HIGH TECHNOLOGY LETTERS| Vol. 20 No. 1| Mar. 2014 |pp.22 ~28

doi:10. 3772/j. issn. 1006-6748.2014. 01. 004

Traffic sensitive spectrum access scheme for cognitive radio networks®

Lu Dianjie ([l7S)@* ™ ™, Huang Xiaoxia™ , Zhang Guijuan ™ , Fan Jianping ***
( * Institute of Computing Technology, Chinese Academy of Sciences, Beijing 100080, P. R. China)
( ™ Graduate University of Chinese Academy of Sciences, Beijing 100039, P. R. China)
( ™" Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, P. R. China)

Abstract
A traffic sensitive spectrum access scheme is proposed to satisfy the traffic load requirement of

secondary users (SUs). In the proposed design, SU only accesses available channels which can
meet the traffic demand. To achieve this, the expected transmission time (ETT) of the SU is calcu-
lated first based on the delivery ratio. Then, the channel idle time is estimated based on the activity
of primary users (PUs). Therefore, available channels with estimated idle time longer than ETT
could be chosen. With high probability, the SU can finish transmission on these channels without
disruption, thereby satisfying the traffic load demand of the SU. Finally, our method is extended to
the multi-channel scenario where each SU can access multiple channels simultaneously. Performance

analysis shows that our method satisfies the requirement of SUs while effectively improving the

throughput.
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0 Introduction

Due to the fixed spectrum management, there is
significant temporal and spatial variation in the usage of
the allocated spectrum, which differs from 15% to
85% .
tion resulis in a spectrum scarcity problem. Allowing
SUs access licensed frequency bands as long as they do
not introduce severe interference to PUs"** | cognitive
radio (CR) is an effective method to alleviate the fre-
quency scarcity problem. Therefore, the CR network
can take the advantage of dynamic spectrum access and

The extremely unbalanced spectrum utiliza-

utilize the spectrum diversity over wide spectrum.

In the prior opportunistic spectrum access
schemes, an SU occupies a channel as soon as it sen-
ses it idle. Hence, if the idle time cannot accommo-
date the traffic load of the SU, the PU will appear dur-
ing the transmission. Then, the SU has to switch to
other bands to continue its transmission. Due to the de-
lay cost in detecting new channels, spectrum efficiency
will be lowered and the throughput may be reduced.
Since more and more traffic load sensitive applications,
such as streaming media and high bandwidth content
distribution will be supported, it is necessary to design

new spectrum access schemes to realize QoS provisio-
ning for SUs.

In this paper, a traffic sensitive spectrum access
scheme is proposed in order to meet the traffic load re-
quirement of SUs and improve the spectrum efficiency.
In our scheme, ETT is introduced as a constraint on
channel selection and computed according to the chan-
nel bandwidth and delivery ratio. In addition, the
channel idle time is estimated based on the activity of
the PUs. Thereafter, channels with idle time longer
than ETT will be selected. SUs can transmit the pack-
ets within the transmission duration, thereby satisfying
the traffic load demands. Finally, we extend our meth-
od to the multi-channel scenario where each SU can ac-
cess multiple channels simultaneously. Note that differ-
ent set of channels could be used by each SU, which
makes the spectrum allocation problem significantly dif-
ficult along with the rate requirement of the SU. The
multi-channel selection problem is formulated as a con-
strained optimization problem. With the solution, the
traffic load of SUs will be satisfied and the spectrum ef-
ficiency can also be improved.

The rest of the paper is organized as follows. Sec-
tion 1 provides a brief overview of existing solutions to
spectrum access. Section 2 presents a network model.
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Our proposed spectrum access model is introduced in
Section 3. In Section 4, the performance of our pro-
posed model is analyzed. Finally, we conclude the pa-
per in Section 5.

1 Related work

Spectrum allocation is one of the key technologies
in CR networks"™'. A poor spectrum allocation scheme
assigns an idle channel with low bandwidth to a sec-
ondary user who requires high bandwidth, resulting in
degraded network performance. On the contrary, assig-
ning a wide band to a secondary user who requires low
data rate causes the underutilization of bandwidth.
Many approaches have been proposed to address spec-
trum allocation in CR networks'*®’. In Refs[6,7], a
Markovian model is proposed to predict the spectrum
availability under the assumption of slotted primary and
secondary networks. Taking into account an unslotted
primary network, the authors proposed a learning-
based approach to maintain and use belief vectors for

81 In Ref. [9], proactive channel

channel access
sensing and switching techniques were proposed to
minimize the disruptions to PUs and maintain the relia-
ble communications of SUs. In Ref. [10], a spectrum
matching algorithm was discussed to decrease the spec-
trum handover probability. However, these approaches
do not consider the traffic load constraints. Differently ,
in our scheme, cnly the available channels that satisfy
the waffic load requirement of SUs are selected.

2 Network model

The cognitive ad hoc network is eonsidered in
which SUs coexist with PUs. The spectrum consists of
M channels, each with bandwidth B;(; = 1,--- M).
To exploit and access local spectrum opportunities
without causing interference to PUs, SU should be e-
quipped with configurable transceiver and capable of
sensing and learning the communication environment.
As shown in Fig. 1, a time-slotted system is assumed to
be adopted for SUs. A slot can be divided into two
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parts, sensing time and transmission time. All of the
channels can be sensed by the N SUs. One or more
channels can be accessed by each SU simultaneously.
In this model, each channel alternates between two
modes, IDLE (the channel is not occupied by PUs)
and BUSY (the channel is occupied). The state of
channels are given by [S;,--,S,], where S, €

{0(BUSY) ,1(IDLE)}.
3 Opportunistic spectrum access scheme

In this section, we design a novel spectrum access
scheme to satisfy the traffic load of SUs. Fig.2 illus-
trates the components of the scheme. The proposed
scheme consists of spectrum sensing and spectrum
scheduling. In the spectrum sensing part, SU senses
all the channels and acquires the status information. In
the spectrum scheduling module, ETT is calculated ac-
cording to the traffic load of the SU. Then, the idle
time of all available channels can be estimated accord-
ing to the distribution of PU activity. So, the appropri-
ate channels with channel idle time longer than ETT
are chosen for transmission. We also formulate the
multi-channel selection problem as a constrained opti-
mization. By solving this constrained optimization prob-
lem, the traffic of the SU can be proportionally distrib-
uted on different channels.
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3.1 Channel ETT prediction

In order to capture the dynamic nature of CR net-
works, each band could be characterized by various
parameters such as bandwidth and delivery ratio.
Here, the delivery ratio is defined as the probability of
a successful transmission. These channel characteris-
ties are important factors in deciding the expected
transmission count { ETX )", ETX is calculated
with the forward and reverse delivery ratio of the link.
The forward delivery ratio d;is the measured probability
that a data packet successfully arrives at the receiver.
Likewise, the reverse delivery matio o, refers W the
probability that the ACK (acknowledgement) packet is
successfully received. Thus, the probability that a
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packet is successfully received and acknowledged is
d; * d,. A sender will retransmit a packet that is not
successfully acknowledged. Because each transmission
attempt can be considered as a Bernoulli trial, ETX
can be written as

1

ETX_—df-d, (1)
The delivery ratios d,and d, can be measured using
probe packets. First, we broadcast probes of fixed size
in every period. Then, we count the successfully re-
ceived probes at the receiving node. d; can be derived

from

_count(t —w, t)

4 = w/T 2)
where count(t —w, t) is the number of probes received
during window w, w/7 is the number of probes that
should be received. Similarly, the reverse delivery ra-
tio d, can be computed at the sender.

ETT can be computed according to the transmis-

sion requirement of the SU using the following
R

EIT = v ETX g Noe (1 + SINR) 3)

where R is the traffic load requirement, B is the band-

width of the channel. As current channel capacity can-
not reach the Shannon capacity, y(y 2 1.0) is used to
model the actual capacity.

3.2 Channel selection

Let G(y) denote the probability that the channel
idle time is less than . This means that the PU appears
on the channel before the SU’ s transmission is over.
The probability is computed by the SU as

6(y) = [e(t)a 4)

where g(¢) denote the channel idle time distribution.

In this case, the SU’ s transmission will interfere
with the PU’ s transmission. G(y) is actually the prob-
ability that collision happens between the PU and the
SU. As mentioned in the above subsection, we can
predict the expected transmission time of each SU by
Eq. (3). Here, we assume ETT as the upper bound of
the channel idle time so that Eq. (4) can also be writ-
ten as

G = LETTg(t)dt (5)

So, the SU can access a channel from the availa-
ble channel set where the following constraint is satis-
fied

m=1-6G>8 (6)
where 7 denotes the probability that the channel idle
time meets the traffic load of the SU, 6 is the given per-
missibility threshold of channel access.

For prediction of the channel idle time, the most
commonly used models are uniform distribution ™’ | ex-
") and the distribution estimated

from the history of spectrum usage data'™'. Without

ponential distribution

loss of generality, we assume the channel idle time is
exponentially distributed. The length of the IDLE peri-
od is characterized by a random variable. The duration
of the IDLE period is independent and identically dis-
tributed (i.i.d.). For each channel, the duration of
idle period ¢ follows an exponential distribution with
mean 1/A
Ae™™ t=0
() = {7 o (7)
So, we can get

T
G = AeMdt = 1 — e (8)
o

Thus, the constraint in Eq. (6) can be expressed
as

a=e™ 5§ (9)

3.3 Multi-channel selection

In this part, we consider the scenario where each
SU is capable of using multiple channels simultaneous-
ly. In this case, the traffic load can be distributed over
different channels. Since different set of channels
could be used by an SU, it is difficult to find an opti-
mal channel set under the constraint of traffic load re-
quirement of the SU. To solve this problem, we formu-
late the multi-channel selection process as a constrain-
ed optimization so that the number of spectrum switc-
hing is minimized while the spectrum utilization is max-
imized.

Since each SU may use several channels simulta-
neously to meet the requirement, we denote the traffic
load assigned on the allocated channel i as R; and the
expected transmission time as ETT,. As mentioned in
the above subsection, the collision occurs when the
idle time of each channel i is less than ETT,. There-
fore, the collision happens when

T < ETT, (10)
where Ty, is the idle time of channel i.

We also assume the idle time of the PUs on chan-
nel i is exponentially distributed with parameter A;. So,
the probability of collision is

] ETE
G, = P(T,, < ETT,) :f Aeds
0

=1 - e (11)
Considering the traffic load requirement of SU,

the channel selection process is formulated as a con-
strained optimization problem as follows
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M
min(ZSi 'Bi)
i=1
s. L.
P(Tuﬂe?ETTl) =1—Gi=77',->8 (12)

>R, =R

icd
M
'S, B, ETT, = R
i=1

where S; is the status of channel i. 7; is the probability
that the rate requirement can be satisfied on channel i,
8 is the given permissibility threshold (1 > 6 > 0), 4
is the set of selected channels.

In Eq. (12), the objective function is to minimize
the assigned channel bandwidth. The first constraint
means the probability that the channel could carry the
traffic load assigned on the channel should exceed a
certain limit 8. The second constraint shows that the
traffic load requirement R is proportionally allocated to
each selected channel i. The last constraint denotes
that the total capacity of the selected channels should
be no less than the SU’ s requirement. The optimal
channel allocation can be acquired by solving this opti-
mization problem.

4 Performance analysis

In this section, the performance of the proposed
spectrum access scheme will be investigated. We study
two scenanos, the single chamnel scenano where each
SU can only access one channel and the multi~charmel
scenario where each SU can aceess muliple chanmels
simultanecusly. The simulation parameters are given in

Table 1.

Table 1 Simulation parameters
Parameter Value
d; 0.98
d, 0.98
SINR 10dB
v 1.05
Number of Channels [1~16]
Channel Bandwidth [0.5 ~3.0]Mbps
R [1~10]Mb
é [0.6 ~0.9]
A [0.2 ~0.8]
Number of Flows [1~16]

4.1 Single channel scenario

Here, a practical scenario is proposed where
nodes and multiple flows corresponding to multiple
pairs of secondary can be scheduled on different chan-

nels. In this section we mainly investigate the satura-
tion throughput and the probability of PU collision.
4.1.1

Assume that the number of the available channels
is j with probability

Saturation throughput

P=C7(1-m)" (13)
So, the expected flow is
M
E(F) = Zmin(j, P (14)
7=
Then, the saturation throughput can be written as
C=T/T-E(F) R (15)

whereT, is the transmission time, T, = T - MT, and T,
is the sensing time for each channel.

Fig. 3 shows the saturation throughput with respect
to the number of channels. Set T, = 0.01T and A =
0.5. It is observed that the throughput increases first
as the number of flows grows. Then, the throughput
converges when the number of flows exceeds the num-
ber of channels. As a comparison, the method outper-
forms the random algorithm which selects channels ran-
domly under the same conditions, and the number of
flows has no effect on the throughput in the case of
M = 1. In addition, the throughput increases quickly
as the number of channels grows.
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Fig.3 Throughput vs. number of flows with different
number of channels

Fig. 4 shows the saturation throughput with respect
to different A. Set M = 6. As A decreases, PU becomes
less active, thereby increasing the throughput. Similar
to Fig.3, our method is also better than the random
one.

4.1.2 Probability of PU collision

Assume that there are j channels in the available
channel set. For each available channel, the probabili-
ty of being selected by a flow is

F/j F<j
P = 16
* {1 F=j (16)
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Therefore, given the sensing error probability at
each node P_, the collision probability is

P, = (1 —w)Pei (PP,) (17)

Fig. 5 illustrates the effect of the number of flows
on PU collision. As the number of flows increases, the
probability of PU collision rises and then converges.
The probability increases as A rises as well. That
means more collisions will happen when the channel
idletime decreases . Similarly , in Fig. 6, the PU collision

T T T
—F—a=1z

042
o DR
2
g 00ls
CRANE]
=
& 012
& 001
E (008
S (1006
oy
0
002
1

¥ 2 4 & § 1@ 12 13 &
Number of lows

Fig.5 Probability of PU collision vs. Mumber of flows

024 d

022 H

=
=

0018 |
0016 |
no14 |
poz | 4
pm | F
0,008 |
0.006
.00
0

PProbability of PU ¢ollision

y
#

2 4 & 2 1 2 14 15
Mumber of caanne s

Fig.6 Probability of PU collision vs. Number of channels

probability also increases according to the number of
channels first. However, the probability will decrease
when the number of channels exceeds the number of
flows. This phenomenon bappens becawse the probabil-
ity of collision on each channel will be reduced with
the increase of the number of chamnels in the latter
case. In Fig. 5 and Fig. 6, the collision probability of
the proposed method is lower than that of random algo-
rithm.

4.2 Mbplif-channel scenario

In the multi-channel seenario, the performance is
investigated in terms of the number of channel swit-
ches, spectrum utilization ratio and average throughput
of the SUs. The method is compared with the single
channel-based method and other multi-channel access
methods.
4.2.1

The improvement of the proposed scheme is shown
with respect to the number of channel switches. For the

Number of channel switches

single channel access case, the random approach is
used. As a comparison, three multi-channel approa-
ches are adopted, greedy, random and our proposed
algorithm. The greedy algorithm is a naive approach in
which an SU chooses channels with the maximum ETT
for transmission. From Fig. 7, as the cumulative affic
load of SU rises, the number of channel switches in the
single channel scheme is greatly increased. By con-
trast, the number of switches is redouced by up o 90%
in the multi-channel scheme. Additionally, our optimi-
zation algorithm outperforms the other two multi-chan-
nel algorithms as the traffic nses. Our approach can
drastically reduce channel switches, thus significantly
improving the network throughput.
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Fig.7 Number of channel switches vs. Cumulative
traffic load of SU

4.2.2 Spectrum utilization ratio
The system performance is evaluated in terms of
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average spectrum utilization ratio. It is defined as
> R,
P ="x = (18)
> S,B.ETT;
=

where 4 is the set of selected chanmels.

Fig. & shows the average spectnum utilization ratio
of the three multi-charmel approaches when the traffic
load is uniformly distributed over!™'™ . It is chserved
that the spectrum utilization increases as the traffic load
grows for all the three algomthms. Simolation result
ghows that the proposed approach improves the spec-
trum utilization ratio by up to 43% and 24% respec-
tively compared to the greedy algorithm and the random
algorithm. It 3z clear that the spectrum utilization ratie
of the optimization algorithm is superior 10 the others,
especially when the traffic load is moderate. Addition-
ally, the performance gap of the spectrum utilization a-
mong these algorithms shrinks as the traffic load increa-
ses. The underlying reason is that the allocated chan-
nels are constanily occupied when the traffic load is

high.
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Fig.8 Spectrum utilization ratio vs. Traffic load of SU

4.2.3 Average throughput

The average throughput of three approaches are
compared with respect to 8. For the multi-channel up-
per bound approach, the instant channel availability is
assumed to be known. Therefore its performance serves
as the upper bound of the throughput that the multi-
channel approach could achieve.

Fig. 9 demonstrates that the throughput of our op-
timal approach is close to that of multi-channel upper
bound, and outperforms that of the single channel ap-
proach significantly. Obviously, the throughput heavily
depends on the choice of . As expected, a small 6
leads to significantly improved throughput, while the
throughput decreases quickly as & increases. That is
because the number of available channels becomes less
when the permissibility threshold is high. In Fig.9,

when 6is 0. 6, the average throughput of multi-channel
approaches 2. 1Mbps which outperforms the single
channel case by 400% . This result shows that parame-
ter & plays an important role in system performance.
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5 Conclusions

Spectrum access is an important issue in cognitive
radio networks. Traditional spectrum access is based
on the scheme that an SU occupies a channel once it
senses the channel idle withowt considering the maffic
load requirement. Therefore, transmission disruption
happens if the channel idle time cannot satisty the traf-
fie load which also leads to lower throughput.

A novel spectrum access scheme is proposed
based on the expected Iransmission time and estimated
chamnel idle time. In our scheme, the ETT is calculat-
ed according to the waffic loads of SUs and the channel
1dle tme is estimated considering the distnbution of PU
activity. Se¢, the approprate channels with channel
idle time longer than ETT are chosen for iransmission.
In addition, we also address the multi-channel selec-
tion problem by formulating it as a constrained optimi-
zation problem. Performance analysis shows that the
proposed scheme could effectively improve the through-
put while realizing QoS provisioning for SUs.
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