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Abstract—Dynamic Spectrum Access (DSA) is regarded as a
promising solution for efficient spectrum management. Regula-
tors have also approved licence-exemption or general authori-
sation access (GAA) to further improve spectrum accessibility
for DSA systems in the Television (TV) and 3.5 GHz bands.
However, heterogeneous DSA radio standards have been devel-
oped and the gains in spectrum efficiency could be undermined
by coexistence challenges. Hence, the IEEE 802.19.1 standard
for wireless network coexistence methods was published, but it
leaves algorithmic implementation of the methods to the industry.
When the spectrum is not sufficient for exclusive channel allo-
cation, the standard includes a method for co-channel sharing
among coexistent neighbour networks. In previous work, channel
sharing was introduced on top of the exclusive channel allocation.
However, channel sharing options could be significantly limited
by the outcome of the exclusive channel allocation. Alternatively,
this paper proposes use of hypergraph theory to model the co-
sharing strategy for coexistence management of heterogeneous
radio systems. Results demonstrate that the hypergraph method
achieves higher average spectrum utilisation by up to 8% and
requires up to 5 fewer channels to achieve, on average, 100%
operational networks than the previous method.

I. INTRODUCTION

Accessibility of radio frequency (RF) spectrum is a critical
factor in the growth of wireless networks. Dynamic Spec-
trum Access (DSA) enables secondary users to access the
spectrum of licensed (primary) users on licence-exemption or
on temporary exclusive rights bases, when the spectrum is
not being used by the primary users. The US and the UK
have approved licence-exemption or GAA policy for DSA
systems in Television White Spaces (TVWS). The US has
also approved GAA as one of the access policies in the 3.5
GHz Citizen Broadband Radio Service (CBRS). The main
motivation for licence fee exemption is to stimulate innovation
and business start-ups.

GAA users are not guaranteed any interference protection.
Licence-exempt spectrum may be prone to overuse and can
potentially result in performance degradation as a result of
interference amongst secondary users. Cognitive radios which
have been developed for operation in DSA spectrum are
capable of spectrum mobility in response to the conditions
in the RF environment. However, in the presence of multiple
independent heterogeneous networks and without coordinated
spectrum allocation, there is a challenge related to switching
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between available channels to achieve coexistence and efficient
spectrum usage, when the amount of available spectrum is not
sufficient for each network to operate exclusively in a channel
[1], [2]. The gains in spectrum accessibility as a result of
licence-exemption policy can potentially be diminished by the
impact of interference.

Coexistence mechanisms for heterogeneous wireless pro-
tocols, targeted at the media access control/physical
(MAC/PHY) layers, have been proposed [3]. However, this
approach requires modifications to the radio protocols and
hardware and may not be sustainable as radio technology
standards evolve and as new standards are introduced. The
IEEE 802.19.1 standard therefore specifies high level, radio-
technology-independent, network-based coexistence methods
instead. However, actual implementation of the algorithms is
left to the industry.

This paper, while building on the methods proposed in the
IEEE 802.19.1 standard and on previous work, proposes use
of hypergraph theory to represent potential interference and
spectral coexistence relationships among independent hetero-
geneous networks in order to implement coordinated channel
allocation and coexistence management. The model can be
applied in IEEE 802.19.1-based centralised coexistence man-
agement systems. The performance of the proposed solution
is compared with previous work in [4].

The paper is organised as follows. Literature is analysed
in Section II. The system design is described in Section III.
The graph-based method from previous work is reproduced
in Section IV. The proposed hypergraph-based method is
described in Section V. Simulation results are discussed in
Section VI. Finally, conclusions are drawn in Section VIIL.

II. ANALYSIS OF PREVIOUS WORK

Graph colouring is conventionally used to model channel
assignment in space and frequency domain [2], [4], [S]. Spatial
re-usability of the available spectrum could be improved
through transmission power control. Spectral efficiency could
also be improved through co-sharing in the time-domain
between networks that can coexist in the same spectrum using
compatible media access control mechanisms [2].

In [6], spectral coexistence relationships between a pair of
networks was represented by a super nodes in a coexistence-
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aware conflict subgraph. When a super node is added to a
conflict graph, it inherits conflict relations of its children nodes
and the edge between its children pairs is removed. Thus,
super nodes have a high number of incident edges, giving
the channel assignment algorithm too many paths to consider.

A coexistence decision algorithm for spectrum sharing is
proposed in [4] for use in IEEE 802.19.1 systems. The
algorithm introduces shared spectrum allocation on top of
exclusive channel allocation. The algorithm selects a net-
work at each step and assigns spectrum to the network. If
no unoccupied channel is available, the algorithm searches
for a channel occupied by neighbour networks of the same
MAC/PHY type, subject to channel load constraints. While
this approach ensures spectrum allocation stability in that
previous allocations are not rearranged to accommodate new
networks, channel sharing options are dependent on the pre-
vious exclusive channel allocations. A more efficient channel
allocation could be realised if the previous allocations could be
re-arranged. Algorithms that minimise the need and frequency
to change channel assignment can also be applied.

The RF environment could be organised into coexistent
groups so that channels are allocated to groups, instead of
individual networks. But, the concept of an edge in a tradi-
tional graph, which is a two-element subset, is not sufficient to
model subsets of potential co-sharing networks because such
subsets may have cardinality of greater than 2. This paper
proposes hypergraph theory as an alternative mathematical
tool for representing groups of coexistent networks so that
the channel allocation algorithm is able to assign channels to
groups of coexistent networks instead of individual networks.
A hypergraph is a generalization of an undirected graph
in which a hyperedge is a subset of vertices of arbitrary
cardinality rather than two-element subsets [7]. Hypergraphs
have found application in modelling of cumulative interference
[8] and network dependency [9]. To the best of our knowledge,
hyperedges have not been used before to model spectral co-
existence among multiple independent networks for spectrum
sharing.

III. SYSTEM DESIGN

The test scenario consists of IEEE 802.22 wireless regional
area networks (WRANs) and 802.11 television very high
throughput (TVHT) wireless local area networks (WLANS).
The base station (BS) and access point (AP) radios support a
set of slave devices in the form of customer premise equipment
(CPEs) and user devices (UEs), respectively. Each master
device and its slave devices communicate on the same channel
and the master device coordinates access to the channel among
its slave devices. Information about the geo-location, service
area, receiver sensitivity and RAT of each master device is
known. The service/coverage area of a network is specified by
its coverage radius with reference to the location of the master
device and its slave devices are located within the coverage
area.

A. Interference Analysis

Only co-channel interference among secondary user net-
works is considered. Primary users are protected by a Geo-
location Spectrum Database (GLDB). Adjacent Channel Leak-
age Ratio (ACLR) performance of TVWS radios is regulated
in order to prevent interference to licensed primary users. It
is assumed that all networks have overlap in their operating
frequency capabilities. Interference levels are calculated for the
worst case scenario when the master device is transmitting at
maximum power permissible by regulation or attainable by the
RAT standard, and at the lowest frequency where TVWS is
permitted in the TV band.

Only interference caused or received by the BS/AP radio is
considered for signal-to-interference-plus-noise-ratio (SINR)
constraint because it usually transmits at a higher power using
an omni-directional antenna and it is therefore more likely to
cause or receive interference than the CPE/UE radio. Even
though CPEs use directional antennas, CPEs that are within
the line of sight of more than one BS will suffer or cause
interference. It is assumed that this scenario will be avoided at
the time of CPE installation since the IEEE 802.22.2 Standard
for Installation and Deployment of IEEE 802.22 Systems
specifies that the CPE antenna should be oriented toward its
serving BS and should be further adjusted to minimise the
gain in the direction of an interfering BS while keeping the
gain toward its serving BS within 2 dB of its maximum.

Consider two cells, i and j, with master devices W; and
W;, and with coverage radii r; and ;. Let d;; be the physical
distance between the two master devices that is calculated
from their geo-locations using the Haversine formula. A pair
of networks are neighbours if their coverage areas overlap and
this is evaluated by eq. (1).

dij <r;+r; (1)

If the coverage areas of two networks do not overlap, as
illustrated in Fig. 1, these are neighbours if the SINR of cell-
edge users, which experience lowest SINR due to their distant
locations, is less than a set threshold, 4. This condition is
satisfied if eq. (2) and/or eq. (3) are/is true.

P,

Fz < 9; ; at the edge of network i 2)
J

P; .

P < §; ; at the edge of network j 3)

Interference information is represented by an undirected
graph G=(V,E) using adjacency lists. Construction of the
interference graph is described in Algorithm 1.

B. Spectral Coexistence Analysis

Multiple IEEE WRAN BSs use on-demand frame con-
tention to share a channel in the time domain. Time-
synchronisation can happen over wireless connection if the
network controllers are within each other’s communication
range. In WLANs, UEs use CSMA/CA with Request to
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Algorithm 1: Interference graph construction

Data: csv file of device parameters of master devices
Result: Adjacency lists of vertices
1 for each pair (i,7) of master devices do
2 Cells i and j form an edge if they satisfy eq. (1) or
eq. (2) or eq. (3) ;
3 end

Send/Clear To Send (RTS/CTS) to minimise collisions, as
specified in the IEEE 1900.7 standard for white space DSA
radio systems. While the IEEE 802.11 TVHT devices can
back-off when an IEEE 802.22 radio is transmitting, the IEEE
802.22 would not back off because it is an ‘impolite’ radio.
Thus, the two standards cannot effectively coexist in the same
channel.

The method for evaluation of coexistence is based on
the IEEE 802.19.1 mechanisms for “co-sharing via network
geometry classification”, and two classes in which synchroni-
sation happens over the wireless connection are considered.

a) The coverage area of a smaller network is completely
overlaid by that of a wider network (Class 4): In such cases,
the two networks can share a channel if they communicate
using compatible RATs and if the interference power from
the wider network to the smaller network is not harmful. BS
interference into neighbouring BSs can be prevented by avoid-
ing line of sight and/or maximising the separation distances
between BSs. It is assumed that line of sight would be avoided
at the time of installation. The absolute minimum separation
between antennas must be a horizontal distance of greater than
1/4 of its wavelength, but it should not be located at the exact
multiples of its wavelength. The longest wavelength in the
TV band is 0.63247m for the centre frequency of the lowest
channel, 474 MHz. In [10], a controlled study was conducted
to analyse performance and coexistence among IEEE 802.15.4,
802.11 and 802.22 radio systems. The study concluded that
generally, all of the systems would significantly deteriorate
if the interferer is located within 12m. Hence, a separation
distance of 15m is used in this model. Thus, networks i and j
are considered as coexisting networks if (4) is satisfied.

Network i Network j

Wanted
Signal P;

Interference
signal P;

Master devi;e Wi Master device W;
()

Slave device

Wanted N
Signal P; [IRN
Slave device

Interferencey
signal P;

Fig. 1: Interference analysis between a pair of networks with
non-overlapping coverage areas.

dij <r;or di]‘ <7y and dij > 15m %)

b) The coverage areas of W; and W overlap and the two
master devices are within each other’s communication range
(Class 1): This class is satisfied if equations (1), (5) and (6)
hold true. The signal-to-noise-ratio (SNR) is calculated at the
geo-location of the other master device. The noise floor, N,
is based on the receiver sensitivity. The SNR must be greater
than a set threshold, §, for the master devices to be able to
communicate.

P; . .
N > 0, ; at the geo-location of master device W (@)
P; . .
N > §; ; at the geo-location of master device W; (6)

Spectral coexistence information is stored in an N X N matrix
C, where an entry of 1 for C}; signifies that networks i and j
can coexist.

C. Performance Metric

Given a set of N networks that are competing for the
same channels and a set of M channels, assuming that all
channels are available at the geo-locations of all the networks,
channel allocation is represented by a matrix Ry xn = [Bn,m)
where 3, ,,, = 1 when channel m is allocated to network n;
0 otherwise. The number of operational networks «, having
been assigned an operating channel from a set of available

. M N
channels, is expressed as: o = > . > " Bnm. The
performance metric is the average number of operational
networks from K number of simulations, which is given by:
K S
Qavg = (D_p_1)/K, which is also expressed as a percentage
of the total number of competing networks, N.

IV. GRAPH-BASED SPECTRUM SHARING MODEL

In this section, the method that was proposed in [4] is
reproduced. Radio resource allocation is solved using a vertex
colouring algorithm whereby a vertex represents a cell and a
colour assignment represents a channel allocation. The vertex
colouring problem seeks to colour the vertices using the
minimum number of colours such that all neighbour vertices
are coloured using different colours. Thus, a cell is assigned
an exclusive channel among its neighbour cells. Nodes are
coloured in descending order of vertex degree since high
degree vertices represent the networks that interfere with more
networks and therefore have more colour constraints. Where
there is a tie, the vertices are coloured in ascending order
of network identity number. Thereafter, channel sharing is
applied so that if a network could not be allocated an exclusive
channel, it can share the same channel with networks of the
same RAT that have already been allocated the channel, on the
conditions that it can coexist with all other neighbour networks
that have already been assigned that channel and that the total
channel occupancy rate (COR) would not exceed unity when
the new network joins the channel. The entire procedure is
summarised in Algorithm 2.



Comparison of graph-based and hypergraph-based models for wireless network coexistence

Algorithm 2: Graph-based Spectrum Sharing

Data: csv file of device parameters of master devices
Result: Coloured graph, number of coloured vertices
(o)
1 Apply Algorithm 1 to construct interference graph;
// exclusive channel allocation
2 Sort vertices vi, va,..., v, in decreasing order of vertex

degree;
3 Assign the first colour to the vertex of maximum
degree v; ;
4 for i from vy to v, do
5 Get neighbour colour list ;
6 for colour from 1 to m do
7 if colour not in neighbour colour list then
8 Assign colour to vertex v; ;
9 Break ;
10 end
11 end
12 end

// spectrum sharing allocation
13 Generate the coexistence matrix;
14 for each node v; not coloured do

15 for each colour in list of colours assigned to
neighbours do

16 if node can coexist with all nodes already
assigned that colour then

17 Calculate the expected total COR;

18 if CORotq1 < I then

19 assign colour to vertex v;;

20 break;

21 end

22 end

23 end

24 end

V. HYPERGRAPH-BASED SPECTRUM SHARING MODEL

In hypergraphs, hyperedges represent subsets of any cardi-
nality, not just 2 as in graphs, such that hyperedges can be used
to represent “arbitrary general statements about arbitrary sub-
sets” [7]. Let H = (X,E) be a hypergraph. X = {x1,x9,...,x,}
is a set of the vertices and F = {eq, ea, ..., e,,} is a set of hy-

peredges of hypergraph H such that e; # 0 and |J e¢; = X.
i=1

A hypergraph is represented in the form of an incidence
matrix, I(H). A vertex x; € X and a hyperedge e; € I are
said to be incident to each other if x; belongs to hyperedge ¢; .
Any two hyperedges are said to be adjacent if the intersection
of their sets is not an empty set. Weak deletion of e¢; € E
from H is to remove ¢; from E. Contraction of hyperedges is
widely used in many algorithms to decompose a hypergraph
[7]. A contraction of the hyperedge e is to weakly delete e
from H and replace all vertices of e by one vertex belonging
to each e’ such that ¢’ Ne # (.

€13

Contract
ez and ey
—_—

€14 ) . BS,

Fig. 2: An example of hypergraph modelling.

A. Hypergraph Construction and Hyperedge Contraction

An example of hypergraph modelling is given in Fig. 2.
Edges e; to ej2 and ej3 to ejyq represent interference and
spectral coexistence relations, respectively.

The first step is to construct the edges that represent pair-
wise interference. Next, spectral coexistence analysis is per-
formed and the information from the coexistence matrix is then
processed to generate “interference coordination subsets”,
such that each node in the subset can coexist with every other
node in the subset, and the total COR of the elements of the
subset is < unity. Interference coordination subsets form the
hyperedges. To reduce complexity, intersection of hyperedges
is avoided. The procedure for hyperedge construction is sum-
marised in Algorithm 3.

Hyperedge contraction theory is then applied to decompose
the hypergraph H into the form of a traditional graph and
make it amenable to the vertex colouring algorithm, without
losing coexistence information. The output is a minor graph
H' in which each hyperedge is contracted to a single vertex,
such that colouring of that single vertex implies assigning a
channel to a group of coexistent networks.

B. Channel Allocation Algorithm

This involves applying the vertex colouring algorithm to the
minor graph and then applying the resultant colour map to the
hypergraph, while ensuring that the vertices of a hyperedge get
the colour that is assigned to the vertex of the minor graph that
replaced all the vertices of that hyperedge. This is illustrated
in Fig. 3.

However, it was noted during algorithm testing that applying
the vertex colouring algorithm to the minor graph may in
some cases not exhaust all possible channel allocations. In
hyperedge contraction, all vertices in a hyperedge are replaced
by a single vertex such that all edges that were incident on
the individual vertices are now incident on the new vertex,
hence information about some possible channel allocations
could be masked. For instance, in Fig. 3, when hyperedge e;3
is contracted, there will be an edge between the new vertex
BS, and BS, in H'. However, it can be noted in H that
BS, can share the same channel with B.Sj if they are able to
coexist and calculation of total COR will only involve BSj
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Algorithm 3: Hyperedge Construction Algorithm

Data: vy, vs, vs,..., v,; list of vertices
Data: csv file of device parameters of master devices
Data: C«n; Spectral coexistence matrix
Result: Hyperedge incidence lists, E
1 Initialise dictionary of hyperedge incidence lists E
2 for each node v; in list of vertices do

3 Initialise COR;ptq; to O;
4 if node v; not already added to any hyperedge then
5 Initialise hyperedge incidence list e ;
6 Append node v; to e;
7 Increment CORy,iq; by the COR of node i;
8 for each node v; not yet added to E do
9 if node v; can coexist with all nodes in e
then
10 Increment CORotq1 by CORj;
1 if COR;otq1 < 1 then
12 | Append node v; to e ;
13 end
14 end
15 end
16 end
17 if e has more than one vertex then
18 Append hyperedge incidence list e to F ;
19 end
20 end

H(X,E)

Fig. 3: An example of hypergraph colouring.

and BS, because BSy is not visible to BS| and BS5. Hence,
the algorithm was augmented to check for additional possible
allocations that do not violate interference, coexistence and
COR constraints if there are still some uncoloured nodes after
vertex colouring of the minor graph. The entire procedure is
summarised in Algorithm 4.

VI. SIMULATION RESULTS

A 50 km by 50 km test area centred around Lilongwe city
in Malawi is considered. The geo-locations of the networks
are randomly and independently generated within the test
area. The rest of the test parameters are given in Table I
The following propagation model, which is suggested in the
IEEE 802.19.1 standard, is used to predict the path loss of the
transmissions: L(d) = 10log (45¢) a — 20log(hy * hy.).

Algorithm 4: Hypergraph-based channel sharing algo-
rithm.
Data: v, vo, vs,..., U,; list of vertices
Data: 1, 2, 3,..., m; list of available colours
Result: Coloured hypergraph, number of coloured
vertices («v)
// hypergraph construction
1 Apply Algorithm 1 to form edges between between
independent interferers;
2 Generate the N x N coexistence matrix;
3 Apply Algorithm 3 to form hyperedges from
coexistent subsets;
// Hyperedge contraction
4 for each hyperedge e do
s | Contract e;
6 end
// Hypergraph colouring algorithm
7 Apply vertex colouring algorithm to colour the minor
graph to get the colour map;
8 Apply the colour map to the hypergraph;
9 if there are still some uncoloured vertices then
10 Check for possible additional channel allocations
that do not violate coexistence constraints;

11 end

The Python programming language was used to simulate
the channel allocation algorithms in order to ascertain that the
proposed hypergraph model enables more efficient spectrum
usage than the traditional graph model.

Fig. 4 presents the distribution of the results, from 100
simulations, for the number of operational networks (a) as
a function of the total number of competing networks (V).
It is assumed that there are initially 50 networks of 1 km-
radius in the test area. Then 50 networks of 10 km-radius
are added, five at a time. From N = 55, when the 10 km-
radius networks start to join, some 1 km-radius networks start
to lose their operating channels to the 10 km-radius network
because vertices of the long-range networks are likely to have
a higher vertex degree in the interference graph. As more
10 km-radius networks join, they share operating channels

TABLE I: Parameters for Simulation

Radio Access Technology (RAT) 802.11 802.22
TVHT WRAN
Cell coverage (m) 1,000 10,000
AP/BS conducted power (dBm) 15 31
AP/BS antenna gain (dB) 5 5
UE/CPE antenna gain (dB) 0 11
AP/BS antenna height (m) 10 15
UE/CPE antenna height (m) 1.5 10
Attenuation factor, o 4 4
Channel Occupancy Rate (COR) 0.3 0.25
Centre frequency (MHz) 474 474
SINR threshold (dB) 10 10
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Fig. 4: Average number of operational networks as the number
of competing networks is increased.

among them. When N = 100 the hypergraph-based model
achieves average number of operational networks that is 6%
and 8% higher than in the graph-based model when M = 2
and M = 3, respectively, because of the efficient modelling
of coexistence information for channel sharing.

The distribution for results of the number of operational
networks («) as a function of the total number of available
channels (M), from 20 simulations, is presented in Fig. 5. The
number of competing networks is held constant at N = 100,
while the number of available channels is increased steadily
from M = 4. Whereas the graph-based model requires 14
channels to achieve. on average, 100% operational networks,
the hypergraph model requires only 9. These results imply that,
although both models use the same vertex colouring algorithm,
the hypergraph model enables the minor graph to be colourable
by fewer colours than the traditional graph.

VII. CONCLUSION

In this paper, hypergraph theory is presented for modelling
radio resource allocation that enables coexistence and channel
load management in co-channel sharing. Simulation results
show that the hypergraph-based model increases the average
spectrum utilisation by up to 8% and reduces the number of
channels required to achieve, on average, 100% operational
networks by up to 5 channels. The hypergraph-based model
enables more efficient spectrum utilisation than the graph-
based model because, unlike in the graph model where spec-
trum sharing is limited by the outcome of the initial exclusive
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Fig. 5: Number of channels required to achieve, on average,
100% operational networks

channel allocation, information about spectral coexistence
is represented in the hypergraph model before any channel
allocation algorithm is applied. Future work shall investigate
application of the model to coexistence management among
GAA user networks in CBRS.
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