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Abstract—Peer to peer wireless regional area network time slots. After every certain time period, the BS and a
(P2PWRAN) is proposed as an extension to support peer to CPE choose the first channel of the synchronized queue to

peer communication based on IEEE 802.22 [1]. Multiple chanel yansmission data. The queue information is controlledniy t
allocation and reuse of channels in the same time slot in

P2PWRAN significantly increase the network capacity compaed SCH (Superframe Control Header) which is sent by the BS

to standard IEEE 802.22 networks. One of the key issues in (3]
bringing P2PWRAN into reality is building the interference map. The cellular topology of WRAN makes the management of

Interference map has been mentioned in the literature howesr Spectrum much eas|er S|nce |t |S Centrallzed Howeversm al

a protocol to build an interference map is still an open issue : . )
Therefore, we propose a simple and seff-adapting interferee constrains the capacity of the network because every com

map building protocol (SIMBP) for P2PWRAN, which can also Munication in the cell needs to go through the BS. Moreover,
be used in other multi-channel wireless networks with minor Since the coverage area of a cell is so large that there arg man
modifications. The simulation results show that SIMBP conveges intra-cell communication requests, which is limited by the
under the PZPWRAN setting, and with number of available cajjylar topology. Therefore, peer to peer WRAN (P2PWRAN)
ﬁgmgreklsisigicagogvg‘vinqﬂglser of nodes, the capacity of the . ¢ hronosed in [1] to take advantage of both centralized

Index Terms—IEEE 802.22,- WRAN, cognitive radio, channel control an(_j sharing of S_pe(_:tmm amongst CPEs. PZPWRAN
allocation. supports direct communication between CPEs and the medium
accesses is still controlled by the BS. For allocating clednn
in P2PWRAN, we need information of potential interference
amongst flows. The complete picture of the possible interfer

To ease the shortage of spectrum, cognitive radio netwaskce amongst the CPEs is called interference map (IM). The
was proposed for using the “white spaces” in the licenseg@curacy of IM influences the channel allocation and network
bands [2]. Later, IEEE 802.22.1 for Wireless Regional Arggerformance very much. Even though similar concept has been
Network (WRAN) was developed by IEEE 802.22 workingnentioned in other studies of wireless network research [5]
group and it became the first cognitive radio standard [3B], there is no protocol to build IM yet. Most of the former
WRAN works on the TV bands of 54-862 MHz with differentworks discuss the interference amongst users instead o, flow
bandwidths of 6, 7 and 8 MHz available internationally. Avhich cannot be used in P2PWRAN because of power control
WRAN operates in a cellular fashion with a base station (B&chniques. And how to build IM is still an open issue. This
and multiple consumer premise equipments (CPEs), in a vésyone of the first attempts to define a protocol. We propose a
large area (with a radius of 33km to more than 100km). Thelf-adapting interference mapping protocol for P2PWRAN.
BS is in charge of the medium access in the cell, and CPEgerference of directional flows is considered in SIMBP,
in the cell are controlled by BS. Both BS and CPEs senghich gives more accurate estimation of interference than
the spectrum, and the CPEs report the results to the BS. Thiga former work. A self-adapting mechanism is introduced in
the BS merge all the information and manage the channglwhich copes with unexpected events in environment. The
allocation by synchronizing channel queues [4]. simulation results show that it converges as expected.

In WRAN, the BS classifies channels into protected, unclas-The rest of the paper is organized as follows. We discuss
sified, disallowed, operating, backup, and candidate oflannP2PWRAN in Section Il in detail. Then related work is sum-
based on spectrum sensing results of BS and CPEs [4]. Therized in Sectino Ill. We propose the SIMBP in Section IV
protected and disallowed channels are either used by & then simulation and results are given in Section V. Kinal
primary users currently or preserved by the operators, an@ conclude in Section VI.
unclassified channels are not sensed yet. Operating clsannel
are the ones currently being used by the CPEs and BS. Backup || pger TOPEERIEEE 802.22 NN-TWORKS
channels will become operational in the following time slot
Candidate channels are viable channels for future useyEver The standard IEEE 802.22 network is a cellular network that
CPE has a channel queue synchronized with the BS, whiatiopts the cognitive radio technologies. In order to avha t
indicates the time and the channel to use in the followirigterference between the primary users (PUs) and Secondary

I. INTRODUCTION



Interference Map Allocating module prevents the interference to the PUs by sensing the
(™) information available channels. The IM tries to map the interference
: amongst the secondary users (CPEs) when multiple channels
Alocarng are allocated. The allocation mechanisms guarantee the fai
l ness, channel utility, network capacity and interferereesll
by making allocation decisions. The accuracy of IM influence
Allocation decisions the network performance significantly via the allocatiorcime
anisms. Therefore, building an interference map is impdrta
This is an open issue, which is specifically studied in this
paper.

Fig. 1. The channel allocation procedure in P2PWRANs

) ) IIl. RELATED WORK
users (called CPEs in WRANS), the BS in every cell manages . . )
the network in a centralized fashion, and it is in charge of Multi-channel allocation problem can be transformed into

the spectrum sensing, sharing and allocation. This cézecal C0l0ring problems or Integer programming problems. We use

spectrum management method is able to provide reliatff notationU to represent user set ard for the available
wireless links and prevent interference to the PUs. Howev&P@nnels in the current time slot. The interference map de-
it should not be disregarded that the cellular topologytti;miscr'bfas the constraints giving an overview of the potential
the capacity of the network and utility of channels, which i€onflicts and interference amongst the requests based on the
mainly caused by the single channel allocation in a cellr@hePositions of the CPEs. Zheng et al., [6] studied the collab-
are several disadvantages with this single channel aitptat'ation and fairmess in spectrum access by formulating the
mechanism. Firstly, the communication period is prolongefiianne! allocation problem as a color-sensitive graphrowo

For example, every CPE to CPE communication needs to §e>GC) problem. They defined a constraint matrix, which

through the BS even though the CPEs are in the same C'u_;]gicated the interference amongst possible users whean the

and it is executed in two slots (CPE A to BS and BS to CP#€® using the same spe_ctrum band. This cqnstraint matrix
B). Secondly, network capacity is constrained by the abdft 'S based on the transmlssmn_ power and the dlsta_mce between
the BS. For instance, if the BS has only one antenna thent&¢ two users. Brik et al, [7] introduced a dynamic spectrum
most one communication can happen in the whole cell in oA&C€SS Protocol (DSAP), which has a DSAP sever to collect
time slot. Thirdly, it causes the low utility of spectrum.tife nformation and to make allocation decisions.RadioMap

BS has one antenna, then only one channel can be alloca#¥ch was the same as the IM and contained the information
even if there are more channels available. on all users and channels, is saved on sever. The whole
Therefore, peer to peer IEEE 802.22 network (P2PWRA®°C“°” was _managed by the server in a centr_alized way.
is proposed and is based on IEEE 802.22 with the enhanfefloW contention graph and a resource constrained graph
ment of supporting direct CPE to CPE communications [1{'€r€ defined in [5], which described the interference map
The main idea of P2PWRAN is to allocate multiple channels fi & Single channel allocation. The nodes in the map are
a time slot to multiple flows in a cell based on IEEE 802.22 bgPnsidered as flows instead of users. Tang et al., [8] disduss
adopting power control technologies, which is able to insee 1€ SPectrum allocation and scheduling in cognitive radio
the channel utility and network capacity significantly [1]N€tWorks, in which a multi-channel contention graph (MCGC)

The allocation procedure can be summarized as shown'YgS Proposed as the IM. Besides the interference amongst
Fig. 1. The work flow of channel allocation contains fouHsers conflicts between user and channel was also included in

modules, which are allocation information, interferencapm this graph. o _
(IM), allocation mechanisms and allocation decisions. The Even though the IM (or similar concepts) has been studied
allocation information includes the knowledge of avaigblin the literature as summarized above, some problems are
channels, current channel requests and previous allosatiostl! OPen in the context of PZPWRAN. Firstly, a method of
which are collected by the BS as in the standard IEEE 802.2%!llding the IM has not been provided. For example similar
The IM is to provide the interference information between twd"@Phs or matrices were mentioned in [S]-{8], but they are
channel requests, which is used to prevent the interfererggfted lightly. Secondly, some of the studies [6], [8] trea
amongst CPEs in a cell. The allocation mechanisms make HR€'S instéad of the flows as the entities in the IM, and Zheng
allocation decisions in a fair and efficient way without dags €t @l-» [6] defined the constrained set afax [U] x |C]| set.
interference. Normally, the allocation mechanism tramafo However, when different users are assigned the same channel

the allocation problem into a vertex coloring problem. Thhether they interfere depends on the receiver or desimati
allocation decisions are carried out by BS eventually. too. Therefore, the IMs should be based on flow set rather than

Two types of interference can be seen under the P2PWRA USer set. This problem is discussed further in Section IV.

setting. They are, (i) interference between PUs and CPEs ant'dly. their IMs have to be refreshed in every time slotdref
very allocation, which is not efficient when there are Idts o

(i) interference between CPEs. The allocation informatio®V® o : :
available channels and requests. This is an implementation

Lin the rest of the paper we use the term ‘user’ and ‘CPE’ iltengeably. issue and affects the scalability of any allocation protoco



Therefore, we propose a protocol to build the IM for channéF| x |C| matrix, and if the elementi(;;, = 1, then flow
allocation in P2PWRAN. However the contributions of thigf;; is allocated with channek, otherwise A;;;, = 0. The
work are not only limited to P2PWRAN, but it can also bénterference map 81, which is a|F| x |F| x |C| matrix. If
applied to many other multi-channel allocation scenarigh w the elementr, r = 1in M, then flow f;; and flow f,,

ij)(pq)
minor modification. interfere with each other when they use the same chaknel
IV. A SELF-ADAPTING INTERFERENCEMAP BUILDING otherwisem,;;)(pq» = 0. We also define the channel utility

PROTOCOL (SIMBP) asU(A) = > Ak Then we can formulate the channel

First we define the channel allocation problem ofjocation pfgiﬁem as,
P2PWRANSs in this section. This will articulate the need for
IM. Then the protocol for building an interference map is max (U(A)), (1)
proposed with an example.

subject to
A. Problem Definition Z Agjye <1,V j; )
As we mentioned in Section Ill, some studies about IM can VkeC
be found in the literature. Some of them adopted user set as
the allocated entity. We adopt flows instead of users to atéoc Z AlijkApg Mok = 0. (3)

the channels to cover the transmitter and the receiver $ivece  Vi.j.p.qa(i#i#p#q)€U,VkeC

interference is depen_den_t on the distance gnd the tranemissrhe condition in Eq. (2) indicates that only one channel can b
power. For example in Fig. 2, we can see in 2(a) that User fyocated for each user/flow. The condition in Eq. (3) avoids
and User B do not interfere, however they interfere with eagRe interference during channel allocation. As we can see
other in 2(b). Furthermore, the flows should be directiongl this allocation problem, the interference mip plays an
important role in channel allocation. We mainly discuss the
procedure to build it in the rest of the paper.

B. SIMBP in P2PWRAN

There are two main constraints that should be reflected in
M. The first one is the constraint of the antennas. Under the
assumption that every user only has one transmittingirgcgi

Fig. 2. An example of user interference. antenna, if two flows containing one or two same users, they

should not be allocated with channels in the same time slot.

since the direction of transmissions determines the oenoe’ The second one is the constraint of interference. If two flows
of interference. For example, as shown in Fig. 3(a) and 3(lake in each other's transmission area then they should be
there is no interference between the directional flows A t@arked as interfering.
A’ and B’ to B. However, with the same flows but different Besides the two constraints, the interference map should
directions, the receiving CPEs will be interfered by theeothalso be self-correcting, because the interference envieon
flows as shown in Fig. 3(c) and 3(d). is very complex and is always changing in reality. Therefore
the procedure to build IM should be self-adaptive to the
environment and should converge to depict the reality. We
proposed a self-adaptive interference map building padtoc
(SIMBP) for P2PWRAN with two algorithms, which are
applied at the beginning and during operational stage of the
network. The algorithms are shown in Algorithm. land 2.

As shown in Algorithm. 1, at the start stage of the network,
the BS collects the geo-locations of CPEs and adds flows into
flow setF. Then the BS builds the initial IM due to the two
constraints. Flows with same CPEs are marked as interfering
with each others. The BS calculates the transmission area
of flows; if overlap is found, then two flows are marked as
interfering too in IM. The BS calculates its transmissioraar

Fig. 3. Different interference caused by directional flows. due to the network topology and fading models theoretically
for example Rayleigh fading, Rician fading and Weibull fagli

Based the above discussion, we adopt directional flows [@8—[11] models. Algorithm. 2 deals with the unexpected
build the IM. We assume that the flow sé, includes all events during the network operation. Whenever a CPE joins
possible directional flows in the P2PWRAN and the element leaves the cell, or interference is detected, the BS egdat
fij represents a flow from Usérto j. The allocationd is a the IM.

(a) No interference. (b) With interference.




Algorithm 1 The algorithm to build initial IM. Tim >

All CPEs register to the BS and report their geo-location

Il Then the BS builds the interference map in a centraliz¢ e superframes | Self-adapting period | - Super frames
fashion.

/I Firstly, the BS calculates the flow sEt(CPE pairs and

CPE-BS pairs). ey | e | s || e e rorsare detected
for every CPE/BS pairgjo

if it is a CPE-BS or BS-CPE paithen

Add it into F.
else ifit is a CPE-CPE pair and the distance betwee | feme?! | Frame2 | Frame3 | .| Framem
these two CPEs are shorter than the radius of the cell,
then Fig. 4. The structure of frames in P2PWRAN with SIMBP.
It is added intoF.
end if
end for a flow, because the geo-locations of CPEs are reported to
// The BS builds the initial IM. the BS at the start of the network.
BS collects the information of available channel et « The interference map built by SIMBP can be stored in the
Initialize M as 0| | x|c|- BS or a database, and the space reql_JlremeﬂEi(|ﬂE|2 X
for every two flowsf;;, f,, € FF, and every channdl, do _|(C|)_. Becaus_e the channel f_admg fqr different frequencies
if fi; and f,, contain the same usehen is different, it may cause dlffereljt interference patterns
M (i) (pe)k 1S @Ssigned with 1. « Atthe start of the network, or during the changes in CPEs
else (for example the location), there is a period of uncertainty
Calculate the transmission area ﬂ; and qu when when SIMBP has to be adopted. However, the standard
using channek. WRANSs consider relatively static CPEs in a large area.
if there is overlap transmission area betwegnand Thus as long as the network is static, the interference
foq» then map does not need to t_>e updated consta_ntly. _
M (i) (peyk 1S @ssigned with 1. « In SIMBP, co-channel interference [14] is considered,
end if however adjacent-channel interference is not included in
end if our interference map.
end for V. SIMULATIONS RESULTS INP2PWRAN
Algorithm 2 The self-adapting algorithm of IM. The SIMBP has been simulated in P2PWRANs with differ-

ent number of nodes and error ratios in the interference map,

/I Deal with the changes of network topology.
W ges pology and the results are provided and analyzed in this section.

if a new CPE in a cell registers at BBen

The BS adds new flows from the CPE Foand update A channel management in P2PWRAN by SIMBP

enIZ/JI.if P2PWRANS support peer to peer communications amongst
if a CPE leaves the celilhen CPEs, and all the spectrum sensing and allocation are manage
The BS deletes all related information ihand M. by the BS in a centralized way as in standard WRAN. SIMBP
end if gives a method to generate the interference map in multi-
if interference occurs during data transmissiten channel wireless networks, and the BS in a cell maintains
The BS marks the flows as interfering and updates the interference map and allocates channels to differewsflo
end if generated by CPEs. However, SIMBP firstly builds the inter-

ference map theoretically based on the network topology and
fading models [9]-[11]; this may create an eri@rcompared
to the actual. Therefore, we add a self-adapting period to
correct the errors in the interference map in betweesuper
There are some issues that we want to highlight here:  frames if some errors are detected in the tastuper frames,
« Hidden terminal issue has been discussed to a great extamd every super frame contains frames as in standard
in wireless networks [12], [13]. However, it is eliminatedVRAN, which is shown in Fig. 4.
in the P2PWRAN with SIMBP. In P2PWRAN, the BS In the super frames, channels are allocated to flows and
controls the interference level amongst CPEs by usimgmmunication happens during this period. If some interfer
SIMBP, which would not cause hidden terminals. ence is detected in this period, then there might be some
« Power control can reduce the interference significantlgrrors in the interference map. Therefore, the self-adiaptés
In P2ZPWRAN, SIMBP can provide the important infortriggered to correct the IM, and then the BS corrects the gron
mation for calculating the proper transmission power fanformation in the map. We assume that in every super frame,

C. Discussion



TABLE | _
The frequency of allocation is the total number of allocated

PARAMETERS . .
times of channels in a second. The results of frequency of
gafam?tefs . Symbols ;/g'“es allocation in our simulation with different number of nodes
uper frame tume - ms . . . ..
Frame time - 10 ms are shoyvn in Fig. 6. When the flow request is limited, the_ BS
Self-adapting period . 75 can satisfy most of the channel requests with three availabl
Path loss exponent v 2.0 channels as shown in Fig. 6(a) and Fig. 6(b). However, if
Reference distance | do | 1km , the number of CPEs and flow requests keep growing, the
Random variable Xy Gaussian random variablg . . . .
Received power Pra | -90 dBm freque_ncy of allocation reaches its peak as shown in Flg. 6(c
Tx antenna gain Gy 12 dBi and Fig. 6(d). The peak of the frequency of allocation can
Rx antenna gain Gr 12 dBi be understood as the network capacity under a certain IM.
TABLE Il When the network capacity is reached, the performance of

the network does not improve with the number of CPEs(or
flow requests) anymore. Different initial error ratios oketh

DETAILS OF THEIM.

IN] | [F] [ Interference ratio IM influence the frequency of allocation slightly as shown
;g 3?56 gg;goﬁ in Fig. 6 comparing the 0 initial error ratios cases, because
20 | 1258 58.57% during the allocation stage the BS makes the decision due to

the current IM without knowing the error ratios.
With the results and analysis, the following advantages can
every node generates a channel request, then the expeated 8¢ seen with SIMBP in P2PWRAN:
ratio E, aftert¢ super frames is shown in Eq. (4). o The BS in a cell manages all the media access in a
9 P2PWRAN cell. SIMBP is a method to build the IM of
w)t the cell in a centralized way, which is necessary for the
5 , )
|| BS to make allocation decisions. This matches the IEEE
where Ej is the initial error ratio. 802.22 network very well.
o No extra communication is needed to build the IM by
SIMBP, because the BS is aware of the state of every
CPE in P2PWRAN.

E, = Ey( (4)

B. Scenarios
We consider a P2PWRAN cell with a radius of 40 km and

CPEs are randomly deployed in it with the number of three .
cases — 10, 20 and 40. There are three available channels
for allocation. Friis path loss and lognormal shadowing was
adopted to generate the initial interference map [15]. Wipad
a traffic model where we assume that as soon as a flow is gen-
erated by CPEs it is allocated with a channel. The destinatio
CPE is selected randomly. Since channel allocation proislem
P2PWRAN can be converted into a vertex coloring problem,
the greedy algorithm [16] was adapted in our simulation® Th
other parameters used in our simulations can be seen in Table

The IM built by SIMBP considers directional flows,
which makes the IM more accurate than considering
omnidirectional flows.

P2PWRAN is a relatively static wireless network. Once
the IM is built, it can be valid for a longer period with
minor updates when some unexpected events happen.
The interference environment always has some unex-
pected events. SIMBP is based on a self-adaptation
procedure, and the IM is corrected if some errors are
detected during the transmission.

Even though SIMBP is designed for P2PWRAN, it can

C. Result be adopted by other multiple channel allocation scenarios
- Results with minor modifications.

Three scenarios with different number of CPEs have bee”However, there are some disadvantages of SIMBP too.
studied in our simulations to build the IM. Details of the-or example, because the IM is based on directional flows,
IM can be seen in Table Il, which shows the size of flowgere is a need for large memor@((F|? x [C|)) at the BS.
and interference ratios with different number of CPES. Thg the SIMBP introduces a self-adaptation period whenever
interference ratio is the ratio of number of zeros to the n@mbjnterference is detected during data transmission, whialy m
of all elements in the IM. As we can see, the number of flowgyq extra delay to flows. The extra delay only exists durirg th
grows rapidly with the growth of CPEs. From the interferencgsnyergence period. There is no extra delay of transmission
ratios of all cases we can see that a flow does not interfefger the IM converges; therefore, the network performance
with almost one third of other flows, which indicates a highgter the convergence is not influenced because no extrg dela

possibility of channel reuse. o ~is not introduced during the data transmission anymore.
In our simulations we considered the initial error ratio in

the interference map as 0, 5%, 10%, 20% and 50%. The VI. CONCLUSION

convergence of the maps is shown in Fig. 5 when there are 10Me proposed a self-adapting interference map building
CPEs in the network. As we can see, naturally higher initigrotocol (SIMBP) for channel sharing and allocation in

error ratios cause longer convergence time than lower erR2ZPWRAN, which can also be used in other multi-channel
ratios, but the self-adaptation of the IM is with the samade networks with minor modifications. SIMBP can build an inlitia
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interference map using fading models and it converges gradu
ally. The errors in the initial interference map may causeaex
delay for some flows, however, after the self-adapting erio
the network stays in a stable state. SIMBP gives a procedure
to build the interference map in a centralized fashion. Tdwe ¢
channel interference is considered in SIMBP when the Initia
interference map is built. However, there might be adjacent
channel interference in the network too. This will be stddie
further. Moreover, how to allocate the channels in a fair and
efficient way along with the interference map is still an open
issue in P2PWRAN, which is our ongoing study.
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