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Abstract

We address the throughput maximization problem for downlink transmission in DF-relay-assisted cognitive radio
networks (CRNs) based on simultaneous wireless information and power transfer (SWIPT) capability. In this envisioned
network, multiple-input multiple-output (MIMO) relay and secondary user (SU) equipment are designed to handle both
radio frequency (RF) signal energy harvesting and SWIPT functional tasks. Additionally, the cognitive base station (CBS)
communicates with the SU only via the MIMO relay. Here, several combined constraints of the main problem complicate
the solution. Therefore, we apply heuristic guidelines within the convex optimization framework to handle this complexity.
First, consider the problem of maximizing throughput on both sides of the relay separately. Second, each side progresses
to solve the complex problem optimally by adopting strategies for solving sub-problems. Finally, these optimal solutions
are synthesized by proposing a heuristic iterative power allocation algorithm that satisfies the combinatorial constraints
with short convergence times. The performance of the optimal proposed algorithm (OPA) is evaluated against benchmark
algorithms via numerical results. The OPA is about 10000 times faster than the CVX solver. Additionally, the sum
throughput especially at low thresholds increases by ~15-25% compared to the benchmark algorithms. Moreover, the
constraints and objective function in OPA are 100% satisfied.
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1. Introduction

As the number of wireless devices grows rapidly, the
demand for frequency spectrum usage increases in each
era of communication, so concerns about spectrum
scarcity remain a key issue in 5G and 6G technologies
[1]. To solve this problem, cognitive radio (CR) has been
proposed as a preferred technology for the efficient use
of the spectrum [2, 3]. In contrast to assigning
frequencies to licensed users as primary users (PUs) on
a fixed basis, the CR allows unlicensed users as
secondary users (SUs) to access the spectrum of PUs
through spectrum sharing paradigms [4]. Therefore, the
transmitter of SU as a cognitive base station (CBS)
should prevent harmful interference to PU [5]. The
networks based on CR technology continuously monitor
the spectrum to determine when spectrum band is
suitable for SU. Hence, this process increases power
consumption. On the other hand, charging or replacing
standard batteries is very expensive and inefficient.
Providing sufficient energy in such energy-constrained
systems is a major challenge [6].

Recently, the concept of radio frequency (RF) energy
harvesting has been introduced as a stable and reliable
power source to extend the life of wireless devices with
little or no power supply. In particular, simultaneous
wireless information and power transfer (SWIPT)

technology for energy harvesting (EH) is of great
interest in 5G communications [7]. Based on SWIPT
technique, there are two practical receiver schemes
called power splitting (PS) and time switching (TS). In
the PS scheme, the received signal is split into two
different power streams with adjustable power ratios.
One of power streams is for EH and another one is for
information decoding (ID). In the TS scheme, the
receiver alternates between decoding information and
harvesting energy at each time slot. In general, PS
protocol achieves a better rate-energy transmission
trade-off and lower transmission delay than TS protocol
[8]. This encouraged the use of SWIPT in cognitive
radio networks (CRNSs) [9, 10].

Additionally, with the evolving requisition for higher
throughput transmissions, especially in CRNs, the
multiple-input multiple-output (MIMO) structure can
provide a suitable solution by exploiting spatial
multiplexing gain [11]. The increased spatial degree of
freedom (DoF) of MIMO structures also improve the
energy efficiency of EH-based networks [12]. On the
other side, one of the key challenges in signal
transmission between source and destination is the
unreliability of direct connections due to obstructions or
other reasons. To overcome this problem, relays can be
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used as intermediate devices with SWIPT technique for
signal transmission [13, 14].

As one of the main concerns of emerging technologies
in the next few years is to ensure secure communication
with low power consumption, complexity, cost, and high
throughput transmission. For these reasons, the present
research examined MIMO CRNs with SWIPT decode-
and-forward (DF) relay and imperfect channel state
information (CSI) to provide an efficient power
allocation algorithm.

1.1. Prior works

Considering the characteristics and advantages of
MIMO SWIPT-capable relay-based CRNSs, it became an
incentive to examine these networks in different aspects,
such as maximizing the sum throughput, resource
allocation, and so on.

EH-capable CR-free relay systems are discussed in
some studies [14, 15-20]. The authors in [15] studied the
MIMO SWIPT relaying system with a direct link. They
proposed an optimal PS matrix design to maximize the
achievable sum-rate of the system where the PS factors
of different relay’s antennas are different. In [16], the
single antenna multi-user relay-assisted scenario has
been considered based on the orthogonal frequency
division multiple access (OFDMA) communication.
Accordingly, the suboptimal algorithm has been
presented for relay selection and power allocation based
on the amplify-and-forward (AF) relays and PS-capable
destinations with perfect CSI. To maximize the overall
sum rate of the system, they also considered the
limitations on the transmit power and harvested energy.
The authors in [14] investigated a new energy
consumption manner as a harvest-store-consume (HSC)
model for transmission via direct and wireless-powered
relay links within multiple frames’ periods. Then, the
time allocation algorithm has been proposed to attain the
best average throughput in a single antenna EH-capable
relay system. In [17], the throughput maximization
problem has been formulated for SWIPT-capable full-
duplex relay subject to power restrictions in MIMO
communication system. Based on the Lagrange duality
theory, they proposed an algorithm for non-uniform PS
factor assignment and optimal power allocation through
the subgradient method.

Based on a dual-hop DF MIMO EH-relay system, the
source-destination mutual information (M1)
maximization problem has been formulated in [18].
There, the energy constraints have been considered to
optimize the TS factor, PS factor, and source and relay
covariance matrices. Owing to the complexity of the
main problems, they proposed two algorithms based on
decomposing the original problems into simpler convex
subproblems. These algorithms solved the problems
through the primal-dual interior-point method. The
authors in [19] considered a multi-user MIMO DF relay
system where the relays are based on SWIPT-capable
TS protocol. As the MIMO channel capacity
maximization requires a high level of computational
complexity, they used the block diagonalization (BD)
method at the source and reframed the sum-rate
maximization problem as a convex optimization
problem. Then, CVX software was used to optimize the
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power allocation at relays and destinations. The relays
are battery-free nodes with perfect CSI.

The MIMO DF relaying system has been considered
based on SWIPT-capable PS protocol in [20]. The
authors  formulated the achievable throughput
maximization problem in three scenarios to optimize the
power allocation and PS factor assignment in all links at
the relay(s). Accordingly, the novel algorithms were
proposed for power and PS factor assignment based on
convex optimization algorithms. The authors in [21]
proposed a low-complexity closed-form formula for the
outage probability of the energy-harvested direct and DF
relay-aided underlay device-to-device communications
in Nakagami fading channel. The proposed closed-form
expression is valid for both energy-harvested and non-
energy-harvested scenarios. Also, the formula is based
on n-point generalized Gauss-Laguerre and m-point
Gauss-Legendre solutions.

Cognitive radio networks have been explored with some
capabilities in several research studies for different
purposes [22-28]. The work [22] has been investigated
the performance of the multi-user underlay EH-CRN.
The minimization of asymptotic outage probability
problem is formulated under the network constraints.
Then, the closed-form expressions provided for the
exact outage probability of the network, the average
symbol error probability, and ergodic capacity.

Based on the harvest-then-transmit protocol, the sum
throughput maximization problems have been
formulated in the context of the underlay and overlay
single antenna CRN in [23] with perfect CSI. The
authors provided two sum throughput maximization
algorithms with separate optimization on time and
power by dividing the main problems into two
subproblems. Furthermore, the authors in [24] extend
the work of [23] to the MIMO-based CRN. There, an
ellipsoid algorithm recruited to optimize the
beamforming (BF) covariance matrices. In these works,
there is a time lag in energy harvesting and no
synchronicity between information transmission and
energy harvesting.

The authors in [25] tried to propose new beamforming
and power allocation strategy in a multiple-input single-
output (MISO) CR downlink network based on PS
protocol with perfect CSI. Finally, they used CVX
software to solve a simplistic optimization problem to
maximize the minimum achievable rate among users.
The MIMO-OFDMA-based CRN was well investigated
in our previous studies [26-28]. To maximize the sum
throughput in two spectrum sharing overlay and
underlay models, we introduced the heuristic optimal
and suboptimal algorithms for power and subcarrier
assignment. The algorithms are also desirable in terms
of efficiency. Moreover, there are some study with
different objective functions, optimization variables,
and different networks such as minimization of the total
transmit power of users in uplink multi-unmanned aerial
vehicle (UAV) wireless communication network [29], a
queue management policy to enhance the quality of
service of CRN [30]. These works are not based on
SWIPT-relay CRN and MIMO SWIPT-relay structure,
respectively. In addition, the analysis of outage and
average symbol error probability in MIMO SWIPT relay
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network with imperfect CSI [31] but not in CRN with
sum throughput maximization. The authors in [32]
optimized the sum-rate constrained by consumed power
for multi antenna non-regenerative relay network. This
paper is not based on SWIPT CRN.

1.2. Novelty and contributions

The technologies such as CR and SWIPT were highly
considered in the present and next generation of
telecommunication. On the other hand, the CR-based
networks have interference constraints, which
complicate problem solving. Therefore, using the PUs’
spectrum and pay attention to new technologies at the
same time is an important issue that must be addressed
[1]. Moreover, in high density closed environments with
obstacles that there is no direct link between the
transmitter and receiver, the idea of using relay (as
interface device for data transmission) is an another key
technology in the next generation of telecommunication
[17][19]. Additionally, SWIPT based on the PS scheme
ensures simultaneous data transmission and energy
harvesting, so separate time is not spent for these
operations and part of the throughput does not decrease.
This topic is a practical scenario because in present and
next generations of the telecommunication, we have to
use the available spectrum due to the many requests for
high data throughput. On the other hand, it is desirable
that the maximum throughput of the network can be
achieved.

With the background of the aforementioned prior works,
there is still no study that focuses on the throughput
maximization of MIMO SWIPT-enabled relay-based
CRNS. In this paper, the downlink sum throughput of the
MIMO SWIPT-enabled relay-assisted CR network is
maximized while the induced interference on PU, the
total transmitted powers from CBS and relay, and the
harvested energy in relay guarantee their own pre-set
threshold. Accordingly, we formulate the resource
allocation problem based on the network restrictions.
There are two critical challenges in this problem that
arise from the combinatorial constraints and make it
difficult to solve. One is that the interference induced by
both cognitive base station (CBS) and relay on the
primary network should be jointly below the
interference threshold. Another one is that the powers
allocated to the relay-SU link depend on the powers
assigned to subchannels of the CBS-relay links. By these
drawbacks, we propose an innovative procedure based
on the convex optimization framework that confirms the
fulfilment of the constraint sets. For further explanation,
by dividing the original problem into two convex
problems for the two sides of the relay device, we obtain
the allocated power in each side by using the
subproblems-solving strategy based on Karush-Kuhn-
Tucker (KKT) conditions and the subgradient-based
searches. Here, the idea of our work becomes clearer that
somehow these solutions are used in the main body of
the proposed algorithm while ensuring all constraints.
Moreover, comparing the proposed algorithm with the
benchmark algorithms confirms its good efficiency in
terms of optimality, compliance with constraints, and
convergence time.
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The remaining sections of this article are structured as
follows. Section 2 describes the MIMO SWIPT relay-
assisted cognitive radio network structure and the
problem formulation. Detailed concepts and the solution
framework are outline in section 3 and section 4
evaluates the efficiency of the proposed algorithm via
numerical simulations. Eventually, section 5 concludes
the article.

2. Network structure and problem formulation

As depicted in Fig. 1, we consider a MIMO DF relay-
assisted SWIPT CR network. A primary network and a
secondary network operate simultaneously based on the
underlay spectrum sharing model. In the primary
network, there are a primary base station (PBS) and a
PU with a single antenna. The secondary network
consists of a CBS with Nt antennas, a relay with Ngr
antennas, and a single-antenna SU. Additionally, the
relay and SU harvest RF energy based on the PS
protocol, whereas the relay is a battery-free device.
Owing to the severe path attenuation or shadowing
effect of obstacles, the CBS can communicate with SU
just through the relay.

Similar to [23] and [24], the global channel state
information (CSI) of the secondary and primary
networks are available in CBS. Under this assumption,
the singular value decomposition (SVD) technique can
be recruited in the point-to-point MIMO link between
CBS and relay to provide the maximum throughput [33].
For better clarity, the descriptions of all formulas’
symbols are given in Table I.
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Fig. 1. The MIMO DF relay-assisted SWIPT CR
network model

Hence, the MIMO channel matrix for dense scattering
Rayleigh CBS-relay links H e CNeNe can e
decomposed as

H=UA” V", (1)
where Ve CN and UecN™t A e R';XL is
diagonal singular values matrix L=min(N;,Ng). The

precoding matrix V' multiplies by power-allocated
information signal vector of CBS, whereas the received

signal in ID receiver of the relay multiplies by ut.
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Table 1. Descriptions of all formulas’ symbols
Symbol Description Symbol Description
CN (u,0%) Circularly symmetric complex normal R™N The nxn matrix with positive real
distribution with mean x and variance o ! elements
I, The nxn identity matrix cmn The nxn matrix with complex elements
diag(.) Diagonal matrix C Complex number
E{} Statistical expectation operator T frame time
H The MIMO channel matrix for CBS-relay L The number of parallel independent
links subchannels
V Unitary matrix for precoding BF at CBS [\ The number of CBS antennas
U Unitary matrix for postcoding BF at relay Ng The number of relay antennas
A Diagonal singular values matrix by The power allocated to the SU
X The transmitted normalized baseband p, The power allocated to the Ith parallel
information data symbols from CBS to relay independent subchannel
Sp The transmitted normalized baseband P The total power budget of CBS
information data symbol from PBS to PU T
n The effective noise vector at the relay pp The transmit power of PBS
Nig ID analog circuit’s internal noise vector | o The tolerable interference power of PU
Ny The received noise vector at relay’s 4 The energy harvesting efficiency at the
antennas relay
g The baseband channel vector of PBS-relay The power splitting factor at the relay’s
Pr link antenna
g The baseband channel vector of relay-SU The power splitting factor at the SU’s
rs link antenna
g The baseband channel of PBS-SU link o2 The effective noise power at each antennas
ps of the relay
A The channel vector of CBS-PU link ol The effective noise power at the SU
cp
- i 2 2 i i
hrp The channel vector of relay-PU link o&,of The power of received noise at relay and SU
h The effective interference channel vectorof ;2 2 The power of internal noise at relay and SU
cp . id'“id,s
CBS-PU link
hcp | The effective interference  channel

coefficient between Ith spatial subchannel
of CBS and PU

Hence, the two baseband signals Yy, € ML in the

EH receiverand y 5 CN® in the ID receiver can be

written as

Yen =X °HV P2+ 302p 2 g s, )
Yo =(1-2,)"?HV P"x

®3)

+(1-2 ) 2P 2 g, s, +(1-2,) %N, +ny

where X~CN(0,1.), s, ~CN(01), g, € CNRxl,
Nt ~CN(O,0%1y ) and ng ~CN(O,051y,)

Also,

, Ngx N
Zp=d|ag(p1,p2,...,pNR)eR+Rx R are

P =diag(p,, p,..... p_) e R-E and

diagonal

matrices in which p;, € (0,1) . Based on the equal PS
factor assumption in (2) and (3), the average harvested

energy over T =1s and the postcoded ID receiver
signal can be rewritten as
A

——
P, (P) = oE{x"PY? VP H"H V P}

(4)
L
+é/ppp ”gpr ”2:§p[(2/1| p|)+Pp ”gpr ||2jl

1=1
y = UHle =(1—p)1/2A1/2 Pl/2 X
+1-p)2U" (P2 g, 5,)+U N,
where 0<{ <1 and n~CN(0,((A- p)og +oi)ly,) -

®)

Let us denote o2 =(1—p)oi +o2 . Similar to our

prior studies [27] and [28], hcp ect*t can be
modeled as
N, =hgV (6)
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where ﬁcp e CP™Nr_ The PU receives interferer CBS
signals with the total power
E{|he,V PY?x [P} =212 |y, [P py - Itis noteworthy
that the simulation is also done assuming imperfect CSI
on ﬁcp . Based on the underlay spectrum sharing model,
the power allocation at CBS must be designed to satisfy
the constraint Z,L=1|hch| I p < I, - From the CBS
power budget issue, the power allocation is constrained
to Z|L=1 P, < P . Based on (5), the sum throughput of
the CBS-relay link is obtained as [33]

L 1-p)A
R, = log,| 1+ - U=p)1, b AR
I=1 o +(1—,0)Pp ngru
Besides, the optimum linear precoding ”grs” can be
rs

used at the relay to maximize the throughput of the
MISO channel between relay-SU links [34]. Therefore,
the sum throughput of the relay-SU link can be written
as

(1_9) P ||grs||2
032 +(1_9)Pp |gps |2
1x Ny

R =log, |1+ (8)

where g, €C . 9ps€C.and 6 (0,1). Let

us denote o2 = (1—0)c; st oﬁ,ys :

Similar to CBS, the relay is also restricted to limit its
produced interference. The interference generated by the
relay on the PU can be written as p, ||y, II? in which

hrp eC 1 Ne . So, the power allocation at the relay is

subjected to p, ||hy, IP< I,y - From the relay power

budget perspective, the assigned power is limited to
average harvested power as p, < Pz, (P).

Due to the DF relay, the network throughput can be
calculated based on the minimum of (7) and (8) [35].
Without loss of generality, the objective function can be
formulated as max{min (R, ,R,s)}=max{R}. Thus,

the optimization problem can be written as

(P1) max R
{m}.pr R
L
st. > p <P, 9)
1=1
S 2
1=1

L
pr Sgp[(z/ll p|)+Pp ”gpr ”2]’ (11)

1=1
g (12)
R<R,, (13)
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R<R,, (14)
p >0, Vie{l2,..L}, (15)
p, >0. (16)

Since the functions (7) and (8) are concave on{p, } and

P, , the constraints (13) and (14) will be convex sets.

Also, the other constraints are affine functions. Hence,
we can easily conclude that (P1) is a convex problem on
optimization variables. Due to the simultaneous
satisfaction of all constraints and the existence of the
coupled optimization variables in constraint (11), it may
be difficult to solve the problem (P1) optimally with
reasonable complexity in standard form. Nevertheless,
we propose a novel solution to handle the complexities
that can efficiently compute an optimum solution with a
low convergence time.

3. Optimal solution framework

To make the problem (P1) more tractable, we first divide
(P1) into two separate problems so that the optimum
solution of the first problem is considered as a constraint
in the second one. Hence, the first problem is formulated
to maximize the sum throughput of the CBS-relay link
by optimizing the downlink power allocation in section
3.1. As a second problem, the sum throughput of the
relay-SU link is maximized in section 3.2. Then, in
section 3.3, we will determine the optimal statements
based on the derived solutions to frame the proposed
algorithm.

3.1. Maximizing throughput of the CBS to relay
link
The first throughput maximization problem in CBS-
relay link can be formulated as

(P2) max R, s.t. (9),(10), (15). (17)
{n}

With convexity, we can solve the problem based on the
Lagrangian duality method [36]. The Lagrangian of (P2)
is expressed as

(1-p) A p
o2 +(1- )P, [0,

L L L
+l/’[z P - PT j'*'é[Zl hcp,l |2 P - I puJ_zlul Py
1= 1= I=1
(18)
where i , &, and {,u,} denote the non-negative

Lagrangian dual variables cognate with the constraints
(9), (10), and (15), respectively. Given the combinatorial
constraints (9) and (10), our proposed strategy in [27] can
be employed here to find the optimal power allocation.
Therefore, the problem (P2) is divided into two
subproblems as the constrained power budget problem

L
Ldptw &) == log, |1+
=

ma}ﬁ( Rcr,subl S't' (9)1(15)1 (19)
{3

and the constrained interference power problem,
{maﬁ)z(} Rcr,subz s.t. (10)’ (15), (20)
pISU
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where R gp; and R

substituting { pPUP} and {pf*?} instead of {p} in

(7), respectively. Since (19) and (20) are also convex
problems, the optimum solutions are obtained based on
the Lagrangian method and the KKT optimality
conditions as follows

crsub2  are computed by

+
subl* _ 1 _ 02 +(l—p)Pp ||g pr "2 (21)
! In2(y) (1-p)A, ’

2 2\
sub2* _ 1 _O- +(1_’D)Pp ||gpr|| , (22)

I |n2(7|hcp,l |2) (1-p)A,

where the non-negative Lagrangian dual variables 7
and y are set to satisfy the power budget and
interference power constraints with equality as

L sublx _ L 2 sub2x __
2 b =R and X lhg Pt =1,

respectively. Let us denote (X)" =max(x,0) . It is

noteworthy that the two separate bisection algorithms
can be applied for iterative updating 77 and » with

guaranteed convergence [36]. Based on these solutions,
we determine the optimum solution of (P2) as {p,""*} in
the following Lemmas.

Lemma 1: If substituting {p"°**} in (10) satisfies the

L 2 subls
zI=1 I hcp,l | plSu < Ipu )
{pF}={p "™} is the global optimum solution.

Otherwise, {p*"**

inequality as

} replaces in (9) and if the constraint

. L 2
ismetas -, pi°%

is {p% }={p"°*}. If Lemma 1 is not established, the

< P, the global optimum solution

optimum solution {pﬁ*} cannot be obtained based on

the subproblems’ solutions. Hence, the following Lemma
2 should be used here.

Lemma 2: the optimal power allocation {pf‘*} must

be determined to jointly meet the constraints (9) and (10)
in (P2) with equality. From (18), the optimal power

allocation {pla*} can be specified as
2 +
T +-pIP o,
(1-p)4,

. 1

" 2y +€1hy, 1)

(23)
where the non-negative Lagrangian dual variables i

and & are defined in a way that these two equalities
L ar _ L 2 qak _

ZI=1 P _PT and lellhcp,ll = Ipu are met

simultaneously. The iterative ellipsoid search is used to

update ¥ and & with guaranteed convergence to the
global optimum point [36]. Based on the Lemma 1 and

Lemma 2, Rgr can be defined as
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L (1-p)A, p¥
R;, = > log, | 1+ L

> |- (24)
o* +(1=P)P, [0, |

3.2. Maximizing throughput of the relay to SU link

Furthermore, the second throughput maximization
problem in the relay-SU link can be framed as

(P3) mex R st (11),(12), (16). (25)

It is noteworthy that the solution of the (P3) relies on the
solution of the (P2) through the constraint (11). Hence,

power allocation p?* is determined after assigning
{p|a*}. Based on KKT conditions, we can easily find
pf* and ers as
be L a* 2 Iy
Py =min 4/10 (ZAI P )+Pp ”gpr ” ) 2 -(26)
I=1 ” hrp ”
* 2
(1-6) Py o)
ol +(L-0)P, |9 [

From these two subsections, the optimal power

RZ =log, £1+ @7)

allocations {p,a*} and pP* definitely meet the optimal

KKT conditions of the (P1) constraints (9)-(12), (15), and
(16). Given that the main problem (P1) is solved
separately in sections 3.1 and 3.2, there is no assurance
that R will be maximized. Accordingly, the optimal
KKT conditions for the original problem (P1) must be
met as

* a

2+
_62+(1_p)Pp"gpr"
2y, +g00, P -2g0,)  (1-p)4,

(28)
L
by :min{;p[(Zm p*P, g, ||2} L J , (29)
= Ih,, |
a(R—Rcr):Oy (30)
B(R-Ry)=0, (31)
a+p=1, (32)

where ¥/q, §1, A, a,and B are the non-negative
Lagrangian dual variables cognate with the constraints
(10)-(12), (14), and (15), respectively. Based on (30)-
(32) and the non-negativity of (28), it can be easily
concluded that the optimum solutionsare 0 < & <1 and

R, >R, =R. (33)

In the following subsection, we checked the channels’
condition on both sides of the relay to ensure that (33)
could be met satisfactorily. Hence in terms of channels’
condition, we propose three feasible propositions based

on throughputs Rgr and ers . This process ensures

convergence to the optimum point along with a
significant reduction in time.
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3.3 Proposed algorithm with optimal statements
According to Rgr and ers, three feasible propositions

pST =P, pT =0 Vx=y; y=argmax A
ye(l,2,..L}

Iy

()= 0 -

= pEH*:OVXij;j:argmaxAj,
|h

2 )
j'efL,2,.,L}

cp.Jj |

<R?

rs » It means that the

Proposition 1: If Rgr
throughput of the secondary network is limited by Rér.

Thus, R=F€ér is the optimal throughput for (P1).
Furthermore, optimal power allocations in (28) and (29)
are determined as {pr}={p|a*} and p: = p,t.’* ,
respectively.

Proposition 2: If Rir > ers, at first, the maximum

throughput that can be provided for the relay-SU link is
computed. To this issue, the total power that can be
harvested by the relay is maximized as

L
(P4) max cp(m p.E”j st. (9),(10), (15).  (34)
b 1=1

Due to the convexity of (P4), using the optimal KKT
conditions and a process similar to Lemmas 1 and 2, the
optimal power allocations can be achieved as (35), where

pe, pe ', and U, , denote as

* I — 2 P
EH :%, e R G
|th’m F- h°p'” | |hcp,n I~ hcp,m |
_ fp((/lm, _An’) I pu _(l h(;pyn’ |2 Am’_l hcp‘mr |2 An’)Pl')
thP,m’ |2 - hcp,n’ |2

Based on (35), prEH*, RS,

. L * ! u
prEH :min[gp[(zm pE")+ P19 ||2jl“hp “2]. (38)
p

I=1

2
EH* _ Ipu_lhcp,ml I:)T

.(37)

m

4 .
and R can be written as

(1 - p)A | pIEH* (39)
2 2|
o+ (1= p)Py g e

(1-6) pE" o, J |

ol +(1-O)P, |9y I
Here, Rfs is the maximum throughput that can be

L
Ry =Y log,| 1+
=}

(40)

Ret :Iog{1+

available on the relay to the SU link. Thus, if Rgr > ers

and Rfs < Rgr , it can be easily concluded that the

throughput of the secondary network is limited by Rfs
and the condition (33) cannot be met equally as

R, = R, . In this proposition, R = Rfs is the optimal

y

plr%H*, pEH*’ pEH*:O vxzm,n; mn= argmax Ug .;
m',n'{1,2,...,L}
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are expressed as follows.
cif [hg o P P <
’ cpy I T ™ Tpu
Ipu : Ipu
;if <P (35)
b F Iy I
| cp,J cp.J

otherwise

throughput for (P1). Also, optimal power allocations in
(28) and (29) are determined as {pr}:{p,EH*} and
* EH

Pr = PBr

: , respectively.

Table Il. Algorithm 1

OPA for problem (P1)

' é:l'min

=

' E01 L

1: Initialize yw, , yy
min max

&gy &3

2: Obtain {p¥} and Ry, from (21)-(24) in section
3.1.

3: Compute pP* and R,Zs respectively from (26) and

(27) in section 3.2.
4. Based on Proposition 1:

5: Set {p;}={p¥} and p; = p” as final
power allocations, and R=R§r as an optimal

throughput.
6: Based on Proposition 2:

7:1f R}, >R then
8: Compute {pFH"} from (35).

9: Based on (35), compute pF”, chr,

respectively from (38)-(40).

set {p; }={pF""} and p; = pE"" as final
power allocations, and R = R;"S as an optimal
throughput.

and Rfs

10:

11: Based on Proposition 3:

12: If Rfs > Rcsr then

13: Initialize R, =R and R =RZ.

14: While |RCr — Rrs| > &,

15: Initialize AR =g |R, —R,| and Ry =R, .

16:  While |R, — R}, —AR|>&,AR

17 Initialize I'=A"+¢&,.

18:  Compute {pr} from (41) similar to process
of Lemmas 1 and 2.

19: Update R}, from (24) by substituting {pr}.

20:  End while
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21: Update R, and p: respectively from (24) and
(26) by substituting { pT}.

22: Update R, from (27) by substituting new p:.

23: End while

24: Set R=R,, =R.

25: End if

26: End if

Proposition 3: If conditions Rg, > R,ZS and Rfs > Rce'r it
can be concluded that condition R, =R =R is
established by planning an appropriate power allocation.
In the following procedure, Rir and ers are set as the

initial values of R, and R, respectively. To obtain
the optimum solution with the satisfaction of all
constraints in (P1) as optimality conditions (28)-(33),
R, can be cautiously reduced to increase R, until
R., = R . Based on (28), the power allocation is recast

to the following form

2 +
o® +(1-p)Py 0|

x 1
p = ! ! ! h
L In2p gl A (-p,
(41)
where y; 4 51':é, and ﬂ’zi are determined
a a a

to satisfy the constraints (9), (10) and equality R, = R,

, respectively. To ensure the convergence of our
proposed algorithm, R, is reduced by a small step size

AR , which is updated in each iteration according to the
difference of Ry, and R, . To this end, A" must raise
by a small step size, and the optimum values of l//l' and

/fl' can be found through the similar strategy in section
3.1. It should be noted that the increase in A’ continues
until R, =R} —AR is close to AR . Each of the
values R, R, and AR are updated in the inner and

outer loops of the algorithm. Next, the problem (P3) in
section 3.2 must be solved again based on the derived

{pr} and the obtained power assignment p: also

satisfies the condition (29). As a result, the current p’:
increases R in each outer loop. Therefore, this process
of decreasing R, through increment of A" continues
until R, = R is almost satisfied. A detailed optimal
proposed algorithm (OPA) is summarized in Table I1.

4. Simulation and numerical results

In this section, the performance of the OPA is appraised
via MATLAB numerical simulations. The computer
system specifications are as follows: Intel Core(TM) i7-
8550U CPU @ 1.80-1.99 GHz, Windows 10 with RAM

Serial no. XX

12 GB. The network model is considered as depicted in
Fig. 1 and the simulation values set as Table I11.

For comparison, the problem (P1) is solved by
MATLAB CVX solver as the first benchmark.
Furthermore, a low-complex EPA-IL (equal power
allocation with respect to interference limit) algorithm is
considered as the second benchmark. In the EPA-IL
algorithm, the maximum power that can be assigned to
any spatial subchannel is obtained by decomposing
combinatorial constraints in (P2) to the individual
constraints.

* P | I
p,equ‘"‘I =min| - ,—*™ S P 5 |, 42)
L L hcp1| L.| hcp|L |
equal*

From (26), the power P,

relay-SU link as

equal* _
r =

can be assigned to the

j | '(43)

L
min (p((ZAi pr")+ P, g, I ST
p

1=1

Table 111. Simulation values

Parameter Value

P ’Pp 30 dBm

0.0 0.5

4 1

T 1s

The Boltzmann constant (KT) 4.14x10% ]

The carrier frequency ( f,) 2.4 GHz

The signal bandwidth (B ) 1 MHz

Path loss exponent (S ) 2

Noise figure (No) 5

The SU’s antenna 1

oA (1- p)KTB

O s (1-9)KTB

2 2

Oid:Oid,s NoKTB

The distance CBS-relay link (d,,)  3m

The distance relay-SU link (d ) 2m

Fading type Small scale

The distance CBS-PU and relay-PU 10 m

The distance PBS-all users So far away
(6 Km)

Channel coefficients Rayleigh
distribution

Number of Monte Carlo simulation 1000

Figure 2 illustrates the averaged sum throughput of the
secondary network versus different interference limits

I pu - A expected, the averaged sum throughput of all
algorithms becomes larger as the interference limit

grows until saturated at a high regime. This is because
that the power assignment at CBS and relay is limited by
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interference power and power budget constraints
respectively at low and high levels of | pu - It can also

be seen that the OPA outperforms the EPA-IL algorithm
and converges to the CVX solver algorithm. A
noteworthy observation is that the OPA performs
slightly better in low threshold levels than the CVX
solver algorithm and shows a higher average sum
throughput. Additionally, the OPA in Fig. 3 has much
less convergence time. The interference power

constraints are inactive at high limits of Ipu and the

10 T T T T T T
J S S —-o—o—0—06—0—¢ ’;:—‘

o]
T

o

Average Sum Throughput (bps/Hz)

—— OPA
CVX solver
—6—EPA-IL

-(;O -4IO -éo 6 2‘0 46
Interference Threshold (dBm)
Fig. 2. The averaged sum throughput of the secondary

network versus different interference limits | pu

T
—+—OPA

CVX solver |
—6—EPA-IL

od
o

w
T

N
o
T

-
[$]
T

Convergence Time (second)
- N
T

I
o

06

-60 -40 -20 0 20 40
Interference Threshold (dBm)

Fig. 3. The averaged convergence time behavior of the
OPA, CVX solver, and EPA-IL algorithms versus

different interference limits 1,

sum throughput is limited by the power budget. So, the
sum throughput values will be almost constant within
these levels.

Figure 3 evaluates the averaged convergence time
behavior of the OPA, CVX solver, and EPA-IL

algorithms versus different interference limits | ou By

comparing Fig. 2 and Fig. 3, the OPA not only provides
almost the same sum throughput as the CVX solver
algorithm, but also approaches the optimum point about
10000 times faster. Also, the convergence time of the
simple EPA-IL algorithm is close to the OPA, but it
offers much less sum throughput.

We measure the percentage of compliance with
constraints through the proposed and CVX solver
algorithms in Fig. 4. One remarkable observation is that
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the OPA simultaneously satisfies the constraints 100%
at all thresholds, while the CVX solver algorithm only
meets 40% to 90% of the constraints at the lower to
middle thresholds. In the high interference limits, the
interference power constraint will be inactive, and the
CVX solver easily converges to the feasible optimum
solution at 100% of tests. Although, this truth can be
seen in Fig. 3 that the averaged convergence time of the
CVX solver has converged to a constant value. In some
scenarios, improper compliance with the constraints in

[ ‘ ‘ [ [ T

N

o

o

|

“«
4
“«
“«
«
“«
<
«
«
“«
4
4
«
“«
“«
v

©o
o
T

70 1
60 [
50

404 ——OPA 1
CVX solver
. .

30

Percentage of Compliance with Constraints

-(;0 -4‘0 »éO E) 20 40
Inteference Threshold (dBm)

Fig. 4. Percentage of compliance with constraints

through the proposed and CV X solver algorithms
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. . . .
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Fig. 5. The averaged sum throughput of the secondary
network with imperfect CSI of the CBS-PU link versus

different interference limits |,

the CVX solver may cause problems for the primary and
secondary networks.

Figure 5 displays the effect of the imperfect CSI of the
CBS-PU link on secondary network’s averaged sum
throughput versus different interference limits | ou -
Here, simulations are implemented for different SNRgg; -
SNRggt denotes the power ratio of the imperfect CSI of

the CBS-PU channel to the perfect CSI of the CBS-PU
channel. Despite imperfect CSI of the primary network,
the OPA still outperforms CVX solver solution at low

limits | pu and converges to the CVVX solver solution at
high limits of | pu - The reason for this superiority at low

limits of I, is that due to the small threshold of

interference in these areas, it is beyond the accuracy of
the CVX solver. Therefore, the OPA can calculate the
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power values more precisely at these low thresholds,
where the interference constraint is active. Due to its
higher accuracy, and as a result, it achieves a higher
averaged sum throughput in these areas. As we expected,
due to the interference constraint, the imperfect CSI of
the CBS-PU channel reduces the sum throughput at low
thresholds. The interference constraint is inactive at high

limits of Ipu , S0 the imperfect CSI of the CBS-PU

channel will not have much effect on the sum throughput.
12’ T T T T T

—#— OPA
i CVX solver

——EPA-IL

.
® [S)
T O
# o
P peol ©

Average Sum Throughput (bps/Hz)
(o))

Distanced _(m),d =2m
cr rs

Fig. 6. The averaged sum throughput of the secondary
network versus different distances between CBS-relay

as dgr with dyg =2m and I, =0.001

12 ( T
)\ ——OPA
CVX solver
—©—EPA-IL

o
2 T

o]
T

Average Sum Throughput (bps/Hz)
(o2}

Distance d _ (m), d =3m
rs cr

Fig. 7. The averaged sum throughput of the secondary
network versus different distances between relay-SU as

dys with d, =3m and 1, =0.001

The effect of CBS-relay and relay-SU distances is
investigated in Fig. 6 and Fig. 7, respectively. As we can

see, if relay closes to CBS with a fix distance d, its

harvested energy will be more that results in higher
averaged sum throughput. For a fix distance d, , the

averaged sum throughput will also be higher in the case
of SU closes to relay. The OPA has a slightly better
performance in; sum throughput than the CVX solver
algorithm and is further away from the EPA-IL
algorithm.

5. Conclusion

In this paper, we proposed an efficient power allocation
algorithm for downlink MIMO DF relay-based SWIPT
cognitive radio networks. The proposed algorithm is
designed to maximize the secondary network sum

Serial no. XX

throughput and meet the practical constraints. The
problem is formulated as an optimization problem, and
then the Lagrangian duality method is applied to solve it
optimally. First, the main problem is divided into two
optimization problems in two hops of the relay. Second,
we use two lemmas to find the optimal power allocation
in the first hop of the relay. Then, three propositions are
considered based on these subproblems to find the main
problem optimum solution. Based on this strategy, the
innovative algorithm is proposed to attend a near closed-
form answer. The simulation results confirm that our
proposed algorithm not only operates so fast, but also
competes with benchmarks in terms of achieving higher
sum throughput. Contrary to expectation, it works even
better than the CV X solver algorithm in some cases. The
OPA is about 10000 times faster than the CVX solver.
Additionally, the sum throughput especially at low
thresholds increases by ~15-25% compared to the
benchmark algorithms. Moreover, the constraints and
objective function in OPA are 100% satisfied. As a
vision for the future, the proposed algorithm can be
developed to cover more relays, secondary users, or AF
relays.
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