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Abstract— With the advent of cognitive radio technology, as generalised Graph Colouring (GC). The constraints used i
new paradigms for spectrum access can achieve near-optimal FAP studies were largelyinary (restricting the assignments of
spectrum utilisation by letting each user sense and utilisavail- frequency on pairs of transmitters), and were usually eeriv
able spectrum opportunistically while regulating the interference . . " .
it imposes on other users through interference constraintsHow- from are-use distanceor gn estimation of the effec_t of inter-
ever, the Simp|est and most common forms of such constraints ference on the cell’'s receivers from another pOtentIafther
are binary and transmitter-centric, which are often inefficient [6]. In [7], non-binary constraints were constructed which
since they only consider pair-wise sets of transmitters. considered the effects of multiple sources of interfereinoe

Hence, we propose a non-binary receiver-centric constrain 51455 the network; these constraints placed restrictioribe
model for spectrum access in cognitive radio networks. Such _. . .

a model is in line with the recently proposed interference S|multanequs spectrum assignment for _an ar_bnrary number
temperature metric that constraints whole subsets of tranmit-  Of transmitters to ensure that the receivers in the cell all
ters, thereby permitting interfering signals to be introduced maintained communications of adequate quality.

and enabling additional communication, leading to improve In this paper, we refine these constraints and deve|0p a
spectrum utilisation. These constraints are easy to geneta and framework for constraint-based approaches to spectruesacc

check, and are currently being used to devise a co-operative . CR tworks. | ticul bi
negotiated etiquette for cognitive radios offering hetergeneous In networks. In particular, we propose a non-binary

services in a wireless office networking scenario. receiver-centric constraint model in line with the re@ntl
proposed interference temperature metric. We demonstrate
. INTRODUCTION that our proposed approach may improve spectrum utilisatio

In today's wireless networks, @ommand and control compared to traditional transmitter-centric approachesi
approach to spectrum management is deployed, where fixesh-licensed spectrum regime.
spectrum slices are licensed to each wireless service # tech
nology. However, recent studies [1] have shown that spectru Il. A FRAMEWORK FOR CONSTRAINT-BASED
utilisation is 6.%% (0.8%) and 78% (97%) of spectrum is APPROACHES TCSPECTRUMACCESS
unutilized in urban (rural) areas. This inefficient use ddrse We consider a distributed deployment of CR-enabled sec-
wireless radio spectrum, along with a dramatic increase émdary users over a geographical region, self-configured to
spectrum access for mobile services, have been the driviogm an ad-hoc network and access (or share) spectrum in
forces towards new spectrum management paradigms [2]. a co-operativemanner. Without loss of generality, we assume
In the licensedmodel, an exclusive-use license is assigndtiat the spectrum band is divided into discrete non-oveitap
which may be traded in secondary markets. The licensard non-interfering channels in the frequency domain.
is responsible for making all substantive choices as to howEach user has the ability to sense the radio environment
the spectrum is used. In contrastpan-licensedmodel that and determine the available spectrum. As with most proposed
supports thecoexistenceof primary and secondaryusers is spectrum access schemes, we assume that each user has access
enabled by the advent of cognitive radios (CR) [3], [4]. Whilto a perfectly synchronized and dedicated (interferemee}f
primary users have priority in spectrum access, second@ygmmon Signalling Control Channel (CSCC) from which
users can use available spectrum without interfering wiffarameters required for spectrum access can be computed
primary users through opportunistic access (overlay) ar Iahrough exchange of signalling messages. Although this is a
power spread-spectrum techniques (underlay). This segult restrictive assumption, it is commonly adopted in the ditare
efficient spectrum usage and simplifies deployment of newf dynamic spectrum access.
applications. Each user themeconfiguresitself, e.g., in terms of trans-
However, the requirement for spectrum efficiency certainipission power [8], channel [9] or a combination of both
predates the advent of CR, e.g. [5]. There is a wealth 0] to maximize the spectrum utilisation while regulating
literature on solving the Frequency Assignment ProblenRFAthe interference it imposes on other users. We consider-a
in cellular networks, key to which is in modelling this prebi  channelinterference model, where adjacent channel signals



are entirely rejected at each receiver. The above constraint eliminates the possibility of potnti
Interference is typically and traditionally regulated in anterference to receiver; (r;) from ¢; (¢;), wherer;(r;) is
transmitter-centricway, which means interference can bé¢he intended receiver and within the detection rangg ¢f;).
controlled at the transmitter through the transmitted pothe To illustrate, let us consider a network with 3 transmitting
out-of-band emissions and location of individual transeng. users (nodes){t;, t2, t3} sharing 3 channels{A4, B, C}
Based on each user’s transmission power as well as the togs-shown in Fig. 1(a), where the detection range of each
ogy of the network,interference constraintare constructed transmitter is given by the radius of the dotted circle abitn
and used to determine the spectrassignmento each user According to Eq. (1), transmittets andt; cannot use channel
such that interference remains within acceptable levelthis C simultaneously whilg; andts can.
section, we formalise the framework for spectrum accesgusi By mapping each channel into a colour, binary transmitter-

constraint-based models. centric constraints such as Eq. (1) can be abstracted into a
graph colouring (GC) model [9], based on which channels
A. Terminology (colours) can be assigned to transmitters in a CR network.

A constraintconsists of ascope S, which is a subset of The co_rres_ponding GC model for the §ce_nario in Fig. 1(a) is
the variables in a problem; and rlation, R, which is a ShowninFig. 1(b). Alabel on edge—; indicates channel(s)
function or expression describing the simultaneouslyvedi unusable simultaneously by transmitter&ndt; according to

(or disallowed) assignments of values to variables in toper E9- (1). Accordingly, a feasible assignment is given {i,
A), (t2, B), (t3, C)}, where (;, J) indicates that node; is

C = (S,R). assigned channél

The relation can be expressed extensionally (i.e. as setsCofReceiver-centric Constraints
values), or intensionally (i.e. a formulaic expressiom).the  Although interference constraints for spectrum assigrimen
context of spectrum access, the scope for a user is the sehf typically constructed in a transmitter-centric way fteva
transmitting users in its vicinity that may potentiallyentere  ateco-channelinterference, interferenatuallytakes place at
with its ongoing communication with another user; and th@e receivers Therefore, recently, a new metric for measuring
relation may specify, say, the channel separations redjuiigiterference at the receiver, knowniagerference temperature
between the user and its interferers to maintain intertererhas been suggested by the FCC [15]. While there is still
to within acceptable levels. controversy over its feasibility and usefulness, we attetap
Constraints are generally described in terms of theity, demonstrate its merits towards a constraint-based appfoac
the number of variables in their scopBinary constraints dynamic spectrum access.
place restrictions on the simultaneously assign-ableegalu To illustrate the interference temperature metric, we con-
to particularpairs of variables. A binary constraint problemsider the scenario in Fig. 1(a) and assume that tisét) is
is modelled usingonly binary constraints. Binary constrainttransmitting in channeh (B) to r; (r2) with received power
models are most common in the literature ([11] and [12] a®, (P,) dB over a noisy floorNF4 (N Fg). The quality of
good starting treatises on the subject), but there is isafga the transmission is usually quantified in terms of the carrie
interest innon-binaryconstraints which tackle larger subsetso-interference ¢-1; .) ratio, which measures the ratio of the

of variables in a particular problem than just two [13]. desiredreceived powerP; from transmittert; atr; in channel
_ _ _ c to the sum ofunwanted(or interfering) co-channel received
B. Transmitter-centric Constraints signal power,I., and the noise floorNF.. We define the

The simplest and most common form of interference cogommunication betweefy andr; in channek to be admissible
straints are binary and transmitter-centric, and they aelu if C-I;c > C-Iip ;. (termed C-lthreshold, or equivalently,
widely in the literature on spectrum access in CR networls < P - C-Iini.c - NF¢, i.e., the allowable interference in
[14], [9]. In essence, these constraints defime-ase distance channelc is given byP; - C-Iyy, ;. - NF¢. This is illustrated
between anyair of transmitters; within this distance, the rein Fig. 2 for the scenario in Fig. 1(a).
use of a channel, or set of channels is not permitted. By allowing additional interference at each receiver, addi

Using the notations in [9], we defing (¢;,c) as thedetection tional communication links can be supported in its vicinity
range (for a receiver) of transmittet; in channelc, where for a given spectrum availability, giving rise to improved
d,(t;,c) increases with the transmission power of usand is  SPectrum utilisation. For example, let's assume that usés
user- and channel-dependent in general since it is consttaitransmitting tor; in channelA according to the scenario in Fig.
by the activity of primary users. 1(a). Using binary transmitter-centric constraints, adow to

For any transmitter pairt{, ¢;), the re-use distance for Fig. 1(b), userts will be prohibited from transmitting to-s
channelc is then given byd,(t;,c) + ds(t;,c). Accordingly, N channelA. However, with the receiver-centric interference
if Dist(t;, ¢;) is the distance between andt;, they can share {€mperature constraint, as long as the co-channel interder

(or re-use) channel only if the following condition holds: ~ @ssociated with usets’s transmission is less thaf - C-
Iin.1,4 - NF4, userts will be able to transmit te's in channel

Dist(t;, t;) > ds(t;, ¢) + ds(t5, ¢). (1) Aas well
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(b) Colour-sensitive Graph Coloring Model

(a) An illustration of binary and transmitter-centric interference constraints and (b) the corresponding colour-sensitive graph colouring

model for allocating 3 channels, {A, B, C'} amongst 3 transmitting users, {t1, t2, t3} (represented by vertices). Each dotted circle represents the
interference range of a node and the label on edge i —j indicates spectrum unusable by nodes i and j simultaneously.
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Fig. 2. An interference temperature model to determine the additional
allowable co-channel interference to enable additional communication
without degrading ongoing communication. This is given by P; - C-
Ity i,c - NF;, where P; is the received power of the ongoing transmis-
sion from user i in channel ¢, N F. is the noise floor and C-I;, ; . is the
carrier-to-interference ratio threshold for admissible call quality.

1) Binary Receiver-centric Constraintdidaving illustrated

the interference temperature metric, we now have a number
of options as to exactly how to map this into receiver-centri

interference constraints. Foy transmitting in channet with

received powerP; at receiverr;, the maximum tolerable

amount of co-channel interference atis P; - C-Lip ¢ -

NF,. Accordingly, we can generate a binary constraint (still

akin to GC models) such that no transmittersubjectsr; to
interference beyon®; - C-Iy, ;. - NF.. In other words;
can share channel with ¢; only if the following condition
holds:

P <P —C-Lip;.— NF,, (2)

where P; ; is the received interference power gt from ¢;.
This constraint can be re-written in terms of arclusion

distance (similar to thee-usedistance for binary transmitter-
centric constraints) as follows:

Dist(tlj, ’f‘i) > f(H - C- Ith,i,c — NFC),

wheref() is a decreasingfunction. In contrast to the re-use
distance, the exclusion distance is based on a more realisti
relationship of the strength of the wanted signal, the C-I
threshold (giving us the tolerable interference), and Wwaet
a potential interferer would provide too much interference
Consider a multiple-interferer scenario depicted in Fig. 3
wherer; is receiving a signal fromy while being (co-channel)
interfered by three other transmitterts, t3 and t4. Using
Eq. 1, the scope of each binary transmitter-centric coimstra
is depicted by the respective dotted circle in Fig. 3(a). The
corresponding scope of each binary receiver-centric cainst
according to Eq. 2, is shown in Fig. 3(b). Assuming symmetric
transmissions from the interferers and Eq. 2 is satisfied, we
have the following situations:

1) If each interferer contributes up to one third of the total
tolerable interference a, the communication between
t; andry will remain in good quality;

2) If each interferer contributes up to half of the total

tolerable interference at;, then onlytwo of the in-

terferers may continue to interfere for good quality
communication betweety andr; to endure;

3) If each interferer contributes more than half of the
total tolerable interference af, then onlyone of the
interferers may continue to interfere for good quality
communication betweety andr; to endure.

Hence, we observe that binary receiver-centric consgaint
may permit channel assignments that result in inadequate C-
| for communication. However, we might still place binary
constraints that guarantee the total received interferémbe
below the interference temperature limit, provided we know
in advance which pair(s) to restrict. But, in doing so, we may
possibly discard solutions to the local problem which may in
fact be desirable.
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Fig. 3. Comparison of interference constraints for a multiple-interferer scenario: (a) Scope of binary transmitter-centric constraints (b) Scope of
binary receiver-centric constraints and (c) Scope of non-binary receiver-centric constraints and an example of a relation comprising three tuples

(right).

2) Non-binary Receiver-centric Constraint§o overcome I1l. COMPARISON OFMODELS

the shortcomings of binary constraints, we can instead surq, this section. we demonstrate the merits non-binary
round several transmitters withtg/peredgeand form a non- recejver-centric constraint models for spectrum accesd, a
binary receiver-centric constraint as shown in Fig. 3(chi®/ se this to further justify our position. We will ignore the
such constraints have been considered previously forlaellusimme binary receiver-centric constraints of SectiorClL.

network problems [7], we refine them here for use in CRpough they may work in practice if there is a further
networks. requirement that channel use is well spread out throughout

Let us assume that each interferer provides slightly over OWe available _spect_rum band_, solutlons_ to these consiranat
third of the receiver’s tolerable interference (which impIiesnOt necessarily s_mtable a55|gnments n-a netwo_rk.
that binary constraints will lead to excessive interfegeat _We”term the bl_nary transmitter-centric cops_t_ralntéféau-
r1 according to Section 1I-C.1). Here the potential interfsreT'ous (or CT), since |t_eI|m|nates the p055|b|I|ty of mterfe_r-
ta, t; andt, are permitted to be co-channel (have a chann@/'°€ from other transmitters. We term the non-binary receiv

separation of O channels), or non-interfering (have a chlanffENtric constraints asinterference Temperature”(or IT),
separation of at least 1 channel) with since it accurately maps the possible interference cartioibs

at a link level to ensure that the interference temperatore f
We can now generate a constraint consisting of a set thft link is not met or exceeded.

tuples each specifying an interference relation on the esscop For a given CR network that comprises homogeneous

of our constraint (here,, t; andt,). Each tuple expressestransmitters and receivers denoted By= {t1, t2, ---, tn}

the minimum separation between channel sets of the wang&tl R = {r1, ro, ---, 7}, let Ac = {a1, a2, ---, a,} be

signal, and that of the unwanted signal from each interferéiie set of spectrum assignments that satisfy the interferen

necessary to maintain required C-1. (The interference budgonstraintsC. We consider the following questions:

can potentially be “filled” in a number of ways - actually it 1) Does any spectrum assignmenir € Acr = acr

doesn’t even need to be filled). An example constraint with a e A;?

relation that comprises three tuples is shown in Fig. 3(c). The answer is clearly yes. CT does not permit inter-

ference from any other user at all, whereas IT does,

provided the total interference is below that tolerable by

the receiver (for a given signal level and C-I threshold).

In the worst case when IT is as restrictive as C, the

set of potential interferers £ }. Therefore, in the C-I

equation, the interference term is zero, hence Cdis

which is greater than any likely C-I threshold.

Does any spectrum assignmenty € Ajr exist such

that arr ¢ Acr?

Again the answer is clearly yes. Suppose we have a

receiverr; whose received wanted signal powerRs.

Due to space constraints, the method for generating con- For a particular desired C-I threshold&, we have a
straints will not be described in detail here; however, it spectrum assignmentr ¢ Acr as long as the sum of
be noted that a search similar to Depth-first search with ~Unwanted interference powers;, is such that 0< /; <
an enhanced backtracking step designed to explicitly avoid & -
searching redundant areas of the search tree is used. We can infer from the above discussion that spectrum

Let us consider the first tuples(0, ¢3:0, t4:1). The min-
imum separation at, and t3 is > 0 (i.e. a co-channel
assignment is permitted somewhere on their chaniifets)d
only if t4 has a separation ¢f 1 (i.e. non-interfering) witht;.

This simple example is symmetrical and so two of the three
devices may interfer@rovidedthat the remaining one does
not. Should any of the transmitters have larger separation%
in channel space (especially those permitted to be co-efpnn
then they contribute less interference so the C-I of theivede
signal atr; increases.



access using IT constraints achiebester (or at worst, equal)
spectrum utilisation than (as) that using the CT constsaint
While the spectrum utilisation is expected to be similar in
a sparselypopulated network, an observable gain should be
achieved using IT constraints as the network density irsarea

However, since the receivers are involved in generating

receiver-centric constraints, we expect higher levels \aro
head with the IT approach due to exchange of signalling

messages over the CSCC. Numerical results for the perfor-
mance comparison of spectrum access schemes using binary

transmitter-centric constraints (e.g., in [9]) and nondoy
receiver-centric constraints in various network scersaas
well as a rigourous proof of the above will be provided in

the full version of the paper.

IV. CONCLUSIONS ANDFUTURE WORK
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Fig. 4. An example of a non-binary receiver-centric constranplementa-
tion.
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