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Abstract

Spectrum sensing and dynamic spectrum access (DSA) techniques in cognitive radio networks (CRN) have
been extensively investigated since last decade. Recently, satisfaction of quality-of-service (QoS) demands for
secondary users (SU) has attracted great attention. The SU can not only discover the transmission
opportunities, but also cognitively adapts the dynamic spectrum access strategies to its own QoS requirement
and the environment variations. In this paper, we study how the delay QoS requirement affects the strategy on
network performance. We first treat the delay-QoS in interference constrained cognitive radio network by
applying the effective capacity concept, focusing on the two dominant DSA schemes: underlay and overlay.
We obtain the effective capacity of the secondary network and determine the power allocation policies that
maximize the throughput of the cognitive user. The underlay and overlay approaches may have their
respective advantages under diverse propagation environment and system parameters. If the cognitive
network can dynamically choose the DSA strategy under different environment, its performance could be
further improved. We propose a selection criterion to determine whether to use underlay or overlay scheme
under the given QoS constraint and the PUs’ spectrum-occupancy probability. Thus, the throughput of the
CRN could be increased.

Performance analysis and numerical evaluations are provided to demonstrate the effective capacity of CRN
based on the underlay and the overlay schemes, taking into consideration the impact of delay QoS
requirement and other related parameters.

Keywords: Underlay; Overlay; Effective capacity; QoS requirement; Selection criterion.

1. Introduction

Recent advances in spectrum-sharing techniques have enabled different wireless communication technologies to coexist
and cooperate towards achieving a better gain from the limited spectrum resources. This has been motivated by the fact
that most of the allocated spectrum experiences low utilization [1]. Certain authorities, as Federal Communications
Commission (FCC) for radio spectrum regulation, divide the radio spectrum into many frequency bands. Licenses are
provided to operators, typically for long time such as one or two decades. Depending on the type of radio service that is
then provided by the licensees, frequency bands are often idle in many areas, and inefficiently used. Moreover, radio
systems can dynamically use and release spectrum wherever and whenever they are available (“spectrum agile radios").
This dynamic spectrum access by spectral agile radios helps to minimize unused spectral bands (“white spaces"). The
main challenge for the cognitive users (CUs) is to control their interference levels and to guarantee their own quality of
service requirement by transmitting at the desired rates and limiting the delay experienced by the data in the buffers [2].
Among several dynamic spectrum access (DSA) schemes, overlay, underlay, and sensing-based spectrum sharing, are
three dominant schemes in cognitive radio networks. Under the overlay scheme [3,4], the CUs can only access the PUs’
spectrum that are idle, i.e., not currently used by PUs, where the activities of the PUs are monitored through spectrum
sensing. For the underlay scheme [4-6] the CUs are allowed to use the PUs’ spectrum even when PUs are active, but
needed to control the transmit power of CUs to make the interference to PUs to a tolerable level. The sensing-based
spectrum sharing [7,8] is a combination of underlay and overlay, in which CUs should adapt their transmit power to the
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spectrum sensing results. While the sensing-based approach usually imposes high implementation complexity.

Recently, the problem of quality-of-service (QoS) satisfaction for cognitive users has attracted lots of research attention.
The functions of cognition radio networks have been broadened such that the CUs can not only detect the transmission
opportunities under the specific DSA approach, but also cognitively adapt the dynamic spectrum access strategies to the
QoS requirement and the channel variations. In this paper, we focus on the QoS driven underlay and overlay schemes.

Resource allocation in cognitive network has been investigated extensively. The joint bandwidth and power allocation has
been considered in [6], and the optimal resource allocation schemes are investigated under all possible combinations of
the average/peak transmit and interference power constraints. In [6,9], the underlay and overlay schemes are compared.
Capacity analysis indicates that the overlay scheme offers higher network throughput. Moreover the authors in [9] indicate
that in the presence of the primary users, the interference temperature constraint limits network capacity in the overlay
scheme more than its underlay capacity counterpart. The impact of the secondary service on the primary systems in the
overlay and underlay schemes is studied in [10] using stochastic geometry approach. The authors conclude that by
combining the underlay and overlay schemes, the negative impacts on the primary service could be decreased.
Sensing-based spectrum sharing is introduced in [9], in which a heuristic algorithm to find the optimal power allocation is
proposed. Two different power allocation strategies for the secondary service transmitter based on the spectrum sensing
output are introduced.

These works have not taken into consideration the requirement on QoS constraints in mixed access CRNSs, thus the
developed schemes may cause performance degradation for CUs. In this paper, the concept of effective capacity proposed
in [11], which is the maximum constant arrival rate that can be supported by the given time-varying service process is
applied. In [12,13], the maximization of effective capacity is studied given that the delay QoS is satisfied. The underlay
scheme is assumed in [6]. While in [13] the analysis of the effective capacity is mainly based on channel estimation and
sensing results of the overlay strategy. Efficient resource allocation with statistically guaranteed delay QoS for the hybrid
DSA schemes to achieve maximum capacity of the CUs is needed. We present a systematic approach which suggests the
best access scheme for a given system requirement. The mixed strategy proposed in this paper is similar in spirit to the
sensing-based spectrum sharing proposed in [7] except that, in this paper, the effective capacity is adopted instead of
ergodic capacity and the general case of Gamma distribution is assumed for the channel fading. Also in [7], just overlay
scheme is analyzed. In this study, both DSA schemes are studied. We further introduce a new selection criterion to obtain
the best access scheme.

For the overlay strategy, we consider the spectrum sensing errors and observe that an optimal sensing time exists under a
given QoS constraint. This optimal sensing time increases as the QoS constraint is more stringent. Moreover, how the
transmit power and interference power of both underlay and overlay strategies vary with the primary user activities is
investigated. It is found that the transmit power of the overlay strategy and the interference power of the underlay strategy
always remain unchanged. However, the transmit power of the underlay strategy and the interference power of the overlay
strategy vary with PU’s spectrum-occupancy probabilities. Specifically, as the spectrum-idle probability increases, both
the transmit power of the underlay strategy and the interference power of the overlay strategy are reduced.

Both underlay and overlay approaches may have their respective advantages under diverse propagation environment and
system parameters. For example, the less busy the primary channel with loose QoS requirement, it is preferred to use the
overlay scheme for higher achievable capacity regardless of its higher complexity in implementation. While, when the
system is more harsh (i.e., low idle periods and more stringent QoS constraint), underlay scheme is preferred to maintain
the achievable capacity performance. We propose a selection criterion to make the cognitive network dynamically choose
the DSA strategy under different environments.

The rest of this paper is organized as follows. The system model, assumptions, and the concept of the statistical delay QoS
requirement and its reflections on the effective capacity are presented in Section 2. In Section 3 the effective capacity
optimization and optimal resource allocation for the underlay scheme are studied. In Section 4, spectrum sensing,
effective capacity, and power allocation for the overlay case are studied in three subsequent subsections. Then we propose
an access strategy selection criterion in Section 5. Performance analysis and numerical results are presented in Section 6.
Section 7 concludes the paper.
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2. System Model and Effective Capacity Definition

2.1 System Model and Assumptions

A typical CRN model is assumed [7], in which a cognitive wireless network coexists with a primary wireless network by
sharing B Hz spectrum band as shown in Fig 1. We assume that there is no direct signalling between the primary and
cognitive networks. The cognitive network includes a CU transmitter Tg and a CU receiver Rg. The primary network
includes a PU transmitter T, and a PU receiver Rp.
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Fig 1: The additive interference channel for a pair of
primary and cognitive links with channel gain

coefficients: gpp, 8ss) 8pss Esp-

The primary transmitter adjusts its transmit power S, based only on its own transmission requirement. The secondary
transmitter transmits with variable power S, which should not exceed a maximum value of SI". All channel power gains
are assumed to be stationary and ergodic independent random processes. These system gains are grouped in the vector
G = [gss, 8sp» 8pp» 8ps| for a specific realization as shown in Fig 1. All channel power gains are assumed to be
independent and identically distributed (i. i. d.), and follow Gamma distribution. Gamma distribution fits the experimental
data [14], and it has been considered as an adequate model to characterize wireless channel fading such as slow fading
(shadowing) or even fast fading [14,15]. It is a general case of exponential distribution, and it closely approximates the
lognormal distribution. It is also assumed that the cognitive transmitter has perfect information of interference channel
gains. These information can be obtained by direct feedback from the primary receiver or indirect feedback from a
third-party such as a band manager which interposes between the primary and cognitive users [16]. It can also be obtained
through periodic sensing of pilot signal from the primary receiver assuming the channel reciprocity.

The corresponding probability density functions (pdf)s: f,_, fgsp , fgpp , and fgps , are given as

xu—le—x/k

= >
fx () =—Sa x=20, (1)
where T'(+) is the Gamma function which is defined as

{ z—1
z—-D!'= 1_[ i, if z is positive integer;
I'(z) = i=1

Lf etz 14t if z is real or complex.
0

In (1), p is known as the shape parameter of the distribution, and k is the scale parameter. The average E[X] = pk, and
Var[X] = uk?. Without loss of generality, we assume the scale parameter k = 1. The background noise at both receivers
are modeled as AWGN independent circularly symmetric complex Gaussian (CSCG) random variable with zero-mean and
variance o2 and crz, respectively. For all the used abbreviations below, the common subscripts s and p refer to the
cognitive user and primary user respectively, while the superscripts u, o, {0,1} and * refer to the underlay, overlay,
state number and optimal value respectively. The maximum interference at the primary receiver should be kept below a

threshold value 1. This value is a system parameter which can be specified by the primary network operator or by the
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spectrum regulator. Small scale variations are assumed in this paper, where other variations such as distance path loss
dependent or shadowing impacts are considered as background or/and interference constraint.

In this paper, resource allocation policies will be developed for both the underlay and overlay based CRNs with statistical
delay QoS guarantees. As mentioned above, in the underlay scheme, the secondary user is required to always satisfy the
interference constraint. Therefore, even in circumstances when the primary user is not transmitting, the cognitive user has
to adjust its transmission power based on the interference threshold constraint. Consequently, the derived resource
allocation schemes should not be only a function of system gain vector G, but also will be varied with different QoS
requirement. In order to clearly illustrate our concept, we assume that each frame at the data link layer of the CU
transmitter has the same time duration. The frames are stored at the transmit buffer and split into bit-streams at the
physical layer. The CU transmitter employs adaptive modulation and power control based on the statistical QoS
constraint and the system gain vector G, which can be perfectly derived by the CU transmitter.

The factors that will impact the resource allocation of the cognitive network include: (1) the average transmit and
interference power constraints; (2) the statistical delay QoS requirement; (3) the primary network activities; (4) the DSA
strategy used by the cognitive network; and (5) the interference caused by the PU transmitter on the cognitive network.
The existing literatures studied the underlay strategy, while the primary network activities are ignored. In this paper, the
PUs’ spectrum-occupancy probability will be taken into consideration even for the underlay strategy. It is assumed that
the primary network will choose whether to use the spectrum or not at the beginning of each frame. As the
spectrum-occupancy status of the primary network can be viewed as the two hypothesis tests from the CU’s perspective,
we denote the probability that the primary network does not occupy the spectrum as P, (idle probability), and the
probability that the spectrum is occupied as P, (busy probability). We assumed that these probabilities will not change
during the frame interval.

2.2 Delay QoS Guarantees and Channel Capacity

Quality of service (QoS) guarantees in terms of delay constraint play a critically important role in modern wireless
networks. Non-real-time services such as data, aim at maximizing the throughput with a loose delay constraint. While for
real-time services, such as multimedia and video conference, the QoS requirement needs a stringent delay-bound to
achieve high spectral efficiency. Some other services falling in between such as web browsing and paging system, which
are delay-sensitive but the delay QoS requirements are not as stringent as those of real-time services. Therefore, the
diverse services impose totally different delay QoS constraints, which bring great challenges to the design of future
wireless networks.

In wireless communications, the most scarce radio resources are power and spectral bandwidth. As a result, extensive
research has been devoted to the techniques that can enhance the spectral efficiency of wireless systems. These techniques
use the concept of Shannon capacity based on the information theory[17]. Power and rate adaptation has been widely
considered as one of the key solutions to improve the spectral efficiency. Water-filling algorithm is one of well known
scheme that maximizes spectral efficiency[18], in which more power is assigned to a channel which is in good condition
and less power when the channel becomes worse. When the channel quality is below a certain threshold, no power is
allocated. Additionally, total channel inversion algorithm has a different idea of power and rate adaptation[18], in which
more power is assigned to a channel in a deep fading state and less power for the good channel. This is to keep a constant
signal-to-noise ratio, such that a constant rate service process can be obtained. Apparently, water-filling is better than total
channel inversion since the former provides higher spectral efficiency[19]. It is important to note that Shannon theory
does not place any restrictions on complexity and delay. However, a natural question is whether the former is also better
than the latter in terms of QoS guarantees? In order to answer the above question, it is necessary to take the QoS metrics
into account when applying power and rate adaptation.

The dual concepts of effective bandwidth and effective capacity give us a powerful approach to evaluate the statistical
QoS performance from the networking perspective. The effective-bandwidth theory has been extensively studied in the
early 90’s with the emphasis on wired asynchronous transfer mode (ATM) networks [20]. This theory enables us to
analyze network statistics such as queue distributions, buffer overflow probabilities, and delay-bound violation
probabilities, which are important for statistical QoS guarantees. In [11], the authors proposed an interesting concept,
namely effective capacity. The effective capacity approach is particularly convenient for analyzing the statistical QoS
performance of wireless transmissions where the service process is driven by the time-varying wireless channel. In this
paper, by integrating information theory with the effective capacity, we investigate the impact of QoS constraint on the
power and rate adaptation over cognitive radio networks. The problem is how to maximize the capacity subject to a given
delay QoS constraint. There exists a tradeoff between the capacity and the QoS requirement, the higher capacity gain
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comes at the price of sacrificing QoS provisioning, and vice versa. When the QoS constraint becomes loose, the optimal
power control converges to the water-filling scheme, where Shannon (ergodic) capacity can be achieved. On the other
hand, when the QoS constraint becomes stringent, the optimal power-control converges to the total channel inversion
such that the system operates at a constant service rate.

The authors in [11] and [21] showed that the probability of the queue length of the transmit buffer exceeding a certain

threshold q, decays exponentially as a function of q. If we define Q as the stationary queue length, then the delay rate of

the tail distribution of the queue length Q can be written as

0 = —lim w. (2)
q—oo q

For large threshold (say g™ ), the following approximation for the buffer violation probability can be made

Pr(Q = q") = e 04", 3)
where 0 < 6 < oo isa constant called QoS exponent. (see [11] for details).

The above equation states that the probability of the queue length exceeding a certain threshold q™ decays exponentially
fast as the threshold g™ increases.

Furthermore, when the focus is on delay-bound violation probability, an expression similar to the above equation can be
obtained as [22]

Pr(D > dth) ~ e—esdth’ (4)
where D and d™ denote the delay and delay bound, respectively, and ¢ is the source arrival rate determined as
e = g /d™ [23]. The effective bandwidth function intersects with the effective capacity function at the value of & (see
[22] for details).

From Egs. (3) and (4), we can see that the parameter 6 plays an important role for the statistical QoS guarantees, which
indicates the decaying-rate of the QoS violation probability.

In practical applications, the value of 6 depends on the statistical characterization of the arrival and service processes,
bounds on delay or buffer lengths, and target values of the delay or buffer length violation probabilities.

A smaller 6 corresponds to a slower decay rate, which implies that the system can only provide a looser QoS guarantee,
while a larger 6 leads to a faster decay rate, which means that a more stringent QoS requirement can be supported. In
particular, when 6 — 0, the system can tolerate an arbitrarily long delay, which corresponds to the scenario studied in
information theory. On the other hand, when 6 — oo, the system cannot tolerate any delay, which corresponds to an
extremely stringent delay-bound. Due to its close relationship with statistical QoS demands, 6 is called the QoS
exponent [11].

2.3 Effective Capacity Concept

Based on the concept of QoS exponent, the effective capacity is defined as the maximum constant arrival rate that a
given service process can support for which the QoS exponent 8 is fulfilled. Analytically, the effective capacity can be
formally expressed as follows.

Let the sequence {R[i],i=1,2,---} denote a discrete-time stationary and ergodic stochastic service process and
S[t] £ ¥:f_; R[i] be the sum of the service process over time sequence of i = 1,2, -+, t. Then, the effective capacity of the
service process, denoted by E(6), where 6 > 0, is defined as [11]

. 1 _
Ec(6) = —lim -log. E[e™**[1], (5)

where E[-] denotes the expectation. When the sequence {R[i],i = 1,2,:--} is an uncorrelated process, the effective
capacity formula turns to

Ec(0) = —log. E[e °Rl], (6)

Notice that the effective capacity can be considered as the maximal throughput under the constraint of QoS exponent 6.
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In the following sections, we will apply this metric for cognitive radio network and design the corresponding resource
allocation algorithms.

3 Optimal Resource Allocation For Underlay Scheme

In this section, we aim at obtaining the optimal resource allocation which can maximize the throughput of the cognitive
network under a given statistical delay QoS guarantee determined by QoS exponent 6.

When the CU applies the underlay scheme, the spectrum sensing is not needed. The CU can use the whole frame duration
for transmission with adjusted transmit power no matter whether the primary network occupies the spectrum or not. The
cognitive network with the underlay scheme has two system states for each frame, which are listed as follows:

« State 0: The channel is idle, i.e., it is not occupied by the primary network, with a probability P.
» State 1: The channel is busy, i.e., it is currently used by the primary network, with a probability B, .

We denote the service rates of these two states as R%? and R™! at CU, respectively. Based on Shannon information
theory, the achievable service rates of the two system states can be written as

u,0 u,1
R“0 = TBlog, (1 + g_sscsg ), and R%! = TBlog, (1 4 s Ss ), @)

8ps Sp +(S§

where S;"O and S;"l are the transmit power of the CU transmitter when the spectrum is idle and busy, respectively. The
effective capacity formula of the cognitive network for each state mentioned above can be written as (see Appendix 8 for
details)

E¢°(0) = —log. (RE,, [e ")) (®)

E¢!(6) = _%loge(PbEz [e7OR")), .

where, E,_ is the expectation operator over the random variable gy, and E, is the expectation operator over the ratio
of the random variables g, and g,, which will be discussed shortly.

Since in the underlay case, the cognitive user does not preform spectrum sensing, it is not possible to differentiate state 0
or state 1. Hence, we can impose the cognitive user to operate in the state that provides higher capacity. Therefore, the
aim now is to solve (8) and (9) individually, and make the cognitive user to choose a state that provides better
performance.

The effective capacity (8) can be written as

u,0
1 —TBGlogz(l+g5—Sszs—> 1 S0 T
EL°(6) = —:log, (PiIEgSS [e ot = —log. | PE,, [(1 +g0—2) 1) (10)

where the term o = (TB6/In2) can be named as the normalized QoS exponent. It can characterize the statistical delay
QoS requirement since it is only a function of 6.

By evaluating (10), the following formula can be obtained

1 [(a"— I(pg—at u
BY® = —glogel RECSP 0N 1Filus L = aiy) + 52 0 R@s 1+ a -y (1)

2
where y* = Scf,—so K, =y, and the function ;F; is called Confluent Hypergeometric function of first kind, defined as
[24]: )

a(a+@+2)-(@a+n—1), n*0;
1, n=0.

Fi@b2) = 5 S5, where  (a), = { 12)

(b)n nt’

To evaluate (9), we may refer to the statistical fact that says: the ratio of two independent Gamma distributed random
variables with shape parameters p; and p,, respectively is Beta Prime distributed random variable with parameters p,

Volume 5, Issue 3 available at www.scitecresearch.com/journals/index.php/jisct 503|




Journal of Information Sciences and Computing Technologies(JISCT)
ISSN: 2394-9066

and p, [25]. Let us define the random variables X and Y as X = g, and Y = (g, S, + 62)/S%*. Since power channel
fading is assumed to be Gamma distributed, Y is also Gamma distributed with mean p,. The pdf of Y can be expressed
as

_ yuz—le—y
) =" (13)
2
where p, = % Then, the pdf of the ratio random variable Z = é has the following Beta Prime distribution
-1 Ry
fZ(Z) _ zZH1 (1+2) n1—uz (14)

B(u1,m2)
Here, 1y, = is the expected value of power channel fading. In (14), B(uy, 12) is the Beta function which is related to
Gamma function as B(uy, 1) = L0 )JTez) Substituting R™! defined in (7) into (9), we get

I(pg+u2)
w1 1 —TB elog2<1+gss—g'z> 1 "
ES'(0) = —:log, | RE, [e w908/ | = = 2log, [RE,[(1 +2)"]]. (15)
By evaluating (15) using ((14)), the following formula can be obtained below,
wl _ 1 T(a®+p2)T (k1+12)
Ec” = ) loge [, (F(a“+u1+p2)r(p2))]. (16)

The effective capacity formula (11) and (16) are derived using the properties of gamma and hypergeometric functions
listed in [24].
2 2
Now, the main objective is to find the optimal power allocation for the two power {S;*'O, S;"l} = {:—j,”ls“l’ﬁ} to
2

maximize the effective capacity of the cognitive network subject to the upper bounded transmit and interference powers.
From (11), we can formulate an expression for the optimal effective capacity for the cognitive network channel in the state
0, and write the optimization problem as follows

1 [(a"— u U. U Ty —at uyal u u u
max,u — ¢ 10ge [R(-E 0 () 1Fy (s 1+ e — o y") + T2 ()™ 1Fy (o 14 o — s v))],
St 0<PSM<sm, 17

PE[ge St ] < Ly

The CU transmitter should satisfy transmit power constraint, which appears in the first constraint in (17). At the same
time, since the transmissions of the cognitive network will interfere the primary network, in order to protect the QoS of
the primary network, the average interference power constraint is imposed in the second constraint of (17).

Using the fact that log(-) is a monotonically increasing function, the solution to the maximization problem (17) can be
mapped to the following minimization problem

. I'(a"— [(pug—at u
minyu B (TE (P 1 Fy G Ty = ) + SR () B (@ T = g y)),
St 0<PSM<sm, (18)

PE[ge St ] < Ly

The corresponding optimal power allocation can be obtained as (see the details in Appendix B).

Y 1F1(1+u1;2+u1—a“:v*“))
1+pg—alt

" F (a2 4at —pgy™)
14+a%—puq

[ Chm ()M F (s 1+ —atby™) + 1

. (19)
R (GF (@ T+ = sy +

)] = o + V™),

where A" and v*" are the optimal Lagrangian multipliers for the underlay scheme that satisfy the constraints in (18),
and

i =Tl =)/T(a), Ciz = Ty — o*)/T (). (20)
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After finding the optimal Lagrangian multipliers A™* and v** using Algorithm 1, (19) can be solved numerically to find
ol
yT”’

the corresponding power allocation y*", then S*° =

*u,1

Similar to the work done in the state 0, the optimization problem to adapt S;™° can be formulated to the following
minimization problem

. T(a" +pp)l (k1+12)

min .

K2 T(ab+pg+p2)l (12)
S.t.  0<PBS" <sm, (21)

PbIE[gspS:’l] =< Ith'
and the corresponding optimal power allocation of the state 1 can be obtained as (see also the details in Appendix B)

* F ll+ 5 F + 3 * * * * * *
(3)2 S RTUD) (rqu ey 4 Wy + ) — WM + g + 15) — W) = (1S, + oD +viy)  (22)

T +p1+u3)T(R3)
where the optimal value 3 is the value of p, corresponding to S, i.e., p3 = (S, + 02)/S;"". The function ¥
in (22) is known as polygamma function and defined as [24]
W)= [C o =y Y, =L z#0,-1,-2, (23)
70 et = TY0 2k=0 157 T itz e

where vy, = 0.57721 is the Euler-Mascheroni constant.
The cognitive transmitter will be allocated the power that maximize the effective capacity. The optimal power allocation
for the underlay cognitive radio S;* which maximizes the effective capacity can be determined by

;" = arg max (ES'O(SSU.O)’ Eg.l(s;‘u,l)). (24)
;u, ISZU.

As a result, the optimal effective capacity of the underlay scheme is

E¢ P (6,S:) = max(EL°(6, i), EX' (8, S:%)). (25)

Algorithm 1: The pseudocode of the optimal Lagrangian multipliers calculations for underlay scheme.

Initialization: A%0,y%0
REPEAT ---
- Compute: S**, and S by (19) an
(1)- Compute: S***, and S* by (19) and (22)
- Compute: subgradient of 2%, and v** by (B-7).
(2)- Compute: subgradient of A%, and v by (B-7)
(3)_ Update: Au,i+1’ and ywit?! by Awitl — qui 4 g - Ls(lu‘H'l) pwitl — ui 4 gy - Ls(vu,i+1)
UNTIL A%, and v*! converge.

where L (+) is the subgradient of the dual function for the multiplier calculated by (B-7). &; and &, are the stepsize for
each multiplier. They have been chosen to equal to (1 + ¢)/(a + c), where ¢ is some adaptive constant and a is the
number of iteration. This variable stepsize is shown to give a fast convergence [26]. See Fig 3(a).
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4 Optimal Resource Allocation For Overlay Scheme

In this section, we aim at deriving optimal resource allocation scheme for the overlay scheme. As discussed previously,
while applying the overlay scheme, the CUs need to utilize the spectrum sensing to identify the spectrum occupancy status
before accessing the spectrum and can only use the vacant spectrum for transmissions. Therefore, for a frame of T
seconds duration, the first T seconds will be used to sense the channel, and the remaining (T — t) seconds will be
exploited for data transmission. The resulting frame structure is shown in Fig 2.

SEMNSING
PERIOD

-1

|
T{sec) I (T-7) (sec) _l

Fig 2: The transmission frame structure.

4.1 Spectrum Sensing Model

According to [7,8,27], the spectrum occupation status can be determined between the following two hypotheses:

detected as idle : y(i)=n(@{) i=12--1B,

detected as busy : y(@ =n(@)+n,(i) i=12-1B, (26)

where y(i) is the signal received by the CU receiver, n, (i) is the interference on the CU generated by the transmit
signal of the PU. Since the bandwidth is B, we have tB symbols in a duration of t seconds (for simplicity, we assume
that TB is an integer). Assuming that {n, (i)} samples are i.i.d. signal and modeled as zero-mean Gaussian distributed
with variance of cﬁp. The optimal detector response for this hypothesis problem is given in [28] as

1 .
Y =158 Iyl 5, (27)

where & is a pre-designed threshold. The cognitive radio assumes that the primary system is in operation if Y > 6.
Otherwise, it is idle. Assuming tB is sufficiently high, Y can be approximated, using Central Limit Theorem [29], as a
Gaussian random variable with mean and variance

— o? if PU is inactive
[Yl= ol + crz,p if PU is active,
) ot /(tB) if PU is inactive
d = 28
ancé. 9y ([E[ Inp|*] + 0% + 207 of — Gﬁp) /(tB)  if PU is active, (28)

respectively, where E[|n,|*] is the forth moment of the received signal n,. Note that E[|ng|*] = 26 for the CSCG
assumption. The probability of false alarm of the energy detector is given as follows [30]

6—0’2

P =Pr{Y > 6|P} =Q ) (29)
Jot/aB)

where Q(:) is the complementary cumulative distribution function of the standard Gaussian. If we assume that the
primary signal n, has complex-valued PSK waveform [30], the probability of detection of the energy detector can be
written as

S—GEP—Gg

Py = Pr{ly > §|R,} = Q ) (30)

o (2(:,2lp +6§)/(tB)
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Due to the unavoidable sensing errors, the cognitive network has four states, which are listed as follows:
1. State 0 : Channel is idle, detected as idle, with probability: (1 — )P,
2. State 1: Channel is busy, detected as idle, with probability: (1 — Py)B,
3. State 2 : Channel is idle, detected as busy, with probability: PP,
4. State 3 : Channel is busy, detected as busy, with probability: PyB,

As defined in the overlay strategy, the cognitive network can access the spectrum only when the channel is sensed as idle.
Therefore, the service rates of the cognitive network for the above four states, denoted by R°,R°1,R%2,and R°3, are

0,0
O = (T — 1)Blog, (1 + %), and = (T — 1)Blog, (1 + By S5 ) (32)

8ps Sp +0'S
and R>? = R*? =0,
respectively, where S;"O and S;"l are the transmit power of the CU transmitter for the state 0 and 1, respectively.

The effective capacity of the overlay scheme can be written as
E2(0) = —=log. (1 — P)RE[e*"’] + (1 — P)R,E[e %] + BP, + P4R,). (32)
The derivation is similar to the case of the underlay scheme and it is omitted here for the sake of brevity.

Using the same idea presented in the underlay case, (32) can be expanded as

So,O So,l
—(T—T)Belog2<1+gi25—> —(T—r)Belogz(Hggst |
os

EQ(0) = —log. (1 — P)RE, [e ]+ (1—P)RE,[e

+FP + PyBy),

(33)

where E,, is the expectation over the ratio ggsssis Let a® = ((T — 1)B6/In2) as the normalized QoS exponent. This
ps°p
parameter, a® can characterize the statistical delay QoS requirement, since at certain sensing time it is only a function of

0. Note that a® isrelated to a* as a" = (TT;t)a". (33) can be written as

0y —a° o
E2(0) = —%loge((l — PORE, [(1 + %) 1+ (1 —-PHRE,[(1+w)™™]+BP+PR), (34)

By evaluating (34), a solution of the effective capacity can be expressed as

1 r
B¢ = —3log[(1 = POR (KB ()" 1F (s 1y — @5 y*) + S ()9 1Fy (0% 1+ @0 — s y*)) -

_ P(@®+p3)l (g +13)
+A Rk (F(a"+u1+u3)F(u3)) +RP+RR]

2
where y° = S% and pz = %U—S) The derivation is omitted here due to the lack of space.

4.2 Optimal Power Allocation for Overlay Scheme

The power allocation of the cognitive radio network, {S°, 5%} should be carefully assigned to optimize the overall
capacity of the channel. Furthermore, the sensing period t, which plays a great role on the system performance, should
also be considered in this optimization process.

The cognitive network needs to meet transmit power constraint, which can be expressed as

(T—DB((1 = P)PS’ + (1 — PR, SY') < S (36)
Due to the existence of sensing errors, the interference from the CU transmitter to the PU receiver is inevitable and it

exists only when miss detection (1 — P;)PB, occurs. Thus, the cognitive network should also meet the following
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interference constraint
(1— PR E[g, S < 1%, (37)
where E[gg,] = u, as it is assumed above.

Our objective is to derive the optimal resource allocation {S°°, %%, t} to maximize the effective capacity under the
transmit and interference power constraints in (36) and (37) respectively.

The optimization problem can be formulated as

1 o
maxyo ;¢ — 510ge [ =PORCH YOO 1Fi(u 1+ —a%y°) + CL(O0)* 1Fi(a®1+a® —py;v°)

B D(@®+13)l (1 +113) (38)
(1 =P)R M@ i) i) | Col
S.t. (36) & (37) hold, and 0<t<T/2

where
i1 =T —p)/T(@), Cp=TH —a’)/T(n), C, =PRP + Pk,
2
The variables y° and p; are related to the original optimized variables S°° and S as y° = S%; and pu3 = (S, +

03)/5;"1 respectively. The optimized sensing period variable T in (38) is embedded in the variable a°. Furthermore, we
assume that the sensing time should not last more than half of the frame period T. The authors in [30] conclude that for
multi slot spectrum sensing, in all cases, the optimal throughput is obtained when the sensing period is less than T/8.

The problem (38) can be solved by two steps. In the first step, we try to obtain the optimal power allocation under a given
sensing time t. In the second step, we can obtain the optimal sensing time by exhaustive search given the power
allocation.

Similar to the underlay case, the solution of the maximization problem (38) can be mapped to the following minimization
problem

minye e [(1= PR (CH OO 1Fy (s 1+ iy = a%v°) + CR0M 1F (@ 1+ = py;y°))

_ P(a®+p3)T(11+13)
(1= PP ['(a®+pq+u3)l(13) +Gol

39
St 0<(T-1)B((1-P)PSI’ + (1 —P)P,SY") < sM (39)
(1= PR S <1

The corresponding optimal power allocation for a given t can be written as
« « 0 4 F1(14p1;24p1—a®;y*0)
[Chm (YO (P (ues 14y —a%y°)  + T 1;}1_;}1 —)
o « O F1(1+a%;24a —pg;v*0)

FCRA* (YO AP (% T+ o0 — g y) 4 )] (40)

= (T—DBoZ(A™ + Vi)

*\2 F(a0+u§)r(u1+“§) o * * _ 0o £y *
() ormy rapraey (@ 1) + ¥ +13)  —W(a® + 1y +13) — ¥ (3) (41)

= (T = DB S, + o)A + V™),
2
where y*° = S‘% and the multipliers, A* and v*° are the optimal Lagrangian multipliers satisfying the constraints in

(39). The optimal value 3} in (41) is the value of s corresponding to S;*', i.e., w5 = (S, + 02)/S:". Algorithm
4.2 listed below illustrates the pseudocode to find the overlay optimal Lagrangian multipliers.

Different sensing time will result in different performance. Thus, determining the optimal sensing time is a critically
important task in the resource allocation scheme. Therefore, after deriving the optimal power allocation scheme at any
given T, the optimal sensing time, denoted by t*, can be found by one-dimensional exhaustive search [31]. Hence the
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optimal effective capacity of the overlay scheme is

EQ°P' (8) = E2(8,S:°,S:1, 1. 42)

Algorithm 2 The pseudocode for finding the optimal Lagrangian multipliers and resource allocation for overlay scheme.

FOR 7= 0:T/2
Initialization: 2°0,v°:0
REPEAT ---
(1) - Compute:  S%, and 2 by (40) and (41).
(2) - Compute: subgradient of A%, and v by (B-8).
(3) - Update: A%+, and p®i*! by (B-8) A%+l = 104 4 g, - L, (AOHL) yoi+l = ol f g, . L (vOi+])
UNTIL 2°%, and v°*! converge.
END FOR
Optimal Resource Allocation: 7* = argmaxE2(60)
(5:°°,8:°1) =| power allocation of (40) and (41) |;+ 70 %

& and &, are the stepsize for the multipliers. They have been chosen to be dynamic values which are updated every
iteration by the same approach given in Algorithm 1. This accelerates the convergence as can be seen in Fig 3(b).

5 Underlay-Overlay Selection criterion

In the previous sections, we have obtained optimal power allocation for both underlay and overlay schemes. However,
underlay and overlay schemes have different features. For example, the underlay strategy does not need to perform
spectrum sensing but the interference power constraint should be satisfied all the time. While a portion of time is assigned
to sensing process for the overlay case, the cognitive network only needs to meet the interference power requirement when
the PU is detected to be active. Therefore, the underlay and overlay approaches may have their respective advantages
under diverse propagation environment and system parameters. If the cognitive network can dynamically choose the DSA
strategies, the performance of the whole network could be further improved.

In this section, we aim to develop a selection criterion for the cognitive network based on PUs’ spectrum-occupancy
probability and the QoS requirement. The main reason for choosing these two metrics can be explained as follows. First,
when the cognitive and primary networks are given, the maximum transmit power of the CU and the interference
threshold that can be tolerated by the PU are determined and will remain unchanged for a relative long time period.
Second, the PUs’ traffic load, which affects the spectrum access activity of the primary network and thus the performance
of the cognitive network, is time-varying and can be well reflected by the PUs’ idle probability. The heavier traffic load
will cause higher spectrum-occupancy probability and vice versa. Accordingly, the PUs’ spectrum-occupancy probability
should be included in the selection criterion. Third, QoS guarantee is critically important to the wireless communication
system and especially for the cognitive networks. As different applications and services may have diverse QoS
requirement, it should also be taken into consideration.

Now, we first take a closer look at the relationship between the QoS requirement and the QoS exponent. For a given
discrete service rate process, the effective capacity E; can be calculated from (6). The corresponding constraints for
queue length-bound violation and delay-bound probabilities are determined from (3) and (4) by

Pr{Q > q"} =e 1 <Py, (43)

and
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_ th
Pr{D > d"} =~e%d" <p), (44)

where Py and P, are the maximum queue length-bound violation and delay probabilities that are allowed by the system,
respectively.

The QoS requirements depend on the type of service, for example for audio, d" = 50ms and the violation probability
P, = 1072, while for video communication d = 150ms and P, = 10~3 [22]. According to these requirements, the
limits of the value of 6 can be specified. Consequently, the QoS exponent 6 should satisfy

and 0> —2FD (45)

lnPQ
0=>-— -

- q'ch 4
Note that ¢ is defined in Subsection 2.2.

Substituting the optimal resource allocation schemes {S:"°,S:"'} and {S:°°,S:*!,t*} for the underlay and overlay
schemes given in (19), (22), and (40), (41) respectively, into (11) and (35), respectively, we can obtain the maximum

effective capacity for the underlay and overlay schemes, denoted by E¢°" (8) and E°" (8), respectively.

The methodology of the DSA selection criterion can be summarized by considering a two-dimensional plane, where the
x-axis represents the QoS exponent 8 and the y-axis denotes the idle probability P.. Then, we can divide the plane into
two regions, denoted by R and R, respectively. The point (8,P) in R" satisfies E¢°"* (8) > E°" (8), and the point
(6,PB) in R® satisfies Eg°™* (8) > E¢°™ (8). Given the delay bound and its violation probability, the corresponding QoS
exponent 6 can be calculated. If the point (8,P) falls into R", the cognitive network should choose the underlay
scheme. On the other hand, if (6, R,) falls into R®, the cognitive network should select the overlay scheme.

6. Numerical Results and Performance Analysis

In this section, numerical results are presented to evaluate the performance of the proposed power allocation strategies for
both underlay and overlay schemes. In the calculation, the frame duration isset to T = 50ms, the sampling frequency is
100 K samples/s. Unless otherwise is stated, the probability of the channel to be idle is setto P, = 0.4 as a target value.
Other parameters are listed in the corresponding figures.

First, we evaluate the convergency of our algorithm. Fig 3(a) and Fig 3(b) show the iterative algorithms for determining
the optimal Lagrangian multipliers for underlay and overlay schemes respectively. The maximum secondary transmit
power is set to 10dBw, i.e., S = 10W. The interference threshold and the primary transmit power are set to 0dBw
and S, = 10dBw, respectively. As shown in Fig 3, the Lagrangian multipliers can quickly converge to their optimal
values when choosing dynamic stepsize stated in Algorithm 1. For overlay scheme, the optimal sensing time needs to be
determined from one-dimensional exhaustive search by Algorithm 2, which will increase the algorithm complexity. As it
can be seen in Fig 3(b), the overlay system requires a higher number of iterations for convergence.

y S

e |, (fixed step size)
winy (fiyed step size)
m— |, (dynamic step size)

%1072
5

=

=23

7

=x)
T

Lagrangian multipliers{ A & v)
o

Lagrangian multipliers { » and v)

J . ) R e :
: il :cynamlc Step & z Trackirigh ==, (fixed step size)
F R T B 2 : ~priney (fixed step size)
' — . (dynamic step size)
U|-‘ _"‘"-- .-..'.-.?-.'..'-.'..-.:.'.-..'.-.E.-'.h.*.n'n'.-.i.n;-.'n.'nn'..i ; ; - (dynamic step size]
1 1 1 1 1 ]
0 P 0 1 a0 50 i 0 40 BDneration S12[1 160 200
Iterations
{a) Underlay scheme (b) Overlay scheme

Fig 3: Tracking the optimal Lagrangian multipliers for both underlay and overlay schemes. I'" = 0dBw,
S, = 10dBw, S{" = 10dBw, and 6 = 1073
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Fig 4 presents the normalized effective capacity (which is defined as the effective capacity divided by TB and thus has
the unit of “bits/sec/Hz") of both schemes as a function of the QoS exponent 0. In Fig 4(a), we can observe that, in
underlay scheme, the QoS exponent 6 plays a critically important role in the maximum throughput of the cognitive
network. When 6 issmall (i.e.,the QoS constraint is loose), the cognitive network can realize higher throughput. On the
contrary, when 6 is large (i.e. , the QoS constraint is stringent), the cognitive network can only support lower arrival
rates. Figure Fig 4(b) illustrates the normalized effective capacity as a function of delay exponent and the impact of the
probability of the channel being idle, P, for the overlay scheme. We can observe that the effective capacity is a decreasing
function of 8 and is an increasing function of the probability (P,). In loosely QoS constraint system, the effective
capacity variation is insignificant, while for more stringent QoS constraint, the capacity degrade is dramatically.

Higher P, means the cognitive transmitter assumes that the channel is idle with a higher probability. The CU exploits the
situation and transmits with a higher power level, which in turn, gains more capacity. While at lower P;, the cognitive
transmitter assumes the channel is busy with a higher probability (since B, = 1 — B,) and thus, it reduces the transmit
power to comply with the interference constraint.

-

12f-

0&8f---

Normalized Effective Capacity

Normalized Effective Capadity (bit'seciHz)

10’ 107 10" 10

107 107"
Delay exponent, 6 (1/hit) Delay exponnet & (1/bit)

{a) Underlay scheme (b) Overlay scheme
Fig 4: Normalized effective capacity versus exponent delay for underlay and overlay schemes. S = 10dBw

To compare the effective capacities for the proposed adaptive and non adaptive schemes, Fig 5 shows the effective
capacity as a function of QoS exponent 6 for adaptive and non-adaptive schemes. The top two curves are for overlay and
the two lower curves for underlay. Solid curves show the result for adaptive scheme and dashed curves for non-adaptive
scheme. It is shown that the effective capacities under the adaptive schemes are always higher than the fixed allocated
power policies. Moreover, it can be noticed that the rate that the performance degrades in the adaptive algorithms is faster
than that of the non adaptive algorithm. This means that the adaptive algorithm is more sensitive to the QoS delay
exponent variation.
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Fig 5: Normalized effective capacity versus QoS exponent 0 for adaptive and non adaptive power
policies.

The transmit power of the primary network S, is another critical parameter that affects the performance of the cognitive
network. Fig 6 shows the effective capacity versus the transmit power of the primary user S, for both schemes with
different QoS exponent 6.

We can observe that the performance of the cognitive network degrades as S, increases. This phenomenon can be
explained as a larger S, will cause more severe interference to the CU receiver. This causes the CU transmitter need more
power to overcome the negative impact brought by the interference of the PU sender. However, as shown in Figure 5,
when the QoS exponent is small (i.e., 8 = 10~3), the performance loss of the underlay cognitive network is not obvious.
On the contrary, the performance of the cognitive network degrades more obvious when the QoS exponent is large (i.e.,
0 = 0.1). The reason for this observation is that a small 6 denotes loose QoS requirement and the power allocation
becomes water-filling as we explained in Subsection 2.2, thus the power resource can be more efficiently utilized.
However, large 6 means stringent QoS requirement, which results the cognitive network transmit with constant rate.
Therefore, more power is used to overcome the more serious interference caused by larger S, and the upper bounded
power resource is less efficiently utilized.

N2 I I I == Overlay, 5=0.01
= ' = A = Overlay, 5=0.1
Eu‘g 2 g Underiay, 8=0.001
i) =% = Underlay, 8=0.01
%‘ v g Underlay, 8=0.1
218
S - L
] T WU
S -ty
L e
R e S i) AT
i | v treoaws
E T g G
3 iy

0.8

0 3 6 5 12 15

Primary trasmit power S . (dBw)

Fig 6: Normalized effective capacity versus primary transmit power with different 0,
P, = 0.4, I'" = 0dBw.

Furthermore, the above figures (Figs 4-6) show that the overlay scheme provides higher capacity than the underlay
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scheme which is consistent with the results reported in most previous literature, for example, see [4,42]. It can be also
concluded that the overlay scheme is more susceptible to 6 than the underlay scheme, this is more observable in high
stringent delay systems.

Fig 7 investigates how the secondary user’s transmit power and the interference power suffered by the primary user of
both schemes vary with P,. Fig 7(a) illustrates the secondary user’s transmit power versus the QoS exponent 8 under
different spectrum-idle probabilities P,. It can be observed that the transmit power of the overlay scheme remains constant
for all 6 and does not vary with P;, which means that the transmit power constraint given by (36) is always active and the
upper bounded power resource can be fully utilized.

10
-
s g 3
@ =
2 T
- ob-
] H -
H 2
o
2 g
g g
= E -0
2+Ovenay-;;i . ;;;;;;E LoDl 15 I I i Lnderiay
0 107 107 10° 10° 107 10" 10°
QoS exponent o {1/bit) QoS exponent 6 (1/bit)
(a) Secondary transmit power (b) Interference power

Fig 8: Secondary transmit and interference power for both schemes for the proposed optimal power
allocation. Sg" = 10dBw and S, = 10dBw.

On the contrary, the transmit power of the underlay schemes varies with P,. The larger P, is, the less the utilized transmit
power is. However, the underlay based cognitive network can achieve better performance with larger P,. Consequently, as
P, increases, the underlay scheme can derive better performance but consume less transmit power, which denotes that the
transmit power resource is more efficiently utilized. Moreover, it can be seen that the transmit power of the underlay
scheme always converges to the average interference power constraint (I = 5d Bw). This is because the underlay based
cognitive network will gradually converge to an interference-power constrained system as the QoS constraint becomes
more stringent. Fig 7(b) shows the average interference power versus 6 for different P,. Different from Fig 7(a), we can
observe that the interference power constraint of the underlay based cognitive network is always satisfied for different 6
and P,. However, the interference power caused by the overlay schemes varies with 8 and P,. Specifically, the
interference power of the overlay strategy increases as 6 becomes large and decreases as P, increases. Such
phenomenons can be explained as follows. First, when 6 becomes larger, the CU will transmit with constant rate, and
more transmit power will be allocated to the worse channel conditions. Due to the imperfect spectrum sensing, the CU
transmitter uses larger power for transmission when the miss-detection happens and thus will cause large interference
power. Second, when P, increases, the actual probability of miss-detection (1 —P)(1 — P;) decreases and thus the
inference power caused by the overlay scheme is reduced. Moreover, we can find from Figure 7 that when P, is large, the
interference power of the overlay scheme is always lower than the threshold and thus the overlay scheme is a
transmit-power constrained system. While when P, is small, the characteristics of the overlay scheme vary with 6. The
overlay based system is a transmit-power constrained system, for small 6, and both transmit and interference power
constraints are active for large 6.

Fig 8 shows the effective capacity versus sensing time t for different P,. We can observe that the effective capacity is a
concave function with respect to t. In addition, it is also noticed that the optimal sensing time for each curve changes with
P.. The cognitive user needs more sensing time to achieve optimal capacity when P, is low.
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In Fig 9, each curve divides the plane into two regions. The region below the curve is R" , where the point (6, P)
satisfies E¢°"' (8) > E¢°P*(8), and the region above the curve is R°, where the point (6,P,) satisfies EZ°™ (8) >
EE“"‘“ (0). Based on the figure, the access strategy selection criterion proposed above can be performed. If the point (8, P)
falls below the curved border, the cognitive network should choose the underlay scheme. On the contrary, the cognitive
network should choose the overlay strategy if (8, P,) falls above the border. If the point falls exactly on the border, which
means Eg°P" = E¢°"", it gives the same effective capacity for both schemes. Considering the higher implementation
complexity of the overlay scheme, the preferred choice is then the underlay scheme.
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Fig 9: The probability P; versus the QoS exponent 6 for different interference
threshold. Showing the border line of the optimal capacity for both schemes.

Furthermore, Fig 9 presents the border curves under different interference thresholds. We can observe from the figure that
the area of the region R" increases when the interference threshold 1" becomes larger. Generally, from the analysis and
the comparison of the two different DSA schemes, it can be deduced that the selection of the efficient strategy depends on
several factors. It is a function of the channel occupancy probability, as well as a function of the interference threshold
allowed. The choice of the scheme has also to be compromised between complexity and the achievable performance. By
observing the above analysis and results, we can notice that the less busy the primary channel with loose QoS
requirement (i.e., high P, and small 8), it is preferred to use the overlay scheme for higher achievable capacity. On the
other side, when the system is more harsh (i.e. , low P, and large 0), underlay scheme is preferred to maintain the
achievable capacity performance.
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7 Conclusions

In this paper, we integrated the concept of effective capacity into information theory and developed the optimal resource
allocation for both underlay and overlay DSA schemes. We studied the impact of the delay-QoS constraint on the network
performance, and considered the PUs’ spectrum-occupancy probability. Analytical results for the effective capacity for
both schemes were derived. Optimal power allocations to achieve maximum effective capacity were also obtained.

The underlay and overlay schemes have their respective advantages under different QoS requirement and idle
probability. We proposed a selection criterion to determine whether to use underlay or overlay scheme under the given
QoS constraint and the primary user’s spectrum occupancy probability to optimize effective capacity. Moreover, it is
concluded that the transmit power of the underlay strategy and the interference power of the overlay strategy vary with the
PUs’ spectrum-occupancy probability, but the transmit power of the overlay strategy and the interference power of the
underlay strategy always remain unchanged. The overlay scheme is more susceptible to 6 than the underlay scheme. This
is more observable in high stringent delay constraint systems.

Numerical results were presented to give more interesting observations and insights of system performance.

Appendices

Appendix A

As the PU active probability is taken into consideration for the underlay scheme, the solution of the effective capacity
of (6) can be found as [21], [23]

E¢(0) = —5log. (p(P" - DV)), (A1)
where D" is a diagonal matrix given by
D" = diag[dj (8),dz(6)] = []E[e‘eR”’O],]E[e‘eR"'l]], and p(-) function is the spectral radius of a matrix, which is

defined as the maximum of the absolute values of its eigenvalues, i.e., p(A) o max(|w;|), w;s are the eigenvalues
1
[34]. P" in [A-1] denotes the transition probability matrix of the underlay based cognitive radio network.

The system has two system states. As the primary network independently selects whether to access the spectrum or not at
the beginning of each frame, the two system states are time-uncorrelated. Thus the entries of the (2 x 2) transition
probability matrix can be written as
{pléo =plo =B [A-2]
Po1 = pi1 = B.

Since the transition probability matrix P" has a unit rank, the spectral radius of matrix (P" - D") can be easily calculated
by

p(PY - DY) = trac(P" - D') = PE[e~®R""] + B, E[e ®R""] [A-3]

Substituting the above equation into (A-1), the formula in (8) is obtained.

Appendix B

The objective function in (18) is nonnegative weighted sum of the functions f}'(x) and f3'(x) defined in (20). According
to the definition of Hypergeometric function given in (12), this function is a polynomial function with nonnegative
exponents, and thus it is strictly convex. The function f3'(y) in (20) is monotonically increasing function for y > 0 as
shown in Fig 10. As a result, we can conclude that the objective function in (18) is convex [26,31].
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Fig 10: The function f(y) is monotonically increasing and bounded by

[0,1]. The constans a and b are related to o and p in (20) respectively.

Here, they are chosen arbitrary.

Furthermore, the constraints in (18) are linear with respect to x and y. Since, both the objective function and the
constraints are jointly strictly convex, then the problem is convex and hence, it has an optimal solution and can be obtained
using the Lagrange dual method[31].

We can construct the Lagrangian function for the problem (18) as
Ay, A V) = Cinfi () + Cipf (%) + Cpf3 (v) + MPx + By — S™} + v{RE[gg, x| + BE[ggpy] — 1"} (B-1)

where A and v are the Lagrangian multipliers associated with the transmit power and interference power constraints,
respectively, and E[gg,x] = px. Then, the Lagrange dual problem can be formulated as

max)>o,y>) Miny>gy>AX Y, A V)

B-2
= maxysoyso Miysoys{{Cirfi (X)) + Cfy () + Cof3(¥)}  +A{Rx + By} + viuf{Px + By} — AS™ — vI™} &-2)

Performing the partial derivatives of the unconstrained problem A(x,y, 2, v) with respect to each variable and setting it
to zero, this leads to a series of subproblems. Solving this system of equations yields the optimal solution {x°,y°} of the
subproblem

Cirf'1(x°) + Ciaf 2 (x°) + AP, + vuP = 0 (B-3)
Cof'5(y*) + AR, + vuP, = 0 (B-4)
Px°+Py —S™=0 (B-5)
Pux® + Puy* — 1" =0 (B-6)

where, ' is the first derivative of the function f with respect to the relevant variable. The last two linear equations,
(B-5), (B-6) are linearly dependent, and hence, infinite solutions can be obtained. While, solutions for x°, and y° can be
obtained from (B-3) and (B-4) respectively. Plugging {x°,y°} into (B-2), we can solve the dual problem and find the
optimal Lagrangian multipliers, denoted by {A*,v*}.

Finally substituting {A*, v*} into {x°, y°}, we can derive the optimal power allocation {x*, y*} given by (19) and (22).

In order to use the iteration method illustrated in Algorithm 1 to derive the power allocation {x°,y°}, the subgradient of
the Lagrange dual function is needed. Assuming that the value of the Lagrangian multipliers for the i iteration are
{Al,vi} and the corresponding optimal power allocation are {x',y'}, the subgradient for the dual function, denoted by
{L£}, L1}, can be written as
Lyt =Px + PRy —sm
A _ by _ (B-7)
Ly =R+ Ry’ — 1%,
The same can be done for the overlay scheme:
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= (T - DB((1 — PYPx' + (1 — PyRy’) — S™

. B-8
= (1= PPy’ — 1™ ®9
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