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Abstract: We study the behavior of Queues in multi-user
cognitive radios for the case when the centralized coor-
dinator is controlling the channel sensing and scheduling
process. We consider three different scheduling policies:
maximum-rate scheduling, maximum-weight scheduling
and proportionally fair scheduling. For each policy, we
present the queue stability analysis and characterize the
corresponding stability regions. We also study the cases
where users have identical SNR statistics and unequal SNR
statistics. For the case of equal SNR among users, we obtain
the optimal centralized sensing order and study the stabil-
ity performance of queues. For the case of unequal SNR
among users, we consider intuitive sensing order and study
the queue behavior. Our results show insights on the perfor-
mance of the joint channel sensing and scheduling policies.

Keywords: cognitive radios, queues, average delay, chan-
nel sensing order, stability.

INTRODUCTION

With the increase in wireless data, usable RF spectrum
is becoming heavily congested and the cognitive radios
provide a means for enhancing the efficiency of spectrum
usage. A cognitive radio is a smart radio that can intel-
ligently detect available wireless channels in its vicinity
and dynamically configure its transmission or reception
parameters so as to make the best use of these spec-
trum holes. Cognitive radios are capable of communicating
on licensed spectrum without causing interference to the

primary/licensed users of the bands, and therefore hold
great potential for improving the efficiency of the usage
of licensed spectrum that is otherwise poorly utilized due
to static frequency allocations.

However, the spectrum that a cognitive radio would be
allowed to operate on can be expected to be scattered
and heterogeneous in general. In other words, a cogni-
tive radio would need to search over multiple portions
of the licensed spectrum, possibly having different band-
widths and primary user characteristics, in order to select
the best free channel for its use.Also, these cognitive radios
are usually small devices with hardware limitations, they
can not simultaneously sense more than one portion of
the spectrum quickly, efficiently and reliably. Hence, each
Cognitive User (CU) in a cognitive radio network (CRN)
would need to have a sensing-order i.e., an order in which it
will sequentially sense the different channels until it finds
a suitable channel for its communication.

In general, each user’s data is buffered in the corre-
sponding Queue before suitable channel is selected for
transmission. In this work, we study the Queue behavior of
multi-user cognitive radio networks with several channel
sensing procedures and scheduling mechanisms.

NETWORK MODEL

Centralized Sensing

We consider a CRN with M CUs, N licensed channels
and a coordinator. The frame structure is divided into slots
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of duration T [1], [2], [3]. In any given slot, channel i is
free from primary users with probability θi and it is used
by primary users with probability (1 − θi). We refer θi

as the primary-free probability of channel i. We label the
channels 1, 2, . . . , N in descending order of their primary-
free probabilities such that θ1 > θ2 > · · · > θN .

We assume that the signal-to-noise ratio (SNR) repre-
sented as γ , seen by a CU to its receiver on a given channel
remains constant over a time slot and changes indepen-
dently at the beginning of the next time slot.We also assume
that the SNR of mth cognitive user on any channel is inde-
pendent and identically distributed across time slots and
independent of other users with the probability density
function denoted by f�m(γ ).

The coordinator specifies a sensing-order, also referred
to as central sensing-order, by s � (s1, s2, . . . , sN ), which
is a permutation of (1, 2, . . . , N ) and all the CUs sense the
channels in that order. Note that si denotes the ith channel
in the sensing-order s of the coordinator. At the beginning
of each time slot, the coordinator requests the CUs to sense
the channels as per its sensing-order and collects the local
sensing results from the waiting CUs, i.e., CUs who have
not yet been allotted a channel for transmission. Using
data fusion techniques, coordinator makes a decision on
whether the sensed channel is free or not. This mechanism
of cooperative centralized sensing is illustrated in Fig. 1.

Spectrum sensing is performed locally by the individ-
ual cognitive users. The coordinator fuses the local sensing
reports to make a centralized decision on whether the chan-
nel being sensed is free to be used by the cognitive users [4].
When the sensed channel is free, the coordinator allots to
one of the waiting CUs, depending on a suitable criterion,
which will be described subsequently.

FIGURE 1. Model for Centralized Sensing

Rate Adaptation

The CUs use opportunistic transmissions, i.e. they adapt
their transmission rates according to the channel quality
using rate-adaptation techniques. In this paper, we denote
the transmission rate used bymth CU on channel i by r(γ m

i ),
where γ m

i is the instantaneous SNR seen on channel i by
mth CU to its receiver and r(.) is a non-decreasing function
of γ m

i .When we say that the CUs do not use rate-adaptation,
we mean that they use a fixed rate R (i.e., r(γ m

i ) = R ∀i, m)
whenever they transmit on a channel, irrespective of the
channel quality.

Let τ denote the total sensing duration, i.e. the time
required by the coordinator to sense any channel with the
desired accuracy. If a CU is granted access to a channel after
k sensings of the coordinator, the total sensing duration
is kτ and hence, the time available for data transmission
is T − kτ . The effectiveness of transmission in a slot, as
defined in [1] and [2], is the ratio of the data transmission
duration to the total slot duration. If a CU starts transmitting
data after k sensings of the coordinator, the effectiveness
ck is defined as

ck � T − kτ

T
= 1 − k

τ

T
(1)

A summary of the slot structure is illustrated in Fig. 2.

Queuing model

Let Qm denote the (buffer) Queue containing the data cor-
responding to CU m. Let the data arrive at Qm with rate λm

and we do not assume any particular probability distribu-
tion for data arrival. For convenience, we collect the arrival
rates of all users in a vector as λ = [λ1, . . . , λM ]. Let qm(t)
denote the number of packets in Qm at the beginning of
t th time slot. If vm(t) and bm(t) denote the data arrived and

FIGURE 2. Slot Structure
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transmitted (successfully) during the t th slot, we have

qm(t + 1) = qm(t) + vm(t) − bm(t) (2)

We are interested in studying the behavior of queues
qj (t) as a function of time t . Specifically, we are inter-
ested in the asymptotic queue behavior as t → ∞. Before
we proceed for that, we discuss briefly about the optimal
channel sensing order chosen by the central coordinator.

OPTIMAL SENSING ORDER

Sensing order used by the coordinator can be chosen in
many ways. One particular option is to maximize the total
throughput of the cognitive users, and we refer to the cor-
responding sensing order as the optimal sensing order. In
this section, we briefly discuss about finding the optimal
sensing order [4].

Reward Function

First, we present a general procedure for computing the
total cognitive throughput as a function of the sensing-
order s = (s1, s2, . . . , sN ) of the coordinator. Let vj

i denote
the sum-throughput at channel si given that the channel
is sensed to be primary-free while there are j waiting-
CUs i.e. CUs who are yet to be allotted a channel by the
coordinator for transmission. Let V

j

i+1 denote the expected
sum-throughput if the coordinator proceeds from channel
si to sense channel si+1 with j waiting-CUs. We can write
V

j

i+1 as follows.

V
j

i+1 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0, j = 0

θsi+1 E [vj

i+1],

j �= 0, i = N − 1

θsi+1 E [vj

i+1] + (1 − θsi+1 )V j

i+2, otherwise

(3)

In order to write an expression for vj

i , we make use of
the following observations. If j = 0, then vj

i = 0. Oth-
erwise, in the Nth (final) round of sensing with j (> 0)
waiting-CUs, when the coordinator senses channel sN to
be primary-free, in order to achieve the maximum possible
reward, it should let the waiting-CU seeing the best channel
quality on channel sN , access the channel. If w1, w2, . . . , wj

denotes the j waiting-CUs, and δ
j

i denotes the maximum

SNR seen by any of the j waiting-CUs on channel si , i.e.

δ
j

i = max(γ w1
si

, γ w2
si

, . . . , γ
wj
si ), (4)

then the coordinator should let the waiting-CU seeing SNR
δ

j

N access channel sN . The corresponding reward would be
cir(δj

N ).

In any other ith (1 ≤ i < N ) round of sensing with j

(> 0) waiting-CUs, when the coordinator senses channel
si to be primary-free, it can choose, based on the choice
that results in a higher reward, to either

(i) let the waiting-CU seeing the maximum SNR access
this channel, and earn the corresponding reward
cir(δj

i ) + V
j−1
i+1 , or

(ii) skip the channel, i.e. not let any waiting-CU access
this channel and proceed to sense the next channel in
its sensing-order, and earn the corresponding reward
V

j

i+1.

Thus, we can write vj

i (j > 0) as

vj

i =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

cir(δj

i ), if i = N

(coordinator grants access to sN )

cir(δj

i ) + V
j−1
i+1 , if i �= N & cir(δj

i ) + V
j−1
i+1 > V

j

i+1

(coordinator grants access to si)

V
j

i+1, otherwise (coordinator skips si)

(5)

Here, cir(δj

i ) + V
j−1
i+1 > V

j

i+1 is the access rule for the
coordinator, analogous to the traditional stopping rule in
the single-user case [1], and can be similarly shown to be
optimal as in [2].

Using equations (3) and (5), we can recursively com-
pute the matrix {V j

i }N×M (1 ≤ i ≤ N , 1 ≤ j ≤ M).We
start with V 1

N , then compute {V j

N }Mj=2 and then repeat the
procedure for i = N − 1, N − 2, . . . , 1 to eventually com-
pute V M

1 . When the coordinator uses a given sensing-order
s, it starts off by proceeding to sense channel s1 with M

waiting-CUs, and the reward associated with that step is, by
definition, V M

1 . Therefore, V M
1 is the reward function that

we had set out to formulate, and can be derived using the
above procedure. Using an exhaustive search procedure,
we can determine the sensing-order s that maximizes V M

1 .

Computing Optimal Sensing Order

We discuss the optimal sensing order under some special
cases below. When the CUs in the M-user CRN do not

3
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use rate-adaptation and transmit at a fixed rate R whenever
they are granted access to a channel by the coordinator,
i.e. r(δm

i ) = R ∀i, m, the optimal sensing order is the
descending order of channels based on their primary-free
probabilities, sopt = [1, 2, · · · , N ] if θ1 > θ2 > · · · > θN .
For subsequent use, we call this sensing order as the intu-
itive sensing order s int = [1, 2, . . . , N ]. In general, when
the CUs use rate adaptation, intuitive sensing order need
not be optimal.

Let us consider Rayleigh-fading channels where �m

denotes the mean SNR seen on each channel by the CU
m. Hence, the instantaneous SNR γ m

i seen on any channel
i by any CU m follows the same exponential distribution
with the pdf given by f�m(γ ) = 1

�m e− γ
�m , γ ≥ 0. Let the

transmission rate used on channel i by CU m be r(γ m
i ) =

ln(1 + γ m
i ).

For the special case of a 2-user CRN (M = 2), with 3
channels (N = 3), we give a closed-form expression [4]
for the reward V 2

1 as a function of the sensing-order s =
(s1, s2, . . . , sN ) of the coordinator, under the assumption
that all the users have the same fading statistics f�m(γ ) =
f�(γ ), ∀ m. Reward functions are written in terms of the
function ψ( · ) which is defined as ψ(x) = ∫ ∞

x
e−t

t
dt .

V 1
3 = θs3c3e

1/�ψ

(
1

�

)

V 1
2 = V 1

3 + θs2c2e
1/�ψ

(
eV 1

3 /c2

�

)

V 1
1 = V 1

2 + θs1c1e
1/�ψ

(
eV 1

2 /c1

�

)

V 2
3 = 2θs3c3e

1/�ψ

(
1

�

)
− θs3c3e

2/�ψ

(
2

�

)

V 2
2 = V 2

3 + 2θs2c2e
1
� ψ

(
e(V 2

3 −V 1
3 )/c2

�

)

−θs2c2e
2
� ψ

(
2e(V 2

3 −V 1
3 )/c2

�

)

V 2
1 = V 2

2 + 2θs1c1e
1
� ψ

(
e(V 2

2 −V 1
2 )/c1

�

)

−θs1c1e
2
� ψ

(
2e(V 2

2 −V 1
2 )/c1

�

)

The sensing-order s that maximizes V 2
1 is the optimal

sensing-order and the corresponding V 2
1 is the optimal

cognitive throughput.

However, when the channel fading statistics are not iden-
tical across the users, finding the optimal sensing order is
still an open problem.

SCHEDULING ALGORITHMS

In this section, we give details of the scheduling algo-
rithms considered in our work. Multiuser scheduling has
been extensively studied in both academia and industry.
The scheduling schemes have been motivated to tackle the
unique features in wireless networks such as scarcity of
resources, mobility of users, interference and time-varying
channel conditions due to fading. Hence, good schedul-
ing schemes in wireless networks should opportunistically
seek to exploit channel conditions to achieve higher net-
work performance.We consider three different scheduling
algorithms, maximum-rate scheduling, maximum-weight
scheduling and proportionally fair scheduling.

In order to describe these algorithms, we need to intro-
duce notations regarding the data arrival, departure and
queuing state. Also, we first describe the schedulers for
the case when there is only a single channel available. The
general case of multi-user cognitive radio networks is dis-
cussed in the next section. As already mentioned, each user
m has a buffer Qm which has qm(t) amount of data at a given
time slot t . We denote the amount of data bm(t) success-
fully transmitted by the CU m at the time slot t . Hence the
cumulative amount of data sent by CU m upto time slot t

is given by

Dm(t) =
t∑

n=1

dm(n) (6)

where dm(n) denotes the amount of data.

Also, the empirical throughput of user m upto time slot
t is given by

Tm(t) = Dm(t)

t
(7)

The set of users who have non-empty queues at time t

is denoted as A(t) = {m : qm(t) > 0}. Also, based on
the channel conditions, let rm(t) denote the rate at which
user m can transmit data reliably at the given slot t . Given
various information such as {qm(t), rm(t), Tm(t)}, different
scheduling algorithms chooses an user j ∈ {1, · · · , M}
who gets to access the channel at time slot t , based on their
own scheduling criterion.

4
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Maximum-Rate Scheduling

Maximum-rate scheduler picks the user j with non-empty
queue to be allotted the channel resource in the t th slot
where

j = arg max
m∈A(t)

rm(t) (8)

This scheduler picks the user who has the highest data rate
in that given slot. Hence, this is an opportunistic scheduling
scheme. Intuitively, this scheduler tries to maximize the
overall throughput of the system. If the channel quality
statistics are same across all the users, then, every user
would get the same transmission time. Therefore the overall
data rate of the system will be the theoretical maximum data
rate.

However, this scheduler does not ensure fairness. For
instance, an user with poor channel statistics may never get
channel assigned in his favor. Also, the quality of service
(QoS) for any user might be poor. For instance, an user,
though may have a large number of data waiting in his
queue, may not get assigned the channel due to his channel
condition not being the best. Hence, the overall queuing
delay of the packets can be high. Though this scheduler is
simple to implement and tries to maximize the utility of the
channel, it has drawbacks on the overall QoS performance.

Maximum-Weight Scheduling

Maximum-weight scheduler picks the user j with non-
empty queue to be allotted the channel resource in the t th

slot where

j = arg max
m∈A(t)

qm(t)rm(t) (9)

This scheduler picks the user who has the highest prod-
uct of data rate and queue length, in that given slot. This
is also an opportunistic scheduling scheme. As opposed to
maximum-rate scheduler, maximum-weight scheduler uses
the amount of data available at present in the queue. This
scheduler tries to strike a balance between users with high
data rates and users with long queues. This scheduler has
been shown to have some optimality properties [5] regard-
ing the stochastic stability of queues. For instance, as long
as the data arrival rates of the users are within the overall
capacity region of the system, maximum-weight scheduler
ensures that all the users’queues remain stable, that is, they
do not grow unbounded.

Proportionally Fair Scheduling

The proportionally fair scheduler exploits the random vari-
ations in channel quality, but at the same time, tries to
ensure fairness among users. Its metric for allocation is
not based on the actual data rate but its ratio to the average
data rate. The proportionally fair scheduler chooses user j

to access channel at time slot t where

j = arg max
m∈A(t)

rm(t)

Tm(t − 1)
(10)

Here, the ratio of the data rate at the present slot with respect
to the empirical throughput of the user upto the previous
slot is used as the metric to select the user for the present
slot. The scheduler has to calculate the ratio for each user
and then compare the ratios to determine the user with the
highest ratio to schedule him for transmission in that slot.
The overall throughput of the proportionally fair scheduler
is usually higher than that of round-robin method, since
the users are not chosen in a apriori fixed order. Instead,
the user whose data rate is farthest above its average rate
will be selected. However, the throughput will be lower
than the total throughput of the maximum-rate scheduler.
Another issue is the computation of the ratio rm(t)

Tm(t−1) and
the empirical throughput needs to be continually updated.
Nevertheless, the proportionally-fair scheduler avoids the
situation of an user with poor channel statistics never
getting a channel assigned in his favor.

JOINT SENSING AND SCHEDULING

In this section, we describe the details of the centralized
sensing and scheduling procedure for our multi-user cog-
nitive radio networks. The scheduling algorithms need to
take into the fact that there are multiple channels and each
channel has to be sensed for availability before allocation
to users.

Procedure Description

We describe the centralized sensing and scheduling proce-
dure at the t th time slot. Towards that the queue information
of the cognitive users qm(t), m ∈ {1, . . . , M} and their
empirical throughput until the previous slot Tm(t −1), m ∈
{1, . . . , M} are made available to the coordinator. Also,
the set of users with non-empty queue is obtained as

5
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A(t) = {m : qm(t) > 0}. Let s be an N × 1 vector denot-
ing the sensing order used by the coordinator. Here s is a
permutation of [1, . . . , N ]. Note that, s may be the optimal
sensing order, or the intuitive sensing order or any arbi-
trary order. We introduce the set B(t , k), which denotes the
set of CUs for which channels have been already assigned
after doing k sensings in the t th time slot.The step by step
procedure is as follows

1. Initialize the variables as k = 1 and B(t , 0) = ∅.
2. Get the set of waiting CUs who have non-empty

queues and who are not yet assigned channel after
k − 1 sensings as W(t , k − 1) = A(t) \ B(t , k − 1).
Check if W(t , k − 1) == ∅. If true, then go to the
last step. If not true, continue with the following step.

3. Pick the kth channel to be sensed from the sensing
order s. Denote the channel as [s]k .

4. Ask the waiting CUs in W(t , k − 1) to perform
spectrum sensing on the channel [s]k and obtain the
sensing report from those CUs.

5. If [s]k is not primary-free, then set B(t , k) = B(t , k−
1) and go to step 2. On the other hand, if [s]k is
primary-free, proceed to the following step.

6. From the sensing report, obtain the instantaneous
SNR in the channel [s]k for the waiting CUs and
denote them as γm(t , k) for m ∈ W(t , k − 1).

7. Obtain the instantaneous data rates of waiting CUs
using the effectiveness of the time slot as rm(t , k) =
ck log (1 + γm(t , k))

8. Based on the instantaneous data rates, we allot the
channel [s]k to an user j ∈ W(t , k − 1), according
to the scheduling mechanism. For each scheduler, the
user selection is done as follows:
• Maximum-Rate Scheduler

j = arg max
m∈W(t ,k−1)

rm(t , k) (11)

• Maximum-Weight Scheduler

j = arg max
m∈W(t ,k−1)

qm(t)rm(t , k) (12)

• Proportionally fair Scheduler

j = arg max
m∈W(t ,k−1)

rm(t , k)

Tm(t − 1)
(13)

9. When user j gets assigned to the channel [s]k , the sets
and Queue buffer gets updated as follows. We have

B(t , k) = B(t , k − 1) ∪ j (14)

Now, the amount of data transmitted by the user j in
the kth time slot is obtained as

bj (t) = min
(
qj (t), rj (t , k)

)
(15)

Now the queue length of user j gets updated as

qj (t + 1) = qj (t) − bj (t) + vj (t) (16)

where vj (t) denote the amount of data arrived in the
t th time slot for user j .

10. Increment k = k + 1.
11. If k ≤ N then go to step 2. Else, go to the following

step.
12. Perform Queue updates for users who were not

assigned any channel in the t th time slot

qj (t + 1) = qj (t) + vj (t), ∀j ∈ A(t) \ B(t , N ).
(17)

13. Go to the next time slot t + 1.

Stability Analysis

We introduce the notion of stability of queues and related
performance metrics. We say that the queue is stable if
the average number of packets/amount of data present in
the queue remains bounded. For instance, user m queue is
stable if

lim sup
t→∞

E (qm(t)) < ∞ (18)

where E ( · ) denotes expectation. An arrival rate vector
λ = [λ1, . . . , λM ] is called a stable arrival vector, if all the
users’ m ∈ {1, . . . , M} queues are stable for that arrival
vector.

Now, the stability region R of the queuing system is the
collection of all the stable rate vectors, such that

R = {λ : λ is a stable arrival vector} (19)

Note that, the stability region depends on the sensing order
and the scheduler used. We perform the stability analysis
for various sensing orders and the scheduling mechanisms.
We also introduce the following parameters related to
the stability region. Typically, when λ is in the stability
region, then λ − ε is also in the stability region where
ε = [ε1, . . . , εM ] with 0 ≤ εi ≤ λi . Now, the volume of
the largest cuboid within the stability region is obtained as

Amax = max
λ∈R

	M
m=1λm (20)

6
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The maximum total throughput within the stability region
is defined as

T max = max
λ∈R

M∑
m=1

λm (21)

Now, the maximum stable arrival rates for each user is
obtained as

λmax
m = max

λ∈R
λm (22)

The behavior of Amax, T max and λmax
m are studied for various

sensing orders and scheduling mechanisms in the following
section.

Simulation Results

We consider the case of 2 users M = 2 and 4 channels
N = 4. In the first study, we consider unequal SNR statis-
tics between the users. Specifically, the SNR of both users
are exponentially distributed with means �1 = 1.5 and
�2 = 1. In such case, finding the optimal sensing order is
an open problem. Hence, we perform the stability anal-
ysis with intuitive sensing order for various scheduling
algorithms.

In Fig. 3, we show the Amax versus τ for the schedulers.
We note that the maximum-weight scheduler has the best
performance in terms of the largest rectangle inside the sta-
bility region. This can be explained from the fact that the
maximum-weight scheduler has optimal properties regard-
ing the stochastic stability of queues [5]. The plot clearly
shows:

1. The performance of the maximum-rate scheduler is
poorer than the maximum-weight but better than the
proportionally fair algorithm.

2. Proportionally fair algorithm tries to ensure fairness
among users having different SNR statistics. Hence,
its overall stability region is typically smaller than
that of the maximum-weight scheduling scheme.

In Fig. 4, we show the T max versus τ for the schedulers.
Again, we note that the maximum-weight scheduler has
the maximum total throughput within its stability region.
This can be explained from the fact that the maximum-
weight scheduler typically has larger stability region (infer
from Fig. 3) than the other two schedulers. The plot clearly
shows:

FIGURE 3. Amax versus τ

FIGURE 4. T max versus τ

1. The performance of the maximum-rate scheduler is
quite close to that of the maximum-weight algorithm
since it tries to maximize the overall throughput.

2. Again, proportionally fair algorithm performs poorer
than the other two schedulers.

In Figures 5 and 6, we plot the maximum data rate for
the first and second user respectively, within the stability
region. We note that:

1. The first user who has the higher mean SNR has
higher data rates within the stability region when
compared with the second user.

7
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FIGURE 5. λmax
1 versus τ

FIGURE 6. λmax
2 versus τ

2. Also, all the three algorithms have nearly the same
maximum data rate for the first user.

3. On the other hand, the second user who has lesser
mean SNR has poorer rates compared to the first user.

4. Interestingly, the proportionally fair scheduler has
higher rate for the second user for τ = 0.01 when
compared with the other schedulers. This clearly indi-
cates the proportionally fair algorithm tries to ensure
fairness by allocating channel resources to the second
user more often than the first two schedulers.

5. However, since its overall stability region is small,
proportionally fair algorithm may have smaller rates
for the second user as well compared to the other
algorithms for some values of τ .

FIGURE 7. Amax versus τ

FIGURE 8. T max versus τ

FIGURE 9. λmax
1 versus τ

Next, we consider the case where the two users have the
same SNR (� = 1). For this case, we find the optimal sens-
ing order, as explained previously. The stability parameters

8
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FIGURE 10. λmax
2 versus τ

for various schedulers are obtained and shown in the fol-
lowing plots. In Fig. 7, we show the Amax versus τ for the
schedulers with optimal sensing order. We note that:

1. The maximum-weight scheduler and maximum-rate
scheduler have nearly the same performance. Since
the users have identical SNR statistics, both these
schedulers (on the average) end up giving equal chan-
nel allocation between the users and have similar
performance.

2. Proportionally fair algorithm tries to ensure fairness
among users by comparing instantaneous SNR statis-
tics and pays the penalty in the overall stability region
area compared to the other two schedulers.

In Fig. 8, we show the T max versus τ for the sched-
ulers. Again, we note that the performance between the
schedulers is very similar to the Amax performance.

In Figures 9 and 10, we plot the maximum data rate for
the first and second user respectively, within the stability
region. Since both users have identical SNR, the behavior
of λmax

1 and λmax
2 are similar. In addition, all the three sched-

ulers have same behavior for the maximum rates within the
stability region.

CONCLUSIONS

We studied the behavior of Queues in multi-user cogni-
tive radios for the case when the centralized coordinator
is controlling the channel sensing and scheduling pro-
cess. We considered three different scheduling policies:
maximum-rate scheduling, maximum-weight scheduling

and proportionally fair scheduling. Our results show that
the maximum-weight scheduler has the largest stability
region. Performance of maximum-rate scheduler is typi-
cally in between the maximum-weight and proportionally
fair schedulers. Proportionally fair algorithm has the small-
est stability region. However, it ensures that users who have
poor SNR conditions enjoy better data rates than the other
two schedulers.
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