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Abstract—The ever-increasing demand for mobile Internet and
high-data-rate applications poses unique challenging requirements
for 5G mobile networks, including spectrum limitations and mas-
sive connectivity. Cognitive radio and carrier aggregation (CA)
have recently been proposed as promising technologies to overcome
these challenges. In this paper, we investigate joint relay selection
and optimal power allocation in an underlay cooperative cognitive
radio with CA, taking into account the availability of multiple car-
rier components in two frequency bands, subject to outage prob-
ability requirements for primary users (PUs). The secondary user
network employs relay selection, where the relay that maximizes
the end-to-end sum rate is selected, assuming both decode-and-
forward and amplify-and-forward relaying. The resulting opti-
mization problems are optimally solved using convex optimization
tools, i.e., dual decomposition and an efficient iterative method, al-
lowing their application in practical implementations. Simulation
results illustrate that the proposed configuration exploits the avail-
able degrees of freedom efficiently to maximize the SU rate, while
meeting the PU average outage probability constraints.

Index Terms—Amplify-and-forward (AF), carrier aggregation
(CA), cognitive radio (CR), decode-and-forward (DF), dynamic
power allocation, interference, relay selection.

I. INTRODUCTION

OGNITIVE radio (CR) is an intelligent radio technology
C that can adapt its transmission parameters according to the
environment. CRs have shown to be very efficient in maximizing
spectrum utilization due to their inherent spectrum sensing capa-
bility. A CR network consists of primary users (PUs), i.e., users
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with higher priority utilizing a particular band in the spectrum,
and secondary users (SUs), i.e., users wishing to opportunis-
tically access that spectrum, provided that they guarantee the
PUs’ quality of service (QoS) [1]-[3]. Research on CR has fo-
cused on three spectrum sharing paradigms, namely, underlay,
overlay, and interweave [1]. In this paper, we focus on underlay
cognitive networks [3], [4], in which a cooperative SU transmits,
while maintaining the interference imposed on the PUs under a
specific threshold.

The available spectrum for the SU transmission is commonly
dispersed [5], since the spectral usage of an SU may extend
among different or heterogeneous networks [6]. Therefore, a
secondary CR user may transmit and receive over multiple
dispersed bands. In order to facilitate transmission over dis-
persed spectrum, discontiguous (or noncontiguous) orthogonal
frequency division multiplexing (D-OFDM or NC-OFDM) was
first proposed and investigated in [7]-[10], which assume the
employment of existing OFDM technology at the transceivers.
However, this technique cannot be applied in spectrum segments
with substantially different characteristics.

Therefore, another technology that allows the usage of mul-
tiple spectrum segments is carrier aggregation (CA). It has been
included in the 3GPP LTE-Advanced (LTE-A) telecommunica-
tion system architecture [11], [12], where it allows the aggre-
gation of a maximum of 100 MHz of bandwidth, leading to
wireless access, which achieves higher data rates, and improv-
ing the energy efficiency. It can aggregate component carriers
(CCs), which belong to either the same band (intraband CA)
or different carrier bands (interband). Interband CA is natu-
rally noncontiguous, which means that the aggregated subbands
are noncontiguous as well; however, intraband CA can be either
contiguous or noncontiguous. In the case of continuous CA, two
or more CCs can be aggregated within the same band, utilizing
the same baseband architecture. On the contrary, in the case
of noncontinuous CA, CCs can be aggregated using separate
baseband radio frequency chains [13].

A. Motivation

1) Cooperative CR Networks: In the context of CR, the per-
formance of cooperative networks in which SUs can act as relays
has been extensively investigated. For example, relay-assisted
communication using D-OFDM is investigated in [14] and [15],
aiming at the improvement of either the diversity or the through-
put of the secondary links. Furthermore, various works on
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cooperative CR networks focus on the power allocation be-
tween the weak direct link and the dual-hop link, and on the
relay selection among multiple available relaying nodes. Opti-
mal power allocation in an underlay single-carrier cooperative
network with two receivers is investigated in [16], where the PU
imposes constraints on the instantaneous received interference.
Resource allocation for a multiuser secondary cooperative net-
work with maximal ratio combining (MRC) is optimized in [17].
In [18], power allocation for a cooperative transmission in a sec-
ondary network employing MRC is optimized in terms of sym-
bol error probability. In [19], power allocation of a secondary
network performing MRC is optimized in a decentralized man-
ner, targeting specific signal-to-noise ratio (SNR) for the SU.
Furthermore, best relay selection has been investigated in CR
networks with the aim to optimize the outage probability or the
bit error rate of the secondary underlay network in [20]-[24].

2) Cooperative CR Networks With CA: In CA systems, the
combined spectrum presents diverse propagation characteris-
tics. As a result, the combination of CA and CR networks has
been mainly investigated for heterogeneous networks and small
cells, e.g., the coordination of multiple SUs was investigated in
[25], traffic balancing in [26], and resource and data scheduling
in [27]. On the other hand, in cooperative CA systems, commu-
nication in aggregated high-frequency bands experiences high
attenuation and path loss. In such cases, relays are used not only
for diversity [28], [29], but also for coverage extension [30],
[31]. Thus, different data streams can be sent via the direct link
and the dual-hop link, over multiple carriers.

However, the combination of both cooperative communica-
tions and CA with CR networks has not been thoroughly inves-
tigated, since there have been only sporadic results on joint relay
selection and dynamic power allocation in multicarrier underlay
cognitive networks. In [32], the authors aim at maximizing the
total throughput, when only two data streams are sent over or-
thogonal frequencies by the SU, through a direct and a dual-hop
Amplify-and-Forward (AF) link. However, the provided solu-
tion cannot be directly extended to the case of multiple CCs due
to the need of power allocation at the relay. A similar system
model and optimization scheme with multiple CCs is examined
in [33] and [34], where again AF relaying is considered. How-
ever, the authors resort to oversimplified suboptimal solutions
based on equivalent noise minimization over each link. More-
over, the interference imposed by the PU is considered to be
perfectly known and canceled at the SU, which increases the
complexity of the decoding process and creates implementa-
tion difficulties. It is worth noting that most of the assumptions
made in [33] and [34] do not match the principles of underlay
cognitive networks and CA. Additionally, the aforementioned
works assume perfect channel state information (CSI) for the
links between PU-SU, which is not realistic to acquire in prac-
tice, while the case of decode-and-forward (DF) relaying is not
investigated.

B. Contribution

Unlike recent literature, in this paper, we investigate the
application of CA in an underlay CR network, which also
utilizes multiple relays, employing relay selection. We focus on
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interband CA, where the characteristics of the aggregated bands
can be very different. In general, the higher frequency band cre-
ates smaller coverage radius, compared to the lower frequency
band that produces larger coverage radius, since the path loss
increases proportionally to frequency and distance. Motivated
by this, we assume that the high-frequency band cannot be
directly used by the SU to transmit information with acceptable
quality, which is resolved by the utilization of the relays.
Consequently, in order to fully exploit the available bandwidth
in both bands, a cooperative SU is considered, which transmits
over multiple CCs, both in the direct and the dual-hop link, with
the aim to increase its achievable rate without causing harmful
interference to the PUs. The assumed system model allows the
SU pair to communicate efficiently over multiple bands, while
the available relays contribute not only to throughput maxi-
mization but also to coverage extension for the high-frequency
carriers, where direct transmission is not feasible.

In order to boost SU performance and minimize interference
atthe PUs, we formulate a joint power allocation and relay selec-
tion optimization problem, appropriate for throughput efficient
communication in relay-assisted CA systems. In particular, the
contribution of this paper can be summarized as follows.

1) An optimization problem is formulated for each of the
AF and DF relaying protocols, which performs power
allocation among the CCs of two frequency bands. The
low-frequency band is used for communication of the SU
pair via the direct link and the high-frequency band is used
for communication via the dual-hop link. Moreover, the
formulated optimization also performs relay selection for
the dual-hop link, based on the overall maximization of
the throughput, under specific constraints for the outage
probability of each PU pair.

2) The constraints that are set by each of the PUs, regard
their average outage probability and not the instantaneous
interference they receive from the SU network. As such,
these constraints require less frequent feedback from the
PUs, since they depend on long-term metrics. In order to
further reduce PU feedback, a minimum feedback scheme
toward the SU network is considered, based on quantiza-
tion of the applicable SU transmit power thresholds. Thus,
the proposed communication and optimization scheme is
a suitable candidate for practical underlay CR networks,
because it does not require extensive or frequent signal-
ing from the PUs, minimizing the feedback as much as
possible.

3) The formulated power allocation problems are optimally
solved. For this purpose, convex optimization tools and
dual decomposition are applied. Furthermore, the optimal
values are calculated using a simple, efficient, and fast-
converging iterative algorithm. To the best of the authors
knowledge, a similar optimization problem has not been
considered in the literature for the DF case.

Extensive simulation results illustrate the performance gains
for the SU, when CA is applied in cognitive networks, without
degrading the QoS that the PUs enjoy. The simulation scenarios
also examine the tradeoff between the number of PU feedback
quantization bits and the throughput gains, proving that only a
few bits are actually needed. Finally, results regarding the power
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Fig. 1. Synopsis of PUs communication, SU transmission, and received
interference.

allocation and relay usage highlight the importance of selection
of the best-situated relay.

C. Organization

The rest of this paper is organized as follows. Section II
demonstrates the system and channel model, and elucidates the
technologies used, i.e., CA, CR, and AF/DF relaying. Section III
includes the PU requirements, where the instantaneous interfer-
ence threshold, which is usually assumed, is now replaced by
an average outage probability threshold. Section IV defines the
achievable rate for the SU, regarding both relaying protocols.
In Section V, the power allocation problem is introduced, while
it is solved in Sections VI and VII, for the cases of DF and
AF relaying protocol, respectively. In Section VIII, the simula-
tions and the derived results are analyzed. Finally, Section IX
concludes this paper.

II. SYSTEM MODEL

In this paper, an underlay SU network is considered, consist-
ing of a source (S) and a destination (D), which employs CA,
aggregating CCs from two different frequency bands, indexed
by [ = 1,2. In order to achieve higher rates, the SU aggregates
a number of N; CCs from the [th band. The lower frequency
band is denoted by [ = 1, while the higher frequency band is
denoted by | = 2. Based on the long-term statistics and the dis-
tances between the available nodes, the high-frequency band is
considered to be used over the two-hop link for coverage, while
the low-frequency band is used only through the direct link,
to minimize the complexity and cost of the relays, which are
equipped with the RF chains of the high-frequency band only.
One licensed PU, consisting of a transmitter 7; ; and a receiver
V1., operates over the ith CC of the I/th band V3, [. That is, there
are N| + N, operating PUs. The system model is depicted in
Fig. 1, where one PU operating over each frequency band is
depicted on the network sketch for simplicity.

Each PU sets a maximum probability of outage threshold,
which prevents the SU from transmitting with high power over
each CC. The SU utilizes the direct link between S and D
for the N} CCs of the lower frequency band. Over the higher
frequency band (I = 2), due to high path loss, we assume that
there is no line-of-sight, thus the SU utilizes a half-duplex relay,
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selected out of M available relays, which are denoted by R, , 7 =
1,2,..., M. Communication between S and D is divided into
two time slots. In the first time slot, S transmits over both
frequency bands, and all relays receive over the high-frequency
band, while D receives over the low-frequency band. In the
second time slot, .S transmits only over the low-frequency band,
while the selected relay transmits over the high-frequency band,
and D receives through all bands. The communication during
both time slots is also illustrated in Fig. 1.

The goals of the analysis that follows are: 1) the optimal power
allocation both at the source and the relay and 2) the optimal
relay selection based on the total achievable rate. Depending on
the selected relay, a different optimal power allocation can be
computed, while the best relay selection is based on the overall
maximization of the achievable rate of the SU.

All nodes are equipped with a single antenna and the code-
books of all nodes are considered to be long zero mean and
unit variance complex Gaussian. Each channel coefficient be-
tween any two nodes, e.g., J and @, follows a complex Gaus-
sian distribution, i.e., hjq); ~ CN(0,1/Ljq1;), where l = 1,2
andi = 1,2,..., N;. The additive noise at any node () follows
a complex Gaussian distribution with n,, ; ~ CN(0, W ; Ny),
with W, ; being the bandwidth of the ith CC of the /th band and
Ny being the noise power spectral density. The notation used
throughout this paper is summarized in Table I.

III. PUS COMMUNICATION

Each T} ; transmits a codeword z; ; toward the corresponding
V},i over the ¢th CC in the Ith band. The received signal at each
Vi,i is given by

Yolii = A/ Priheopizii + Isupi + o (1)

where Igyy ; is the interference imposed by the SU.

The power allocation scheme of the SU must take the inter-
ference thresholds set by the PUs and their desired QoS into
account. To this end, we first present the types of thresholds that
can be set by the PUs and the feedback that is needed to be sent
to the SU.

A. PU Instantaneous Interference Threshold

In underlay cognitive networks, the SU network operation is
designed so that the amount of interference imposed on the PUs
is acceptable. A good measure for the aforementioned is the
outage probability of the PUs. Particularly, the outage proba-
bility of each PU is confined by a threshold P, such that, in
the worst-case scenario, recovering data at each V; is possible.
One solution is constricting the instantaneous interference, im-
posed by the SU on each PU, under a corresponding threshold.
According to the instantaneous channels between the S and the
PUs and the corresponding threshold, specific power limits for
the secondary source and relay transmission are imposed. For
each CC in the first band and for the first time slot of each CC in
the second band, it is Isy,; = \/Pspi,ifsv)r,i®i,i, and thus, for
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TABLE I
NOTATION
Variable  Explanation Variable Explanation
M Number of available relays zy SU information symbol
l=1,2  Frequency band index 214 PU information symbol
N; Number of CCs in the /th band Mgl AWGN noise at node @
(D1, Value for the /th band and ith CC Yqll.i Received symbol at node @
S SU source node Ty Reencoded SU information symbol (DF)
D SU destination node Ny AWGN power spectral density
Ty PU transmitter Isupi,i Interference imposed by SU on PU
Vi PU receiver pliil Instantaneous interference power threshold set by a PU
R, The " relay Kqu,i Power threshold for node @, set by a PU
Pypii Power transmitted by node @) Vi End-to-end SINR
Bjqpn.i Channel coefficient of path J — @ Yiqll.i SINR of path J — @
L. Path loss of path J — @ Py Power vector of node @
G, A“ Amplification factor of relay R, (AF) Ry, Rate of /th band selecting the relay R,
()AF Value for AF relaying Pouw(s)|l,i Outage probability of a PU caused by S
(-)PF Value for DF relaying Pou(r, )i  Outage probability of a PU caused by R,
Wi CC bandwidth ;‘; e Interference-free outage probability of a PU
the power of the interfering signal, it must hold that Accordingly, in the second time slot and the second band, the in-
plii] terference is caused by the selected relay and the corresponding
Py < ”172 (2) outage probability is
' svll,i

Similarly, the transmitted power of each R, in the second time
slot for the second band must satisfy [3], [35]
Pl

il 3)

P <
Tl |hrv\2‘i

where P11 are the corresponding instantaneous interference
power thresholds.

In practice, in order for the SU to optimally perform power
allocation, the secondary network should be aware of A5 ;
and hy,;; VI € {1,2} and Vi. Obtaining all these channel co-
efficients either requires transmission of training symbols from
each V;;, and then, performing channel estimation at .S and
at each R,, or estimating them at each V;; and feeding back
the channel estimates to S and each R,, respectively. In both
cases, a large overhead due to training symbols and/or feedback
is transmitted, which reduces the bandwidth efficiency of the
system and makes the synchronization of PU-SU costly.

B. PU Average Outage Probability

To reduce overhead, we propose a more flexible constraint
on the average outage probability of the PUs and not on
the instantaneous interference. Thus, the PU feeds the accept-
able power limits for S and each R, back to the SU, based on
the statistics of the channels. From (1), in the first band and
for the first time slot in the second band, the interference im-
posed by SU on each PU is Isyy; = Is—v, ;. Therefore, the
PU signal-to-interference-plus-noise ratio (SINR) is given by

o Py ilhiop.il? F i
VPU(S)|Li = Py Theon  PAWi NG Similarly to [36, Appendix A],
_ Rou,i
if Ry, ; is the desired data rate and Ry ; = 2"" — 1, then the

outage probability of the PU is given by

Lyuui P exp(=Lyyp.i Rop.i Wi.iNo/Pryi.i)
Loy iPrpitLivp,iPsp,iRop,i ’

Pout(S)|l,i =1- €]

LyypiPrpiexp(=Liy \2.;1'?0\2.[”’2;1 No/Pypa.i)
Loy PrpitLivpiPrpiRopi ’
(5)

When there is no interference imposed on each PU, the interfer-
ence free outage probability of each PU is given by

P =1 —exp(—Lyy i RopiWi,iNo/Pup.i)

out|l,i

Powe(rypi =1 —

(6)

which is the best case scenario for the outage performance of
each PU. For a specific average outage probability threshold
Pyt )1, for which it must hold that Py, ; > Pgﬁtw, the outage
probabilities given in (4) and (5) must always be below this
threshold. Using (4) and (5) and solving, the transmitted powers,
the corresponding power thresholds for S and each R, in each

frequency band and each CC are calculated as follows:

P 1 Lgyp,iPryi

P, < 7
sl = 1=Poytp,i Ly, Rop.i (N
Koy
Pxp<_w> -
] Pt Lo P
P < __ B 1| Leepifips 8
T2, = [N Tiopi Rop: (8)
K,
where [.]” means quantization to the closest smaller quanti-

zation level. The values P, ; and K5, apply only for [ = 2,
since there is a dual-hop link only over the high-frequency band.
Assuming that each PU can send feedback of only a number of
log,(K) bits, the distinct values of the corresponding power
threshold are KC. The selected power level at which the SU or
the relay should use is transmitted toward their corresponding
node at the beginning of each time slot right after channel esti-
mation. By using this technique at each time slot, the PU needs
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to send only log,(K) bits of information via a feedback link,
reducing the required feedback link bandwidth. These trans-
missions could be performed via feedback links operating in
another narrow frequency band.

IV. SU COMMUNICATION
A. SU Direct Link Over the First Band

During the first time slot, the power of the source S of the
SU is divided between the two frequency bands. During the
second time slot, the transmitted power is reallocated only over
the direct link. Please note that in each band and during each
time slot, .S sends different noninterfering messages, since we
do not seek to increase diversity, but to increase data rate, which
is the main motivation for using CA. Moreover, the channel
coefficients are considered constant over two consecutive time
slots. The transmission from 77 ; is causing interference in the
1th CC. Thus, in the first time slot, the received signal at D is
given by

Yap,i = ) Pspilsanitii + 1/ Ponibeapizii + napi (9)

where x ; is the transmitted symbol. The received SINR at D

over the ith CC is then given by

B Py ilhsap i)
Pyjyilhean,il* + WiiNo

Y,i (10)

If P! i is the reallocated power during the second time slot

instead of P ;, the corresponding SINR is denoted by 7172'
hereafter.

B. SU Relay-Assisted Link Over the Second Band

In the first time slot, S transmits data symbols over each CC of
the second band toward the relays. Furthermore, transmission
from each 75 ; is causing interference during both time slots.
Thus, the received signal at the rth relay node over the ith CC
is

Yr2i = ) Psj,ilsr2i®ai + ) Prpilir2,iz2 + npppyi- (11)

When two or more CCs are aggregated in the second fre-
quency band, the power and information allocation over the
CCs depends on the relaying protocol. When the AF protocol is
applied, then the relay forwards a scaled version of its received
signal to D over the same CC. That is, the relay cannot divide
the received information over the CCs anew. However, when the
DF protocol is applied, the source information can be redivided
over the available CCs. According to the aforementioned, we
discern our analysis depending on the relaying protocol below.

1) AF Relaying: With AF relaying, in the second time slot,
the rth relay—if selected—normalizes its received signal over
the ith CC by

PT\Z i > E
Grpi = ’ (12)
> (Psz,qz|hsr2,i 2+ Popilhurp,i > + Wa i Ny

and then, it forwards the scaled version to D, assuming that
all required power and channel values are known, as it will be
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further explained in Section IV-D. The received signal at D is
then given by

yéﬁi = G ibrapiYrpi + ) Pripibiapizei + naps (13)
and thus, the received end-to-end instantaneous SINR at D over
the ith CC of the second frequency band is then given by

AF _ Vsr(2,i Vrd|2,i

V= (14)
i Vor2i + Vrap,i T 1
where
~ L Ps\2,i|hsr\2,i|2 (15)
o2 Piailhirp,i > 4+ Wa,iNo
P,pilheapil®
Vrd2,i = o241 edi2, (16)

Py i|hiapi|® + WailNo

2) DF Relaying: With DF relaying protocol, the relay first
denoises the received signal and decodes the received informa-
tion. Then, it reencodes and forwards the decoded information
towards the destination through the N, available CCs over the
second band. In the first time slot, the received signal at the rth
relay is given by (11), and thus, the SINR of the first hop of the
rth relay is given by (15).

The relay reencodes the decoded information in multiple
streams and transmits one symbol over each CC, denoted by
2,4, with average power P, ;. Thus, the received signal at the
destination is

yclzj\zF,i =/ Prpilrapitai +\/ Pipihiapizai + napi- (17)
Accordingly, the SINR of the second hop is given by (16).

C. Total Achievable Rate

Based on the Shannon capacity formula, we consider that
the achievable transmission rate of the SU when a relay R, is
selected, during the first time slot and over the first frequency
band can be written as

N,y
Rip = > Wislogy (1+7.,) (18)
i=1
while for the second time slot, it is denoted by
N,y
= Z Wi ilogy (1+7;) - (19)
i=1

Similarly, the achievable rate over the second band during both
time slots for AF relaying is given by

N>
1
RS =D 5 Wailog, (1+757) (20)
i=1

while for DF relaying is given by

Ny
] 1
R3¢ = min (Z EWZ,iIng(l + Ysri2,i)s

i=1

N,
1
Z §W27i10g2(1 + ’Y'rd|27i)> . (21)

i=1
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TABLE II
COMMUNICATION OF THE SU NETWORK

Band  Time-Slot 1 Time-Slot 2
l=1 Nodes: S — D Nodes: S — D
Power: Py ; over the ith CC  Power: PS"1 ; over the ith CC
Rate: Ry, Rate: R’Hr*
l=2 Nodes: S — R} Nodes: R — D
Power: Py ; over the ith CC  Power: P, |5 ; over the ith CC
Rate: RAT/PF

2|r*

In the aforementioned expressions, % appears due to the half-
duplex operation of the relay. For the DF protocol, since the
information is redivided over the CCs at the relay, the rate
is constrained by the minimum of the sum of the capacities,
achieved over each hop. The total achievable rate during two
time slots is given by

1 1 AF/DF
Riotlr = <2R1,,. + 272’1,,) + Ry (22)
The communication of the SU is summarized in Table II, where
r* is the best (selected) relay.

D. CSI

For the proposed optimization, nodes R, and D require full
CSI of the secondary network. Furthermore, they require CSI
of the corresponding paths from the primary transmitters 77 ;,
which is acquired from pilot symbols send by the PUs. The
primary receivers, V; ;, only need knowledge of the path loss
values Ly, ; and L, ;. The PUs send minimum feedback to
the SU (a number of log, K bits indicating the corresponding
power thresholds, as they were defined in Section III), which is
updated only when the L,,; ; and L, > ; values change. Finally,
the selected relay sends the optimal power allocation to S' via
feedback link. The channel estimation and required feedback
are summarized in Algorithm 1.

V. OPTIMAL POWER ALLOCATION AND RELAY SELECTION
A. Problem Formulation

In the following, we describe the optimization performed
by each relay. The optimal power allocation of S and R,—if
selected—can be written as

max
Ps, PPy

s.t. Cr:0< Py < Ky,
Cr:0< P;\l.,i < K,

Rtot\r

C3:0< Py < K

2 N
C4:ZZPS‘M S Ps,max

I=1i=1
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Algorithm 1: Channel Estimation and Feedback.

1: Low-frequency band (I=1):

2: Nodes S and 77 ; transmit orthogonal pilot symbols
(2 pilot symbols over each CC).

3: Node D estimates the channel coefficients A, ; and
hyq)1,; for each CC. Every Vy; estimates the channel
coefficient hy,|; ; and the path loss L,y ;.
High-frequency band (1=2):

5: Nodes S and 7 ; transmit orthogonal pilot symbols

(two pilot symbols over each CC).

6: All nodes R, estimate the channel coefficients Ay, ;
and hy,|p,; for each CC. Node D estimates the channel
coefficients hyq)»,; for each CC. Every V5; estimates the
channel coefficient A, |»; and the path loss Ly, ;.

7: All nodes R, transmit orthogonal
pilot symbols (M pilot symbols over each CC).

8: Node D estimates the channel coefficients h,. 4 ; for
each CC. Every V5 ; estimates the path loss L, ,;.

9: After estimation:

10: D sends its estimated channel values to all relays.

11: If Ly, ; and L, ; have changed, the PUs update and
resend their power thresholds to the SU.

12: After optimization:

13: The selected relay sends its computed power allocation

e

to S.
Ny
CSZZP:’\IJ < Psymax
1=1
N>
C6:ZPT‘2J < Pf',max (23)
i=1
where P, = {P,;;:1€{l,2},ie{l,2,...,N;}}, P.=

s 737_ :{Pr\Z,i Z’L'E
{1,2,...,N,}} are the source power allocation vectors
for the first and second time slot and the relay power allocation
vector, respectively. This optimization is performed with the
aim to find the maximum achievable rate R, that the rth
relay can achieve. In the aforementioned, P ,.x and P, jax
are the maximum values for the power that can be transmitted
by S and R,, respectively, and they are imposed by regulations
or hardware specifications.

{P’|1_i:i€{172,...,]\71}}, and

B. Problem Separation and Relay Selection

Problem (23) can be completely separated in two disjoint
problems, since the reallocated power over the low-frequency
band (P)) for the second time slot is independent of the relay
selection and power allocation during the first time slot. Thus,
the two separate problems can be written as

Problem 1

AF/DF

1
max = o

PP 2
s.t. Cl, C3, C4, C6

R1|T + R

(24)
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Problem 2
/
max 1
P
s.t. Cz7 C5. (25)

Relay selection cannot be determined solely by the channel
realizations, but it is heavily based on 1) the power allocation and
2) the position of the relay with respect to the PUs, which defines
the power thresholds. Thus, the selection must be based on
the actual achievable rate, which requires the power allocation
solution. However, for each relay, the optimal power allocation,
which can maximize its rate does not depend on the rest of
the relays; its location and its channel coefficients are the only
parameters, which are required. To this end, the optimal power
allocation of the source is calculated for each relay, for the case
that this specific relay might be selected, before the actual relay
selection. Afterwards, the relay, which achieves the highest total
rate Ry, 18 selected. Since the optimization of the transmission
S — D during the second time-slot (Problem 2) yields the same
results for all relays, each relay solves solely Problem 1. Then,
the selection is reduced to

1
R, = argmax Ry, = argmax <2R1,. + R2T) (26)

while Problem 2 is solved after the relay selection and only by
the selected relay. Finally, the selected relay sends the optimal
power allocation as feedback to S.

VI. SOLUTION FOR THE CASE OF DF RELAYING
A. Problem 1: N, > 2

When the relays employ DF relaying, the achievable rate is
given by the minimum of the total achievable rate of each of the
dual hop, which, however, is not a purely analytic expression. To
this end, the optimization problem (Problem 1) is transformed
into its epigraph form [30], [37]. The auxiliary variable R is
used in order to describe the limitation that the one hop imposes
to the other. Therefore, the optimization problem (Problem 1)
for the case of DF can now be written as

Ny
max Z Wi logo(1 +v1,) + R
s.t. 01703,C4,C6

N>

C7: Z W2110g2(1+7ﬁ|21)—

i=1

R

N»
1
C8: Z EWZ.iIOgZ(l + Yrapi) =2 R (27)

i=1
The extra constraints C7 and C8 represent the hypograph of the
original optimization problem, i.e., Problem 1.

Remark 1: The transformed optimization problem in (27) is
jointly concave with respect to the optimization variables, since
the Hessian matrix of its objective function is negative semidef-
inite and the inequality constraints are all convex. Moreover, it
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satisfies Slater’s constraint qualification, and thus, it can now
be optimally and efficiently solved with dual decomposition,
since the duality gap between the dual and the primal solution is
zero. More importantly, it is guaranteed that its global optimum
solution can now be obtained in polynomial time [37]. Please
note that the same conclusions hold for any other optimization
problem of similar structure that follows the aforementioned
conditions.

By using dual decomposition, the optimization problem in
(27) can be iteratively solved in two consecutive layers, namely
Layer I and Layer 2, which are explained later. In each iteration,
one subproblem for each CC in thefirst band and two identical
subproblems for each CC in the second band are solved in
parallel in Layer 1 by using the Karush—-Kuhn—Tucker (KKT)
conditions for a fixed set of Lagrange multipliers (LMs). The
LMs are then updated in Layer 2 using the gradient method.

Layer 1: In this layer, the optimal power allocation is calcu-
lated, by using the following theorem.

Theorem 1: The optimal values of P and P’

*
5\2,1’

s|1,i° r(2,i
are given by
£ [ Wii IS ]Ksl-: 08)
5|l 2)"1 111(2) |h.5’d\l,i|2 0
where [-]Y = min(max(z, -),y), while
AMWo; NI K
P, . =  — ’ 29
. |:2)\1 111(2) 2|hs7'|2,i|2 0 9
Woi(1—A T, Ko
Pipi = [ ) e 2] (30)
’ 222 1n(2) |hrap.il® ],
where
Cii = herpa, i+ NoWa (€)9)
Dopi = |hap.i P Piai + NoWa,i. (32)

Proof: The proof of Theorem 1 is given in Appendix A.

The power allocation in (28)—(30) can be interpreted as a
multilevel water-filling scheme, in which the water levels of
different CCs can be different. Please note that the water levels
25/1;22), sz,\,(hllzzk)ﬂ and Wz?}\z (1111 (;)3> are geperally higher for CCs
with more available bandwidth. Interestingly, taking into ac-
count the second terms of (28)—(30), it is observed that a larger
value of I';; ; V5 € {1,2} results to a lower value of allocated
power, in order to reduce the impact of the received interference
by the PUs.

Layer 2: Since the dual function is differentiable, the gradient
method can be used to update the LMs as follows:

_ +
)Ll(t+1): ( ) Cl < s,max Zzpsﬂz)
L =1 1i=1
(33)
- +
)»2(154‘1) = ( ) <2 ( 7, max ZPrM) (34)
where [-] = max(0, -), t > 0 is the iteration index, and ¢; (t) are

positive step sizes, chosen in order to satisfy the infinite travel
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condition [38]. Also, as it can be observed by (54), for the LM
Az it must hold that 0 < A3 < 1, and in each iteration it is given
by

Mt+1) = [)»3(15) —G(t) (Z %Wz,z‘logz(l + Yorj2,i)

1

N>
1
—E 2W2.i10g2(1+7rd2,71)>‘| - (35)
0

i=1

Remark 2: When the optimization problem satisfies the con-
ditions described in Remark 1, it is guaranteed that the iteration
between the two layers converges to the optimal solution of the
primal problem, if the chosen step sizes satisfy the infinite travel
condition [37], [38]

> Gi(t) = ooV (36)
t=1

B. Problem I: The Special Case When N, = 1

With DF relaying and assuming that N, = 1, there is no more
need to transform the initial problem (Problem 1) to its epigraph
form, as in (27). Instead, the optimization Problem 1 can now be
simplified, considering the observation that y2¥ is the minimum
of the SINR values of the two hops. Thus, if the dual-hop link of
a CC of the second band is limited by the second hop, there is no
benefit from increasing the SINR of the first hop, by increasing
P ;. Therefore, by considering the constraint v, 2; < Vrqp2,i»

we set K| ; = K|y,; and

e :min<PT2’l [P, |2(F)t|271 |Pr 2,1 >+ W2,1N0)K )
ol1 |Psro1 2 (P11 heap,1 2+ W21 No) o121

(37)

and thus, Problem 1 for the case of DF can now be written as

max
Ps

st. Cl1:0 < Py < f(s\l,i
vie{1,2},vie{1,2,...,N;}
C,. (38)

1 DF
ER”T + R2|T‘

Considering Remark (1), we next iteratively solve the optimiza-
tion problem in (38) using dual decomposition. By doing so, in
Layer 1, the subproblems of the power allocation of the source
are solved for the corresponding fixed set of LMs, which are
updated in Layer 2. Please note that only one subproblem is
now solved for the second band in each iteration.

Theorem 2: The optimal power allocation of carrier ¢ for the
first band is given by (28), while for the second band is given by

K,
(Mo 1 PWa — 2 In(2)Typ 0 12!

P =
s2.1 2)‘-1|h5r\2,1|21n(2)

(39)

0

Note that the LM A, is updated by (33).
Proof: The proof of Theorem 2 is given in Appendix B.
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C. Discussion for Problem 2

The analysis in order to find the optimal solution for Problem
2 is similar to that of (38), ignoring the term RzD‘f, respectively.

. Ky .
So,in Layer 1, P}, = | Py | ", with P, given by (28),
while in Layer 2, the LM A, is updated according to (33).
The solution for Problem 2 can also be applied for a special

case of Problem 1, i.e., N, = 0. Problem 1 is the simplified to

1
mex 3Ry
s.t. 01,04. (40)

Thus, it can be solved exactly as the optimization problem 2,
replacing P, C,, and Cs with Pg, Cy, and Cy, respectively.

VII. SOLUTION FOR THE CASE OF AF RELAYING

In this section, the solution of the optimization problem
in (24), i.e., Problem 1, is solved for the case of AF relay-
ing protocol. Please note that the solution of Problem 2 is
omitted, because it is not affected by the utilized relaying
protocol.

A. Problem 1: N, > 2

When N, > 2, problem 1 is nonconvex, and thus, it cannot
be solved with acceptable complexity. Therefore, in order to
transform it into a convex problem, we consider the following
well-known tight approximation for the end-to-end SINR of the
rth relay, especially in the medium and high SINR region, as
shown in [39]

AF ~AF Vsr(2,iVrd|2,i
Youi Ry = . (41)
> g Vsr|2,i + Yrd|2,i
Problem 1 can now be written as
max lR”,. + RAF
PP 20 2l
st Cy,C3,Cy,Cs (42)
where
Ny
RAF = N7 2 log, (1 + A24F). 43
2 Z R 0gy (1 + %) (43)

i=1

Considering Remark 1, we can solve the optimization problem
in (42) iteratively, using dual decomposition. In each iteration
in Layer 1, one subproblem for each CC in the first band and
two identical subproblems for each CC in the second band are
solved in parallel for a fixed set of LMs, which are then updated
in Layer 2.

Layer 1: In this layer, the optimal power allocation is calcu-
lated, by using the following theorem.



5912

Theorem 3: The optimal solutions P

s|1,6° Py, and P:\z,i
are given by (28) as

INTY 1

Py = - R
5)2,i [ \hsr|2,z'|2 + ln(4)

o < A, i *Wa,iTijai
|hrapi P22, = [herp,il 22T,

Ka‘\Z.l
+ F32,z‘)]
0

(44)

and

Capg
41n(2)

p:\z,z' = [

B |hsr\2,z'\zps\z,iF2|2.i(|hsr\2,z'|2Ps\2,i + 2T p,;) ] 5
2| PTpi (Psr i P Popyi + Tipi) - Jo

(45)

respectively. In the aforementioned solutions, I'jjp ; and I'yp
are given by (31) and (32), respectively, while I'3 5 ; and L'y ;
are given in (46) and (47), shown at the bottom of this page,
respectively.

Proof: The proof of Theorem 3 is given in Appendix C.

Layer 2: Since the dual function is differentiable, the gradient
method can be used to update the LMs A; and A,, which are given
by (33) and (34), respectively. Taking into account Remark 2, it
is proved that the iteration between the two layers converges to
the optimal solution.

B. Problem 1: Special Case when N, = 1

When N, = 1, the relay transmits with its maximum power,
ie., Py =max(Kyp 1, Prmax) if Psp > 0. Thus, the op-
timization problem of power allocation of S and the selected
relay can be simplified to

1 AF
max ERW + R,

s

s.t. C]7C4. (49)

Layer 1: The optimal power allocation values can be calcu-
lated by considering the following theorem.
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Theorem 4: The optimal power allocation values P:\L , and
P*‘2 , are given by (28) and

s

P a1 PPl (|Prap,i P Prpt +200p,1)
s2,1 — -
> 2|hsr 21 PTo 1 (|hrap 1 P Pra + Tapn)

Kp
Csp
41n(2) .

where I's> | is given by (48), shown at the bottom of this page.
Proof: The proof of Theorem 4 is given in Appendix D. W
Layer 2: Applying the gradient method, the LM A; is given
by (33).

(50)

VIII. SIMULATION RESULTS

In this section, we present numerical and simulation re-
sults for an SU network, which aggregates one or two CCs
in each band. The coordinates of the SU nodes are S(—3,0),
D(5,0), while the M available relays are situated on the x-axis,
equally spaced between points (—4,0) and (4, 0). The coordi-
nates of the PU nodes are T 1(—2,7), V1.1(2,7), T12(—2, 10),
and V} (2, 10) for the low-frequency band and T3 ; (-2, —7),
V21(2,=7), Thp(—2,—10), and V,(2,—10) for the high-
frequency band. The path loss between any node pair, e.g.,
the pair of nodes J and @, is modeled with the bounded path
loss model Lj,;; = 1 + dj, [40], where d;, is the distance be-
tween nodes and «; is the path loss exponent for each band,
which is assumed to be a; =2 and ap = 2.5. All coordi-
nates and distances are measured in meters. We further con-
sider normalized bandwidth W, ; = W,; = W =1 Hz, while
P; nax = Py max. It is assumed that the PUs transmit with
power ratio Py, ;/No = 15 dB. Finally, for the PUs holds that
PoIEtU.i =10"°and Pout“’i =1.1 x107°.

In Fig. 2, the achievable rate of the SU is depicted, when AF
(solid lines) or DF (dash-dotted lines) relaying is considered,
with respect to different P ,,.x values. The results are presented
for M = 2,4, 6 available relays, while two cases are assumed,
that is, when one CC or two CCs in each band are aggregated.
A first observation on the effect of CA on the performance
is that the aggregation of more CCs (four instead of two in
total) increases the achievable rate, without increasing the total
transmitted power. Since the spectrum is shared with the licensed
users and the SU transmits without disturbing the PUs, CA offers
substantial improvement in performance without the need of

2
~ halopi T (heap Plse,i PWai = (B, PAala, In(4) + [Bygoi PAT 1, In(4))

F3p, = . S 5 ; 5 (46)
(i Pl hsepi PAy (JBsep,i222Dop: = |Brap,i PATp,;)
|hsr\z,z‘|4psz\z,irz\2,i (2|hrd|z.¢|2W2,zF1\2,i(\hsr|z,i|2ps|z.i +Tipg) + |hsr|2.i|4)‘zpsz|2.ir2\2,i 1n(2))
42, = - 5 (47)
R dj,il*A2l 5 (|hsr\2,i|2Ps\2,i + Fuz,i)
- |, |4P7~2‘271F1|2ﬁ1 (2|h5r|2ﬁ1 |2W2,1F2\271 (|hrd|2ﬁ1 |2Pr|2,1 + Fz\z,l) + |hrap, |4)»1PT2‘2,1F1\2,1 1n(2)) 48)
s =

3
|hsr\2,1|4)»1F§‘271 (IhrapaPPrpy +Tap)
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Rate (b/s/Hz per CC)

P, _J(WN,)

s,max

Fig. 2. Achievable rate with AF and DF relaying for M = 2,4, 6 available
relays and for different number of CCs.

increased energy consumption. The performance improvement
is expected, since the available spectrum at the SU is double
when two CCs in each band are aggregated, however, the rate
that is achieved is more than double with respect to the achieved
rate when one CC in each band is aggregated.

Another observation from Fig. 2 is that the achievable rate
reaches a floor when P .« increases, for all cases of aggre-
gated CCs and available relays (). This is reasonable for high
SNR values, since the power transmitted by S is constricted by
the thresholds set by the PUs. This means that, although the
total available power for transmission at S can be P ,ax, the
actual total transmitted power may be less, since otherwise it
will impose unacceptable interference on the PUs. Another use-
ful observation is that this floor can be substantially improved
by adding more available relays for the high-frequency band,
thus enhancing the performance of the SU network. The gain
from adding more relays is more evident, when the number of
aggregated CCs is larger, since the links benefiting from the
selection are more.

Moreover, from Fig. 2, it is evident that when DF relaying
is considered, the network achieves higher rates compared to
the application of AF relaying, for all cases of different number
of aggregated CCs and different number of available relays. A
notable difference, comparing to the AF case, is that when DF is
applied, the performance is substantially improved when more
available relays are added. This is an expected result, since, in
the case of DF relaying, the information bits received at the
relay can be reallocated over the bands, adding to the degrees
of freedom of the proposed optimization, and thus, making the
selection of the best relay more important.

Figs. 3 and 4 depict the performance of the secondary net-
work, in the case when the PUs send quantized feedback for
the transmit power threshold of the secondary nodes, for AF
and DF relaying, respectively. The performance of the network
when full feedback is available is also depicted for reference.
The results include the cases when the feedback is of 4, 6, or 8
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Fig. 3. Achievable rate with AF relaying for 4-,6-, and 8-bit feedback quan-
tization, with M/ = 6 available relays and for different number of CCs.
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Fig. 4.  Achievable rate with DF relaying for 4-, 6-, and 8-bit feedback quan-

tization, with M/ = 6 available relays and for different number of CCs.

bits, which corresponds to K = 16, 64,256 distinct power lev-
els. We assume that this quantization divides the value range
{0, P&HMX} in equally spaced distinct power levels. Although
DF relaying performs better than AF relaying, in both proto-
cols, the effect of quantization on the PU feedback is similar.
More specifically, for a low number of quantization bits, e.g.,
4-bit quantization, the performance degrades when the transmit
power reaches a floor, in contrast to the case of full feedback
where the rate does not decrease, but it also reaches a floor.
This can be explained as follows: The value range [0, Py yax]
is divided into equally spaced distinct power levels according
to the available quantization bits, however, the actual power
transmitted by the SU is lower than P ,,,«, since the nodes’
transmit powers are constricted by the power threshold set
by the PU. Thus, the actual power range is smaller, while some
power levels are included in the quantization range but they are
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Fig. 5. Power allocation at the source when AF or DF relaying is applied, for

M = 6 available relays and for one CC per frequency band.

never used. This problem could be overcome with the adoption
of nonequally spaced power levels. On the other hand, a small
increase of the number of quantization bits seems to greatly im-
prove the performance, since the quantization resolution of the
actual power range is improved. Both figures show that only 8
bits of feedback are enough for the SU network to perform with
almost equal rate as in the case that there is full feedback by the
PUs. This is a very important conclusion, since it highlights the
applicability of the method, while the feedback from the PUs is
kept as small as possible.

Fig. 5 compares the power allocation at the source of the
SU, when one CC per band is aggregated, for the AF and DF
relaying protocols. More specifically, the allocation among the
two frequencies (one in each band) for AF relaying is depicted
with red solid lines, whereas for DF, it is depicted with blue
solid lines. The black dash-dot line represents the power allo-
cation over the carrier of the first band during the second time
slot, which is the same both for AF and DF relaying; since .S
does not transmit over the second band due to the half-duplex
operation of the relay, all the available power is allocated over
the first band, until it reaches the power threshold for approx-
imately P; 1,ax /(W Ny) = 10 dB. No quantization is assumed,
i.e., the PU sends the exact values of the power thresholds as
feedback, which are also represented in the figure with dashed
green lines. When AF relaying is applied, the power values for
both frequencies reach the thresholds set by the PUs. Moreover,
for low SNR values, more power is allocated over the direct link,
since the path loss is lower. However, since the threshold of the
direct link is also lower, as the SNR increases, more power is
allocated over the dual-hop link. It can be noted that, after the
value P yax /(W Ny) = 16 dB, although there is more power
available at the source for transmission (s ,,ax), this is not ac-
tually transmitted since both CCs have reached the thresholds
set by the PUs.

Similar observations can be made for DF relaying as in the
AF relaying case, but some differences are also very important
to note. First, the power allocated over the dual-hop links does
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Fig. 6 Power allocation at the source over the low-frequency band, when DF
relaying is applied, for M = 2, 6 available relays and for two CCs per frequency
band.

2

5/ (WN)andP_/(WN) (dB)

s,

P

-15 . ; . ; . ; . ;
15

/(WN,)

25

s,max

Fig. 7. Power allocation at the source and the relay over the high-frequency
band, when DF relaying is applied, for M = 2, 6 available relays and for two
CCs per frequency band.

not reach the threshold set by the PUs, despite the fact that
the direct links reach the corresponding thresholds. This can be
explained because the dual-hop link is now constrained by the
total capacity of either the first or the second hop. This means
that either the power of the source or the power of the relay
will reach the threshold, so on average, the power transmitted
over the second band is lower than the power allowed by the
PUs. Another important feature is that the power allocated over
the second band is higher, compared to the AF case, for low
SNR values. This can be interpreted by the ability of the DF
protocol to denoise the information that is received at the relay
and redistribute it over the available CCs, which improves the
performance in the low SNR region. Thus, the dual-hop link
contributes more to the improvement of the achievable rate and
it is preferred during the power optimization.

Figs. 6 and 7 depict the power allocation over the low- and
the high-frequency band, respectively, for DF relaying with two
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Fig. 8. Relay usage (%) for AF and DF relaying, when one CC per band and

M = 6 relays are available, for SNR=10,15 dB.

CCs per band, and for two different values of available relays,
i.e., M = 2,6. Inspecting Fig. 6, it can be easily observed that
the power, which is allocated over the two CCs of the low-
frequency band decreases, as the number of available relays
increases. This is due to the availability of more paths for the
dual-hop high-frequency link, which is preferred by the power
allocation optimization. It can be noted, however, that for both
cases of available relays, during the second time slot, the power
transmitted by the source is allocated in the same way over the
two frequencies of the direct link, since it is not affected by
the dual-hop link configuration. Finally, Py, ; is always higher
than P |, because the corresponding PU is situated farther,
and thus, it sets a higher power threshold.

Fig. 7 depicts the power allocation over the high-frequency
band, for both the source and the selected relay. Regarding the
power allocation at the source, it is evident that, when the num-
ber of available relays increases, more power is allocated over
both available CCs, because the dual-hop links are preferred over
the direct links. Moreover, similarly to the direct links, P 5 is
always higher than P, 1, since the corresponding PU is situated
at a greater distance and the power threshold is greater. Again,
as it was observed in the case of one CC per band, the power al-
located over both CCs does not reach, on average, the threshold
set by the PUs. Finally, we observe that the power allocation at
the selected relay is similar for both cases of available relays.
The value of P, seems to be increasing with the number of
available relays for this specific node configuration, but this de-
pends on the positioning of the nodes, and the percentage of
usage regarding each of the available relays.

Finally, Figs. 8 and 9 present the percentage of usage of each
relay, when M = 6 relays are available, for SNR= 10,15 dB,
when one or two CCs per band are aggregated, respectively.
These figures offer intuitive conclusions on the relay selection,
for different cases of available power, different protocols and
different number of aggregated CCs. In Fig. 8, the black and
red columns correspond to the DF relaying protocol, for SNR=
10 dB and SNR= 15 dB, respectively. One can observe that,
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Fig.9. Relay usage (%) for AF and DF relaying, when two CCs per band and

M = 6 relays are available, for SNR=10,15 dB.

when less transmit power is available, the relays closer to the
SU source are preferred, while as the available power increases,
the relays in the middle of the distances are preferred. This is
expected, due to the following reason: In this scenario, it was
considered that the selected relay transmits with the same total
power as the source. However, only a portion of the source
transmit power is allocated over the dual-hop link. Therefore,
the first hop is weaker, and the relay selection tends to “shorten”
the first hop, in order to avoid a bottleneck. However, as
the power increases, the thresholds of the PUs become more
important and none of the two hops becomes a bottleneck due
to the transmitted power, so the selection tends to split the total
distance in the middle. However, the percentages of all relays
do not differ much, because the DF protocol denoises the signal.
This, however, is not the case with AF relaying (blue and green
columns). In this case, for both SNR values, it is observed that
the relay closest to the source is most frequently selected. In
that case, the noise amplification of the AF protocol is lower.
Furthermore, especially for low SNR, the relay selection tends
to prefer either the first or the sixth relay, because they are situ-
ated at the greatest distance from the PUs. This is not so evident
for high SNR values, since—again—all the relays’ transmit
power values are comparable to the thresholds set by the PUs.

InFig. 9, the same metrics as in Fig. 8 are presented, when two
CCs per band are available. The conclusions are similar as in the
case of one CC per band, but one difference can be observed. In
the case of DF relaying, the percentages of all relays are not com-
parable, and the tendencies to select, either the relays closest to
the source, when SNR=10 dB, or the relays in the middle, when
SNR=15 dB, are now more prominent. This can be explained
by the fact that the advantages of both CCs of the dual-hop link
are similar, since they depend on the positioning of the node, so
the preferences of the relay selection over the available relays
are now more evident. A similar tendency can be observed for
the AF protocol as well, that is, the preference of the first relay
is more prominent when two CCs per band are available.



5916

IX. CONCLUSION

In this paper, we formulated the problem of joint relay selec-
tion and optimal power allocation in underlay CR networks with
CA. In the provided analysis, we considered multiple CCs, both
DF and AF relaying protocols, average interference thresholds
that are set by the PUs, and feedback quantization. The cor-
responding optimization problems have been optimally solved,
using solely convex optimization, i.e., dual decomposition and
an efficient iterative method. Thus, all provided solutions can be
calculated in polynomial time, which is suitable for the practical
implementation of the proposed scheme. Please note that the de-
rived results can be directly extended to more frequency bands,
as long as one selected relay is assumed and the frequency bands
utilized by the relay are different than the ones assigned to the
direct link.

Extensive simulation results were presented, which provided
the following interesting conclusions. First, it was verified that
the application of CA in cognitive networks, with proper joint
power allocation and relay selection, can exploit the available
bandwidth and boost the rate that the SU achieves, while the
PUs still enjoy the desired QoS. Second, the results illustrated
an interesting tradeoff between the SU’s performance and the
number of quantization bits for the PUs’ feedback; it was shown
that only a few quantization bits can offer approximately the
same performance gain to the SU network as in the case of full
PU feedback. Finally, it was observed that the allocated power
over each CC and the percentage of usage of each relay depend
both on the positioning of the nodes and on the relaying protocol,
which is used, highlighting the importance of the selection of
the best-situated relay and the corresponding allocation of the
available transmit power.

APPENDIX A
PROOF OF THEOREM 1

The Lagrangian for the primal problem (27) is given by
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where Ay, Ay, A3, Ay >= 0 are the LMs corres'?onding to the
constraints C'4, C'6, C7, and C8, respectively. The constraints

C'1 and C3 will be absorbed into the KKT conditions. The dual
problem is given by

min

max A(Psv Pr ’ )‘1; )\2, )\3, )L4).
AlsA2,03,h

Ps Py (52)
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From the KKT conditions, it must hold that
8A(P87 7)7‘; )"17 )\'27 )\37 )"4)
OR

By solving the aforementioned, the following equation is
extracted:

=0.

(53)
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Thus, the Lagrangian is simplified to
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Therefore, the simplified dual problem is now given by

min max A(P,, Py, A1, Ay, A3).
Miyh,hs P, Pr

(56)
According to the KKT conditions, it must hold that
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which yield (28)—(30), respectively.
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(57)

APPENDIX B
PROOF OF THEOREM 2

The Lagrangian for the primal problem (38) is given by
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(58)
where A; >= 0 is the LM corresponding to the constraint Cy.
The constraint C1 will be absorbed into the KKT conditions.
The dual problem can be written as Ir/{m max A(Ps, 11).

The dual problem can be solved iteratively, where in each
iteration in Layer 1, the subproblems of the power allocation of
the source are solved for the corresponding fixed set of LMs,
which are updated in Layer 2. Please note that only one sub-
problem is now solved for the second band in each iteration.
Applying the KKT conditions, it holds that

OA(Ps, M) OA(Ps, M)
OPq1,i OPq),1

and after some manipulations (39) is derived.

=0

(59)
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APPENDIX C
PROOF OF THEOREM 3

The Lagrangian for the primal problem (42) is given by
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where A1, L, >= 0 are the LMs corresponding to the constraints
C4 and Cg. The constraints C; and C5 will be absorbed into the
KKT conditions. The dual problem is given by

min max A(Ps, P, A1, 12).
Aiyda o Py, Py ( ey )

Applying the KKT conditions, (39) and (45) are derived.

(61)

APPENDIX D
PROOF OF THEOREM 4

The Lagrangian for the primal problem (49) is given by

2 N
1
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where A; > 0 is the LM that corresponds to the constraint Cy.
The constraint Cl will be absorbed into the KKT conditions. The
dual problem can be written as Hilln max A(Ps, 11). Applying

the KKT conditions, (50) is derived.
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