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Abstract—We study the performance of a cognitive under-
lay system (US) that employs a power control mechanism at
the secondary transmitter (ST) from a deployment perspective.
Existing baseline models considered for performance analysis
either assume the knowledge of involved channels at the ST or
retrieve this information by means of a band manager or a feed-
back channel; however, such situations rarely exist in practice.
Motivated by this fact, we propose a novel approach that incor-
porates estimation of the involved channels at the ST in order to
characterize the performance of the US in terms of interference
power received at the primary receiver and throughput at the
secondary receiver (or secondary throughput). Moreover, we apply
an outage constraint that captures the impact of imperfect chan-
nel knowledge, particularly on the uncertain interference. Besides
this, we employ a transmit power constraint at the ST to clas-
sify the operation of the US in terms of an interference-limited
regime and a power-limited regime. In addition, we characterize
the expressions of the uncertain interference and the secondary
throughput for the case where the involved channels encounter
Nakagami-m fading. Finally, we investigate a fundamental trade-
off between the estimation time and the secondary throughput
depicting an optimized performance of the US.

Index Terms—Cognitive radio, underlay system, channel
estimation, estimation-throughput tradeoff.

I. INTRODUCTION

COGNITIVE Radio (CR) communications is considered
as one of the viable solutions that addresses the problem

of spectrum scarcity of future wireless networks. Secondary
access to the licensed spectrum can be broadly categorized
into different CR paradigms, namely, interweave, underlay and
overlay systems [2]. Among these, underlay and interweave
systems are largely associated with the techniques that are
applicable at the physical layer and therefore can be considered
feasible for hardware deployment. The interweave systems
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employ spectrum sensing to detect the presence of primary
user signals while avoiding harmful interference to the primary
system. On the other hand, an Underlay System (US) exploits
the interference tolerance capability of the primary systems
that allows the secondary users to transmit even in the pres-
ence of the primary users. To accomplish this, the US employs
techniques such as power control to maintain the interference
(power) received at the Primary Receiver (PR) below a spec-
ified level, defined as Interference Threshold (IT) [3]. In this
paper, we focus on the performance characterization of the US
that employs power control at the Secondary Transmitter (ST).

A. Motivation and Related Work

In order to enable shared access to the licensed spectrum,
it is essential to characterize the performance of a CR system
in reference to the primary and the secondary systems. With
regard to the primary system, the performance of a US is char-
acterized in terms of interference received at the PR, which
arises due to concurrent data transmission over the same chan-
nel by the secondary system. Recently, power control at the ST
has emerged as an effective way of regulating the interference
induced by the ST. However, the power control primarily
requires the knowledge1 of the primary interference channel
between the ST and the PR at the ST. The preliminary investi-
gations [3]–[7], considered for the performance evaluation of
the US, assume this knowledge to be perfectly known at the
ST. Such situations rarely exist in practical implementations. In
order to address this, the performance analysis based on imper-
fect channel knowledge has been dealt extensively in [8]–[18].

It is worth noticing that the majority of these
works [8], [10], [11] in reference to the imperfect chan-
nel knowledge consider that the channel’s knowledge at the
ST is obtained from a band manager2, an approach proposed
in [19]. Whereas [9], [13] rely on the presence of a feedback
link from the PR to the ST [20]. The fact is, the feasibil-
ity of the band manager or the feedback link across two
different systems is unrealistic from a practical standpoint.
In addition, due to latency, the channel knowledge obtained
while implementing these approaches may be outdated, as
considered in [9]–[11], and [13]. Besides, for the existence
of the feedback link, the demodulation of the secondary
user signals at the PR and a resource (time) allocation

1Here, the knowledge refers to the channel state information.
2An entity that mediates between the primary and the secondary system.
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explicitly for communicating the channel knowledge impose
an additional overhead for the primary system. These issues
render the hardware implementation of the US in reference
to the aforementioned approaches challenging. In contrast to
these approaches, we propose a novel strategy, according
to which the channel estimation is employed directly at the
secondary system. Thus, by avoiding the realization of the
band manager or the feedback link and the issues related
to it, this paper outlines the key aspects that facilitate the
hardware deployment of the US.

Along with the performance of the primary system, the
achievable data rate at the Secondary Receiver (SR) for the
link between the ST and the SR contributes significantly to
the overall performance of the US [7]–[9], [11], [13]–[15].
As a matter of fact, the knowledge of the data rate at the
ST can be utilized for guaranteeing a certain quality of ser-
vice, which enables us to visualize potential applications or
prominent use cases for the CR system. In order to character-
ize the data rate, the ST (along with the primary interference
channel, which is associated with power control mechanism)
requires the knowledge of access channel between the ST
and the SR, and secondary interference channel between the
Primary Transmitter (PT) and the SR. Despite these facts, the
performance characterization of the US’s data rate in reference
to the estimation of the access and the secondary interference
channels has not been considered in [8]–[11], [13], and [14]
or only marginally in [12], [15], and [16].

From a deployment perspective, it is worthy to understand
that the interference channels are representative of the channels
that exist between different (primary and secondary) systems.
This signifies that in order to carry out channel estimation
based on the conventional techniques such as pilot-based chan-
nel estimation, which is mainly employed in the previous
works, a preliminary processing of the primary user signal is
necessary. The existence of multiple wireless standards and
their complexity forbid the deployment of a dedicated cir-
cuitry corresponding to each primary user signals [21]. In this
regard, in order to facilitate hardware deployment of the US,
it is necessary to select the estimation techniques such that
the complexity and the versatility (to the unknown primary
user signals) requirements are satisfied. In this paper, simi-
lar to [22], we address this critical problem by employing a
received power-based estimation at the ST and the SR for the
interference channels. In contrast to the interweave scenario
considered in [22], we investigate an underlay scenario herein.
Recently, a successful deployment of the received power-based
channel estimation at the ST in context to the US has been
studied in [23].

In addition, [8]–[17] consider that the PR employs pilot-
based channel estimation for the channel PR-ST, which is
possible only if the PR is willing: (i) to allocate time resources,
(ii) to assign a dedicated circuitry for demodulating the
secondary user signals and (iii) to establish a feedback link
to the ST, thereby challenging the hardware implementation
of the US. In contrast, for the proposed received power-
based estimation, a certain time needs to be allocated by
the secondary user for channel estimation that affects the
secondary throughput. Since the aspect concerning the time

allocation for the channel estimation has not been taken into
account in any of the previous investigations related to the
cognitive US [8]–[17], the performance of the US in terms
of the secondary throughput is overestimated. Moreover, the
imperfect knowledge of the primary interference channel leads
to an uncertainty in the interference at the PR, which in certain
cases may exceed the IT. Under such conditions, the conven-
tional constraint imposed in [3], [4], [6], and [7] is strictly
violated. As a result, this uncertain interference originated
from imperfect channel knowledge may seriously degrade the
performance of the primary systems. In order to tackle this
issue, we propose to employ an outage constraint that regulates
the uncertain interference caused at the PR.

Besides, through analysis (performed later in Section III),
it is revealed that the uncertain interference is associated with
the estimation time and the controlled power. In this context,
the estimation time is indirectly associated with the secondary
throughput through the controlled power, signifying the influ-
ence of the imperfect channel knowledge. On the other side,
the time allocation directly affects the secondary throughput.
In this paper, we examine this relationship between the esti-
mation time and the secondary throughput while constraining
the uncertain interference below a desired level. Although the
previous studies have considered channel estimation, the effect
of the imperfect channel knowledge in terms of the time allo-
cation and the uncertain interference in context to the US is
still underdeveloped.

B. Contributions

In this paper, we provide the following contributions:
1) Analytical Framework: The main contribution of this

paper is to derive an analytical framework for underlay CR
systems that employ a power control mechanism and incor-
porate the estimation of the following interacting channels:
(i) primary interference channel between the ST and the PR,
(ii) secondary interference channel between the PT and the SR,
and (iii) access channel between the ST and the SR. In contrast
to the existing works that demand the presence of a band man-
ager or a feedback link in order to retrieve channel knowledge,
we propose to employ channel estimation at the secondary
system. In order to facilitate the deployment of the US, we
propose to employ received power-based channel estimation,
specially for the interference channels so that low complexity
and versatility requirements to estimate primary user signals
is accomplished. Clearly, the channel estimation is detrimental
(in terms of the time allocation and the uncertain interference)
to the performance of the US, leading to performance degra-
dation. By comparing its performance with the ideal scenario
(with perfect channel knowledge), we study the performance
degradation caused due to the imperfect channel knowledge.

Besides, we characterize the variations due to the imper-
fect channel knowledge in the performance parameters, which
include interference at the PR and throughput at the SR in
terms of their cumulative distribution functions (cdfs) pertain-
ing to the deterministic (not random) and the random behavior
(channel fading) of the interacting channels. Particularly, these
variations lead to uncertainty in the interference that may seri-
ously disrupt the operation of the primary system. To regulate
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this uncertain interference below a tolerable limit, we propose
to employ an outage constraint over the uncertain interference.

2) Interference-Limited and Power-Limited Regimes: The
power control at the ST depends on the received signal from
the PR to noise power ratio at the ST over the link between
the PR and the ST, which characterizes the quality of the
primary interference channel. In this paper, we characterize
the controlled power in terms of the estimation time and the
signal to noise ratio such that the outage constraint is satisfied.
In practice, the controlled power is limited by the maximum
transmit power. Due to this limitation, good channel condi-
tions (which correspond to a low signal to noise power) do
not translate into performance gains for the US. We study
this behavior of the US in terms of the performance bound,
which is illustrated as a relation between the received signal to
noise ratio and the estimation time. As depicted later in Fig. 3,
based on this performance bound, we classify the operation
of the US as the interference-limited and the power-limited
regimes.

3) Estimation-Throughput Tradeoff: Besides, we propose a
successful incorporation of the time allocated for the chan-
nel estimation in the secondary system’s frame structure. The
time resources dedicated to channel estimation cause a lin-
ear decrease in the secondary throughput. Therefore, a low
estimation time increases the secondary throughput, since less
time is allocated for the channel estimation. On the other
side, its low value increases the uncertain interference, thus,
requires a severe power control that ultimately reduces the
secondary throughput. We study the association of the estima-
tion time in reference to the time allocation and the controlled
power to derive a fundamental tradeoff between the estima-
tion time and the secondary throughput such that the uncertain
interference is kept below a desired level. We employ this
tradeoff to derive a suitable estimation time that achieves a
maximum secondary throughput for the US. In other words,
the considered tradeoff signifies the fact that the performance
degradation in terms of the secondary throughput can be
effectively controlled through an appropriate selection of the
estimation time.

4) Estimation-Dominant and Channel-Dominant Regimes:
For the random channel, we classify the variations in the
interference arising due to channel estimation and channel fad-
ing as an estimation-dominant regime and a channel-dominant
regime, respectively. Based on this analysis, it is revealed
that a suitable selection of the estimation time leads to the
performance (in terms of the secondary throughput) closer to
the one predicted by the existing models that consider the
perfect channel knowledge of the interacting channels.

C. Organization

The subsequent sections of the paper are organized as fol-
lows: Section II presents the system model that describes the
deployment scenario, the medium access and the signal model.
It further presents the problem description and the proposed
approach. Section III characterizes the cdfs of the performance
parameters and establishes the estimation-throughput trade-
off. Section IV analyzes the numerical results based on
the obtained expressions. Finally, Section V concludes

TABLE I
DEFINITIONS OF ACRONYMS AND NOTATIONS USED

the paper. Table I lists the definitions of acronyms and
important mathematical notations used throughout the paper.

II. SYSTEM MODEL

A. Underlay Scenario and Medium Access

The Cognitive Small Cell (CSC), a CR application, char-
acterizes a small cell deployment that fulfills the spec-
tral requirements of the Mobile Stations (MSs) operating
indoor, Fig. 1. For the disposition of the CSC in the net-
work, the following key elements are essential: a CSC-Base
Station (CSC-BS), a Macro Cell-Base Station (MC-BS) and
an MS [22]. Considering the fact that the power control is
employed at the CSC-BS, the CSC-BS and the MS repre-
sent the ST and the SR, respectively. In order to acquire the
knowledge concerning the primary interference channel, the
ST listens to the transmissions from the PR. In this work,
we consider those primary systems where the PR performs
transmissions interchangeably over time (time division duplex-
ing TDD and half-duplex frequency division duplexing FDD)
or frequency (full-duplex FDD) with the PT. These transmis-
sions can occur over the same band (TDD) or over separate
bands (half-duplex and full-duplex FDD). In cellular networks,
these duplexing modes are effectively deployed in the Long
Term Evolution (LTE) standard [24]. The ST follows these
duplexing modes to exploit channel reciprocity principle and
determine the interference received at the PR, thus, controls
its power for transmitting signals over the access channel such
that it satisfies the outage constraint by operating at the IT.
Particularly for the half-duplex and the full duplex FDD, it is
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Fig. 1. A cognitive small cell scenario demonstrating: (i) the under-
lay paradigm, (ii) the associated network elements, which constitute
Cognitive Small Cell-Base Station/Secondary Transmitter (CSC-BS/ST),
Mobile Station/Secondary Receiver (MS/SR), Macro Cell-Base Station
(MC-BS) and Primary Transmitter (PT), (iii) the interacting channels: primary
interference channel, secondary interference channel and access channel.

Fig. 2. Frame structure of the US illustrating the time allocation for channel
estimation and data transmission from the perspective of a ST and a SR. In this
regard, corresponding to the uplink and the downlink, the primary interference
and secondary interference channel estimation occur at the ST and the SR,
respectively. PR (Tx)/PR (Rx) represents the transmission/reception of the
primary signal from the PR/PT to the PT/PR.

assumed that the coherence bandwidth is large as compared to
the frequency separation between the estimation channel and
the band of interest.

We propose to employ a slotted medium access for the US,
where the time axis is segmented into frames. As depicted
in Fig. 2, the frame duration T is chosen in such a way that
the frames are aligned to the primary users’ transmissions,
i.e., the uplink and the downlink transmissions for the primary
and secondary systems occur simultaneously. In this regard,
a perfect frame synchronization is assumed between the two
systems. In order to incorporate channel estimation, we further
propose to employ a periodic channel estimation3, according
to which the US uses time intervals (τ and τp in the uplink,
and τ in the downlink) to perform channel estimation followed
by data transmission (T −τ −τp in the uplink and T −τ in the
downlink), see Fig. 2. In order to consider variations due to

3This frame structure is similar to the periodic sensing followed by the
interweave systems [25].

channel fading, we assume that the interacting channels remain
constant over at least two frame durations (2T). Based on this
assumption, every alternating transmission frame observes a
different received power, consider Fig. 2. Since the channel
knowledge is essential to employ the power control so that
the primary users are sufficiently protected from the uncertain
interference induced due to the imperfect channel knowledge,
it is reasonable to carry out estimation for τ time interval
followed by data transmission with controlled power in the
remaining time for each frame.

In accordance with the half duplexing modes, the ST and
the SR implement the received power-based estimation to
acquire the knowledge of the primary and the secondary
interference channel over consecutive frames, as illustrated in
Fig. 2. For the case where the primary system follows full-
duplex FDD, the proposed frame structure can be adapted
such that the primary and the secondary interference chan-
nel estimation occurs in a single frame. Besides this, the
access channel estimation is performed by listening to the pilot
symbols transmitted by the SR, classified as the pilot-based
channel estimation. At first, we consider the proposed frame
structure for a deterministic channel, i.e., the performance is
analyzed for a certain channel gain (path-loss channel), with-
out taking into account the effect of channel fading. We then
extend the performance analysis for the proposed framework
by considering channel fading.

B. Signal Model

In the uplink, during the estimation phase, the discrete and
complex signal received from the PR at the ST is given by

yST[n] = hPR,ST ·√PTx,PR · xPR[n] + wST[n], (1)

where xPR[n] corresponds to a discrete and complex sample
transmitted by the PR with unit power, PTx,PR is the transmit
power at the PR (known at the ST), |hPR,ST|2 represents the
power gain for the primary interference channel and wST[n] is
circularly symmetric Additive White Gaussian Noise (AWGN)
at the ST with CN (0, σ 2).

In the downlink, during data transmission phase, the
interference (received from the ST) plus noise signal at the
PR is given by

yPR[n] = hPR,ST ·√PTx,ST,cont · xST,cont[n] + wPR[n], (2)

and on the other side, the received signal at the SR follows

ySR[n] = hST,SR ·√PTx,ST,cont · xST,cont[n]

+ hPT,SR ·√PTx,PT · xPT[n] + wSR[n], (3)

where xST,cont[n] corresponds to a discrete and complex sam-
ple transmitted by the ST with unit power, PTx,ST,cont is the
controlled transmit power and xPT[n] is the transmit signal
from the PT with transmit power PTx,PT

4. Further, |hST,SR|2
and |hPT,SR|2 represent the power gain for the access channel

4In reference to the proposed framework, the knowledge of the PT’s trans-
mit power is not necessary at the secondary system. Hence, its ignorance
at the SR does not affect the analysis concerning the secondary interference
channel. With no loss of generality, for our analysis, the PT and the PR are
alloted the same transmit power.
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and the secondary interference channel, respectively. wPR[n]
and wSR[n] are AWGN at the PR and at the SR, respectively,
with CN (0, σ 2)5.

C. Problem Description

According to the existing investigations (also referred as
ideal model), an ST of an US is required to control its transmit
power in such a way that the interference received (PRx,PR) at
the PR is below IT (θI) [3]

PRx,PR = |hPR,ST|2PTx,ST,cont ≤ θI. (4)

After determining the controlled power at the ST using (4),
the data rate at the SR over the access channel is defined as

Cs = log2

(
1 + |hST,SR|2PTx,ST,cont

|hPT,SR|2PTx,PT + σ 2

)
. (5)

From the deployment perspective, the ideal model depicted
in (4) and (5) has following issues:

• Without the knowledge of the primary interference chan-
nel hPR,ST, it is impossible to employ the power control
at the ST, which is based on (4).

• Furthermore, along with PTx,ST,cont, the knowledge of
the access channel hST,SR and the secondary interference
channel hPT,SR is required to determine Cs, according
to (5).

The ideal model considers the perfect knowledge of the
aforementioned channels at the ST, which is not available
in practice. In this regard, it is necessary to incorporate
channel estimation in the system model. The imperfect chan-
nel knowledge, however, translates to the variations in the
performance parameters, PRx,PR and Cs. Particularly, a vari-
ation in PRx,PR due to uncertain interference that exceeds θI
causes the violation of the outage constraint illustrated in (4).
Unless captured, this uncertain interference may seriously
degrade the performance of the US. Since the ideal model
assumes the perfect knowledge of the involved channels, it
is incapable of depicting the degradation in the performance
due to the time allocation for the channel estimation and the
imperfect knowledge of the channels.

D. Proposed Approach

In order to facilitate channel estimation for the US, it is
essential to take the aforementioned issues into account. To
accomplish this, the following strategy is proposed in the
paper.

• At first, we consider the estimation of the involved chan-
nels. In this regard, we propose to employ a received
power-based estimation for the interference channels and
a pilot-based estimation for the access channel.

• To capture the effect of the imperfect channel knowledge,
we characterize the variations in the estimated parameters
(namely, received power for the interference channels and
power gain for the access channels) in terms of their cdfs.

5In practice, the noise power at the ST, the SR and the PR has different
values. The fact is, only the signal to noise ratio received at the ST, and SR
and the PR, respectively, are affected due to these noise powers. Since these
signal to noise ratios are already included in the performance analysis, the
use of different notations to these noise powers in the expressions is avoided.

• The aforementioned variations are translated to the
performance parameters, which include the uncertain
interference and the secondary throughput. We further
characterize these variation in the performance parame-
ters in terms of their cdfs. More specifically, using the
characterization of the uncertain interference, we pro-
pose a novel power control mechanism that regulates the
uncertain interference at the PR.

• Finally, using the derived expressions, we analyze a rela-
tionship between the estimation time and the expected
secondary throughput for the US. We extend the proposed
framework (also referred as estimation model) to analyze
the impact of channel fading on the performance of the
system.

Since the channel estimation in the context of CR sys-
tems involves different systems, suitable channel estimation
techniques should be selected such that the following require-
ments: (i) low complexity and (ii) versatility towards unknown
primary user signals, essential from the deployment perspec-
tive, are respected. Similar problem for the interweave CR sys-
tems has been deeply investigated in [22], where Kaushik et al.
propose to employ a received power-based estimation for the
channels between the primary and the secondary systems and
a pilot-based estimation for the access channel. Following a
similar strategy, we propose to employ received power-based
and pilot-based estimation techniques in the underlay CR sys-
tems. It is also worth stating that, since the signal model
in [22] (orthogonal frequency division multiplexing trans-
mission) differs from the one (constant power transmission)
studied in this paper, we derive new mathematical expressions
for the performance parameters. In the following paragraphs,
we consider the estimation of the power gains of the primary
interference channel |ĥPR,ST|2, the access channel |ĥST,SR|2 and
the secondary interference channel |ĥPR,SR|2.

1) Estimation of Primary Interference Channel: Considering

PRx,ST = |hPR,ST|2PTx,PR + σ 2, (6)

and the knowledge of PR’s transmit power PTx,PR, the ST
employs received power-based estimation to obtain the knowl-
edge of |hPR,ST|2. To accomplish this, in reference to (1),
the ST listens to the transmissions from the PR and acquires
the knowledge of |hPR,ST|2 indirectly by estimating the power
received in the uplink as P̂Rx,ST = 1

τ fs

∑τ fs
n |yST[n]|2, where fs

being the sampling frequency and τ represents the estimation
time interval. fs and τ are such that the number of samples
τ fs is an integer. The estimated received power P̂Rx,ST is uti-
lized to determine the controlled power PTx,ST,cont at which the
data transmission over the downlink is carried out, consider
Fig. 2. In accordance to the received power-based estima-
tion for the primary interference channel in (6), it is noticed
that the knowledge of PTx,PR at the ST is essential for the
characterization of the controlled power (considered later in
Lemma 4). This knowledge can be retrieved from the speci-
fication of different wireless standards such as GSM, EDGE
and LTE, etc. [26]. It is well-known that certain standards fol-
low adaptive modulation and coding, which can consequently
change PTx,PR. Under this situation, the ST can employ more
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complex techniques such as pilot assisted techniques in order
to determine PTx,PR for the given frame.

For a certain value of |hPR,ST|2, the received power at the ST
estimated using τ fs samples follows a non-central chi-squared
distribution FP̂Rx,ST

∼ X ′2(λp,1, τ fs) with non-centrality

parameter λp,1 = τ fs|hPR,ST|2PTx,PR/σ 2 = τ fsγ [27], where
γ is defined as the ratio of the received signal power (from
the PR) to noise at the ST and τ fs corresponds to the degrees of
freedom. For analytical tractability, we consider the following
approximation.

Approximation 1: For all degrees of freedom, the X ′2 dis-
tribution can be approximated by a Gamma distribution [28].
The parameters of the Gamma distribution are obtained by
matching the first two central moments to those of X ′2.

Lemma 1: The cdf of P̂Rx,ST is characterized as

FP̂Rx,ST
(x) ≈ 1 − �

(
ap,1,

x

bp,1

)
, (7)

where ap,1 = τ fs(1 + γ )2

2 + 4γ
and bp,1 = σ 2(2 + 4γ )

τ fs(1 + γ )
, (8)

and �(·, ·) represents the regularized upper-incomplete
Gamma function [28].

Proof: Applying Approximation 1 to X ′2(λp,1, τ fs)
yields (7).

2) Estimation of Access Channel: In the uplink, the dis-
crete and complex pilot signal transmitted by the SR undergoes
matched filtering and demodulation at the ST, consider Fig. 2,
hence, we employ a pilot-based estimation at the ST to acquire
the knowledge of the access channel. According to [29],
the maximum-likelihood estimate with τpfs pilot symbols is
given by

ĥST,SR = hST,SR +
∑τpfs

n=1 wST[n]

τpfs
, (9)

where
∑τpfs

n=1 wST[n]
τpfs

represents the estimation error. With no loss
of generality, the pilot symbols are considered to be +1. As a
result, the estimate ĥST,SR is unbiased, efficient, i.e., achieves
the Cramér-Rao bound with equality, with asymptotic variance
E

[
|hST,SR − ĥST,SR|2

]
= σ 2

τpfs
[29]. Hence, ĥST,SR conditioned

on hST,SR follows a circularly symmetric Gaussian distribution,
given by

ĥST,SR|hST,SR ∼ CN
(

hST,SR,
σ 2

τpfs

)
. (10)

Consequently, for a certain value of |hST,SR|2, the esti-
mated power gain |ĥST,SR|2 follows a non-central chi-squared
X ′2(λs, 2) distribution with 2 degrees of freedom and non-

centrality parameter λs = τpfs|hST,SR|2
σ 2 .

Lemma 2: The cdf of |ĥST,SR|2 is characterized as

F|ĥST,SR|2(x) ≈ 1 − �

(
as,

x

bs

)
, (11)

where as = (2 + λs)
2

4 + 4λs
and bs = σ 2(4 + 4λs)

(2 + λs)
. (12)

Proof: Applying Approximation 1 to X ′2(λs, 2)

yields (11).

3) Estimation of Secondary Interference Channel: In the
downlink, the SR estimates the interference (power) received
from the PT, consider (3). The power estimated over the
signal hPT,SR · √PTx,PT · xPT[n] + wSR[n] corresponds to the
interference plus noise power (PRx,SR = |hPT,SR|2 · PTx,PR +
σ 2, where PRx,SR represents the true value, consider (5)).
The estimated received power at the SR is determined as
P̂Rx,SR = 1

τ fs

∑τ fs
n |hPT,SR ·√PTx,PT · xPT[n] + wSR[n]|2. To

characterize the secondary throughput, P̂Rx,SR is made avail-
able to the ST over a low rate feedback channel. Similar
to P̂Rx,ST, for a certain value of |hPT,SR|2, P̂Rx,SR follows a
non-central chi-squared distribution X ′2(λp,2, τ fs), with non-
centrality parameter λp,2 = τ fs|hPT,SR|2PTx,PT/σ 2.

Lemma 3: The cdf of P̂Rx,SR is characterized as

FP̂Rx,SR
(x) ≈ 1 − �

(
ap,2,

x

bp,2

)
, (13)

where ap,2 =
(
τ fs + λp,2

)2

2τ fs + 4λp,2
and bp,2 = σ 2

(
2τ fs + 4λp,2

)

(
τ fs + λp,2

) .

(14)

Proof: Applying Approximation 1 to X ′2(λp,2, τ fs)
yields (13).

It is important to note that, in this paper, we are dealing with
a single PT and a single PR. However, in practice, it is possi-
ble that the ST and the SR accumulate significant interference
(defined as aggregate interference) from other PRs and PTs
(co-channel interference due to frequency reuse) in the net-
work [30], [31] over the primary interference channel and the
secondary interference channel, respectively. For the secondary
interference channel, the only difference is that the SR now
estimates the aggregate interference. Due to this, the expres-
sion of P̂Rx,SR in the secondary throughput remains unchanged.
On the other side, by estimating the aggregate interference on
the primary interference channel, the ST overestimates P̂Rx,ST
and exercises a greater power control. Even for such a case,
the outage constraint on the primary interference channel to
the desired PR is satisfied, however, reduces the secondary
throughput.

III. THEORETICAL ANALYSIS

A. Deterministic Channel

In this section, we investigate the performance of the US
for a specific frame. In this sense, the involved channels
hPR,ST, hPT,SR and hST,SR are deterministic (not random).
First, we employ an outage probability constraint6 ρout on the
interference to capture the variations in the PRx,PR incurred
due to channel estimation, defined as

P

(
PRx,PR = |ĥPR,ST|2PTx,ST,cont ≥ θI

)
≤ ρout. (15)

Substituting |ĥPR,ST|2 from (6) yields

P

((
P̂Rx,ST − σ 2

PTx,PR

)

PTx,ST,cont ≥ θI

)

≤ ρout. (16)

6The outage constraint is commonly used parameter for designing com-
munication system that ensures the outage occurs no more than a certain
percentage of time.
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Besides the outage constraint, PTx,ST,cont is limited by a
predefined transmit power PTx,ST,full. To capture this aspect,
the transmit power constraint at the ST is defined as

PTx,ST,cont ≤ PTx,ST,full. (17)

We consider that the same power is allocated to all the sym-
bols transmitted within a frame by the ST. In this regard,
the transmit power constraint on symbol basis and frame
basis is equivalent. As a consequence, the constraint depicted
in (17) is applicable to both the cases. Based on the constraints
in (16) and (17), we subsequently determine the expression of
the controlled power for the proposed framework.

Lemma 4: Subject to the outage constraint on the uncertain
interference and the transmit power constraint at the ST, the
controlled power at the ST is given by

PTx,ST,cont

=
{

θIPTx,PR

(bp,1�
−1(ρout,ap,1)−σ 2)

, for PTx,ST,cont < PTx,ST,full

PTx,ST,full, for PTx,ST,cont ≥ PTx,ST,full
,

(18)

where ap,1 and bp,1 are defined in (8) and �−1(·, ·) is
the inverse function of regularized upper-incomplete Gamma
function [28].

Proof: Substituting the cdf FP̂Rx,ST
(x), defined in (7), in (16)

and combining with (17) yields (18).
Clearly, the performance of the US improves over the

access channel (in terms of the secondary throughput) with
PTx,ST,cont, but PTx,ST,cont increases for the values of |hPR,ST|2,
which correspond to the lower values of γ 7. However, in
practice, the wireless systems are limited by the transmit
power PTx,ST,full, which bounds the performance of the US.
In order to understand the effect of the power limitation on
the US, we characterize a performance bound in terms of the
estimation time.

Corollary 1: Subject to the outage constraint on the uncer-
tain interference and the transmit power constraint at the ST,
the performance bound (γ ∗) of the US is defined as

�

(
τ fs(1 + γ ∗)2

2 + 4γ ∗ ,
τ fs(1 + γ ∗)
σ 2(2 + 4γ ∗)

(
θIPTx,PR

PTx,ST,full
+ σ 2

))

= ρout.

(19)

Proof: Substituting PTx,ST,cont with PTx,ST,full in (16) and
reformulating gives

P

(
P̂Rx,ST ≥ θIPTx,PR

PTx,ST,full
+ σ 2

)
≤ ρout. (20)

Using (7) in Lemma 1 gives

�

(
τ fs(1 + γ )2

2 + 4γ
,

τ fs(1 + γ )

σ 2(2 + 4γ )

(
θIPTx,PR

PTx,ST,full
+ σ 2

))

≤ ρout.

(21)

Substituting γ with γ ∗ and replacing the expression in (21)
with equality yields (19).

7Signal to noise ratio is mostly used as a design parameter for characterizing
the performance of a wireless system.

Fig. 3. An illustration of the performance bound (γ ∗) for the US depicted
in terms of estimation time (τ ), where γ represents the ratio of the received
power (from the PR) to noise at the ST. It further classifies the operation of
the US as the interference-limited and the power-limited regimes.

Remark 1: Fig. 3 analyzes the variations of γ ∗ with τ .
Using the expression γ ∗ obtained in Corollary 1, we clas-
sify the operation of the US into the following regimes:
(i) interference-limited regime and (ii) power-limited regime.
Inside the interference-limited regime γ > γ ∗, due to good
quality of the channel ST-PR (unfavorable to the US), the
system is limited due to the exceeding level of the uncertain
interference, which can be regulated effectively by employing
power control at the US to satisfy the given outage con-
straint (ρout). At γ = γ ∗, the ST operates at the maximum
allowable power PTx,ST,cont = PTx,ST,full while respecting the
tolerance limits defined for the uncertain interference. From
a different perspective, the situation γ = γ ∗ also represents
those USs that are unable to carry out power control. With
regard to the outage constraint and the lack of the power con-
trol, for a given choice of γ ∗, such systems can operate only
at a specific value of τ .

On the other side, the region γ < γ ∗, which depicts a
weak link quality between the ST and the PR, is beneficial to
the secondary user. However, due to the transmit power con-
straint, the USs can operate at or below PTx,ST,full. As a result,
these favorable conditions do not translate to any performance
gain. Therefore, this regime is characterized as a power-limited
regime. Besides, it is interesting to observe that for small val-
ues of the estimation time, γ ∗ → −∞, which signifies that
low τ increases the uncertainty in the interference. In order to
regulate the level of this uncertainty, US has to be proactive
in terms of the power control to be able to satisfy the outage
constraint. It is also observed that as τ → ∞, γ ∗ converges
asymptotically to a certain value. This signifies the fact that,
beyond a certain value, the time resources allocated for the
channel estimation do not account to any significant improve-
ment in the terms of the uncertain interference or indirectly in
terms of the controlled power. As a result, the performance of
the US in the form of controlled power gets saturated, thus,
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Fig. 4. CDF of Ĉs for different received interference to noise ratio
|hPT,SR|2PTx,PT

σ2 over the secondary interference channel and estimation time τ .

(a)
|hPT,SR |2PTx,PT

σ2 ∈ {−10, 0, 10}dB and τ = 1ms, (b) τ = {0.1, 1, 10}ms and
|hPT,SR|2PTx,PR

σ2 = 0dB, for the following values of the system parame-
ters, γ = 10dB, PTx,ST,cont = 0dBm. The solid line represents the values computed using the analytical expressions while the markers represent the values
obtained from the simulations.

limiting the performance of the US in terms of the secondary
throughput.

Next, we capture the variations in the secondary throughput
in terms of its expected value. To accomplish this, the cdf of
the estimated data rate8, given by

Ĉs = log2

(

1 + |ĥST,SR|2PTx,ST,cont

P̂Rx,SR

)

(22)

is evaluated over the access channel at the ST. It is worth
noticing the fact that unlike Cs defined in (5), Ĉs entails the
random behavior due to the estimation of |ĥST,SR|2 and P̂Rx,SR.

Lemma 5: The cdf of data rate Ĉs is given by

FĈs
(x) =

x∫

0

fĈs
(t)dt, (23)

where the pdf is given by

fĈs
(x) = 2x ln 2

(2x − 1)as−1�
(
as + ap,2

)

�(as)�
(
ap,2

)(
bsPTx,ST,cont

)asb
ap,2
p,2

×
(

1

bp,2
+ 2x − 1

bsPTx,ST,cont

)
. (24)

Proof: See Appendix.
In consideration to the Approximation 1, which is applied

to obtain the cdfs’ of P̂Rx,ST, |ĥST,SR|2 and P̂Rx,SR in Lemma 5,
the theoretical expression of the cdf depicted in (23) is
validated by means of simulations in Fig. 4 with different
choices of the system parameters, which include γ = 10dB,

PTx,ST,cont = 0dBm, |hPT,SR|2PTx,PT

σ 2 ∈ {−10, 0, 10}dB and
τ = {0.1, 1, 10}ms.

8Please note, we have introduced the following terms data rate Cs and
throughput Rs to make a clear distinction between the instantaneous data rate
and its average value over the frame duration.

Besides the outage constraint on the uncertain interference,
the expected secondary throughput (averaged over 2T frame
durations, which include the uplink and the downlink trans-
missions, consider Fig. 2) over the access channel at the SR
is defined as

Rs(τ ) = T − τ − τp
2

T
EĈs

[
Ĉs

]
, (25)

where EĈs
[·] corresponds to an expectation over Ĉs, whose

pdf is characterized in Lemma 5.
Remark 2: At this point, it is well-known that the

performance degradation due to channel estimation in the form
of the secondary throughput is inherent to the US. Specifically,
the time allocation and the uncertain interference are respon-
sible of this degradation. The controlled power, determined in
Lemma 4, characterized as a function of the estimation time
allows us to regulate the uncertain interference. As discussed
previously in Remark 1, the low estimation time enables a
severe control in power, thereby decreasing the secondary
throughput. On the other hand, less time resources allocated
for the channel estimation increases the secondary throughput.
This phenomenon can be captured by observing the varia-
tion of the secondary throughput along the estimation time
such that the constraints depicted in (16) and (17) are ful-
filled. Below, Problem 1 captures this relationship between
the estimation time and the secondary throughput defined as
an estimation-throughput tradeoff. More importantly, we uti-
lize this tradeoff to determine a suitable estimation time at
which the maximum throughput at the SR is achieved.

Problem 1: The achievable expected secondary throughput
subject to the outage constraint on the uncertain interference
and the transmit power constraint at the ST is defined as

Rs(τ̃ ) = max
τ

Rs(τ ),

s.t. (16), (17), (26)

where Rs(τ̃ ) corresponds to optimum throughput at τ̃ .
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Proof: The constrained optimization problem is solved by
substituting PTx,ST,cont from Lemma 3, determined by apply-
ing the outage and the transmit power constraints defined
in (16) and (17), in (25). The pdf of Ĉs, determined in (24), is
used to evaluate the expectation. Following this, we obtain
an expression of the expected secondary throughput as a
function of τ 9

Rs(τ ) = T − τ − τp
2

T

∞∫

0

xfĈs
(x)dx. (27)

Solving numerically the expression in (27) yields τ̃ and
Rs(τ̃ ).

Corollary 2: Problem 1 considers the optimization of the
expected secondary throughput for the proposed framework
that employ power control and considers the effect of the
imperfect channel knowledge. In accordance to Corollary 1,
these USs correspond to the USs that operate in the
interference-limited regime γ ∗ ≥ γ . Besides, it is interest-
ing to compare its performance with those USs that employ
channel estimation (as proposed in the paper) and satisfy
the outage constraint on the uncertain interference, however,
employ no power control, i.e., operate at PTx,ST,full. With
regard to Corollary 1, these systems correspond to the ones
operating on the curve γ ∗ = γ . For the latter approach, the
secondary throughput is obtained by substituting PTx,ST,cont
with PTx,ST,full in (25), where τ in (25) is determined using
Corollary 1. Such a comparison allows us to quantify the
performance gain procured by the US when power control
is employed at the ST.

B. Random Channel

Here, our objective is to investigate the performance of the
proposed approach, where the interacting channels encounter
quasi-static block fading. Specifically, the performance of the
US is analyzed over multiple frames, where every alternat-
ing transmission according to the frame structure presented in
Fig. 2 observes a different channel. In this regard, we charac-
terize the channel gains hPR,ST, hPT,SR and hST,SR according
to Nakagami-m fading model. As a consequence, the power
gains |hPR,ST|2, |hPT,SR|2 and |hST,SR|2 follow a Gamma
distribution [32], whose corresponding cdfs are defined as

F|hPR,ST|2(x) = 1 − �

(
mPR,ST,

mPR,STx

|h̄PR,ST|2
)

, (28)

F|hPT,SR|2(x) = 1 − �

(
mPT,SR,

mPT,SRx

|h̄PT,SR|2
)

, (29)

F|hST,SR|2(x) = 1 − �

(
mST,SR,

mST,SRx

|h̄ST,SR|2
)

, (30)

where mPR,ST, mPT,SR and mST,SR represent the m parame-
ter, whereas |h̄PR,ST|2, |h̄PT,SR|2 and |h̄ST,SR|2 are the expected
values for channels |hPR,ST|2, |hPT,SR|2 and |hST,SR|2, respec-
tively. The performance analysis subject to channel fading has
been considered by Ghasemi and Sousa [4], [33], where the
authors in [4] and [33] evaluated the expected data rate while

9Please note that ap,2 and bp,2 are also functions of τ , see (14).

constraining the interference at the PR. The influence of chan-
nel fading (however, without channel estimation signifying the
perfect channel knowledge) has been quantified in terms of the
outage constraint on the uncertain interference10, is given by

max
PTx,ST,cont

E|hPT,SR|2,|hST,SR|2 [Cs], (31)

s.t. P(PRx,PR = |hPR,ST|2PTx,ST,cont ≥ θI) ≤ ρout, (32)

where E|hPT,SR|2,|hST,SR|2 [·] corresponds to an expectation with
respect to |hPT,SR|2, |hST,SR|2, which are entailed in Cs, refer
to (5).

Despite the knowledge of the fading model, similar to
the ideal model depicted for the deterministic channel
(Section II-C), the characterization in (31) and (32) assumes
the perfect knowledge of the realizations of the power gains
(|hPR,ST|2, |hPT,SR|2, |hST,SR|2) for the corresponding channels.
In view of this, we extend our proposed framework to investi-
gate the effect of the random channel (channel fading) on the
performance of the US.

In this regard, we first determine the expression of the
outage constraint on the uncertain interference

Channel Fading
︷ ︸︸ ︷

E|hPR,ST|2
[

P

((
P̂Rx,ST − σ 2

PTx,PR

)

PTx,ST,cont ≥ θI

)

︸ ︷︷ ︸
Channel Estimation

]

≤ ρout,

(33)

where P̂Rx,ST depends on the underlying value of |hPR,ST|2,
which is a random variable. In contrast to the constraint
in (32), (33) captures the variations due to the channel esti-
mation (P(·) determined in terms of P̂Rx,ST) and the channel
fading (E|hPR,ST|2 [·]). Based on (33) and transmit power con-
straint defined in (17), we further obtain the expression of
the controlled power (PTx,ST,cont) for the case with random
channel.

Lemma 6: Subject to the outage constraint on the uncertain
interference and the transmit power constraint at the ST, the
controlled power at the ST under Nakagami-m fading is given
by (see bottom of next page), F|hPR,ST|2(·) is defined in (28).

Proof: Since it is complicated to obtain a closed
form expression of the integral in (34), as shown at
the bottom of the next page, we evaluate the controlled
power numerically.

Similar to analysis performed in Corollary 1 for the
deterministic channel, below, we determine the performance
bound (γ ∗) in terms of τ for the random channel. To this end,
we substitute PTx,ST,cont with PTx,ST,full in the expression (34)

∞∫

0

�

(
τ fs
(
1 + xPTx,PR/σ 2

)2

2 + 4xPTx,PR/σ 2
,

τ fs
(
1 + xPTx,PR/σ 2

)

σ 2
(
2 + 4xPTx,PR/σ 2

)

×
(

θIPTx,PR

PTx,ST,full
+ σ 2

))
dF|hPR,ST|2(x) ≤ ρout. (35)

In order to obtain γ ∗, we evaluate the integral on the left
side to obtain function of |hPR,ST|2 and τ . Since no closed

10In case of the perfect channel knowledge, the uncertainty in the
interference is because of channel fading only.
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Fig. 5. An extension of the interference-limited and the power-limited
regimes for the US to the random channels, where the channels are sub-
ject to Nakagami-m fading. The performance bound (γ ∗) is depicted in
terms of estimation time (τ ). The different curves demonstrates the severity
(m ∈ {0, 5, 1, 2, 5,∞}) in fading observed by the channels.

form expression of this function is obtained, we represent this
function as

g
(
|hPR,ST|2, τ fs

)
≤ ρout.

Substituting |hPR,ST|2 = (γ ∗σ 2/PTx,PR) and replacing with
equality, we determine γ ∗ for the random channel as

g

(
γ ∗σ 2

PTx,PR
, τ fs

)
= ρout.

Remark 3: Fig. 5 analyzes the variation of γ ∗ with τ for
different m ∈ {0.5, 1, 2, 5,∞}, where m = ∞ represents a
deterministic channel. It is observed that γ ∗ attains a lower
value as the channel fading becomes severe, thereby enabling
the US to operate at low γ by extending the interference-
limited regime. Following the analysis from Remark 1, this
also reflects that the power control becomes proactive as the
severity in the fading increases. In addition, it is noticed that
the deterministic channel is more sensitive to the estimation
time as compared to the random channels.

After determining the controlled power in Lemma 6 that reg-
ulates the uncertain interference, we determine the expression
of the secondary throughput.

Rs(τ ) = EĈs,|hPT,SR|2,|hST,SR|2

[
T − τ − τp

2

T
Ĉs

]

, (36)

where EĈs,|hPT,SR|2,|hST,SR|2 [·] corresponds to an expectation over

Ĉs, |hPT,SR|2 and |hST,SR|2, whose cdfs are characterized in

Lemma 5, (29) and (30), respectively. It is worth noticing that
Ĉs captures the variations due to channel estimation |ĥST,SR|2
and P̂Rx,ST, (22), however, due to channel fading, the underly-
ing values of the channels |hPT,SR|2 and |hST,SR|2 are random.
In this context, we perform an expectation with respect to
|hPT,SR|2 and |hST,SR|2, as depicted in (36). Similar to the deter-
ministic channel, we characterize the estimation-throughput
tradeoff for the random channel.

Problem 2: The achievable expected secondary throughput
subject to the outage constraint on the uncertain interference
and the transmit power constraint at the ST under Nakagami-m
fading is defined as

Rs(τ̃ ) = max
τ

Rs(τ ),

s.t. (33), (17), (37)

where Rs(τ̃ ) corresponds to optimum throughput at τ̃ .
Corollary 3: Here, we extend the approach depicted in

Corollary 2 to study the performance of those USs that employ
channel estimation, operates without power control, satisfy the
outage constraint and are subjected to Nakagami-m fading. The
expected secondary throughput for this particular approach is
obtained by replacing PTx,ST,cont in the expression in (36) with
PTx,ST,full, where τ is determined using (35).

IV. NUMERICAL ANALYSIS

In this section, we evaluate the performance of the US
based on the proposed model. To accomplish this: (i) we
perform simulations to validate the expressions obtained,
(ii) we analyze the performance loss incurred due to the chan-
nel estimation. In addition, we consider the ideal model to
benchmark and evaluate the performance loss. Unless stated
explicitly, the following values of the parameters are consid-
ered for the analysis, fs = 1MHz, |hPR,ST|2 (deterministic)
or |h̄PR,ST|2 (random) = −100dB, |hPT,SR|2 (deterministic)
or |h̄PT,SR|2 (random) = −100dB, |hST,SR|2 (deterministic) or
|h̄ST,SR|2 (random) = −80dB, θI = −110dBm, T = 100ms,
ρout = 0.10, PTx,ST,full = 0dBm, σ 2 = −100dBm, γ = 0dB,
PTx,PR = 0dBm, τpfs = 10 and m ∈ {1, 5}.

A. Deterministic Channel

First, we evaluate the performance of the proposed frame-
work in context to the deterministic channel. Fig. 6a considers
the variation of PTx,ST,cont versus τ , refer to Corollary 1 corre-
sponding to the Ideal Model (IM) and the proposed Estimation
Model (EM). Since the IM considers the perfect channel
knowledge, its controlled power remains invariant to the esti-
mation time. In addition, It is noticed that the ST controls
its transmit power (PTx,ST,cont) more severely for low values
of τ , consequently affecting the link budget for the access

PTx,ST,cont =

⎧
⎪⎨

⎪⎩

∞∫

0
�

(
τ fs
(
1+xPTx,PR/σ 2

)2

2+4xPTx,PR/σ 2 ,
τ fs
(
1+xPTx,PR/σ 2

)

σ 2(2+4xPTx,PR/σ 2)

(
θIPTx,PR

PTx,ST,cont
+ σ 2

))
dF|hPR,ST|2(x) = ρout, for PTx,ST,cont < PTx,ST,full

PTx,ST,full, for PTx,ST,cont ≥ PTx,ST,full

.

(34)
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Fig. 6. (a) Control power versus estimation time with γ = 0dB, ρout ∈ {0.01, 0.1} and PTx,ST,full = 0dBm. (b) Estimation-throughput tradeoff with γ = 0dB,
ρout ∈ {0.01, 0.1} and PTx,ST,full = 0dBm.

Fig. 7. Optimum secondary throughput (Rs(τ̃ )) versus the ratio of the received power to noise (γ ) with ρout = 0.1 and PTx,ST,full ∈ {−10, 0}dBm for
(a) |hPT,SR|2 = −100dBm and (b) |hPT,SR|2 = −90dBm, which translate to an interference power (from the PT) to noise ratio of (a) 0dB and (b) 10dB,
respectively, at the SR.

channel. Besides, Fig. 6b analyzes the performance of the US
in terms of the estimation-throughput tradeoff, considered in
Problem 1. It can be depicted that the estimation-throughput
tradeoff yields a suitable estimation time τ̃ that results in
an optimum secondary throughput Rs(τ̃ ). Hereafter, for the
performance analysis with respect to the deterministic channel,
we consider the theoretical expressions and choose to operate
at the suitable estimation time.

To procure further insights, it is necessary to consider
the variation of Rs(τ̃ ) with γ for different choices of the
interference from the PT to noise ratio at the SR over the
secondary interference channel (regulated using |hPT,SR|2 ∈
{−90,−100}dBm), as depicted in Fig. 7. Due to the limited
transmit power at the ST, it is observed that Rs(τ̃ ) gets sat-
urated below a certain γ , thereby limiting the performance
of the US, depicted in Corollary 2. Upon increasing PTx,ST,full

from −10dB to 0dB, the point where the saturation is achieved
shifts to a lower γ . This is due to the fact that higher PTx,ST,full
extends the interference-limited regime to a lower γ . In other
words, it signifies that, because of low γ , the secondary system
exploits the benefit of operating at a high controlled power.
Particularly for PTx,ST,full = −10dBm, a severe performance
loss indicated by the margin between the IM and the EM
is witnessed by the US for γ ≤ −2dB. This concludes that
the consideration of the maximum transmit power at the ST
is essential while designing the system. Besides this, Fig. 7
depicts the performance of the US with no power control,
proposed in Corollary 2. As indicated in Fig. 3, beyond a
certain γ = γ ∗, the US with no power control delivers no
secondary throughput. In order to avoid such situations, the
US can exercise power control in order to deliver non-zero
secondary throughput.
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Fig. 8. (a) Control power versus estimation time with γ = 0dB, ρout = 0.1 and PTx,ST,full = 0dBm, where Nakagami-m fading is employed to characterize
channel fading. (b) Estimation-throughput tradeoff with γ = 0dB, ρout = 0.1 and PTx,ST,full = 0dBm with Nakagami-m fading. The plot classifies the
estimation time into the estimation-dominant and the channel-dominant regime.

Fig. 9. Optimum secondary throughput (Rs(τ̃ )) versus the ratio of the received power to noise (γ ) for Nakagami-m fading with ρout = 0.1 and PTx,ST,full = 0
dBm for (a) |hPT,SR|2 = −100dBm and (b) |hPT,SR|2 = −90dBm, which correspond to the interference power (from the PT) to noise ratio of (a) 0dB and
(b) 10dB, respectively, at the SR.

B. Random Channel

Here, we evaluate the performance of the proposed frame-
work, where the interacting channels are under the influence
of Nakagami-m fading. For simplification of the analysis, we
assume that m is same for all the involved channels, which
means mPR,ST = mPT,SR = mST,SR. In addition, we investigate
the performance under following fading scenarios: (i) severe
fading m = 1, which corresponds to Rayleigh fading11, and
(ii) mild fading m = 5. First, we analyze the variation
of PTx,ST,cont along the estimation time. It is observed that
the mild fading scenario (m = 5) is more sensitive to the

11Please note that our objective here is to consider the impact of severity in
fading on the performance of the US with regard to the channel estimation.
The value m = 1, which corresponds to a Rayleigh fading, is an obvious
representative of a severe fading scenario.

estimation time, see Fig. 8a. In reference to the analysis for
the deterministic channel considered in Fig. 6a, the power con-
trol according to the EM saturates with IM at a smaller τ .
Complementing the observations carried out in Fig. 5, it is
concluded that the severe fading scenarios are subjected to a
severe power control.

Besides, we capture the influence of channel fading on the
performance of the US in terms of the estimation-throughput,
as depicted in Problem 2. In this regard, the estimation-
throughput tradeoff corresponding to the mild and severe
fading scenarios is illustrated in Fig. 8b. Similar to the case
with the deterministic channel, it is depicted that for a suitable
choice of the estimation time, the performance of the proposed
framework that captures the imperfect channel knowledge is
comparable to the ideal conditions in terms of the achiev-
able secondary throughput. Since the US is subjected to the
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variations from the channel estimation and the channel fading,
we classify the estimation time into an estimation-dominant
regime and a channel-dominant regime. These regimes sig-
nify that the estimation time can only reduce the imperfections
(incurred in the US) due to the channel estimation, how-
ever, beyond a certain estimation time (τ̃ ), the time resources
allocated for channel estimation slightly contribute to the
performance improvement (in terms of the controlled power,
which finally affects the secondary throughput) and mainly
result in the performance degradation (due to the factor
T−τ− τp

2
T in (36)) in the secondary throughput.

Upon determining the optimum secondary throughput
(Rs(τ̃ )) using the estimation-throughput tradeoff, we consider
the variation of the Rs(τ̃ ) along the received signal (from
the PR) to noise ratio at the ST for different choices of the
power gain over the secondary interference channel, which
correspond to the interference (from the PT) to noise ratio at
the SR, consider Fig. 9. It is observed that for a large range
(γ ≥ −10dB), the optimum secondary throughput determined
by the EM closely follows the secondary throughput depicted
by the IM. In addition, Fig. 9 considers the performance of
the US with no power control, Corollary 3. Following the dis-
cussion in Remark 3, where it was noticed the performance
bound (γ ∗) shifts to a lower γ when fading becomes severe,
thus, enabling the ST to carry out a rigorous power con-
trol, refer to Fig. 5. This effect is finally translated to the
secondary throughput, where m = 1 approaches the region
with no secondary throughput at a lower γ as compared to
m = 5, consider Fig. 9.

V. CONCLUSION

In this paper, we studied the performance of the US from a
deployment perspective by putting emphasis on the fact that
the knowledge of the interacting channels is pivotal to the
implementation of the underlay principle over the hardware.
In this view, a novel approach that incorporates the estima-
tion of the involved channels at the secondary system has
been proposed. Considering the time resources utilized for
the channel estimation and the uncertainty due its imperfect
knowledge, it has been shown that the channel estimation
has a detrimental effect on the performance, leading to its
degradation. To tackle the uncertain interference, an outage
constraint that precisely regulates the uncertain interference
at the PR has been employed. Besides, it has been observed
that the operation of the power control at the ST is limited by
the maximum transmit power. This limitation, complement-
ing with the channel estimation has been studied in terms
of the interference-limited and the power-limited regimes to
determine the performance bounds of the US. Finally, from
the perspective of a system designer, an estimation-throughput
tradeoff has been established that allows us to determine the
achievable secondary throughput for the US. In considera-
tion to the channel fading, it has been observed that the
performance degradation is highly prone to the scenarios that
are subjected to mild channel fading.

In our future work, we plan to extend the proposed analy-
sis to capture the influence of multiple primary and secondary

users present in the network on the performance of the US.
In addition, the performance evaluation presented in the paper
considers symmetric fading, i.e., the channel gains are sub-
jected to the same value of m. However, depending on the
deployment scenario, the derived expressions can be utilized
to realize asymmetric fading by substituting different values
of m corresponding to the channels. In this regard, we plan
to extend the proposed framework to study the influence of
asymmetric fading on the performance of the US.

APPENDIX

PROOF OF LEMMA 5

For simplification, we deal |ĥST,SR|2PTx,ST,cont

P̂Rx,SR
as individual

terms |ĥST,SR|2PTx,ST,cont and P̂Rx,SR and determine the pdfs
f|ĥST,SR|2PTx,ST,cont

(·) and fP̂Rx,SR
(·) separately. Using (11) in

Lemma 2, the pdf of f|ĥST,SR|2PTx,PR
is determined as

f|ĥST,SR|2PTx,ST,cont
(x) = 1

�(as)
(
bsPTx,ST,cont

)as
xas−1

× exp

(
− x

bsPTx,ST,cont

)
, (38)

where as and bs are defined in (12). Similarly, using Lemma 3,
the pdf of P̂Rx,SR is characterized as

fP̂Rx,SR
(x) = 1

�
(
ap,2

)(
bp,2

)ap,2
xap,2−1 exp

(
− x

bp,2

)
, (39)

where ap,2 and bp,2 are defined in (14).
Using (38) and (39), we apply Mellin transform [34] to

determine the pdf of |ĥST,SR|2PTx,ST,cont

P̂Rx,SR
as

f |ĥST,SR |2PTx,ST,cont
P̂Rx,SR

(x) = (x)as−1�
(
as + ap,2

)

�(as)�
(
ap,2

)(
bsPTx,ST,cont

)asb
ap,2
p,2

×
(

1

bp,2
+ x − 1

bsPTx,ST,cont

)
. (40)

Finally, substituting the expression |ĥST,SR|2PTx,ST,cont

P̂Rx,SR
in Ĉs

yields (24).
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University, the Information Systems Laboratory,
Stanford University, Katholieke Universiteit Leuven,

Leuven, and the University of Luxembourg. From 1996 to 1997, he was
the Director of Research with ArrayComm Inc., a start-up in San Jose,
CA, USA, based on his patented technology. He has co-authored journal
papers that received the IEEE Signal Processing Society Best Paper Award
in 1993, 2001, 2006, and 2013, and three IEEE conference papers that
received best paper awards. In 1991, he was an Appointed Professor of
Signal Processing with the Royal Institute of Technology, Stockholm, where
he was the Head of the Department for Signals, Sensors, and Systems, from
1992 to 2004, and the Dean of the School of Electrical Engineering, from
2004 to 2008. He is currently the Director for the Interdisciplinary Centre
for Security, Reliability and Trust, University of Luxembourg. As a Digital
Champion of Luxembourg, he acts as an Adviser to European Commissioner,
Neelie Kroes.

Prof. Ottersten’s research interests include security and trust, reliable
wireless communications, and statistical signal processing. He was a recipient
of the IEEE Signal Processing Society Technical Achievement Award in
2011 and the European Research Council Advanced Research Grant. He has
served as an Associate Editor for the IEEE TRANSACTIONS ON SIGNAL

PROCESSING and on the editorial board of the IEEE Signal Processing
Magazine. He is currently an Editor-in-Chief of EURASIP Signal Processing
Journal and an Editorial Board Member of the EURASIP Journal of Applied
Signal Processing and Foundations and Trends in Signal Processing. He is
a fellow of the EURASIP and a member of the IEEE Signal Processing
Society Board of Governors.

Friedrich K. Jondral (SM’94) received the
Diploma degree in mathematics (Dipl.-Math.) and
the doctoral degree in natural sciences (Dr.rer.nat.)
from Technische Universität Braunschweig,
Germany, in 1975 and 1979, respectively. During
the winter semester 1977/1978, he was a Visiting
Scientist with the Department of Mathematics
of Nagoya University, Nagoya, Japan, under the
supervision of Prof. T. Hida, Ph.D.

From 1979 to 1992, he was with AEG-
Telefunken (currently, Airbus Defence and Space),

Ulm, Germany, where he held various research, development, and manage-
ment positions. During this period, he also lectured on applied mathematics
with the Universität Ulm, where he was an Appointed Adjunct Professor in
1991.

Dr. Jondral became a Full Professor and the Director of the Communications
Engineering Laboratory with Universität Karlsruhe, Germany (currently,
the Karlsruhe Institute of Technology). From 2000 to 2002, he served as
the Dean of the Department of Electrical Engineering and Information
Technology. During the summer semester 2005, he was a visiting faculty
member with Virginia Tech, Blacksburg, VA, USA. He retired in 2015.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


