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ABSTRACT Cognitive radio and energy harvesting techniques have been able to provide insight for solutions
to the inefficiency in spectrum utilization and the effects of the limited storage capacity of energy batteries.
Nevertheless, the requirement for interference constraint for primary user (PU) protection, the quality of
service (QoS) requirements of the SUs, and the low power density of the ambient electromagnetic waves
have restricted the performance of the radio frequency powered cognitive radio networks (RF-CRNs) in
terms of the achievable data rate for specific energy budget or sufficient energy budget for target data rate.
We are therefore motivated to investigate a radio frequency powered cognitive radio (RF-CR) with the
capacity for improved achievable throughput and energy harvesting. Our model consists of multiple PUs
and SUs coexisting in a practical overlapping clustered network. In each time frame for the adopted time
division multiple access (TDMA) technique, SUs can exploit the multi-user benefit to harvest energy from
both the PU and SUs transmissions for improved active probability. Therefore, taken into consideration
the heterogeneity of each SUs in terms of their signal-to-noise (SNR), the energy harvesting rates and
the inter- and intra-cluster interference, the problem is formulated into a fractional nonlinear optimization
to determine the sensing duration, and power allocations that maximize the average energy efficiency
of the RF-CRN subject, to constraints on energy causality, and PU protection. The performance of the
proposed hybrid multi-channel access scheme is studied in terms of the trade-off between the total achievable
throughput by the secondary users and the interference generated among others. Simulation results show
that a trade-off exists between achieving optimal spectral efficiency and energy efficiency and, the optimal
transmit power therefore depends on the primary design objective. Results equally show that the proposed
hybrid multi-channel access scheme outperforms the existing scheme in literature.

INDEX TERMS Energy efficiency, hybrid multi-channel access, multi-cluster network, radio frequency
powered cognitive radio network (RF-CRN), resource allocation (RA).

I. INTRODUCTION

The need for improved spectrum efficiency due to its limited
availability and under-utilization, coupled with the recent
development in exploiting alternative energy has brought
about tremendous research attention towards achieving a
wireless and mobile communication networks that are not
only spectrum and energy efficient but can equally be pow-
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ered more efficiently, conveniently, and with reduced nega-
tive impact on the environment. In the radio frequency (RF)
energy harvesting-based scheme, spectrum sensing and data
transmission activities of the SU among other activities can
only occur within the limits of available energy budget. The
RF energy arrival is however random, the power density of
the ambient RF small hence, the magnitude of the electrical
energy that could be derived from the harvested RF energy
may not always be sufficient to maximize throughput. This
makes the performance of the system (in terms of the sensing
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time, the sensing accuracy and the achievable throughput)
energy constrained in general. It is therefore imperative that
the cognitive radio user (CRU) is energy efficient in terms
of balancing the energy consumption with the available har-
vested energy.

There are three basic cognitive radio access schemes,
namely: interweave, underlay and overlay [1]. In the inter-
weave scheme, the secondary user is meant to transmit oppor-
tunistically when the PU is determined to be idle on the
channel. Underlay system describes a scenario where the
secondary user shares the channel with the primary user
concurrently but ensure that the interference to the PU is
within a tolerable level. Under this system, the SU transmit
power is regulated to protect the quality of service (QoS)
of the legacy user. In overlay scheme both the SU and PU
co-exit on the channel and SU node serves as relay for PU
transmission. The cognitive radio transmitters have knowl-
edge of the primary user message, therefore, can improve
or maintain the communication of the primary users. Hence,
while underlay and overlay techniques permit concurrent
cognitive radio and primary users’ communication, avoiding
simultaneous transmissions with the primary users is the main
goal in the interweave access technique. The benefits of both
interweave and underlay channel access modes can be jointly
utilized by incorporating the underlay channel access mode
with the interweave mode in a hybrid interweave/underlay
channel access. Therefore, based on the sensing results, the
SU can access the channel opportunistically in interweave
mode by transmitting his data with high power when the
channel is idle. Otherwise, the SU can access the channel
in underlay mode with controlled power to avoid causing
harmful interference to the PU when the channel is busy.

A. RELATED WORKS

In the specific area of interweave channel access scheme
(31, [41, [51, [6], [71, [8], [9], [10], [11], authors in [3], [4]
explored the problem of the throughput optimization for the
save-then-transmit protocol with variable energy harvesting
rate. In particular, while authors in [3], derived the optimal
save-ratio as a function of energy harvesting rate, the work
in [4], which is inspired by [3] focused on the ‘“harvesting-
sensing-throughput™ trade-off and joint optimization of the
“save-ratio” (i.e. the proportion of the frame length that
is required to harvest energy), sensing duration, sensing
threshold and the fusion rule to maximize the SU’s expected
achievable throughput in the EH-CRN. In [5], authors take
into consideration the heterogeneity of the SUs in terms of
the non-identical harvesting, sensing and reporting charac-
teristics to formulate the problem to determine the active
probability, sensing duration, and detection threshold that
maximizes the achievable throughput. In [6], the authors
employ the finite-horizon partial observable Markov deci-
sion process (POMDP) model to derive the optimal policy
while satisfying the PU detection and energy causality con-
straints. [7] investigated a sensing-throughput optimization

VOLUME 11, 2023

problem and focus on the trade-off between sensing time
and sum capacity of the SUs with respect to transmission
power and sensing time. While the above-mentioned works
only considered network scenarios that is either a one-to-
one, many-to-one, or one-to-many, the works in [8], [9],
[10] explored a multi-channel, multi-user scenario. In [8], the
authors investigated a multi-band energy harvesting schemes
under cognitive radio interweave framework where, all SUs
are allowed to harvest energy from multiple bands of Radio
Frequency (RF) sources. The problem was formulated to
jointly optimize the number of sensing samples and sensing
threshold in order to minimize the sensing time so as to
maximize the amount of energy harvested. In [9], authors
considered multichannel selection for RF energy harvesting
CR networks, where each SU harvests energy from a channel
with an active neighboring PU and transmits data on another
channel which is not occupied by neighboring PUs. It is
required that an SU attempting to transmit data needs to
stay in at least one of harvesting zones of active PUs. The
problem was formulated to maximize the average throughput
of SUs by optimizing the probabilities of accessing channels.
In [10], authors considered a cooperative spectrum sensing in
a multichannel EH-CRN with two-fold goals which are; to
determine the optimal sensing parameter, and to investigate
the impact of multiple primary user RF harvesting sources in
EH-CRNs. The obtained results showed an improved active
probability of cognitive users with increasing number of allo-
cated harvesting sources. Developing an optimal cooperative
spectrum sensing strategy in terms of final decision threshold
k (in a general k —out —of —M (k) fusion rule), that maximizes
the expected achievable throughput of an EH-CRN is a focus
of [11].

The underlay channel access scheme is considered in [12],
[13], [14], [15], [16]. Pathak and Banerjee in [14] studied
energy cooperation among the primary and secondary users
to determine the transmit power and energy transfer policy
which maximize the total achievable throughput in the under-
lay scheme. In [16], authors modeled the energy availability
at the secondary user (where only one SU is assumed) as
first order stationary Markov process and, then proposed an
online transmission policy by jointly optimizing the time
sharing between harvesting phase and transmission phase,
and the transmit time which maximize its average throughput.
Multiple SUs were assumed in [12]. Energy harvesting and
multiple SUs features were included in [15] with a goal to
determine the optimal power control for the harvesting phase
and time allocation among the SUs (operating in TDMA)
under the constraints of interference and transmit power to
maximize the sum throughput of SUs.

Hybrid interweave/underlay access scheme is investigated
in [17], [18], [19]. In [17], through monotocity analysis,
Zheng et al formulated the problem to determine the opti-
mal detection threshold that maximizes the secondary user
throughput. Authors in [18], [19] investigated an hybrid chan-
nel access cognitive radio in a network consisting one PU
and multiple SUs. More actions are added to the options of
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the decision making and energy-based restrictions are applied
before taking any action instead of assuming that energy
is always sufficient for sensing and transmission. A mixed
(full/partial) observable Markov decision process (MOMDP)
is introduced to maximize the SU’s throughput.

A more robust metric to quantify the performance of cog-
nitive radio network is however, the energy efficiency, which
is defined as the ratio of the average achievable throughput
to the average energy consumption in the cognitive radio
system. Hence, in the context of EH-CRN, energy efficiency
can either be considered in terms of throughput maximization
for a given energy budget or energy consumption minimiza-
tion for a target throughput. Enhancing the energy efficiency
of the cognitive radio in underlay access mode was studied
in [20], [21]. Authors in [20] investigated energy efficient
resource allocation and, formulated the problem to jointly
determine the channel and the power allocation that maxi-
mize the energy efficiency under the transmit power and the
interference power constraints. In [21], authors investigated
energy efficient maximization of the RF powered CRN under
co-interference by jointly optimizing transmission time and
transmit power in a network with multiple SUs coexisting
with one PU based on underlay channel access scheme.

Energy efficient based hybrid interweave-underlay access
mode, is studied in [22], [23], [24]. In [22], authors
considered a sensing-based spectrum sharing scheme, and
focused their investigation on adapting the transmission
power according to the sensing results and determining the
optimal power allocation schemes to maximize the energy
efficiency of secondary users under constraints on both the
transmission and interference power levels. The work in [22]
is however based on the conventional energy un-constrained
cognitive radios and does not address the constrained energy
issues. However, Lee et al in [23] proposed a joint sensing
time and power allocation scheme that maximize the energy
efficiency of SU in EH-CRN. A single SU, single PU mod-
eled was assumed and it is expected that the SU can only
harvest RF energy from the PU transmission during spectrum
sensing. With a goal to maximize the outage energy efficiency
(OEE) for the un-manned aerial vehicle-assisted energy har-
vesting cognitive radio network (UAV-EH-CRN), subject to
constraints of energy, transmission power, and interference
power, [24] considered a hybrid interweave-underlay channel
access scheme where, based on the sensing results of the
primary user (PU), the UAV can adaptively adjust power to
transmit with the destination receiver. The works presented
in [23], [24] however, assumed only one PU and one SU
network scenario.

Clearly, the focus of the aforementioned works is either
on underlay, interweave, or hybrid access mode to either
maximize achievable throughput or energy efficiency on
one PU channel. It has equally been assumed that SUs can
harvest RF from only the PU signal in order to carry out
its sensing and data transmission duties. Studies on energy
efficiency for hybrid interweave/underlay access scheme in a
practical multi-channel, multi-user cognitive radio networks
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environment are however, yet to receive considerable atten-
tion to the best of our knowledge. The above literature review
is summarized in Table 1 where a research gap can be
identified.

In this paper, energy efficient resource allocation in a
hybrid interweave/underlay access based CRN with energy
harvesting capabilities is investigated. The work considers
a multi-user, multi-channel, overlapping clustered network
with cooperative spectrum sensing. Moreover, by taking the
advantage of the multi-user scenario, the amount of harvested
energy can be increased for improved active probability of
the SUs to sense and to transmit. Different from the exist-
ing work in the literature, our model consists of multiple
PUs and SUs co-existing in a practical overlapping clus-
tered network and, in each time frame, SUs can harvest RF
from both the PU and SUs signal. Therefore, taking into
consideration the heterogeneity of the SUs in terms of their
SNR, the harvested energy, the intra- and inter-cluster inter-
ference, the problem is formulated to determine the optimal
power allocations, and the sensing duration, that maximize
the average energy efficiency of the cognitive radio users,
subject to the constraints on energy causality, PU protection,
and interference level on the legacy users. Different from
the existing works in the literature, this work focuses on
hybrid (interweave/underlay) multi-channel access scheme
in a clustered RF-CRN with considerations for the effects
of intra- and inter-cluster interference on the PUs and SUs
transmissions, and the heterogeneity of the SUs in terms
of the harvested energy and their signal-to-noise ratio. The
resulting nonlinear, non-convex formulated problem is solved
iteratively using an alternating convex optimization method.
The summary of main contributions are as follows

B. MAIN CONTRIBUTIONS

1) The RF-CRN is considered for hybrid interweave/
underlay access scheme in a multi-user, multi-channel
environment with cooperative spectrum sensing. The
paper models a many-to-many overlapping clustered
network where an SU is assumed to be assigned to
multiple PU channels and multiple SUs assigned to a
PU channel. This is different from the existing work
in RF-CRN for the hybrid interweave/underlay access
scheme (e.g. [23], [24]), as they have mainly focused
on one-to-one or one-to-many network models only.

2) Introduces the concept of two frequencies for the
hybrid underlay/interweave access schemes. In partic-
ular, each cognitive radio user is pre-assigned a pair
of frequencies (channels), designated as; the princi-
pal transmit channel (PTC) f; where, SUs can oppor-
tunistically transmit on interweave mode and harvest
RF energy, and the backup transmit channel (BTC)
fi where SU can only transmit underlay with reg-
ulated amount of power (to satisfy the interference
constraint and energy causality constraint). To the
best of our knowledge, this is the first work that has
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TABLE 1. Literature review summary.

Energy Multiple | Multiple Objective Overlapping Multiple
Paper no Interweave | Underlay | Hybrid | Harvesting SUs PUs Function Cluster Frequency
Network Access / SU
[3], [4] v v Throughput
[5], [7], [11] v v v Throughput
[8], [9], [10] v v v v Throughput
[13] v Throughput
[14], [16] v v Throughput
[12] v v Throughput
[15] v v v Throughput
[6] v v v v Throughput
[17] v v Throughput
[18], [19] v v v Throughput
[20], [21] v v v Energy Efficiency
[22] v Energy Efficiency
[23], [24] v v Energy Efficiency
This paper v v v v Energy Efficiency v v
considered hybrid interweave/underlay multi-channel TABLE 2. List of notations.
access scheme in CRN. Symbol| Descript
. . ymbo! escription
3) The perfprmance of the hybnd multl-.channel access ~ Nomber oF SUS e network
scheme in the RF-CRN is evaluated in terms of the Wi Number of PUs and PU channels in the network
transmit power allocations, energy efficiency, the data y?! Received signal at SU 4 terminal from PU j
transmission rate, spectrum sensing duration, and the d Distance between PU j and SU i 4
effects of the inter-cluster and intra-cluster interference ‘;i JJ SD[‘J“?I,IC"’ lbettwef’f“ SU:and SUk, where i # k
. . ? 7 1n cluster
on the QoS of the network. Simulation results show L — J_
. . . SU?, SU ¢’ in cluster 5’
that there can be improved energy harvesting in the - — -
. . e ; Energy consumed by SU ¢ in cluster j
TDMA based RF-CRN for enhanced active probability i - — ”
. . . P, Underlay power for SU ¢ in cluster j
and hence, improved achievable throughput of SUs if v — -
K . . P Interweave power for SU ¢ in cluster j
the multi-user scenario can be exploited. Nevertheless, 'E — -
X P Underlay power for SU 4’ in cluster j
a trade-off exists between harvested energy and the 7 — .
. . P, Interweave power for SU ¢/ in cluster j’
achievable throughput of each SU, thus an optimum 0.4 - . . .
b f SU . h h h h hi. Channel gain between PU in cluster j and receiver SU r
numper o it eX1§tS . where the average throughput hir Channel gain between i SU and receiver SU 7
of each SU is maximized. Results equally show that hl Channel gain between the PU and the i*" SU in cluster j
the proposed two-frequenmes model for the RF-CRN hf, Channel gain between the PU and the i'** SU in cluster j’
multi-channel access scheme outperforms the existing Rl Channel gain between the PU receiver and the i* SU transmitter
one-frequency based access in literature in terms of in cluster j
.. hi K Channel gain between SUs i and k (z # k) in cluster j
spectral and cnergy eff1c1ency. hir Channel gain between SUs ¢’ and r in clusters 5’ and j respec-
. . . . tively
The rest of this paper is organized as follows. Section II -
. pap g i K, Channel gain between SUs 4’ and PU in cluster j
discusses the system models, assumptions, and the problem i - - - ”
. . . . h; Channel gain between SUs ¢ and PU in cluster j
formulation. The solution to the problem is presented in 3 - — — -
K . ) y; Signal-to-noise ratio of PU in j as measured by SU ¢
Section III while, the performance evaluation of the proposed B Average signal-to-noise ratio
scheme is presented in Section IV. This is followed by the PJ, . || Probability of detection of SU i on channel j
conclusion in Section V Pl Probability of miss-detection of SU ¢ on channel j
Pg i c || Probability of reporting error from SU 4 to cluster head ¢
fw Cooperative probability of miss-detection for channel j
Il .SYSTFM MODFL AND PROBLEM FORMULATION } Cooperative probability of false alarm for channel j
This section describes the model, assumptions and problem P Assignment variable
formulations for the resource allocation and management in X Assignment Matrix
the multi-channel access based RF-CRNSs. K Number of channel sensed by each user
ne Number of SUs allocated to transmit on a channel
No Noise power
A. COGNITIVE RADIO NETWORK MODEL Py Interference from transmitting PU
. . o’ Total interference from other SUs in cluster j/ transmitting on
The paper considers a scenario where N secondary users in _
channel f;

and M primary users co-exist on a network. We assume two
levels (classes) of clustering namely, the users’ association
which is a result of a many-to-many assignment targeted
to minimizing the probability of miss-detection of PUs as
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was considered in [10] and, then the channel access (trans-
mission) clusters which is disjointed and in which, jth PU
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FIGURE 1. Multi-user, multi-channel many-to-many overlapping cluster
network model.

G = {l1,...,M}) only associated with nt = {1,...,n},
(n; € N) SUs having the least probability of miss-detection or
highest gain on the jth channel. In the latter, the cluster with
jth PU is designated as cluster j. While the channel assign-
ment clusters are overlapping as shown in Figure 1, the trans-
mission clusters are disjointed. We do not consider clustering
or channel assignment in this manuscript. Therefore, we pre-
assigned SU i (which belongs to cluster j) to transmit inter-
weave on channel j but transmit underlay on channel j/, where
cluster j and j’ are non-overlapping. For every SU i channel j is
designated the PTC and channel j’ designated as the BTC. The
many-to-many assignment is to ensure shared participation
of SUs in cooperative spectrum sensing for improved sensing
quality therefore, we referred to the overlapping clusters as
sensing clusters. It is expected that each SU cooperatively
sense the multiple channels. The secondary users’ network
includes a secondary user base station otherwise refers to as
central controller (CC) located within the transmission range
of the SUs. The CC gathers the individual SU parameters
such as the evaluated non-cooperative probability of miss-
detection, the channel list, and the co-ordinates of the SUs
locations. The CC is responsible for the frequency assignment
based on the received information from the SUs.

The network is considered to operate on a time slotted
basis. The operations of the active energy harvesting sec-
ondary users (EH-SUs) is illustrated in Fig. 2. The clus-
ter formation (or channel assignment) which precedes the
sensing-transmission/ harvesting frame is assumed. As shown
in Fig. 2, the frame length T is divided into sensing phase
with duration 7y, the cooperative sensing overhead t,, and
the transmission phase of period 17 = T — 13 — 7. Steady
state is assumed within each frame, that is, the channel status
does not change within a frame. Data transmission is based
on TDMA scheme, and the number of transmission slots in
the data transmission phase 17 = t; — 7, is assumed equal
to the number of secondary users assigned to transmit in the
respective cluster.
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FIGURE 2. System model illustrating the frame structure of the
cooperative spectrum sensing activities in RF-CRNs. The transmission
period is divided into n; slots (S1, S2, - - - Sn;), where n; is the number of
SUs allocated to each channel for opportunistic access.

The sensing-transmitting-harvesting model can be
described in the following steps:

1) Spectrum sensing phase: Before spectrum sensing, it is
assumed that the battery contains an initial energy e; ,
which is greater or equal to the amount of energy
required for cooperative sensing. During the sensing
phase [0, T;] where, T = 74+ 1, the energy consumed
by spectrum sensing and overhead is given as E; =
PsTs + er.

2) Data transmission phase: During time interval [T, T],
if the presence of PU is not detected on the PTC f,
the SU transmits its data on interweave mode on the
channel for a duration corresponding to %(T — Ty —1T)
and harvest from other SUs transmitting interweave
(from cluster j) and those transmitting underlay (from
cluster j') on frequency f; for the remaining period, i.e.

(1 — n_l,) (T — tg — 1,). Otherwise, the SU transmits
underlay on frequency f for a period n_l,(T — Ty — Tp)
using a regulated power and, harvest from the PU sig-
nal and, from other SUs in the cluster j transmitting
underlay on f; for the remaining period i.e. (1 - %

T — 75 — 7).

B. PRIMARY NETWORK MODEL

A primary network (PN) with M narrowband spectrum (chan-
nels) is considered. The network equally comprises of M PUs
that share these spectrum, such that each PU is licensed to one
channel. The primary user traffic on each channel is modeled
as a time homogeneous discrete Markov process as assumed
for example in [5]. Therefore, the spectrum randomly alter-
nates its states between the channel being vacant and occu-
pied. If S, denotes the spectrum occupancy state of channel j
on frame n, then the binary hypothesis of the channel status
can be represented as S}, € {O(vacant), 1(busy)}. The steady
state probabilities of the channel being idle and busy are
denoted as P(Hy) and P(H1).
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C. COOPERATIVE SPECTRUM SENSING

Spectrum sensing is executed during the sensing phase.
Assuming a complex value PSK modulated signal and circu-
larly symmetric complex Gaussian (CSCG) noise for primary
signal and additive noise in the wireless channel, the proba-
bilities of detection and false alarm as evaluated by SU i on
channel j can be expressed as

i & Tefs
o((% )i
#F,,:Q((G—z—l) rafs) 2)

where, 85, )7!/ , fs and o, denote the detection threshold of
SU i on channel j, the average signal-to-noise ratio (SNR)
of channel j at SU i, the sampling frequency and the noise
variance respectively. The probability of a miss-detection can
be obtained from (1) as
Pl =1-Pp, 3)
The cooperative probability of detection and the cooperative
probability of false alarm for each channel based on OR
decision fusion are evaluated as

Oh=1- ﬂ (1 - P’,'),,.)x’{ : @)
l;l d

o =1-T[(1-#.)" 5)

i=1

The parameter le € {0, 1} denotes the assignment decision
where, the assignment matrix y = {xl’- I xn [10] is assumed.
The OR rule is adopted as a decision fusion rule being the
best rule in protecting the PU signal from interference from
the SUs in a Rayleigh fading, and equally the optimal rule
in minimizing the total error for a large detection threshold
regime.

D. TRANSMISSION MODEL

For transmission purposes, an SU can transmit on only
one channel during a transmission frame. Therefore, an SU
belongs to a particular cluster j with frequency f; referred to
as PTC from which it can transmit on interweave mode, but
also pre-assigned to another frequency f; referred to as BTC
in another cluster j/ from which it can transmit underlay. The
choice of the two frequencies (for each SU) could be based on
the received signal-to-noise ratio (SNR) of the respective PU
signals on those channels. Each SU is therefore, pre-assigned
to a pair of frequencies (f}, fy) as interweave frequency, and
underlay frequency. Therefore, this paper presents a network
scenario (different from what exist in the literature to the
best of our knowledge) where the effect of inter-cluster inter-
ference on the achievable capacity and performance of the
cognitive radio users is taken into consideration.
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Cluster j

FIGURE 3. Simplified network model showing two-independent clusters /
frequencies for each secondary user.

For the purpose of analysis, the network is equivalent to
multiples of two-independent clusters referred to as trans-
mission clusters. Figure 3 shows a pair of such independent
clusters (j, /') for SU i. The interweave frequency f; is selected
as the frequency with the highest SNR (or best channel gain)
at SU i. SUs in this cluster are very close to the PU on
channel j. They can sense the channel with high sensing
accuracy for high throughput of the secondary users and
quality of service (QoS) of the primary users. The underlay
frequency f/ in cluster j’ is selected among the channels with
low SNR at SU i. SU i in cluster f; could be far from the
users in cluster j/ so that SUs in j can transmit underlay on
j;’ with minima interference to the PU and SU signals in clus-
ter j/. Hence, we distinguished between sensing clusters (i.e.,
overlapping) and transmission clusters (i.e., disjointed). Each
SU transmits interweave on f; or underlay on fy depending on
the spectrum sensing outcome of f;. In the interweave mode,
the SU opportunistically accesses the PTC f; whenever it is
determined vacant. In underlay mode, SU co-exits with a PU
on the BTC, f but ensures that the interference from the SU
remains below a certain threshold. The distance between PUj
and SUi is denoted as dl]- whereas the distance between SUi
and SUk (i # k) is represented as d; ;. Both le, and d; ; are
random values, since the deployment of SUs are random.

It is assumed that the secondary user network is scheduled
to transmit on time division multiple access (TDMA) pro-
tocol in both interweave and underlay mode. Therefore, the
transmission period in each frame is further divided into (data
transmission) slots, and each SU is allocated a slot on the PTC
and BTC.

E. ENERGY MODEL

It is assumed that the SU can only perform either spectrum
sensing followed by data transmission or energy harvesting
at a time. Therefore, the charging process must stop while
the SU draws energy to either sense the spectrum or transmit
the data in its queue. The power consumption by each SU
for spectrum sensing, cooperative sensing overhead, and data
transmission activities are denoted as py, p;, and p; respec-
tively. The total energy consumption by SU i in the n™ frame
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denoted as e, ; , can be expressed as e;;, = €;+ e, + ;—fpm-
where, 7 = T — t; — 7, is the data transmission time and n;
denotes the number of SUs assigned to transmit on a channel.
It is assumed that the SU must have enough residue energy
at the beginning of each frame to participate in spectrum
sensing. The (residue) energy state of the SU at the beginning
of the n™ frame is denoted as e; »- Hence, the minimum
energy required for each SU to be active in the network is
ein = (PsTs + Prr).

The secondary users harvest RF energy from both the trans-
mitting primary user and other secondary users transmitting
on the PTC channel. The total average harvested energy is
typically modeled as

Eni=nptr (hé‘pppé, + Z hi k@oPo.k

i,ken;

+meM) 6)

i,i'en;

where, p = ((n; — 1)/n;) and, hi-, hj k, h; 7 denote the channel
gain between the PU transmitter and the SUs in cluster j,
the channel gain between the SUs i and SU k (i,k € ny)
in cluster j and, channel gains between SUs in cluster j and
SUs in cluster j’, ¢p, @0, ¢u denote the probability the channel
Jj is busy with PU signal, the probability that the channel
is busy with SUs in cluster j transmitting interweave and,
the probability that the channel is busy with SUs in cluster
j transmitting underlay on channel j. The parameter 0 <
n<1 denotes the fixed energy conversion efficiency of SU.
Linear energy harvesting model is assumed similar to other
work in literature [5]. There are different energy harvest-
ing models, e.g., linear EH model [5], [23] and, non-linear
EH [25]. However, the investigation of the impact of the EH
model on the system performance is out of the work scope.
Moreover, our objective is to introduce the concept of two
frequencies among others into the hybrid access scheme and,
it is our belief that the outcome of our investigation cannot
be affected significantly by the way the energy harvesting is
modeled.

When the harvested and consumed energy are both put
into perspective, the energy in state S,, a € {l---4} at the
beginning of the next (n + 1)” frame for an infinite energy
storage capacity device can be updated as

Sa S S,

ei,;z+1 = max{0, [ei»” + eh,li,n - ec,ai,n]} (N
Sa Sa

where, ¢;;  and ., | denote the harvested RF energy and the

energy consumed at state S respectively.

F. PROBLEM FORMULATION

In this section, a multi-channel access based RF powered
cognitive radio network is considered. In particular, we inves-
tigate a scenario where SUs can opportunistically transmit
hybrid interweave/underlay scheme on two different frequen-
cies and, harvest RF from both PU and transmitting SUs. The
idea of harvesting from other transmitting SUs is particularly
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useful in a network where some primary user (RF source)
services may be inactive for a substantial period of time (e.g.,
digital TV broadcasting), and the stored energy in the SUs
could get depleted resulting in outages. The summary of the
possible states S;, i € {1, - - - , 4} of the scheme during the n'h
frame are as follows:

1) State 1 (S1):The PTC is correctly detected to be idle
with probability Pog = Pp,(1 — Q). SUs transmit
using interweave mode on the PTC frequency, f;. SUs
in cluster j can not harvest from the PU but can harvest
from the neighbour SUs in cluster j transmitting on
interweave mode with p,, ; and from the SUs inj’ trans-
mitting underlay on frequency f;. However, RF energy
harvested in the n™ frame can only be used in the
(n + 1) frame. The energy consumed and the average
harvested energy in this state can be expressed respec-

tively as
N i TT
eclizploi_+es+er (®)
, i,
and
T o
N T i )
i = . Z P]o,khk,t
U i=1 k=1
k#i

ny

r ) , ,
+ n_t Zp]u,i’hi/»i (P/Hl QID + P}‘I()Q]F) €))
=1

where, p’u’i,, P;,l , P},O, Q‘g and Q’F, represent the under-
lay transmit power of the SUs in cluster j” transmitting
on frequency f; and the sensing parameters of the SUs
in cluster j’ respectively.

2) State 2 (S3): The PTC incorrectly detected to be vacant
(miss-detection) with probability Po; = Py, (1 — Q).
In this state, the SU would transmit using interweave
scheme with power p,; on the PTC f; during the
transmission phase. The transmission would however
interfere with the primary user’s signal, and little or
nothing is gained in terms of throughput. Since har-
vesting does not depend on the SUs sensing decision,
the SU would be able to harvest from both the PU
and the SUs transmitting on f;. The energy consumed
and the average harvested energy in this state can be
expressed respectively as

o
€= oy Tester 10)

and

ny

5 T . '
Cni —P;;PTTh?‘F n Z P]o,khk,z
i=1,k=1
ki

ny
r - o o
+;me4h%+%%)ﬂw
=1
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The second expression on the right hand side (RHS) of
(11) represents the sum of the energy harvested from
the SUs transmitting on interweave mode (p,,;) on f;.

3) State 3 (S3): The PTC is incorrectly detected to be busy
(false alarm) with probability Pig = PHOQ’F. Each
SU transmits using underlay scheme with a regulated
amount of power py, ; on frequency f» for a period ni,TT
during the transmission phase. SUs can only harvest
from the SUs in j/ cluster transmitting with underlay
power p,, y on channel f;

N T
ec?i = Pu,in_ +es+er (12)
t

and

ny

r . y ./
e = WAL (P’Hl o+ P’HOQ’F) (13)

(A
i'=1

4) State 4 (S4): The PTC is correctly detected to be busy
with probability P;; = Pg, Q’D. In this state, each
secondary user in cluster j transmits underlay on the
BTC with a regulated amount of power p,, ; for a period
ni,TT during a transmission phase. The secondary user
harvest RF energy from the PU signal on f; for a period
of 7, (where, 7, = 7 (1 — ni’) = Trp represents
the period of harvesting during the transmission phase
when the SU is not transmitting). The energy consumed
and the average harvested energy in this state can be
expressed respectively as

S. T
ec?l‘ = pu,in_ +es+er (14)
t

and

s ; j
eh?i ZPQPTT%

ny

T . o o
o Y Pk (P, + P, F)  (15)
=1

where, P},O Q’; and P},l Q’L; are the probabilities that the
BTC status is a false alarm and ‘busy’ respectively.
The parameter hi denotes the channel gain between SU
i and PU j in cluster j. Generally, it is assumed that
Py = Pm,, and Py = Pp,. The second expression
on the right hand side (RHS) of (15) represents the
average sum of the energy harvested from the SUs in
BTC transmitting underlay on frequency f;.

The different states (S1, - - - , S4) represent the status of the
PTC. Therefore, the analysis above shows that the SU can
opportunistically harvest energy in every frame. The average
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energy harvested by SU i can be expressed as
4
Sa
Epi = Z ney;
a=1

P shis (Pry(1 = Q)+ iy (1 — 0))
=
i#k
PO+ 3t e (ot Py |

i'=1

ny

= inT[

(16)

where, the first and second expressions on the RHS of the
(16) represents the average harvested energy from the SUs
in cluster j transmitting interweave on frequency f; and, the
average energy harvested from the PU on frequency f; during
SU transmission phase respectively. The third expression
denotes the average harvested energy from the SU in c/luster
j' transmitting underlay on fj. The parameters P}IOQ’F and
P;ﬂ le; express the probability of the status of the PU in
cluster j/ while, n;, denotes the energy harvesting efficiency.
SUs in cluster j/ can only transmit underlay on frequency f;
when fj is busy or presumed to be busy (false alarm). The
parameters Q’D and Q’F denote the cooperative probabilities
of detection and that of false alarm of the PTC f; respectively,
whereas, Q’I; and Q’; denote the cooperative probabilities of
detection and that of false alarm of the BTC f;.

The average energy consumed by SU i denoted as e, ; can
explicitly be expressed as

4 n
S,
Ec ave = E E ecfl,"

a=1 i=1

r ; N
=es+e + n—T”PHoQ]F + P, Q]Di|p{4,i

t
+ [PHO(I — Q)+ Py (1 — Qb)};/;,,,-]. (17)

The average throughput of SU, taken into consideration both
the intra-cluster and inter-cluster interference of users among
the two clusters can be expressed as in (18)

R(TSa 6{7p0,i5 Pu,i)|

Oin0.00, 0
r LrPo i
= —|Pu, (1 —OF,; logop | 1 + —
n T |: 0 ( j) ; No + J{’,(un)

+ P, (1-0 )ilog Y
m (1 —Op,j 2 » .
1 p No + oy + o)

7, (un)
n -
+ PHOQF,./ZIOgZ 1+ ;-;r L.
i=1 No + opy + O't{/,(ov)

n h: f/'
+ Py, Qpy > loga [ 1+ Skt 5 } (18)
i=1 No + opy + O (ov)
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where, 17 = T — 1, — 7, and Ny denote the transmission slot
and the noise variance. The parameters

% = (Pin @ + g Q) P e
‘Tij/,wv) = (P}'Il(l —0p)+ P, (1 = Q]F)) Pf),i/hi’,r
Gl{’U = Pﬁ)hlr
ohy = D), (19)
denote the average interference from SU i’ in cluster j trans-
mitting underlay on fj, the average interference of SU i’ in
cluster j* transmitting interweave on f; but interfering with
the SU signal in j transmitting underlay on fj, interference
from PU in f;, and interference from PU in f; respectively.
Different from e.g., [17], [18], [19], [22], [23], [24], Equation
(18) models the total achievable average throughput of the
SUs transmission in a practical wireless channel environment
by taking into consideration the effect of both intra-cluster
and inter-cluster interference on the achievable throughput of
the secondary user transmission.
The average transmit power constraint at the SU transmit-

ter during the data transmission phase should be considered
as:

Pav,i = [ I:PH()(I - Q/F) + PHl(1 - QID)] p{),i

o

+ [PHO Q) + Py, QZ’)}/M,,»] < Pmax-  (20)

where p;,qx 1S the allowed maximum average transmit power.
Moreover, while considering the hybrid multi-channel access,
it is essential that the interference caused by the secondary
users to the primary user must be regulated in order to guar-
antee the quality of service (QoS) of the PUs. Therefore,
the average interference from the SUs in cluster j to the
primary users in j and j’ that is, I should satisfy the following
conditions

1=, P, (1 = Op)
+ {hﬁp;, [P},l(l —0h) +PH0Q];]} < Inax
Yie(l,...n}, 20

where, I, 1s the maximum tolerable interference to the
primary user. The first expression on the LHS of inequal-
ity in (21) denotes the interference from SU i in cluster j
transmitting interweave on PTC f; and the second expression
represents the interference from SU i in cluster j transmitting
underlay on BTC f;.

The objective of is to jointly determine the sensing duration
(5), the power allocations p,, p, and the detection threshold
sﬂ of each SU that maximize the average energy efficiency of
the secondary users in the hybrid multi-clustered RF-CRN.
The optimization problem to determine the optimal sensing
parameters and power allocations in the hybrid multi-channel
access based RF-CRN can hence be formulated as follows
in P1.

38990

Problem P1
R(ts, €, o> Pu)

max =« ————" (22)
tde} po)lpu) Ec(Ts, €, Pos Pu)

subject t0 : I < Lyax (CDH

Ei,n - Ec,i > 0 (CZ)

0<t<(T—r1) (C3)

Pav,i = Pmax (C4)

Po>0, p, >0 (&%)

Viefl, - n}

The expression in (22) defines the objective function, (C1)
guarantee the protection of PU against interference from SUs,
while (C2) and (C3) ensure that the energy causality and
time causality constraints are satisfied. P1 defines a more
complex problem than those in the literature. The problem
takes into consideration the effect of both the inter-cluster and
intra-cluster interference on the PU transmission as shown
in constraint (C1). P1 equally expresses a practical scenario
where, the achievable capacity of the SUs transmission as
expressed in (18) is not only limited by Additive White
Gaussian Noise (AWGN) and the intra-cluster interference
from PU transmission in the respective cluster as commonly
assumed in e.g., [17], [22], [23].

The problem in P1 is a fractional nonlinear problem where,
the maximum energy efficiency ¢* of the considered system
can be defined as

q* _ R(zs, €, o, Pu)

Ec(t5, €5 Pos Pu)
—  max R(7s, €, P05 Pu) (23)

t5,8,p0,pu) Ec(Ts, €5 Pos Pu)
The fractional objective function in (23) is equivalent to a
subtractive form expressed as f(x) = R(x) — gE.(x) [26].
Therefore, the energy efficiency g* is maximized if and only if
max  R(Ts, €, Pos Pu) — GE(Ts, €5 Pos Pu)

Ts:€5P0 sPu

= R(zs, €, Pos Pu) — q*Ec(fSa €yPosPu) =0 24

for R(ts, €, po, pu) = 0 and E (s, €, po, pu) > 0.
Therefore, the original problem in P1 can now be written as

Problem P2
max  R(ts, &, Po, Pu)—GE(Ts, € Pos Pu)
Ts,€5P0sPu

Subject to : (C1), (C2), (C3),(C4), (C5) (25)

The problem in P2 expresses a non-linear optimization prob-
lem (NLP) that is non-convex jointly in 7, p, and p,. There
is also a high degree of coupling among the optimization
variables, which makes direct decomposition difficult.

IIl. RESOURCE ALLOCATION IN THE

MULTI-CHANNEL ACCESS CRNs

The objective function in problem P2 is nonlinear and non-
convex. In order to solve the problem we employ the method
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of alternating convex optimization technique [27]. That is,
for a fixed sensing time, we first obtain the transmit power
allocation. Following this, the sensing duration is obtained,
and vice-versa iteratively until the algorithm converges.

1) TRANSMISSION POWER ALLOCATION
Following the alternate convex optimization method of solu-
tion, the problem to determine the transmission power allo-
cation in problem P2 can be written as follows

Problem P3

max{R(zs, €, Pos Pu) —
PosPu

subjectto : (C1), (C2), (C3), (C4)and (C5)  (26)

ch(TSa €, Do> Pu)}|(ts,)

The optimization problem in P3 is nonlinear but convex w.r.t
po and p,. Using the Lagrangian multiplier approach, the
Lagrangian Ly, pu, A, B, &) of problem P3 is given by

‘C(p09pu, A’ ﬁ’ a)
= R(zs, &€, Pos Pu)

ny
+ z ﬂi(lmax - I{)
"
+ Z Ai (Ein —E
i=1
zn’
+ zai (Pmax - Pav,i)

i=1
Subjectto :p, >0, p, >0 27

where A = {\;}, B = {Bi}, and @ = {o;}, Vi = {1, --- , n;}}
is the non-negative Lagrangian multiplier associated with
the interweave and underlay power allocations for each sec-
ondary user, and

—qE (%5, €, Pos Pu)

Po,1 Pu,1 q1

Po,2 Pu,2 q2
Po = : ’ Pu = b} q = .

Po,n, Pu,n, dn,

The dual problem of (26) can be given by
min g\, B, ®) (28)

A’ﬂ’a>
while, the Lagrangian dual function g(\, B, a) is represented
by

g\, B, @) = max E(po,pu,A B, ) (29)

PosPu=

By taking the derivative of (27) with respect to (w.r.t) p, and
Pu, and then set each equal to zero, the values of p, and p,
that maximize L(py, pus A, B, 1) can be determined from
Karush-Kuhn-Tucker (KKT) conditions as in (30) and (31),
shown at the bottom of the next page. The expressions in
(30) and (31), provide us with insight to the effects of the
SU transmitter to SU receiver channel gain 4; ., interference
channel gain from the PU transmitter to the SU receiver

VOLUME 11, 2023

hy, from the SU transmitters to the PU receiver /;, and
the inter-cluster interference on the power allocation strat-

egy. In particular, both transmit power, i.e.,
gy . p p pi) ll((’{m 7&0 qu #O)

and p’ ; /20y increase when the direct channel for
1,11 (0hy 0,00 0
data transmission h, r is good. The underlay transmit power

reduces when the interference channels h’. is good. More
importantly, the effect of the interference from SUs trans-
mission in the other cluster is captured in (30) and (31)
where, both transmlt power reduce with increasing interfer-
ence O’J, n)’ and a, ov) from the SUs in cluster j'.

The Lagranglan dual variables are iteratively updated using
a sub-gradient approach as follows, i.e.

IBiH_l = ﬂlt + 3/3 Inax — 1) (32)
)\?Ll = )\i + 5)\ (Ei,n - ECJ‘) (33)
af-‘rl = (x; + 80[ ( max —Pav,i) (34)

until convergence towards a feasible optimal solution
{A\*, B*,a*}. The parameters §y,8g, and &, denote
step-sizes for the dual variables. It is important to note that
the target is to determine the transmit powers of SU i i.e.
(Po.i> Pu.i), therefore to simplify analysis, it is assumed that
Po,i(t + 1) = po.i(1), and py i (t + 1) = py,i(t) in (18), (30)
and (31)

2) SENSING DURATION

In the objective function of problem P2, 7, only appears in
(T — 73 — t)/T), but it is intertwined with 7. by 7, = K7,
such that t, = (73/K). Therefore, t. can be replaced by
(ts/K) in subsequent expressions. We assume that a target
QOp is pre-defined and ¢ can be adjusted to satisfy this target.
Hence, (1) is equivalent to (35)

: 2V/+ .
¢ = (| 35
i V(Tsfs/K)Q P+ + (35)

where, the expected probablllty of detection for each SU P’h
that satisfies the target Q based on OR-fusion rule could be
obtained as

log (1 —
Pﬁéﬁf“@XP(M), Vie(l,..., M),

i=1%ij
The probability of false alarm in (2) can therefore be
re-written as (36)

Pri= Q(¢ @yl + 10! (PB) + yN(rWK)). (36)

Hence, problem P2 can be written in terms of 7, such that, the
sensing time can be obtained using a one-dimensional search
algorithm from the objective function in P2, given p,, and
Pu. This method follows the method used in literature [23],
[24]. Algorithm 1 gives the summary of the solution method
in Section III.

The complexity of Algorithm 1 comprises of the complex-
ity of the sub-gradient, the search method for the sensing

38991



IEEE Access

A. A. Olawole, F. Takawira: RA in Multi-Cluster Cognitive Radio Networks With Energy Harvesting

Algorithm 1 Joint Resource Allocation in Energy Harvesting
Based Cognitive Radio Networks

1: procedure Resource Allocation in EH-CRN.

2: Input Q%’, X

3: Initialize p,, py, g, B, A

4: for7y,=0:0017%(T —1,): T — 1, do
5: fori=1:Ndo

6: repeat

7: Set g = (R(ts, Po» Pu)/Ec(Ts, Pos Pu))

8: repeat

9

: update dual variables using sub-gradient method
: update p, ;, and p, ; from (30) and (31)

cuntil pd == pd~1, pd == pi-1

12: update E; ., R;, I; and pgye,i

13: until constraints are all satisfied

—_ =
_ o

14: return p?;:) = p”+, p:trt) = p“+, q(ts) =q
15: end for

16: = argmaxq(r ),po = Do, (TF)> pu = PDu, (t#)
17: Evaluate ef from 42)

18: end for

19: Output:{p}}, {pi}, v, {¢*}
20: end procedure

time, the time to execute the functions in line (10), and
the number of iterations before convergence for every SU.
The dual sub-gradient algorithm is known to achieve an
e-approximate solution with convergence time O (KE) [28]
where, K. represents the number of the constraints (dual
variables) while, the the search method for the sensing time
takes AT We assume it takes a constant time o to executes
each of the functions in line (10) to update p, and p, for
every SU until convergence. Therefore, the total complexity

of the proposed algorithm is O ((n,) log n; & —w —) (which
comprise of the two nested while loops ms1de the two for
loops). It is important to note that when the initial points
and the step sizes of the dual variables are suitably chosen,
the sub-gradient method and the algorithm can converge
more quickly. On the other hand, the total complexity of the
algorithm in [23] can be evaluated as O ((n,)3 log n; ALTSQ%)
given n; SUs where, o (< @) and Cc (< K¢) denote the
constant time it takes to execute (p,, p,) and, the number of
the dual variables respectively.

R(‘ES, Po,i» pu,i)|(oj’ =0, Ulj;;_o)

ZHTI—TT[PH()( Q’p)legz(1+ ”pi”)
i-rPh.
+ Pp, ( QID) Zlogz(l + 0+GPU)

hi!rp{t,i
hi,rp{l’i
No

No

+ PHOQ/): ZIogz 1+

nt
+ Py, Q> logy [ 1+ (37)

i=1

A. CASE FOR NO INTER-CLUSTER INTERFERENCE

For sufficiently large distance of separation between the two
clusters, in particular between the receiver of cluster j and
transmitters in j/, the path loss can becomes considerably high
resulting in the channel gain 4y , approaching zero. By setting
hy, = 0in (18) the inter-cluster interference from the PU
and SUs in the J cluster can be assumed equal to zero i.e.,

) =0, ol (on =0, and ol = 0in (19). Therefore, the

. . 2 . ] .
J [ X1, gt w X, _oitw) oo | Xivo +X(No +GI{’U)]+ (30)
Ol ootz | 210gDKer  2hi, 2log)Ko1 2k, hi.r log(2)hi.rKor
, B Py, Q) + PHOQ} No + OPU + "J @ gy
u,il o o - i i v 5 o
A 0.0 l0g(2) (PHIQQ + PHOQ}) [gi + Ni + o] + Bilt, (P},l(l -0+ P}foQZ) hir
where,
. nt . .
K, = X{,z qi— N\ Z hix — 1| +a;i | + BiHXS,
i=1,k=1
i#k
No—i-ov (my® YO =01t 0Py, Tpy Zpr/h’r/ Py :P;ahlr
Oi]’,(un) = (P}_Il QID + PH()Q]F) Pu, l'/h,'/ s U-J/ 7 .(ov) = (P}-Il(l - Q]D) + P}{0(1 - Q]F)) po,i’hi/,r
X{ = Py, (1 - Q]F) X} = Py, (1 — Q]D) X] 2 ZXJ +X;
and, {x}* := max{0, x}.
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expressions in (18) and (21) reduce to (37) and (38).
I |(o{,';:o,a£;:0) = Wpo,iPu, (1 — Q) (33)

respectively. Following the same analysis as in the preceding
section, the expression for interweave and underlay power
allocation can be written as in (39) and (40), as shown at the
bottom of the page.

B. CASE FOR SINGLE CHANNEL ACCESS

In the case of conventional single transmission frequency (i.e.
hybrid single-channel access) as existing in the literature, (18)
and (21) reduce to (41) and (42) [17], [18], [19], [22], [23],
[24])

k(fs, Do,i» pu,i)

_ T; |:PH0 (1 —Q’F)zlogz(l + Nl:)])
hi D),
+ Pp, ( QID) Zlogz(l + N0+0£U)
( ”’p{”)
+PHOQ’FZlog2 1+

i=1

n,
S hi P, .
S o (R |

i=1

and
Iy = Kpo.iPu,(1 — Q) + Hpu.iPu, 0}, (42)

respectively. The interweave and underlay power allocation
can subsequently be obtained as (43) and (44), shown at the
bottom of the next page.

IV. SIMULATION RESULTS

This section presents the simulation results of the energy
harvesting cognitive radio network. We assume two clusters
j and j') separated about 400 meters from each other. In each
cluster, there are n, = 10 SUs transmitters in a 100m x 100m
square area, and an SU receiver located at the top right-hand
corner of each cluster. At the center of each cluster a PU
transmitter is deployed. The 2 PUs transmitters are therefore

TABLE 3. System parameters.

Symbol | Description Value
fs Sampling frequency 100 MHz
Ps Sensing power 110 mW
pr Reporting power 410 mW
T Frame duration 200 ms
n Number of frames 2

Tr Reporting time 50 ms
P(Hp) | Probability that channel is not occupied by PU | 0.7
P(H;) | Probability that a channel is occupied by PU 0.3

No Noise power 0 dBm
Imazx Maximum interference allowed on PU signal -3 dBm
[#)5) Target probability of detection 0.9

about 700 meters from each other and their receivers are
respectively located at the bottom edge corner of each cluster.
Therefore, for SUs in cluster j, their PTC is denoted as f; while
/i denotes their BTC. Likewise, for SUs in cluster j', channel
Sy is their PTC while f; their BTC. Hence channel f; (cluster
J) and channel f; (cluster J) are twin channels (clusters).
Our analysis is focused on evaluating the performance of the
SUs in cluster j while, it is assumed that the interwgave gmd
underlay transmit powers of SUs in cluster j’ i.e., (pi) ¥2 p’u ,i/)
at time ¢ is the average of the interweave anc{i underlay
transmit powers of SUs in cluster j i.e., (p’o’i, p{u.) at time
(t — 1) respectively as earlier indicated. Apart from the above,
shown in Table 3 are the summary of the parameter values
used for the simulation. These parameters are as used in e.g.,
[23], [29]) among other literature.

Figs. 4 and 5 show plots of total throughput (spectral
efficiency) against sensing duration, and average energy effi-
ciency against sensing duration at optimal transmit power.
The figures show that optimal sensing duration, depends on
the PU transmit power. It increases with reducing PU transmit
power in Fig. 4 but, increases with increasing PU transmit
power in Fig. 5. The plot in Fig. 6 explicitly provides insight
into sensing duration necessary to maximize achievable total
throughput and the average energy efficiency for varying PU
transmit power. In order to maximize the achievable through-
put, SUs need to adequately sense the PU channel in order to
minimize incorrect sensing decisions. Therefore, SU spends
more time to sense the PU channel at low PU transmit power

. . 2 . .
y _ Xio Notwo Xio  Notwe) _ Nows | X{wo+XINo 39
()’l‘rr{;:l:a{’;v:o 2 log(z)KO2 2hi,r 2 IOg(z)KOZ 2hi,r hi,r log(z)hi,rKOZ
, _ 1 No
o om0 102Q2) (gi+ i+ A) by
ny .
=X +X) [gi—Ni|n D hix—1|+a|+BHXs, opy =ph]
i=1,k=1
i#k
wo =No+0py, X{ =Pu(1 = Q). X5=Pu,(1-0p), X{,=X{+X} (40)
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FIGURE 4. Total achievable spectral efficiency against normalized sensing
time at optimal py, pu; (Pmax = 30 dBm).

but, the sensing duration reduces with increasing p,. On the
other hand, in order to maximize energy efficiency, the pri-
ority of SUs is to expend less energy (for sensing and data
transmission) hence, the reduced sensing duration as shown.
It is however, worth-noting that the effect of spectrum sensing
is not as critical for energy efficiency maximization as it is for
maximizing the throughput.

Fig. 7 shows average transmit power p,,, against p,,, for
different p,. The plot shows that maximum pgy. exists for
each SU (for a particular pp), and it increases with increasing
Py This is particularly so because as P, increases, the amount
of energy harvested increases, enabling SUs to adequately
satisfy their energy expenditure. At the same time the amount
of power the SU can transmit and the interference threshold
allowed at the PU receiver, and the effect of imperfect sensing
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FIGURE 5. Average energy efficiency against normalized sensing time at
optimal p,, pu; (Pmax = 30 dBm).

constitute a bound on the maximum average power SUs can
transmit. Hence, the SU maintains a constant average transmit
power after reaching a certain peak value.

Figure 8 is a plot of average spectral efficiency against
increasing ppqy at different p,. It shows that throughput
increases with increasing p,. This is expected since pgye
increases with p, as shown in Fig. 7. The plot in Figure 8
also illustrates the behaviour of the spectral efficiency with
increasing pyqc. The reasons for this behaviour is that
increasing p;,q allows p, and p,, to increase, and as the SU
transmit power increases, the harvested energy increases with
a corresponding increase in the average achievable through-
put. Moreover, as the harvested energy increases, sensing
accuracy also increases since the SU can adequately sense the
channel thereby reducing the probability of false alarm. The

. 2 . .
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lower the probability of false alarm, the more chances the
interweave access whenever the channel is available [2], thus
the higher the achievable throughput.

Figures 9, 10 and 11 illustrate the performance of the
system with varying cluster size. Figure 9 shows that average
transmit power increases with increasing number of users in
the cluster. However, the rate of increase decreases as the
cluster size increases. The increase in transmit power with
increasing cluster size is the result of the increased harvesting
period (as the number of SU increases, the transmit time for
each SU reduces but, the proportion of the time available for
energy harvesting increases), which translates to increased
available energy and, consequently improved ability to trans-
mit at the needed power.
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The spectral efficiency as shown in Figure 10 increases
with increasing in cluster size until a certain maximum is
reached. At this point the sum throughput has reached the
maximum and any addition to the number of users has no
benefit but would only reduce the throughput of each SUs
in the cluster. Therefore, the effect of the improved energy
harvesting on the sum throughput is more prominent until
an optimum cluster size reaches (about 30 SUs in this case).
The possible conclusion here is that the performance of the
network can be dwarfed due to insufficient energy budget but,
the system can exploit the multi-user scenario by harvesting
energy from other SUs, and the larger the cluster size the more
energy that can be harvested. The only limitation however,
is that as the cluster size increases the quantity of data that
can be transmitted by each SU reduces. The energy efficiency
as shown in Figure 11 is however independent of the cluster
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size. In Figures 12, 13 and 14, we compared the performance
of the following schemes

o Model 1 (M 1): models a single-channel hybrid access as
presented in [23]. Energy efficiency is defined as a ratio
of the average achievable throughput to the net energy,
ie. ng = %, where, Py, Pc and Py are the
average energy expended on data transmission, energy
consumed in the SU transmitter circuit and, the har-
vested energy respectively. Performance of the EH-CRN
is not energy constrained (N-EC).

o Model 2 (M2): models a single-channel hybrid access.
Energy efficiency defined as the ratio of average achiev-
able throughput to energy consumed. The performance
of the EH-CRN is energy constrained (EC).

o Model 3 (M 3): Proposed scheme

The plot in Figure 12 compares the average transmit power
Pave against p,,q, for various scenarios. It is necessary to state
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that while p,,. represents the average transmit power of the
SUin M1 [23], pave = (1/n4) Zien, Dve,i denotes the mean of
the average transmit power in the multi-user cases of M2 and
M3. In the figure, the results illustrate that SU transmit with
higher average power in M3 (the proposed scheme) than the
in M2. The technical explanation for this is that SU can
transmit with relatively higher power on underlay mode with
a reduced interference to the PU receiver due to increased
distance between the SU transmitters and the PU receiver
of the BTC in M3 than in M2. Results also show that SU
in M1 [23] can transmit at higher pgy,. than the schemes in
M?2 and M3 at lower p,,, but, this is not unconnected to
the fact that the performance of M1 in [23] is not energy
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constrained. However, at higher p,,,x(> 20dBm) the pro-
posed scheme outperforms the scheme in M 1 because of the
energy availability in M3 which increases with increasing
Pmax -

Figures 13 and 14 compare the performance of the
proposed two-frequencies models in M3A and M3B with
schemes M1 [23] and M2 in terms of spectral, and energy
efficiency. Firstly, it is necessary to note that average energy
efficiency is maximized at low SU transmit power. From
Figures 13 and 14, the results for M2 and M3 show that
achieving maximum energy efficiency and maximum spectral
efficiency are conflicting objectives. Maximizing the spectral
efficiency can only be achieved at high cost of energy expen-
diture because, the spectral efficiency can only be achieved
with high transmit power. However, this results in high energy
consumption and, consequently energy efficiency reduction.
On the other hand, to obtain high energy efficiency, SUs
need to transmit at the lowest possible power (translating
to minimum spectral efficiency), in order to reduce energy
budget.

More importantly, results in Figures 13 and 14 also show
the relative performance of the proposed model when the two
clusters are in close proximity (model 3B) and, when they are
sufficiently far apart (model 3A). As the distance between the
two clusters reduces, (resulting increasing inter-cluster inter-
ference), there is a performance degradation. The technical
explanation to this behaviour is that as the distance between
the two clusters increases, the inter-cluster interference from
the SUs (transmitting underlay on the PTC), and the PU in
cluster j’ reduces while, the average unglerlay transmit power
increases since there is reduction in hi due to reduced path
loss between the SU transmitter and the receiver of the PU
in the j cluster. The resultant effect of the probable increase
in average underlay transmit power and, reduction in interfer-
ence with increasing distance is the increased average spectral
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efficiency and average energy efficiency. On the other hand as
the separation between the two clusters reduces, interference
from SUs (transmitting underlay on the PTC) and the PU in
clusterj’ increases while the average underlay transmit power
reduces to avoid degrading the QoS of the transmitting PU
on the BTC. Therefore, the resultant effect of the probable
decrease in the average underlay transmit power and, increase
in interference with decreasing distance is reduced through-
put and average energy efficiency. However, for M1 [23],
there is no inter-cluster interference but the SU’s average
underlay transmit power could sufficiently be limited in order
to avoid degrading the QoS of the nearby PU receiver. As a
result the contribution from underlay transmission becomes
negligible. The plot shows that the scheme in M 1 has a better
performance than the others at lower p,,,, but, that is not
unconnected to the fact that it is not energy constrained. How-
ever, at p;qx greater than about 24dBm, the proposed scheme
in M3 outperforms M1 because of the energy availability
in M3 which, increases with increasing p,,.c. The presented
results therefore show that our proposed scheme outperforms
its counterpart single channel access scheme and equally
performs better than the scheme in M1 at higher SU average
transmit power. The benefit of the two-frequencies model,
outweighs the effect of the inter-cluster interference which
becomes negligible with increasing separation between the
two clusters.

V. CONCLUSION

The work presented in this paper has investigated radio
resource allocation and management in RF-CRNs towards
maximizing energy efficiency in wireless devices. The inves-
tigation considered a practical multichannel, multi-user, over-
lapping cluster network where the heterogeneity of the SUs in
terms of the SNR, and energy harvesting have been taken into
consideration. The problem is formulated into a nonlinear
optimization to determine the cooperative sensing parameters
and, the optimal transmit power allocation suitable for the
interweave-underlay hybrid access scheme in order to max-
imize the energy efficiency of SUs. The initial non-convex
problem is transformed into a multiple convex problems,
which is then solved using alternating convex optimization
technique. Simulation results obtained show that there can be
improved energy harvesting in the TDMA based RF-CRN for
enhanced active probability and spectral efficiency of SUs if
the multi-user scenario can be exploited such that SUs can
harvest RF from other SU apart from the PU signal. More-
over, the larger the number of SUs sharing the harvesting
channel (cluster size) the more energy that can be harvested
and, consequently the better the spectral efficiency. However,
as cluster size increases, the data rate of each SU decreases
since, the time available for each SU to transmit decreases.
A trade-off therefore, exists between harvested energy and the
average achievable throughput of each SU, and an optimum
number of SU exists where the average throughput of each SU
is maximized. It is also worth-noting that optimizing spectral
efficiency and energy efficiency are contradicting objectives.
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A trade-off also exists between spectral efficiency and energy
efficiency and therefore, the allocated SU transmit power
depends on the primary design objective.

Moreover, results equally show that the proposed energy
constrained two-frequencies model for the RF-CRN multi-
channel access scheme where, each SU can opportunistically
access two separate frequencies designated as PTC and BTC
can provide considerable improvement in terms of spectral
and energy efficiency over the one-frequency model.
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