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Abstract—In this paper, we develop multiuser access schemes
for spectrum sharing systems whereby secondary users share
the spectrum with primary users. In particular, we devise two
schemes for selecting the user among those that satisfy the
interference constraints and achieve an acceptable signal-to-noise
ratio (SNR) level. The first scheme selects the user with the
maximum SNR at the receiver, whereas in the second scheme the
users are scanned in a sequential manner until an acceptable user
is found. In addition, we consider two power adaptive settings.
In the on/off power adaptive setting, the users transmit based
on whether the interference constraint is met or not while in
the full power adaptive setting, the users vary their transmission
power to satisfy the interference constraint. Finally, we present
numerical results of our proposed algorithms where we show
the trade-off between the average spectral efficiency and average
feedback load of both schemes.

Index Terms—Multiuser Diversity, Switched Diversity, Spec-
trum Sharing, Performance Analysis

I. INTRODUCTION

Recent studies conducted by the United States Federal
Communications Commission (FCC) indicate that the wireless
spectrum is largely underutilized, and the temporal and geo-
graphical variation in the utilization of the assigned spectrum
ranges from 15% to 85% [1]. The fixed spectrum assignment
policy served well in the past; however, the recent need for
anytime-anywhere service access over the wireless network
has created an urgent demand for wireless radio resources [2].
This demand, as well as the underutilization of the spectrum,
gave the concept of cognitive radio greater importance. First
introduced by Mitola and Maguire [3], the basic idea of a
cognitive radio is to enable the primary (licensed) user (PU)
and secondary (unlicensed) user (SU) to coexist in the same
frequency spectrum.

The cognitive radio technology is the key technology that
enables NeXt Generation Networks to use the spectrum in
a dynamic manner [3]. Dynamic Spectrum Access Networks
(DSANs) facilitates cognitive radio (CR) devices to analyze
the spectrum bands and access them if unoccupied until the
incumbent transmitter arrives [2]. In underlay cognitive radio
systems, also known as spectrum sharing systems, primary
and secondary users can simultaneously transmit information
as long as the interference of the secondary user to the
primary user stays below a predetermined threshold, called
the interference constraint [3].

In a multiuser communication system, multiuser diversity
(independent fading channels across different users) can be
exploited to maximize the average throughput [4]. In multiuser
communication systems, a base station (BS) is connected
to several users that are competing for channel access in a
time division multiplexed (TDM) access mode. In general,
the BS probes all users and selects the user that reports the
best channel quality based on the channel state information
(CSI) that is available through a feedback channel between the
users and the BS. In a non-cognitive setting, the BS switches
between users depending on a predefined SNR switching
threshold [4]. This threshold ensures a reliable secondary
communication transmission. In general, if a user’s SNR is
below the SNR threshold, the BS switches and examines other
users [5].

In this paper, a multiuser-switched diversity transmission
scheme is adapted to an underlay cognitive setting. Two
types of schemes in two different settings are discussed and
analyzed. In the first setting, the system operates in an On/Off
power adaptive setting. A traditional way of performing this
task is that for all users that do not meet the interference
constraint with the primary user, the BS does not consider
them for transmission and therefore their transmit power must
be set to zero. If a user meets the interference constraint as
well as the SNR switching threshold, then it is able to transmit
with its maximum transmit power, assuming the BS selects it
for transmission. In the second setting, the system operates
in a full power adaptive mode. Specifically, the users that do
not meet the interference constraint with the primary receiver
must decrease their transmit power level so that they meet the
max interference threshold. In this setting, all users adapt their
power settings so that they meet the interference constraint
and therefore all users compete for channel access based on
whether they are able to meet the switching threshold [6].

The first scheme is equivalent to the selection combining
transmission (SCT) scheme in a spatial diversity system. In
SCT, the BS serves the user with the strongest channel and
that simultaneously meets an interference constraint with the
primary and the switching threshold for optimal secondary
communication. This scheme yields the best average spectral
efficiency (ASE), but comes at the expense of a high feedback
load, (defined as the number of estimated users probed before
channel access), since the BS must first probe all users and
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then select the user with the highest signal-to-noise ratio
(SNR) [7]. In an attempt to simplify the selection procedure
and reduce the feedback load, the scan-and-wait transmission
(SWT) scheme is analyzed. In this scheme, the BS executes
a sequential search of the user and selects the first acceptable
user that meets the interference and switching constraints
instead of the best user [8].

The remainder of this paper is organized as follows. Section
II presents the system model and the adaptive modulation that
is used, as well as the ASE and BER analysis. Section III
presents the proposed access schemes in both power settings,
the mode of operation of these schemes, and the performance
analysis of the proposed schemes. Section IV offers several
numerical examples that illustrate the performance of the
analyzed schemes.

II. SYSTEM MODEL AND ADAPTIVE MODULATION

A. System and Channel Model

In this section, the system and channel models considered
in the paper are briefly outlined. A time division multiplexed
(TDM) system is assumed where only one user is allowed to
have channel access per time-slot for uplink transmission. A
single time-slot is divided in two regions, a guard time and an
information transmission time. During the guard time the BS
probes the users to find a user that will be given access to the
channel in the succeeding information transmission time. The
guard time is assumed to be fixed and equal to the amount of
time that is needed to probe all users. The time duration of a
single time-slot is assumed to be roughly equal to the channel
coherence time. Under the assumption of frequency flat-fading,
we use a block-fading model, assuming that each data burst
experiences the same fading conditions as the preceding guard
period.

For simplicity, each individual user and the BS are equipped
with a single antenna, and perfect channel state information
(CSI) is assumed to be available at both the BS and the
users. For our study we assume independent and identically
distributed (i.i.d) Rayleigh fading channels across the different
users.

We let hpi be the channel coefficient between the ith

user and the primary receiver (PR) and hsi be the channel
coefficient between the ith user and the BS. We assume that
hp and hs are zero-mean complex Gaussian random variables
with variances σ2

p and σ2
p, respectively. We also let |hpi |2 and

|hsi |2 denote the instantaneous channel gains from the ith

secondary user to the PR and from the ith secondary user to
the BS, respectively. Assuming a transmit power of Pt and
Gaussian noise with zero mean and variance No on both the
secondary and interference channels, the received interference
SNR with the primary and the received secondary SNR at the
BS are given respectively by

γpi =
Pt|hpi |

2

No
(1)

and

γsi =
Pt|hsi |

2

No
. (2)

B. Adaptive Transmission System

Furthermore, we consider a constant-power, variable-rate,
uncoded M-ary quadrature amplitude modulation (QAM) as
the adaptive modulation system for our proposed schemes [7].
With this adaptive modulation, the SNR range is divided into
N+1 fading regions and the constellation size M = 2n (where
n = 0, 1, . . . , N is the number of bits per symbol) is assigned
to the n-th region. In depth, rate adaption is achieved by
dividing the SNR range intoN+1 regions which are defined
by the constellation SNR thresholds {γn}Nn=1. A data rate
of Rn = n is used if the reported received secondary SNR
(γsi ) of the chosen user satisfies the following inequality:
γn ≤ γsi < γn+1. Note that the lower limit, γn, of each
fading region is equal to lowest SNR which guarantees that
the predefined target bit-error-rate (BER) is achieved by code
n. The BER of a 2n−QAM constellation with an SNR of γ can
be expressed as [9]:

Pbn (γ) =
1

5
exp

(
−3γ

2(2n − 1)

)
. (3)

Given a target BER equal to BERo, the region boundaries for
n=0, 1,. . . ,N are given by [2, Eq(4)]

γn =
−2
3

ln(5BER0)(2
n − 1) (4)

C. ASE and BER Analysis

The ASE of the systems in this paper is obtained as a sum
of the spectral efficiencies {Rn}Nn=1 = {1, 2, . . . , N} for the
individual codes weighted by the probability Pn that code n
is used:

ASE =

N∑
n=1

RnPn (5)

where

Pn =

∫ γn+1

γn

fγBS (x) dx = FγBS (γn+1)− FγBS (γn). (6)

The functions fγBS (x) and FγBS denote the probability
density function (PDF) and the cumulative distribution func-
tion (CDF) of the received SNR at the BS. The distribution
of the PDF and CDF depends on the mode of operation
of the selected multiuser access scheme. The BER, when
averaged over all codes and SNRs, is given as the average
number of erroneous bits divided by the average number of
bits transmitted and is shown as follows:

BER =

∑N
n=1RnBERn

ASE
(7)

where BERn is the average BER for constellation size n and
is given by [2] [10]:

BERn =

∫ γn+1

γn

BER(x)fγBS
(x) dx. (8)



III. MULTIUSER ACCESS SCHEMES IN SPECTRUM
SHARING SYSTEMS

In underlay cognitive systems, the secondary user is allowed
to share the spectrum with the primary user as long as the
secondary user’s interference with the PR stays below an
interference threshold, called the peak interference constraint
(PIC) and denoted by Q. The PIC represents the maximum
allowable interference power level that a primary user accepts.
The second threshold a user must satisfy is the secondary
switching threshold, γT . To ensure reliable secondary com-
munication, the received SNR from a user at the BS must be
at least γT . The switching thresholds in this paper are chosen
to maximize the ASE (this can be seen in the analysis section
of each scheme). Figure 1 depicts the system model where
PT denotes the primary transmitter, PR denotes the primary
receiver, and Ui represents the ith secondary user.

Fig. 1. System Model

A. Selection Combining Access Scheme

The selection combining transmission (SCT) scheme may
be viewed as the optimal scheme when compared to the scan-
and-wait since it produces a higher ASE; however, SC comes
with the disadvantage of a higher feedback load. Assuming
that there are a total of K users connected to the BS, we
examine the SC scheme as follows: during the guard time
the BS probes all users and selects those users that meet
the PIC with the primary (γpi ≤ Q), thus receiving an
acknowledgment from the PR, in an ACK/NACK signaling
system. Next the BS probes the subset of K users that meet
the PIC (known as the feedback user), asking them for their
SNR and determines which user meets the switching threshold
(γsi ≥ γT ). The BS communicates with these users through a
direct feedback channel. Of the users that exceed the switching
threshold, the BS chooses the user with the best channel
quality (user with the largest γs). If all K users fail to meet
the PIC or switching threshold, then the last user is picked
(for simplicity), however, the selected user is not allowed to
transmit anything in the subsequent transmission time. The

BS starts a new search after waiting a period longer than the
channel coherence time.

B. Scan-and-Wait Access Scheme

In the scan-and-wait transmission scheme (SWT), the BS is
no longer looking for the best user, but rather an acceptable
user that meets both the PIC and the switching threshold. The
SWT scheme works as follows: during the guard period, the
BS initiates a sequential search of the users, requesting the
SNR (γsi ) of each user while simultaneously comparing it with
the ACK or NACK that is received from the PR (determining
whether the user meets the PIC or not, respectively). If the ith

user receives an ACK from the PR and γsi ≥ γT , then that user
is given access to the channel to either upload or download
information during the following transmission period. If the
ith user fails to meet both or one of the conditions, the BS
continues on and probes/checks the next user. This probing
process continues until either a user is found that satisfies
both constraints (this user is selected for the subsequent
transmission time) or all K users fail to meet one or both
constraints, in which case the BS simply picks the last user
but does not allow it to transmit. Once again the BS waits a
period longer than the channel coherence time before it starts
a new sequential search. The BS begins its search from the
user that was last given channel access.

C. On/Off Power Adaptive Multiuser Access Schemes

In this section, the performance of the SCT and SWT in
the On/Off power adaptive mode is analyzed in terms of the
ASE, average feedback load, and average delay. In the case
of i.i.d Rayleigh fading channels across the different users,
the received SNR from the ith user at the BS and at the
PR, denoted by γsi and γpi respectively, are exponentially
distributed for i=1,. . . ,K . Their CDF and PDF are given by

Fγs(x) = 1− exp

(
− x

γs

)
, x ≥ 0 (9)

and
fγs(x) =

1

γs
exp

(
− x

γs

)
, x ≥ 0 (10)

respectively, where γs is the common average faded SNR for
the secondary link. The CDF and PDF of γp are identical to
(9) and (10) above but replacing γs with γp (the average faded
SNR for the interference channel).

Analyzing the probability that no users is able to meet one
or both constraints, the probability of no transmission of the
SCT and SWT scheme is given by

Pno=

K∑
j=0

(
K

j

)
(Fγp(Q))j

[
1−Fγp(Q)

]K−j
(Fγs(γT ))

j (11)

1) Performance of the SCT Scheme: The operation of
selecting a user but not transmitting anything in the case when
all K users fail to be selected by the BS ensures that the
probability of not exceeding γT will be different from zero.
Since no user is allowed to transmit information if all fail to be
selected, the correct ASE and BER expressions are obtained



by letting {Rn}Nn=1 = 0 when x < γT . For simplicity, we
let γ∗s denote the received SNR at the BS post scheduling.
We compute the CDF of γ∗s per-time-slot for two cases. First,
when x < γT , the CDF is equal to the probability that all
users fail to be selected and the last selected user’s SNR at
the BS is below x, and is given by

FSCγ∗
s
(x) = Pno (12)

where Fγs (·) is the CDF of the user’s SNR at the BS given
in (9). For the second case (x ≥ γT ), the CDF is given by

FSCγ∗
s
(x) =

K∑
j=0

(
K
j

)(
Fγp(Q)

)j[
1− Fγp(Q)

]K−j
×

j∑
i=0

(
j
i

)
(Fγs(γT ))

j−i
[Fγs (x)− Fγs(γT )]

i

(13)

Replacing FγBS (x) in (6) with fγ∗
sSC

(x), the ASE of the SC
scheme is as follows

ASESC=



Rq

[
FSCγ∗

s
(γq+1)− FSCγ∗

s
(γT )

]
+

N−1∑
n=q+1

Rn

[
FSCγ∗

s
(γn+1)− FSCγ∗

s
(γn)

]
+RN

[
1− FSCγ∗

s
(γN )

]
, q ∈ {1, 2, . . . , N − 1}

RN

[
1− FSCγ∗

s
(γT )

]
, q = N (14)

where the index q ∈ {1, 2, . . . , N} denotes the fading regions
in which γT is placed. Defining γT (for fixed K, γs and γp)
as the switching threshold that maximized the ASE, it follows
that

γT = arg max
γ1≤γ≤γN

ASESC (15)

Defining the feedback load, FB , as the number of users
that the BS must probe to determine whether they meet the
switching threshold, the feedback load per time-slot is given
by

FB =

K∑
j=1

j
[
F ?γI (Q)

]j [
1− F ?γI (Q)

]K−j
. (16)

Thus the average feedback load of the SCT scheme is given
by

FB
SC

=
FB

1− Pno
. (17)

If none of the users are able to satisfy both the switching
threshold and the inference constraint, the system has to delay
transmission until an acceptable user is found. If we let D
be the number of time-slots that the system transmits nothing
until a successful transmission, the average number of delays
is given by

D =
Pno

1− Pno
. (18)

2) Performance of SWT Scheme: The SW scheme is based
on a sequential search of an acceptable user. If we let PF
denote the probability that a single user fails to be selected,
then

PF
SW = 1− Fγp(Q)

[
1− Fγp(Q)

]
. (19)

The CDF of the output SNR for the SW scheme is obtained
by analyzing the mode of operation and once again noting
that if no acceptable user is found, the BS choses the last
user; however, it does not allow it to transmit anything. Under
these conditions, the following CDF is obtained

FSWγ∗
s

(x) =


1−PSWno
1−PSWF

Fγp(Q) [Fγs(x)− Fγs(γT )]
+(PF )

K , x ≥ γT
Pno, x < γT

(20)

The ASE and optimal switching threshold is found in
a similar manner to (14) and (15) respectively, replacing
FSCγ∗

s
(γT ) with FSWγ∗

s
(x) and ASESC with ASESW .

Defining the feedback load, FB , as the number of user
the BS probes before channel access, we can concluded that
FB is geometrically distributed where FB can take the values
1,2,. . . ,K. Therefore, the average feedback load is given by

FB
SW

=
1

1− PF SW
(21)

If the BS probes all the users and is unable to find an
acceptable user for transmission, the BS does not allow
transmission in the following transmission period. If we let D
be the number of time-slots that the system delays transmission
until a successful transmission, the average number of delays
is then given by

D
SW

=

+∞∑
m=0

m P (D = m)

=

+∞∑
m=0

mPno
m(1− Pno)

=
Pno

1− Pno
(22)

D. Full Power Adaptive Multiuser Access Schemes

In all spectrum sharing systems, all secondary users that
want to transmit data to a target secondary receiver must first
ensure that they stay below a maximum interference threshold
that the primary receiver can tolerate, Q. If a user is unable to
meet the PIC, it is not considered for transmission. In this
section, we propose and analyze a power adaptive scheme
that adapts the secondary user’s transmit power Pti according
to |hpi |

2 to satisfy the PIC at the primary receiver. That is,
a secondary transmitter/user allocates its peak power (Pmax)
for transmission if the interference constraint is satisfied with
the peak power. Otherwise, it adaptively adjusts its transmit
power to the allowable level so that the interference observed
at the PR is below the maximum interference level of Q.



Correspondingly, the transmit power of the ith secondary user
is given by [11]

Pti = min

(
Pmax,

QNo

|hpi |
2

)
. (23)

With this power adaptation technique, the ith user’s SNR at
the BS, γPAsi , and its CDF are given, respectively, by [9][10]:

γPAsi =
Pti |hsi |

2

No
=

min

(
Pmax,

QNo

|hpi |
2

)
|hsi |

2

No
(24)

and

FγPAsi
(x) = P

(
γPAsi ≤ x

)
= 1−

1− 1

1 +
σ2
s

σ2
p

Q
x

e
− QNo
σ2pPmax

e− xNo
σ2s Pmax . (25)

Due to the power adaption that the users perform, each user
is able to satisfy the PIC and therefore the scheduling process
simplifies to only checking that a user’s received SNR at the
BS exceeds the switching threshold. We define the probability
of no transmission for the full power adaptive case as

PPAno =
[
FγPAsi

(γT )
]K
. (26)

1) Performance of the Full Power Adaptive Selection Com-
bining Scheme: In this section we discuss the mode of oper-
ation of the power-adaptive SC (SC-PA) scheme, characterize
its received SNR post scheduling, and analyze its performance.
Since the secondary users all adapt their power so that they
are able to satisfy the PIC, the scheduling process becomes
dependent only on γPAsi and γT . In the SC-PA scheme, the
BS starts by asking all the users for their SNR and compares
them to γT . The BS then chooses the user with the maximum
γPAs among all the users that exceed the switching threshold.
If all users are unable to meet the switching threshold, the BS
chooses the last user; however, it does not allow it to transmit
any information in the subsequent transmission time.

The CDF of γPAs
∗, the output SNR per time-slot, is as

follows

FSC−PA
γPAs

∗ (x) =


∑K
j=0

(
K
j

)(
FγPAs (γT )

)K−j[
FγPAs (x)− FγPAs (γT )

]j
, x ≥ γT

PPAno (x) , x < γT

(27)

The ASE and optimal switching threshold is found in
a similar manner to (14) and (15) respectively, replacing
FSCγ∗

s
(x) with FSC−PAγ∗

s
(x) and ASESC with ASESC−PA.

Since all K users meet the PIC, the BS must probe all users
and therefore the feedback load for the SC-PA scheme per
time-slot is deterministic and equal to K, the total number of
users connected to the BS. Evaluating the average feedback
load over all the time slot, we conclude that

FB
SC−PA

=
K

1− PPAno
. (28)

The average delay is given by

D
SC−PA

=
PPAno

1− PPAno
. (29)

2) Performance of the Full Power Adaptive Scan and Wait
Scheme: In this section we discuss the mode of operation of
the power-adaptive SWT scheme, characterize its SNR post
scheduling, as well as analyze its performance. Since the
secondary users all adapt their power so that they are able
to satisfy the PIC, the scheduling process becomes dependent
only on γPAsi and γT . In the SW scheme, the BS starts a
sequential search asking the first user for its SNR. If the first
user’s SNR exceeds γT , (γPAsi ≥ γT ), then that user is given
channel access to either upload or download information. If the
first user has a SNR value less than γT , then the BS switches
to the next user and checks its SNR with γT . This probing
and checking continues until either a successful user is found
and given channel access, or until all users fail to meet the
switching threshold. In the latter case the BS selects the last
user but does not allow it to transmit any information.

Analyzing the mode of operation of the SW-PA scheme, the
probability that a user fails to be selected is

PSW−PAF = FγPAsi
(γT ). (30)

The CDF of γPAs
∗, (the output SNR per time-slot), is as

follows

FSW−PA
γPAs

(x) =

{
β
[
FγPAs (x)− FγPAs (γT )

]
, x ≥ γT

PPAno (x) , x < γT
(31)

where β =
1−PPAno

1−PSW−PA
F

.
The ASE and optimal switching threshold is found in a sim-

ilar manner to equations (14) and (15) respectively, replacing
FSCγ∗

s
(x) with FSW−PAγ∗

s
(x) and ASESC with ASESW−PA.

The average feedback load is given by

FB
SW−PA

=
1

1− PF SW−PA
, (32)

and the average delay is given by

D
SW−PA

=
Pno

PA

1− PnoPA
. (33)

IV. NUMERICAL RESULTS

The performance of the proposed schemes is illustrated in
this section with selected numerical results. These numerical
examples are obtained by Monte-Carlo simulations and are
confirmed by analytical results. The values of γs = 10 dB,
γp = 0 dB, BER0 = 10−3, and Pmax = 10 dB have been
fixed for all examples.

Fig. 2 depicts the optimal switching threshold that maxi-
mizes the ASE versus the number of users. In general, as the
number of users increase, the switching threshold increases.
Figure 2 also shows that as the PIC increases, the threshold
values increase for both the SW and SW-PA schemes. It is
also noted that as the interference threshold increases, the
feedback load and delay decrease because more users are able
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to meet the PIC and hence can be candidates for channel access
selection.

In Fig. 3, the ASE versus the number of users connected to
the BS for all of the schemes are illustrated. It is noticeable
that the SC-PA scheme yields the highest ASE. The full
power adaptive cases significantly increase the ASE versus the
on/off power adaptive cases for both the SC and SW schemes.
Comparing the SC scheme to the SW scheme, the ASE for
the SC is higher than that of the SW scheme, and similarly
for SC-PA and SW-PA.
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The average feedback load for all the schemes are depicted
in Fig. 4. The SC-PA scheme has the highest feedback load
due to fact that all users adapt their power to meet the PIC,
thus all users must be probed by the BS and therefore the
average feedback is linear and equal to the number of users
connected to the BS. The SW scheme and the SW-PA scheme
both yield less feedback loads than the SC scheme. The
jumps in the average feedback load for both the SW and SW-
PA schemes are due to the changing switching threshold (as

depicted in Fig. 2). Comparing the switching thresholds for
both the SW and SW-PA schemes in Fig. 2 to the average
feedback load for these schemes in Fig. 4, it is noticeable that
as the switching threshold jumps from one value to another,
the average feedback load exhibits a similar behavior. This is
because as the switching threshold increases, it becomes more
probable that a user is not able meet the higher switching
constraint, and therefore more users must be tested before a
successful transmission occurs.
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In Fig. 5, the average number of no transmissions observed
by the BS (average number of delay) is depicted for all the
proposed schemes. Since each scheme operates with a different
optimal switching threshold, the delay for each scheme is
different. For the SW scheme, there are many spikes in the
graph. The non-smooth characteristic of the delay is due to
the changing value of the optimal switching threshold and
the increasing number of users connected to the BS. As the
switching threshold increases, it becomes intuitive that the
delay will increase since it becomes more probable that users
will not be able to satisfy the switching constraint. On the
other hand, as the number of users increase, it becomes more
likely that an acceptable user is found that meets the constraint.
These two opposing factors lead the delay graphs to exhibit
such behavior. However, in general, the full power adaptive
schemes produce less average delay when compared to the
on/off power adaptive schemes.

Figure 6 shows how the average feedback load of each
scheme changes as the PIC increases for a total of 10 users
connected to the BS. As the PIC constraint increases, more
users are able to satisfy the interference constraint and thus
for the scan-and-wait schemes, the feedback decreases since
it becomes more probable that an acceptable user is found.
However, this is the opposite for the selection combining
schemes since the number of users that the BS must probe
increases as more users meet the PIC.
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V. FINAL REMARKS AND FURTHER DISCUSSIONS

In this study, it is shown that in multiuser systems op-
erating in spectrum sharing networks, scheduling the user
based on highest channel quality increases the average spectral
efficiency. However, this method is associated with a high
feedback load. In an attempt to decrease the feedback load,
a switched scheduling scheme is analyzed where a lower
average spectral efficiency is observed. Furthermore, transmit
power adaptive techniques that ensure that secondary users
meet the interference constraint with the primary prove to
increase spectral efficiency as well as decrease delay. Future
work related to this study includes analyzing the performance
of the proposed schemes under the assumption of independent
but not necessarily identically distributed Rayleigh fading
channels.
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