levels, the user may utilize a higher CB order

Number of Users . .
and deprive other users of successful subchannel selections.

Fig. 9: Average sum data rate vs. number of udefsr the As a consequence, the blocking rate of thfé" method as
™ 1519 and there" methods. Number of subchannels igompared to thet™9 method is greater for such scenarios.
increased with the number of users, ijg,| =1. The results in Fig. 10 show that the blocking rate of it
method is lower than the" with ANO selections method,
Average sum data rate Comparison with benchmark when the number of users is less than 16 in the high SNR
Centralized method 1e™ case, and 10 in the low SNR case. However, its blocking
In Fig. 9 we present a comparison of the data rate achievede is higher than the*"t with APS selections method. For
by the distributedr®™t and 9 methods to the data ratean increased number of users, i.e. as the ratio of users to
achieved using the close to optimal centralizéd" method. subchannels increases, the blocking rate of ¢ method
The results show that of all the CB methods presentediiffe under both ANO and APS selections is lower than 7%
performs the closest to thg®" solution. With 4 users and 4 method. This shows that the information provided by the SAS
subchannels, wheBmayi = 3Vi, the average data rate achieve@under the assumption of collision domain model) to users in
is approximately 123 Mb/s with thig*®" method and 107 Mb/s the 19 method is useful for reducing conflict between users
with the ™t method. In other words with 4 users, tmd" when the ratio of users to useable subchannels is suitably low.
achieves average data rate of 87% of that achieved by clében the ratio of users to subchannels increases, it becomes
to optimal®®" method. The gap in performance between thacreasingly likely that all subchannels are determined by

600

400

Average Sum Data Rate [Mbit/s]

200
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the SAS to be in a state of conflict (i.e. state 0), thereforg] G. yuan, X. Zhang, W. Wang, and Y. Yang, “Carrier aggregation for
the subchannel status bit-maps no longer contain any useful
information. In reality two or more users within interference[8
range of one another may select the same subchannel, with wireless channel interference®EE Transactions on Wireless Commu-
interference levels low enough not to cause a collision. It is
for this reason that the limited feedback information utilized®

in the At

method proves to be more beneficial as the ratio

of users to subchannels grows large.

(20]

VI. CONCLUSION

LTE-Advanced mobile communication system&EE Communications
Magazine vol. 48, no. 2, pp. 88-93, February 2010.
A. lyer, C. Rosenberg, and A. Karnik, “What is the right model for

nications vol. 8, no. 5, pp. 2662-2671, May 2009.

K. Pedersen, F. Frederiksen, C. Rosa, H. Nguyen, L. Garcia, and
Y. Wang, “Carrier aggregation for LTE-advanced: functionality and
performance aspectslEEE Communications Magazineol. 49, no. 6,

pp. 89-95, June 2011.

F. Paisana, N. Marchetti, and L. DaSilva, “Radar, TV and cellular
bands: Which spectrum access techniques for which bantsRE
Communications Surveys Tutorial®l. 16, no. 3, pp. 1193-1220, Third
Quarter 2014.

In our work we consider both the collision, and SINRf11] A.L.Ramaboli, O. E. Falowo, and A. H. Chan, “Bandwidth aggregation
protocol models to analyze the problem of CB. We present
a fully autonomous CB method designed under the SINR-
protocol model ™", in which users utilize only their limited [12] F. Kaltenberger, F. Foukalas, O. Holland, S. Pietrzyk, S. Thao, and
feedback on previous transmissions, and measurements madeG- Vivier, “Spectrum overlay through aggregation of heterogeneous
while unable to transmit. We compare the performance of the

T[Aut,

with a method we design under the collision-protoceis)

model; ther™'9 method, and a close to optimal centralized

solution; the ;
in terms of information available to users. In th&9 method,

€M method. The two distributed methods differ
[14]

users inform a SAS of their subchannel selections, which in

turn informs users of the state of each subchannel through a

in heterogeneous wireless networks: A survey of current approaches and
issues,”Journal of Network and Computer Applicationsl. 35, no. 6,
pp. 1674 — 1690, 2012.

dispersed bands,” iproceedings of European Conference on Networks
and Communications (EUCNCJune 2014.

Y. Xu, A. Anpalagan, Q. Wu, L. Shen, Z. Gao, and J. Wang, “Decision-
theoretic distributed channel selection for opportunistic spectrum access:
Strategies, challenges and solutionEEEE Communications Surveys
Tutorials, vol. 15, no. 4, pp. 1689-1713, April 2013.

J. Alcaraz, M. Lopez-Martinez, J. Vales-Alonso, and J. Garcia-Haro,
“Bandwidth reservation as a coexistence strategy in opportunistic spec-
trum access environmentdEEE Journal on Selected Areas in Commu-
nications vol. 32, no. 3, pp. 478-488, March 2014.

binary bit-map. We have shown that the scenarios where 1§ v. shi, Y. Hou, S. Kompella, and H. Sherali, “Maximizing capacity
number of subchannels is at least as great at the number of in multihop cognitive radio networks under the SINR modéEEE
users, that™¥ scheme which is designed under the collision-
protocol model can help users converge fast to reduced conffig} x. chen and J. Huang, “Distributed spectrum access with spatial reuse,”
channel selections, and also reduce their blocking rates. One IEEE Journal on Selected Areas in Communicatjore. 31, no. 3, pp.
reason for this is due to the simplicity of the collision-protoc Il
model, where only a single user can utilize a given chan?{ef]
when in interference range. We find, however, that when users channel systems,” ifrocedings of IEEE Global Communications Con-
have the ability to bond channels and/or when the number of, ference (GLOBECOM)December 2013, pp. 4769-4774.

available subchannels is less than the number of usersSthe

(18]

Transactions on Mobile Computingol. 10, no. 7, pp. 954-967, July

593-603, March 2013.
G. S. Uyanik, M. J. Abdel Rahman, and M. Krunz, “Optimal guard-
band-aware channel assignment with bonding and aggregation in multi-

H. Salameh, M. Krunz, and D. Manzi, “Spectrum bonding and aggre-
gation with guard-band awareness in cognitive radio netwoll&EE

scheme can result in conservative spectrum reuse due to usersTransactions on Mobile Computingol. 13, no. 3, pp. 569-581, March
attempting to avoid using the same subchannel selections _as 2014-

other users. We show that tmé" scheme which is designed[19
under the SINR-protocol model considerably outperforms the Transactions on Wireless Communicatiprsl. 11, no. 11, pp. 3942
™9 in such scenarios. Moreover, we also show that under 3956, November 2012.

all scenarios the™ scheme outperforms the>'9 scheme in

[20]

terms of data rate of all users.
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