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Abstract—We propose Spectrum Aware Virtual Coordinate licensed spectrum is occupied at a speci ¢ location or during
(SAVIC) for multi hop cognitive radio network (CRN) to facilitate g certain period of time doesn't change, i.e. in city down town

geographic routing. The proposed virtual coordinates (VC) of ~qyring the work time, the duty cycle of spectrum occupancy
any two secondary users re ect both geographic distance and b lul tWork | ' tabl

opportunistic spectrum availability between them. As a result, y cellular ne wor IS sta (_:"' o
geographic routing is able to detour the area affected by licensed ~ To fully exploit the potential of the secondary spectrum, it is
users or cut through the area with more available spectrum. Ac- crucial to investigate routing in dynamic spectrum environment.
cording to different spectrum occupation patterns of primary user, The dynamic availability of spectrum causes frequent break
two versions of SAVIC are designed based on the channel utility down of links between secondary users, and leads to preva-

and primary user's sojourning time respectively. Simulation shows . .
the proposed virtual coordinate facilitates geographic routing to €Nt topology changes, which makes spectrum aware routing

achieve high success rate of path construction. When duty cycle dif cult but essential.
on the licensed channel is heterogeneous in the network, channel  Recent measurement in [14] shows the spectrum occupancy
utility based virtual coordinate supports geographic routing 10 q,esnt have signi cant spatial correlations between different

outperform a state-of-the-art geographic routing protocol by 40% . . . .
on packet delivery ratio. When the channel utility is identical on locations. It follows that licensed spectrum is used by primary

each secondary node, and the sojourning time of primary users USers heavily in some areas, whereas in the other areas licensed
for secondary users are different from each other, SAVIC based spectrum is available over longer timespan for secondary users
on primary user's sojourning time achieves signi cantly shorter to yse. It is obvious to see that a routing path is better
delay than other virtual coordinates. to go through the areas where primary users occupation is
|. INTRODUCTION lower, as this alleviates or avoids the burden to cope with the
fghanging or totally occupied spectrum when forwarding packets
é)rotentially with latency requirements. Geographic routing is a
atural choice to realize this geography sensitive routing path.
eographic routing is light weight regarding the determination

Communications Commission in U.S.), cognitive radio is h d achi hiah ability i . irel
device which is able to sense, measure, or learn its environmgfnnex op, and achieves nigh scalabiiily In various wireless
tworks [2]. Merely knowing the geographic locations of its

and accordingly tune its radio operating parameters (like cenft o .
frequency. bagngwidth and transreﬂt povx?elra) on the v, i(e durin eighbours and the destination, a node is able to locally choose
operation. In this paper cognitive radio equipment is also call next hop which has the smallest distance to the destination.

secondary user. Together with these features secondary u ever, in CR_N dynamic link state renders geographic ro_utin_g
are allowed to reuse licensed spectrum which is authorized toL%rbSUCC;SSfuL S|tncet pa;:rlfetstr?re tfr? rwardeq d.to the des;[]matl_(la n
called licensed usefsThe cognitive radio devices are capablé1 ong the shortest path rather than avoiding areas heavily

of vacating a spectrum band if the licensed users reappear§niHenced by primary users. o
order not to cause harmful interference to them. To enable geographic routing in CRN, in this paper we pro-

Since primary users' activity demonstrates different paP°S€ SAVIC, spectrum aware virtual coordinates for secondary
terns [7], the availability of licensed spectrum exhibits dif.LJSGI’S in multi-channel multi-hop CRN. The virtual coordinate is

ferent dynamics accordingly. In certain scenarios the licenséfiéPendent of real geographic position, and has been proposed
spectrum occupancy stays available for fairly long time, e. dp%represent the properties of the media like, link quality [3] or
TV white space [12]. In that case the licensed spectrufPP number; [5]. Following this line of thought, our proposed.
occupancy can be seen as static during a long period of tinftual coordinate represents the spectrum occupancy of pri-
In other scenarios primary users' states change frequently, BIRTY users. On top of this, we propose the geographic routing

measurements [20], [14] show that the percentage of time ti§&f'€me which decides the next hop with Euclidean distance
metric, and detours the areas affected by primary users, or cuts

Terms licensed and primary, user and node, as well as spectrum band though the area with lower spectrum occupancy. With SAVIC,
channel are used indistinguishably in the following paper. geographic routing imposes little computation on deciding the
ISBN 978-3-901882-68-5c 2015 IFIP next hop, and requires less communication cost transmitting

Cognitive radio technology is promising to solve the signi
icant shortage of spectrum, which is due to proliferation
wireless devices. According to the de nition of FCC (Feder



packet to next hop. As to our knowledge, this is the first work
integrating the spectrum usage by primary users into network
coordinates in order to support geographic routing in CRN,
which carries meanings especially for those resource restricted
devices which want to work with licensed frequency band. The
remainder of the paper is organized as follows, after reviewing
related work in Section II, system model is introduced in
Section III. Assignment of SAViIC is explained in Section
IV, followed by opportunistic access during transmission in
Section V. Section VI gives performance evaluation, concluding
remarks are given in the last section.

II. RELATED WORK

When secondary users are static and primary users’ operation
activity is known, i.e., primary users occupy a certain channel
for long time, or they occupy a channel with fixed probability,
then centralized routing schemes for CRN can be designed[13].
But as centralized scheme requires sensing result from each
secondary user in the network, thus suffers from any change of
channel state of secondary users [1], besides, one centralized
controller is needed to calculate the routing path on the basis of
collected information from the network [13], [15]. Considerable
amount of distributed schemes are proposed to cope with
routing in CRN where spectrum state is usually considered to
be rapid changing. [4] proposes CAODV (Cognitive Ad-hoc
On-demand Distance Vector) and let each CR node explore all
channels and store route for each available channel. CAODV
requires frequent message exchange between secondary users to
maintain the up to date connections on each channel due to PU’s
activities, which is a burden for secondary user when primary
users’ activity is intense. [17] improving the DSR scheme
(Dynamic Source Routing) by letting RREQ messages record
spectrum availability, link quality and congestion possibility
along routing paths, but it also suffers from frequently changing
channel state.

To cope with the rapid change of channel state, some routing
schemes abandon routing table and let the transmitter decide
the next hop for each single packet based on spectrum state
between transmitter and neighbours. When there is packet to
send, secondary user evaluates channel availability based on the
statistics of sensing history [10], or the prediction on channel
availability in the forthcoming time slot [9], then secondary user
chooses the favoured channel and next hop node to send out the
packet. Distance to the destination is also a consideration for
choosing next hop. Such per-packet forwarding paradigm reacts
swiftly on the fast changing channel state, but it requires more
powerful computation power on secondary users. Firstly, that
scheme produces high computation complexity on determining
the channel and next hop node, secondly, specifically designed
MAC mechanism and large amount of control messages are
needed to coordinate the communication between the sender
and the potential next hop nodes, these aspects make it un-
economic for many networks, e.g, wireless sensor networks
operating with licensed spectrum [18]. Furthermore, as this kind
of routing paradigm emphasizes on finding the maximal trans-
mission opportunity of secondary spectrum, the selection on

preferred channel decreases the scope of next hop neighbours,
thus it may yield route which does not reach the destination [7],
[16].

Chowdhury et al. [6] proposes SEARCH which is a valuable
attempt to avoid the primary users’ influences on routing path
on the basis of geographic routing. In SEARCH, the source
node launches geographic routing on each channel, and every
routing path bypasses the nodes where corresponding channel
is unavailable. Paths on different channels will merge on the
nodes where path circumvent happens, if such change of path
and switch of channel lead to shorter time needed to send
packets to destination. After receiving the routing message on
each channel, the destination decides the shortest path and sends
back notifications along the chosen path. The routing path is
blocked when one primary user locating along it changes its
state from OFF to ON, thus source node needs to periodically
launch route request to update the routing path which may have
been invalid. SEARCH adopts routing table and doesn’t involve
frequent overhead exchanges.

II1. SYSTEM MODEL

We consider a CRN composed with secondary users which
are randomly and statically deployed in a plane. There are
orthogonal licensed channels denoted by set C, and secondary
user is allowed to use any of them if no primary user is
detected on that channel by the secondary user. One common
control channel (CCC) in license-exempt band is available for
all secondary users to exchange control messages. Only one
licensed channel is used for payload transmission. Primary
users are static, and they occupancy spectrum in a constant
manner, e. g., the percentage of time that they access a certain
channel is static in any period of time.

Proactive spectrum sensing is conducted locally and period-
ically as Figure 1 shows.

TT Tp
T
Fig. 1. Sensing duration T and sensing period T}

The sensing duration 7§ includes both detection time in
physical layer and the decision synchronisation time. Sensing
period T}, is the time between two successive sensing durations.
If the channel is sensed as busy’ in sensing duration, which
means at least one primary user in the vicinity is in ON
state, we say the state of primary user is labelled as ON in
the following sensing period 7},. If not a single primary user
is sensed, primary users in vicinity in the following sensing
period is said to be in state OFF. Secondary user senses each
licensed channel for time T}, ...ss With round robin scheduling,
and records statistics of ON/OFF states of that channel at its
place.

2Concrete sensing techniques are not discussed in this paper.






Algorithm 1: Secondary user obtains one elementg in
its VC with respect to an anchor

Input: vg = M, M is one big positive number
1 if i is anchorthen

| : normalized spectrum availability

2 vg =0; o
3 setcounterl = ; in anchor message; 15l
4 broadcast anchor message; i

end

. . 0.5 c=0.2
5 if receive anchor messagken
6 if counter + i > VG then o 01 o2 03 o0& 05 08 07 08 08 1

. g likelihood of channel being available
7 | drop anchor message;
else Fig. 4. Normalized spectrum availability with respect to the likelihood of
8 VG = counter + ; spectrum being available one a node
9 setcounter = v¢ in anchor message;
10 endbroadcast anchor message; for communication, thus there should be
i 1
end @ .. Lo (4)

@ |
hence the tuning parametershould be smaller than 1. In the
where o is the number of sensing periods when chann&Mmulation part, we choose = 0:2 so that  visibly re ects

k is sensed as OFF Massement . TO implement SAVIC whose the changes of when is not too small, as Figure 4 shows.

resultant Euclidean distance between two nodes re ects bo hz) Multiple licensed channels:When multiple licensed

in uence from primary users and distance in terms of hops, W anneés are alloyve: to use W't::om r;nterfelrln?]'prr]lr.nary USErs,
need to design a normalized quanti ed spectrum availability one node can switch 1o an another channel which s at present

1) Single licensed channeWhen there is only one Iicensedava”able to send or forward packet, then the normalized chan-

channel in CRN (the superscript of channels omitted), the nel availability is,
normalized spectrum availability on nodés proposed as, ¥ei )
i=1 @ 5)
i = In i+t C (2) k=1

With Formula 2, when one anchor message which originatgésed on Formula 2, the normalized spectrum availability on
from anchorX is forwarded from node to b without being nodei when multiple secondary channels are available is,

dropped, the distance based on virtual coordinate reects both ;= In +c |
the spectrum availability and geographic distance in terms i i 6
of hops between the two nodes. Based on Algorithm 1 and - |1 @ HH+ca a 5 (6)
Formula 2, the distance in dimension X is, k=1 k=1
iXo  Xaj = X (Ini+c ) C. Normalized Longest Blocking Time on Secondary Users
i2Pap] Channel utility introduced in previous subsection character-
= In( Y D+ c X . () izes the likelihood that secondary user is allowed to forward
P ' P ' packets, but it fails to re ect the availability of spectrum in a
(ab ] (ab]

ner granularity of time. For instance, in the period of time
here x5 and x, are virtual coordinates of noda and b in  T,ccess 10 access the spectrum availability, one channel which
dimension X respectivelyP,p = ( ;b) denotes the list frequently changes between state ON and OFF due to primary
of nodes aftera and till b, which forward the same anchorusers' violent operation may have the same likelihood of avail-
message. able spectrum with the channel where primary user sojourns on
The reason to choose the form of Formula 2 is as followstate ON for long time. This difference has direct consequence
As Formula 3 shows, the rst item is logarithm of the productn delay when the likelihood of spectrum availability on PU
of consecutive spectrum availability likelihood of the nodes iaffected secondary nodes is homogeneous.
Pa:pj- The product is the likelihood that one message travelsLet T&\y be the length of time period that channeis not
from nodea to b without hampered by primary users, whichavailable, there iig,\, = n (Ts+ Tp), wheren is the number of
is an important property we want to integrated into our virtualonsecutive sensing duration that chankié$ sensed as busy.
coordinate system. The second item denotes number of ho‘p@N is recorded withinTaccess, and we use X = Tck,N to
which can be seen clearly whepn=0 for nodei 2 P,,. denote the average value of the time duration that chaaieel
As | needs to be monotonically decreasing with respect tecupied by primary user, which is the maximum time period
i, So that the less spectrum availability results in bigger ca$tat secondary user is blocked from sending/forwarding.



1) Single licensed channeln single licensed channel sce- V. GEOGRAPHICROUTING AND OPPORTUNISTIC
nario, the normalized maximum blocking time on nodés SPECTRUMACCESS

(superscripk is omitted), Although spectrum aware virtual coordinate is the main

i=f(i)= | i+be ' @) concern of this paper, we also introduce the geographic

routing to be used as it affects the routing result directly.

The rst item is the product of blocking time and the dutyVith geographic routing, packet sender/forwarder chooses the

cycle of available spectrum, note that we assume the duty cyBRighbour which has smaller Euclidean distance to the des-
is identical for any PU affected secondary user and thus canfifgtion. The distance between nodeand destinationd is
regarded as constant. As to the secondary users which locatea  Xi)? +(Ya Vi) + (24 z)?, when virtual coordi-
out of any primary user's transmission range, therejis 0, Nate can be denoted ds;y;zg. A trivial improvement on

then ;| = b, ; denotes hop count in this case. This is th@reedy geographic routing is implemented in network layer to

reason that the second item is needed. mitigate the dead end problem. When routing protocol reaches
Same with the analysis in section IV.B, when one anch8gead end node which is closest to destination, adds its ID
message travels through paf,y,;, the distance on the cor- 0 the packet as taboq before.forlwarding the packetwaich

responding coordinate dimension is the sum of the normalizgclosest to the destination in its neighborhood. The packet

longest blocking time, which is the function of the sum of maxt/ill not be sent to the nodes whose IDs appear to be taboos.

imum blocking time on the cascaded nodes on the trajectoryBuffer is implemented on each node, where packets stay

of anchor message, temporally when no unoccupied licensed spectrum is available.
Secondary user resends buffered packet every period of time,
X and drops it if there is still no available channel after trying for
Xb  Xaj = (i i+be ' 1) 10 times.
izP(a;b)]( b ®) In multiple channel CRN, after one node deciding on the

i next hop via geographic routing, which channel to use needs to
be answered. This problem involves considerations from many
aspects, such as minimizing channel switch cost [16], mitigat-

Normalized longest blocking time is monotonically in- ing co-channel interferences [8] etc.. We adopt a lightweight

— i 2P,
= i+tbe "2Pab]

iI2P(ap

creasing with ;, which requires heuristic method in this paper. When there is packet to send
and the next hop is decided, packet sender chooses the channel

@i = i be i>0 in descending sequence with channel's metric, i.e., likelihood of

@; (9) channel availability, or blocking time. The sender chooses the

b<e' channel with the best metric, then conducts spectrum sensing

then we set the tuning parameteas 1 in the immediately following sensing duration to determine
2) Multiole I dgF;1 It I le i 4 ch Ithe channel's usability. If the channel is sensed as free to
) Multiple licensed channelstn multiple licensed channe use, sender transmitgquestchannelx to the next hop on

scenario, j equals to the smallgst maximum blocking time OV&he control channel, when it receives the answering message
all secondary channels on node channel x_available from that node, it starts communication
(10) on channelx in the following sensing period. If the channel

is sensed to be busy before or among the transmission, or it
The normalized maximum blocking time on nodeis as receiveschannelx unavailablemessage from next hop node,
Formula 7 shows. the sender moves to the channel with the second best metric,

In following part of this paper, the virtual coordinate based od"d conduct the same procedure as described above.
normalized spectrum utility is referred apectrum availability
based VC and The virtual coordinate based on normalized
maximum blocking time is denoted &#ocking time based VC In this section, we present the performance of geographic
out of convenience. routing together with SAViC. Both virtual coordinates based

When on secondary nodes is identical, the resultant SAViGn metrics of spectrum availability and blocking time respec-
appears to be similar with hop based virtual coordinate. fively are evaluated. Prior to that, the set-up of simulation is
reality, as the measurement shows in [14], heterogeneity iBfroduced.
spectrum usage by primary users is very normal, besides, the .
two kinds of virtual coordinates make it easier to nd ouf‘ Simulation Setup
such heterogeneity. [14] also shows within certain frequencyln this section, we introduce the deployment of the primary
band, primary users' activity is stable for hours, e. g., cellulaisers to generate various spectrum availability in the network,
network. When primary user's operation pattern changes, e.tipen introduce the important parameters in simulation. Different
occupy spectrum with increased duty cycle, then SAVIC neeftem [5] where simulation is conducted without considering any
to be reimplemented. activities in MAC and physical layer, simulation in this paper

i=min ;x2C

VI. PERFORMANCEEVALUATION



deploys a wireless environment which is close to reality, e.g., e
interferences and channel shadowing are involved. - %=
1) Primary Users: In simulation, primary user alternates
state between ON and OFF as a two-state discrete time Markov

chain (2TDMC) [11]. The probability that it changes from one
state to the other, or stays in the same state is called transition
probability. Transition probability further decides the stationary
probability of 2DTMC, which represents the percentage of time
that primary user is in state ON or OFF in a long run. The
relationship between stationary probability f o, o0gand

duty cycle is,

o dim = o (11)
. . ssement . . . _Fig. 5. Reachability of different virtual coordinates, the average number of
Transition probability also decides the continuous sojourningighbors is 6, 12, and 14

time of primary user on a certain state, which affects the longest
blocking time sensed by secondary users. Hence, by adjusting
transition probability, we can let primary user operate with In order to evaluate the effectiveness of coordinates to
desired intensity, i.e. stationary probability for being in stat@/PPort geographic routing, we design different con gurations
OFF, or continuous sojourning time of being on state OMNf Primary users. As to duty cycle based VC, two primary
We denote stationary probability of state OFF Rs., and Users are randomly deployed in the network. As to delay
the maximal blocking time a3 . In the following, we only based VC, we congure 9 primary users to evenly cover
useP. and T to de ne primary user's dynamics, and omitthe network, among of them, 4 primary users have different
mentioning the transition probability. The time unite of thénaximal blocking time with the rest. Under one con guration
DTMC for primary user to follow is 0.1s. of primary users, 1000 random CRN is generated and in each
As spectrum availability based and longest blocking timeRN one far departed pair of source and destination is chosen
based virtual coordinates are designed for CRN which 3 test.
in uence by certain primary user activity, we design two Figure 5 ShOWS, SpeCtl‘um a.Va.||ab|||ty based virtual coordi-
primary user distributions. As a result, we design two categoriBate supports geographic routing to achieve similar reachability
of primary user settings to evaluate the routing performan#éth hop based virtual coordingtewhich is better than that
assisted by the two categories of virtual coordinate respectivefth real geographic location. Blocking time based virtual
As to spectrum availability based virtual coordinate, twgoordlnate performs a little bit worse than other coordinates. In

primary users are located in the CRN which can not affectmmary, after integrating the primary users in uence, SAVIC
all the nodes in CRN, as shown in Figure 6.1 supports geographic routing to achieve comparable success rate

For blocking time based virtual coordinate, network igf path construction with conventional virtual coordinate and

evenly covered by primary users which have the same dﬁﬁf‘l geographic location.
cycle, but some primary users have different blocking timg, Routing Performance

h with tlh.elothﬁrs, aT F|gure.9 ,ShOWS' i i .. We sequentially present the routing performance of SAVIC
W_ en multiple channel scenario 1 t(,) be investigated, e,X_'St"B%sed on spectrum availability and blocking time respectively.
primary users simply start to work with current and additiong}, iore details, spectrum availability SAVIC is compared with
channels, and there is NO NEW primary USErs appear. hop based virtual coordinate VCap aBEARCH The reason to

2) Parameter Setting:Simulation is conducted with INET chooseSEARCH]6] is it is on the basis of geographic routing

framework provided by OMNeT-++ simulator [19], which com—q ilizes routing table in the interval of updates, thus it

prises both generation of SAVIC and following geeraphiﬁaquires less computation ability and overhead exchanges. The

routing. Secondary users are randomly distributed in & SqUg{fe interval forSEARCHto update routing tables of the nodes

Z:}i?}o"’:gd 6 nodes which locate at the edge are deployed,as,ting path is 5s. Both single and multiple licensed channel

scenarios are investigated for the three solutions.

B. Success Rate of Geographic Routing on Finding Path 1) Spectrum Availability Based Virtual Coordinate:

We evaluate SAVIC's reachability, i.e. given the virtual We start by looking into the performance of SAVIC in single

coordinate of destination, geographic routing forwards packcet?\e;\;meI scen.ario. .
e start with a case study, two primary users locate at the

from source to the node with the desired virtual coordinate,

The comparisons are real geographic location, and hop bats:ggters of dashed cycles as shown in Figure 6.1. VC based on

virtual coordinate according to VCap [5]. We deploy 6 anchor¥’ ectrum availability and VCap (hop is its metric) are assigned

and then t_here IS no _dUphcated virtual coordinate among theThe numerical result of hop based virtual coordinate coincides with the
resultant virtual coordinate system. simulation result presented in [5] under the same network density



Lo . also happens t&EARCH which declines rst and increases

> later on. When channel is heavily utilized by primary users, the
routing request is more likely to encounter operating primary
user, then a node out of the primary user affecting area is
chosen as next hop, so that the path experiences less packet loss

o6 )

Packet delivery ratio (%)

- Qg atfegiing ré‘giog w \/( _(with the pric_e of more hqps). Whe_n primary users become less
i Ve o » I/ intense, routing request is more likely to traverse the affected
o e e fj} - o G odaily e Vo areas, as a result, the routing path experiences packet loss due
. °- . \dst » T to the primary users in that area before next route update.
0 100 ZQOO 300 400 500 600 700 800 900 POFF of PUs

_ Figure 7.1 shows the PDR when both primary and secondary
6.1: Routing paths 6.2: PDR over 50 random CRN net-  sarq' ncations are random. SAVIC's performance deteriorates
work, PU's location is xed as shown B . . .
in Figure 6.1 because the source and destination may be in uenced by pri-
mary users, so that a path completely detour the primary users'
area is impossible. where geographic routing has no means to
detour the affected areas. In gure 7.2, SAVIC and SEARCH
I RO  aseve achieve lower delay although forwarding more packets, which
[ searcn means SAViIC is effective to facilitate geographic routing to
avoid PU affecting areas.
Now we introduce the routing performance in multiple
channel scenario, where two licensed channels available, but
only one is allowed for payload transmission.

Fig. 6. Routing paths and corresponding PDR

delay (s)

Packet delivery ratio (%)

Y
2 } —e— GR+spectrum availability based VC
10| GR+VCap

—+— SEARCH

0
ooz @ L esge 01 o8 6o o of o2 03 0s 05 oc of 05 o3 1
OFF P Of PUS

7.1: PDR 7.2: Delay N

I GR+VCap
Il GR+spectrum based VC
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Fig. 7. Packet delivery ratio with single secondary channel, over 50 random
located CR nodes and PUs

delay (s)

ket delivery

30|

to secondary users separately. The red dashed path in Figure %.j;]. o GRspecium avalabiy besed VC| o,
is formed by geographic routing with VCap, which cuts across . . ——S#eetd . . ,
the primary users' affecting area and thus suffers great packet Fore ofPUS Poeeof U=

loss. The black dash and blue solid paths are formed wii: PDR over 50 CRNs where SUs2: PDR over 50 CRNs where SUs
spectrum availability based virtual coordinate, the two patRad PUS are randomly located  and PUs are randomly located

are formed when primary user's working intensitiBs.: is Fig. 8. Packet delivery ratio with multiple secondary channel scenario

0.1 and 0.9 respectively. These two paths vividly illustrate

that utility based virtual coordinate successfully integrates thein this part of simulation, we follow the setting of single
spectrum scarcity in CRN network, and decomposes a larggannel scenario, except that secondary users have at most two
part of routing decision. The paths of SEARCH is not drawlicensed channels.

here as the routing path is possible to change after path updaterhanks to the second channel, the packet delivery radio
We keep the primary users in the middle of the network, f@s increased as shown in Figure 8.1, and delay is decreased
each activity intensity, 50 CRNs where secondary users &€ depicted in Figure 6.1. SAVIiC still outperform the other
randomly located are generated. Figure 6.2 shows the PDRsghemes especially in the aspect of PDR.

spectrum availability based virtual coordinate is high except 2) Longest Blocking time Based Virtual Coordinate:

for a minor decline wherP, is between 0.5 and 0.8, which

. . ) ) ; As discussed in section IV.C, spectrum availability based
is contradictory to the monotonically increasing trend of h

based Vi | di Thi b lained by th rtual coordinate doesn't re ect the sparsity or abundance of
ased virtual coordinate. This can be explained by the pale iym well when the likelihood of spectrum availability is

sngpshot in Figure 6.1. When c_hanne_l is sensed to be sc Gfhogeneous in CRN. A CRN working with single licensed
(primary users access channel intensively), path generateq s ne in Figure 9 is used to show the fail of spectrum
far away from the affected area gnd C|rcumver!ts complete ailability based virtual coordinate. Two items are used in the
When primary users become less intensive, routing path moyg

closer to that area. In other words, the weaker dynamics oﬁ owing to make the analysis tidy.

primary users attracts path and result in packet drop. VWhen

approaches to 1, spectrum availability based virtual coordinat®; Maximal blocking time of primary users

becomes actual hop based virtual coordinate as the link metric ~ whose transmission ranges are solid cycles in Figure 9

in formula 2 becomes zero.
The paradox of more licensed spectrum leads to worse PF)I-:er2

Maximal blocking time of the other primary users




ing time based virtual coordinate and VCap, but a constant gap
exists in between. Whereas, the delay of spectrum availability
based virtual coordinate is random as respect to sojourn time,
the reason is the routing metric in this scenario doesn't involve
blocking time imposed by primary users.

The packet delivery ratio shown in Figure 10.1 is constant
with both blocking time based virtual coordinate and VCap,
because all the primary users have the s&xe which is 0.9.
Particularly, blocking time based virtual coordinate achieves
higher packet delivery ratio than the other two virtual ordinates,
the reason is when the former is applied, less packets are
dropped from buffer as the time of being blocked is shorter
for the secondary users on the path.

Fig. 9. Routing paths in one network; = 3's. cycles denote the transmission NOW we have a look at the CRN with two licensed channels.
range of primary uers. As to performance of delay, because of the second available
channel, blocking time based virtual coordinate achieves very
delay, in contrast, spectrum availability based virtual coordinate
jll demonstrates obvious randomness, as is shown in Figure
.2. Compare Figure 11.1 and 10.1, we can see the packet
delivery ratio in two channel network is obviously higher than

routing path is in black and dashed, which goes through art‘%lt in single channel network, as the second channel provides

where primary users have shorter maximal blocking time. Whggor?ditrzg?esrgfhsig?espuporttgnllt(';/s' b%'gglr(mger;g?gaaisee?h:\Ir:u:clﬁ;t
T, = Ty, the resultant routing path largely converges with the" >S Up ? P . .
path with VCap. with spectrum availability based VC, the reason is packets in

The ineffectiveness of spectrum availability based virtu%Uffer have greater likelihood to be sent out before getting

coordinate in case of identic#..- is observed in Figure 9. ropped.
In this case a different characteristic, i.e., the longest blocking,
time, which shows the geographically diverse characteristics
of spectrum can be used. In our simulatidh, = 0:9 for .
all primary users, but they are diverse on sojourn time, i.
T1 of primary user is 3s, and, is shorter. We randomize = 3 g
the location of secondary users in 50 networks, and presgér)o F +b.kgmfdvﬁ e
the performance of blocking time based virtual coordinate to,

show its superiority on decreased end to end delay and PDR. I~ @prmeemwesve) 0] e T
this part of simulation, we don't show the result SEARCH 2 )

as it performs as bad as geographic routing with hop based 11.1: Packet delivery ratio 11.2: Delay
Virtl_Jal coordinate. The rea_son s the Widespr_ead primar_y usﬂgs 11. Geographic routing in two secondary channel scenBeg; = 0:9
seriously hamper the routing requests to arrive at destinati@q,ai primary usersT; = 3s, T, varies.

consequentially most paths for forwarding the packets can not

be constructed successfully.

In the network, 9 primary users evenly distribut&d.. = 0:5 A
for each of them. For the primary users denoted by the soq
cycles, maximal blocking timé&; = 3s, and T, = 1s and
3s for the other primary users. WheR, < T4, the resultant

—=— blocking time based VC
—— VCap
008} —— spectrum availability based VC %

%

eliverypatio (%

70|

%0

VCap

VIl. CONCLUSION

—e— blocking time based VC The proposed virtual coordinate SAVIC reshapes the topol-
" :\s/;:ei?rumavailabilitybasedvc ogy of cognitive radio network based on sensing results of
spectrum availability. As SAVIC adjusts the distance between
nodes based on the communication obstruction caused by
primary users, the virtual coordinate comprises a part of the
routing decision, so that geographic routing is able to detour
the areas seriously affected by primary user. Geographic routing
cormon R ACT with SAViC greatly simpli es the computation and commu-
10.1: Packet delivery ratio 10.2: Delay nication burden on each secondary user involved in routing
in CRN. Together with SAVIC, geographic routing achieves
better performances than other geographic routing designed for
CRN through extensive simulation. This paradigm of routing
Figure 10.2 shows dF, increases from 0.33s to 3s, the delays especially suitable for CRN network where the resource
of successfully delivered packets also increases for both blotikmited CR nodes can only support geographic routing. This

Delay (s)

40| —=— blocking time based VC

Packet delivery ratio (%)

VCap 0.02
35 ~ -~ - spectrum availability based VC]

Fig. 10. Geographic routing in single secondary channel scerigi@,= 0 :9
for all primary usersT1 = 3s, T, varies.



work emphasises on avoiding primary users' in uence with
geographic routing, and doesn't consider the interference issue
among the secondary users, which should be addressed in the
future work.
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