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Abstract—In the current Spectrum allocation regime the Fed- The FCC and the federal government sense the pulse of the
eral Communication Committee (FCC) is responsible for the allo-  today’s requirements for spectrum usage and therefore have
cation of frequencies to users. This ensures that owners will have taken initiatives to change the current policy for spectrum al-

an non interfering use of their frequency. However this approach . . .
leads to a significant underutilization of the spectrum [1], since location [2] [3]. They introduce a more robust and flexible pol-

most of the rightful owners use their frequency very sparse. Thus, ICy regulator, in which unlicensed users will be able to use li-
for better utilization of the spectrum, has been proposed the use censed spectrum as long as they don't interfere with its rightful
of the spectrum by non - rightful owners in a non-interfering way.  owner. Furthermore, in [2] they introduce regulators, in which
In other words non-rightful owners of spectrum may use any fre- - e rightful owners will be able to sell dynamically their spec-

qguency, as long as they don't interfere with its owner when the ¢ t This i tive initiati il Iti
owner tries to access it. The functionalities of spectrum sensin rum 1o users. IS Innovative Iniiative will result in a more

and changing between frequencies can be provided by the state ofutilized and profitable spectrum usage. In order the new era
the art technology of theCognitive Radios in spectrum allocation to become a reality, special hardware is

In this work we present Historian. Historian is a distributed al-  needed that incorporates all the above functionalities.All these
gorithm for choosing frequencies in a network consisted of users capabilities are enabled by tiSoftware Defined Radios (SDR)

other than the rightful owners. Historian is a learning based algo- " . .
rithm that tries to identify the presence of rightful owners, their or Cognitive Radios (CRhich are able to sense and commu-

characteristics and their traffic patterns in order to reuse spec- hicate in a wide range of frequencies. They can scan and find
trum more efficiently, by making more intelligent decisions. Histo- any unused frequency and thus they contribute in high spec-
rian based on observation and statistics can maximize the through- trum reuse. In Section II, we will describe the capabilities and
put of the network, by assigning frequencies that are less likely to the differences of the Cognitive and Software Defined Radios.
be used by their owners. . . .

We evaluated Historian via simulations and we show that can _MOt,'Vat‘?d by.th(? new era tq come, we Creatéldtprlan.
efficiently adapt to dynamic environments, where rightful owners Historian is a distributed algorithm for the exploration of the
of spectrum appear and disappear, while trying to maximize ca- white spectrum, by usersthers than the primary licensed ugers
pacity. Moreover we show that Historian is continuously training, The Secondary Users will form a multi-hop network by using
by observing the spectrum usage, and thus can take intelligent de- the white space of the spectrum in an opportunistically manner
cisions, which results in the resilience and stability of the non - . . . . ) !
rightful owner network. i.e. thg SUs should coexist w!th the Primary Users in a non-

interfering basis. The connectivity of the SUs network should
be resilient in case a PU decides to transmit on his frequency,

I. Introduction which is currently used by one or more pairs of the SU network.

Since theRadio Act of 1912an independent Federal Com_In order to achieve this, the SUs shquld c_:ontinu_ously scan the
munication Commission (FCC) was established and is respd{10!€ range of spectrum in order to identify available frequen-
sible for issuing licenses for commercial use. These licensd€S @nd they should always be ready to cease transmission,
determine the rightful owners of particular frequencies. Usirfg!2nge transmission frequency and give priority to the trans-
these frequencies is prohibited by others and the outlaws colJgpsions of the Pl_Js. 89_’ the SU_ network will be a dynamically
face legal consequences. The current fixed spectrum allocafigined network with ability to adjust and re-organize to the cur-
scheme can lead to a significant amount of white space (ffENt conditions of spectrum usage. The intelligence of which
quencies that are not used, even though they have a righffGAUeNcy is most suitable for transmission at any current time
owner). Experiments [1] show that even in highly populateW'” t_)e prpwded by the Historian algorithm. ngtorlan, ba_sed
areas like near downtown Washington DC, where commercfdl hlstqr|cal information of the spectrum usage is _al_JIe to iden-
and government spectrum is very intensive, the percentaget'g* traffic patterns of PUs and take intelligent decisions when
white space under the 3GHz band reaches 62% . The obdki£eSSary: , . .
vation of the underutilization of spectrum in combination with 1€ rest of the paper is organized as follows: In Section Il,
the high demand in spectrum from a vast number of wirele€ describe the current technologies and capabilities of Soft-
commercial applications and services, yields the need of tratj@re Defined Radios and Cognitive Radios. In Section IIl we

formlng the_ current fixed s_pectrum _allocat'on meChan'Sm Into From this point on these users will be referred as Secondary Users or SUs
a more flexible and dynamic allocation mechanism. 2From this point on theses users will be referred as Primary Users or PUs



present the problem formulation, while in Section IV we inereate a network, in which all secondary users can talk with
troduce the network model that we will use. In Section V, Véach other. In other words, the objective is the creation of a
we present Historian and the simulation results respectively. dannected communication graph of SUs, that doesn’t interfere
Section VIl we mention some related work and finally the paparith the communication graph of the PUs. In this graph the

concludes with Section VIII. nodes will be SUs and the links will represent the connectivity
between two SUs using a particular frequehcy
Il. Background From this challenging formulation rise many questiddew

In this Secti il d ibe the technologies that can we distributively allocate channels to the SUs, in order to
n this section we wilt describe the technologies thal can g, 5 connected graph? What happens if a transmission of

exploited, in order to take advantage the unused spectrum %nlgu pair starts in a frequency that is currently used by an SU

utilize the spectrum usage. . . . . X
. : i . air? How is the graph re-organized, in order to retain connec-
Software Defined RadiosA Software Defined Radio (SD vity? All the above questions are very challenging due to the

is a radio that a_II its operatlonal_parameters, such as freque amic conditions of the environment and we address them in
range, modulation type or maximum output power can be Ur current work

tered through software modifications, without any changes 1011e answers to above questions can be of great benefit, be-

?ardwarei n S[;RS sgftwarlg dt(.e fines ?Irl] theSvE/)?:\a/efom;) ProPe3use they address real deployment issues and can result in high
'es, cryptography and applications. us can be easilization of the spectrum. The above formulation provides a

upgraded and can provide newer and more advanced servi %neering way of thinking wireless networks, where networks

The significancg of SDR Is that it can be made to operate wh En coexist in the same area and each network can reuse fre-
ever spectrum is available, without the need of hardware g cjeg that the other network is not using in a non-interfering

placement e.g in case the qpergtional frequency changes. aﬂ/ Moreover, each network can consist of links that have
the other hand SDR lack of intelligence and therefore they Aferent frequencies, which can change dynamically based on

not able to adjust to continuously changing conditions (i.e. Birrent conditions of interference and QoS requirements.
change their frequency in case of interference ).

Cognitive Radios The deficiency of SDR is filled up by

the the Cognitive Radios (CR). The FCC suggests [3] that “A IV. Network Model
radio system whose parameters are based on information in thén this Section we will describe the network model that will
environment external to the radio system” is considered Cdge used in order to explore the problem stated in Section Ill, as
nitive Radio. [4] sums up all the desirable features of CR. Mell as some necessary assumptions that will help us to study
more detail, CR camadaptby changing their transmission pa-in depth the aforementioned problem.
rameters (e.g frequency, modulation, power) in order to meet Cognitive Radio Capabilities As we stated in problem
their requirements, casensethe spectral environment over aformulation, we consider two types of users, which correspond
wide range of bandwidth and catetectthe use of spectrum. to two separate networks located in the same geographical area.
Moreover, CR areantelligent enough tdearn based on previ- The PUs are not cognitive radio aware and they don’t care about
ous and current conditions, to anticipate future actions and take transmissions of the SUs. The reason is that they are the
the correct decision at the “right” time. rightful owners of the frequencies that they transmit and there-

The CR, in contrast with the SDR, provide more flexibilityfore they consider that they have the strict spectrum access on
for dynamic spectrum access. The sensing ability of spectrihese frequencies. We assume that the transmissions of PUs
and the intelligence to switch from a used frequency to an uden’t interfere with each other. This assumption is reasonable
used one, provide especially to the SUs the capability to usiace the allocation of the licensed frequencies is performed by
efficiently the white space and the flexibility to communicatthe FCC in a non overlapping way. SUs, on the other hand,
without interfering with the PUs, when they choose to use theire assume that they have cognitive radio capability. In other
licensed frequencies. This can result in high utilization of spewords, our network will consist of primary users and cognitive
trum usage, without causing communication problems to tleapable secondary users (i.e we don’t consider the case in which

rightful owners of spectrum. all or some of the SUs don't have CR capabilities).
Channel Properties Cognitive Radios are able to oper-
IIl. Problem Statement and Motivation ate in a wide range of frequencies, covering from tens of MHz

W ider two t ¢ hich deploved i .to several GHz. Frequencies that their difference is in order
€ consider two types ot users, which are deployedin a Wie s of MHz, tend to have different physical properties, i.e.

area. The primary users (PUs), who are the rightful OWNEFih the same transmission power low frequencies have larger

of some portion of the spectrum and have strict access c)Verrtjafﬁge than the high frequencies. This fact complicates the anal-

The secondary users (SU,S).’ who can use any avaﬂab]e SRFs of such a system, because it introduces a new dimension to
trum, as long as they don't interfere with the transmissions

the PUs. The SUs, in order to have these functionalities shoyl problem. A simple example is that for different frequencies,

h . d detecti bilit hich b ded SU can cause interference to different PUs. In order to sim-
ave sensing and detection abiiities, which can be provide fy our analysis, we consider that the SUs can choose within
exploiting the prosperous features of the cognitive radios.

%requencies, which all have the same physical characteristics.
consider that the PUs don’t care about the existence of the SUs q ' phy

and they don’t want to communicate with them. Likewise, SUs3The terms frequency and channel represent a certain band of spectrum.
want to communicate only within their group and they want tprom this point and on these terms will be used interchangeably



Moreover, all users use a certain transmission power and they Aty = trame
don't adjust it dynamically according to the network conditiong
All the above ensures that the communication graph that cg  Sense Control Acquire Data Transmission
tures the connectivity and interference information between
user (PUs and SUs) doesn’t change with time. In other wordsﬁ» - oo -~
the only attribute that the SU network can adjust, in order to
operate in non-interfering basis with the PU network is the se- Link Maintenance Data Transmission
lection of channels. Fig. 1. Time Frame Structure
Control Channel The SUs, will use a control channel, in
order to exchange control and sensing information. The Con- - -
trol Channel will be globally unique and will be known by all N T~
SUs. This channel can be in an unlicensed frequency, in order ‘ =
to avoid interfere with the primary users. The traffic that will a\
be transfered through this channel will not be heavy, but the
significance of the control channel is great since it will provide
the bootstrap for a new secondary user to connect to the net-
work. Through this channel, the secondary users can exchange -8
contr_ol |r_1format|c_>n (i.e. which frequency to phoqse, etc)_ aqgg 2 PUSs Traffic Pattern
sensing information. The exchange of sensing information is
very helpful in order to avoidHidden Terminal Effectand to
improve higher levels of detection of the primary users [5].
Sensing Propertiesin our model we adopt an assumption
made in [6], where PUs can tolerate interference no more than
time At, time units. We should note that this time is depen-
dent on the primary system and may be different for different
PU, but in order to simplify our model we will consider that all
PUs have the same value Af . After this time, the SUs that
interfere with the PU should cease transmission in the current
channel and switch to another available channel. This means
that all SUs should sense continually the spectrum for the pres-
ence of primary users or at least evely,. This dictates a .
T . . . ; mediately.
slotted timing in our model with slot time equalg ., in which i , .
at the beginning of each slot every SU will know if the channel Traffic Pattern; The traffic pgttern of th‘? PL?S will follow
that is currently using is available for the next slot and whici tWo state Markovian Model. As illustrated in Figure 2, 0 rep-

are the alternative channels, in case the secondary user négﬁfnts the ldle stgte, n Whlc.h the .PU has nothing to transmit
to switch. We should point out that the slotted model does consequently its channel is available to be used by the SUs,

need any central coordination (only pairs of SUs need to be s nile state 1 represents the occupancy of the channel by the

chronized and can be done through the control channel), neitt éf’ In tg'sb,(l:f?_se’ the channsl canréott be used. ;I'(;]?f statfkt_ragsr
require the transmissions of the PUs to start in the beginning {i}h probabil ies{a, 7}, can be used to represent different kin

a slot. The transmission of the PUs can start at any point of tﬂfePU S _behawors. In ot_her word, h!gh probablluf})_/and low
slot, since they can tolerate interference for time equalstto probability o represents intense traffic pattern, while the oppo-

For our slotted model we use an very interesting formuléjte case corresponds to sparse traffic pattern. Although in our

tion made in [7], where each slot contains a frame as shoﬂ‘i’tted model the transmissions of the PUs are not required to
in Figure 1. Each frame is divided into two phases, the Lirgart in the beginning of each slot as we mentioned above, we

Maintenance and the Data Transmission phase. In the LinJI make this assumption in order to simplify our analysis.
Maintenance phase the SUs scan the spectrum and try to fin

9n the other hand the SUs will follow a different traffic pat-
an available channel to operate for the current slot, while fRm. They will always have data to send to all their neighbors.

the Data Transmission phase the actual data transmission te{Q [Q'S way we can explore the behavior of our proposed algo-

place in the channel which was selected. In detail, the Liﬁﬂﬁm in the most extreme network conditions, since the SUs

Maintenance consists of three parts will have to utilize the channel allocation in order to achieve

1) Sense The whole spectrum is scanned, in order to deterélfgh netw_orlf efﬂuenc_y a_nd connectivity. _
Routing: The objective of the secondary users is to con-

any PU.act|V|ty. L . : . struct a connected multi-hop network, in which all users will
2) Control: The sensing information that is acquired ha; . .
o e able to communicate with everybody else. In order these

to be exchanged between the communicating nodes, In o . . ]
communications to be feasible, a routing algorithm must be de-

order to acquire a consistent view of the channel tha o .
can be used for future communication. This informatior. oyed. In the bibliography there are many distributed rout-
' ihg algorithms, that can be deployed [8] [9] [10]. The routing

along with some information about the neighborhood of . . ;
o . ; sclheme is not the main focus of our intended work. Therefore,
the communicating nodes, is exchanged using the contro

channel. The information about the neighborhood of the
communication nodes is similarly very helpful, because
it can provide to the SUs an insight of the SU network
and can result in a more efficient channel allocation.

3) Acquire: In this part, the channel that is going to be used
for the data transmission is acquired and the communicat-
ing SUs initialize their communication.We have to note
that this part is executed only when the SUs have changed
the channel that are communicating since the previous
slot. In different case, the data transmission can start im-



we will consider that a simple routing scheme is deployed andgorithm 1 : History Evaluation
every user knows where the destination user is.

Input : A Set of FrequencieS
History Modules of Secondary Usess B
Percentage P

In this section we will present Historian. Historian is a dis- Output: Set of Communicating Frequenci§§ between
tributed algorithm that is responsible for the assignment of chan- A, B

nels to pairs of communicating Secondary Users. These deci- .
sions are based on criteria that are derived from observatii)rpeg.'fn S — (SAASafen B.S th
of the spectral environment. First, we will introduce the His? ifSy = ( Safe Safe) # o then

o . : turn Pg, rand(S1)
tory module, which is the heart our algorithm and then we wift re 51 )
present the Historian Algorithm. 4 elseifSy = (50 A.Safen B.Risky) # @ then

History Module: Every node will be responsible for ob-° retum Ps, MaxzRank(B.52)
serving the usage of the spectrum and keeping statistics. Thése elseifS; = (SN A.Risky N B.Safe) # @ then
statistics will be stored in the History module. This module will return Ps, Maz Rank(A.S3)

V. HISTORIAN ALGORITHM

classify all available frequencies, that an SU can operate in, ifto ~ €/S€
two categories, th8afeand theRisky. The Safe category will ° return Pg '
contain all the frequencies that in the past have never been used endmaX(Ma‘TRa"k(A'S)’ MazRank(B.S))

by any PU, while the Risky category contains all the frequetf-
cies that have been used by a PU at least once in the past. Thend
intuitively means that the probability of a PU to operate in the
future in a frequency contained in the Risky Category is higher,
since the PUs are rightful owners of certain channels and they History Evaluation:In algorithm 1, we present the selec-
don't switch randomly among available channels. In that wdign process of a set of channels, based on the statistics provided
the History module is trained and can identify all the channdy the History module, given a set of the common available
that belong to PUs and can potentially operate in its vicinitghannels S of SUs A, B. Percentage P corresponds to the num-
Thus an SU can consult its History module, when it needs l@r of channels that this selection process will return, given a
choose a channel to operate in and will try to use first all tis€t of channels of size. Our algorithm selects among a set of
channels that are in the Safe category since the probabilitydl@annels S, the best channels for SUs A and B to operate in.
interfere with a PU is smaller. From algorithm 1, we can clearly see that gives always higher

The History module is a learning entity within each SU. lpriority to the frequencies that are least used by PUs. E.g. in
the initialization of the user, the History module will have all itd-ine 5, the selection process will return the percentage P of
frequencies classified as Safe, since it doesn't have any statigannels from ses, that have the highest rank in SU B and
tics concerning the usage of the spectrum in its vicinity. l@onsequently have less probability to interfere with a PU.
every round the SUs sense all the channels and if a PU appears Historian Algorithm: In Algorithm 2, we present the con-
using a frequency that is currently in the Safe category, then thigution of this work, theHistorian Algorithm. Historian Al-
frequency is moved from the Safe to the Risky category. If tHgorithm is executed by every pair of nodes (A, B) in the net-
frequency that the PU occupies is already in the Risky categof@rk, in order to select, based on the current spectrum condi-
then we have for each frequency an associated weight that iig@@s and past observations, the best frequency to operate in.
call risk factor and we increase it in each round, that this fréEvery SU will maintain three list:
guency is used by the PU. The Risk factor is calculated by thes Theused list Contains the frequencies used by the SU'’s
equation 1: neighbors

L. L « Theavailable list Contains all the frequencies that the SU

7 * Risk(i)n1 + 0 % Risk(i)n (1) can use in the current slot and don’t belong to the used list
v+ « Theforbidden list Contains the frequencies that the SU
From Equation 1, we can clearly see that the Risk Factor is the cannot use, because they are used by their primary owners
weighted average of the past and present observations. Weighnitially our algorithm finds the common set of frequencies
o0 represents the robustness of the Risk factor to new obsertlaat the pair of users (A, B) can use, in order to initiate a trans-
tions. Small value ob corresponds to less sensitivity of Riskmission. Afterwards, based on the History Evaluation (Algo-
factor to new observations, while large values result the Riskhm 1) of this set it selects the most suitable frequency for this
factor to take new observations more into consideration. Likeemmunication. The selected frequency is the first frequency
wise, weighty represents how fast past observations attenuaite the returned set of frequencies from the History Evaluation
In that way we can rank the frequencies inside the Risky calgorithm, which corresponds to the frequency, which has the
egory according to their usage frequency. The highest rankathimum probability to interfere with a PU. From Algorithm 2,
frequency corresponds to the frequency with the smallest valwe can clearly see, that our algorithm gives always higher pri-
of Risk factor and consequently to the least used frequenoyity to the frequencies contained in the available list, compared
Thus, from this ranking we can derive a rough estimation &b the frequencies in the used list. In this way we prefer to use
the traffic patterns of the PUs and consequently we can prefierquencies that are not used by any interfering SU and thus we
frequencies that belong to PUs with less intensive traffic. ~ can achieve higher efficiency, since interfering SUs don'’t share

RZSk(Z)n+1 =



Algorithm 2: Historian Algorithm SU Operation < Start j
Input : Secondary Userd, B Flow Diagram

Output: Set of Communicating Frequencifg between

A, B 4
Historian
begin Algorithm
if 51 = (A.available N B.available) # @ then neigr?t;ci?nc:su

1

2

3 return HistoryEvaluation(St) |
4 elseifSy = (A.available N B.used) # @ then

5 return HistoryFEvaluation(Ss)

6 else ifS3 = (A.used N B.available) # @ then
7 return HistoryEvaluation(Ss)

8 else ifSy = (A.used N B.used) # @ then

9 return HistoryEvaluation(Sy)

10 else

11 return Control Frequency

12 end Keep the
same

13 end channel

YES

the capacity of their links. Moreover, in the selection process,
if a pair of SUs cannot find a common set of frequencies to Channel
communicate, then they are forced to operate in the control fre- Estimator
guency, which as we stated in IV is an unlicensed frequency and
is not used by any PU. In the Control Frequency SUs don't ey, 3. SU Operation Flow Diagram

change traffic, but only control information. Therefore, in order

to exchange traffic they have to wait until there is an available

frequency to operate in. We should point out that the forbidden VI. SIMULATION RESULTS
list doesn't appear in the selection process, because the Se

ondary Users are restricted from using these frequencies. own simulator and we explore the capabilities of our algorithm

SU Operation:In Figure 3, we depict the flow diagram Offor different network conditions. Our network consists of 50

the operation of a Secon_da_lry User. The.h|ghest pnonty of s and 30 PUs randomly placed in3@0x300 area, while
Secondary user is to avoid interference with a PU. Thus in the L
e communication range of each useb(sn. Thus, two SUs

flow diagram, the first condition check guarantees the opera- - mmunicate and an SU can interfere with a PU, if their

: . . . . o
tion o_f_the Ilcense_zd usersinan nor_1-|nterfer|ng way. _The seco ?stance is less thasOm. Every PU in the beginning of the
condition check is responsible to increase the efficiency of the

SU network. If the current assignment doesn't interfere wit Imulation chooses its rightful channels randomly, over a set of

: . Lo channels. The total time of our simulation is 100 slots, while
any neighboring SUs it will be kept for the current slot, eISﬁ1e capacity of each link is 11Mbps
the Channel Estimation process will be responsible to assign In order to evaluate the effectivenéss of Historian we will use

a different channel only if this will improve the throughput Ofas a metric the average total capacity in the network and the un-

the communicating pairs. dictability of the PUs, which is the number of times that an

o . r
In the Channel Estimation process, we record in each rou@gﬁ o .
the observed throughput for the current channel. In this way we pair failed to predict the occupancy of the channel and thus

build a capacity estimator for the channels that an SU has Opvggs forced to change their communication channel due to PU

. L : resence. The first metric will reveal how effective Historian
ated in. The Channel Estimation process, will select among I%e

channels, which are returned by the Historian Algorithm, thlag Ig tﬁ?éft;]ngu:%fctﬁgirgt\fvzl:s It\;\(,)y?ifeatlrr:g giémlzr:]r]e%ritgt\?vi?lvee;
channel that is observed to have the highest achievable through- gnp '

put. Thus, we try to maximize the performance of the SU n 'Zriggﬁlsﬁlzﬁchu?ft;g? Lﬁzr?(;n%lgapaﬁggy ?;gtu;f?le%?rgzr?ﬁe
work. We should point out that in the initialization of the es- P pology g

timator all the channels will have as estimated throughput tﬁle_':served total average throughput, due to the random position-

maximum theoretical achievable throughput. In this way a"l1g of the USErs. However, the mtelhgence e.lr.]d the adaptability
of our algorithm due to the dynamic conditions can be seen

channel have equal probability to be selected. The estimator n .
. . . clearly. Moreover, we compare our approach with the random
case of ties will select randomly a channel. The flow diagram

of the operation of the Channel Estimator is depicted in Figu"rj1 proach, in which an SU chooses a channel randqmly from_the
4 C annels_that are currently_not used by any PU, without taking
into consideration any previous knowledge.
For all our experiments we will use the same random topol-
ogy, in order to see clearly how Historian adapts to the dynam-

T this section we evaluate our algorithm. We have built our
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from Swith the B. High PU presence
maximum YES .
Estimated In Figure 7, 8, 9 we present the average total throughput per
[l slot, in an environment where the PUs have very high traffic

with («, 5) = (0, 1), for different number of available channels.

In this scenario all the PUs access continuously their channel
and thus they cannot be used by any SU. In this extreme envi-
ronment the SU network can use only the remaining available
channels. In the scenario presented in Figure 7, the SU network
can use only 5 channels out of which some of them are taken

300 (@) > ) ; )
00 xO of > 5 by their rightful owners. Therefore since PUs continuously use
2501 © their channel, SUs are forced to share a very small number of
. © frequencies and consequently the average total throughput is
200( % X @] . . . .
x o the minimum possible. However, in Figure 8, 9 we can see
X . .
ml S xx O © 9 that the average total throughput increases with the use of more
X o channels, due to the existence of more channels that can be used
100+ ®X o © ® by an SU.
o 5 < 0 Moreover, in these Figures we can see that Historian algo-
*l5© 5 * %0 rithm compared with the random approach can achieve better
o © © “ 8 o 9 average total throughput. The advantage of our algorithm lies in
(o’ 50 100 200 250 300

Fig. 5. Network Topology

the intelligence, which tries to maximize the observed through-
put in the SU network. The difference in performance between
these two algorithm is observable, but not dramatic. The reason
is that in both algorithms the SU chooses a channel to operate
in, from a set of channels that currently are not used by any PU.

ics of the network. The topology is depicted in Figure 5. Th8ince PUs continuously access their channel, the set of channels
circles represent the SU network, while the PUs are represerieat a SU can choose from is constant and thus both approaches

by a cross.

A. No PU presence

achieve similar results. However, the increased performance of
the Historian algorithm shows the adaptability of the algorithm,
which tries to re-assign channels in order to maximise the ob-
served throughput of the SU network.

Initially we try to find what is maximum achievable capacity

for the SU network for this topology. The maximum capacit .

can be attained in the absence of any PU activity. Thus, in the Medium PU presence

first scenario we consider that all PUs have 5) = (1,0),  In this scenario, the PUs have medium traffic with 3) =

which corresponds to the continuously idle state. The averadeb, 0.5), which corresponds t80% probability to transmit or

total throughput versus the number of channels that can be ugé#ain idle. In this dynamic scenario, our algorithm compared

is depicted in Figure 6. From the figure we can clearly see, thaith the random algorithm has greater performance, as we can

with small number of channels many SUs pairs share the saf& in Figure 10. The constrained number of chanriglar(d

channel and consequently the average observed throughpub@ dynamicism of the PUs, can be used more efficiently by

low. However, as the number of channels increases the averkiggforian and thus has better performance than the random al-

total throughput converges to a maximum value, which corrgorithm. However, as the number of channels increases the dif-

sponds to the network maximum throughput. ference in performace between the two algorithms is reduced,
since the increased number of channel results in the existence
of more channels that are available and won’t be used by any
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PU. Thus, the random algorithm chooses a channel that woment is strengthen by the creation of tfi#EE Symposium on
be used by a PU with higher probability. This behavior is iINew Frontiers in Dynamic Spectrum Access NetworkByS-
lustrated in Figure 11. Similar results are observed for largBAN for briefness, which was held in Baltimore, Maryland on
number of channels. 8 - 11November, 2005.

Apart from the maximization of the average total throughput Dynamic Spectrum Access is a new research field and hasn't
of the SU network, Historian algorithm tries to capture the trugeen thoroughly explored. Thus researchers try to approach the
characteristics of the Primary Users. In detail, Historian triggoblem from different perspectives. In [11] [12] the authors
to learn the use of each channel by its owner. This informatiase a MAC based approach, in order to guarantee that the right-
helps Historian, to make more intelligent decisions. In Figurfal owner of the channel will have strict access over it. In the
12 we present the Unpredictability metric of the two algorithméirst paper the author reviews different spectrum management
In Figure 12 we can see that Historian uses effectively all teodels and proposes several approaches for spectrum manage-
information that has acquired and thus makes more efficient aeent. However, algorithms that will provide these functionali-
cisions in contrast with the Random algorithm. The spike in thi&s as well as simulations, which prove their effectiveness, are
Unpredictability, during the first slot of the simulation is causedot provided. In the latter paper the authors consider a slotted
by the lack of previous knowledge of the spectrum usage. Hotiming similar with our model, but with the difference that their
ever, after it acquires some statistics it behaves more efficiesibtted timing is fixed, synchronised and broadcasted by the pri-
We should point out that some spikes of the Unpredictability efiary users. An unrealistic assumption, since the primary users
the Historian algorithm are due to the small number of chaden't care about the SUs.
nels, which forces our algorithm to use a frequency which hasin [13] the pairs of users can select one channel from a set
high probability to be used. However, as we can see in Figus€available channels along with the transmission power. Then
13, as the number of available channels increases our algorittiiey exchange interference information with each other in or-
outperforms the Random Algorithm. The learning ability ofler to adjust transmission power. In [14] they propose a game
Historian is very important since it tries to minimize the probtheoretic framework, in order to analyse the behavior of cogni-
ability that a communication between a SU pair will be intettive radios for distributed adaptive channel allocation. In their
rupted by the appearance of a PU. Thus contributes in makimgdel they consider only pairs of nodes, which are uniformly

the SU network more resilient and stable. distributed in space. An additional aspect of the channel alloca-
tion problem is introduced in [15], where they consider the pres-
VIl. Related Work ence of white space not only varying frequency and time, but

Research community has showed an intensive interest in

field of Dynamic Spectrum Access in the last years. This sta

S0 varying the geographic location. The authors contribute to
Ejeetter understanding the properties of spectrum agility. In [6],
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[71
the authors exploit the Spectrum Pooling resource sharing strat-
egy, by dividing the available spectrum into N Sub-channelgg)
Each time a pair of SUs wants to communicate, uses a pattern
of sub-channels. In that way the communication is more rﬁg]
silient to the presence of PUs, since the appearance of a PU
would affect only few sub-channels.

In contrast with the decentralized approaches, in [16] is prB-O]
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VIII.

In our work we presented Historian. Historian is a learninig4]
based distributed algorithm in assigning dynamically spectrum.
We have shown by simulations that our algorithm is robust an]
based on observation of the spectrum usage can extract infor-
mation about the presence of PUs in its vicinity, as well as theig,
traffic pattern. This acquired information is used by Historian
in order to intelligently assign a channel between a communi-
cating pair of SUs, in such a way that minimizes the probability
of this channel to be used by its rightful owner.

As a future work, we intend to explore other approaches in
categorizing channels, as well as study the effect of different
formulas that rank the channels within the Risky category of
the History Module. Moreover, we plan to add mobility on the
network and study the performance of our algorithm, as well as
what changes should be considered to the algorithm in order to
capture the characteristics of the user’s mobility.
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