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Abstract
One of the main limitations in next-generation wireless systems is bandwidth scarcity. Nowadays,
most of the spectrum is allocated to specific applications by the Federal Communications Commission
(FCC); however, statistics shows the spectral utilization is low in most of the reserved ranges. So, trying
to use the idle bandwidth and let the secondary users to communicate when the channel is free sounds
reasonable. In the past decade, Cognitive Radio devices have been considered to increase the efficiency
in these circumstances. Nevertheless, there are lots of issues like, fairness and coexistence strategies
that needs special consideration before we can realize such a system. In this report, we will take a look
at recent papers and their approach regarding these issues. More interestingly, there are some new ideas
that are proposed and developed, afterward.

I. I NTRODUCTION
Performance of the typical radios is highly restricted by physical layer and medium access
control protocols. While, these concrete protocols guaranty the reliable communication between
radios and simplify the software and hardware implementation, the statistics shows that they are
really poor from bandwidth efficiency point of view. In other words, there exists a lot of less
crowded frequency ranges, but the conventional protocols prevents users from crowded bands
access them.
In the last decades, cognitive radios have proven to be helpful in increasing the spectral efficiency. Recently, spectral-agile radio has attracted attention of engineers, since it can remarkably
improve the mentioned index. As a part of this paper, we will have a report on the works done
in [1] regarding this concept.
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Nevertheless, realizing agile systems requires a huge improvement in software and hardware
of typical radios. Specifically, we need radios sense the channel precisely and consider the
appropriate action with as less amount of latency as possible. Hopefully, recent achievements
in Software Defined Radios (SDR) and new technologies have opened exceptional opportunities
in this field. Moreover, new regulations of FCC is opening new view points in this field. These
topics are considered in [2], but they are out of the scope of this work.
On the other hand, considering the fact that there would be a lot of cognitive radios in
near future, one can expect the crazy race between them for accessing the idle bandwidth.
So, considering the coexistence strategies sounds an interesting topic. Specifically, we want to
increase fairness in these systems. As the second portion of this paper, the effort of the authors
in [3] in dealing with this problem is discussed.
In fact, the authors in [3] have tackled the problem by modeling the channel access with a
Markov chain with adaptive traffic load distribution. However, this means that in order to realize
the solution we need to reshape the traffic of the radio. To make that happen, you either need
to have an infinite memory or drop some packets. However, dropping packets may results in
inefficiency.
Thus, it seems to be an interesting topic to devise new method which are independent from the
channel model and more importantly, keep fairness without complicated and somehow impossible
traffic reshaping. In the last section, I will introduce new algorithms, which regardless of the
channel model will keep the fairness and does not need complicated computations for channel
access permissions.
The following material is organized as follows: The next section deals with the work in [1]
regarding spectrum utilization. Section III, reconsider the coexistence strategies and approaches,
in [3]. The new ideas are developed and proposed in Section IV. Finally, the conclusion ad
future studies are presented in the last section.
II. S PECTRUM U TILIZATION AND S PECTRAL -AGILE D EVICES
In this section, the work in [1] is considered. Specifically, spectral-agile network are proposed
and it will be shown that spectrum utilization can be improved drastically, for a network with
these devices. Let’s start with describing the model, first.
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Fig. 1.

Spectrum opportunity for spectral-agile devices (courtesy [4]).

A. System Model and Defenition
It is assumed that we have two different types of devices. The first one is called primary,
and as you can guess has the highest priority and exclusive access to the specific spectrum. On
the other hand, the second type is called secondary, which can only access the channel if it is
left idle. Here, we assume that secondary networks are spectrum agile. In fact, they have four
main characteristics: (1) Policy Enforcement Entity (PEE), (2) Measurement Management Entity
(MME), (3) Resource Management Entity (RME), and (4) Group Coordination Entity (GCE)
[1]. Put in simple words, they can listen to the channel and find the idle slots promptly and start
using them with negligible latency.
Moreover, It is assumed that the spectrum is divided into sub-channels. Although each radio
could use the whole spectrum, we will assume that each secondary system has access to only one
channel during each communication. However, it is worth mentioning that SDR could realize
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OFDM) forapplicable
this purpose.
Figure 1 makes the concept more clear.

In order to have a numerical basis, it is assumed that we have N channel available. Moreover,
the usage pattern of primary users , in each channel, is assumed to follow i.i.d. ON/OFF
exponentially-distributed random processes with means equal to Ton and Tof f , respectively.
During the ON period the channel is occupied by a primary user so it cannot be accessed by
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secondary ones. On the other hand OFF-period represents that the channel is idle, so there is a
spectral opportunity for secondary users. In addition, suppose that M spectral agile communication groups contend for the N sub-channels. Group, is a number of devices, when accessing
the channel, share the opportunity according to the MAC layer protocol.
In order to have a numerical basis for comparison we define the Spectrum Utilization to be
the percentage of time that a spectral-agile group has access to some channel. If two different
groups try to use same idle channel, then the spectrum utilization is evenly divided between
them. Based on this metric, the throughput can be found for each specific MAC design. So, our
analysis is independent from MAC protocol used in the network.
To appreciate the gain achieved from spectral agile networks, note that the spectral utilization
for a non-agile network is simply

Unonagile =

Tof f
Tof f + Ton

(1)

Now let’s consider the agile networks and compute this metric for them. Actually, it is a pretty
hard problem, in general. Thus we will consider a simple scenario, first. The general case will
be discussed after that.
B. Simple Case: Only One Group (M = 1)
Assume that there is only one secondary user group. As illustrated in Figure 2, this group is
blocked if and only if all the channels are occupied by the primary users. Moreover, it is clear
that the block period stars when one of the primary users begins accessing the channel, and ends
when one of them transits from ON state to OFF. It can be simply seen that:

(i)

tblock = min(Tremain ) f or i = 1, 2, . . . , N

(2)

(i)

where tblock is the length of blocked period and Tremain is the remaining ON-period in the ith
channel. Note that the ON-periods are iid with exponential distribution. So, we have
Ton
t

P (tblock

N.e− N
= t) =
Ton

(3)

CTRUM AGILITY?
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ation of spectralgiven in Eq. (1).
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channel 1
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channel 4
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ecial case where
agile
accessible
accessible
accessible
network
own in Figure 2,
s no channel for Fig. 2. A special case: N=4.
occupied byFig.the
2. Special case, N = 4 and M = 1 (courtesy [1]).
enoted as tblock ,
m an OFF-period B. The General Case: Multiple spectral-agile group (M > 1)
channel switches
Eq.relation
(5) shows
thatthe
theaverage
spectrum
utilization
of a spectralIn fact this
shows that
blocking
time is reduced
to TNon (compare this
efore, tblock can agile group is simply a function of the primary devices’

number with Ton for non-agile devices). Considering
this and the fact that the block interval
T

on
channel utilization, τ =
. We will now consider
,
(2) the case when there are more than one spectral-agile group
state, one(M
can deduce
> 1)that
that are trying to opportunistically access the
available channels. First, we have to compute the number
od (i.e., residual
of available channels (that
primary
N −1 are not occupied
Tonby the
channel i. Since
Uagile = 1 − N (pTon +T.Tofonf/N ) = 1 − (
)N
(4)
devices) and then “distribute” them amongTthose
spectral-agile
on + Tof
f
tially distributed,
2
Ton . Based on Eq. (6), the fraction of time during which
groups
. It is worth mentioning that p does not change even if the channel distribuwhere p =
s
Ton +Tof f
there are k channels available simultaneously is computed as
tions are changed.


N!
Interestingly, from (4)k!(N
you
can
see
we
could
conclude
the
same
results
with another rather
.
(3)
−k)!
!
"
!
 ,having
(8)all channels
=
− τi ) of the probabilityτjof
simple argument.rkSpecifically,
U is the (1
compliment
ess blocking time
k
k
c=1 sugest
i∈S
j∈{1,2,··· this
,N }−S
c we can generalize
c
occupide (pN ). This argument
that
calculation
for the case where
mpared to Ton of
(i)
(i)
k
different where
channelsShave
different distributions. Let Ton and from
Tof f beNthe
mean ON and OFF
channels,
f a spectral-agile
c is a set of k channels, chosen
(i)
T
in general
for non identical
intervals which
in the ithare
chnnel,
respectively.
τi = (i) on
available
for defining
spectral-agile
groups.
example,
(i) , then For
Ton +Tof f
k
k
wewecan
set S1 = {1, 2, · · · , k}, S2 = {2, 3, · · · , k + 1}, and
distribution
have
,
(4) so on.
If there are more than M channels
N available simultaneously,
Y
(5)
one τchannel.
Otherwise (k <
agile = 1 −
i
hat a channel is each group will obtainUexactly
i=1
), the M groups have to share k channels via the GCE. By
derived fromThis
thevalueMshould
be compared with the one for non-agil case, in (1).
channel switches combining these two cases, the spectrum utilization of each
all other channels spectral-agile group is then computed by

Ton +Tand
of f the idle one switches from the OFF to ON
starts when N − 1 channels are already occupied

should be noted
e ON- and OFFan be simplified
,

(5)

Uagile

N
"
min(M, k)rk
.
=
M

(9)

k=0

Given that there are M > 1 groups competing for spectral
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Fig. 4.

Fig. 3. Special
ral utilization for spectral-agile
groups:case,
N =N

figure shows the maximal improvement percentage
ad approaches 1, it does not suggest that spectrum
t of spectral opportunities. Instead, it shows that, for
erage channel access time for a spectral-agile node
o-agility) to 0.0182 sec out of a 1-second period as

Fraction of channel access time: N = 12 and M = 9. *This
figure, together with Figure 3, suggest that a spectral-agile secondary group benefits
=
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M = 9agility
(courtesy
[1]).channel utilization of primary devices is lightlymost
when the
(0.2) or moderately-loaded (0.7 ∼ 0.8).
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#
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k
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N
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k frommarkets
N channels.
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to a great
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c
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foundthough
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X
min(M, k)rk
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'
T
average
channel
load,
while,
in
case
of
heterogeneous
loads,
N −M )! 1
of f
(i)
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M
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!
= 1 in case of
ls. We set M!(NN−M)!
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0 state Markov
0 chain, as shown
2µb in Fig.−2µ
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Then we have

ΠA = 0
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where Π = [ΠA , Π0 , Π1 , Π2 , Π3 ] is the steady-state probability vector. From, the model we
conclude that

Π = [1, P0 , P1 , P2 , P3 ]PA

(10)

where


µa
3λb µa 3λ2b µa 3λ3b µa
PA =
+1+
+
+
λa
λa µb
λa µ2b
λa µ3b
P0 =

−1

µa
3λb µa
3λ2 µa
3λ3 µa
, P1 =
, P2 = b 2 , P3 = b 3
λa
λa µb
λa µb
λa µb

(11)

Now, let’s define the metric for fairness. If Ntype shows the number of the same type i radios,
then

airtimetypei =

1
Ntype

Ntype

X allocationtimei
ref erencetime
i=1

(12)

Considering this definition and applying the mentioned Markov model it is obvious that

airtimetype=A = ΠA
1
2
airtimetype=B =
Π1 + Π2 + Π3
3
3

(13)

Now we are in the position to tackle the problem. It will be considered in the next subsection.
B. Proposed Random Access Scheme
From (13), we can see that when radio system A and B are given the same high traffic load,
airtimeB  airtimeA . So, how we can achieve the fairness. The idea is that we should not let
radio type B contend for the channel in a greedy manner. So, assume that each radio system
will only contend for the spectrum with probability pi . This way, the previous Markov model
should be updated with a new traffic load of pi λi , instead of λi . Then, for perfect fairness

airtime(pa , pb )A = airtime(pa , pb )B
And, from (13) we conclude

(14)
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Fig. 6.

Simulated and the Markov modeled spectrum access airtime before (right) and after (left) applying proposed random

access scheme (courtesy [3]).

1
2
pa (pb ) = pb P1 + p2b P2 + p3b P3
3
3

(15)

which results in

airtimeA (pb ) =

P0 + 13 pb P1 +

1
p P + 23 p2b P2 + p3b P3
3 b 1
2 2
p P + p3b P3 + pb P1 +
3 b 2

(16)

p2b P2 + p3b P3

Here, it comes the trade of we mentioned earlier. Now we want to keep fairness and maximize
the efficiency, which is ”airtime” here. In order to find optimum pb , note that

dairtimeA
dpb

> 0. So,

the optimum pb is the largest possible one and depending on lambds and µ could take different
values. Figure 6 compares the the airtime metric for two types, before and after applying the
proposed random access approach. As you can see, this approach results in exact fairness.
However, as you can see, the cost is the slightly lesser aggregate airtime (the trade off).
In [3], there are more general type of Markov model for different cases, as well as a simpler
approach for computing the contending probabilities named Homo Egualis (HE) society. Moreover, the airtime normalized by the traffic of each type is introduced and considered as a better
metric for fairness. More interestingly, the spectral agility concept is used in the MAC layer
design to ”pack” the same type of radios so that they can field the gaps. However, We won’t
consider these ideas anymore, since they are not in the scope of this work.
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Fig. 7.

Partial Reserving concept. Radio type A, senses that B has a better airtime, so starts reserving an integral part step by

step as soon as the sub channels are free.

IV. N EW P ROPOSED T ECHNIQUES FOR C OEXISTENCE P ROBLEM
There are a couple of deficiencies with the approach used in [3]. First and for a most, this
method is based on the assumption that the traffic load for devices has a fixed well defined
distribution, which is not the case in real world. Secondly, the technique for keeping the fairness
suggests that the radios should be allowed to contend for the channel with a specific probability.
In fact, this means that when they have a traffic to send they are not always permitted to access
the channel. so, they should have an infinite queuing memory for keeping the track of postponed
traffics. Last but not least, the approach for finding the optimum contending probabilities is
complicated and it needs the information about the traffic distribution of each device which is
not available necessarily.
Considering all these facts, we propose a new access control technique which is not only
independent of the traffic distribution of the radios, but also works under every model and most
importantly, it can be implemented easily with out complicated computations.
The main idea is that we give the devices with wider required bandwidth (say type A in
Figure 4) a special authority such that whenever their airtime is less than the lower order types
(say type B in Figure 4) they can start partially reserving the channel. By ”partial reserving” we
mean that it reserves the free spots by sending a busy carrier step by step until it has a packed
set of channels for communication. Figure 7 illustrate this approach.
This way, whenever there is an imbalance in the airtime metrics, it is revised. However, the
cost is efficiency, because the partially reserved slots cannot provide service until there is a whole
pack of them. Nevertheless, this technique is independent of the traffic models and mitigates the
greediness of the lower level devices practically without complicated and sometime impossible
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(due to lack information) approaches.
V. C ONCLUSIONS AND F UTURE S TUDIES
In this work, we considered the efficiency and fairness in cognitive radios. Specifically, the
trade off between them had been bolded. Spectral-agile networks have been introduced as a
solution to improve both of these metrics in comparison with naive networks.
Moreover, we investigated the previously proposed coexistence techniques. Despite the elegant
mathematical structure, these approaches are totally dependent on the channel model and fail
when they are not satisfied. So, we proposed a new approach in dealing with the greediness of
the devices which is adaptive and independent of the traffic models.
Combining the spectral agility and partial reserving technique to improve the performance
seems to be an interesting idea for future studies.
R EFERENCES
[1] C. Chou, N. Sai Shankar, H. Kim, and K. Shin, “What and how much to gain by spectrum agility?” Selected Areas in
Communications, IEEE Journal on, vol. 25, no. 3, pp. 576–588, 2007.
[2] N. Shankar, C. Cordeiro, and K. Challapali, “Spectrum agile radios: utilization and sensing architectures,” in New Frontiers
in Dynamic Spectrum Access Networks, 2005. DySPAN 2005. 2005 First IEEE International Symposium on.

IEEE, pp.

160–169.
[3] Y. Xing, R. Chandramouli, and S. Mangold, “Dynamic spectrum access in open spectrum wireless networks,” Selected
Areas in Communications, IEEE Journal on, vol. 24, no. 3, pp. 626–637, 2006.
[4] H. Arslan, Cognitive radio, software defined radio, and adaptive wireless systems.

Springer Verlag, 2007.

